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THE EFFECT OF FUSION BURN CYCLE ON FIRST WALL SWELLING
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ABSTRACT

A mathematical simulation of first wall swelling has been
performed for stainless steel urder a hypothetical duty cycle
of 50 sec burn, 50 sec cool. In most instances steady
state nucleation conditions were not established during
the burn cycle, thereby necessitating the use of transient
nucleation theory. The effects of transmutation helium and
of surface active impurities were modelled in an approximate
way. Both kinds of impurity were found to give large
increases in the void nucleation rate. Suggestions for
refining and extending the calculations are also given.

INTRODUCTION

Voids form under irradiation as a result of the preferential
agglomeration of vacancies. The process may be aided by the presence of
insoluble gases {(such as helium) which stabilise the void through internal
pressurisation or by surface active impurities (such as oxygen) which

reduce the void:matrix surface energy. The gas content (if any) is

*Permanent Address: The Massachusetts Institute of Technology
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less than that needed to balance surface ener forcesy this distinguishes
gy

voids from bubbles.

Voids are typically small (a few hundred R in diameter) but tend to
be present in high concentrations (’\JIO15 - 1016/cm3) and may give rise
to swellings of tens of per cent in fast breeder reactor cladding

material(l_q).

The expense and unavailability of in-pile test facilities and the
desire for accelerated tests have spurred the development of a number
of methods for simulating reactor damage. These include mathematical

(5) (6,7) (8)

modelling and irradiation with electrons , protons and various

-
heavy ions(' 11).

Void swelling is expected also to be a major problem in the first
wall of fusion reactors. Atomic displacement rates are comparable to

(12)

those in the breeder reactor and the high energy neutrons (E =~ 14 MeV)

will produce substantial quantites of transmutation products, in
particular helium(lz). The need for simulation procedures in materials
testing will be even greater than for the breeder reactor, in that
neutron sources of the proper intensity and energy spectrum will not
be available for some years, and at least initially will have very
small test volumes (probably less than 1 cm3). Furthermore, tae pulsed
nature of fusion devices adds a time variable which is sissing in the

essentially steady-state fission devices, and which will take a great

deal of added effort to investigate.

This paper presents a first attempt at mathematical simulation of
void nucleation under a hypothetical fusion operating cycle. The time=~
scale of the cycle necessitates the use of transient void nucleation
theory throughout. The effects of insoluble gases and of surface active

impurities on the void nucleation rate are modelled in an approximate way.
THEQRY

The theory of void nucleation was first developed for the co-~

. s 13,14
precipitation of vacancies and interstxtlals( ' ). It was later

extended to account for the effects of qaseous(ls-le) and non-gaseous(15'16)

impurities on the kinetics of void formation.
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The Rate Equation

Void nucleation in the absence of impurities is described by the

following variables.

J{n,t) flux of n-vacancy to (n+1) ~-vacancy voids
p(n,t) number of n-vacancy voids per unit volume at time t
po(n) equilibrium number density of n-vacancy voids in the

absence of interstitials
p!{n) number density of voids giving J(n,t) = 0 in the presence

of interstitials

Bv(n) vacancy capture rate of an n~vacancy void
Bi(n) interstitial capture rate of an n-vacancy void
av(n) vacancy emission rate of an n-vacancy void

Void nucleation is represented by the movement of points along a size
axis of n (number of vacancies in the void). Capture of a vacancy moves
the point to the right, while the loss of a vacancy or capture of an inter-
stitial moves the point to the left. The flow of voids between size

classes n and n+l is thus given by(13):

Jtn,t) = B (n) pin,t) - [B (n+D) + av(n+1)] p(n+1,t) (1
Application of the equation of continuity converts Eq. (1) to a rate eqguation

dapin,t)

s = =[B,(n) + B (n) + 0 (n]] pin,t)

t

+Bi(n+1) + av(n+1)] 0(n+1,t)
+Bv(n-i) p{n-1,t) (2)

If one makes the physically reasonable assumption that_av(n+1) is

unchanged by the presence of interstitials then
o
av(n+1) = Bv(n) 0% (n) /p° (n+1) (3)
av(n+1) may then he calculated from

%(n = N exp (-AGS/KT) ()
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Eq. (2) may be rearranged in terms of AGon, the free energy of forming

the void from the supersaturated vacancies to give:

3p(n,t) _3 3p(n,t)/p' (n,t)
3t T 3n l:Bv(m p!(n,t) In ] (5)

p' = Nexp(-AG'n/kT)

-1 1
L =
and Ag n kT g=0 ln[Bi/Bv + exp

— O - AcC Y1

*T (AG 341 AG le (6)
AG’n (shown schematically in Fig, (1))} thus plays precisely the same role
in void nucleation as the free energy does in conventional nucleation

theory. It may be viewed as a kinetically modified free energy.

Eq. (4) may be integrated to give the steady-state production rate

of critical sized (n’k) voids as

J, = Z'Bk N exp(-AG'k/kT) (7)

k
where 1/2' is the width of the activation barrier, KT below the maximum
and Bk is the frequency of vacancy capture by the critical nucleus. 2°*,

n, ' and AG'k are indicated in Fig., (1). Onset of steady-state nucleation

k

conditions will lag the establishment cof the point defect supersaturation

by a certain characteristic incubation time, T, which has been calculated
(13)

as

1

|2 -
T = (22 Bk) (8)

If the supersaturation persists for a time less than T, or changes
appreciably over times the same order, steady state nucleation conditions
will not be achieved and Eq. (7) is not applicable. As will be seen
presently, proposed fusion burn cycles tend to fall into this category,
so in order to simulate void nucleation in the first wall one must

return to the original difference equation (Eq. (2)}.

*Bi/Bv is the ratio of the arrival rates of interstitials and vacancies
at a neutral sink., It is equal to Dici/Dva' where the D's and C's

refer to diffusivities and concentrations.



II-5

Nk n———>

Figure 1 The activation barrier for void nucleation, showing the
critical nucleus size (n!) and the height (AG') and width
(1/2'} of the barrier, '(After Ref. 19).

Evaluation of Egquations

Simulation of even the earliest stages of swelling requires
consideration of voids of up to several thousand vacancies, Eg. (2)
represents a separate difference equation for each size of void and
any attempt at direct evaluation results in a prohibitive expenditure
of computer time. Any but the simplest representations of the
temperature ard defect concernirations during the duty cycle was also

: . . 20
found to result in consumption of excessive computer time( ).

Consequently, two approximations were made which greatly relieved

the computational difficulty, but which did not invalidate the analysis.

1, The duty cycle, temperature and point defect concentrations

were taken as step functions cf time, as shown in Fig. 2.

2. The void size classes are grouped {cr evaluation (as shown
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in Fig. 3) prior to calculation of the void density,

K.C,.C.T —s

i
~
(@)

I .

{—

Figure 2 Simplified operating cycle, where TB = burn cycle and TC = duty
cycle
-
Then p(n,t) is the average aged void number density in a group N
and the void flux J(n,t) is the summation of the fluxes on the boundary

of each group.

The resulting equations are

Jn,t) = I‘e (n+A—" pla,t)

-[8; (2l + o (n+—)] p(n+dn,t)] /An (9
a 3 ( t) A A A
e [[e (450 + B, (=30 + o (n=31] o(n,t)

+[B (n+—-) o \n+A—n)] p (n+An, t)

+8 (n-A—") p(n-bn,t) ] /n (10)

respectively.

The capture rate of vacancies is the number of vacancies within

one jump distance of the void, times the jump frequency toward the void,
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J(n-An,t)
—_— J(n,t)
_ _f(n-4n.t) -~ pln.t)

e e e et e e mm plneAnt)

:-,ﬁvﬂ(n-An,t) E—-}va(n,t) i
aypin,t) <—.: ayp(n+An,t) <—:

|
B;rint) «— ﬁipln+An.t)<—-:
! |

+ l - L 4
Void Size n-4An n-% n n+%‘-’- n+An
Void Group (N-1) (N) (N+1)

Figure 3 Flux diagram for numerical evaluation of the nucleation

equations: n is void size and N is interval number.

The vacancy emission rate is obtained frcm Egs. (3,4), where AGOn may

be calculated from the capillarity model as(13)

1
Ac° = -nkTin 5 + (36mv?) 1/3p2/3 (11)
where S = vacancy supersaturation ratio.

The evaluaticn procedure was then to
1. Establish the input parameters (Table 1; the materials

constants are typical of austenitic stainless steel).

2. Arrange the void size classes into a number of groups

consistent with accuracy and computer time required,
3. Evaluate Bv' Bi and o, at the boundary of each group.
4, Evaluate Equation (10) timewise.
5. Determine the time increment, At, as descriged below

6. Evaluate p(n,t+At).




I1-8

The void size space was divided into thirty groups to make the
average An = 100. An was smallest at the smallest void sizes, where

p(n,t) varies mcst rapidly.

Table 1 Input Parameters

Symbol Name Value

N Atomic Site density 8.5 x 1022/cm3

Y Surface energy (no impurities) 1000 erg/cm2

Y Surface energy (with impurities) 800 erg/cm2

TB Temperature during burn cycle 500° zn

TC Temperature during cool cycle 300°C(21)

‘g Burn cycle time 50 sec

To Total cycle time 100 sec(:17 18)

vi Vacancy formation energy 1.6 ev '

Evm Vacancy migration energy 1.3 evi17)

Dv° Pre-exponent for vacancy diffusion 0.6 cm“/sec(17'18)

Pé Equilibrium gas pressure 6 x 109 dyn/cm2

Ki2 Dislocation sink strength for interstitials 1.02 x log/cm2

sz Dislocation sink strength for vacancies 1.00 x 10?/cm2

Atomic Displacement rates 5.8 % 10-7 dpa/sec

1.7 x 10-6 dpa/sec
5.8 x 1072 dpa/sec

Bi/Bv Biasing ratio .98

-

At each time step Eq. (10) was evaluated for N 1, 2, 3, eave,s 30.

The time increment, At, was determined by

aptn,t) At =0 pin,t,) (12)
ot i N 1
1:=t1

‘where a is a fixed positive constant. Then

At = minimum of AtN (13)
Finally, the void number density at time t2 = t1 + At was calculated as

p(n,t.) = pin,t,) + 28{met) At (14)

2 1 ot
=t



The initial condition was p(n,0) = 0. Starting from this point
one could then calculate p(n,t) for any n,t of interest. The detailed

20
procedure and a computer program are given elsewhere( ).

Impurity Effects

Highly mobile non-gaseous atoms may be present in the wall
material initially or may be formed by transmutation reactions.
Elements such as hydrogen and nitrogen are expected to ke present in too
low concentrations to exert a significant intravoid pressure, but may,
however, adsorb at the void:matrix interface, thereby lowering the
surface energy and the activation barrier for nucleation(zq). This
effect is accounted for by inserting the adsorption-reduced surface

energy into the expression for AGOn (Eq. 11).

Such inert gaseous impurities as heljum reduce the activation
barrier by entering the void and exerting a stabilising intravoid
pressure(16’18’24). It is assumed here that the combination of thermal
activation and irradiation-induced detrapping provides a high degree
of mobility, so that the helium is equilibrated between the wvoid and
the lattice. 1In this case(ls)

1/3,,2/3 _

AGOn = -nkT1ns + (367V%) nP_v . (15)

where Pe = equilibrium helium pressure and V = atomic volume

During cool-down, however, there is little thermal activaticn
andl no detrapping at all, so that the helium content of the voids is
expected gg remain constant., Then -nPeV in Eq. (15) is replaced by
-¥KT 1n (—igd where Xe is the number of helium atoms corresponding to Pe.
and X is the number of gas atoms in the void at the end of the burn
(16)

cycle .

It is then a simple matter to substitute the appropriate gas
term into the expression for AGOn to simulate veid nucleation or

dissolution.
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DISCUSSION

Void swelling was simulated for cases of no impurities and of gaseous
and non-gaseous impurities for displacement rates of 5.8 x 10-7,
1.7 x 10-6 and 5.8 x 10_6 dpa/sec, which are intended to bracket
probable first wall conditions. A fusion cvcle of 50 sec burn, 50 sec
cool was selected on the basis of being physicaily reasonable and

computationally tractable.

Steady-state nucleation rates and incubation times were first

calculated (Table 2) for comparison with the results of the transient

-

theory, which are summarised in Table 3.

Table 2 Steady-~State Nucleation Parameters
L
Y K _ Jk AG]'( T

(ergs/cm2) (dpa/sec) S - (voids/cm3-sec) (eV) {sec)

No_Impurities

1000 5.8 x 107/ 3420 49 3.2 x 107 2.2 543
1000 1.7 x 10°° 6714 31 1.9 x 100 1.8 209
1000 5.8 x 10°° 13242 21 2.9 x 102 1.6 85

Non-Gaseous Impurities

800 5.8 x 1077 3420 25 3.9 x 1014 1.1 417

800 1.7 x 107 6714 16 1.5 x 10'° 0.93 168

800 5.8 x 10°° 13242 11 2.7 x 1017 0.79 73
Gaseous Impurities

1000 5.8 x 107/ 3429 31 1.8 x 101C 1.8 209

1000 1.7 x 10°° 6714 22 2.7 x 10%? 1.6 85

1000 5.8 x 10°° 13242 15 1.6 x 102 1.3 37

It is seen from Table 2 that (except for one case) the incubation
time is larger than the burn time, and is sometimes larger by nearly
an order of magnitude. So, as suspected, steady state nucleation theory

is inapplicable and the transient treatment employed is needed.
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Table 3 Summary of Void Number Density and per cent Swelling after

100 cycles
( dp: /sec) Impurities V‘?‘i,gigz‘;i;?)’a Swelling (%)
5.8 x 1077 None 8.9 x 10'% 2.2 x 1072
1.7 x 107© None 1.7 x 1074 1.8 x 1074
5.8 x 107° None 2.0 x 100 2.0 x 1073
5.8 x 10-7 non-gaseous 6.9 x i015 6.7 x 10_3
1.7 x 10_6 non-gaseous 5.1 x 1016 4.8 x 10-2
5.8 x 10_6 non-gaseous 2.9 x 1017 2.7 % 10-1
5.8 x 107/ gaseous 8.0 x 1072 9.2 x 10°°
1.7 x 107° gaseous 1.0 x 1013 9.7 x 1074
5.8 x 10°°  gaseous 9.5 x 10> 9.0 x 1072

®Includes only voids larger than the critical nucleus
bAfter 60 cycles
“after 68 cycles

Fig. (4) shows typical behaviour of the void aumber density over
a number of duty cycles. In this case (the second line in Tables 2 and
3) the incubation time is 210 sec, znd althouch a few small voids form
very quickly, a steady state is not established until the burn time
reaches about this value (total time 450 sec): It is important to
observe that only the very smallest voids (n’f 10) decay during the
cool down cycle. TFor these conditions at least, a 'ratcheting' effect

exists with very little void dissolution during the cool cycle.

Figs. (5-7) show the effects of damage rate and of gaseous and
non-gaseous impurities on the void number density after 10 burn cycles,

which represents approximately steady state conditions.

The effect of gaseous impurities (such as helium) was approximated
by assuming an internal pressure of 6 x 109 dyn/cm2 during the burn cycle,

and no gas gain or loss during the cool cycle.
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The presence of helium is seen to increase the void density by
several orders of magnitude, much as happens under steady state conditions.
As in the impurity-free case, very little void dissolution occurred during
the cool cycle. Under other circumstances, however, helium could have the
very important effect of preventing complete dissolution of voids during
the cool cycle (which would decay only to bubbles} and would then be
prepared to commence growth on the next burn cycle. This could be a
very important effect, which would commence only after a number of duty

cycles sufficient to produce enough helium to stabilise the voids.

The effect of a mobile, surface active species was approximated by
reducing the surface energy to BOO erg/cmz. This reduction in surface
energy is consistent with the effects of adsorption in other systems(ZS).
The void density is seen to be increased even more by the non-gaseous
impurities than by hefium, thus illustrating the extreme sensitivity
of nucleation rate to changes in surface energy. However, non-gaseous
impurities are unlikely to play the same rcle as helium in preventing
total dissolution of voids during the cool cycle., The lowered surface

energy will give a slightly lower rate of dissolution, but this is not

likely to be of crucial importance.
SUMMARY AND CONCLUSIONS

1. First wall swelling has been simulated by a numerical integra-

tion of the equations for void nucleation.

2. Steady-state nucleation conditions were not obtained in most
cases, which necessitated the use of the transient

formulation of nucleation theory.
3. Very little void dissolution occurred during the cooling cycle.

4. ™he effect of inert gas or surface-active impurities was to
decrease the critical nucleus size and to sharply increase the

veid sucleation rate.

5. ine- . gas may further increase the swelling rate by preventing

complete disselution of voids during the cooling cycle.
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FUTURE WORK

It must be emphasised that these calculations represent a first

attempt in mathematical simulation of first wall swelling and as such

depict a somewhat idealised situation. Certainly more attention should

be paid to trends and relative values than to absolute magnitudes.

The applicability and accuracy of the simulation procedure could

be improved by:

1.

A better representation of the variation of fiux, temperature
and defect concentrations over the fusion cycle, and calculations

based on the various proposed cycles.

Extending the upper limit on void size well beyvond n = 3000,

to perhaps several hundred angstrom diameter voids.

Inclusion of the void sink strength in the calculation of
defect concentrations, so as to permit a study of swelling

saturation.

A better model for the concentrations and energetics of the

impurities.

Nucleation calculations based on only moderately mobile

. ‘s s . 5
impurities as has been done under fission condltlons(2 ).
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APPLICATION OF DAMAGE FUNCTIONS TO CTR COMPONENT
FLUENCE LIMIT PREDICTIONS

R. L. Simons
D. G. Doran

Hanford Engineering Development Laboratory
Richland, WA 99352

ABSTRACT

Material behavior observed under irradiation conditions
in test reactors is not always directly applicable to the
design of reactor components such as CTR first wall because
of differences in the damage effectiveness of test reactor
and service spectra. The interpofiation and, under some con-
ditions, extrapolation of material property change data from
test conditions to different neutron spectra in service con-
ditions can be accomplished using semi-empirical damage
functions. The derivation and application of damage functions
to CTR conditions is reviewed. Since limited amounts ¢f data
are available for applications to CTR design spectra,
considerable attention is placed on the effectiveness of
various avajlable and proposed neutron sources in determining
a damage function and subsequent fluence limit prediction.
Neutron sources included in this study were EBR-I1, HIFR,
LAMPF (Be and Cu targets), high energy deuterons incident
on Be {D-Be}, and 14 MeV neutrons (D-T). Several conclusions
are drawn from this study: 1) High energy neutron spectra
such as from D~Be and D-T reactions are the most effective
of those neutroiv sources studied for reducing uncertainties
in the fluence limit prediction for a CTR first wall
spectrum, Consequently, material tests should be made in
these or similar high energy spectra in order tc make use-
ful fluence Timit predictions by damage functions. 2) Errcrs
in the damage function and fluence limit prediction are
minimized if all available neutron spectra are used. 3) Some
neutron sources that are only slightly harder than EBR-II
spectra can cause error magnification. 4) If presently
available damage functions were applied to CTR spectra
{assuming the damage mecharism is the same in the CTR
spectra and in the spectra used to derive the damage func-
tion) the uncartainty in the fluence limit predictions
would be 60% to > 100% at the 95% confidence level.
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1+TROGDUCTION

it is difficult and qenerally impractical to simulate the exact
neutron spectra of a reactor (whether LMFBR or CTR) which is being
designed. Conseguentiy, irradiation induced property changes measured
in available test reactor spectra must be interpolated or extrapclated
to the design spectral conditions. The purpose of the present work is
to determine how eifective presently available and proposed neutron
sources are in determining damage functions for CTR applications. A
damage function is, generally speaking, an energy dependent cross section
that expresses the neutron energy dependence of an irradiation induced
property change. More specifically, the term damage function, or
effective damage function {(EDF), is used in the present work to refer to
a damage cross section that has been adjusted to fit experimental data.
Spectral interpolation* with damage functions is, in principle, a
relatively simple task. The accuracy of the prediction depends upon the
number and variety of different test spectra in which the property
change was measured as well as the accuracy of the measurements.
Spectral extrapolation involves additional uncertainties as will be
apparent in what follows.

A damage function G(EZ) is derived by an iterative procedure from
the set of integral equations

M, = 5%71':,0/ G(E) ¢;(E)dE, =1,2,3,.:.., N (M

where P is the measured property change due to an irradiation to total
fluence (ét)i in the ith neutron test spectrum ¢i(E) (normalized to unit
flux). There is one equation for each test spectrum. The solution
begins with an assumed energy dependence G°(E) based on a consideration
of damage mechanisms. The result of adjusting G°(E) to give a best fit

* Interpolation and extrapolation are not precise terms as used here.
They refer to the application of a damage function to a design spectrum
that is generally similar to or appreciably dissimilar, respect1ve]y,
to the test spectra used to derive the d:mage function.



I1-20

to the experimental data is a G(E) that applies specifically to the
particular property change P. G(E) may be weakly or strongly dependent
on G°(E} depending on the extent of the spectral variations of the test
data.

The fluence, (@t)d, required to attain the property change P in a
calculated design spectrum ¢d(E) is predicted from the equation

(at), = P/f 6(E) ¢4 (E)dE. (2)
0

In the usual application, P is a desiyn-limiting property change and
(@t)d is then the corresponding limiting fluence in the design spectrum.

The principal sources of uncertainty in this method of predicting
fluence limits are data errors and the lack of a mathematically unique
solution to the set of integral equations. If extrapolation is involved,
the question of the existence of a rigorous damage function raises an
additional uncertainty. Data errors include those incurred directly in
the material property measurement as well as in thg irradiation tempera-
ture, in the measured fluence, and in the shape of the test spectrum.
The uniqueness error arises because, in the absence of assumptions about
the form of G(E) and the number and type of test spectra, the set of
integral equations does not possess a unique solution. The iterative
procedure employed, however, can determine a nearly unique solution in
the energy range where appreciable damage is caused by the test spectra .
if reasonable physical assumptions regarding the form of G(E} are made.
Qutside of this energy range the iterative procedure can determine an
upper bound to the solution; it is important that the initial estimate
of G(E) be high enough in this region that one can be reasonably con-
fident that no physically realistic solution exists above the upper
bound. This is significant because the. upper bound damage function
determines the lower bound fluence limit.

Figure 1 shows three steps in the derivation and application of a
damage function. In this example, P is 60 ksi yield strength* in

* 60 ksi yield strength was chosen arbitrarily as the reference property
level. It is not an established design Timiting property level.
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annealed 304 stainiess steel irradiated and tested at 900°F and the

design spectrum is for the reactor shield (140 cm from the first wall)

¢t the University of Wisconsin Tukamak 1. The first step involved extra-
polating or interpolating all available test data from fast and thermal
reactors to the reference property level to determine the fluences (¢t)i'
The input data to Eq. (1) are then N values of M, = 60/(¢t)i and a starting
function G°(E)}. In this example, the displacement cross section was used
for G°(E). The nominal damage function resulting from the iterative
solution to the integral equations is shown in step two. An error

analysis of the data and iterative procedure was used to estimate the

upper bound solution. Application of the nominal damage function and upper
bound damage functions to the step three design spectrum using Eq. (2)
gives the nominal and lower bound fluences shown.

A report] containing a detailed discussion of the iterative procedure
applied to damage function analysis is forthcoming. OUne objective of
that study was to investigate the errors incurred in the extrapolation of
data obtained with in-core LMFBR spectra to lower energy, out-of-core
spectra. This work is being extended to the problem of interpolating and
extrapolating LMFBR and LWR data to the generally higher energies of CTR
design spectra. In the present study, the effectiveness of available and
proposed neutron sources in determining damage functions for CTR applica-
tions was examined by the usa of simple damage models to generate data
which were, in turn, used to derive damage functions. The effectiveness
of various neutron sources in determining a urnique damage function and
in Timiting data error propagation was examined by comparing fluence
limits predicted using derived damage functions with those calculated
directly from the damage models.

DESIGN AND TEST SPECTRA

The design spectra, all from the University of Wisconsin Tokamak I
study,2 jnciuded a first wall spectrum (0.1 cm depth), a lithium blanket
spectrum (25 cm from first wall), and a spectrum in the reactor shield
(140 cm from first wall). Test spectra iypical of the following sources
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were inciuded: EBR-II,3* HIFR,4 LAMPF with copper and beryllium beam
[

stops,” a linac with 16 and 35 MeV deuterons incident on a beryllium

target,s’7 and a 14 MeV neutron beam (D-t reaction). Several spectra

are illustrated in Figure 2.**
DAMAGE MODELS

Three simple damage models were used to generate "data" to determine
the effectiveness of the iest spectra for damage function analysis.
These included a displacement model, a helium model, and an interactive
model with vacancies and helium atoms as the defect constituents.

In LMFBRs, atomic displacements appear to be the dominant damage
mechanism, as is evident from the relatively good correlation of property
change data using displacements per atom (DPA). In the displacement
model employed here, the property change, P, is just the total rumber of
DPA, and P was taken to be 1 DPA.

P=1-= 'Di(ot)i (3)

where ﬁi is the spectral-averaged displacement cross section D(E) for
stainless steel® (cm2) in the ith spectrum and (°t)i is the total fluence.

* Although the FTR is a potentially valuabie facility for CTR irradiation
studies, rnc FTR spectra were included in this analysis because they are
effectively covered by the range of EBKR-II spectra employed as shown in
Table 1.

** The spectra were cut off at 13 MeV, the present upper 1imit of the
group structure in the SAND-II code--only the 35 MeV D-Be spectrum was
affected. This truncation has no bearing on the results of this study
because 1) it does not exclude any portion of the CTR spectra, and 2)
the data generated by the assumed damage models and consequently the
unfolded damage functions include the truncation and hence are self-
consistent. This study does not address the guestion of whether the
interpretation of radiation effects data obtained in a spectrum having
an appreciable component above 18 MeV is complicated by the possibility
-of different damage mechanisms operating at the higher energies.
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Input to Eq. (1) is M, = Di and the damage function derived from data
generated by this model is the displacement cross section.

In CTR design spectra, much more helium is generated than in LMFBR
spectra; hence, differences in damage mechanisms can be expected. While
displacements could still be the dominate mechanism for some properties '
such as yield strength, helium production could dominate for properties
such as ductility and swelling. Hence, the property for the second
damage model is the amount of helium produced (helium atoms per atom or
UYPA) and P was taker to be 10-5 atem fraction.

P = 1075 = i, (st), (4)

where H is the spectral-averaged helium cross section, H(E}, for iron.
In this case, Mi = Hi and the derived damage function will be the helium
cross section. The iron cross section was used because it has a nigh
energy threshold similar to the helium cross sections of proposed first
wall materials such as niobium, molybdenum, etc. This is in contrast to
the more complex helium generation process in nickel bearing alloys.

In the third damage model, the pruperty is a defect cluster density
calculated from a simple vacancy-helium interaction model. It is shown
in Appendix A that this property is proportional to the product of ﬁi
and Di' Taking the property level arbitrarily to be 1016 clusters/cm3,

P =106 =2K ﬁi Bi(¢t)$ . (5)

where the proportionality constant K has the value 1 x 102}, The damage
function for this model is

G(E,s) = Ket[FD(E) + DH(E)]. (6)

Note that a true damage function, depending only on E as assumed in

Eg. (1), does not exist in this case--G{E,$) is spectrum dependent
through H and D. The interactive model is clearly a simplified one.
However, it enables one to investigate a case in which two damage
mechanisms having different energy dependencies interact and consequently
violate the assumption of Eq. (1) that a single damage function suffices
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for all spectra. Solving Eq. (1) in this case determines an effective
damage function (EDF), which is an average of the separate damage func-
tions in their respective energy response ranges. Such an EDF may be
suitable for interpoiation yet inappropriate for extrapolation.

Figure 3 shows the interactive damage functions for the three UWMAK
design spectra used in this study. Note the differences in magnitude
for the three spectra and the differences in shape above 1 MeV. These
three spectra produce the damage function extremec found with this model.
Not a1l the test spectra exhibit such variations in magnitude. For
example, the damage functions for the four EBR--II spectra show much less
spectral sensitivity because of smaller variationz in helium generation
rates.

Table 1 summarizes the input data and characteristics of the test
and design spectra. The table shows the spectrum sources or location in
the reactor, the mean neutron energies, and the input integral parameters
Mi' As indicated above, Mi values for the displacement and helium models
are simply spectral-averaged displacement and helium cross sections.

Note that the helium cross section is for iron and consequently does not
show a high helium production rate in the HIFR spectrum as is expected
for nickel-bearing alloys.

DAMAGE FUNCTION DERIVATION STUDIES
Solution Unigqueness

A set of § "data points" Mi’ for a particular set of Q test spectra,
was generated with the damage models. The study of the sensitivity of
the damage function solution to the input function began by selecting a
particular G°(E) containing arbitrary parameters. Ideally, G°{E)
represents the best estimate of the energy dependence of the damage mecha-
nisms believed operative. High energy damage due to either displacements
or to helium (threshold n,a reacticns) should be an increasing function
of energy. Therefore, the form chosen for G°(E) was

6°(E) = A ED .
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Table 1. Characterization of Test Spectra and UWMAK Design Spectra

Mi VALUES FOR THREE MODELS

SPECTRUM ~ MEAN DISPLACE-
ENERGY  MENT? HELTUMP INTERACTIVE )
_— (Mev)  _ (b) (mb) {10-¢_Defects/cm’ )/{n/cm?)
EBR-II, 50 cm 0.21 167. 0.00328 0.106
above midplane
EBR-1I, 25 cm 0.43 294, 0.0187 0.335
above midplane
EBR-II, 18.3 cm 0.62 359. 0.0325 0.488
above midplane
EBR-II, 0.0 cm 0.82 440. 0.0544 0.667
above midplane
FTR Core Center 0.50 288. 0.9319 0.433
HIFR 0.38 183. 1 0.0432 0.402
HIFR, Cadmium 0.72 174. 0.0423 0.387
Shielded
LAMPF, Cu 0.84 410. 0.416 1.87
LAMPF, Be 7 657. 1.08 3.81
LINACD16 6.7 1660. 9.95 18.4
LINACD35¢ 10.8 1943. 22.2 29.7
14 MeV 14.0 2170. 32.8 38.1
UWMAK-1 mm -~ 2 855. 8.55 12.2
UNMAK-25 ¢cm .7 472. 2.93 5.32
UWMAK~140 cm 0.25 164. 0.0983 . 0.574

aDisp]acement cross section for stainless steel.
The helium production cross section of iron, rather than that of stainless
steel, was used in this study because it displays the (n,a) threshold
behavior typical of other proposed CTR materials. The nickel in stainless
steel provides a significant source of helium in soft spectra through the
two-stage reaction 58Ni(n,y)3°Ni(n,a)56Fe. This source is not applicable
to the problem considered here of predicting damage in hard spectra.
CTruncated at 18 MeV.
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The parameter b in G°(E) was systematically varied* about the approximate
true energy dependence. Each G°(E) and the set of data points were then
used in Eq. (1) to derive an adjusted G(E}. The process of adjustment,
and hence the derived G(E), depends sensitively on the damage responses
(i.e., the energy ranges over which significant damage is produced) of
the particular set of test spectra. A significant measure of this
sensitivity is obtained by using each derived G(E) to predict fluence
limits for the design spectra and then comparing these limits with the
actual Timits corresponding to the assumed damage models. For example,
the latter.quantity for the cdisplacement model is just 1 DPA = ﬁd where
ﬁd is D(E) averaged over the: design spectrum. It should be noted that
the errors in the fluerice 1imit predictions obtained in this manner
reflect the inability of each set of test spectra to cause adjustment
of each G°(E) to match the different damage models.

Table 2 shows the mean “"uniqueness errors" in the fluence limit
predictions obtained for the displacement model, helium model, and
interactive model. The number of spectra used is shown at the top and
the spectral combination at the bottom of each column. The use of all
available spectra generally yields the smallest absolute difference.
However, for the first wa11'spectrum, the two LINAC and the 14 MeV test
spectra generally provide the greatest reduction in errors for the
displacement model as compared to the other spectra. The LINACD35
spectrum provides slightly better coverage than the 14 MeV spectrum
because of the broader energy range of the LINACD35 spectrum. In the
Tithium blanket spectrum, the LINACD16 appears to give the best overall
results and for the structural location, the LAMPF-CU spectrum appears
to be best. In all cases, the EBR-II and HIFR spectra were included
because these are established neutron sources from which considerable
irradiation effects data have and will continue to come.

The helium model shows larger errors than the displacement model

* For the displacement and interactive model, b varied from 0 to 1.5,
and for the helium model, b varied from 0 to 7. 1In each case, eight
values of b were used.



Table 2. lniqueness Study--Mean Absalute Difference (%) Between True and Predicted Fluence
Limits for Various Sets of Test Spectra

NUMBER OF TEST SPECTRA USED

DESIGN
MODEL SPECTRUM 4 5 3 6 6 6 6 n
Displacement MMAK-1 40 32 12 25 3.3 1.5 6.2 0.4
UWMAK-25 30 27 7.6(-) 13 1.3 1.5 10 0.5
UWMAK-140 3.3(+) 5.3(+) 4.3 6 4.4 4.7 3.7 3.8
Helium UWMAK-1 57 64 12 19(+) 36(+) 19 7 1H{+)
WMAK-25 55 61 17 7(+) 26(+) 29 27(-) 4(+)
UWMAK-140 53 57 21 7.2 20(+) 34(-) 39(-) 5.6(+)
I« teractive UWMAK-1 400(-) 420(-) 67(+) 58(+) n 13(-) 27(-) 5.2(-
IWMAK-25 320(-) 340(-) 53(+) 42(+) 18(~) 31(-) 80(-) 9.6(-
UWMAK-140 270(-) 230(-) 29(-) 48(~) 130(-) 150(-) 200(-) 110(-}
Test Spectra) Combination
4 EBR-~11 % % v v v % % %
HIFR % % v % % v v
LAMPF-~Cu v v
LAMPF-Be % v
LINACD16 v %
LINACD35 v v
14 MeV Vo v

{-) Most predicted fluences were greater than the true value and, hence, nonconservative.
(+) Most predicted fluences were less than the true value and, hence, conservative.

Those values without a sign indicate that the predictions were equally divided between
positive and negative.

6¢-11
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because of the similarity (and hence redundancy) of the response
functions for many of the spectra.

The large errors associated with the interactive model are not
surprising when one notes the large variation in magnitude of the
individual interactive damage functions in Figure 2. It should also be
noted that most all the errors are in the non-conservative direction,
i.e., predicted fluence greater than the true fluence. This serves to
show that caution should be exercised when dealing with interactive
damage mechanisms. It also shows the need to use better damage modeling
to identify how interactions take place so that better correlation of
irradiation effects data can be obtained.

Solution Errors

In obtaining the fluence 1imit predictions above, no uncertainties
were attributed to the data, Mi’ or test spectra, PR Major contribu-
tions to uncertainty in Mi are errors in the measurement of property
change, irradiation temperature, and total fluence. Errors in the
fluence and spectral shape can be kept reasonably small by including
adequate neutrori dosimetry with irradiation effects experiments. For
this study the standard deviations assigned to all M, values were 10%
and the standard deviation shape errors assigned to all spectra were
25%. The spectral shape errors are applied to a coarser group structure
(~ 12 groups) than used in the damage function solution (75 groups}.

The error analysis (Monte Carlo) procedure is discussed elsewhere
in detai]g. Briefly, it involves determining a large number {~ 20) of
damage function solutions by perturbaticns of the true set of input data.
The perturbations of the data are .random and normally distributed with
the standard deviations specified above. The error in the fluence limit
is the standard deviation of the fluence limits predicted by the large
number of solutions.

Data error magnification in the damage function solution is possible
in some cases. If the response of a neutron spectrum is smali in a
particular energy region where no other spectrum responds, then errors in
high response energy ranges can be accommodated by disproportionate
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changes in the low response energy range. The result is a large error
in this energy range. Consequently, a small extension in the response
range of a group of spectra can be a disadvantage. The ideal situation
is to have at least one dominant spectral response in all energy ranges

of interest.

Table 3 shows the standard deviations in the fluence limit pre-
dictions for the three UWMAK design spectra obtained using the displace-
ment and helium models and various combinations of test spectra.
(Results for the interactive model are not shown because the primary use
of that case was to study the adjustment error). The spectral combina-
tions.inc1ude the four EBR-II and two HIFR spectra in a1l cases. The
second case includes LAMPF-Be; in the third case, LAMPF-Be is replaced
by LAMPF-Cu; etc. The Tast case includes all eleven spectra together.
The case with LAMPF-Cu is an example of data error magnification. The
LINACD35 and 14 MeV neutron sources are the most effective in reducing
the data error magnification for the hard first wall spectrum and are
just as effective as the other sources for the softer spectra. Using
all available neutron sources generally gives the best overall results.

APPLICATION OF AVAILABLE DAMAGE FUNCTIONS

Damage functions have been determined previously for several
properties and irradiation conditions for annealed types 304 and 316
stainless stee].10 It is instructive to examine the uncertainties
incurred in applying several of these damage functions--derived from
fission reactor data--to some typical CTR design spectra. Of course,
these uncertainties reflect only the errors connected with the derivation
of the damage functions. The additional uncertainty as to whether the
dominant damage mechanisms in hard CTR spectra are accounted for in the
damage functions derived from data taken in softer spectra is under
investigation in this and other laboratories. In the present study,
this question applies primarily to the first wall spectrum.

Table 4 shows "predicted" fluence limits and percent standard
deviations for the three UWMAK design spectra for 60 ksi yield strength,11
1% uniform elongation, and 1% swe]h'ng12 in 304 stainless steel.- It is
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Table 3. Fluence Limit Prediction Uncertainty for UWMAK Spectra
by a Monte Carlo Propagation of Data Errors

ONMGE  SPECTRAL WEGATIVE 1 STAWDARD DEVIATION EMMOR (2)®
MOl COMBIMATIONS FIRST WALL 2Bca 140 cm
DISPL  EBA-II and HIFR 50 y n
s + LAWPF-8s ') 25 "

+ LNPF-Cu 0 “ 10

+ LINACDIS “ 26 12

+ LIRACD35 12 10 10

+ 14 HaV 1 " 1

ALL SPECTRA 6.3 5.5 9.1
HELIU®  EBR-II and WIF® $5) 7 70
&5 + LANPF-Be 50 » 2

+ LAPF-Cu 52 ) N

+ LINACDIS 68 6 55

+ LINACD2S E1] y w

+ 18 Wy 9.1 2 »

ALL SPECTRA 12 i} 21

S Difference between the nominal fluence limit pradiction and the lower
bound fluence Vimit prediction.

Table 4. Fluence Predictions Using Available Damage Functions
For Several Property Changes in Annealed Type 304
Stainless Steel

MATERIAL FLUENCE {1022 njew?) = 1o%
PROPERTY FIRST WALL 25 cm 140 cm
60 ks$ 0.62(270%, 0.92 .
Yield Strength ) (#53%) 9le35%)
Irrad, ) Test
Temp. = 9002100°F
1% 2.2{240% 1.8z .
o form Elong. (240%) 8(238%) 9.8(236%)
frrod. & Test
Towp. = 9002100°F
1.9(2253)° 3.0(2178)® 6.3(216%)°

1%

Swelling

irrad.

Temp. = BAO25°F

The one standard deviation srrors were determined by calculating the
fluence Timit with sach recycle damage function resulting from the
Monte Carlo error analysis, and then deterwmining the standard deviation
of these from the fluence limit predicted by the nomina) solution. TYhe
uniqueness arror was calculatad in a stmilar wancar, divided Ly two
since 1t s arbitrarily defined at the 20 Tevel, and added to the above.

These T uncertainties do not include a contribution due to nonuniqueness.
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important to note that the assigned errors in these cases were smaller
than those used in obtaining the values in Table 3. LMFBR applications
of G(E) to fluence 1imit predictions are based upon 95% (20) confidence
Tevels. At this level, the uncertainty in most of the predictions in
Table 4 is 60% to > 100%.

SUMMARY AND CONCLUSIONS

This study has attempted to supply some guantitative measures of the
uncertainty in estimating the damaging effectiveness of neutrons in
iypical CTR spectra using data from various existing and proposed test
spectra. The need for high fluence, high temperature data on mechanical
properties of structural materials, obtained in similar spectra, is clear.
Because such data will not soon be available, early fluence limit pre-
dictions will be based on state-of-the-art knowledge of damage mechanisms.

Several specific conclusions can be drawn from this spectral sensi-
tivity study of damage function analysis as applied to CTR design spectra.
It should be kept in mind that they are based on damage models that are
oversimplified, particularly as applied to spectra having significant
numbers of neutrons above 5 MeV.

1. The 35 MeV D-Be spectrum and a monoenergetic 14 MeV beam are
the most effective single neutron sources, of those considered, in
reducing errors in predicted fluence limits for a CIR first wall. The
former source is superior only in that it provides a broader energy range
of neutrons. The 16 MeV D-Be specirum appears to be too soft for applica-
tion to a hard first wall spectrum. The tables presented here provide a
quantitative measure of the increased accuiracy of damage function analysis
to be expected by the acquisition of radiation effects data in proposed
high energy neutron sources.

2. The best results (i.e., least error) are generally obtained if
all available neutron spectra are used in damage function analysis.

3. HIFR provides 1ittle, if any, advantage over EBR-II spectra for
damage function analysis of iron. A similar conclusion would be expected
for most metals. The utility of HFIR for CTR studies is based on the
copious helium production in nickel-bearing alloys. This effect,
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apparently unique among the structural metals of interest, results from
a thermal neutron reaction and therefore is not directly applicable to
high energy extrapolations of irradiation effects data. On the other
hand HIFR is a valuable source for studying the effects of the large
ameunts of helium which are anticipated in CTR spectra. Experiments
which include varying the thickness of thermal neutron shields could be
very effective in this regard.

4. Some neutron sources, such as LAMPF-Cu, if used in damage
function analysis without other high energy response spectra, can lead to
significant error magnification.

5. 1If dominant damage mechanisms in LMFBR and particular CTR spectra
are the same, the extrapolation of presently available damage functions
for 304 SS and 316 SS leads to uncertadinties in fluence limit predictions
in CTR spectra of 60 to > 100% at the 95% confidence level. Where damage
mechanisms are different or interactive mechanisms exist, such predictions
are more uncertain. The application of damage function analysis in this
situation will be the subject of future studies.
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APPENDIX I
A Model for Helium-Displacement Interaction*

In order to study the validity of damage function analysis in a
situation where a unique damage function does not exist, a simnlified
model was postulated to describe He - displacement damage interaction.
The model is not intended to describe accurately any particular physical
phenomena, but it is useful in studying the influence of such intaractive
effects on the spectral dependence of radiation damage.

The assumptions in the model include:

1. The he]iuh concentration increases linearly with time; the loss
of mobile helium to all possible sinks is neglectad.

* This model was developed by G. K. Odette.
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2. Small vacancy clusters of radius R are produced within displace-
ment eascades at a rate of one cluster for every 1000 displaced atoms.
These clusters are unstable and will rapidly dissolve at a rate character-
ized by a time constant <.

3. If a diffusing helium atom collides with a vacancy cluster, the
cluster is stabilized against dissclutien.

4. The number density of stabilized clusters is the measure of the
amount of radiation damage.

Using these assumptions, an equation for the number density of
stabilized clusters as a function of time in various spectral environments
can be simply derived. The accumulation of lattice helium is described by

d Hei -

gt " HiNey (M
or

Hei(t) = HNost (2)

where Hei is the helium volume density in the ith environment, N the
number of atoms/cm?, 95 the total flux, Hi the spectral-averaged helium
generation cross section and t the total time. The steady state,
unstabilized cluster population V?s can be determined from

dv3® ND.¢. VS
J_ 202 ol o 1
at T000 ~ "« (3)
or " _D
D, 0. .
V?S = 'Tﬁ%5l = constant (4)

where V?sis the vacancy cluster volume density, Di the spectral-averaged
displacement cross section, and t the cluster dissolution time constant.

The reaction rate between helium {diffusion coefficient D) and
vacancy clusters to produse the concentration Ci(t) of stabilized clusters
of radius R is described by
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d Ci(t) d‘Hei
dt = " g = K'He, (5)

where
K' = 4nRD V35
Substituting (2) and (4) into (5) and solving for Ci(t) yields

= A5 4242
C,(t) = 2K H.D,e3t (6)
where

K = nRON2z/1000 .



The Influence of First Wall Lifetime on the Cost of
Electricity in UWMAK Type Fusion Reactors

by
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J. R. Young

ABSTRACT

The effect of first wall lifetime of 0.5 to 8 years on
the cost of generating electricity in the UWMAK-I and UWMAK-II
reactors is investigated. It was assumed that there was little
incentive to develop walls with lifetimes (determined by radia-
tion damage) gresater than 10 years because of failures due to
conventional mechanisms. Based on this assumption the cost of
electricity from these two reactors increased over the 10 year
lifetime value by 8 to 10% for a wall life of 4 years, 17 to
28% for 2 years, 35 to 65% for 1 year, and 85 to 1507 for 0.5
vear lifetimes. It appears that wall lifetimes of <2 years are
economically unattractive for these reactors and that there is
a great incentive to find materials which will have in-service
lifetimes between at least 4 and 10 years.

INTRODUCTION
It has now become quite apparent that the first walls (sometimes
referred to as vacuum walls) of fusion power reactors will not last the

(1-3) There are many reasons why materials

lifetime of the plant.
scientists have come to this conclusion, but by far the most prominent
one relates to a loss of mechanical integrity under the high stresses
and strains associated.wifh tYpical fusion reactor operations. Void
swelling, transmutation effects, neutron and charged particle sputter-
ing would also limit the wall lifetime even if the mechanical property
degradation could be eliminated. Current esiimates of wall lifetime

vary from 2 to 5 years(l“3) under typical 1-5 MW/m2 neutron wall loadings.

Given the necessity to replace the first walls periodically (and
even part of the blaunket structure), it is legitimate to ask, "How much
does such a réplacement effect the cost of generating electricity in a
fusion power plant?”" It is difficult to give a definite answer to that

question at this early stage of reactor design because the absolute cost

(a) ygiggfsity gfrﬂigggnsin,_ﬂadisqn, Wisconsin 53706
{b) Battelle Northwest Laboratories, Richland, Wasiiington 99352
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of electricity from fusion is not known to probably within a factor of
two. Nevertheless, we can gain a qualitative picture of how much cf a
relative cost penalty is paid by analyzing two rather specific designs
in the open literature. We have chosen the UWMAK&I(A) and UWMAK-II(S)
reactor designs for this study. It must be noted that the results cf
this work only apply to these reactors at the 5000 thh power level and
one cannot simply apply these results to other systems at different

power levels.

General Effects of Radiation Damage on Fusion Power Economics

The unit cost Of electricity from any power source depends on 4
factors;

. Operation and Maintenance Costs

. Fuel Costs

. Return on Capital

. kWh of Energy Generated Per Unit of Time

The necessity to replace the first wall obviously will increase the
0 & M charges by the cost of replacement material and the labor cost
associated with the replacement time. It is fairly easy to calculate
the costs associated with the materials but at present one can only make
rough estimates of the labor time involved. This latter point is especially
true with irradiated components which must be handled remotely. However,
we shall see that such costs are not a major factor compared to the ma-

terial cost.

There is no obvious direct relationship between first wall lifetime
and the fuel costs and we shall assume that it is unaffected by radiation
damage. There is an indirect relationship in that the need for outage
time to replace the walls decreases fuel use. However, the fuel costs
for a fusion reactor are so small that the changes will have an insignifi-

cant effect in our analysis.

The Jncrease in capital costs of a fusion reactor required by the
replacement of the first wall on a regularly scheduled basis is mainly due

to:
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(A) Inventory costs associated with the spare modules which must be
on hand for quick insertion into the reactor.

(B) Larger or more hot cell facilities to handle the repair and/or
replacement of the entire reactor component which is removed from the
reactor.

(C) Increased long term storage space for the damage components.
Before we address the problem of finite wall lifetime, it is worthwhile
to note that fusion reactors will have to be designed for quick and fre-
quent wall repair even if the predicted first wall life is greater than
the plant lifetime. This is true because failures will occur which are
unrelated to radiation damage. Typical causes might be hot spots,
corrosion, inhomogeneties due to fabrication procedures, or abnormal
operating conditions. It is reasonable to assume that the entire blanket
structure can not function for 30 years at high temperatures and with
varying loads without a single failure, Once the concept of replacement
is accepted, then all of the procedures, equipment, hot cells, shielding
and radioactive component storage areas must be designed, tested and
installed. It is also reasonable to assume that at any given time some-
thing like 10-15% of the blanket structure méy have to be removed per
year for extermal repair or replacement.* This means that the concept of
a finite first wall lifetime is only significant if the wall life is
less than 10 years or so. We will make estimates for the increased
capital costs in UWMAK-I and II based on our knowledge of the system but
the reader ought to recognize the qualitative nature of such estimates

and not concentrate on the exact numbers.

The last important quantity that is affected by a wall life of < 10
years is the time the reactor is unavailable for generation of electricity.
This results in lost revenue which can be as high as $700,000 to $800,000
per day. Again, it is certainly recognized that "normal" failures will
occur in any power facility and we expect the same will hold true for
fusion power plants. In this study, 4 weeks of down time per year is
assumed for routine and emergency maintenance unrelated to first wall re-
placement. Here, we will be concentrating on the additional downtime

required for a systematic replacement of the first wall.

*A simple pinhole leak could require replacement of a very large component.
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Method of Calculation

We will use as a starting point for this study the economic studies
published in the UWMAK-~I and II reports.(a’s) A summary of the capital
and electrical costs for both reactors is shown in Tables 1 and 2. These

costs are based on a two year wall life.

Once a decision on the first wall lifetime has been made, the next
major task is to determine the optimum time for replacement of the modules.
Intuitively, this would appear to be the stated wall life. However, this
would require excessively high inventory costs of the blanket modules which
must be ready outside the reactor when the shutdown is made. Therefore,
one usually tries to remove only a part of the defected parts at a time
and replace them with new components. The repair of the damaged compo-
nents is conducted while the reactor is running. These repaired compo-
nents then can be reinserted into the reactor at the next outage and the
process started all over again. While this means that early in the reac-
tor lifetime some components are changed before their anticipated life-
time, it requires a smaller inventory of components and results in a

lower electricity cost.

A simple schematic of how we estimated the major effect of changing
the first wall on reactor costs is shown in Figure 1. We first determined
the annual outage time as a function of time between replacement, This
requires that we know the number of modules replaced per outage. Once

this is known, the annual outage time is calculated by

(outa outage days s (X days replacement)(No. of modules replaced)
year L module outage

Y Days Cool Down
and Startup x (No. of ouggges)
outage year

+ (¢

One peculiar fact about present reactor designs is that they are
usually made up of a finite number of modules which can be conveniently
replaced. For example, UWMAK~-I had 12 such modules, UWMAK-II had 24, and

(6)
8

a more recent design UWMAK-~-III has 18. Therefore, if one finds that

the wall life is 2 years, then he can replace 12 modules every 2 years, or
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Table 1

UWMAK-I Cost Data

(Prices are 1974 Dollars and Based on a 40 Hour Work Week)

Account Number Account Title Total
DIRECT COSTS:
Nondepreciating Assets:
20 Land and Land Rights $1,200,000
Depreciating Assets:
Special Materials 28,290,000

Physical Plant

21 Structures and Site Facilities 139,807,000
22 Reactor Plant Equipment 573,636,000
23 Turbine Plant Equipment 170,580,000
24 ElectFic Plant Equipment 142,859,000
25 Miscellaneous Plant Equipment 9,410,000

SUB-TOTAL Physical Plant 1,036,292,000

INDIRECT COSTS (All Depreciating Assets):

91 Construction Facilities, Equipment 24,300,000
92 Engineering Services 48,500,000
93 Other Costs 76,600,000
94 Interest During Construction 218,618,000
SUB-TOTAL 367,018,000

SUB-TOTAL (Total Depreciating Assets) 1,431,600,060
TOTAL PLANT CAPITAL INVESTMENT: 1,432,800,000

COST PER KILOWATT GENERATED $971/kWe
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Table 2

UWMAK-1I Cost Data
(Prices are 1974 Dollars and Based on a 40 Hour Work Week)

Account Number Account Title Total
DIRECT COSTS:

Nondepreciating Assets:

20 Land and Land Rights $1,200,000

Depreciating Assets:

26 Special Materials 5,820,000

Physical Plant

21 Structural and Site Facilities 161,590,000
22 Reactor Plant Equipment 775,179,000
23 Turbine Plant Equipment 160,150,000
24 Electric Plant Equipment 84,218,000
25 Miscellaneous Plant Equipment 19,110,000

SUB-TOTAL Physical Plant 1,200,100,000

INDIRECT COSTS(All Depreciating Assets):

91 Construction Facilities, Equipment
and Services 24,300,000
92 Engineering Services 48,500,000
93 Other Costs 90,800,000
94 Interest During Construction 250,923,000
SUB-TOTAL 414,523,000

Sub Total (Total Depreciating Assets) 1,613,420,000

TOTAL PLANT CAPITAL INVESTMENT $1,614,620,000

COST PER KILOWATT GENERATED $944/kWe
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CHOOSE WALL LIFE

DETERMINE ANNUAL OUTAGE TIME AND RELATED COSTS AS
A FUNCTION OF TIME BETWEEN REPLACEMENT

LQETERMINE OPTIMUM OUTAGE TIME I

/

DETERMINE O & M AND RETURN CALCULATE ENERGY PRODUCED
ON CAPITAL COSTS PER YEAR

CALCULATE MILLS/kWh l

Fig. 1. dMethod of Calculation of the Effect of First Wall Life
on the Cost of Electricity From Fusion Power Plants.
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6 modules every year, 3 every 6 months, 2 every 4 months, or 1 every 2

months. The same analyogy can be applied to other systems.

The values of X and Y are somewhat arbitrary at this time tecause of
reactor characteristics but consideration of the mode of construction and
afterheat in these reactors led to use of X=3 days for UWMAK-I, X=1.5 days

for UWMAK-II, and Y=5 days for both reactors.

We then used this information to calculate the optimum ocutage time.
This depends on three major costs -
(A) Inventory costs for spare modules

# of modules replaced
outage

{ > ) x ¢ ) x (return on capital)

module

(B) Labor costs to replace modules

(# of dqg§) . .Labor costs)
outage N day

(C) Revenue lost during time required to change modules

mills

(kw 5 ) x (power level of reactor in kwe) x (annual outage time)
e

Once the optimum outage time is determined, we can calculate increased
0 & M costs and costs associated with increased capital requirements as
well as the reduced kWh generated. This then allows a determination of

mills/kWh to be made.

A new wall life is then assumed and the entire process is repeated.

Results for UWMAK-I and UWMAK-II

A comparison of the annual outage time as a function of number of
modules replaced per outage and assumed wall life is given in Table 3.
There are two points worth noting here, the wall replacement for these
two reactors probably will be done on the basis of integral fractions of
12 or 24, and the outage time is the same for I and II except twice as
many modules must be changed in II as in I.

The optimum outage time was calculated assuming the following

values.(4—5)
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Table 3

Annual Outage Time UWMAK-I and II

Annual Outage

First Wall Intervals Between No. of Modules Time ~ Days
Life - Years Replacement Outages Replaced per CQutage 1 and 11

) 1 i

0.5 6 months 12 24 82
3 months 6 12 92
1.5 months 3 6 112
1 month 2 4 132
0.5 months 1 2 192

1 year 1 year 12 24 41
6 months 6 12 46
3 months 3 6 56
2 months 2 4 66
1 month 1 2 %

2 years 2 years 12 24 21
1 year 6 i2 23
6 months 3 6 28
4 months 2 4 33
2 months 1 2 48

4 years 4 years 12 24 10
2 years 6 12 12
1 year 3 6 14
8 months 2 4 17
4 months 1 2 24

8 years 8 years 12 24 5
4 years 6 12 6
2 years 3 6 7
16 months 2 4 9
8 months 1 2 12
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UWMAK-1 UWMAK-TT
Cost/Module - $ 20,300,000 6,250,000
Increased Facility 13,000,00087 3,300,000’
Costs -~ $ per module
Return on Capital 0.15 0.15
Labor Costs $/Day 23,500 28,500
Loss of Income $/Day 710,000 840,000

(at 20 mills/kWh)

(a) for number of modules per outage exceeding 2

(b) for number of modules per outage exceeding 4

The cost per module inciudes those costs attributable to insurance
(~10%) and interest during construction since these modules will probably
be long lead time items. The increased facility costs were calculated
on the basis of the fraction of the containment facilities attributable
to remote handling of components and assuming that the increase in those
facilities is 107% per module over the minimum number of modules reguired
for normal outage. For example, we assumed that facilities to handle twe
damaged modules in UWMAK-I and 4 modules in UWMAK~II would be required
regardless of the first wall life. 1If an extra module had to be changed
or held in readiness due to first wall life, then the increased cost is
10% cf that required for the basic number in UWMAK-I and 57 for UWMAK-I1I.

These numbers also include the insurance and interest factors.

The cost of labor was calculated on the basis of 96 men workiug per
shift, 3 shifts per day, and these men cost approximately 50% mcre than
the normal maintenance crew (i.e. 20,000 $/man year including fringe

benefits).(ll) This amounts to labur costs of ~28,500/day of cutage.

The loss of revenue has been calculated as if fusiorn power plants
were operaving in an economy where electricity is being produced .20
mills/kWh. Hence, when the plant is shut down it will lose that revenue.
For UWMAK-I operating at 1473 Mwe ( continuous power) this amounts to
~710,000 $/day. For UWMAK-II at 1716 Mwe, this is 840,000 $/day.

The approximate annual increase in costs due to each of the above
items is reported in Table 4 for UWMAK-I and in Table 5 for UWMAK-II. They

are also plotted in Fipures 2 and 3. The optimum time between ocutages is
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Table 4

Annual Increase in Costs -~ UWMAK-I as a
Function of Wall Life and Time Between Outages

Million of Doliars

Time Between Return on
___Outages Capital Labor Costs Lost Revenue Total
0.5 Year Wall Life
6 months 56.0 2.3 58.2 117
3 months 26.1 2.6 65.3 94
1.5 months 11.1 3.2 79.5 94%
1 month 6.1 3.8 93.7 104
0.5 months 3.1 5.5 136.3 145
1 Year Wall Life
1 year 56.0 1.2 29.1 86
6 months 26.1 1.3 33.7 61
3 months 11.1 1.6 39.8 53%
2 months 6.1 1.9 46.9 55
1 menth 2.1 2.7 68.2 74.
2 Year Vall Life
2 years 56.0 0.6 14.9 72
1 year 26.1 0.7 16.3 43
6 months 11.1 0.8 i9.9 32
4 mcnths 6.1 0.9 23.4 30*
2 months 3.1 1.4 34.1 39
4 Year Wall Life
4 years 56.0 0.3 7.1 63
2 years 26.1 0.3 8.5 35
1 year 11.1 0.4 9.9 21
8 months 6.1 0.5 12.1 19%
4 months 3.1 0.7 17.0 21
& Year Wall Life
8 years 55.0 0.1 3.6 60
4 years 26.1 0.2 4.3 3
2 years 11.1 0.2 5.0 16
16 months 6.1 0.3 6.4 13
8 months 3.1 0.3 8.5 12%

* Optimum



Time Between

Outages

6 months

3 months
1.5 months
1 month
0.5 months

year
months
months
months
month
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years
year
months
months
months
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years
years
year
months
months
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8 years
4 years
2 years
16 months
8 months

* Optimum
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Table 5

Annual Iacrease in Costs - UWMAK~II as a
Function of Wall iife and Time Between Qutages

Million nof Dollars

Return on
Capital Labor_ Costs Lost Revenue Total
0.5 Year Wall Life
32.4 2.3 68.9 104
15.3 2.9 77.3 95%
6.7 3.2 94.1 104
3.8 3.8 111 119
1.9 5.5 161 168
1 Year Wall Life
32.4 1.2 34.4 68
15.3 1.3 37.6 55
6.7 1.6 47.0 55%
3.8 1.9 55.4 61
1.9 2.7 80.6 85
2 Year Wall Life
32.4 0.6 7.6 51
15.3 0.7 19.3 35
6.7 0.3 23.5 31
3.8 0.9 27.7 32
1.9 1.4 40.3 44
4 Year Wall Life
32.4 0.3 8.4 41
15.3 0.3 10.1 26
6.7 0.4 11.8 19
3.8 0.5 14.3 19%
1.9 0.7 20,2 23
8 Year Wall Life
32.4 0.1 4.2 37
15.3 0.2 5.0 21
6.7 0.3 5.9 13
3.8 0.3 7.6 12%
1.9 0.3 10.1 12
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a balance between the high costs associated with inventory of spare
modules (and the increased hot cells to handle them) and the loss of

revenue associated with down time,

The optimum time between outages is summarized below from Tables 4

and 5.
Optimum Outage Time - Months
Wall Life - Years UWMAR-T UWMAK~1T
0.5 1.5 3
1 3 3
2 4 6
4 8 8
8 8 16

It is interesting to note that the optimum outage time does not
increase in proportion to the first wall life time, e.g. a factor of 16
increase in wall life only results in less than a factor of 5 increase

in the optimum outage time for UWMAK-I and II.

Having determined the optimum outage time, and hence the number of
outage days per year due to the first wall replacement (remember tnat 4
weeks of additional time is set aside for routine maintenance or repairs
required by "normal" ccmponent failures) we can now estimate the cost of

electricity as a function of wall life.

The first area to investigate is that contribution due to O & M costs.
The costs are listed for both reactor systems in Table 6 and the explana-

(4)

tion for their derivation is given elsewhere. The outside support
services are primarily the labor costs determined in Tables 4 and 5. The
materials costs of replacing the first wall were determined by using the
(4-5) For UWMAK-I, this

amounts to 17.6 $/kg for the first 20 cm of blanket and 8.8 $/kg for the

weights and cost figures from the UWMAK reports.

remainder of the blauvket. The stainless steel reflector is assumed to
have a lifetime five times that of the first wall due to the neutron
attenuation. The total weight of the first 20 cm is 491,000 kg and that
of the rest of the blanket is 7,323,000 kg. The amount of 316 SS replaced

per year is given in Table 7 as a function of the first wall lifetime.



Table &

Summary of Operations and Maintenance tosts
Associated witn UWMAK-I and I

Annual Cost - §

Cost Item UWMAK-1 UWMAK-I]
Salaries (incl. Fringe Benefits) 1,350,000 1,350,000
Misc. Supplies & Equipment 1,000,000 1,000,000
Outside Support Services 350,000+ 350,000+
Miscellaneous Costs 200,000 200,000
Subtotal (b) (b)
General and Administracive
(15% of Subtotal)} (b) (b)
Replacement of Inner Wall
(annual rate) (a) (a)
Coolant Make Up _ 38,000 43,000
Total Annual Cost (b) (b)

{(a) Depends on Wall Life

(b) To be determined as a function of wall life
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Table 7

Cost of Changing First Wall and Associated Blanket Structure
Due to First Wall Lifetimes — UWMAK-I

Wt-First 20 cm Wt-Rest of Blanket Total Annual
Wall Life-yr MT/yr(a,b) MT/yrfa,c) MTyr(a)  Cost-M$
8 61 - 61 1.1
4 123 366 489 5.4
2 246 732 978 10.8
1 491 1465 1956 21.5
0.5 982 2929 3911 43.1

(a) average numbers, MT = metric tonne
(b) 17.60 $/kg
(c) 8.80 $/kg

Table 8

Cost of Materials for First Wall and Blanket Replacement in UWMAK-II

Wt-316 SS Wt-316 SS Wt. of Wt. of Wt. of
Wall Life-yr First Wall % ?Pbe ManifolP ) LiAlOz( ) Be ( Graphit? Cost
Mr/yr 2 _mr/ye®? /@) _wp/ye®  pp/yr®) s-mivear
8 112 ° 59 54 - 12.4
4 224 170 119 108 65 26.6
2 449 340 238 217 131 53.4
1 897 680 475 433 261 107
0.5 1794 1360 950 866 523 213

(a) average number, MT = metric tonne.
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A similar analysis for replacement materials has been conducted for
UWMAK~II (Table 8). There is a difference in this reactor because
materials other than 316 SS must be replaced due to the high cost of
refabricating radioactive material and/or the damage incurred in other
materials (LiAlOz, Be or graphite) during their residency in the reactor.

Pertinent costs and weights are given below for UWMAK-II.

Repl. Time (a)
Component Metric-Tonnes (First Wall=l) S/kg
316 SS-First Wall and Tubes 897 1 17.6
316 - Blanket Manifold 3402 0.2 8.8
Liato, ) 475 1 40
Be () 433 1 150¢¢)
Graphite 1307 0.2 3

(a)fabricated cost
(b)make up neglected
{c)reprocessed Be

There is now enough information to calculate the O & M costs as a
function of wall life. The results are given in Table 9 for both UWMAR-I
and II. The O & M costs increase dramatically by a factor of 10 to 14
when the wall life decreases from 8 to 0.5 years with the replacement costs

of the materials dominating in both of the reactors.

The data for the effect of increased capital costs on the annual
costs has already been reported in Tables 4 and 5. In order to get this
into a more standard format, we recalculated the total capital costs and

the required return on capital. This is shown in Table 10.

The capital costs change less than 5% for a wall life which varies by
a factor of 16. This insensitivity is largely due to the fact that we
expect the plant will have to be designed for remote changing of first
wall components regardless of whether the wall has a lifetime determined
by radiation damage.

The last item to be calculated is the number of kWh of energy gener-

ated per year of normal operation. The 93.3% duty factor for UWMAK-I and
the 94.2% duty factor for UWMAK-II-is already taken into account when



Table 9

Calculation of 0 & M Costs as a Function of Wall Life

Fixed Variable
Wall Life . 0.S. 0.8. Material Coolant
years Salaries Supplies Support Support G & A Replacement Make Up Total
Millioms of Dollars
UWMAK-~I
8 1,35 1,0 0,35 0.3 0.48 1.1 0,038 4.8
4 0.5 0.51 5.4 9.4
2 0.9 0.56 10.8 14.9
1 1.6 0.68 21.5 26.7
. 2 .
v ¥ v 3.2 0.84 43,1 49.9
UWMAK-IT
8 1,35 1.0 0,35 0.3 0.48 12.4 0,043 16.1
b 0.5 0.50 26.6 30.5
2 0.8 0.56 53.4 57.7
1 1.6 0.63 107 112
0.5 ¥ ) 4 v 2.6 0.84 213 ¥ 219

¢6-II
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Table 10

Effect of Finite First Wall Life on the Capital Costs of UWMAK Type Reactors

Wall Life No. of Modules Capital Costs Return on
Years Changed per Outage $ Millions Capital - $ Millions
UWMAK~I
8 1 1379.2 206.9
4 2 ' 1399.5 209.9
2 2 1399.5 209.9
1 3 1432.8 214.9
0.5 3 1432.8 214.9
UWMAK-T1
8 4 1595.5 239.3
4 4 1595.5 239.3
2 6 1614.6 242.2
1 6 1614.6 242.2

0.5 12 1634.4 245.2
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quoting continuous power outputs of 1473 MWe for UWMAK-I and 1716 for
UWMAK-II. The calculations also include the four weeks of "normal"
downtime in addition to that required to change the first wall. The
resulting numbers are summarized in Table 11. The energy produced per
year drops from 35 to 45% as the wall life changes from 8 to 0.5 years.

We shall see that this has a major effect on the final costs.

The final numbers for the calculation of the cost of electricity are
given in Table 12 and plotted in Figure 4.* A few interesting observa-
tions can be made about the cost calculations. First of all, the two
reactors systems respond remarkably the same considering that they have
drastically different designs and coolants. Second, the relative increase
in electricity costs (over that for a wall life of >10 years) is low until
the wall life drops below approximately two years. The rate of increase

in the electricity cost over a projected 10 year life is given below.

# Increase in Electricity Costs Over Those

Projected for a 10 Year Life

Wall Life UWMAK-I UWMAK-11
10 0 0
8 2 2
4 10 8
2 28 17
1 65 35
0.5 150 85

Thus it can be seen that radiation damage to the first wall ‘:an cause an
increase of 8% to 1507 in the base cost of electricity generated if the

wall life is 0.5 years.

The third point to make is that while the relative cost of electricity
increases rapidly only below a 2-4 wall life, the absolute costs to the
consumer is truly enormous. For example, assuming th=¢ fusion is econom-
ically competitive in the year 2020 where it may capture some 25 to 33% of
the market, we might expect to have some 106MWe of installed capacity.(7)

If fusion plants were to have an 80% plant factor, then approximately

*These numbers differ slightly from those in Tables 1 & 2(4’5)because we
have changed the optimum time between outages in I and because of a
slightly different treatment of hot cell costs.
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Table 11

Calculation of the Number of kW.h Generated Per Year as a
Function of First Wall Life in UWYMAK-1 & UWMAK-II

Wall Life Normal First Wall Production
Year Maintenance-hr Changes-hr Hours(a) kweh(b)
UWMAK—I
10
8 672 288 7800 1.15 x 10
4 408 7680 1.13 x 100
2 792 7296 1.07 x 10°
1 1344 6744 0.993 x 1010
0.5 »L 2688 5400 0.795 x 10%°
UWMAK-TT
10
8 672 216 7872 1.35 x 10
4 408 7680 1.32 x 1010
2 672 7416 1.27 x 1010
1 1344 6744 1.16 x 100
0.5 ,L, 2208 5880 1.01 x 1010

(a) basis - 8760 hrs. in a year

(b) Power level averaged over burn - UWMAK-I = 1473 MWe, UWMAK-II = 1716 MWe
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Table 12

Effect cf First Wall Life on Cost of Electricity in UWMAK-I and I1I

Wall Life El 10
Year 0 &M Fuel Return on Capital kWh x 10 Mills/kWh
UWMAK-I
8 4.8 0.136 206.9 1.15 18.4
4 9.4 0.134 209.9 1.13 19.4
2 14.9 0.127 209.9 1.07 21.0
1 26.7 0.118 214.9 0.993 24.3
0.5 49.9 0.094 214.9 0.795 33.3
UWMAK-IT
8 16.1 0.131 239.3 1.35 18.9
4 30.5 0.128 239.3 1.32 20.4
2 57.7 0.123 242.2 1.27 23.6
1 112 0.112 242.2 1.16 30.5
0.5 219 0.098 245.2 1.01 46.0
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2
7 x lOl“ kWh would be gencrated per year by D-T reactions.

Each mill/kWh that fusion is over the competitive price represeats
some 7 billion dollars. lence, there is considerable incentive to find
first walls which will last at least as long as 2-4 years. It appears,
that for the UWMAK reactors, wall lifes of less than 2 years are econom-
ically unattractive.

Future studies in this area such as the use of neutron spectral

shifcers(B—lo)

may alleviate these problems and can indeed be quite
attractive if unprotected walls have lifetimes below 2 years. It is
hoped that this admittedly broad brush and somewhat approximate determin-
ation of the cost of low first wall life will stimulate designers to

alleviate the problem.

Discussion of Results

Periodic replacement of the innmer walls of a fusion power reactor
can have a significant effect on the unit cost of the electricity pro-
duction. An average wall lifetime of twc years could result in an
increase of as much as one-quarter in the unit cost of electricity in
comparison to an average wall life of ten years. A wall lifetime of
cnly six months could cause as much as a 150 percent increase in the

electricity unit cost,

The actual increase in the electricity cost because of inner wall
replacements appears tc be dependent primarily on the average wall
lifetime, the capital cost of the reactor components kept in inventory
to minimize wall replacement outage time, and the average ontage time
required to replace one wall module. The labor costs for the wall

replacement appear to be of much smaller importance.

Study of rhe three primary determinants of the costs due to replace-
ment of the inner walls reveals several important guidlines for fusicn
reactor research and design. First, considerable research is justified
for determining the characteristics of inner wall materials and methods
for increasing the average lifetime. In general, the costs due to

replacement are inversely proportional to the average lifetime. A
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major effort appears justified for identifying materials which will
accumulate radiation damage at a much lower rate and wall designs resulting

in less damaging operating cenditions.

And, finally, there is a large incentive for developing
reactor designs reguiring a minimum of outage time for replacing an
inner wall segment. The lost revenuve while the inner walls are being
replaced appears to be over half of the total wall replacement cost for
average wall lifetimes of eight years or less. Emphasis should be placed
on developing reactor designs which permit rapid removal and repizcement
cf entire reactor segments or inner wall segments. If either reactor or
wall segments are replaced, quick disconnect methods are needed for all
cooling and instrumentation systems. And, if possible, the connections
between reactor segments and foundations or other segments should be
simple (or non-existent) requiring no complicated activities such as

welding or precision gasketing.

In summary, the costs for fusion reactor inner wall replacement
could have a significant effect on the cost of eleccricity production.
Large efforts appear justified for increasing the average wall lifetime,
decreasing the inventory costs for spare wall or reactor segmeats, anrd

reducing the reactor outage time for wall replacement.



10.
11.

11-63

REFERENCES

G. L. Kulc?nski, R. G. Brown. K. G, Lott and P. A, Sanger, Nucl.
Tech. 22, 20, 1974.

A TFusion Power Plant, R. G. Mills, ed., MAT1-1050, April 1974,

W. Danner, Max-Planck Institute fur Plasmaphysik Report # IPP 4/130,
February 1975.

(a) B. Badger, M., A. Abdou, R. W. Boom, R. G. Brown, T. E. Cheng,

R. W. Conn, J. M., Donhowe, L. A. El-Guebaly, G. A. Emmert, G. R.
Hopkins, W. A. Houlberg, A. B. Johnson, J. H. Kamperschroer, D. Klein,
G. L. Kulcinski, R. G. Lott, D. G. McAlees, C. W, Maynard, A. T.
Mense, G. R. Neil, E. Norman, P. A. Sanger, W. E. Stewart, T. Sung,

I. Sviatoslavsky, ©. K. Sze, W, F. Vogelsang, L. J. Wittenberg, T. F.
Yang and W. D. Yound, "UWMAK-I, A Wisconsin Toroidal Fusion Reactor
Design," Fusion Technology Program, University of Wisconsin,

UWFDM-68 - Volume I, March 1974.

(b) B. Badger, H. Avci, R. W. Boom, E. Cameron, R. W. Conn, D. Graber,
A. B. Johnson, G. L. Kulcinski, P. G. Lorenzini, C. W. Maynard, E.
Normand, J. W. Lue, H. Pearlman, D. Schluderherg, T. Sung, I.
Sviatcslavsky, D. Sze, W. F. Vogelsang, L. J., Wittenberg, T. F. Yang,
J. R. Young and W. Young, "UWMAK-I", A Wisconsin Toroidal Fusion
Reactor Design," Fusion Technology Program, University of Wisconsin,
UWFDM-68-Volume II, May 1975.

B. Badger, R. W. Conn. G. L. Kulcinski, M., A. Abdou, R. Aronstein,

H. I. Avei, R. W. Boom, T. E..Cheng, J. Davis, J. M., Donhowe, G. A.
Emmert, Y. Eyssa, N. M. Ghoniem, S. Ghose, W. Houlberg, J. Kesner,

W. Luwe, C. W. Maynard, A. Mense, N. Mohan, H. A. Peterson, T. Y. Sung,
I. Sviatoslavsky, D. K. Sze, W. F. Vogelsang, R. Westerman, L. J.
Wittenberg, T. F, Yang, J. Young, W. D. Young, "UWMAK-II, A conceptual
Tokamak Power Reactor Design,' Fusion Technclogy Program, University
of Wisconsin, UWFDM-112, October 19753.

UWMAK-III, A Toroidal Fusion Reactor, To be published in January 1976.:
G. L. Eulcinski, Epergy Policy, 2, 104, 1974.

R. W. Conn, G. L. Kulcinski, H. I. Aveci and M. El-Maghrabi, Nuclear
Tech., 26, 125, 1975.

G. L. Kulcinski, R. W. Conn, H. I. Avci and D. K. Sze, Trans. Am.
Nucl. Soc., 21, 50, 1975, see also UWFDM-127, June 1975.

H. I. Avei and G. L. Kulcinski, UWFDM-141, October 1975.

NUS-531, "Guide for Economic Evaluation of Nuclear Reactor Plant
Desigus,”" NUS Corporation, January 1969.



FOIL SPECIMENS FOR THE INVESTIGATION OF MECHANICAL PROPERTIES IN ION
SIMULATION EXPERIMENTS

J. Auer and A.A. Sagiiés
Institut flir FestkOrperrorschung der Kernforschungsanlage Jilich
D 517 Jilich, Germany
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ABSTRACT

In many ion simulatior experiments heat dissipation and
the moderate range oi° light ions impose an upper limit
for the sample thickness. On the other hand, mechanical
property investigations require a certain minimum sample
thickness in order to minimize surface and grain size
effects. In this work some factors which determin~ this
lower limit are reported for "pure" stainless steel type
316. This material has the same basic composition as
AISI 316 but contains only traces of impurities like C,
€i, etc. thus eliminating the influence of precipitates
by different heat treatments. Cylindrical "bulk" speci-
mens (2 mm diam.) and foil specimens {thickness D bet-
ween 30 and 100 um) with grain sizes d between 1 and

45 .pm were prepered by a suitable thermomechanical treat-
ment. Tensile tests at room temperature showed that the
grain size dependence of the yield stress becomes
siightly stronger for small grain sizes, however, the
yield stresses are the same for bulk and foil specimens
of the same grain size. The uniform elongation € of the
foil specimens (which is here practically equal to the
total elongation) is generally only half the uniform
elongation of the bulk specimens. For small grain sizes
the ultimate tensile strength of foil specimens is only
slightly lower than for bulk specimens, howvever, it
drops to very low values if the grain size becomes com-
parable to the foil thickness (D < 2 - 23). Creep ex-
periments on similar sauples show a svbstantial decrease-
in creep rate with decreasing foil tnickness probably
caused by the increasing influence of surface effects.

II-64
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INTRODUCTION

High energy ion irrediations are increasingly used for the simulation of
neutron demage in reactor materials since they produce high damage le-
vels in reiatively short times. One of the main difficulties associated
with this technique comes from the restricted penetration range of
charged prrticles. This is especially true if mechanical properties
{e.g. in pile creep) are being investigated bLecausz of two factors that

impose strong limitetions upon the chcice of specimen shapes:

1. The heating of the sample due to the beam current and the limited
range establish an upper limit for the specimen thickness. The
thicker the specimen, the more erergetic the incident particles
must be in order to pass compleiely through it and thus avoid non-
uniform deamage rates and alloying effects. This results in inad-
missible amounts of heat deposition, Furthermore, the time-advantage
of simulation experiments fades away since the damage rate decrease:s

with increasing particle energy.

2. On the other hand, specimens that are too thin bring up effects re-
lated with their surface condition and grain structure thet are diffi-
cult to estimate. This makes extrapolations of mechanical data of

irradiated foils to bulk material values questionable.

Several simulation experiments are now in progress at KFA Jilich concer-
ning the tensile and creep behavior cf a variety of alloys using feil
specimens with thickness between 30 and 100 u. The following measure-
ments are a preparatory work for these experimerts and were intended to
espablish some of the factors determining the mechanical response of

foil specimens and to develop optimal experimental conditions.
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e

Z

D
n

terial was then recrystallized to several grain s

Tensile Tests

The specimens so produced were pulled to fracture at 20°C and a strain

H °
rate of 3 10-“/sec. Fracture cccurred always at the point of meximum
load. Fig. 2 shows a typical load-elongation curve for a 33 v foil. The
lack of the nonunif'crm deformation part of the curve is a consequence of
the large ratio of gage length to equivalent diameter. In the cas2 of
Fig. 2 this ratio is ~ 200:1, while standard tensile specimens have s

ratio close to 5:1.

Fig. 3 shows the yield stress ¢p for foils of different thickness and
also for the "bulk" specimens as a function of the grain size 4. One
can see that the yield stress i1s independent of the specimen thickness,
and that the grain size dependence follows the well known Hall-Petchj
relationship (o ~ d

optical means (linear intercept method)

o5
D]

The measurement of grain sizes
was difficult for the finer grain material because twins became then

almost invisible. Therefore, transmissicn electron micfoscopy was used
in these cases to determine the average numter of twin lines per grain

and to provide & correction to the value obtained metallographically.

Fig. 3 also shows that the ultimate tensile stress 95 is fairly indepen-
dent of grain size, but that deviations to lower values occur when the
ratio of specimen thickness D to grain size d becomes smaller than

= 2,5, The lowering of the ultimate stress is coincident with a reduc-
tion of the total elongation to fracture, suggesting that those specni-
mens are prone to premature failure. This mey be the resuit of instabi-
lities created by the =zasy deformaticn of grains with favorable orien-

tations.

Creep Experiments

Since these investigations are rather time consuming they were limited

to material of one grain size (v 7.5 u).



I1I-68
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Dimensions:n mm

Fig. 1. Shape of Tensile Foil Specimens

a
B

——— E (%]

Fig. 2. Stress-strain curve of a "pure" stainless steel 316 foil spe-

cimen, thickness D = 33 u tested at 20°C. Strain rate & = 3 x 1074 sec”!
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The creep data in Table 2 show a strong dependence of the creep rate on
the specimen thickness. The creep rate decreases with decreasing thick-
ness and that is opposite to what would be expected from easier grain
boundary sliding conditions. An explanation seems to be possible only

by considering surface effects that would naturally become more impor-
tant for the thinner specimens. This is suggested by electron microscope
examinations which showed no significent structure differencés between

the creep speciment tested.

Table 2. Creep Results (T = 695°C, o = 5 kg/mm°)

Semple Annealing Grain size Thickness steady state Creep Rate
temperature atu) D(u) (hr_1)
-4
1 98 6.83 x 10
=L
8.42 x 10
2 890°C 98 o
3 7.5 Th 5.0 x 10
1 hour =L
L 31 1.7 x 10
5 31 1.50 x T
CONCLUSIONS

The flow and ultimate tensile stress of foil specimens are independent

of the foil thickness if the latter is larger than 2 - 3 grain diame-
ters. The advantages of thin foil simulation experiments however, must

be compromised with the loss of iaformation on the non-uniform part of
the load-elongation curve.

The use of "pure" 316 85 foils thinner than TO - 100 u for in-pile creep

simulation experiments is questionable because uncontrollable surface

conditions may be determinant of the creep rate.
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IRRADIATION CREEP DURING 4 MEV PROTON IRRADIATION

+
R.J. McElroy*, J.A. Hudson and R.S. Nelson+

Metallurgy Division, ,AgRB Harwell Didcot, Oxford, England.
*Metallurgy Department, UnlverSLty of Oxford, Oxford, England.

ABSTRACT

A technique has been developed for studying irradiation
creep during the bombardment of metals bk high energy (4 MeV)
protons from a Van de Graaff accelerator, ' .: main features
of the creep testing and irradiation facility will be des-
cribed and the important aspects of beam handling and specimen
environmental control highlighted. Results have beenr obtained
for thermal and irradiation creep of nickel in the temperature
range 400 =600 C. In addition to an irradiation enhancement
of creep, a pronounced irradiation hardening was observed.

The net effect, therefore resulted from a comiination of the

two processes and a logarithmic decrease in irradiation creep
rate with dose was observed. The irradiation enhanced creep rate
after a given time was found to increase linearly with damage
rate

INTRODUCTION

An important requirement of the fusion reactor programme is the
study of i1rradiation effects with 14 MeV neutrons. A fundamental dif-
ference compared with the fast fission reactor development programme is
the absence of a reactor test facility for many years. Present designs
of machines capable of producing 14 MeV neutrons offer fluxes notably
less than those anticipated in early reactors or even advanced experi-
ments, so that engineering design will necessarily proceed without fully
adequate data. For the immediate future, therefore, it is clear that the
use of particle accelerators and fission reactors will form an important

part of any materials selection programme.

Based on cur exper.ence with fast reactors two important irradiation
phenomena will feature signficantly in any fusion reactor programme.

These are void swelling and irradiation creep.' In the case of void
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swelling extensive studies have been carried out in support of the fast
reactor programme, using both neutron and charged particle irradiation,
In the case of irradiation creep, data are very limited and the physical
processes underiying the phenomenon are far from understood. 1In the
present paper we will therefore outline the technique under development
at Harwell to simulate neutron induced irradiation creep using proton
irradiation., Similar experiments have been set up at Argonne1 and NRLZ.
The paper will emphasise the roles in which such techniques can be used
in the context of the fusion reactor programme, and will present some

preliminary data which incdicate the usefulness and limitations of the

experiments.,

In comparison with the simulation of void swelling, a fundamental
difficulty is that mechanical tests such as the measurement of strain in
a specimen undergoing irradiation creep deformation cannot be performed
on the same minute volumes of irradiated material, Thus to attempt a
simulation of neutron induced creep, a regime of uniform irradiation
damage over large volumes is necessary. This can be realised with lighter
particles such as protons, but the increased penetration is achieved at
the expense of damage rate. In the present experiments 4 MeV pratons
from the Harwell Van de Graaff accelerator have been useu to bombard
thin (25-30 um) electrically heated specimens held at controlled ele-
vated temperatures under various tensile stresses and the creep strains
have been measured. The maximum damage rate achieved with nickel at 500°¢c
is about 10—6 displacements per atom per sec (dpa 5_1) and a total dose

of about 1 dpa can be achieved within a few days.
IRRADIATION REGIME

The range of 4 MeV protons in nickel and stainless steels is about
50 pm, about twice the specimen thickness. 1In traversing this thickness
the protons lose about 1.5 MeV, Most of this energy is lost in inelas-
tic collisions and appears as heat in the specimen whereas a small frac-
tior. (v0.02%) is lost in elastic Rutherford-type c¢ollisions with nuclei
to produce permanently displaced atoms. Details of the displacment
cross~section and damage rate calculations are given in standard texts3.

However, recent refinements to the simple calculations4 have been applied
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by Marwicks'6 who derived details of the recoil spectra for various
regimes of radiation damage used in simulation experiments. Although

the mean transferred energy is only a few hundred eV during 4 MeV proton
bombardment the form of radiation damage in niobium is not widely diff-
erent from neutron or heavy ion damage as can be seen from Fig.1l, which
cshows the proporticn of displacements produced by recoils of energy less
than T as a function of T, the primary knock-on enerygy, for proton, self
ion and C.T.R. neutron bombardment.7 In the case of a reactor over 90%

of the damage is created in niobium by using recoils with energies greater
than 1 keV, whereas in the case of 4 MeV protons as much as 60% of the

total damage is created by reccoils with energies greater than this.

In a typical experiment using a beam density of 10 pA cmm2 the
damage rate will bevldpa per 100 hours at 4 MeV. This damage rate is
reasonably uniform throughout a 25 um thick specimen being about 30%
higher at the exit surface where the beam energy has fallen by about
1.5 MeV. With the present apparatus it is not possible to bombard the
whole specimen uniformly without scanning the proton beam., A beam spot
of similar dimensions to the specimen width (4 mm) is scanned over the
gauge length ( 25 mm) at 500 Hz; the instantaneous damage rate can
therefore be up to about 5 times the average rate. On the other hand
since only V2 x 10-3 s elapses between successive periods of irradiation
at any point along the gauge length, negiigible enhanced vacancy diff-
-15 2

cm

usion (D' 10 s_l) will occur in these intervals,

An additional feature of the 14 MeV neutron environment to be taken
into account in simulation experiments is the inevitable build-up of
transmutation products during the irradiation. 1In particular, helium
production from (n,0) reactions is perhaps the most significant, where
helium concentrations of up to 1000 ppm can accumulate. As in the case
of simulating void swelling, the helium can be pre-injected uniformly
throughout the sample prior to the creep tests, It should also be point-
ed out that the facility can also be used to study irradiation creep in

samples previously neutron irradiated to high doses,
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EXPERIMENTAL DETAILS

The proton beam is obtained from the Harwell vertical axis Van de
Graaf accelerator via a 90° analysing magnet and the beam line optics
are arranged so that a focussed spot “4 mm diameter can be obtained in
the plane of the specimen. The specimen is held in a w...sile creep
apparatus contained in a heliwn gas enclosuvre separated from the beam
line by a 2.5 um thick molybdenum window. Variable amplitude horizontal
(60 Hz) and vertical (500 Hz) axis electrostatic scanners and beam col-
limators enable the beam to be profiled to the specimen gauge length
(2,5 cm x 0.4 cm). This is particularly important since the temperature
profiles arising from beam and DC heating of the specimen gauge length
must be accurately matched to avoid steps in strain that would otherwise

accompany variations in beam current,

The 25 um thick creep specimen is held in tension between flat water
cooled jaws and the length change continuously monitored by a Linear
Variable Differential Transformer (LVDT) having a resolution of 2.5x10-6cm.
The strain measuring system is illustrated in Fig.2 and a schematic re-
presentation of the beam handling and temperature control systems is
given in Fig.3 together with a summary of the various monitoring facili~
ties., Also illustrated in Fig. 3 is a temperature stabilised water
circuit which is used to cool the strain measuring system, beam colli-
mators and tantalum beam stop. This is necessary since noxmal ambient

temperature changes aud beam heating of the helium environment ultimately

limit the strain resolution.

Specimen temperature is sensed by two infra-red pyrometers and the
output of one of these, a Barnes RM2A pyrometer with a resolution of
bettqr than 0.1°C at 500°C, is used to control temperature during creep
via a DC power supply connected across the upper and lower jaws. Pooition
and amplitude fluctuations occur in the proton beam with rise times of
1 to 10 ms and the thermal time constant of a stainless steel specimen
at 500°C has been determined as about 300 ms. In order to achieve the
optimum temperature control at these response times a three term control

system was developed8 giving control of i_G.ZOC at 500°C at a maximum
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power dissipation ~11W, In practice the maximum permissible beam current
depends on the irradiation temperature required for the experiment.

o . .
For good temperature control below 550 € the maxiwum displacement rate

6

obtainable is about i x 10 dpa s--1 {fo. a displacement energy of 40 eV),

The general characteristics of the irradiation creep apparatus are

summarised in the table belcw.

Table 1. Some Parameters of the Irradiation Creep Apparatus

Irradiation Regime 4 = 5 MeV H+

Beam Current 0 + 10 uAmp cm
Irradiated Area 2,5 cm x 0.4 cm
Specimen Thickness 25 = 30 um

Damage Rate 0+ 2x 10-6 dpa per sec
Dose Range 0+ 1 dpa

Temperature Range 300 + 1000°%

Temperature Determination i'SOC

Temperature Control i_O.ZOC

Strain Sensitivity 5 x 107°

Stress Range 0.5 MPa * UTS of Specimen

RESULTS AND DISCUSSION

Barly experiments have been carried out to test the apparatus and

determine the limits to temperature control and strain measurements,
Nickel specimens have been tested over the temperature range 400 - 650°¢
at stresses of 20 - 200 MPa under thermal and irradiation creep conditions.

-1
5h )} so far employed,

The relatively high stresses and creep rates (>10”
place the experiments in the dislocation creep regime, The thermal creep
behaviour of thin specimens was found to be consistent with previous
studies in bulk material. For example, the temperature dependence of the
secondary oreep rate over the range 450 - 65000 gave an activation energy
of 2,8 eV in good agreement with values determined from self-diffusion

experiments.
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In general, two basic phencmena have been identified in the irrad-
iation creep tests; firstly thermal creep is gradually reduced as the
damage accumulates, and serondly an irradiation creep well in excess of
the thermal component is prcduced., 1In the present paper we will limit

our discussion to irradiation =nhanced creep.

Figure 4 illustrates the general trend which has been observed in
all the irradiation experiments with nickel where'the irradiation creep
rate steadily decreased with increasing dose., In Fig.4 the measured
creep strain is plotted against log,. {1+ time)for specimens bombarded at
500°C at a damage rate of 7 x 10-'7 dpa s"1 under tensile stresses of 75,
100 and 125 MPa respectively, and a linear relation is obtained. This
behaviour and the relatively large creep rates observed are characteristic
of strain developing by dislocation slip., This is in contrast to the
mechanisms of assisted climb proposed for irradiation enhanced creep at
stresses and temperatures where thermal creep is negligible. 1In this
case a relatively low steady state creep rate, linearly dependent on
stress and independent of dislocation density has been predictedg. Exp~
eriments are now in progress to investigate this regime of irradiation

creep with cold-worked stainless steel specimens.

Specimens for transmission electron microscopy have been prepared
from several Ni specimens bombardeé to 0,2 - 0.4 dpa in the temperature
range 450 - 500°C under stresses in the range 40 -~ 100 MPa. The struc-~
tures observed in these specimens also suggest dislocaticn slip as the
overiding contribution to the strain, 1In all cases long dislocation
segments intersecting and bowing between a dislocation loop population
were observed, Most of the loops were unfaulted and many of the line
segments were seen %0 have originated as large loops when thicker spec-
imens were examined at 1MV in the Harwell High Voltage Electron Micro-
scope. Unstressed specimens bombarded to similar doses at these temper-
atures do not show such line segments and usually a greater proportion
of the small loops are sessile, An example of the structure okserved
in a stressed specimen is shown in Fig. 5 which is a transmission elec-
tron micrograph from a Ni specimen bombarded to 0.3 dpad at 500°¢ under

a tensile stress of 50 MPa, The loops have a mean diameter of 280 X
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and are present in a concentration of 5 x IO14 cm-J. There was no evid-
ence of signtflcanc,pref&rential alignment of loopy in any of the spec~

imens invextigated,

In Fig, 6 we show the variation of irradiation creep rate (measursd
after 40h jrradiation) with damage rate, where at 550°C under & stress '
of 100 MPa a linear dependence in the range 1 - 10 x 1077 dpa s~ vas

detected, 8

: These prelimina?y results suggest that.théyogperimcntal technique
has‘been developed t&\an e#cent such that reliable dlta,én thc‘mcchan-
isms of irradiation creep can be usefuliy studied dutin&ﬁd MeV proton
irradiation. It i3 too early to make sign;flcaqt deductions at this
stagﬂ;“however some general comments would not be out of place, For
instance there is evidence that significant irradiation. hardening occurs
which steadily reduces both thernmal and irradiation creep rates as the
irradiation dogse builds up. Whether or not a steady state irradiation
creep rate will be reached, will depend on the saturation in the dis~
location network which forms during irradiation. From our experience
in the field of void swelling this occurs around 10 dpa; howevér,

at this dpse void swelling itself may further limit the irradiation creep.
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ION-SIMULATED IRRADIATION=INDUCED CREEP OF NICKEL

P, L. Hendrick L. d. Michel
A, G, Pieper R. E. Surratt
Naval Research Laboratory gz;;ﬂk.yw5V~vf bl
and

A, 1., Bement, Jr.
Massachuseits Institute of Technology

ABSTRACT

An experimental apparatus has been designed and con-
structed at the Naval Research Laboratory ito measure the ion-
simulated irradiation-induced creep of uniaxial tensile
specimens bombarded by ious from the NRL Sector-Focusing
Cyclotron, High purity nickel tensile specimens were bom-
barded with 22 MeV deuterons and 70 MeV alpha particles at
displacement rates ranging from 13 to 30 x 10~ displacements
per atom per second, The experimental technique which was
developed during the course of this investigation allowed
creep rate to be measured with an on~line computer while
temperature, stress, and flux were maintaired at the desired
level, Irradiations were conducted at 224 ¢ (435 F) and at
stresses raanging from 170 to 345 MPa (24,700 to 50,100 psi).

The results obtained demonstrated that charged particle
irradiations can successfully be used to simulate irradiation-
induced creep in bulk aterial. Preliminary data is in agree-
ment with a linear flux dependency and suggest a linear to
squared dependence on stress over the range investipgated. A
comparison of deuteron and alpha particle irradiation test
results suggests a lower irradiation effect per displaced
atom on irradiation-induced creep rate during alpha particle
irradiations. A climb~controlled creep model is in agreement
with the irradiation~induced creep observed,

INTRODUCTION

An important aspect in the development of advanced
breeder and controlled thermonuclear reactors is the pre-
diction of irradiation effects on material properties,

Materials will be subjected to unprecedented levels of

11-84
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radiation damage at elevated temperatures. The dimensional
stability of these materials is expected to be limited by
the inter-related phenomena of thermal creep, irradiation-
induced creep, void swelling, and growth, The accurate
assessment of the effect of these phenomena on reactor
structural materials over the reactor lifetime is considered
essential to reactor designers, Furthermore, the allowance
of design margins large enough to incorporate present uncer-
tainties in these effects would place severe economic penal-

ties on reactor performance,

Unfortunately, there exists a lack of irradiation test
facilities capable of approximating the environmental con-
ditions of advanced reactor designs. The shortége of test
facilities coupled with the long construction lead times,
poses a serious dilemma to the successful design of both a
fast breeder reactor and, in the longer term, a controlled
thermonuclear reactor, However, in the case of the void
swelling phenomenon, the charged particle or ion-simulation
of neutron irradiation has been used extensively over the
past several years in order to develop an understanding of
this phenomenon, JMore recently, it has been demonstrated
that charged particle irradiations can be used to simulate
irradiation-induced creep under well-controlled conditionsl-d.
Charged particle simulation of irradiation-induced creep
offers the potential of fast and efficient irradiation of
materials under a variety of controlled conditions in order
to gain an understanding of the creep mechanisms involved.
Likewise, materials can be efficiently screened as an aid in

developing creep-resistant materials.

An experimental apparatus has been constructed ai the
Naval Research Laboratory, for the purpose of measuring the
ion-simulated irradiation-induced creep rate of specimens
placed under stress and maintained at constant temperature
during charged particle irradiation, Preliminary irradiation
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tests validated the technique chosen and provided confidence
in the reproducibility of test resultss. Additional tests

are now underway in an effort to characterize the irradiation-
induced creep behavior of pure nickel as a function of - stress,
temperature, and ion flux. Preliminary results of that char-
acterization are presented at this time along with a possible
operating creep mechanism, |

EXPERIMENTAL TECHNIQUE
General

As reported previously in greater details, an experimental
technique has been developed by which the irradiation-induced
creep rate of uniaxial tensile specimens, placed under stress
and maintained at constant temperature, can be measured during
charged particle irradiation,

As illustrated in Fig, 1, the load is applied to the
specimen within a vacuum chamber through a lever arm arrange-
ment, A liquid reservoir suspended from the lever arm can be
filled or drained to vary the specimen load. The load is moni-
tored remotely by a load cell mounted in the lead train below
the vacuum chamber. The instantaneous length of the specimen
is monitored by three linear variable displacement transformers
(LVDTs) which sense pullrod motion external to the vacuum
chamber, Two LVDTs are located on opposite sides and at 45
degrees to the plane of the specimen in order to sense any
bending moments which may occur in the specimen, The average
of the two LVDTs equals the average displacement of the speci-
men provided extraneous thermal expansions do not occur in the
grips, pullrods, or extension rods, The third LVDT senses the
average displacement of the specimen directly. This is accom~-
plished by incorporating the magnetic core of the LVDT into
the load train below the vacuum chamber.

All functions of the apparatus are remotely controlled
and are interfaced with an on-line computer to permit monitoring
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and recording of all experimental parameters. These control
systems include the specimen temperature control system, the
purpose of which is to remove irradiation-induced heat and
maintain the specimen temperature at the desired set-point,
the pullrod temperature .control system, and the environmental
temperature control system., The need for care in temperature
control is a direct result of the desire to resolve low creep
rates during irradiations as short as ten hours, For example,
if the average specimen temperature were allowed to vary by
as much as one degree centigrade, it would take approximately
one hundred hours to resolve a creep rate of 10™® cm/cm/hr to
within 10%, This same analogy applies to a greater or lesser
degree to each component of the load train and strain measuring
system, Therefore, each of these temperature éontrbl systems
is required in order to achieve less than approximately
2.5x10-° cm (1x10-® in.) long~term displacement resolution,

Specimen Design

Nickel was initially chosen as the specimen material due
to the high irradiation-induced creep réte observed by
othersz’4’7’8. The high creep rates would facilitate develop-
ment of the apparatus and make meaningful results available at
the earliest possible'date. In addition, results for nickel
would be more easily interpretable to permit a more fundamental
understanding of the creep mechanisms involved than would a
complex alloy such as austenitic stainless steel. Furthermore,
nickel is face-centered-cubic (fcc)‘as is austenitic stainless
steel and represents a major constituent of stainless steel,
All of these considerations then make nickel an ideal starting
point in the investigation of irradiation-~induced creep.

In order to determine the stress dependency of irradiation-
induced creep rate, it was desired to have a simple and uniform
state of stress, For this reason, a uniaxiai tensile specimen
design was chosen, Following computer calculations of the
displacement damage profile of 70 MeV alpha particles on

e e iimaateeaml e b undaia
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nickel, using a modified version of the Code E-DEP-1", a
specimen thickness of 0,38 mm (0,015 inches) was chosen.
This decision resulted in a thickness typical of proposed
fast breeder reactor cladding and minimized the severity of
the displacement damage giradient through the specimen. A

preiiminary specimen design permitted several irradiation

tests to be conducted,

During these tests it was found that

a beam height of approximately 1,27 cm (0,5 inch) could be

readily obtained, Beam profile measurements were made using

10

a modified wire profile scanner developed previously .
Therefore, the specimen gauge length was fixed at 1.27 cm
(6.50 inches) with a 0,318 cm (0.125 iauch) gauge width as

shown in ¥Fig. 2. Properties of the nickel specinien material

are tabulated in Table 1,

Table 1, Specimen Material Properties

-

Property Specimen
Material nickel
Purity (w,o) 99,995
As-received Dimensions
Thickness (cm/,/in.) 0.038,0,015
Width (cm/in.) 2.54/1.00
Length (cm/in,) 61/24

Vendor

Manufacturer

Grade

Lot Number
Metallurgical Condition
Grain Size (mm™%)

Yield strength (MPa/ksi)
(at 20°C and 0.13 cm/min
strain rate)

Materials Research Corp.
Materials Research Corp.
MARZ

28-2236

95% cold-worked

1.3

585/85
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RESULTS
Radiation Damage Analysis

As a beam of energetic ions enters the specimen it is
considered to lose energy by two separate mechanisms:
elastic and inelastic interactions. The inelastic inter-
actions leave the atom on the target in an excited state,
but do not result in a movement of the atom from its lattice
site, The excitation energy provided is eventually dissipated
as heat without creating radiation damage. Elastic cecllisions,
however, can result in the transfer of sufficient momentum
from the charged particle to the lattice atom to result in
the creation of a primary knock-on atom (PKA) as it is some~
times called, The PKA itself hecomes an energetic ion which
produces a cascade of displaced_atoms often referred to as a
displacement spike, It is theéé displaced atoms which are
thought to result in the radiation damage.

A computer program, E-~DEP~1;, has been developed at the
Naval Research lLaboratory to calculate the energy loss to
displacements for heavy ionsg. This code has been modified
for the creep'simulation study to treat the case of light
ions (Z=2) with energies up to 70 MevV, E-DEP-1 calculates
the energy deposited in the creation of displacement damage
to the lattice atoms as a function of penetration distance,
In order to perform this calculation, the code required both
the elastic (nuclear) arnd inelastic (electronic) stopping
power laws, Although the nuclear stopping power is valid
for the case of light ions, the electronic stopping power

chosenllz

dx

)

(—‘EE—) = kel/2, (1)
e

where

elecironic stopping power



is not.

that the
given by:

where
A,
Zy

I
e
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K = c¢onstant
E = energy

n fact, the criterion for validity of this law is
nergy of the ion beam must be less than ELIM
4/3

atomic mass of ion
atomic number of ion.

For the case of deuterons and alpha particles, this xesults in:

E

LIM ,+

E
LIM a++

(0,02481)(2)(1) = 0,0496 MeV
d

(0.02481)(4)(2.,52) = 0,250 MeV

and, therefore, the electronic stopping power chosen is in-
valid for the 22 MeV deuterons and 70 MeV alpha particles
used in this study over most of their emergy range, For
this reason, the subroutine, EILCLAW of E-DEP-~1 which calcu-
lates the electronic stopping power was modified in such a

way that for energies less than E

LIM the electronic stopping

power given by Eq. (1).was utilized. For higher energies tha

Bethe=Bloch formalism12 given by:

A 2, 2
= 41 2, ZoN [Ln 21"‘0" - in (1-8%) - 82] (3)

(&

= <0

B

).

m, V-
electronic charge
atomic number of target atom
atom density of target
electron rest mass
ion velocity
ionization potential
ratio of V to speed of light, B = V/c

was utilized. However, since the lower energy of validity

for the stopping power given by Eq. (3) is often above the
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upper enexrgy of validity for the stopping power given by

Eq. (1), a constant stopping power approximation was used

to bridge the gap. The value of the constant was made

equal to the value given by the Bethe-Bloch cxpression at

the lowest energy of validity, Thus the code chose the
appropriate electronic stopping power for the beam ion energy
and calculated the energy depvosition profiles accordingly.

In addition to the modification of subroutine ELCLAW,
the maximum beam ion energy for which the code will calculate
energy deposition curves was increased from 50 to 7¢ MeV. 1In
order to test the validity of the modifications made, the
ranges given by the code were compzred with both theoretical
and experimental values, This test of validity should be a
reasonable one since the ranges are determined to a large
degree by the electronic stopping law chosen, Agreement to

within the approximations inherent in the code was foundl3.

Once the code was run and the curve of energy deposited
into the creation of displacements as a function of penetra-

tion distance was calculated, use was made of the following

expression14:
- = ) -
Jop(x) dx _—ﬂ—ZEd Jo Sp(x) dx (4)
where
p(x) = density of displaced atoms at depth, x
'» = constant =0.8
Ed = average energy required to create a single
displacement =40 eV for nickel
SD(x) = energy deposition at depth x calculated by

modified version of E-DEP-1.
If the assumption is made that the PKA ranges are small
compared to the ion range, then Eq. (4) implies:

7S5 (x) ‘
p(x) =-—§EE~— displacements/micron/particle. (5)
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of moxe interest, however, is the displacement rate per atom
(dpa/sec) for a given particle flux. Therefore one must
multiply Eq. (5) by the particle flux and divide by the atom
density of the target and ion charge to obtain:

= 6.24 x 10°° Sp*)¢
N %

(6)
R, = displacement rate, dpa/sec
SD(x) = energy deposition in target, MeV/u
¢ = ion flux, pa/cm®
N = atom density of target, atoms/cm®
Z, = electronic charge,

The modified version of E-DEP=-1 was run for several
cases of interest and the displacement rates were calculated
from the energy deposition profiles, SD(x), using Eq. (6),
Figure 3 shows these profiles for several cases of interest.
The curves for 3 and 5.25 MeV protons on nickel represent the
work of a previous study4. The curve for 18 MeV protons on
nickel represents an irradiation planned to gain insight into
the effect of irradiating particle. The curves for both 22
MeV deuterons and 70 MeV alpha particles represent irradiations
performed in this study. In addition, the curve for 22 MeV
deuterons is a reasonable approximation to the case of 22 MeV
deuterons on stainless steel utilized by Harkness, et a13.
The displacement damage in stainless steel would be approxi-
mately 14% lower than that in nickel, However, the use of a
variable energy degrader (gray wedge) by Harkness et al?
would have had the effect of raising the curve somewhat,
Also indicated in the figure for the case of 70 MeV alpha
particles on nickel is the "equivalent" thicknesses of
nickel introduced by the aluminum beam window, air gap, and
copper beam window of the beam transport system., As shown,
the intense damage peak near the end of range occurs in the

heat sink transfer film. Displacement rates averaged across
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the thickness of the specimen were calculated for several
cases of interest and are presented in Table 2, For com~
parison the displacement rate of the Dounreay Fast Reactor

is listedls’ls.
Table 2, Average Displacement Rates
Specimen Average
Particle Energy Range Material Thickness Displacement
(MeV) (microns) (microns) Rate
(dpa/sec x10°)
protons 3 32 Ni 25.4 32°
5,25 77 Ni 76.2 25°
18 628 Mi 381 5,7°
deuterons 22 536 Ni 381 10.1°
alpha
particles 70 602 Ni 381 11,3°
DFR 0.415" Various - 63.,9°

*average energy given, where Igﬁw(E) dE

o o(E) dE

®for ion beam flux of 1 ua/cm®.
¢ corresponds to total neutron flux = 1,17x10*® neutrons/cm® x

sec and displacement cross section = 516 barns.
Sources of Error

Any parameter which was found to affect strain and vary
enough during a test to have a measurable effect on strain
was treated as a critical parameter. An attempt to monitor
these critical parameters and correlate them with strain was
made, If correlations were difficult or not reproducible,
error bars were assigned in order to account for measured
variations. If correlations proved successful, corrections
were made to the data assuming variations in the critical
parameter warranted such correction during a particular test.,

The critical parameters, considered elsewhere in detailG,
were load, specimen temperature, grip temperature, pullrod
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temperature, and apparatus environmental temperature., Sensi-
tivity coefficients were determined for each of these param-
eters and then used in conjunction with measured variations
in these parameters during a test to calculate errors., It is
recognized that other errors not treated explicitly may affect
the results, In general, however, these errors are expected
to be small compared to those mentioned above, Displacement
errors were converted to strain errors by dividing through

by the specimen gauge length of 1.27 c¢m (0,5 in,), In
addition, since errors given were total errors, they were
divided by two and tabulated as plus or minus, Errors
applied to creep rates were divided by the time period over
which the rate was derived, For this reason, the errors in
steady-state creep rate were typically smaller than those in
transient creep rate,

Presentation of Data

Data taken during an irradiation creeé test appear
similar to that shown in Fig, 4, The tests shown (4D=5~1
and 4D-5-2)* represent an irradiation of nickel with 22 MeV
deuterons, The temperature was 224°C (435°F), the stress
was 345 MPa (50,120 psi) and the ion flux was 1,34 pa/cm®
which was equivalent to a calculated displacement rate of
13.53x10™® dpa/sec, The data shown represents two irradia-
tions conducted at 224°C (435°F) separated by a 40 hour
stabilization period due to the unavailability of the
cyclotron, As indicated, recovery was not observed under
these conditions. The lighter strain trace shown represents
the actual strain as measured by the large-=bore LVDT while
the heavy trace represents a smooth approxination to the data
with corrections applied for the systematic error introduced
by changes in grip temperature. Also shown for reference is
the ion flux and the stress, Although a total of three in-
advertent beam-off periods occurred in test 4D=5-1, mno

Test designation: material number-specimen number-test
number
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beam-off periods occurred during test 4D-5-2, As indicated,
strain resolution was preserved once the beam was restored
on target. Transient creep rate was measured at one hour,
for convenience, and was 11,6x10~® cm/cm/hr for test 4D-5-1,
Sfeady-state creep rate* as measured from test 4D~-5-2 was
2,7x10"° cm/cm/hr which was only 1.5% lower than the final
rate measured for test 4D-5-1, Thus it would appear that
transient creep satufated within approximately 12 hours,

The test conditions have been summarized in Table 3,
Since two or more irradiation tests were typically conducted
on the same specimen under the same conditions in order to
achieve steady-state creep and verify reproducibility,
several irradiation tests can constitute a single creep test,
Irradiation tests have been so grouped in Table 3, Test
results and errors are presented in Table 4, All parameters
relating to transient creep were derived from the first and/or
second irradiation test of a series, Parameters relating to
steady-state creep were derived from the last test in a series,
Total irradiation time includes all irradiation tests within

a given series,

Both primary and steady-state creep rates have been
plotted as a function of stress in Fig, 5, The lines drawn
through the data correspond to a stress dependency of n =
1,67 (¢=d" ) in the case of the alpha particle irradiations
and n = 2 in the case of the deuteron irradiations, The
primary creep rate observed in test 4D-2-3 is considered low
due to the fact that steady-state creep had been achieved in
a previous test (4D-2-2) at a lower stress which had the
effect of suppressing primary creep somewhat at the higher
stress level, Primary and steady-state creep rates have been
plotted as a function of ion beam flux in Fig., 6, The line

*The steady-state creep rate, as used in this study, may well
be temporal in nature (i.e., specimens irradiated to much
greater fluence levels may exhibit lower values of steady-
state creep rate due to hardening effects).



Table 3,

Summary of Irradiation-Induced Creep Test Conditions

Test® Date Temperature Stress Particle Energy 10N Flux Displacement
(°c) (°F) (MPa) (ksi) (MeV)  (ua/cm®) Rate
(dpa/sec) x 10°
4p=-2-1 5-30-75 224 435 287 41,72 att 70 2,69 30.40
4D-2-2 5-31-75 224 435 287 41,72 att 70 2,69 30.40
4D-2-3 6=-4-75 224 435 345 50,12 att 70 2.69 30,40
4D~2-4 6=-6=75 224 435 345 50,12 att 70 2,69 30.40
4D-2-5 6=7-75 224 435 345 50,12 att 70 2,69 30.40
4D=-3-1 6-13-75 224 435 170 24.70 att 70 2.69 30,40
4D-3-2 6-14-75 224 435 170 24,70 att 70 2.69 30,40 y
=
4D-4-1 6-20-75 224 435 345 50.12 at 22 2,69 27,17 é
4D-4-2 6-21-75 224 435 345 50,12 dt 22 2.69 27.17 3
4D-5-1 6-25-75 224 435 345 50,12 dat 22 1.34 13,53
4D-5-2 6-27-75 224 435 345 50.12 da+ 22 1.34 13.53
4E~1-1 7-1-75 224 435 170 24,70 at 22 2,69 27,17
4E-1-2 7~2-75 224 435 170 24,70 at 22 2.69 27.17
4E-2-1 7-8-75 224 435 207 30,00 at 22 2,69 27,17
4E=-2-2 7-0-75 224 435 207 30.00 at 22 2.69 27,17
4E-4=-1 7-15~75 224 435 247 35.95 dat 22 2,65 27,17
4E~-4-2 7-17=75 224 435 247 35.95 da* 22 2.69 27,17

*Test designation:

material number-specimen number-test number



Table 4, Irradiation-Induced Creep Test Results

Test Total Total Primary Total Total Steady-State
Transient Transient Creep Strain Irradiation Creeg Rate
Strain Time Rate® (10~% cm/cm) Time (10-° hr-!)

(10=®* em/cm) (hours) (10=% hr-?) (hours)

4D-2-1

4D-2-2 52 £ 1,6 6.5 11.5 £ 1.6 82 + 3.1 15.8 3.3 £ 0.5

4D-2-3

4D-2~-4

4D-2~5 102 x 2.1 13.3 9.8 £2.,1 152 = 2,6 25.0 4.3 = 0.2

4D-3~-1

4D-3-2 22 £ 3.0 5.7 6.4 £ 3.0 36 £ 3.0 17.8 1.2 + 0.2

4D-4-1

4D-4-2 108 * 3,2 9.5 18.4 + 3,2 172 £ 3.2 23.1 4.8 + 0,2

4D-5~1 :

4D=5-2 70 £ 2,6 12,7 11.6 + 2.6 88 + 2.6 18.7 2.7 £ 0.4

4E-1-1

4E-1~2 50 + 4.1 10.8 6.4 + 4,1 776 4,1 19,3 1.8 = 0,7

4E-2-1

4E-2-2 13 £ 2.1 4.0 4,6 + 2,1 36 + 2,1 21,0 1.4 0,2

4E-4-1

4E-4-2 40 = 2.5 9.0 6.0 + 2,5 62 = 2,5 17.0 2.6 # 0,2

T0T-II

*Creep Rate at 1 hour
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shown represents a linear fit to the data.,

In order to plot alpha particle and deuteron data to-
gether as a function of stress, an eguation of the form:

€ = CprDon N
where
E = creep rate, primary or steady state
C = material constant
fp = particle factor
R, = displacement rate, dpa/sec
6 = stress, MPa
n = stress dependency exponent

was assumed, The particle factor fp was used to accdpnt‘for
differences in irradiating particle, In a physical sense,

the particle factor should be proportional to the instantaneous
point defect concentration contributing to creep. Since fp is
not known, absolutely, for either deuterons or alpha‘particles, )
it was arbitrarily set équal to one for deuterons, The par- |
ticle factor was then found for alpha particles by equatiﬁg

the value of E/prD for runs 4b-4-2 and 4D=2Z-5, TheS@ runs
were conducted at the same temperature, ion flux, and stress

for deuterons and alpha particles, respectively, Therefore,

it was reasoned that any-differences should be attribﬁted to
the nature of the irradiating particle (i.e., displaéement”
spike). The calculation as shown below results in:

: ‘ .
= (8)
prD a++ prD d+

(£) ,++ - (e/Rp) ™" (9)
(€7prD)d+

(f) _++ = 4,3x10-° /30,40x10~3
p’a C 4,.8x10-* /(1) (27.17x10-°

0.8 .,

~~
=h

'~
+

+
I
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Physically, this result would say that 20% fewer point
defects at steady~state contributed to creep rate during
alpha particle irradiation than during deuteron irrvadiation.
This correlation scheme was then used to plot the data as a
function of stress in Fig. 7, For the case of both steady-
state and primary creep rate, a slope of n = 2 was indicated.
For steady-state creep rate, 2 slope much less than this value
becomes inconsistent with run 4E-2-2 and a slope much greater
than this value becomes inconsistent with runs 4E-1~2 and
4D-3-2., For the case of primary creep rate the error bars
were such that a lesser slope was inconsistent with 4E-2-1,
but a somewhat greater slope (n=2,35) was consistent with the
errors indicated. It is of interest to note, as indicated by
the dashed line in Fig,., 7, that a linear dependency of creep
rate on stress in consistent with the data at lower stress
(o <200 MPa). This stress regime, however, must be more fully
investigated in order to permit a definitive prediction of
stress dependency,

Microscopy Results

Transmission electron microscopy (TEM) was used to in-
vestigate the microstructure of the irradiation-induced creep
specimens. Examination of the pre=-irradiation microstructure
of the cold-worked nickel specimens indicated the presence of
slip traces, deformatibn bands, and dislocation cells whose
mean diameter was in the range from 0.8 ym to 1.2 pn. The
mean dislocation density was estimated to be >1x10*! /cm® with
considerably higher dislocation density in the dislocation
cell walls, These values were also typical of unirradiated
areas of tested specimens,

TEM examination of the postirradiation microstructure
revealed a heterogeneous distribution of defect clusters,
small dislocation loops, and random dislocations, and the
presence of dislocation cells, An example is shown in Fig, 8
for a specimen irradiated with 70 MeV alpha particles to
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0,016 dpa at 224°C while uniaxially stressed ut 138 MPa
parallel to the plane of thefpfber. Clearly present are
small dislocation looﬁé éhd defect clusters (black spots),
also presumed to be loops, which were produced by the alpha
particle irradiation, The mean diameter of these loops was
determined to be 32 ! with a density of approximately 3x10'°/
cm®, An attempt to determine the nature and extent of any
preferential alignment of these loops with respect to the
applied stress direction was inconclusive due to their small
size, It should be noted, however, that even at this small
size, the loops provided effective obstacles to dislocation
motion as indicated by the bowing of dislocations between the
obstacles observed near the top center of Fig. 8, The obser-
vations for this specimen suggest that the microstructure was
primarily influenced by the irradiation and not by the stress
in view of the decreased dislocation density and relatively
unchanged dislocation cell diameter when compared with the
pre-irradiation microstructure.

Preliminary examination of specimens irradiated with 22
MeV deuterons has shown a similar microstructure to that in
Fig, 8, The results indicate that, for both irradiating
particles, an increased loop size is produced by an increased
applied stress.

DISCUSSION

Data presented previously was generated in order to
demonstrate that the ion-simulation technique chosen could
be successfully used to measure irradiation-induced creep in
bulk material as a function of those variables considered
important. Further testing will be required in order to com-
pletely characterize the irradiation-induced creep behavior
of nickel as a function of stress, temperature, and flux,
In addition, a thorough investigation of both the unirradiated
and irradiated microstructure is now being conducted in order
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to compliment the irradiation-induced creep data obtained.
Also, the correlation of the ion-simulated irradiation=-
induced creep data with in~reactor data requires additional
effort, Displacement rate correlations, such as those
described, need to be extended to include the detailed nature
of the displacement spike,

The data obtained in this study suggest certain trends
and raise several questions, Based upon the data shown in
Fig. 6, the value of steady~state creep rate is in agreement
with a linear flux dependency. However, the errors are such
that the flux dependency could be as low as 60.6

as 01.1. Further tests at other flux levels should reduce

or as high

the uncertainty in flux dependence.

The alpha particle irradiations suggest a stress depend-
ency of 01‘67 whereas the deuteron data suggest a dependency
of 02. Since there was no reason to suspect that this de-
pendency should be different, the data were correlated through
the use of a modified creep rate, E/prD. The combi;ation of
the alpha particle and deuteron data supported the o~ stress
dependence at stresses between 200 MPa and 350 MPa, At
stresses below 200 MPa, the data are in agreement with a
linear stress dependence as well., Although the stress depend-
ency was defined to a larger degree than the flux dependency
in this study, more tests would be necessary to elucidate
detailed variations in stress dependency with stress as dif-
ferent mechanisms may control the creep rate such as has been

17,18,19

proposed by Nichols for zircaloy.

At the 224°C test temperature, no evidence of thermal
”recovery of the irradiation-induced strain was observed during
periods as long as 72 hours. This observation led to the pro-
cedure of continuing a creep test during the next scheduled
irradiation period., In addition, the value of steady~-state
creep rate, once established, was reproduced within experi-
mental error during succeeding tests. This fact led to a
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degree of confidence in the reproducibility and prediction

oi the steadyv-state creep rate,

Although larger error bars were appropriate to the values
of primary creep rate, the flux and siress dependency was in
overall agreement with that found for steady-state creep rate,
Untortunnately, the existing errors in transient strain result
in very large cerrors in the prediction of total transient
time., This pouint was demonstrated by the large variation in
total transtaat time given in Table 4. 1t should be noted
that the lux of tests 4D=5«1 and 4AD=-5-2 was one-half that ol
4b=-4=-1 and -AD-4-2, but otherwigg the test conditions were un-
changed., Y the saturation of transient creep were fluence
dependent, as sugpested by Hcskethzn, one would expect the
trausient period for tests d4bD-d4=-1 and 4D-4-2 to be one~half
that of tests qD=5-1 and 4D=5-2, As indicated, the ratio of
these transient periods was only 1,34:1 instead cf 2:1, It
is expected that a further reduction in errors, accompanied
with an increase in strain resolution, will be necessary in
order to accurately predict the time for saturation of trans-

ient crecp rate,

The depree of confidence was greatest in the reported
values of steady-state creep rate since time-averaging tends
to reduce random errors 1o a reasonably small fraction of the
rate measured, Steady-state creep was observed during a mini-
mum of six hours in test 4D-5-2 (S¢e Fig, 4) and a maximum of
17 hours in test 4E-2-1 and 4LE-2-2,

As mentioned previously, the primary creep rate of test
4D-2-3 was presumed low due to a previous irradiation of the
same specimen at a lower stress level (i.e,, tests 4D-2-1
and 4D-2~2), 1In order to investigate the hardening law
obeyed, a construct of these tests was performed a: ird‘:ated
in Fig. 9. For comparison, test 4D-4~1 and 4D-4~2 w .¢ nor-
malized to the conditions of tests 4D-2-3, 4D-2~4, and 4D-2-5

through use of the displacement rate and particle factor.
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Thus, specimen 4D-4 should, presumably, indicate the behavior
of specimen 4D-2 if this specimen had been irradiated from
time zero at the stress level of specimen 4D-4 (i.e., 345 MPa),
Predictions given by both a strain hardening and time harden-
ing law are given for comparison with the data. As seen, the
transient strain amplitude, following an increase in stress,
is greater than that predicted by either the time hardening
or strain hardening law. In fact, the time hardening law
would not have predicted any transient creep strain since

the specimen had reached steady-state creep at the time
stress was increased. It should be pointed out that an
extended beam-off period (100 hours) occurred between the

end of test 4D-2-2 and the start of test 4D-2-3, However,
creep strain recovery was not observed during this period.,

The data obtained in this study were reviewed with
respect to possible operating irradiation-induced creep
mechanisms in view of the preceeding comments. Based upon
an assumed correlation, Eq. (7), which incorporated a linear
flux dependency through the term RD, the data suggest a
squared stress dependency above a stress of 200 MPa as
illustrated in Fig, 7. The linear flux dependency is in
agreement with a previous investigation of n1cke121 but
the squared stress dependency represents the upper limit of
un-certainty in that investigation, Therefore, the results
obtained previocusly must be considered to be in overall
agreement, to within the experimental error, with the present
results, Also of interest are the results of Harkness et al?
who obtained a stress dependency on solution-annealed Type
304 stainless steel between one and two over a stress range
of 130 to 335 MPa (18,930 to 48,745 psi), and at a tempera-
ture of 505°C (941°F).

A review of various creep mechanisms by Gilbert22 re-

ports a number of creep models with a linear stress depend-
ency (n=1l) and several with a stress dependence equal to
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that of thermal creep (d4sns7 for nicke1)23. Most models
predict a linear flux dependency., A mechanism proposed by
Harkness et 81?4, however, suggests a squared stress depend-
ency with a flux dependence that is nearly linear, Their
creep model was based on a model of climb-corntrolled glide
of dislocations over dispersed obstacles as originally
developed by Ansell and Weertmanzs. It was considered by
Harkness et al?4 that the irradiation-induced dislocation

loops and voids serve as dispersed obstacles,

A model of this type is consistent with both the creep
data and the microstructural observations of the present
study since irradiation-induced annihilation of the dislo-
cation structure by both positive and negative dislocation
climb will produce a net reduction in dislocation density.
Furthermore, the achievement of steady-state creep in these
specimens in conjunction with the microstructural observa-
tions made in this study suggests that the irradiation-induced
defect clusters and small dislocation loops were effective
barriers to dislocation motion, The inconclusive results
concerning preferential loop alignment in the specimen
examined do not permit an assessment of the contribution by
a loop alignment mechanism to the observed creep behavior.
However, since a linear stress dependence is predicted by
loop alignment, this mechanism may contribute to the steady-
state cieep rate at lower stress levels and/or at higher

levels of dpa,

The creep model proposed by Harkness et a1?4 expressed

the creep rate as:

¢ =2k Goyim) (10)
where
= constant
o = applied stress

L = average spacing between obstacles
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4 = shear modulus

d height of the obstacle

b = Burgers vector

= dislocation climb velocity.

fl

Yelimb

At temperatures less than half the melting temperature,
the value of the dislocation climb velocity was calculated
to be a function of the difference in the fluxes in inter-
stitials and vacancies arriving at a dislocation, The fluxes
in turn were a function of the irradiation conditions and
microstructure, At temperatures above half the melting
temperature, however, the thermally-induced vacancy concen-
trations were sufficiently large that the in- and out-of-
reactor climb rates were nearly identical.

Harkness et a1?4 found, as might be expected, that the
defect concentration, and hence the sink annihilation rate
to a first approximation, was proportional to flux or the
defect generation rate.* Thus, creep rate was approximately
linear with flux, Of particular note is the fact that the
difference between deuteron and alpha particle irradiations
should reflect itself in the value of the recombination rate,
and hence on the value of the steady-state defect concentra-
tions, Of additional interest was the fact that a computer
solution24 to the creep rate indicated a weak dependence on
temperature and a decrease of Creep rate with dose reflecting

a fluence hardening effect.

Although Harkness et al%4 did not distinguish between
transient and steady-state irradiation-induced creep, it was
assumed that the climb-controlled glide mechanism proposed,
accounted for both, This assumption was, therefore, in
approximate agreement with the results presented here since

* .
In a more detailed analysis, account should be taken of the
nature of the displacement spike structure and impurity
trapping of point defects which are not accounted for in

this model,
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there was no evidence to suspect that primary creep did not
exhibit the same stress and flux dependency as steady-state

irradiation-induced creep.
SUMMARY AND CONCLUSIONS

An experimental technique has been developed to simulate
the irradiation-induced creep behavior of tensile specimens
placed under stress and held at temperature during lighi ion
bombardment. The principal design features were discussed
with respect to the maintenance of creep strain resolution on
the order of 10~® cm/cm during irradiation testing. Data
generated following development was presented along with
errors and their sources,

Although the data presented are primarily intended to
demonstrate the capability of the technique chosen and,
therefore, are preliminary, a number of conclusions can be
drawn from this work as follows:

1. Creep rates measured during alpha particle and
deuteron bombardment were at least two orders of magnitude
greater than those measured in the absence of irradiation at
a temperature of 224°C and siresses ranging from 170 to 345
MPa, It was thus demonstrated that deuteron and alpha part-
icle irradiations offer the potential for the direct simula-
tion of irradiation-induced creep in material with a thickness
typical of both current and proposed nuclear fuel cladding.

2, Repeated irradiations conducted on separate occasions
at the same test conditions yielded identical values of irra-
diation=-induced creep rates to within the experimental error
given, This demonstrates that the ion beam profile and current
was sufficiently well-characterized so as to permit reproduc~-
ibility in test results,

3. Intermittent loss of beam did not jeopardize irra-

diation tests conducted at 224°C., At higher temperatures,
however, extensive beam-off periods may permit significant
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irradiation-induced creep strain recovery to occur with an
effect on test results,

4. The data taken at 224°C were in agreement with a
linear flux dependence between 13.53x10~" and 27.17x10-°dpa/
sec, but a raage of flux exponents from G,6 to 1,1 cannot be
excluded on the basis of daia ohtained in this study.

5, The data suggest a squared stress dependency between
170 and 345 MPa based upnn a linear displacement rate corre-
lation of the deuteron :ind alpha particle results. However,
a multiple stress dependency cannot L:» ruled out on the basis
of data presented for the siress range investigated. A linear
stress dependency was shown to be consistent with the data

below a stress of approximately 200 MPa,

6. No evidence of recovery of the irradiation-induced
creep strain was observed at 224°C, Steady-state creep rates
were established within one hour during subsequent irradiations
following beam-off periods as long as 72 hours,

7. Based upon a single observation, it appeared that
transient creep was reinitiated following an increase in
stress level after steady-state creep was achieved at the
lower stress level, The transient strain was greater than

.Jat predicted by either a time hardening or strain hardening

law,

8. Results of both alpha particle and deuteron irradia-
tions correlated well once it was assumed that the damage
effectiveness of deuterons for causing irradiation-induced
creep was 25% greater than that for alpha particles, This
result is qualitatively consistent with the expectation that
short-term annealing effects will become more important with
displacement spike intensity,

9, An examination of the irradiated microstructure re-
vealed the presence of a heterogeneous distribution of defect
clusters, small dislocation loops and random dislocations in
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additior to dislocation cells, The relaxation of the pre-
irradiated dislocation structure and presence of defect
clusters and loops in the irradiated material is consistent
with the climb-controlled creep model presented.

10, A climb-controlled creep model proposed by Harkness
et 31%4 was in general agreement with both the creep and
microscopy data obtained, 1In this model, irradiation~induced
defects serve effectively as dispersed obstacles over which
dislocations must climb,
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APPARATUS TO STUDY IRRADIATION-INDUCED CREEP WITH A CYCLOTRON

K. Herschbach and K. Mueller ..
RENEE

Kernfnrschungsaercrum Karlsruhe, Institut flir Material~ und ~
tkorperforschung, 75 Karlsruhe (Germany)

ABSTRACT

An apparatus is described which allows accurate measurements
of length changes of specimens irradiated on a cyclotron while a
uniaxial stress is applied. Basic to the design is a "chimney"
which establishes a strong convection in tke liqu. Na, which
serves as. a heater bath. Deuterons of high enough energy
(E 2 50 MeV) can penetrate into the creep capsule and — with a
careful layout of the capsule — irradiation-induced c1eep can
be studied. The precautions necessary to auhieve 3-good reso-
lution are given into some det ail ,

In the following an apparatus will be described which alfows accurate
. measurements of length changes in specimens irrédiated while a uniaxial
stress is applied; i.e., irradiation-induced créep. The design outlined
below can be used prévided that (a) particles of high enough energy aré
available, f£. e. deuterons withk an energy of at least 45-50 MeV; (b) the
sample material is compatible with 1iqu. Ka.

The basic feature of the creep capsule, shown schematically in Fig. 1,
is a chimﬁey which eacloses the specimen. A heater below the spécimen
provides the heatﬁnecessary to keeﬁ the temperature of the Na-bath. The
sodium flows upward due to. convectioa caused by a kind of chimney effect,
and leaves the chimney through slots provided above the sample. The speci-
" men temperature can therefore be kept within close limits; both convection
as well as conduction can carry away any unwanted heat even when the sample
is irradiated with a hiigh-current, high-energy %eam. The sodium, unfortu-
nately, has a tendency to form "hot filaments"; this shows as strong,
periodic temperature fluctuations which we could measure. hoth at the chimney
bottom and top of a fully-instrumented capsule. Nevertheless, the temperature

of the sample can be kept within close limits if a very fast temperature
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controller is employed of the kind which adjusts the power of each half-
wave of the ac heater current to the conditions just prevailing. Utilizing
the filament effect, we determined the speed of the sodium flow in the
chimney to be about 10 cm/sec at 280°C when the capsule outside was cooled
with an air blower. The chimney is part of the power train, as can be seen
from Fig, 1, which is otherwise quite conventional. The specimen elongation
is measured with a Linear Variable Differential Transformer (LVDT).

In order to get a high accuracy of the strain measurements, a number
of precautions were found to be necessary:

1. As already discussed, a very fast responding temperature controller
was employed to offset the hot filament effect.

2, All parts of the capsule {except the beam window, see below) were
fabricated from one kind of steel (German designation 1.4571) and, more
important, the power train laid out such that unavoidable temperature
fluctuations would affect the up and down part in the same fashion. There-
fore, differential expansion was held to a minimum.

3. The LVDT was covered with a small box as indicated in Fig. 1;
in addition, the whole upper part of the creep capsule from the Na-level
upward was wrapped in heavy layer of stone wool and Al-foil (not shown).

4. The complete creep aparatus was then put into a large metal box
to keep the effects of room-temperature changes and drafts to a minimum.
The air blower used to cool the lower part of the capsule was also in this
box; therefore, even the "cooling air" was conditioned!

Although the capsule was designed for operating temperatures between
200 and 450°C, we have presently employed it ﬁainly at 280°C, The perform-
ance parameter at this temperature is: The heater input is approximately
700 watts, depending, of course, on the air blower. The specimen temper-
ature is stable to within #0.5°C, the specimen elongation to within #0.5 u,
equaling a strain of %5 X 1075, The temperature inside the outer box
reaches about 80°C and at the LVDT, approximately 100°C, which has to be
considered when calibrating the latter.

Because of the larger temperature differences between capsule and
ambient, we expect an even better performance at higher temperatures, and

actually it is a little worse at 190°C, where we did one irradiation.
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To facilitate irradiation, use was made of the fact that 50 MeV
deuterons can penetrate quite a bit of material. The beam entrance window
is made of Ni, for safety reasons 1 mm thick. The energy loss in this
window is 15 MeV (1). The beam is further downgraded in the liqu. Na and
hits the sample with an energy of approximately 15 MeV. This energy is
a compromise, since on one hand homogenous damage within the specimen
(presently Ni foil O+l mm thick) is required, which means that the beam
has to penetrate the sample; on the other hand, one wants a damage rate as
large as possible, which requires low energy. The distance between Ni
window and specimen can be adjusted via a kind of micrometer device, the
sealing of the capsule being provided by the bellows shown. An exactly-
machined distance holder assures that this distance is correct.

Despite the large heat unput within a small volume in front of the
specimen (250 watts at a beam current of 5’uamp), no downgrading of the
capsule performance was observed during irradiation!

The only drawback we can see in this design is the fact that once
irradiation has commenced, the specimen can no longer be exchanged; the
irradiation schedule has therefore to be planned carefully,

Needless to say, that because of the large amount of liqu. Na involved
(1.5 kg), which will be very radiractive after each irradiation, the utmost
care and very stringent inspection requirements have to be employed when
the creep capsule is being fabricated.

The authors wish to thank the many members of their institut who
helped in various ways to build this apparatus. Special thanks are due to

Mr. Chr. Wassilew who took part in designing the first prototype.
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THE EFFECT OF IRRADIATION TEMPERATURE
ON RADIATION-ANNEAL HARDENING IN VANADIUM

K. Shiraishi, K. Fukaya and Y. Katano

Japan Atomic Energy Research Institute
- Tokai-mura, Ibaraki-ken, Japan

W
ABSTRACT

Vanadium sam?les were irradiated to a fast neutron
fluence of 8.0x10'® to 1.2x10%2° n/cm? (En2l MeV) at
temperatures in the range from 70 to 600°C, and the
radiation hardening measured at room temperature was
investigated in terms of microstructure. The radiation-
anneal hardening phenomenon was observed in samples
irradiated at 200 and 460°C, whereas the radiation hardening
in the sample irradiated at 70°C recovered monotonically
with increasing anneal temperature. The density of defect
clusters visible in the electron micrcscope decreased with
increase in post-irradiation annealing temperature.

The hardening induced by post-irradiation annealing is
considered to be due to small interstitial impurity clusters.
The sample irradiated at 70°C to a fluence of 1.2x102%! n/cm?
had good ductility on tensile test at temperatures of 450°C
and above. The sample irradiated at a temperature of 200°C
or below to a fluence beyond 8x10!® n/cm? exhibited plastic
instability or a little work hardening on deformation at
room temperature. The irradiation embrittlement was not
recovered by post-irradiation annealing at temperatures up
to 450°C.

INTRODUCTION

vanadium has been considered as a candidate material
for the first wall in fusion reactors because of its good
strength and excellent neutronic characteristics in fusion
reactor environment.l’2 The first wall material is
irradiated with high energy neutrons to a high fluence at
high temperature. It is required to obtain the data from
14-MeV neutron irradiation and heavy ion irradiation to
simulate high fluence neutron irradiation as well as the data
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from fission reactor irradiation. In the experiment of
14-MeV neutron and heavy ion irradiations, the damage
region of the specimen is limited and the radiation damage
could not be evaluated directly by means of mechanical
testing. It is necessary to predict the mechanical
properties from microstructure of the irradiated specimen.

In previous work the effect of neutron fluence on the
radiation and anneal hardening of vanadium irradiated at
reactor ambient temperature has been investigated in terms
of microstructure.3 The radiation hardening increased
linearly with square root of fast neutron fluence (¢t)¥? up
to a fluence of about 2.5x1019 n/cm2 and appeared to saturate
at approximately 25 kg/mmz; the (¢t)¥2-dependence and
saturation effect of the radiation hardening were reported
also by Bolek et al.? The radiation hardening of about
25 kg/mm2 produced by irradiation to l.OxlO20 n/crn2 can be
explained by defect clusters visible in the electron micro-
scope. Upon post-irradiation annealing a substantial
increase in yield stress (radiation-anneal hardening} was

observed in samples irradiated at low dose (2.0xlO17 and

l.OxlO18 n/cmz), which is closely associated with a change
in the density and size distribution of defect clusters.

The radiation-anneal hardening has been studied by several
investic_;atorss"13 and considesed to be due to the precipita-
tion of interstitial impurities on radiation-produced defect
clusters,s-'ll assuming that the clusters' distribution did
not change during the annealing tfeatment. It was reported,
for vanadium irradiated to a fluence of l.6x;019 n/cm2 at
60780°C, that the magnitude of the radiation-anneal
hardening is not dependent on interstitial concéﬁtration in
the range from 50 to 400 wt ppm:lo the hardening increases
in magnitude with increasing concentration of interstitial

impurities beyond the concehtration range.g'lo
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In vanadium irradiated to a neutron fluence beyond
lxlo19 n/cmz, the radiation-anneal hardening has been
observed in samples irradiated at temperature above reactor
ambient,?"12
sample irradiated at reactor ambient temperature;3 the
magnitude of the hardening is very small when the hardening
is observed in sample irradiated at 60m80°c.10 However,

the radiation-anneal hardening has not been understood yet

while no radiation-anneal hardening occurs in

in relation of irradiation temperature and radiation-
produced microstructure. The study of the irradiation
temperature effects on the radiation-anneal hardening is
an initial phase of understanding the radiation hardening
or embrittlement of vanadium in terms of microstructure.
This paper describes the radiation-anneal hardening of
vanadium irradiated to a fluence of 0.8 to 1.2 xlo20 n/cm2
at temperatures up to 600°C in terms of radiation-produced
microstructure. The effect of testing temperature on the
radiation hardening is also investigated in vanadium
irradiated at 70°C to a fluence of l.2x1021 n/cmz.

EXPERIMENTAL PROCEDURE

The vanadium used for this study was prepared from two
55 mm diameter ingots supplied by NGK Insulators, Ltd.
The preparation of the specimen was different for each ingot.
Specimens, designated material A, were made by hammering
and rolling without process annealing. The specimens were
finally annealed for 1 h at 950°C in a vacuum better than
2x10-7 torr and furnace cooled. Specimens of materials B
and C were prepared from the other ingot by cold rolling,
with process annealing for 1 h at 900°C, in a vacuum of

lxlO-5 torr. Final annealing of the specimen was also

carried out for 1 h at 900°C, in a vacuum of lxlo-5 torr.
Prior to the final annealing, tensile specimens having

their longitudinal axis parallel to the rolling direction
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were machined; 0.3 mm thick specimens with a gage section

5 mm wide and 28 mm long from all the materials, and 1 mm
thick specimens of 30 mm in gage length with 4 mm wide from
material C. Sheets of (.2 mm thick were used for the
electron microscopy specimens. The grain diameter of the
0.3 mm thick tensile specimens was 38 um on average, not
appreciably different in materials. The 1 mm thick
specimen had an average grain diameter of 94 pm. The
materials had similar purity of 99.8 wt%, and the impurity

content analyzed after final annealing is given in Table 1.

Table 1 Impurity content in 99.8 wt % vanadium

material ; concentration (ppm by wt)
i O N C H Fe Ni Si Al Cr
A E 190 5 38 15 150 10 52 150 30
B | 240 41 32 6 195 136 200 90 120
C ] 430 3.5 50 21 260 trace 80 120 30

Neutron irradiation of the tensile-test and electron
microscopy specimens was performed in an in-core positioﬁ
of either the JRR-2 reactor at Tokai-mura or the JMTR
reactor at Oarai. Details of the irradiations are
tabulated in Table 2. For irradiations at reactor ambient
temperature, samples were contained in a helium-filled
aluminum capsule externally cooled with reactor coolant
water. Temperatures of the samples were estimated from
temperature of the reactor coolant water. For irradiations
at temoveratures above the reactor ambient. samples were
loaded into a helium—~filled stainless steel capsule in
such a way that all tie specimens were in direct thermal
contact with the capsule wall. The samples were heated
during irradiation by nuclear heating, and temperature
control was achieved by an air gap between the stainless
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Table 2 Neutron irradiation of vanadium

gmaterial fluence (EnleeV)é temperature ? reactor
( (n/cr?) : (°c) |

1 c 1.0x10%° : 70 ' JRR-2

s 8.2x10%° | 200 20 ; JRR-2

; a 1.2x10%° i 460 ~ 30 i JRR-2

I a 8.0x10%° i 600740 | JRR-2

i c 1.2x10%1 i 70 i JMTR

steel capsule and outer aluminum envelope externally

contact with reactor coolant water. A contineous record

of temperature was made by means of thermocouple located

at the center of the stainless steel capsule. Post-
irradiation annealing was carried out for 1 h at temperatures
up to 750°C in a vacuum better than 2x10_7 torr for JRR-2

4

irradiated specimens; the vacuum was 5%10 ° torr for

annealing of JMTR irradiated specimens.

Tensile tests were performed with an Instron tensile-
testing machine at a strain rate of 2.8x10"% /sec.
Specimens were held for 15 min at the test temperature
before the start of the test above room temperature. In
each of the high temperature tests the temperature was
controlled within #1°C and the vacuum was better than
&x10">
vield point or at the maximum stress around vielding
determined from the tensile load-elongation curve. When no
vield point was apparent, the stress at 0.2% plastic strain

torr. The vield stress was evaluated at the upper

was used determining the yield stress.

The microstructure of the irradiated specimen was
examined in a JEM-2002 electron microscope operating at
200 kV. The damage structure was observed in the foil whose
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thickness ranged from 0.15 to 0.3 um depending on the size
and density of the radiation-produced defect clusters.
The foil thickness was determined by counting the number of

equal-thickness fringes.

EXPERIMENTAL RESULTS

The effect of post-irradiation annealing on the
difference in yield stress, Aoy between irradiated and
unirradiated samples are shown in Fig. 1l; the yield stress
in the unirradiated specimens of materials A, B and C were
12.4, 18.6 and 28.1 kg/mmz, respectively. It is evident
from the fiqure that radiation-anneal hardening occurs in
the samples irradiated at temperatures of 200 and 460°C,
whereas the radiation hardening of the sample irradiated at
70°C decreases monotonically with increase in the annealing
temperature. In the sample irradiated at 600°C, little
hardening is observed and the hardening is not much changed
by post~irradiation annealing up to 650°C.

Changes in damage structure with post-irradiation
annealing for samples irradiated at 70, 200, and 460°C are
shown in Figs. 2v4. In the specimen irradiated at 70°C,
dislocation lines are observed in addition to fairly large
defect clusters of very high density; the image of the
clusters overlaps and both the density and size of the
clusters could not be estimated precisely. The radiation-
produced defect clusters grow to be dislocation loops and
develop into dislocation lines with increase in annealing
temperature; the density of the loops is about 1x1015 /cm3
after annealing at 450°C. 1In the sample irradiated at
200°C, the density of the loops is little changed by post-
irradiation annealing at temperatures up to 400°C; it
decreases rather rapidly with increase of the annealing
temperature above 400°C. It should be noted that the peak
of radiation-anneal hardening of the sample appears at around
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Fig. 1. Change with post:-irradiation annealing temperature
of the yield stress of vanadium irradiated to (0.8%1.2)x10
n/cm,

Fig. 2. Damage structure in vanadium irradiated at 70°C

to 1.0x10%° n/cm (a), and annealed for 1 hr at (b) 450°C;
{c) 550°C and (d) 600°C.
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Fig. 3. Damage structure in vanadium irradiated at 200°C
to 8.0x10!'® n/cm (a), and annealed for 1 hr at (b) 400°C;
(c) 500°C; and (d) 700°C.
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Fig. 4. Dislocation structure in vanadium irradiated at
460°C to 1.2x102° n/cm (a), and annealed for 1 hr at
(b) 400°C; (c) 550°C; and (d) 650°C.
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450°C (Fig. 1). Dislocation lines are seen in the specimen
irradiated at 460°C. Upon post-irradiation annealing,
dislocation loops appear with decrease in the density of
the dislocation lines. The dislocations seem to be

decorated with precipitates, and the density of the

13 3

dislocation locps is on the order of 10 /cm™. It should

be noted that small voids of 65 R in average diamcter were
observed with the density of 2x1015 /cm3
irradiated specimen, and that the void structure is little
changed by annealing at temperatures up *o 550°C. The voids
decrease in both size and density by annealing at 650°C.

°
Voids of about 550 A in average diameter.and‘lxlo13 /cm3 in

in the as-

density were formed in the specimen irradiated at 600°C;
only a few dislocation segments were seen in the electron

microscopy sample.

The yield stress and total elongation at room tempera-
ture for the sample irradiated at 70°C to a fluence of
1.2x1021 n/cm2 are plotted in Fig. 5 as a function of
annealing temperature. The yield stress and elohgation of
the irradiated sample is little changed by post-irradiation
annealing up to 450°C. On annealing for 1 k at 750°C, the
tensile properties almost recover to the unirradiated
level. Tha tensile properties for the irradiated sample
are plotted as a function of test temperature in Fig. 6,
together with the properties of unirradiated sample.

The radiation effect on the tensile properties recovers
gradually with increase in the test temperature and no
appreciable irradiation effect is seen at 750°C. It can be
deduced from Figs.5 and 6 that the radiation hardening,
measured at room temperature after post-irradiation .
annealing is not much different from the hardening measured
at the temperature equivalent to the annealingsfempefatu;e
if the test and also annealing is made at a temperature
above 500°C. The radiation hardening measured-at room
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temperature after annealing at 450°C is considerably greater
than that obtained at 450°C tensile-testing.

The sample irradiated at a temperature of 200°C or

15 n/cm2 had only a few

below to a fluence beyond 8x10
percent in total elongation on the tensile test at room
temperature. The irradiation embrittlement was not recovered
by post-irradiation annealing at temperatures up to 450°C.
Most of the tensile specimens from th : sample exhibited a
small drop in yvield stress followed by plastic instability
that led to fracture without uniform longation; some
specimens had an ability to work-harden beyoné the yield
stress. The loss of ductility in the irradiated samples
was associated with coarse slip bands at the surface and
defect-free channels (dislccation channels) in transmission
electron microscope observations of the deformed specimens.
The sample irradiated at 70°C to a fluence of 1.2x1021 n/cm
has good ductility in tensile test at a temperature of 450°C

2

or above.

DISCUSSION

The increase in yield stress caused by dislocation

loops,14 dislocation lines,15 and voids16 are, respectively,

expressed by the equations,

Aoy = alub(Znidi)W (1)

b, = azubp? (2)
and

Ao, = asub(ND) 12 (3)

where u is the shear modulus, b is the urgers vector. ng
and di are respectively the density and average diameter of
loops in a given size interval, p is the dislocation line

density, N and D are respectively the density and average
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diameter of voids, and a;, @2 and as are constants.

The size and density of defects clusters observed in
the present experiment are tabulated in Table 3 with
calculated and experimentally observed Acy; Ag_'s were
calculated with ;=0.5, az=0.5, as=1.0, p=4.76x10°> kg/mm,
and b=2.63 R. In the samples irradiated at temperatures of
200°C and 460°C, the peak of the radiation-anneal hardening
appears at about 450°C, while the density of radiation-
produced defect clusters or dislocation lines in the samples
decreases markedly by post-irradiation annealing at 450°C.
Moreover, recovery of the radiation hardening in the sample
irradiated at 70°C is much less than the extent expected
from annealing behavior of defect clusters.

In the sample irradiated at 70°C, radiation-produced
defects aggloﬁerate to be visible clusters during irradia-
tion; the radiation hardening is well described by Eq. (1).
The defect clusters are considered to be saturated with
oxygen and other interstitial impurities in the as~irradiated
condition.> Then, no further agglomeration of defects nor
precipitation of interstitial impurities occurs to increase
the yield stress upon post-irradiation annealing, which
results in no radiation-anneal hardening to the sample
irradiated at 70°C. With a sample containing 250 wt ppm
oxygen and 160 wt ppm carbon, Morozumi et al.ll observed
the radiation-anneal hardening after neutron irradiation at

20 nc/mz, and

100°C to a fast neutron fluence of 4.7x10
reported that the radiation-anneal hardening occurs in two
distinct temperature ranges; one of the hardening peaks
appears near 200°C and the other peak at about 500°C.

The radiation-anneal hardening at around 500°C increases with
increase in interstitial carbon content, as in the case of

niobium.l7



I1-135

The radiation-anneal hardening in the sample irradiated
at 200°C and also the hardening of the sample irradiated at
70°C and annealed at about 450°C are considered to be
attributable to impurity clusters, possibly to carbon
clusters. Oxygen and other interstitial impurities
precipitate at radiation-produced defect clusters and
strengthen the clusters in the as~irradiated condition.
Post-irradiation annealing decreases the density of defect
clusters; some of the clusters dissolve into the matrix,

The interstitial impurities precipitated on the dissolving

" defect clusters also resolve into the matrix, which results
in recovery'of oxygen Snoek damping.ls During the resolving
process interstitial impurities would form the clusters

which contribute to the hardening.12

According to Morozumi et al.,ll the solubility of

carbon in vanadium is very small and carbides are observed
to precipitate in a sample containing 190 wt ppm carbon after
annealing at a temperature below 300°C. They also reported,
with a sample containing 360 wt ppm carbon, that hardening
due to precipitation of fine carbide occurs upon annealing
at temperatures up to 400°C, while the carbide resolve into
the matrix by annealing at temperatures above 450°C.
Aithough the sample used in the present experiment contains
only 30050 ppm carbon, the interstitial carbon is localized
to precipitate on radiation-produced defect clusters during
irradiation. Then, carbon content is considered to be
locally high enough for formation of carbon clusters or
small carbides around the dissolving defect clusters upen
post-irradiation annealing at temperatures up to 450°C: the
carbon clusters contribute to the hardening. When the
annealing temperature is raised beyond 450°C, interstitial
carbon precipitated on the defect clusters resolves into
the matrix accompanied by dissolution cf the defect cluster.
Then the radiation-induced hardening recovers rapidly with
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increase in the annealing temperature beyond 450°C.

When the irradiation is performed at reactor ambient
temperature, the density of radiation-produced defect
clusters is very high, on the order of 1017 /cm3, and the
radiation hardening is greater than the hardening resulted
from formation of carbon clusters or carbides. Then the
radiation-anneal hardening can not be observed in the
sample. In the sample neutron irradiated at 200°C,
radiation~-produced defect clusters are twice as large in
average diameter and one~tenth as large in the density as
those in the sample irradiated at reactor ambient temperature.
Then, carbon content around the dissolving defect clusters
during post-irradiation annealing at 450°C is larger in
the 200°C irradiated sample than the sample irrailiated 70°C.
In addition, the radiation hardening produced in 200°C
irradiated sample is smaller than that in 70°C irradiated
sample. Thus, the radiation-anneal hardening occurs in
the sample irradiated at 200°C, even if the phenomenon
could not be observed in the 70°C irradiated sample.
Moreover, the yield stress after annealing at 450°C in the
200°C irradiated sample can be larger than that in the 70°C

irradiated sample.

In the sample irradiated at 460°C, dislocation lines
and voids are formed during irradiation. The radiation-
anneal hardening of the sample is also attributable to the
carbon clusters or carbides formed in place of dislocation
lines, as already described; the size and density of voids
are little changed by post-irradiation annealing up to
550°C (Table 3). The damage structure of the sample
irradiated at 600°C consists of voids and few dislocation
lines. The radiation hardening of the sample is attributable
to the voids, and the density of voids is not changed by
annealing at temperatures up to 650°C, which results in no
radiation-anneal hardening. In addition, neutron fluence



Table 3

Density and size of defect clusters and their contribution to the hardening

neutron irradiaton | annealing loop 2
material —Fyrores temp. temp. density size (X) Aoy ( kg/mm™)
(n/cm?) (°c) (°C) {cm™?) average | range calculated | experimental
c 1.0x102% | 70 As-irrad. 3x1017 45%% 23 25.3
| 250 1.8x1017 47 <150 17.8 21.2
i 450 1.0x101% | 190 <450 2.7 13.8
| 550 3.0x10* | 450 150< - 4.4
| s 8.2x101% | 200 As~irrad. | 1.4x10%® 70 <120 6.4 13.5
! 250 1.1x10° 80 <190 6.5 19.0
400 1.1x102% | 110 <340 7.4 22.0
450 1.3x101° | 160 800420 2.9 24.0
600 2.1x101% | 300 [1100730 0.9 13.0
A 1.2x102% | 460 As-irrad. | 2.2x1010" 9.3 1. 12.4
(1.9x101%)] (637 | (30080) (a.8) 13- .
9*
400 6.5x10 5.0
‘ (1.ox10%%)| (65) | (40n90) | (2.4 °-4 14.8 |
é gx
i 500 5.3x10 4.6 !
(2.0x10%5%)  (65) | (40n100) | (4.5) -1 15.1
9*
650 2.3x10 3.0
(a.5x10%)] 60y | (3002000 | (2:1) 1 8.2
19 . 13 |
A 8.0x10 600 As-irrad. (1x10°°) (550) (507v1600) {(0.9) 1.2 i

*

dislocation line density (cm/cm3)
The figure in parenthese indicates data for voids.

*k estimated value

LET-TT
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in the present experiment is not so high that the radiation
hardening is very small and no appreciable swelling was

observed.

In the sample irradiated to 1.2x1021 n/cm2 at 70°C,
the yield stress measured at room temperature is not
changed by post-irradiation annealing up to 450°C, whereas
the radiation-produced hardening decreases gradually with
increase in the test temperature. The fact indicates that
the radiation hardening measured at elevated temperature
decreases accompanied by annealing of the radiation-
produced defect clusters with increase in the test
temperature, and also the barrier which causes the
radiation-anneal hardening is not effective for dislocation

motion at around 450°C.

CONCLUSIONS

(1) The radiation hardening measured at room temperature
induced in the sample irradiated at 70°C to l.Oxlo20 n/cm
can be explained by defect clusters visible in the electron

2

microscope.

(2) The radiation-anneal hardening is observed to occur in
the sample irradiated at 200 and 460°C to (0.8v1.2)x102°
n/cmz, while the radiation hardening of the sample irradiated
at 70°C decreases monotonically with increasing annealing
temperature.

(3) The radiation-anneal hardening and the hardening of

the sample irradiated at 70°C and annealed at about 450°C

are considered to be attributable to interstitial impurity
clusters, possibly to carbon clusters.

(4) The hardening in the sample irradiated at 600°C is
attributable to radiation-produced voids.

(5) The sample irradiated at 70°C to a fluence of 1.2x10
n/cm2 has good ductility in tensile-test at temperatures
of 450°C and above.

21
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(6) The sample irradiated at a temperature of 200°C or

19 n,-’cm2 exhibits plastic

below to a fluence beyond 8x1l0
instability or a little work hardening on deformation at
room temperature. The irradiation embrittlement is not
recovered by post-irradiation annealing at temperatures up
to 450°C.

(7) The embrittlement is associated with coarse slip bands
at the surface of the specimen and dislocation channels in

transmission electron microscopy.
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ABSTRACT-

The elevated temperature ultimate tensile strength of
recrystallized and of neutron irradiated molybdenum is shown
to correlate very well with the corresponding hot-hardness
data through the relationship

o, = (H/3) (n/0.217)"

where H and n are the hardness values and strain hardening
exponent respectively at the given temperatures., It is
proposed that the hot-hardness tester be used as a
strength microprobe in the preliminary evaluation of the

mechanical properties of advanced alloys and of other
materials generally available in limited quantities, such

as irradiated specimens.
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INTRODUCTION

In a recent review paper on the subject of the science
of hardness testing and its research applications, C-ilman1
stated that a hardness tester may be considefed to be a
strengti microprobe. Hardness of a material has been identi-

fied since classical times with the resistance to non-elastic
penetration by a punch, and for a very long while it has also
been related to resistance to scratching. These properties
have been connected empirically with several other mechanical
and physical properties of the material and, within limited
ranges of conditions or materials, the relations are sometimes
so c¢lose that measurement of the other property has been used
to determine hardness. This has confused the definition of
hardness but it has also added much to the practical value
of hardness measurements, for hardness is commonly easier or
quicker to determine than is the other property. Hardness
strength.micro-
probe concept even more attractive as a research and develop-
ment tool. Furthermore, the volume of material required to
obtain strength information equivalent to 70 to 100 tensile
specimens from only one hot-hardness test specimen is less
than 10 percent of that required for one conventional tensile

measurements at elevated temperatures make the

specimen. This circumstance, where less than one tenth of
one percent of the volume of material used in a conventional
tensile specimen per strength data point is especially an
important consideration where (a) small heats of advanced
alloys are bheing evaluated on the basis of strength, (b) ir-
radiation facilities are such that only small quantities of
materiai c¢an be irradiated at a given time and (c¢) the
radioactivity irom neutron irradiated specimens requires
limited - sting in expensive and time consuming hot-cells.

Thevc® s no question that a reactor design engineer
would prefer to use strenghh data generated from regular
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tensile specimens and it is not proposed that the strength
microprobe replace the tensile machine in future alloy quali-
fication programs, although the concept has some merits. The
engineering use of experimental data generated by the trans-
mission electron microscope, such as the void density and
size relationships in the irradiation induced swelling prob-
lems and by the scanning electron microscope with an energy
dispersive x-ray analysis attachment, such as chemical anal-
ysis and second phase particle identifications, are examples
of accepted micrometallurgical analytical tools., Preliminary
results eon the strength microprobe concept are encouraging
and clearly suggest that further experimental and especially
theoretical investigations of the correlation of hot-hardness
to tensile strengths are in order. The purpose of this paper
is to show the degree of correlation between the hot-hardness
and the tensile properties of neutron irradiated and unirra-

diated molybdenum.

The general relationship between the hardness (H) and
the uniaxial flow stress (o) of a given material may be given
as:

H = Co oy

where C is called the constraint factor for the hardness test.
As pointed out by Shaw and DeSalvoz, the presently accepted
theory for identation hardness ignores the elastic stress
field and considers the material indented to betave in a rigid-
plastic manner. Several different analytical solutions of
this problem leads to a constraint factor value of C = 2.57.

A new approach to plasticity has recently been presented3 in
which the material is assumed 1o be a plastic-elastic instead
of the plastic-rigid model as in all previously existing the-
ories. When an adjustment is made for the elastically loaded
area, the constraint factor based on the plastic impression

is found2 to be equal to 3.0, a value of C which is in excel-
lent agreement with the results of many experiments where the
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material does not work harden and the indentor is relatively
blunt (i.e. Vickers or Knoop).

For the case of room temperature properties Tabor4 pro-
posed a complex relationship between the ultimate tensile
strength (¢) and the hardness (H) in which the strain har-
dening exponent (n) of the given material is explicitly
considered. Following this approach, Cahoon5 presented a
more simplified equation having the form:

H n n

o=t (0_1'7') (2
where the C was found by Tabor4‘to be 2.9 for steel and 3.0
for copper and by Cahoon et. al.6 to have values of 3;010.1
for steel and aluminum specimens. Moteff and Sieber7 used
a value of C = 3.1 in the analysis of nine different heats
of AISI 304 stainless steel tensile tested at room tempera-
ture &s well as at 427, 593, and 649°C. In the 304 stainless
steel study7 the average discrepancy between the calculated
strength, based on Eq. {2) using C equal to 3.1, and the
actual experimental tensile strength level was within about
6 percent. Recently Bhargava and Moteff8 showed excellent
agreement with 304 stainless steel in the temperature range
from 22 to 1200°C using a value of C equal to 3.0.

For direct comparison with Eq. (1), the previous equa-
tion may be rearranged into the form:

H=C'(n)o (3)

where the effective constraint factor C'(n) is now a function
of the strain hérdening exponent and using a value of C = 3.00
is given in the following equation:

C'(n) = C£(n) = 3(n/0.217) % (4)
The strain hardening exponent may be obtained directly

through an analysis of the stress-strain diagram of a uniax-
ial tensile or compression test. The strain hardening ex-
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ponent may also be obtained indirectly using several differ-
ent approaches. One classic method is from a Meyer hardness
measurement through the relationship n = m - 2; where m is
the Meyer hardness coefficient. Another indirect method9
for the determination of the strain hardening exponent is

through the empirical expression:
nx = k ‘_ (5

shown to agree quite well with direct measurements. of n with-
in the limits 0.2 < XA < 3.0 where X in micron units is the
subgrain size of the plastically deformed metal and the con-
stant k is equal to 0.2 microns. |

Most of the studies on the correlation of hardness with
tensile data are based on the unalloyed fcc metals, the aus-
tenitic stainless steels and on some of the ferritic steels
with testing performed predominantly at room. temperature.
Only a few studies have been reported for thé case of the
higher temperature application refractory metals. Borisenko
has examined the connection between the hardness and qﬁtimate
tensile strength of tungsten and molybdenum over a wide range
of temperatures. Results on the correlatioﬁ;at temperatures
up to 1200°C between the hot-hardness and tensile strength
of Nb and Nb-1Zr irradiated to a fast neutron fluence of 1 x

1020
also on molybdenum, tungsten and vanadium by the samé au-

10

n cm 2 has been reported by Kamphouse and Moteff11 and

thorslz. Oku and Usuil3 reported their f1nd1ng= on the hot
hardness-tensile relationships of tungsten and” ‘molybdenum
specimens irradiated to 2.7 x 10 nen?, In the Oku and

Usui studies the test temperatures ranged from about: 150
to 1000°K for tungsten and from about 100 to 600°K for the
case of molybdenum.
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EXPERIMENTAL PROCEDURES AND RESULTS

A total of 10 tensile tests, conducted at 5 tempera-
tures ranging from RT up to 650°C are compared with 100
separate hardness indentations made at about 16 different
temperatures ranging from RT up to 1200°C. About one-half
of the experimental data points were obtained from neutron
irradiated specimens.

Hot-Hardness

The test specimen, 8§ mm x 10 mm by 0.5 mm thick was
fabricated from commercial grade arc-cast molybdenum and
given a post-fabrication anneal for 1 hour at 1200°C in
vacuum. The carbon and oxygen interstitial impurity level
is 30 ppm and 25 ppm respectively. Thres indents, with hold
times of 30 sec and using a 500 gram load, were made at each
temperature on the electropolished sample after the specimen
soaked at the test temperature for one hour. The furnace
atmosphere was high purity argon gas. Details of the hot-
_hardness test equipment have been presented previOusly.14
The hardness measurements weie made with a Vickers indentor
(sapphire t1p\ and are reported as d1amond pyramid hardness

(DPH) units in kg mm 2.

The hardnnss specimen was irradiated in the Row 2 posi-
tion of the EBR II fac111ty at a temperature of approx1mate-
1y 425°C and to a fast neutron fluence of about 2.5 x 10

nem %, E_ > 0.1 MeV.

Average values of the hardness measurements taken at
each temperature for both the unirradiated and the irradi-
ated specimens are plotted in Figure 1. The scatter in the
individual hardness values at each temperatureIWés normally
small and would fall within the area of the symboi used to
designate the data. Exceptions were noted for the case of
the irradiated specimen and the scatter is indicated by the
length of the bar through the data symbbl.
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At 5 different intervals during the course of the as-
cending temperature hardness measurements, the furnace tem-
perature would be lowered so that the specimen would be at
a constant temperature of about 314°C and a set of indenta-
tions would then be made. The purpose of these measurements
was to determine the influence of the annealing temperature,
and therefore the one variable being the defect state, on
the hardness at a given temperature. Normally, when the
indentations are made a progressively higher temperatures,
both the irradiation induced cluster defect demsity and
size and the dislocation flow and dislocation-defect inter-
action mechanisms will be variable.

Tensile

The specimens used in this study were made from arc-
cast commercial grade molybdenum. The carbon and oxygen
interstitiai impurity levels are 30 ppm and 7 ppm, respec-
tively.

Tensile tests were conducted on an Instron testing
machine in a flowing helium environment. Specimens were
held 30 min at temperature before the start of the test.’
Engineering stresses based on initial specimen dimensions
are reported, with the exception of one case, all tests were
performed at crosshead speeds of 0.02 in. minhl. As the
specimens have an effective gage length of 1.0 inch,
nominal strain rates are assumed to be equal to the cross-
head speeds.

The specimens were irradiated in Row 7 of the EBR-II
facility at a temperature of about 454°C and to a fast
neutron fluence of 3.5 x 10%% n cm"z, E, > 0.1 MeV. Details
of the irradiation capsule, irradiation conditions and the

complete tensile results are reported elsewhere.15

Ultimate tensile strengths of the unirradiated and the
irradiated specimens used in this study are listed in Table I.



TABLE 1 -~ TENSILE STRENGTH OF CONTROL AND IRRADIATED MOLYBDENUM

Ultimate Tensile Strength(l)
Test Unirradiated Irradiated
Temperature 0,.ksi cu,kg-mm-zr o, 0ksi ou,kg-mm'2 cu,kg'mm"a
T, °C (2) (2) (3)
22 72.0 50.7 -- -- -~
200 - 51.1 35.9 1274 89.3 75.4
400 37.9 26.7 113 79.5 67.2
550 33.5 23.6 101 71.0 ‘ 60.0 ‘
650 32.5 22.9 86.3 60.7 51.3 !
i

(l)Tested at a nominal strain rate of 0.02 min-l.

2

(Z)Irradiated in EBR-II to a fast neutron fluence of about 3.5 x 1022 ncm
E > 0.1 MeV at about 454°C,

(3)Normalized to a fast neutron fluence of 2.5 x lO22 n cm-2 E > 0.1 MeV for

?

comparison with the hot-hardness data. Normalization factor (2.5/3.5)!/?2
equals 0.85.

1

(4)Tested at a nominal strain rate of 0.0002 min~

691-11
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Since the hot-hardness specimen was irradiated to a fast

2 -

“Zncen', B > 0.1 MeV, the
tensile data was normalized to this fluence so that a direct

neutron fluence of 2.5 x 10

comparison could be made with the hardness results. It was
assumed that the hardening behavior for the elevated tem-
perature irradiations and testing followed a square root
fluence dependency and that saturation hardening has not yet
been achieved at this relatively low fluence. The normali-
zation factor therefore would be 0.85, i.e. (2.5/3.5)1/2

and the normalized ultimate tensile strength values of the
irradiated specimens are accordingly listed in the last
column of Table I.

DISCUSSION OF DATA

The ultimate tensile strength was calculated by use of
Equation 2 and the strain hardening exponents given in Fig-
ure 2. 1t was assumed that the strain hardening behavior
of recrystallized molybdenum would not vary significantly
and the data published by Bechtold16 would be representa-
tive of the strain hardening characteristics of the present
material. The strain hardening behavior of the irradiated
molybdenum is estimated based on some unpublished annealing
studies.

Figure 3 chows plots (solid lines).of the tensile
strength for both the unirradiated and the irradiated molyb-
denum as calculated from the hot-hardness data. The strain
hardening exponent correction parameter (n/0.217)n was
essentially unity for the case of the irradiated specimen
and therefore the parameter given by Equation 4 is a con-
stant and equal to 3.0, i.e. c'(n) = ¢ = 3.¢. The same
situation is true for the case of the unirradiated data at
temperatures of 650°C and above. The corrections at the
lower temperatures are 13, 10, 7 and 4.5 percent for the
200, 300, 400 and 550°C test temperatures, fespéctively.
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lized and of Neutron Irradiated Molybdenum as a Function of
Temperature.
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The five data points designating the experimental ten-
sile strengths are also plotted in Figure 3. The predicted
tensile strengths are within about 7 percent-of the experi-
mental values. The comparisons are tabulated in Table II.

With the exception of the 200°C test condition, the
predicted tensile strengths fell within 6 percent of the
experimental values. The calculated tensile strength for
the 200°C test condition was about 15 percent greater than
the experimental value. This large discrepancy would be
expected since the fracture stress of molybdenum would be
in the region of about 70 to 80 kg mn 2. The numbers based
on the hardness tests would probably be in much better
agreement if the comparisons were made with specimens tested
in compression rather than tension.

Although preliminary transmission electron microscopy,l7

performed on molybdenum specimens irradiated under similar
conditions to the hardness specimens (2.5 x 1022 n cm'z,

En > 0.1 MeV at 425) did not reveal the presence of voids,
it is possible that specimens annealed at temperatures of
200°C and greater may show that small voids are present in
the material. This TEM study is now in progress and there-
fore any detailed quantitative analysis on the exact cause
of the irradiation induced hardening will be performed at

a later date. Similar TEM studies will also be made on
each of the four tensile specimens so that the nature and
density of the irradiation induced defects may be estab-
lished. This important information will also be used to
determine a more realistic normalization procedure when
comparing samples irradiated under slightly different con-
ditionms.

A qualitative evaluation cf the expected types and
densities of defects which may be present in the specimens
when irradiated in the region of 425 to 454°C and followed
by anneals to higher temperatures is based on some recent



TABLE 2 - TENSILE STRENGTH DETERMINED FROM HARDNESS MEASUREMENTS

Ultimate Tensile Strength
Test Unirradiated Irradiated
Temperature cru,kg-mm-2 Percent Ou,kg°mm-2 Percent
T, °C Difference* Difference
22 54.0 +6.1 -- --
200 33.5 -7.2 89.0 +15.2
400 27.2 +1.8 71.5 + 6.0
550 23.6 0 60.0 0
650 21.7 -5.5 49.5 - 3.6

*Using the experimental tensile strengths given in Table I, the percent
difference listed in this table is given by

(Uu)cal ) (au)exg x 100
(bu)cal

€ST-1I
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studies by Sikka and Moteff.18 The normalized void and
loop densities are plotted in Figure 4a. It is clear that
essentially all the loops are removed by the 800°C anneal
conditions and the voids are removed slightly above 1200°C.

Figure 4b shows the normalized irradiation induced
hardening at a fixed temperature of 314°C following anneals
at higher temperatures. It appears that both loops and
voids contribute to the hardening at anneal temperatures
below 800°C and that possibly only the wvoids contribute
following anneal temperatures greater than 800°C.

A hardening model of the type

At = o g; (6)

may be used19 to describe the irradiation induced -harden-
ing, where ub is the product of the shear modulus and the
Burger's vector, & is the mean dispersion between the clus-
ter defect barriers and o is a dislocation-defect inter-
action parameter, assumed to be a constant at a given tem-
perature and for a specified barrier type. The dispersion
length may be related to the defect cluster density(N) and
size (d) by

g = (Na) /2, (7

On the other hand, when tests are conducted at progres-
sively higher temperatures, then the values of N and d will
change and therefore result in different values for & at
each temperature. These changes however would be the same
if the tests were conducted at the last anneal temperature
or at some lower reference temperature following the high
temperature anneal, such as the 314°C used in this study.

Figure 4c clearly shows the influence of test temper-
ature on the values of the parameter o as used in Equation
6. The slight temperature dependence of the shear modulus
would not account for the magnitudes of the temperature de-
pendent hardness increments. For instance, at temperatures
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below about 450°C the cluster defect density is constant as
well as those defects which would cause changes in the
electrical resistivity.20 Therefore, with the exception of
the slight changes in th shear modulus with temperature,
the only variable will be the parameter a. The dislocation
flow mechanisms are believed to be significantly different
above and below a temperature of 0.15 Tm’ where Tm is the
absolute melting temperature. This may account for the
obvious change in hardening behavior above and below a tem-
perature of about 160°C.

SUMMARY

It is concluded that the use of a hot-hardness tester
as a strength microprobe is a viable concept in the study

of radiation induced hardening. The present studies confirm
previous investigations where it has been shown that the
hot-hardness data correlates reasonably well with the hot
tensile strength of the same material through the re-
lationship
5w = 3 "

where H is the hardness, n the strain hardening exponent
and oy the ultimate tensile strength all at the same

temperature.

The degree of agreement between the .predicted and the
actual stress levels is well within *7 percent for nine of
the ten test conditions evaluated and that the one condi-
tion that showed a 15 percent discrepancy can be explained
as being due to the fact that the fracture stress was lower
than the tensile yield stress of the irradiated material at
the 200°C test temperature.

Studies on the detailed microstructure of all the
specimens used in this experiment should be performed so
that the various hardening models may be evaluated on a
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quantitative basis.

Recommendations are made that additional experimental
and theoretical studies be performed on the strength
microprobe concept and that serious consideration should
be given to the application of this tool to the evaluation
of the influence of 14 MeV neutrons on the elevated temper-
ature irradiation induced strengthening of metals and alloys.
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15 MeV NEUTRON DAMAGE IN Cu AND Nb

J. 8. Roberto, J. Narayan, and M. J. Saltmarsh
O0ak Ridge National Laboratory
Oak Ridge, Tenn. 37830

ABSTRACT

We have investigated high energy neutron damage in
Cu and Nb irradiated with ~15 MeV neutrons at the Oak Ridge
Isochronous Cyclotron. The neutrons were generated by
bombarding a thick Be target with 40 MeV deuterons result-
ing in a high energy neutron spectrum broadly peaked at
15 MeV. Single crystals of Cu and Nb were irradiated at
room temperature to fluences of -2 x 107 n/em?, The
resuiting loop-type defect clusters in the crystals were
characterized using x-ray diffuse scattering and transmission
electron microscopy. The cluster size distributions were
found to be generally similar to those characteristic of '
fisslon neutron irradiations in these materials and no
multiple clusters or sub-clusters were cbserved. Addi-
tional comparisons with fission reactor irradiations in
Cu and Nb indicate that the retalned displacement damage
in these crystals is approximately 3 times yreatei for the
high energy neutrons than for an equivaient fluence of
fission neutrons. This result is consistent with detailed
damage energy calculations for the Be(d,n) neutron spectrum.

INTRODUCT } ON

Recent experimental studies! and theorctical calculatioﬁs_2 have
suggested that high energy neutrons (E = 15 MeV) are §ubst;nt}ally
more effective in producing displacement damage than fission neutrons.
Such implications are important to the fusion reactor designer who
must consider the effects of significant ?Iuences of high energy
neutrons on reactor materizls. In this work, we have attempted to
quantify some of the differences between high energy and fission

neutron damage in Cu and Nb and to correlate the experimental results

I1-159
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with theoretical calculations. The experiments have involved
irradiations near room temperature followed by characterization of
the retained damage in the resulting loop-type defect clusters.

This study is unique in several respects. First, high purity
nearly perfect single crystals from the same source material were
prepared identically for the high energy and fission neutron irradia-
tions. As a result, spurious effects due to impurities or specimen
differences were held tc a practical minimum. Secondly, for Cu, both
x-ray diffuse scattering and transmission electron microscopy were
used to characterize the radiation-induced defects. Finally, the
experimental results were compared with very detailed damage energy
calculations which explicitly treated the various nuclear reactions
which occur in the range of neutron energies present in these experi-

ments.

This work also represents the first utilization of high energy
neutrons from the deuteron breakup or ‘'stripping' reaction to perform
radiation damage experiments. The deuteron-breakup concept is the
subjact of considerable interest as a possible mechanism for produc-
ing a high-flux large volume source of high energy neutrons for CTR
radiation effects research. Several proposals have been made3**
znd our results provide direct evidence of the usefulness of such a

source.
Be(d,n) NEUTRONS

The high energy neutrons were generated at the 0ak Ridge .
Isochronous Cyclotron by stopping a 40 MeV deuteron beam In a thick
Be target. The associated deuteron-breakup {d,n) reaction® results
in-a neutron spectrum winich is broadly distributed in energy about a
maximum at approximately 15 MeV with some neutrons above 30 MeV.

The neutrons are strongly forward-peaked and are degraded in both
energy and Intensity with increasing angle from the deuteron beam

axis. The ORIC source® produces a maximum flux of 2 x 1012n/cm?-sec
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at the specimen chamber with a full-width-half-maximum of approxi-
mately 7om. The results of a recent time-of-flight measutement® of

the Be(d,n) spectrum are shown in Fig. 1.

The broad energy distribution of the Be(d,n) spectrum presents
somewhat of an interpretive problem for radiation damage experiments.
in particular, the effects of the high energy tail of the spectrum
must be considered. We have approached this problem by computing the
displacement damage energy in Cu and Nb as a function of incident
neutron energy. The damage energy is that part of the primary recoil
energy which is ultimately available for producing atomic displace-
ments. The damage energy concept i: therefore useful for comparing
displacement damage at various neutron energies. Our calculations
are based on the electronic stopping theory of Lindhard” and are
generally similar to earlier calculations of the encrgy dependence

of neutron damage by Robinson.?

For the tle(d,n) spectrum, it is necessary to consider neutron
interactions which occur at energies of 30 MeV and higher. Neutron
cross-sections are generally unavailable above 15 MeV and we have
used theoretical cross-sections® based on optical and pre-compound
nuclear models for our damage energy calculations. These
cross-sections were computed by C.Y.Fu and F.G. Perey of Oak Ridge
National Laboratory and include elastic scattering as well as the
principle classes of nonelastic interactions. The results of damage
energy calculations based on these cross-sections will be published
in more detail elsewhere,? but we include the damage energy curves

for Cu as an example in Fig. 2.

EXPERIMENTAL PROCEDURE
Specimen Preparation

The Cu samples were high purity single crystal platelets
approximately 1 x 1 x 0.1 cm which were acid cut from single crysté]
ingots and lightly polished in 10% HBPOA' The Nb crystals were grown
from .05 cm thick sheets of zone-refined starting material using the

strain-anneal technique. Large single crystal regions up to several .
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square cm in area and with orientations predominately near (110)
could be identified in the resulting grain structure. Small
platelets 0.5 x 1 x 0.05 cm were spark cut from these single crystal

regions and polished using 3:2 HN03 and HF.

The resulting Cu and Nb specimens were essentially perfect from
the standpoint of Borrmann topography and exhibited near intrinsic
Bragg diffraction widths. The Cu starting materia! was 99.999% pure.
The predominate impurities in the Nb starting material were C, 0, Ta
and W, all at concentrations of 50 wt. pp: or less. The results of
residual gas analysis by the vacuum fusion technique for H, N, and 0
in the Cu and Nb samples after polishing are shown in Table 1. Also
shown in Table 1 are the czncentrations of C, Ta, and W in the

annealed Nb as determined by chemical analysis.
Irradiation Technique

The high energy Be(d,n) neutron irradiations were carried out in
an open-ended aiuminum capsule with the samples separated by aluminum
spacer rings. Two Cu and two Nb specimens were mounter one behind
the other along the beam axis. Ni and Co dosimetry foils were placed
before and after the sample capsule and the neutron fluence decreased
approximately 13% from the first to last sample. The details of the
dosimetry have been described elsewhere.® The irradiations were
carried out at room temperature on a continuous basis over a period
of 30 hrs. with a total spectrum dose of 2.0 x 1017n/cm? at the

center of the first sample.

The fission reactor irradiations were preformed at the CP-15
facility of the Solid State Division's bulk shielding reactor. The
neutron flux and energy spectrum at the CP-15 position has been
carefully measured!? over the range from 0.6 to 3 MeV and is very
similar to a pure fission spectrum. For our fluence and damage
energy calculations we have assumed such a neutron distribution.
This pure fission neutron spectrum can be compared with the Be{d,n)

spectrum in Fig. 1. The fission reactor irradiations were carried out
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Table 1. Impurity Analysis of Cu and Nb Samples

(wt. ppm) H c N 0 Ta W
Cu 30 - <5 10 - -
Nb <5 50 10 50 50 15

at 43°C in a pressurized He-cooled vessel. The total fluences were
1.0 x 1018 and 5.0 x 10'7n/cm? (E > 0.1 MeV) respectively for the Cu
and Nb samples. Following both the high energy and fission neutron
irradiations, the samples were allowed to decay for approximately two
months and then lightly polished using the techniques described above

to remove any surface contamination.
TEM Measurements

Transmission electron microscopy measurements were carried out

on both the Nb and Cu crystals using a Hitachi 200 keV electron
microscope. The TEM samples were prepared by conventional electro-
polishing techniques. Ffor the Be(d,n) irradiations, the samﬁles were
cut from the high-fluence center region of the crystals. High resolu-
tion weak beam (dark field), higher order diffraction (3g), and cdn—
ventional bright and dark field microscopy were used to determine the
size distributions of defect clusters which were present in the form
of dis!ocaiion 1oops. Sémplegthicknésses were determined by stereo-

microscopy.
X-ray Measurements

iThe radjation-induced defects in the Cu crystals were also
‘characterized using x-ray diffuse scattering. These ﬁeasurements
involved collecting the total difiracted intensity into a wide open
detector as a function of deviation from thz Bragg angle. Care was
taken to insure that the measurements corresponded to the high-fluence

center region of the Be(d,n) Irradiated crystals. Intensity vs. angle

5
W
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curves about the (111) and (222) reflections were measured both

before and after irradiation. The difference in the curves represents
the diffuse scattering from the defects themselves and was interpreted
using a computed program developed by B. C. Larson.l! The computer
technique uses a least-squares fitting procedure to obtain a size
distribution from the scattering data for the loop-type defect
clusters. For Cu we have assumed loops on (111) planes with (110)
Burgers vectors. Efforts to measure the diffuse scattering from Nb
were unsuccessful due to the low retained defect density and high

background associated with the Nb samples.
RESULTS AND DiSCUSSION

The results of our measurements of the retained defect clusters
in Be(d,n) and fission neutron irradiated Cu and Nb are summarized in
Figs. 3-6. In Fig. 3, bright field electronmicrographs are shown for
~15 MeV and fission neutron damage in Cu. The micrographs correspond
to doses of 2.0 x 10}7n/cm? and 1.0 x 1018n/cm2 (E > 0.1 MeV)
respectively for the 15 MeV and fission neutron irradiations. Loop
size distributions in Cu as determined by TEM and x-ray measurements
are compared in Fig. 4. These size distributions represent independ-
ent measurements with no adjustabie parameters. The absolute
agreement within about a factor of two between the TEM and x-ray
results is encouraging, but more important is the close agreemznt on
the relative effects of high energy and fission neutron irradiations

as determined independently by the two experimental techniques.

Micrographs for the high energy and fission neutron irradiations
in Nb are shown in Fig. 5. These micrographs correspond to doses of
1.8 x 1017n/cm? over the Be(d,n) spectrum and 5.0 x 1017n/cm?

(E > 0.1 MeV) for fission neutrons. Loop size distributions from TEM
measurements in Nb for both 15 MeV and fission‘neutron damage are -
shown in Fig. 6. The average loop size is much smaller for Nb than
Cu.
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General similarities between the retained damage from high
energy and fission neutron irradiations in both Cu and Nb are
apparent in the micrographs and size distributions of Figs. 3-6.
Further study will be required to determine whether or not some of
the small differences in the observed size distributions for 15 MeV
and fission damage are significant. The possible existence of
multiple defect clusters associated with the 15 MeV neutron
ircadiations was also investigated. Careful stereomicroscopy (both
weak beam and higher order diffraction techniques) revealed no

apparent indications of multiple clusters in either Cu or Nb.

In order to compare the Be(d,n) and fission neutron damage in
Nb. and Cu on an absolute basis, we have integrated the size distri-
bution curves of Figs. 4 and 6 to determine the retained point defect
densities. When adjusted for differences in fluence, these point
defect densities give a relative indication of the damage effective-
ness of the high energy and fission neutrons. Ratios of the damage
effectiveness of Be{d,n) neutrons in terms of fission neutrons as
determined from the experimentally observed point defect densities
are shown in Table 2. The ratios derived from the TEM and x-ray
measurements in Cu are in fairly good agreemeiit and indicate that
these independent techniques sample comparable aspects of the damage.
Also shown in the tabie are theoretical ratios based on the damage

energy calculations described above.

The agreement between theory and experiment in Table 2 is quite
remarkable and indicates that the damage effsctiveness of a Be(d,n)
neutron with a mean energy of 15 MeV is approximately 3 times grsater
than a fission neutron in Cu and Nb. Of course, the irradiations
were carried out near room temperature where annealing effects are
important while the damage energy calculations are appropriate for
low temperatures. MNevertheless, the good correlation between theory
and experiment for both Cu and Nb suggests that the annealing
characteristics of high energy and fission neutron damage are similar
and that differences in displacement cascade structure are not

striking.
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Tuble 2. Damage Effectiveness of Be(d,n)a Neutrons as
Compared with Fission Reactor Neutrons

Experiment Theory
Material Retained Damage Damage Energy
Be(d,n)/Fission Be{d,n)/Fission
Cu 3.3 (X-ray) 3.4
4.0 (TEM)
Nb 2.5 (TEM) 2,6

%Deuteron energy, 40 MeV.

SUMMARY AND CONCLUS{ONS

We have described ain experimental investigation of high energy

(E = 15 MeV) neutron damage in Cu and Nb. Both TEM and x=ray
measurements have been used to characterize the surviving loop-type
defect clusters in near room temperature irradiations using high
energy Be(d,n) neutrons as well as fission neutrons. The resulting
cluster size distributions have been compared for high energy and
fission neutrons and the defect densities correlated with detailed
damage energy calculations. We are led to the following conclusions:

1) The damage effectiveness of a Be(d,n) neutron with a mean
energy of 15 MeV is ~3 times that of a fission reactor
neutron in Cu and Nb. This result is supportad by both
experiment and theory.

2) There are general similarities in loop size distributions
for the high energy and fission neutron irradiations.
Additional studies are required to compare the size distri-
butions in detail.

3) There are no apparent indications for the existence of
muitiple defect clusters resulting from the high énergy

neutron irradiations in efther Cu or Nb.
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4} The deuteron-breakup reaction has proven to be a useful
technique for generating high energy neutrons for radiation
damage studies. We have shown that we can computationally
handle the broad energy spectrum of the neutron source and .
that the interpretation of the experimental results for Cu
and Nb is not- particularly complicated by the source

spectrum,

The overall results suggest similarities between high energy and
fission neutron radiation damage when compared using tke damage
energy concept. We are currently expanding our experiments and
calculations to include Al and Au to represent a broader range in
atomic species. Low temperature damage rate measurements are also
planned as a complement to our damage effectiveness results. In
addition, a detailed analysis of the nature of the defects produced
in the high energy and fission neutron irradiations is underway.
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ABSTRACT

The initial results of a comparative study of-the radi-
ation strengthening and damage structures produceé in Cu and
Nb by D-T fusion and fission reactor neutrons are described.
The radiation strengthening produced by a given fluence of
fusion neutrons above about 1017n/cm® is equal to that pro-
duced by a fluence of fission reactor neutrons (E >0.1 MeV)
ten times as great. This difference is about twice as large
as would be expected if the strengthening scaled with damage
energy or dpa. 1Initial transmission electron microscopy
observations of the damage structures in fusion and fission
reactor neutron irradiated copper indicate that the same type
of primary structural defects, vacancy and interstitial point
defect clusters and small dislocation loops with a/3 (111
and a/2 (110) Burgers vectors, are produced in both cases.
The difference in the radiation strengthening produced by
fusion and fission reactor neutrons in Cu appears to result
from a substantially greater rate of accumulation of damage,
in the form of point defect clusters, during irradiation with
fusion neutrons than during irradiation with fission reactor
neutrons plus a significant difference in the size and spatial
distributions of the damage clusters.

INTRODUCTION

The recent growth of interest in controlied thermonuclear reactor
(CTR) technology has generated considerable discussior of the effects of
14 MeV D~1 fusion neutron radiation damage on candidate structural

materials for fusion reactors.
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Because experimental facilities that can produce 14 MeV ncutron
fluxes and fluences comparable to those expected in a fusion reactor do
not exist ard appear unlikely tuv be developed in the near future, much of
the current effort is being directed toward theoretical predi;tionsﬁand
experimental simulations of D-T fusion damage effects. S

Theoretical studies have shown that the displacement damage
resulting from Frenkel pair generation produced by 14 MeV fusion neutions ’
in metals such as Cu and Nb skould be about 4 to 6 times as great as that ;
produced by the same fluence of fission reactor neutrons. kInspection of
(n,a) cross sections for different neutron energies indicates that the'

rate of internal helium generation could be a hundred to a thousand times

as great during fusion neutron irradiation as during irradiation with the
séme‘flux of fissicn neutrons. ’
Simulation experiments are'directed toward producing the same guanti-
ties of displacement damage, in torms of damage energy or displaeements )
per atom (dpa), expected from a given fluence of fusion neutroans by
irradiation with high-energy ions or fission reactor neutrons. Internal
helium quantities comparable to those expected from fusion neutron (n,a)
reactions are produced by alpha particle injection, (n,a) reactions in
certain materials using high thermal neutron fluxes or by the,radioactiue
decay of dissolved tritium. In most simulations the effecggiof damage“
generation rates and possible synergistic effects of damegé components are
ignored or estimated using classical kinetic and thermodynamic nodelé of . = ,
damage structure development. ’ lb )
Implicit in these simulation efforts is the‘assumption ‘that the
same processes ‘that dete*mine the nature and distribution of the resultant
damage structure and associated physical and mechanicai properties under: °
the simulation conditions are also dominant during radiation with fusion "

neutrons, and that at elevated temperatures and higher damage qtatee they ’

]

will produce the same effects. e v @ s

Clearly, one would like to establish tonfidente in thc ual d i; of

these simulations by comparing them  directly with the effect r,roduced

under equivalent conditions by high~f1uence3mg> 1020 nﬂtmz)'or‘fusion ) y -

o
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neutrons. However, because of the earlier mentioned limitations on fusion
neutron flux and fluence this does not appear to be possible in the fore-
seeable future.

Some insight into the credibility of some of the aspects of fission
reactor neutron simulations of fusion neutron radiation effects can be
gained by comparision of the structure and properties produced in a
material during irradiation over the fluences within the practical limi-
tation of the Rotating Target Neutron Source (RTNS) at the Lawrence

Livermore Laboratory.

Radiation damage experiments on the RTNS can be conducted on small
specimens over a wide range of temperatures and environmental conditions
in a D-T fusion neutron flux up to approximately 1012 n/cmz—sec and at
practical fluence levels up to 1018 n/cmz. These experiments, although
not generally useful for yielding engineering design data, can provide a
basic understanding of the nature and effects of fusion neutron damage
and increased confidence in the prediciions and simulations by other

sources of radiation damage.

In addition to providing specimens for direct vacuum fusicn mass
spectroscopy measurements of rates of helium generation irn metals and
alloys during fusion neutron irradiaticn, one can”also conduct studies to
verify the theoretically predicted ratios of displacement damage rates
produced by fusion and fission reactor neutrons. Direct comparisons of
the resultant physical and mechanical property changes produced during
fusion and fis<ion reactor neutron irradiation can be made to determine
the validity of the damage energy or dpa criterion for property change

simulation.

Finally, an evaluation of the resultant damage structures can be
made to assess any differences in the nature, quantities, and distri-
bution of the damage in fusion and fission reactor neutron irradiated
materials and tu dcetermine if the same or different processes are domi-

nant in determiring the resultant structures.

s
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The work descriBed in this paper examines and compares the effect
of fusion and fission reactor neutron irradiations on the tensile yield
strength'and resultant displacement damage structures 1n copper and

niobium. |

EXPERTIMENTAL PROCEDURE

Sampie Preparation

Small ténsile samples of Cu and Kb of dimensions shown in Figure 1
were machined\trom 0.5 mm (0.0go—inch) thick cold—rdlled sheet stock fiom
LLL stores ahd'krom higher purity material purchased from MRC and Cominco?t,

The chemical angﬂyses of these materials are shown in Table 1.

The Nb tensile samples were annealed for 1 hour at 1200°C in 0.13
-9
uPa (=10

mwPa (10'-5 torr) vacuum. These times and temperitures were used to obtain

torr) vacuum and the Cu samples for 1 hour at 600°C in ~1.3

grain sizes that would give at least 10 grains over the 0.5 mm (0.020-
inch) thickness to insure reproducible polycrystallihe tensile behavior.
Representative photos of the annealed grain structure are shown in

Figures 2 and 3.

The tensile samples were then encapsulated for irradiation in the
Rotating Target Neutron Source (RTINS} and the Livermore Pool Type Reactor
(LPTR) as described in the next section.

Irradiation Facilities, Neutron Spectra, Dosimetry,

Encapsulation, and Temperature Control

A. Rotating Target Neutron Source (RTNS)

The RTNS has been described in detail elsewherel_s. Essentially,
it consists of an accelerator which produces a beam of 400 keV deuterons
and a tritium-loaded titanium target in which fusion reactions take
place and from which neutrons are emitted. The actual neutron-emitting
region of the target can be approximated as a disc with a diameter of
about one centimeter and negligible thickness. The small size of the
tensile samples was dictated in part by the size of this target disc and
the fact ttat the neutrons are emitted nearly isotropically in the
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laboratory coordinate system.uwﬁich leads to a rapid decrease of the flux
with distance away from the sﬂurce.

1

The energy of a neutron\elitted by a DT fu:lnn ncccltrator source
depends on the energy of the deu:eron at the time it enters 1nto the
reaction and the angle between the path of the incoming deuteron and the

11 .
Tahle 1. Chemical Aﬁalylel of Impurity Elements
“in Copper and Interstitial Impurities in Niobium

COPPER
LLL Stores Grade ; Cominco
Element:
Fe 300 ppm 400 ppm
Si 100 ppm 150 ppm
Mg 4 ppm 10 ppm
Ag 50 ppm 2 ppm
Ca 25 ppm 2 ppm ‘ -
Co <10 ppm <10 ppm
Ni 5 ppm <3 ppm
Al <3 ppm <3 ppm .
Be 30 ppm <l ppm
;
NIORT'™
LLL S;ores Crade Cominco
c 15 15 ppm
208 Aoyﬁpn

N 70 5 ppm

path of the emitted neutron. In the RTNS, the target is thicker than the
deuteron range, so that the deuteron energy at the time of resction can
lie between 400 keV and 15 keV of less. Because of this spread in
deuteron energies, the neutrons emitted in tlie forward direction can have
energies between 14.0 and 15.6 MeV, according to calculations involving
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conservation of cvnerygy and nnuuntuuﬁ. There is also a range in the angle
between the deuteron beam and the paths uf neutrons which can wtrike phet
sanple, bacause af the fintte dimennionx of the ncﬁtron source and the
saxple and the small spaciog between them. (The spacing vas kept swmall

to maximize the flux.)  The spread In neutron energy introduced by this
effect inylesn than that arixing from the apread in deuteron energy.
Account must also be taken of neutron scattering by that portion of the
target backing matertal, cooling water, water apreader, and catch cage
which lies between the source and sample. It is estlmated that ahout 5
percent of the neutroas {nteract with these nnter!at*. the majority losing
only a small amount of energy. Since severail wamplex were stacked,
account must be taken of acutron xcattering by the samples located near
the sample in question. This iy not considered o be a serioun problem

in the present experiments, however, bocausc the total thickness (13 s
maximum) war less than the mean-free path of the neutruns (40 mm in Cu,

45 mn in Nb). Neutron scattering by materials at inrger distancex from
the target (e.g. water ahielding) doex net have a uikn!!icunt eifect on
the fast neutron spectrum at a sample placed close in because of the rapid

decreane of the primary flux with distance from the target.

Because of the reiazively sharp nature of thix neutron spectrum, it
has not heen posalble to characterize frs shape by either threshold foll
activation or neutron time-of~-flipght seasurements. The most fruitful
approach would appear to be a caleculation based upon measured crosx
sections, denteron energy lexs rates, trisium distribution with depth in
the targel, and the source-sample geometry. This has not been done rigor-
oualy for ché present experiment, but an indication of the general nature
of the shape can be obtained from the caiculations af-Seagravcs. He found
that for 400 keV duute;ons on & thick tritiated titanium target, the peak
in the neutron spectrum in the forward direction (0°) occurs atr abour 14.8
MeV, and the mean value i{s about 15.0 MeV. Taking account of the source-
sanple geometry in these ezperiments, we estimate that the mean neutron

energy on the gauge sectionk was between 14.8 and 15.0 HeV.
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The dostéctry for the RINS irradiations was accomplished by ‘neutron
activatlon and gamma ray counting of niobihn foils. The folls were 0.1l4-
mn thick, cut to the same shape &6 the tensile specimens, and stacked with
them so that each tensile specimen was sandwiched between two dosimetry
foils., The dose rate during the i;radiations was monitored using proton
recoll counters, and these data vere used to correct for decay. Only the
part: of the fells corrvesponding to the gauge sections on the specimens
wvere welghed and counted, so that the fluences represent average values
over the gauge sectlons. The reactinﬁ”qsed was 93Nb(n. 2n)9zuNb. This .
reacstion has a threshold at about § ¥ey', and the excitation function is
relatively flat in the encrgy reglor of {nterest. The crose section value
uned was 458 millibarns, based upon the measurements of Nethauay’. The

dosimetry technlque has been 2escribed by Van Konynenburgs.

The {luence values shown are the mean values of the fluences calcu-
lated for the dowimetry foils {n front and in back of each sample. The
abrolute accuracy of the mean fluences i3 :7.35%. Relative acéuracy
between any two mean flucnces is *2%.  The variation of fluence across
the thickness of the samplex was :12% of the mean value in the worst cases.
The maximum variation of fluence along the length of the gauge section s
estimated to be less than 2121 of the mean value for all specimens.

For the room temperature irradfations, thr tensile specimens and
dosimetry folls were stacked in small epoxy-fiberglass laminate sample
holders, and held in place with thin mylar film at front &and back. These
trradfations were performed in air at about 25°C. Nuclear heating is not
significan; with this source because the gamma ray flux f{s quite small.
The neutrons are not very effective in heating, as well as having a rela-
tively low flux themselves. This was verified by irradiating a foil
mounted in the same way, with a thermccouple spot-welded to its center.
The temporature rose less than 3°C when the accelerator was operated.
This may have been due {n. part to a rise in target cooling water tempera-

ture, since the foil was @resscd against the back of the water catch cage.

The irradfation ét 210°C was accompiished by enclosing the samples
and dosimetry foils in a Pt capsule and heating them from behind with a
spot heater (Research, In¢.). The Pt capsule was made of 0.75 mm-thick
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material, and contained a Pt insert having a slot which conformed to the
shape of the specimens. ‘This insert served as a heat sink ‘to insure
temperature uniformity, gave protection against“deformation of the samples,
and reduced dead space inside the capsule. The capsule wés evacuated to a
pressure of about 13 mPa (10-4 torr) and electron beam welded shut, It

was cooled by large copper blocks during the welding operation.

Chromel-alumel thermocouples were spot-welded to the capsule at the
side and in the center on iiie front. The capsule was mounied in an insu-~
lator made of firebrick and attached to the front of the spot heater. The
front of the capsule was insulated with a l-mm thick layer of Fiberfrax
{3M Co.). The spot heater consists essentially of a tungsten quartz
iodide light bulb and an ellipsoidal Al reflector. The bulb was placed
-at one focus and the capsule at the other. Temperature control was accom-
plished by use of a current-adjusting type controller and a silicon-
contreoiled rectifier power supply which drove the lamp. Temperature was
controlled to within *5°C during the irradiations. The front of the cap-
sule was measured to be at a temperature of 196°C, and the side at 210°C.
The capsule was opened by removing the welded bead using a hand shears.

Care was taken not to deform the specimens during this operation.

B. Livermore Pool Type Reactor (LPTR)

The LPTR has been described recentlyg. It is a 3 MW heterogeneous
tank~type pool research reactor. It is light-water moderated and cooled,
beryllium and graphite reflected. It has MTR-type fuel elements, composed
of aluminum and enriched uranium. The tensile specimens were irradiated
in positions E-1 and E~7 of the reactor cocre. These positions are located
at the northwest and southwest edges of the core, respectively, in the
beryllium reflector, adjacent to a large graphite thermal column. Posi-
tions E-1 and E-~7 have essentially identical enviromnments, from the

standpoint of geometry and surrounding materials.

The neutron specira in these positions have been evaluated by
Griffithlo, using multiple feil activation and iterative fitting. The
cross sections used in this analysis were taken from McElroy, et al.ll

and from the LLL Evaluated Neutron Pata Library. In making the fit, the
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lower energy limit was set at 0.025 eV. The main features of these
spectra are the fission component above about 10'-2 MeV and the thermal

component below about 1 eV.

In order to minimize thermal neutron activation of the samples,
they were surrounded by 0.5-mm thick Cd foil during all LPTR irradiations.
It was assumed that the change in the relative shape of the spectrum
caused by the Cd can be determined by multiplying the contribution in
each energy group by the attenuation averaged over the group as calcu-
lated from the Cd cross section. The resulting differential spectra are
shown in Figure 4, and the integral spectra in Figure 5. The RTINS spectra
are shown for comparison. The LPTR spectra were used to obtain spectrum-
averaged cross sections for the reaction 5t'l-‘e(n,;>)5[°Mx-x, as described by
Serpan and Menkelz. Iron foils were placed next c¢o the tensile samples
inside the Cd liner on each run. The absolute fluence values were ob-
tained using the spectrum-averaged cross sections. This procedure ac-
counts for the fact that the Cd lowers the fission rate in the vicinity
of the test position relative to the rest of the core. The spectrum-
averaged cross sectiors are shown in Table 2. Ffor comparison, values
are shown for position C-53 of the Low Intensity Test Reactor (LITR)
(shut down in 1968) and position W-44 of the Brookhaven Graphite Reactor

(BGR) {shut down in 19%69) from the compilation of Serpan and Henkelz. The

Table 2.

LOWER ENERGY SPECTRUM-AVERAGED CROSS SECTIONS (mb)
LIMIT (MeV) BGR W~44:¢ LPTR E~-1 LITR C-54%<
»1 69.7 84.8 87.5
>0.1 22.2 28.3 44,6

observation that the present results fall between the others listed is
consistent with the fact that the moderation and reflecting material used
in the LPTR is a combination of light water and Be as in the LITR, and
graphite as in the BGR.
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The fluence values determined in this way have an estimated overall
uncertainty of *15% for the >1 MeV values and +30% for the lower threshold
values., It is felt thet the fluence variation over the gauge sections of
the LPTR samples was much less than that over the RTINS samples, because
of the volume nature of the neutron source.

As already mentioned, the samples were enclosed in Cd-lined alur inum
cans for the irradiation. The cans were cold-welded shut in onc atmos-
phere of air and were vacuum tight. For the 210°C irradiations, the
semples were wrapped in Al foil and inserted into the can with little
contact with the sides. For the 65°C irradiations, the samples were
lightly pressed against a semi-cylinder-shaped Al block, inside the can,
using a small spring. The improved thermal contact enabled more efficient
heat transfer to the reactor cooling water, which was maintained at 40°C.
The temperatures were measured by attaching thermocouples to dummy samples
which were irradiated under the same conditions as the actual samples.

The temperatures are believed to be accurate to :10°C. The capsules were

opened with a can opener, taking care not to deform the samples.
Tensile Tests

After irradiation and dosimetry measurements were completed the
samples were mounted in tensile grips in a specially designed jig to in-
sure against deformation during handling, and tested in an Instron
testing machine at about 25°C and a crosshead rate of 0.05 mm/min
(0.002 inch/min). Most tests were stopped after about 1 to 2 percent
tensile strain so that subsequent TFM observations of the radiation
damage structures in the gauge sections would not be obscured by dislo~
cations produced by deformation. The 0.2 percent offset yield stress

was determined using the Instron crosshead motion as the sample extension.
TEM STUDIES

Transmission electron microscopy studies of the radiation damage
structures in the gauge sections of the tensile samples are being carried
oug to compare the nature and distribution of the damage as a function of

neutron fluence for the fusion and f£ission reactor neutron irradiations.
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Thin foils were prepared by slicing the 0.5 mm (0.020-inch) thick
gauge sections into two halves approximately 0.2 mm (0.008-inch) thick
with a diamond saw. Circular disks 3 mm in diameter were punched or
spark cut from these gauge section strips and jet thinned using a 25%
concentrated phosphoric acid, 38% distilled water, and 37% ethyl alcohol
electrolyte. Structural examinations were carried out on a JEM 100B

microscope.

Analysis of the nature of the primary structural defects, i.e.,
point defect clusters and small dislocation loops, was performed using
a new TEM technique called 2-1/2-D. The description of this technique
and its application to studies of point defect clusters is in publi-
cation13 and will be briefly described here.

The 2-1/2-D technique utilizes the shifts in dark-field diffraction
contrast images produced by off-optical-axis-diffracted beams, when the
objective lens is defocused. As shown in the schematic diagram in Figure
6, when a structural feature in a thin foil is imaged by a diffracted
beam that makes an angie a with the optical axis of the microscope, and
the objective lens is over-focused by lowering the plane of focus rela-
tive to the sample position an over-focus distance AD, thz image positinn
is shifred parallel to the operating reciprocal lattice vector by an

amournt
y = ADa = ADAg (1)

where 2 is the electron wave length, g is the distance in reciprocal
space of the diffracted beam from the optical axis, and AD is positive

for over-focusing and negative for under-focusing.

If two photographs of the dark field image are taken at focus
settings differing by AD, the shift y of the image between the photographs,
produced by the off-axis diffracted beam g, causes an artificial parallax
that gives the image a depth position when the photographs are viewed in

stereo.

When two structural features Fl and F2 are simultaneously imaged
under high resolution, dark-field conditions, with diffracted beams g,
and 8y which make angles oy and a, with the optical axis of the
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microscope as illustrated in Figure 7, and two photogrzjyhs are taken at
objective lens focus settings differing by AD, a relative parallax shift
of the images will be produced given by
. . s (2)
Ly = ¥3 = ¥y = M)(a2 - “1) = ADA(32 - gl) = ADAAG
This relative parallax shift will produce a difference P in depth position
of the images of F1 and F2 when the photographs are viewed in stereo,
given by .

P = May (3)

where M is the overall magnification of the ﬁh(tcgraphs.

The difference in stereo depth of the two images of F1 and F2 is
determined only by #Ag or by the difference in spacing or orientation of
the diffracting lattice planes and not by the actual positions of Fl and
F‘)
dImensional spatial distribution of the features, but neither is it two-

in the foil. Consequently. the stereo view is not a true three-

dimensional; hence the term 2-1/2-dimensional.

If the two photeographs taken at different focus settings are
arranged in a stereo viewer with the photograph that is relatively over-
focused on the right and the diffraction pattern is as shown in Figure 8a,
the image corresponding to the shorter g vector, in this case By> will
appear in stereo to be atove the image corresponding to the longer vector
8ye In this viewing orientaticen the parallax is causeé only by Ags or by
differences 1n the spacing of the diffracting lattice planes of features
F1 and Fz, where in this case Fl would have a larger lattice spacing than
F2. ;
in Figure 8b, the image of feature Fl will again appear to be above the

If the photographs are rotated 90 degrees clockwise as illustrated

image of F2 in stereo. 1In this case the parallax is produced only by
Agr or by the difference in rotational orientation of the diffracting

planes of features F1 and F2.

Application of the 2-1/2-D technique to analvsis of point defect
clusters is seen by considering an in-focus high-resclution, dark-field
micrograph of vacancy and self-interstitial clusters imagéd with the

[h¥1] matrix g vector. The local elastic strains near point defect
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clusters produce bending and changes in interplanar spacing of the (hk1)
planes as illustrated In Figure 9. Near the interstitial cluster the
elastic distortion decreases the (hkl) plane spacing to a value Ekhkl)i
and the vacancy clusters cause a local increase in (hkl) plane spacing

The g vectors corresponding to (hkl) plane diffraction near

to d(hkl)v' n P
the vacancy and interstitial clusters g(hkl)v and g(hkl)i are slightly

shorter and longer, respectively, than the g(hkl) vector for the undis-
torted matrix as shown at the bottom of Figure 9. There is actually a
gradient in strain near the clusters and a range of g vectors corres-
ponding to different strains at different points in the matrix. When
considering the largest g vector value corresponding to the maximum
parallax shift of the defocused dark field image, a large enough volume
of material must be involved to diffract enough electrons to produce an
observable dark-field image. Figure 10 shows the (220) plane strain
gradients at several radii normal to a 4 nm (40 Z)-diameter Frank vacancy
loop lying on a (110) plane in niobium. Thess strains were calculated
using the isotropic finite elastic displacement field formulations of
KroupalA and Ohrls. Consider the volumes of material marked A to E in
Figure 10. When the image of the Frank:loop 1s defocused, the images

of the volumes A to D that are within about 1 nm (10 A) of the loop
plane, will shift different amounts proportional to the corresponding
strain as illustrated in the figure. These volumes are so small that
they alone will not diffract enough electrons to produce observable de-
focused images. At distances greater than about 1 nm (10 A) from the loop
plane, most of the distorted matrix volume marked E in Figure 10, has
about the same strain (= 4 percent) and will shift the same amount and
produce an observable defocused image. Thus, the largest observable
image shift for a given lens defocus 1s expected to correspond to about
4 percent (220) plane straiu. This strain has been found to be in good
agreement with the values obtained from parallax measurements of 2-1/2-D
sterec images of this orientation of Frank loops in niobiuml3. The g

vector values corresponding to this maximum parallax shiit are designated

B(nk1)v 2™ B(hriyi



I1-188

a. Lattice strain

ol
7
P

Diffraction
pattern

< O Stereo viewer O)
b. Lattice

orientation

Fig. 8. Stereo Setup for 2-1/2-D Viewing.

(hk1)

1 e ]
S Tar T
Objective aperature

[(20]
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and Interstitial Point Defect Clusters or Dislocation Loops.
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If a second photograph is taken of the point defect clusters under
the same diffraction conditions as the in~focus high-resolution dark-
field photograph with the objective lens over-focused by AD, the images
of the vacancy and interstitial clusters will shift parallel to the
operating g(hkl) vector in opposite directions relative to their positions

in the in-focus photograph by amounts

- - ‘ - - 4)
Vi = BMDAGyagyy T Behir)) T ADAE
Yy = ADA(E(hkl)v - Bepi)) = ADME 5)
giving a net parallax difference
Ayiv =y, -y, = ADR(Agi - Agv) = ADAAgiv (6)
and a depth difference in stereo of
Piv = MAyiv M

When the ir-focus and over-focused photographs of the point defect
clusters are viewed in stereo with the over-focused photograph on the
right and the operating matrix g(hkl) vector directed to the right, the
vacancy clusters will appear to be in a depth zone which lies above
another depth zone containing interstitial clusters as illustrated in
Figure 11. When the photographs are reversed or individually rotated 180
degrees, the interstitial clusters will appear to be above the vacancy
clusters. If the undistorted matrix is imaged by the (hkl) diffracted
beam, it can be used as a reference plane, and the stereo depths of the
interstitial and vacancy clusters relative to this plane are given by
Equations (4) and (5). The position of a cluster within a depth zone

will depend on the orientat:ion and magnitude of its Burgers vector.

The reciprocal lattice point corresponding to the locally distorted
(hkl) planes near the point defect clusters is shown schematically in
Figure 12 and consists of two cones. Under weak beam conditions where
the surface of the Ewald sphere is deviated far from the Thk1] spot, the
in-focus images of the clusters will be relatively small and will result
from diffraction from the more highly strained and bent (hkl) lattice
planes. Under these conditions the out-of-focus images will be quite
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similar to the in-focus images, except for a little loss of resolution.
The stereo images will be small, relatively sharp images that stand above
and below the position where the matrix image would be asillustrated in
Figure 12. Under stronger diffracted beam conditions, the in-focus images
are broader and encompass a larger gradient of strain. The out-of-focus
images are elongated in the direction of the g(hkl) vector and the stereo
images will appear as tilted plates as shown in Figure 12.

EXPERIMENTAL RESULTS
Radiation Strengthening

The increase in 0.2 percent offset yield stress results are shown
vs. neutron fluence in Figures 13 and 14 for Cu and Nb, respectively.
Figure 13 shows data for an irradition temperature of 210°C for both
neutron spectra and for LPTR irradiations at 65°C and RINS irradiations
at 25°C. Figure 1% shows XNb data for LPTR irradiations at 65°C and RTNS
irradiations at 25°C. The increase in yield stress observed for the Cu
for a given neutron fluence was independent of the initial material
state. In other words, the stores grade Cu had a higher unirradiated
yield strength than the Cominco material, but exhibited the same increase
in yield stress for a given neutron fluence. The data for the Nb compares
fusion neutron irradiated MRC material with fission reactor neutron irra-
diated LLL stores grade material. LPTR irradiations of the MRC Nb are in
progress. The only significant difference between the MRC and LLL stores
grade Nb is the higher interstitial content in the latter (see Table 1).
Loomis and Gerber16 have shown that higher concentrations of oxygen im-
purity significantly increase the radiation strengthening of fission
reactor neutron-irradiated Nb. Consequently, the difference in radiation
strengthening of the fusion neutron irradiated MRC Nb and the fission
reactor neutron-irradiated LLL stores Nb in Figure 14 must be considered

less than the difference that would be observed for irradiations of the
same material.
It is apparent from these plots that fusion neutrons are considera-

bly more effective than fission reactor neutrons in strengthening both

Cu and Nb. If we compare the fusion neutron irradiation of Cu at 25°C
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with the fission reactor neutron irradiation at 65°C, we find that about
20 times as great a fluence of fission reactor neutrons (E >0.5 eV) is
required to produce the same strengthening, for fusion neutron fluences
above about 1017n/cm2. If the fission reactor neutron fluence is
expressed in terms of E>0.1 MeV, this ratio reduces to 10. In Nb the
fluence ratios are about 17 for E>0.5 eV and 9 for E>0.1 MeV. The radia~
tion strengthening of the Cu samples are slightly greater than that of
the Nb for both the fusion neutron irradiations at 25°C and the fission
reactor neutron irradiations at 65°C. It should be noted that it is not
certain what effect the 40°C difference in RTNS and LPTR irradiation
temperatures had on the above results. Experiments are in progress to
determine the radiation strengthening at the same temperature of 210 C.
This temperature was selected because it is relatively easy to obtain in
both neutron sources. Only a limited amount of data are available at the
present time on the strengthening of Cu by fusion neutroms at 210°C, and
an unequivocal comparison of the fusion and fission reactor neutrons at
this temperature cannot be made. The radiation strengthening produced
in Cu by fission reactor neutrons at 210°C is significantly less tham at
65°C. This decrease is associated with the effect of temperature on the
resultant damage structure and will be described later in the section on
structure observations.

Fer Cu at 210°C and the fusion neutron fluences so far attained
&6 to 9 x 1016n/cm2), it can be seen that the ratio of fission reactor
neutron to fusion neutron flueﬁces required to produce the same strength-
ening is about the same as for the lower temperatures. This is particu-
larly significant in view of the fact that the 210°C fusion neutron irra-
diated samples were held at temperature for 80 hours, while the 210°C
fission reactor neutron irradiated samples exhibiting the same strength-
ening were held at temperature only 8 hours. (This resultEdAfrom dif~
ferences in flux between the LPTR and RTNS. Even though the LPTR samples
received a greater fluence, the time required for the same strengthening
was shorter.) Because of this, wmore annealing of the damage structure
would be expected to have occurred during the fusion neutron irradiation
then during the fission reactor neutron irradiation at 210°C. Since the

observed ratio was still the same, this suggests that for equal fluxes
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at more elevated temperatures, the ratio would be as great or very possi-

bly greater than the ratio cbserved at the temperatures in Figure 13.

The radiation strengthening results in Figures 13 and 14 are re-
plotted in Figures 15 and 16 versus damage energy. These plozs indicate
that at the lower damage states, the radiation strengthening produced by
fusion and fission reactor neutrons is approximately equal . on a damage
energy basis. However, at the higher damage states the szfengthening
for a given amount of displacement damage produced by fwsion neutrons
at 25°C is greater than the strengthening for the same amount of damage
energy for fission reactor neutrons at 65°C. The ratios of damage energy
for fission reactor neutrons to that for fusion neutrons for the same
increase in yield strength at the higher damage states is about 2.3 for
Cu and 1.6 for Nb. Again, the results at the higher damage states are
subject to some uncertainty because of the 40°C difference in irradiation

temperature.
Damage Structure Observations

A comprehensive transmission electron microscopy study of the
damage structures in the tensile samples used to generate the data in
Figures 13 and 14 is in progress and will be reported at a later date.
Some initial observations were made of the damage structure in Cu samples
irradiated with fusion neutrons to a iluence of 1.27 x 1017n/cm2 at 25°C
and with fission reactor neutrons to a fluence of approximately 3.0 x
1018n/cm2 (E>0.5 eV) at 65°C and 210 C. As can be seen in Figure 13,
the fusion neutron and 65°C fission reactor neutron irradiated samples
underwent about the same amount of strengtheﬁing while the 210°C fission
reactor neutron irradiated sample exhibited significantly less strength-
ening.

Bright~field electron micrograﬁhs of the radiation damage struc-
tures, which consist of point defect clusters and small dislocation loops,
are shown in Figures 17 through 19. It is apparent from these micro-
graphs that there are significant differences between the spatial distri-
butions of the damage clusters in the fusion neutron and fission reactor

neutron irradiated samples.
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Fig. 17. Bright-Field Transmission Electron Micrograph of Fusion
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65°C.
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Dark-field 3-D stereo pairs of the fusion neutron and 65°C fission
reactor neutron irradiated samples are shown in Figures 20 and 21. The
stereo pairs are arranged for viewing with portable or "pocket" stereo
viewers. As can be seen in the sterec view of Figure 20, the clusters
in the fusion neutron irradiated Cu are uniformly distributed throughout
the volume of the foil and range in size from about 1.5 to 10 nm (15 to
100 Z). A number of areas, some of which are shown circled in Figure
20, exhibit close-spaced groups of clusters similar to multiple clusters

previously observed in material irradiated with fusion neutronsl7’18’19

and high-energy ion*l3 20, 21. The multiple clusters are thought to be
produced from multiple cascades created by high-energy primary knock-on
events, Although many high-energy primary recoils (>400 keV) do occur
in the fusion neutron irradiated Cu, it is not certain whether all of
these cluster groups in Figure 20 are multiple clusters. Some of the
cluster groups may have resulted from cascade overlap at this fusion
neutron fluence. The clusters in the fission reactor neutron-irradiated
Cu (Figure 21) have a nonuniform cell-like distribution with cell walls
containing a relatively high density of clusters and cell interiors with
lower cluster densities. A number of glideédislocations produced during
the tensile tests have entangled themselves in the cell wall regions of
higher density clusters in the fission reactor neutron irradiated Cu
samples.

Ev .imates of the size-number densities of the clusters in Figures
20 and 21 are shown in Figure 22. The damage in'the cell wall regions
of the 65°C fission reactor neutron irradiated sample consists of a
relatively few large heterogeneously distributed clusters ranging in
size from about 7.5 to 20 nm (75 to 200 K) in diameter and a hlgher den-
51ty of smaller clusters about 1.5 to 7.5 nm (15 to 75 A) in diameter.
The interiors of the cells contain a iower density of the smaller clus-
tars. The clusters in the 210°C fission reactor neutron irradiated
sample have a distribution similar to that described for the 65°C irra-
diated sample except that there is an overall reduction in the small
cluster density and the larger clusters have grown into resolvable loops
20 to 50 nm (200 to 500 Z) in diameter. The number-density of observed

clusters in the fusion neutron irradiated sample is substantially greater

ame b
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Fig. 19. Bright-Field Transmission Electron Micrograph of Fission
Reactor Neutron Radiation Damage in Copper, ft = 2.51 x 10180 /cm ’
E>0.5 eV, 210°C.

7ig. 20. Dark-Field 3-L Stereonicrographs’of‘Fusion Neutron
Damage in Copper, Pt = 1.27 x 101/n/em?, 25°Cc, & = 001 ,g = [400].
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Fig. 21. Dark-Field 3~D Stereo Micrographs of Fission Reactor
Neutfon ?amage in Copper, #t = 3.3 x 10l n/cmz, F>0.5 eV, 65°C, 3 = [o01],
g = L400].
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than the cluster density in the cell irnteriors of the 65°C fission
reactor neutron irradiated sample and comparabie to the density in the
cell walls. Since the fusion neutron fluence was approximately one-~
tenth as large as the fission reactor neutron fluence (E>0.1 MeV), it
appears reasonable to conclude that the rate of accumulation of dis-
placement damage in the form of point defect clusters during irradiation
with fusion neutrous is significantly greater than that during irradia-
tion with fission reactor neutrons. This conclusion is in agreement with

the results of earlier studies of fusion neutron damage in Cul7, Nblg’

and Mozz.

Figures 23 and 24 are 2-1/2-D stereo pairs of the same areas of the
fusion and 65°C fission reactor neutron irradiated samples shown in
Figures 20 and 21. The micrographs are arranged so that in stereo the
vacancy clusters appear above the interstitial clusters. The 2-1/2-D
depth distributions of the clusters produced by the fusion and fission
reactor neutrons are the same and are shown in Figure 25. The depth
positions Va and Ia correspond to vacancy and interstitial clusters
with a/3 (111) Burgers vectors and the positions Vb and Ib to clusters
with a/2 (llO) Burgers vectors. Several clusters in Figures 23 and 24
are so indicated. These Burgers vectors are consistent with those
determined from the direction of the axes of the black-white lobes of
the dynamical images of the clusters, examples of which are shown in
Figures 26 and 27. It can be seen by iuspection of the 2-1/2-D stereo
view of Figure 24 that the majority of the smaller clusters (<7.5 nm
(75 X) in diameter) in the fission reactor neutron irradiated sample
are vacancy-type with predominantly a/f3 (lll) Burgers vectors while
nearly all of the larger clusters (>7.5 nm (75 X) in diameter) are inter-
stitial-type with many baving a/2 <11d> Burgers vectors. Inspection of
the 2-1/2-D stereo pair of the fusion neutron irradiated specimen (Figure
23) reveals that the interstitial clusters are randomly distributed among
the vacancy clusters. The largest clusters observed in this micrograph
are interstitial type, but in general the size distribution of the inter-
stitial clusters is similar to that of the wvacancy clusters.

The inhomogeneous distribution of the large interstitial clusters

in the fission reactor neutron-irradiated samples suggests that they
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Fig. 23. Dark-Field 2-1/2-D Stereo Micrograph of Fusion Reutron
Irradiated Copper of Fig. 20, 4D = 2um.
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Fig. 24, Dark-Field 2-1/2-D Stereo Micrographs of 65 C Fission
Reactor Neutron Irradiated Copper of Fig. 21, AD = 2um.
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Fig. 25. Stereo 2-1/2-D Depth Distribution of Cluster Images of
Fusion and Fission Reactor Neutron Irradiated Copper.
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Fig. 26. Dynamical Contrast Micrographs of Clusters in Fusion
Neutron Irradiated Copper.

Fig. 27. Dynamical Contrast Micrograph of Clusters in 65°C
Fission Reactor Neutron Irradiated Copper.
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formed by diffusion and coalescence of selfl-interstitials st hetero-
gencous siter §n the Co matrix. These cluaters then became preferential
sinks for interstitials subsequently produced in their vicinity, leaving
a locally higher concuntration of vacagcies which form the vacancy
clusters found at high density fo the cell wall region. The lower den-
sity of vacangy clusters in the coll interior results from the {ncreased
recombinat fon and annihdlatfon of Frenkel pairs in these relatively
interstitial-cluster-free regions. The development of the nonuniform
structure in the fission rcactor neutron {rradfated samples evidently
results from the long-range diffusion of self-intersticials to inter-
stitial cluster sinks and the shorter range diffusion and coalescence of
excess vacancies Into vacancy clusters. The more uniform discribution
of damage clusters in the fusion neutron irradiated ssmple indicates
either that at the lower irradiation temperature (25°C) the decreased dif-
fusion processes do net influence the structure development in the same
sav as fo the {ission reactor neutron irradiated sample (85°C) or that
there are some other fundamental differences, such as the spontaneous
creation of vacancy clusters from the high-energy displacement cascades
that determine the distribution of the clusters..

The results of these initial studies indicate that thers are sub-
stantial differences in the displacement damage structures and associ-
ated tensile properties produced in Cu and Nb by equal fluences of fusion
and fission reactor neutrons at temperatures up to about 200°C and fusion
neutron fluences up to about lolsn/cmz. Radiation strengthening differ-
ences appear to be about twice as large as those expected from the
differences in the amounts of displacement damage produc:d by the fusion
and fission reactor neutrons. TEM observations of the fusion and fission
‘reactor neutron irradiated Cu samples indicate that the damage structures
consist of the same kinds of primary structural defects, i.e., vacancwy
and interstitial point defect clusters and small Frank and prismatic
dislocation loops, but that the number-densities, size and snatial dis-
tributions of the defects are significantly different. These .1if-crences
appear to result from differences in the primary recoil spectra as
follows: Many high-energy cascades are produced during fusion neutron

irradiation, and they spontaneocusly create stable vacancy clusters and
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multiple clusters. The majority of clusters formed during fission reactor
neutron irradiation, on the other hand, appear to develop from the
diffusion-controlled coalescence of interstitials and excess vacancies.
The fraction of the displacement damage retained in the form of point
defect clusters appears to be greater during fusion neutron irradiation
than during fission reactor neutron irradiation primarily because of the
increased recombination of the diffusing vacancies and interstitials

during fission reactor neutron irradiation.
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COMBINED EFFECTS 0OF DISPLACEMENT DAMAGE AND
HIGH GAS CONTENT TH ALMINUM

K. Farrell and J. 7. Houston

Oak Ridge Naticnal Loboratory

Metals and Ceramics Division
P.0. Box X

Oak Ridge, Tennessee 37830

ABETRACT

A solid solution alloy of 2300 appm of ®Li isctope in
aluminum was neutron irradiated at about 0.36 Tm in highy
fast and thermal fluxes producing a damege level of 2 to
3 dpa and simultaneously inducing & ges content of about
2200 appm each of helium and tritium from burnup of bri.

The gases sigrnificantly increased the nucleation of
structural defects but did not change the degree of

swelling; cavity concentrations were increased 1000-fold,
ravity sizes were decreased V10~-fold and there was 10-fold
increase in the concentrations of disloeations. Also, large
cavities were developed on grain boundaries. The cavities
were consistent with their being gas-filled bubbles. The
refinement of damage structure by the gases caused a con-
siderable increase in radiaticn hardening., Bend tests at

77 and 296 K revealed severe embrittlement and intergranular
fracture. Comparison with data from material irradiated to
produce comparable gas levels but relatively little displace-
ment damage indicsates that premature intergranular failure

is much enhanced by the presence of a defect-hardened matrix.
Postirradiation annealing tests showed the cavity and dis-
location structures to have high resistance to annealing.
Annealing also encouraged the development of a secondary
population of large cavities believed to be associated with
migration and precipitation of tritium.

*Research sponsored by the Energy Research and Development
Administration under contract with Union Carbide Corporation.
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INTRODUCTION

The question "What will happen to damage structures and to mechanical
and physical properties of metals when significant displacemcnt demuge
and high gas generation rates {and levels) occur simultaneousliy?” is
especially pertinent to the conditions envisaged for the first wall of =
controlled thermonuclear reactor (CTR) operating on a D-T reaction. Here
the irradiation temperatures will be in the renge for void formation, and
the generation rates for helium and hydrogen from (n,a) and (n,r) reactions
will be much higher than thcse in existing fission reactors. ! Moreover,
further quantities of these gases will be introduced from the plasmi and
from the lithium brecder blanket. Congsurrently there will be hiph dis-
placement damage rates. There are no precedents for these conditicns
and no neutron facilities in which the effects of these conditions can be
determined explicitly. We have therefore done a simulation experiment to
examine some of the effects of displacement damage and nigh gas generation

rates in a simple material, high purity aluminum.
EXPERIMENTAL CONDITICHNS

High purity aluminum is not likely to be used to build a CTR but it
does have certain advantages for our simulation experiment. In the first
place it readily develops radiation damage structures consisting of the
usual loops, dislocations, voids and transmutation prcducts at low and
easily attainable neutron fluences.?™> Seccnd, it has a very high solid
solubility for lithium., We can therefore utilize the large cross-section
for the ®Li(n,a) reaction with thermal neutrons to produce significant
quantities of helium and the hydrogen isotope tritium. And these gases
will be created uniformly throughout the test specimens.

Our test material was a dilute alloy of high purity aluminum and
2300 appm (C.052 wt %) of 6Li isotope (added to the melt as a pellet of
98% 6Li + 2% 7Li). The composition of the alloy was analyzed by mass
spectroscopy for the 613 isotope. This alloy, together with unalloyed

base aluminum {(designated 6—9 Al for six nines purity) was processed to
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spectrum in the HFTH has both high thermal and fast
components, thus assuring that in the Al-Li slloy displacement damage
r1d high pas generation rates will osecur simultaneously. The conven-
tional thermal (2200 m/s or E < C.0%53 eV) flux on the specimens was

atout. & % 10!9 n/m?. The fast {E > 0.1 MeV) flux was about 9 x 1018 n/m?

equivalent to a displacement damage rate for aluminum of 1 to 2 x 1n-6 dpa/s.

The neutron fluences attained are shown in Table 1, the displacement
dumage levels being in the range 2 toc 3 dpa. The cross-section for the
51,1 {n,a) reaction with conventional thermal neutrons is 950 x 10 28 p2
Consequently, the Al-Li alloy suffered 95-99% burnup of 6Li, resulting
in estimated final helium and tritium levels in the region of 2200 appm
each. Such gas levels are of the order of those expected to be created
in the first wall of a CTR during 10 years of operation. In our experi-
ment they were attained in a period of only about 20 days. The dis-
placement damage rate is of the same order as that expected in a CTR
first wall material but the damage level is equivalent to only a few

weeks of CTR damage.
OBSERVATIONS
Hardness and Density Measurements

Hardness measurements were made at room temperature on ground and
polished specimens cut from the irradiated rods. A Kentron tester was

used with a diamond pyramid indentor and a load of 0.5 kg. The average
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Table 1. Irradiation Conditions, Hardness, and Swelling Values

Heutron Fluence

Erradlatlon (x 1025 n/m?) Eardness Swelling
Temperature (vPa) (%)
(K) el i

E < 0.0253 eV E > C.1 MeV

6~0 AL (FC) 0 0 137

A1-0.05 Li {FC) 0 0. 237

A1—-0.05 Li (WQ) 0 ) 196

=9 Al (FC) n328 5.3 2.2 (3 dpa) 382

A1-0.05 Li (FC) 328 5.3 2.2 (3 dpa) Qp2

A1—0.05 Li (WQ) 328 5.3 2.2 (3 dp=z) 863

60 A1 (FC) 348 3.3 1.5 (2 dpa) 2hs 0.64
41-0.05 Li {FC) ~348 3.4 1.4 (2 dpa) Th5 0.56/0.79
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hardness values from three indentations fcr each data point are given in
Table 1. The Al-Li alloy displayed considerably greater irradiation
hardening than did the 69 Al.

Densities (p) were measured by Archimedes' displacement on Just two
of the rods. The degree of swelling, S = lQQLQgT:LQi23 where the
subseripts u and i denote unirradiasted and irradiated conditions, is
about equal at 0.6% (Teble 1) for the pure aluminum and for the Al-Li
alloy. The two values of swelling quoted for the Al-Li alloy depend on
whether we use the density of Al-Li alloy or of pure aluminum, respec-
tively, for the unirradiated reference material. The use of the density
of pure aluminum in this respect allows for the change in composition

caused by burnup of 6ri.
Embrittlement

Mechanical testing consisted of bending the rods between two pairs
of hand-held pliers in sir at room temperature (296 K) and in ligquid
nitrogen (77 K). At both temperatures the unirradiated materials and
" the irradiated 6—9 Al could be bent through a full circle without
failure, The irradiated Al-Li alloy snapped cleanly with an audible
crack and with no measurable bend angle; more force was needed to cause
fracture n liquid nitrogen. At both temperatures the fracture path in
the irradiated Al-Li alloy was wholly intergranular (Fig. la).

Examination of the fracture surfaces of the irradiated Al-Li alloy
using scanning electron microscopy and, for better resolution, carbon
replicas revealed the boundaries to be riddled with cavities (Fié. 1b,c,d).
Fracture occurred by ductile tearing of the grain boundary areas between
the cavities. The scale of this duetile tearing was smaller in specimens
tested in liquid nitrogen. The shapes and concentrations of cavities
varied widely from one grazin boundary to another. The photographs in
Fig. 1 were selected to show the range of cavitation. Measurements of
the cavities indicated that they covered up to 90% of the grain boundary
area on some of the fracture facets. On other facéts the cavities were
relatively small and they covered as little as 10% of the grsin boundary

area., Typically, the coverage was 50% or more. Frequently the cavities
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Fig. 1. Tntergranular Fracture in Al-Li Alloy Irrsdisted at 348 X
and Bend Tested at 296 ¥ (a,b,c) and 77 K (d).
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were interconnected and it was difficult to distinguish individual
cavities. Rough measurements indicated that there were at least

1012 cavities/m? of grain boundary. If these are assumed to be spherical
then the size of cavity required to touch one another and give almost
complete grain boundary coverage is just 1 ym. This is quite compatible
with the observations. These grain boundary cavities did not result from

the mechanical testing. They were created during neutron irradiation.
Microstructures

Disks were cut from untested, irradiated rods and were thinned for
transmission electron microscopy. The grain size was large, 0.6 mm, and
the grain boundaries in the Al.Li alloy tended to be gouged out during
electropolishing. The few boundaries that we did masnage to retain in
thinned areas of the Al-Li alloy are considered to be the better
boundaries {i.e., those with the smallest cavities). Two of these are
shown in Fig. 2. On such boundaries the cavity sizes ranged from about
15 to LOD nm diam, with concentrations of about 1013/m2 of grain toundary
area.

There were many tiny cavities within the grains in the Al-Li alloy.
These are barely visible in Fig. 2 but can be seen more clearly in
Figs. 3b and Ub. Also evident in Fig. 3b is a defect-fres zone on each
side of the grain boundary. Examination of several grain boundaries
indicated that the width of this denuded zone was about equal to the
diameter of the largést cavity visible on the boundary.

In the irradiated 6~9 Al there were no cavities on grain boundaries
(Fig. 3a) and the denuded regions at the grain boundaries were a factor
of 3 or more wider than those in the Al-Li alloy, The cavities within
the grains were very much larger and of much lower concentrations than
the cavities within the grains of the irradiated Al-Li alloy. Precipitate
particles of silicon, a solid transmutation product of alu}ninum,6 were
present on grain boundaries and on cavities in the 6~9 Al but none was

observed in the Al-Li alloy.
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Large Cavities on Grain Boundaries

0.25 ym

)

in Al-Li Alloy Irradisted



I1-217

ig. 3. Differences in Grain Boundary Denuded Regions and Matrix
Cavities After Irradiation at 3%8 K. (a) Pure aluminum. (b) Al-Li alloy.
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Dislocation concentrations were higher in the Al-Li alloy and were
arranged in a uniform configuration as shown in Fig. la. There was no
discernible association of the dislucations with the numerous, small
matrix cavities that can be seen more clearly in Fig. 4b. Quantitative
analysis of the microstructures of the irradiated specimens are presented
in Table 2. The measured cavity concentrations in the Al-Li alloy are
believed to be somewhat low because of significant overlapping of cavity
imeges and because there probably were cavities present whose sizes fell

below our resolution limit of about 3 nm.
Annealing Experiments

The microstructures in the irradiated Al-Li alloy were found to have
much greater resistance to annealing than those in the irradiated 6—9 Al.
Disks about I mm thick were cut from each material and were annealed for
1 h in air at temperatures of 573, €73, and 773 K. During 1 h &t 573 K
all cavities and dislocations completely disappeared in the 69 Al and the
silicon precipitate coarsened. In the Al-Li alloy the dislocation
structure and the small cavities appeared to remain substantially unaffected
by the anneal except for a small but obvious growth of some cavities like
strings of beads along the dislocations. However, two new features
appeared — coarse silicon particles and & uniform distribution of large,
secondary cavities within the grains, as shown in Fig. 5 upper (compare
with Fig. la). These annealing cavities were frequently associated with
the coarse silicon particles and they had a wide variety of shapes ranging
from rod-like to plate-like, all with crystallographic facets. Their sizes
ranged up to 200 nm or so. The formation of these secondary cavities did
not involve dissolution of the original, very small cavities in their
immediate vicinity (Fig. 5, lower).

At 673 K the dislocation structures and the small matrix cavities
were still present in the Al-Li alloy. Growth of cavities on dislocations
was no longer obvious but a slight coarsening of the matrix cavities was
evident. The large annealing cavities were larger (up to 1 um) and fewer
than those at 573 K, and they were more equiaxed in shape. At 773 K the
irradiasted Al-Li spacimens tended to disintegrate and thinned foils could

not be obtained.
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Table 2. Microstructural Data

N . Cavity Loop .
Material gz;zl?ﬁz;:n Cavities/m3 Diameter Loops/m3 Diameter Dls%;;;gjions
(nm) (nm)
=9 AL 348 K, 2 dpa 8.7 x 1019 52 6.7 x 1018 alo 1.3 x 1013
A1—0,05 Ii 348 K, 2 dpa >T7 x 1022 Al >8 x 1018 n50 >6 x 1013
Al=0.05 Li 328 K, 3 dpa 2 x 1023 <h 5 x 1019 20 2 x 1014

0zz-11
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Fig. 5.

Large Matrix Cavities Developed in Al-Li Alloy During
Postirratiation Annealing for 1 h at 573 K.

precipitates of transmutation-produced silicon.

at high magnification tiny cavities in viecinity of one of the anneal-
induced cavities.

Black pasrticles are coarsened
Lower photograph shows
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DISCUSSION

It is clear that major changes in microstructural defects and in
mechanical behavior occur in aluminum when large quantities of tritium
and helium are created during displacement damage. These changes are
more 2 matter of difference in the scale or degree of damage than of
radical alteration in the nature of the damage. The same neutron-~
induced structural features (e.g., dislocations, cavities, and precipitates)
are involved but there are many more of them when they are c¢reated in the
presence of the gases. The gases evidently enhance nucleation of the
structural defects but do not change their form. The cavities differ
in the sense that those in the 6~9 Al are probably empty and ran anneal
readily whereas those in the Al-Li alloy are undoubtedly gas-filled and
are relatively resistant to annealing. The amount of gas required to
stabilize the cavities in the 69 Al as equilibrium gas bubbles is
estimated to be 1.5 x 103 appm (taking a surface energy value of 1.2 J/m?
for aluminum’ at 3L8 K, and using Van der Waals' constant for helium ga58
of 1.91 x 10-29% m3/atom and assuming this constant applies to hydrogen,
too). The estimated gas levels in the 6~9 Al from Al{n,p)} and Al(n,a)
reactions are only 4 appm H and 0.7 appm He. fn the Al-Li alloy, however,
the presence of cavities on the grain boundaries is strong testimony for
gas bubbles. Also, the amount of gas present is guite enough to stabilize
the cavities; gas levels of 2200 appm each of “He and 3He can support a
population of 4 nm diam bubbles of 1.8 x 1023/m3, which is of the order
of the cavity concentrations measured in the Al-Li alloy. These calcula-
tions are esseﬁtially unaffected by the lcss of gas to the large grain
boundary bubbles. Even in the extreme case of complete grain boundary
coverage with 1 pm bubbles the amount of gas involved at the boundaries
is only 30 appm, a negligible quantity with respect to the total gas
content.

Despite the large differences in gas content between the 6—9 Al and
the Al-Li alloy, and irrespective of whether the cavities are gas-filled
or not, both materials swell to the same degree, about 0.6%. The gases
greatly increase the concentrations of cavities but do not increase the

level of swelling. Presumably at the high cavity concentrations in the
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Al-Li alloy the cavities have become the predominant sinks for both
vacancies and self-interstitials thus minimizing growth of cavities and
controlling the swelling. The distributions of cavities differ in the
two materials. There are no grain boundary cavities in the 69 Al.
Those in the Al-Li alloy are massive compared wiih the cavities within
the grains, but these large cavities do not dominate the swelling. The
concentration, N, of large cavities on the graip boundaries in the Al-Li
alloy was in the range 1012 to 1013/m2.‘ The average diameters of such
cavities required to completely cover the grain boundaries are the
center-to-center bubble spacings on the boundaries (i.e., N~1/2 op 10-6
to 3.2 x 10=7 m, respectively. Swelling from these cavities is given by
QNgda where 2 is the grain diameter and %-is the graln boundary area per
unit volume. In these materials & is 5.8 x 10-*% m, and the maximum
swelling from grain boundary bubbles will lie in the range 0.18 to 0.06%.
The balance of the measured swelliing, 0.5 to 0.6%, must be caused by the
small cavities within the grains. The measured concentration of these
small cavities is roughly 1 x 1023/m3 and their size is sbout 4 nm diam
(i.e., about 0.33% swelling). This is a reasonably good agreement con-
sidering our belief that we have undercounted the small cavities. In
fact, as we showed earlier, the concentration of 4 nm diam gas bubbles
calculated from the known gas level is 1.8 x 1023/m3, which will give
0.59% swelling.

The tensile strength or flow stress of an irradiated metal containing
;everal species of structural defects is described? by an equation of the
form
2+ ., 2 (1)

o, =0+ [(Ac

2 2 :
i ¥+ (Aocav) + (4o

dis other

where Ou is the strength of the unirradiated metal, and Acdis is the

additional strengthening from a dispersion of radiation-induced disloca-
tions, cavities or other defects that impede dislocation movement.

Similarly for hardness,

Hy = Hy o+ [(Bg, )2 + (M )2 + (B0 )2]/2 (2)

other
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The hardening increment from grown-in dislocation is given by the expres-
sion AHdis = 3 Gb AI/Z, where the factor 3 converts flow stresses to
hardness values,!0 G is the shear modulus (2.65 x 10" MPa for Al), b is
the Burgers vector (0.286 nm), and A is the concentration of grown-in
dislocations on the slip plane. The contribution from dislocation 1oops!!
is given by AH2 =6 Gb (Nd)l/z, where N is the concentration of loops per
unit volume of aluminum, and 4 is their mean diameter; in the present
work the hardening component from loops is almost negligible. Cavities
make & significant contributioni? via the eguation AHcav =6 Gb (Nd)1/2.
Using these equations and the quantitative microstructural data from
Table 2 we have calculated the hardness values given in column 5 of

Table 3, The calculated values seriously exceed the measured hardnesses
at the higher hardness values. This, we believeyis due to the use of the
AHcav equation which may overestimate AHcav' We get a different result
if we consider the cavities to act as hard particles opposing dislocation

motion, for which we can derive? the expression

aH_ = —3-—'3‘-“—1i"cb (Na)1/2 . gn (3%) .
This reduces the calculated hardness values to those shown in column 6

of Table 3, Note that the two sets of calculated hardnesses now embrace
the measured values. Presumably we could play around wvith hardening
equations until we obtained a satisfactory correlation but that is not

the primary purpose of this exercise. Rather, we wish to draw attention
to the theoretical hardening expressions, all of which indicate that the
increase in hardness caused by microstructural defects is an inverse
function of the spacing between the defect;. Hardness should thus incresse
with the concentrations of defects which, of course, is gqualitatively what
we see in our materials. TIn short, the irradiated Al-Li alloy is much
harder than the irradiated pure alpminum because of the finer scale of

the damage structure in the Al-ILi alloy.
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Table 3. Hardness Correlation

Irradiation H H: (Meas.) BylCate.) (MPe)

Material Temperature (hﬁ’la) i (MP )' Hard
() & Cavities ar

articles

6~9 Al 348 137 2bs 265 235
A1-0.05 Li 348 137 TU5 912 363
A1-0.05 Li 328 196 863 1520 618
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The brittls behavior of the irradiated Al-Li alloy can be related to
the irradiation hardening and to the structural modifications induced at
grain boundaries. Grain boundaries are distorted lattice regions that
are known to be good sources of vacancies and also are sinks for vacancies,
self-interstitials and impurities. During irradiation the grain boundaries
absorb impurities and irradiation-induced point defects from regions
immediately adjscent to, and on each side of, the boundary, leaving clearly
visible zones denuded of defects. Such zones are soft compared with the
defect-hardened matrix. Gases entering the grain boundaries develop into
large bubbles with the aid of readily aveilable vacancies in the bounderies.
We have made simple celculations of the amount of gas required to form
the observed concentrations and sizes of grain boundary gas bubbles
in the irradiated Al-Li alloy and find that edequate quantities cof gas
can be drawn from the denuded regions alone. These bubbles are built-in
holes which can tear open under appropriate shear strains. Shear strains
are concentrated at grain boundaries because the boundaries are natural
barriers to transmission of slip, and because of the denuded zones at the
boundaries. During mechanical testing the hard matrix can support aAhigher
load than the softer denuded zones which must therefore deform prior to
the matrix. Plastic strain becomes localized in the grain boundary regions.
The grain boundaries, already weakened by the presence of gas bubbles,
become overlcaded and tear open. The result is h;ghly intense locdl
deformation at grain boundaries with little or no measurable bulk strain,
and with intergranular fracture. Similar fracture is avoided in the
trradiated 6~9 Al because the matrix is relatively soft, the grain
boundary denuded zones are wider, and the grain boundaries are free of
irradiation-induced cavities.

The annealing response of the Al-Li alloy deserves comment. The fine
matrix cavities were remarkably stable to annealing even despite the strong
evidence of vacancy migration. This migration can be seen in the growth
cf the silicon precipitates and in the development of the secondary popula-
tion of large cavities during anneeling. In previous work on cavity
annealing in neutron irradiated aluminum®,'® of low gas content, as well as
as in the present work on A9 Al, it was found that growth of silicon

precipitates was concomitant with cavity shrinkage or growth, implying a
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coupled migration of wvacancies and silicon atoms. Also, when large
cavities grew, it was always at the expense of their immediate smaller
neighbors by a ripening process. This is not so in the Al-Li alloy.

Here the small matrix cavities in the vicinity of the anneal-induced large
cavities are not dissolved during the aﬁneal. They may shrink a little
but they do not disappear. The difference 1s presumed to be due to the
effects of the “He and 3H. We suspect that in the Al-Li a2lloy the small
cavities retain their inert helium during annealing but release tritium
which migrates and precipitates to form the large, annealing cavities.
Hydrogen has a very low solubility in aluminum and it‘readily forms
bubbles during proton bombardment;‘“ moreover, these hydrogen bubbles
coarsen during postbomardment anneals at 573773 X and eventually disperse,
although they may cause extensive grain boundary cracking in the interim.
This picture fitc nicely with our observations on annealing of the
irradiated Al-Li alloy. We certainly had significant tritium migration
even at rocm temperature. Every time we opened our lead storage can to
retrieve an irradiated Al-Li specimen we contaminated the walls of ocur
glove box with tritium., Also, when we returned tco some thinned electron
micrescopy foils to reexamine grain boundaries we found that the boundaries
had cracked open during storage at room temperature. The most logical
explanation of this is that tritium precipitated into the large grain
boundary cavities and caused them to burst through the foil surfaces.

These observaticns and deductions raise the quésticn of the role of
tritium in the development of cavities and damage structure. Unfortunately,
the irradiated metals contain at least equal quantities of helium and
hydrogen {or tritium), and helium is a noted promotéer of cavities.4s13
We cannot readily distinguish a separate role of hydrogen but if hydrogen
bubbles can form easily in aluminum during annealing at temperatures above
about 370 K we see no reason why they should not develop during irradiation
at 328 and 348 K, particularly at graln boundaries. And the grain boundary
cavities in the Al-Li alloy are very large. Perhaps they do contain more
tritium than helium. The tritium can migrate much more readily than the
helium, and its low solubility would force it to precipitate at any free

surface. It may alsc be involved in nucleation of the small matrix
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cavities. Evidence in the literature indicates that hydrogen increases
the concentration of cavities in neutron irradiated aluminum" and in
electron-irradiated PELS alloy,!® 316 stainless steell? and ferritic
steels,}8® Until recently hydrogen was not seriously considered an
element of radiation damage in most reactor constructional materiels,
except zirconium, because it was assumed to escape. The writing is now
on the wall. In CTR'materials the hydrogen generation rates will be many
times greater than those of helium, and possible effects of hydrogen
should not be overlooked.

It is obvious from this work that when high gas contents and signi-
ficant neutron displacement damage occur simultaneously in aluminum the
resulting effects on damage structures and on mechanical pfoperties are
much greater than if the displacement damage occurs alone. It is not
elear whether the gas and the displacement damage act-synergistilcally
{i.e., whether their combined effects are greater than the sum of their
independent effects) since we have not measured the effects of gases alone.
Other experimenter519—22 have studied Al-Li alloys irradiated in predomi-
nantly thermal reactors where the neutron spectrum contained relatively
minor portions of fast neutrons and hence induced no significant build~up
of displacement damage. In these early experimen;s the major micro-
structural change was tie formation of gas bubbles on grain boundsries and
on preexisting dislocations. These bubbles caused some swelling and
hardening and loss in ductility but usually considerable ductility was
retained and the fracture path remeined transgranular except at elevated
test temperatures above about U470 K where intergranular fractures occurred
and duetility values fell to very low levels af high gas contents. Some
of these changes are illustrated by the data in Table 4 for irradiations
done at 348 K to give gas levels similar to those in our Al-Li alloy.
Note, in Table L, that with increasiing neutron fluence (and gas content)
the average size of gas bubbles increases and the average concentration
of bubbles decreases markedly. At the gas level of interest to the
present work (k480 appm) the concentrations and sizes of bubbles within
the grains are quite different from those in our irradiated Al-Li alloy;

they are, in fact, almost identical to those of the cavities in the
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Table 4. Microstructural Data and Tensile Properties of A1-BLi Alloy

(0.3% Li Enriched 96% in 6Li) Irradiated at 348 K in a
Predominantly Thermal Reactor
{Extracted from References

22a and 22b)

Thermal Fluence, n/m?

Properties
o  6x10%2 1,2x1023 1x1024 2x1024
Estimated® gas con- Q 150 280 2350 4480
ceniration, appm
Size of grain boundary 0 20+ Occasionally 20+ 250+
bubbles, nm up to 1 um )
Width of grain boundary 0 0 0 Loo 750
denuded regions, nm
Bubble density in 0 ? 2x1022 1x1021 8x1019
matrix, per m?
Average diameter of 0 <2 S 13 50
matrix bubbles, nm
Yield stress, MPa
at 77 K 22 33 L5 46 (b)
at 296 K 1k 23 33 36 ()
at 523 K 8 19 21 18 (v)
Ultimate tensile
stress, MPa
at 77 K 124 13k 143 128 {v)
at 296 K 68 93 79 69 (v)
at 523 K 17 30 30 22 {b)
Elongation, %
at 77 X 23 33 26 20 {b)
at 296 K 26 25 13 22 {p)
at 523 K 69 10 8 1 ()
Matrix Swelling,® % 0 ? 0.13 0.11 0.52

Y gas concentration of 150 appm implies 75 appm 34 and 75 appm “He.

b . . .
Bpecimens contained surface cracks and fissures.

tested.

Not tensile

“Matrix swelling is calculated from the bubble density, N, and
average bubble size, d, and is given by lOO(V-/l—V ), where
Nrd3/6, the volume of bubbles per w3 of swollen material,
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6—0 Al. Consequently, the degree of radiatioﬁ-induced hardening is
expected to be small. Indeed an extrapolation of the ultimate tensile
strength from the lower fluence UTS values at room temperature (296 K)
indicates no more than about 69 MPa, or a maximum hardness of about
207 MPa which, agein, compares more favorably with our irradiated 6~9 Al
than with our Al-Li dlloy. A similar extrapolation in elongation values
would imply retention of significant ductility at 77 and 296 K, again
more in keeping with our irradiated pure aluminum than with our irradiated
Al-Li alloy. The only points of similarity with our Al-Li alloy observa-
tibns are the grain boundary bubbles and the degree of swelling.

This comparison strongly suggests a synergistic effect of gases and
displacement damage on microstructure and embrittlement. But there is
one little flaw in the argument; the data in Table 4 were obtained in a
reactor whose thermal neutron flux was undoubtedly much lower (by at
least a factor of 10) than that in HFIR. So the data not only represent
relative absence of displacement damage but also a lower gas generation
rate. We cannot, therefore, conclude that a synergistic effect prevails
in our observations. Certainly, however, the combined effects of high gas
level and displacement damage are very much greater than the separate
effects of displacement damage or high gas level. Another important point
illustrated by *this comparison is that although gas bubbles on grain
boundaries will cause some loss in ductility at low temperatures (Table L)
superimpesition of a hardened matrix brings about severe embrittlement
(Fig. 1). 1Indeed, if such hardening, and a weakening of grain boundaries,
occurs under CTR conditions then embrittlement and premature fracture,

not swelling, is likely to be the Achilles' heel of CTR materiuals.,
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CONCLUSIONS

In aluminum neutron irradiated at moderate temperatures {(%D.36 Ty)
the presence of about 2200 appm each of helium and tritium created con-
currently with significant displacement damage causes: (1) No change
in overall swelling. (2) Considerable refinement of damage structures
without radical change in the type of damage; cavity concentrations are
increased 1000~fold, cavity sizes are decreased 10-fold, dislocation
concentretions are increased about 10-fold. (3) Development of large
cavities on grain boundaries. (4) A narrowing of defect-free regions
adjacent to grain boundaries. (5) A large increase in irradiation
hardening. (6) Severe embrittlement during mechanical testing associated
with intergranular fracture even &t very low temperatures.

The combined effects of high ges level and displacement demage are
much greater than the effects of displacement demege alone, but it is
not clear if there is a synergistic effect. Gases enhance nucleation of
defect structures, and at high gas levels the cavities are gas-filled.
This refinement of damage structure increases the irradiation-hardening.
A combination of a hardened matrix and weakened grain boundery regions
leads to severe embrittlement and intergranular fracture. Postirradiation
annealing causes the development of a secondary popuiation of large
cavities believed to be associated with tritium migration and precipita-

tion. Migration of tritium is evident even at room temperature.
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HELIUM RELEASE FROM TYPE 304 STAINLESS STEEL

J. R. Cost®, R. G. Hickman, J. B. Holt, and R. J. Borg,
Lawrence Livermore Laboratory, Livermore, California 94550

ABSTRACT

Helium in very low concentration (< 1 atomic parts per
billion) has been introduced into type 304 stainless steel
by radioactive decay of dissolved tritium. The release of
this helium during subsequent annealing has then been
monitored with a high sensitivity mass spectrometric gas -
analyzer. With isochronal annealing, helium is released in
two temperature ranges, first near 300°C and then between
800°C and the melting point. The latter release is inter-
preted as being due to helium gas bubbles. The release near
300°C has been studied isothermally between 150°C and 300°C,
and has been analyzed in terms of two stages of exponential
decay. The fgst and §10w release stages have relaxation
times near 104 and 10¥ seconds, respectively and the fast
release accounts for roughly 0.85 of the total release at
Tow temperature. From an analysis of the release kinetics,
it is concluded that volume diffusion is the controlling
mechanism for the outgassing.

INTRODUCTION

Because the presence of even small amounts of helium often results
in decreased mechanical properties and premature failure in materials for
nuclear power applications, there has recently been a large amount of
work devoted to characterizing the behavior of helium in these materials.
The problems caused by the presence of helium become particularly
important for fusion power reactors in which materials will be exposed
to helium ion implantation from the plasma and to helium created by
beta decay of tritium, in addition to helium created by (n, a) reactions.
In order to deal with materials problems related to the presence of

*On leave of absence from School of Materials Engineering, Purdue
University, West Lafayette, Ind. 47907.
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helium, it is important to characterize its outgassing behavior, i.e.,
to determine how such variables as temperature, radiation, material
composition, helium concentration, etc., affect the rate at which helium
is released. Before such empirical studies are made, it is valuable to
study a simple metal-helium system at Tow helium concentrations and
without the complicatinns of radiation damage so that the basic mechan-
isms by which helium outgassing occurs can be determined. The present
study makes use of the radioactive decay of dissolved tritium as a
method for introducing controlled low concentrations of helium into
type 304 stainless steel. The subsequent degassing behavior of the
helium is studied from room temperature to 1300°C.

Use of tritium for the controlled introduction of helium inte
metals was first described in a review on inert gases in metals by
Bh::'ckbur*n.'l Tritium undergoes spontaneous beta decay with a half-1ife
of 12.3 years, producing 3He as it releases an average energy of 5.7
KeV per event. Its virtues are that it can dissolve in most metals at
moderate temperatures and then decay to produce a uniform internal
concentration of helium with negligible radiation damage. This is to
be contrasted with the implaniation of energetic alpha particles
which produces non-uniform concentrations and damage in the form of
collision cascades. It is noted that the relatively low energy of the
tritium decay reaction is below the threshold energy for producing
radiation damage in even the lightest meta1s.2

EXPERIMENTAL METHOD

The experimental method has been described previous]y.3 After
preannealing at 1000°C in ultra high vacuum for an hour, the specimens
were exposed to tritium at 200°C and 1.13 atm (114 kPa) for one day.

The samples were 0.406 mm thick foils of commercial 304 stainless steel.
After the tritium exposure, the greater part of the dissolved tritium
was removed by maintaining the specimens at 250°C in a vacuum of 3 x 10~
Torr {~ 40 yPa) for one day. After this outgassing treatment, each
specimen was anatyzed for residual tritium. This was done by snipping

a small corner from the foil, slowly dissolving it in aqua regia,

7
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diluting the resulting solution, and measuring the tritium with standard
liquid scintillation counting procedures.

The experimental vacuum system used to make the helium release
measurements also has been described previous]y.3 During a run, helium
is collected in the vacuum system for a prescribed time interval while
other gases are removed with a titanium sublimation pump. The amount of
helium collected in the time interval is then determined mass spectro-
metrically by sweeping over the m/e = 3 peak, the height of which is
propurtional to the helium present. Calibration experiments with 3He
gave a calibration factor of 3.19 x 1022 atoms/amp and a minimum
detectible amount of helium after subtraction of background of less than
10]0 atoms.

RESULTS

Helium release was studied for both isochronal and isothermal
anneals. The data for the former are shown in Fig. 1 for three different
tritiated samples and an untritiated control sample annealed over the
temperature range from room temperature to 1300°C. In this figure, the
height of the mass spectrometer peak in amps for species with m/e = 3 is
plotted versus annealing temperature. This species is exclusively 3He,
the decay product of tritium, since it was determined by experiments on
gas mixtures of helium and hydrogen species in controlled concentrations
that the hydrogen species were completely removed from the system by the
titanium sublimation pump.

It may be observed that releases occur in two widely separated
temperature ranges, one a relatively narrow peak near 300°C and the other
involving release between 800°C and the melting point. Similar results
with a release peak near 300°C and a.broad temperature range of release
at high temperature have been reported for isochronal annealing of nickel
implanted with heh’um4 and also for type 316 stainless stee‘l.3 The
helium concentrations released in these two temperature ranges for the
three runs shown in Fig. 1 are given in Table 1. Also reported in
Table 1 is the concentration of residual tritium measured on a small
portion of the sample before the helium analysis. It is noted that the
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Fig. 1. 1Isochronal annealing curves for helium release from three
different tritiated samples. The time at each temperature
was 5 minutes.
Table 1. Summary of Isochronal Annealing Resuits
Concentration of
Concentration helium released, ¢
of tritium, c; (atom fraction)
Run no. | Sample wt.{g) | (atom fraction) 300°C Peak | > 800°C
7 .6691 7.2 x 107° 2.7 x 107" | not det.
10 5644 5.3 x 1078 1.5 x 10711 | 3.7 x 1071
13 .6443 5.4 x 107° 7.8x 1071 | 9.1 x 107V
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total release above 800°C is somewhat larger than that near 300°C;
however, the total helium in the samples could not be determined
because the furnace did not reach the melting temperature. One of the
goals of this study was to consider the possible mechanisms for these
two distinctly different stages of helium release, and in particular
the release at low temperature. Thus, the remainder of the experimental
results are concerned with the release peak near 300°C.

Fig. 2.shows the release results for four different isothermal
annealing temperatures at and below 300°C. These results are plotted
semi-logarithmically as the amount still to be released versus annealing
time. The solid lines in Fig. 2 are least squares fits of the data at
long times (at which the semi-logarithmic plot is linear) to the equation
for volume diffusion limited release from a thin slab of thickness h,5

oo
&(t) = co 5 ] —1—5 exp[-(2x + 1)2rq] (1)
7 x=0 {2x + 1)
where t is time and € and c, are the average instantaneous and original
helium concentrations and are proportional to the summed amplitudes of
the 3He mass spectrometer peaks remaining to be released with the
isothermal anneal. In the above eguation, the relaxation time t is
related to the volume diffusivity D by
2
=t (2)
7D

The Teast square lines shown in Fig. 2 have a constant slope for
times greater than 200 sec corresponding to times at which terms with
x > 0 are negligible in Eq. 1. It may be observed that the data for each
temperature show a good fit to simple exponential decay of the concen-
tration for timesgreater than 103 sec. The slopes of these lines yield
values for T and thus the volume diffusivity. Values for these para-
meters are —oported in Table 2. Because of the uncertainty due to
subtraction ' the background amplitude for the mass spectrometric
measu:« %5, these values are probably no more accurate than 10%. At
short time: when the terms in the solution to the diffusion equation with
x > 0 are non-negligible, the least squares fit {solid) lines to Eq. 1
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Semi-logarithmic plot of the data for low temperature
jsothermal release of helium at four different temperatures.
The solid lines which fit the data at iong times are least
square fits to Eq. 1, the solution to the diffusion equation
for volume diffusion controlled degassing of a thin sheet.
The lack of a good fit at short times is because the total
degassing fits Eq. 1 for a two step process. This figure
shows the slow release step and the fast release is shown in

Fig. 3.

Table 2. Summary of Isothermal Annealing Results

Temp(*C} Sample* Slow release Fast release Ce
wt.(g) < r,‘(sec) Ds(cn?/sec) cs T4(sec) Df(cm /sec) cf+‘—cs
150 6673 2.6 200 g.axo® 1700710 1302 1sx0® 0.8
200 3 2300 1saed  1asxoe” 16710710 13002 1.5x10% 0.8
250 3622 1.0 e.zao? zazio”  saxie’ vaae?  taxe® o2
00 6792 9.7x10712  7.ax0®  2.6ax10” 650”1 7m0 zexie® g3
30 - - 1.axio® 13m0t - 2.5x¢%  7.8x1077 -
{calculated) ~ — J
\"4 V
Qs = 3,800 cal/mole (0.16 eV) Qf = 1,200 cal/mole {0.05 ev)
1, * 26 sec T, = 34 sec
05 Of
D, = 7.5x1078 cmzlsec 0 = s.8x10°6 cmelsec
s O

*
A1l samples werg cut from the same tritiated strip for which the concentration of triti
weasured to be 5 x 10-6 atom fraction. T s
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show a small region with increased slope. This region includes about
the first 20% of the gas release. It corresponds to the time during
which the curved concentration profile for helium is established across
the thickness of the sample.

It may be noted that at short times the data do not fit Eq. 1.
Instead, an appreciable amount of helium release in excess of that
predicted by Eq. 1 is observed. The kinetics of this early or fast
release .have been analyzed by subtracting away the contribution due to
the later or slow release. The gas velease after this subtraction is
shown in Fig., 3, again as a least square fit to Eq. 1 at éach tempera-
ture. Because of the short times and thus smaller number of data points
for the fast release and the uncertainties involved with subtracting the
slow release, the data are not as good as in Fig. 2. However, reasonable
fits to exponential decay of the concentration are again obtained. The
concentrations, time constants and appropriate diffusivities for the
fast release at each temperature are also given in Table 2. One may
observe that the fast release accounts for roughly 0.85 of the total
helium release at low temperatures. At this point it is to be emphasized
that, although it may appear tempting to consider the second and higher
number terms in Eq. 1 as an explanation for the results, the magnitudes
of these terms are so small that such an explanation is precluded, i.e.,
the least squares fit 1ines in Fig. 2 which include these higher number
terms definitely do not fit the early release data. It shouid also be
mentioned tnat the isothermal helium release-data were found to fit this
two stage exponential decay scheme significantly better than other’
schemes (i.e., mathematical functions) tested, such as kinetics based
upon t", Although it may be that the data could be fit to other, con-
siderably more complex, multiple-mechanism models, the two-stage volume
diffusion-1imited model has been chosen because it fits the experimental
results and is physically reasonable.

The temperature dependence of the relaxation times from Eq. 1 for
both the fast and slow release reactions are shown on the Arrhenius
plot of Fig. 4. At each temperature measured, there is roughly a
decade difference in the relaxation times for the two releases. There
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Fig. 3. Semi-logarithmic plot of the low temperature isothermal
helium release data after the release shown hy the solid line
in Fig. 2 has been subtracted. The solid lines are least
squares fits to Eq. 1.
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Fig. 4. Arrhenius plot of the relaxation times for both the fast and
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appears to be less temperature dependence for the faster release, but
this probably cannot be stated with certainty because the experimental
error is difficult to estimate, especially for the faster release. In
Table 2 are reported experimental values of Ty Do’ and the apparert
activation energies to fit the equation t = Ty exp(Q/RT). In this table
the subscripts f and s refer to the fast and the slow release. Also
reported are the extrapolated values for the relaxation times at room
temperature.

The various annealing treatments were found to cause release of
residual tritium from the samples. Since this element is not measured
by the mass spectrometer because it is trapped by the titanium sublimation
pump, liquid scintillation analyses for tritium were made on various
samples before and after annealing. It was found that an isothermal
anneal at 300°C for 2000 sec reduced the residual tritium by a factor
of six. Also, an isochronal anneal to 1300°C (5 min at 100°C temperature
intervals) reduced tritium by a factor of 3.5 x 103. Mass spectrometric
analyses for 3He were also made after the above anneals. It was found
that the sample which had been given the 300°C anneal (which resulted in
helium release) did not show helium release when it was remeasured within
an hour after the anneal. This same sample did, however, show a helium
release peak, attenuated by rcughly a factor of six, after being held
several days at room temperature. The sample given the 1300°C anneal,
on the other hand, showed no subsequent helium release, corroborating
the results of the scintillation counting experiments.

DISCUSSION

Because of the very low or negligible solubility of helium in
metals, there is a strong driving force which causes these inert gas
atoms which have been introduced to,interact with defects which may‘be
present. This interaction.may be with point defects, or it may also be
a self-interaction in which inert gas atoms aggregate to precipitate
and form bubbles. These two kinds of interactions can occur simulta-
neously and thus be competitive processes. Interestingly, the results
of these two processes tend to be quite different. Inert gas atoms
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which interact with impurity atoms or point defects can still be mobile
and can ultimately outgas by diffusion to free surfaces. On the other
hand, the inert gas atoms which form bubbles tend to remain in the

metal because, although the small bubbles are mobile and can produce
some outgassing, the migrating bubbies tend to coalesce to form larger
relatively immobile bubbles. A general pattern for the behavior of
helium in various metals has developed from recent studies. At low
annealing temperatures, helium atoms interact with point defects to form
a complex defact, while at high temperatures they tend to precipitate as
bubbles. As previously indicated, these two modes of behavior can both
occur at some temperatures. Also, in addition to temperature, the
helium concentration can be expected to affect which behavior is dominant.
The results of this study will now be discussed in terms of these two
kinds of behavior.

High Temperature Release

The release we have found in stainless steel at temperatures above
800°C is believed to be due to bubbles which become mobile in this
temperature range. Since bubble mobility decreases with increasing
bubble radius, the process of gas release by bubble diffusion to the
surface is complicated by the simultaneous process of bubble coalescence
ir which large relatively immobile bubbles are formed. The kinetics of
the combined processes of bubble diffusion to surfaces and coalescence
are difficult to analyze quantitatively; however, it is worthwhile to
consider the general shape expected for the isochronal annealing curve.
The release vie observed above 800°C does not appear as a classical
release peak, but rather is spread over a wide temperature range up to
the melting point. This result is in accord with what one would expect
for the bubble migration mechanism of gas release. Because of the large
dependence o7 bubble mobility on the radius and the large width of the
distribution of bubble radii,6 a narrow release peak such as the one at
300°C is not predicted. Instead, the gas release is expected to occur
over a wide temperature range up to the melting point where the larger
bubbles become mobile. Thus our results are consistent with the
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interpretation that diffusion of helium bubbles is the high temperature
release mechanism. Also, this interpretation is corsistent with results
from studies of helium bubble formation in numerous other materia1s.7
Obviously this is not an unequivocal interpretation; thus additional
studies are suggested to substantiate the mechanism. Unfortunately,
although an attempt was made, it was not possible to confirm the
presence of bubbles by electron microscopic examination; such a con-
firmation would be extremely difficult, however, for helium concen-
trations in the parts per trillion range.

Low Temperature Release

A model for the helium release near 300°C must fit the isothermal
annealing results presented in Table 2. In particular, it should be
consistent with the result that the release can best be described by
the sum of two exponential releases with relaxation times differing by
a factor of roughly ten. First, it is useful to consider the kinetics
of gas desorption from a surface as an alternative rate-limiting step
to that of volume diffusion.

If the helium released is considered to have all originated at the
sample surface, it will amount to only about 10'4 of a monolayer. Thus,
we can consider the possibility that helium originally trapped somehow
at a relatively low concentration of surface sites was desorbed during
the annealing. It should be mentioned that this is not a 1ikely
possibility since there is 1little reason to believe that chemically
inert helium will chemisorb on metal surfaces. The weak Van der Waals
bonds would be expected to only produce physical adsorption and then
only at pressures well above and temperatures well below those in this
experiment.8 In addition to the above arguments, it can be shown by
consideration of the experimental and predicted pre-exponential factors
for the time constants that simple surface desorption is not the rate-
1imiting step for the release. Using t"> classical model for surface
desorption, the rate of release from the surface is dc/dt = ¢ t_ __where

surf

T;lrf js the rate constant for the re1ease.9 Ignoring entropy and
geometrical factors which are near unity, this rate constant can be
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written as T-:urf = vsurf('osurf/kT)’ where Q_ .. is the energy of
desorption from the surface and Veurf? the vibration rate at the
surface, can be estimated to be 10 5 sec™!, Comparing the desorption
energy and pre-exponential factor with the results given in Table 2, we
find first that 4,000 cal/mole or less is not an unreasonable value to
expect for the desorption energy.7 Next, comparing the pre-exponential
factor for the rate constant, we find a large disagreement, enough to
eliminate the surface desorption model. The value Ty surf v_lurf ¥ 10'12
sec is predicted for surface desorption, while a T, value of roughly

30 sec was determined experimentally. Although we can now reject the
simple surface desorption hypothesis for the fast release in the
isothermal anneal, the above analysis may not apply to the complex
kinetics expected for a two stage process such as we have observed.
Thus, it is not ruled out that the surface may have a role in the
mechanism for the slow release, although the manner in which a metal

surface could trap helium is not known.

The experimental value for T of roughly 30 sec is large compared
to the Titerature values obtained for volume diffusion of substitutional
(v 5 x 1074 sec) and interstitial (v 5 x 1072 sac) solutes. 10 Our data
are in better agreement with prior results for interstitial diffusion
than for substitutional diffusion. However, the iack of good agreement
suggests that either there is not sufficient accuracy in the data for
the extrapolation to obtain To within two ovders of magnitude or that
the results cannot he interpreted in terms of simple volume diffusion
since s~ ,icher complicating factor such as a trappina effect due to
impurities may be present.

Consider now the steady state predicted to exist in samples held

at room temperature for iong times compared to the relaxation time at
this temperature (see Table 2). The rate of production of helium is

dc _
a - °t (3)

where A = 1.75 x 10'9 sec'1 is the radioactive decay constant for
tritium, ¢ is the average helium concentration, and CT is the tritium
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concentration. Assuming the surface concentration of helium is zero,
the rate of loss of helium by diffusion can be written as

dc _
ﬁ- = - ¢/T (4)
Therefore, at steady state we have an average concentration of helium

given by

¢ = cphr. (5)

Curves for predicted values of this concentration versus temperature are
shown in Fig. 5. They have been calculated using the values from Fig. 4
for the relaxation times for the fast and the slow releases. Also shown
in Fig. 5 are the experimental values for the concentration of helium
released in the fast and slow stages at each isothermal annealing temper-
ature. Two comparisons between the experimental results and those
predicted by Eq. 5 will now be discussed.

First, the gas release predicted for a given temperature should be
the difference between the steady state concentration at 30°C and at the
appropriate temperature. For the concentrations calculated using the
relaxation time for the slow release, the predicted release is nearly
independent of temperature for the annealing f;mperatures investigated;
it has a magnitude of 1.0x10']0 atom fraction of helium. It may be
observed that this value agrees within a factor of two with the release
which was observed experimentally at the various temperatures. On the
other hand, when the fast release relaxation times are used to calculate
the steady state concentration, the predicted release differs by nearly
two orders of magnitude from that observed experimentally. From this
it appears that the steady state concentration at room temperature is
controlled by the slow rather than the fast reaction. It is suggested
that a reason for this may be that at room temperature most of the
helium does not exist as freely mobile atoms, but instead is trapped,
possibly at tritium atoms or as a complex defect with vacant lattice

s1'tes.”’]2
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Second, it is noted that the amount of helium released at each
temperature by the slow reaction (data points with circles in Fig. 5)
is the same within experimental error as the steady state concentration
calculated using the relaxation time for release by that reaction.
This agreement suggests that the slow reiease reaction actually involves
release of the steady state concentration of helium. This would only
occur if tritium were also being released. Such a release of tritium
is already known to take place sinca a loss of roughly 0.8 of the
tritium was observed for the sample annealed at 300°C. What is interest-
ing in the above discussion is the inference that tritium release is
the rate-controlling step for the slow reaction of helium release. This
seems to be the most probable, although certainly not the only explanation
for the second (sTow) stage of helium release. As a part of this expla-
nation there is the requirement that a trapping type of interaction
exists between atomic helium and tritium. This does not seem unreason-
able. Further studies in which both the tritium and the helium con-
centrations are monitored will be necessary to properly demonstrate this
interaction.

If the slow release stage is governed by diffusion of tritium from
the sample, then the fast release stage can be assigned the mechanism
of diffusion of atomic helium,or a complex defect involving helium,
from the sample. Such an explanation is attractive because of its
simplicity, i.e., that roughly 0.85 of the helium will freely diffuse
and thus will obey exponential release kinetics and that the remainder
is trapped and becomes mobile only when the trapping species can diffuse.
From the partitioning of helium indicated above, a binding energy to
traps of approximately 11,000 cal/mole (0.48 eV) is calculated at 250°C.

In conclusion we wish to point out that probably the most signifi-
cant result of this study is the finding that helium degassing occurs
by simple exponential decay and thus fits the kinetics predicted for a
volume diffusion mechanism. This indicates that the competitive
processes of volume diffusion of atomic helium or of a helium complex
and of degassing by diffusion of submicroscopic helium bubbles can be
studied separately. In our study this has been possible by working at
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concentrations low enough so that helium agglomeration and precipitation
occurs in a temperature range well above that for volume diffusion. An
additional condition which may be important to this experiment and the
observation of exponential degassing kinetics is that helium was intro-
duced by a method which is not expected to involve appreciable radiation
damage. Future studies with the goal of understanding basic mechanisms
for the behavior of helium may for this reason require use of the tritium
decay method for the introduction of helium. For such studies, further
work will be needed to characterize the interaction between atomic

helium and tritium suggested by this investigation.

1.
2.

10.

11.

12.

REFERENCES

R. Blackburn, Met. Rev. 11, 163 (1966).

M. W. Thompson, Defects and Radiation Damage in Metals, p. 93,
Cambridge, London 1969.

J. R. Cost and R. G. Hickman, J. Vac. Sci. and Tech. 12 (1975) 516.

W. Bauer and W. D. Wilson, Radiation Induced Voids in Metals, p. 230,
AEC Symposium Series, vol. 26, edited by J. W. Corbett (U.S.A.E.C.
Office of Information Services) 1972.

P. G. Shewman, Diffusion in Solids, p. 18, McGraw-Hill, New York,
1963.

E. E. Gruber, J. Appl. Phys, 38, 243 (1967).

R. Blackburn, Met. Rev. 11, 160 (1966).

J. H. de Boer, The Dynamical Character of Adsorption, p. 40,
Oxford, London 1968.

J. P. Hirth and G. M. Pound, Progress in Materials Science, p. 41,
Macmillan, New York, 1963.

P. G. Shewman, Diffusion in Solids, p.64 and 111, McGraw-Hill,
New York, 1963.

C. L. Bisson and W. D. Wilson, Applications of lon Beams to Metals,
p. 423, S. T. Picraux, et al., ed., Plenum Press, New York, 1974.

S. T. Picraux and F. L, Vook, Applications of Ion Beams to Metals,
p. 407, S. T. Picraux, et al., ed., Plenum Press, Hew York, 1974.

e



OBSERVATIONS OF HELIUM BUBBLE FORMATION IN

316 STATNRLESS STEEL IMPLANTED BY ALPHA BOMBARDMENT
F. A, Smidt, Jr. ; A. G, Pieper
Naval Research Laboratory

Washington. D..C.
ABSTRACT

Helium produced by transmutation reactions in the first
wall of fusion reactors is expected to affect ductility and
swelling. The migration of He during annealing of foil speci-
mens of 316 stainless steel implanted with 20-60 ppm He at
<200°C was studied to characterize He behavior under these
conditions using transmission electron microscopy to char-
acterize microstructures and the temperature of He bubble
formation and bubble migration rates. Bubbles were observed
after one-hour anneals at temperatures from 800 to 1100°C
(the highest temperature examined) with negligible loss of
He from the foils. Strong interactions between He bubbles
and dislocations and grain boundaries were apparent. Com-
parison of the data with published results on neutron data
and with theory suggests He migration is accelerated under
a radiation flux.

INTRODUCTION

The generation of helium in the first wall of controlled
thermonuclear reactors as a result of transmutation reactions
arouses concern about its effects on the long-term integrity
of the first wall. It has been recognized for some time that
the presence of helium degrades the elevated temperature duc-
tility of me'tals.l-3 More recently, void formation and swell-
ing of metals have been found to be influenced by the presence
of He in metals under conditions where the He pressure would
be less than equilibrium.4 Such problems are of concern in
fast reactors where lifetime He concentrations are expected
to be of the order of 10 ppm in stainless steel cladding.
Generation rates in CTR's are projected to be considerably
zreater with up to 644 ppm/yr in the Princeton design5 and
285 ppm in the Wisconsin design6 so that it is important to
understand the effect of He on these phenomena and its be-
havior in metals,
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Knowledge about the diffusion of He in metals is essential
to the understanding of both the elevated temperature ductility
loss and swelling phenomena during neutron irradiation and in
the design of experiments to simulate these effects. At the
time these experiments were initiated there were several models
for helium mobility described in the literature and it was
not apparent which one was applicable to the situation of a
metal under irradiation and how to best simulate this situa-
tion under accelerated irradiation conditions. Early work on
the mobility of helium in metals was associated with studies
of fission gas swelling. Transmission electron microscopy
(TEM) studies of He in copper7 showed that bubbles formed at
relatively high temperatures and their motion was the dominant
process for He transport. A mechanism was proposed in which
bubble diffusion took place by a surface diffusion process
where metal atoms migrated over the interior surface of the
bubble8 either preferentially in one direction under a driv-
ing force or in a random manner in the absence of a tempera-
ture or stress gradient. Recent experiments on the behavior
of He in copper and gold9 and aluminum10 confirmed that He
transport by bubble diffusion was occurring. Other recent
experiments in which He was injected into specimens by kev
energy ion implantation showed re-emission of He at much
lower temperatures than those at which bubble formation
occurred.ll’12 Migration energies as low as 0.24 ev were
deduced from experiments on tungsten suggesting that under
some circumstances, He was diffusing by an interstitial
mechanism. Other experiments with high He concentrations
13 and re-emission of He at rates ap-

produced blistering
14 Thus, a variety of observa-

proaching the incident flux.
tions related to tramsport of He in metals had been reported
in the literature.

The present experiments were undertaken to determine
the behavior of He under conditions where it was implanted
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in the interior of the metal at energies up to 70 MeV in a
cyclotron at temperatures of less than 200°C and concentra-
tions of 10 to 70 ppm. The samples were then annealed over
a range of temperatures in a gradient freé furnace, thinned,
and examined by TEM to determine the extent of radiation
damage and the conditions under whicp He bubbles form and
grow. These experimental conditions are representative of
the state of a sample after pre-injection of He in charged
particle bombardment experiments to simulate neutron irradia-
tion.

EXPERIMENTAL TECHNIQUES

The present studies of He bubble formation were per-
formed on 316 stainless steel foils rolled to sheet of 62
pm thickness from which 3-mm diameter microscopy specimens
were punchéd. The foils were annealed at 1100°C for one
hour in vacuum and cooled rapidly by removing the furnace.
Implantation of He was done in the NRL Cyclotron using a
70 MeV alpha particle beam and a beam energy degrader con-
sisting of a series of aluminum foils stacked to various
thicknesses and mounted on a remotely pcsitionable water-
cooled plate. This variable thickness beam energy degrader
controls the depth of a He implant by varying the mean
energy of the alpha>partic1és incident on the specimen.
Range straggling as a result of this degradation in erergy
produces a Gaussian shaped depth profile with a full width
half maximum of 12 pym in stainless steel. Typical alpha
fluxes used during implantation were 4 ¥ 1012
A uniform He concentration (+10 percent) was achieved in the
center of the specimens by implanting a series of these Gaus-
sian shaped profiles at progressively greater depths as il-
lustrated in Fig. 1. The foil specimens were arranged con-
centrically around the beam center at a radius of 3.5 mm tc
specimen center and were bonded to the water-cooled chill
block with high conductivity silver paint. This maintained

particle/sec/cm?.
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Fig. 1. Helium concentration profile in a .0025-in.
foil of 316 stainless steel produced by degrading the
energy of a 70 MeV alpha profile beam to seqaentially
implasnit four overlapping profiles.
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the temperature below 200°C during implantation. He concen-
trations were calculated from the beam current demsity and
the full width half maximum of the Gaussian depth distribu-
tion. Calculated concentrations were verified on selected
specimens by a mass spectrometric analysis performed by
Atomics International.

Following implantion with He the foils were annealed at
the desired temperature in a vacuum furnace having a tempera-
ture gradient of less than +3°C over six inches and with a
vacuum of 510_6 Torr at temperature. The furnace was ar-
ranged so that it could be heated to temperature and then
moved into position around the furnace tube to rapidly heat
and cool the specimens. Annealing times of one hour at
temperature were used in these experiments., 7The specimens
weve thinned for TEM using a double jet electropolisher with
an electrolyte of 20 ml perchloric acid, 150 ml butyl alcohol,
and 25Cm} methyl alcohol cooled to -65°C.

TEM examination of the foils was performed with a JEM
200A equipped with a double tilt side entry gonicmeter stage.
A1l microscopy was performed with the instrument operating
at 200 KV. He bubbles were imaged in the weakly diffracting
(hbsorption contrast) condition by the out-of-focus phase
contrast technique of RUhle.15 -For overfocus conditions
(below the foil), the bubbles appear as a white spot surrounded
by a dark ring. Under these imaging conditions the inside
of the dark ring should give the true bubble size. Resolution
obtainable by this technique has been found to be at least
158 for He bubbles in a thin sectionof aluminum, but is pro~
bably about 20! in a thin section of stainless steel. Quan--
titative measurements of bubble size and size distribution
were made with a Zeiss particle size analyzer oun positive
prints. Foil thickness of the observed areas was determined
from stereomeasurements on pairs of photographs taken at
tilt angles of 10 to 14 degrees. Accuracy of the thickness
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measurements is estimated to be 120 percent.
EXPERIMENTAL RESULTS

The results obtained from these experiments on He im-‘”
planted foils include TEM observations of displacement démage
and the temperature at which it anneals out, quantitative
characterizations of the He bubble populations, observations
of the influence of dislocations and grain boundaries on the
bubble population and determinations of the He concentration
in the foils. The observations will be discussed in the order
mentioned above and then the implications of these results
will be analyzed in the following section.

Calculations of the displacement damage produced at the
end of range by 70 MeV .alpha particles in 316 staihless steel
have been made from the Mueller-Westmoreland modification of
the E-DEP-1 damage che.16 This code yields a maximum value
of the nuclear stopping power, Sp(x), of 9.8 x 104 Mev/
micron at the peak of the damage-range curve. Displacement
damage is then calculated from the formula ;

0.8 SD(x) ot

dpa = _ZE?-NT— (1)

where
Ed = the displacement energy,40 ev,
NA = the atom density,
¢t = the particle fluence incident on the sample.

The full width half maximum of the S (x) curve is 12 microns
and drops to values of one-tenth the peak for depths less-
than the maximum range within the foil. Damage- procuced ‘ﬁ;
the foil wiil not be uniform because of the ove*1app11 . i
files.but is estimated to be 0.007 dpa at the midplane o*
the specimen. This is equivalent to a neutron fluence in the
high 1018 n/'cm2 range.
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TEM examination of the as<-irradiated specimen showed
no visible displacement'damage but after a one-hour anneal
at 600°C defects showing black-white contrast typical of small
dislocation loops were observed as shown in Fig. 2. Another
specimen annealed at 700°C for one hour had loops up to 5004
in diameter and is illustrated in Fig. 3. After an 800°C
anneal the displacement damage had all annealed out and the
first indication of bubbles ~25% in diameter were found as
siiown in Fig, 4. These bubbles grew and decreased in density
‘with one-hour annealis at progressively higher temperatures
of 900, 1000, and 1100°C, as illustrated in Figs. 5, 6, and
7. A few precipitates began to form at 1100°C. Quantitative
microscopy characterizations of the bubble population after
various annealing treatments are listed in Table 1. Each set
of data represents the average of two or tinree sets of TEM
data weighted by the number of bubbles in the data set.

Table 1, Characterization of Bubble Populations
from Quantitative Microscopy

Specimen Mean Densitv

Number History Diameter (A) (em~9)
Ss-4 1 hr - 800°C ~25 4.4 x 1012
SS-5 1 hr - 900°C 39 1.8 x 101°
SS-6 1 hr - 90G°C 64 2.2 x 1014
SS-7 1 hr - 1000°C 112 1.1 x 10%4
S5-8 1 hr - 1000°C 86 1.7 x iol?
§8-9 1 hr ~ 1100°C 151 5.4 x 1013

The presence of dislocations in samples can perturb the
bubble size distribution and bubble density. This can be
noted in Table 1 for samples SS-6 and SS-7 which were inad-
vertently deformed during removal of the specimens from the
chill block following He implantation. Dislocations have
many bubbles attached to them and these bubbles tend to be
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Fig. 2., Transmission electron micrograph of small
loops and clusters showing black-white contrast in 316
stainless steel implanted with 40 ppm helium and an-
nealed one hour at 600°C.

& ¢ L2000,

» ¢
L4

Fig. 3. Transmission eleétron micrograph of loops
in 316 stainless steel implanted with 40 ppm nelium and
annealed one hour at 700°C.
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a

‘ Fi&. 4, Transmission electron micrograph of 316
stainless steel implantéd with 40 ppm helium and annealed

one hour at 800°C. Note that the loops cbserved in Fig. 3
have annealed out and numerous small (258) bubbles have

appeared,

i

Fig. 5. Transmissi@n electron micrograph of 31
stajnless steel implantejl with 40 ppm hiplium after a '
one=hsur-snnezt-at 900°Ci Bubbleg arzelplearly visible, ..
are larger than in Fig. 4 and calculaticns of helium-
content apree with the concentration “implanted.
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Fig. 6. Trunsmission electron midrograph“of bubbles
in 316 stainless steel implanted with 28 ppm helium and
annealed one hour at 1000°C,

. ,_ B a ES
e '.
v ¢
. & '
(3 4 .

: e T 2000]

i e ‘ )

H‘ ) ‘\‘ :
¥ig. 7. !fransmission electron micrograph ¢f bubbleg — -~ " 7

in 3;6 staillehs steel after cne-holir anneal at 1100°C,
Note 1he forma&ion of precipitates ﬂnder the§e ¢onditions.
: i ! / . }

!
. W

| L . N




11-260

larger than those in the matrix. Nodal points are often

the site for He bubbles as in Fig. 8, thus indicating a
strong interaction between the dislocations and bubbles.
Grain boundaries also have more bubbles than a random section
through the matrix. Kramer et a12 found bubbles in 304 stain-
less steel implanted with 30 ppm He after a four-hour anneal
at 815°C which were 458 in diameter and bubbles up to 300}
after an eight~hour anneal at 870°C. A recently published
study by Mazey and Francis17 examined the displacement damage
produced by 1, 10, 100, and 1000 ppm He implants in 316
stainless steel. Damage was observed after irradiation in
the 100 and 1000 ppm specimens and clusters and loops iden-
tified as interstitial in character grew on annealing in the
600 to 750°C range. They annealed out above 750°C and bubbles
were observed at higher temperatures. Bubble sizes ranged
from 45% at 700°C to 3801 at 1100°F for 100 ppm and 1000 ppm
samples. Other .observations of bubble formation in stain-
less steel are gualitatively in agreement with the present

results.18-19

An independent analysis of the He content of these foils
to verify the calculations of implanted He was performed by
H. Farrar, 1V, using a mass spectrometric technique20 in
which the He4 content of a small sample is collected by
vaporization of the sample and then compared to a known
quantity of He3 injected into the syw'tem. Four 3-mm diameter
microscopy disks previcusly implanted with He in overlapping
profiles were reduced in thickness by mechanical polishing
to remove the surface regions 'of lower He content and were
then cut in half, Samples 1, 2, and 3 were from one implant,
whiie sample 4 was from another run. The results of the
analysis are shown in Table 2 an. should bz compared with the
calculated values of implanted He of 61 :2 ppm, illustrated

ir Fig., 1.



Fig. 8, Transmission electron micrographs of a
section of specimen inadvertently deformed and annecaled
at 900°C for one hour. Note the asscciation of bubbles
with dislocations, especially at nodes.
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Table 2, Mass Spectrometric Helium Analysis

Sample Helium Analysis (ppm)
+2 .4 - Avg.
18 68.4 61.0
28 691 63.9
35 1.5 63.1
15 36.9 57.0

Scatter between A and B parts of the samples was traced to a
flux gradient across the sample and a slight peam drift off
center. Improvement of beam control reduced the scatter to
the range shown for sample 4. These analytical results
indicate good agreement between calculated implantation con-
centrations and miss spectrometric analysiéywhen the experi-
mental conditions are carefully controlled during implanta-
tion, Analysis of possible variations in implantation con-
ditions during the runs on 316 stainless steel usedzgor
microscopy gave outer limits of 20 to €0 ppm with mdét pro-
bable value of 40 ppm for samples S8-4 through 7 and limits
of 16 to 40 with most probable value of 28 ppm for samples
85~9 and 9.

ANALYSIS OF EXPERIMENTAL RESULTS

Cne quantity of considerab?e interest ia the He content
of the bubbles., This quantity*can be calcu]ated if the in-
terns)l pressure of He is in equilﬂbr1um with the surface
tension, p‘R-%}, and if *he surface energy" 13 known, Fcr
small bubbles it is alise necessary ‘to apply a correction for

non-ideal Yehawior of the o, Thel modified Van der Wadls e
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equation of state, P(V-mb) = mkT, is commonly used for this
correction, where m is helium concentration, b is the Van der
Waals constant, and the other quantities have their usual
meaning. Temperature dependent values of b for He with four
significant figures are tabulated in reference 21. Surface
energies of 1000 ergs/cm? are frequently used in void nuclea-~
tion calculations for stainless steel, but the use of this
value leads to calculated He concentrations on the low side.
Surface energies‘measured.from creep experiments on 304
stainless steel give surface energies ranging from 2630
ergs/cm® at 800°C to 2050 at 1100°C22 and were used for the
calculations in these experiments with good internal consis-
tency between concentration implanted in the foils and cal-

culated values.

The He concentration for each set of micrographs analyzed
was calculated from the equation
2/3 71y d°

m. = - (2)
1 kT + (4b y/d,)

for each size class of bubble of diameter, d,, measured with
the particle size analyzer. The total was then summed over
all classes. Table 3 gives a cbmparison between the most
probable value implanted and the calchlated value from the
bubble population. :

Table 3. Calculated Hélium Concentrations
frokaranSmission Electron Microscopy

1

Anneal, T Implanted . Concentration

Samples (°C). - Conc. (ppm) From Bubbles (ppm)
ss-4 . 800 40 £20 | 2.2
S5-5 900 40 20 - 35 "
8S5-6 anso 40 120 RS - o L
S5-7 1000 407320 28
SS-8 1000 28 312 29 L
EESCS ELIOU LT "“""*"284;’;121;;”?., e e gE T e e .
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The resulis calculated from the bubble populations agree
reasonably well with the estimates of implanted He except for
SS-4 where the bubbles were very small in size and quite cb-
viously all the He had not collected into bubbles in the
visible sime range. Above B800°C it appears that the amount
of He in the bubble population is not changing so that all
the He is in visible bubbles after one-hour anneals at 900°C
or higher, and it is not lost from the foil at anneals up to
1100°C,

The next question of interest is the process by which
the bubbles grow., Effective migration energies for He can
be calculated for a simple model which assumes the He in the
bubbles comes from a spherical volume of metal uniformly im-
planted with He. The radius of this volume is then taken as
the distance a He atom must move by random walk migration to
reach tie bubble,

BR=/me=/Tt a, | (3)
where )
n = -the number of jumps,
a = the jump distance,
T = the jump frequency,
t = the annealing time.

This equatior can then be solved for the activation energy,

Q, since 2

r-= —E_ = Vp exp(-Q/KT), | (4)

where vp is the Debye f;aquency. The calculation was. made
for sample SS-5 assum1ng 35™ppm He concentrat10u and yie1ded
a value of 2.8 ev, for the effectlve mugratlon energy of a‘
He atom to reach the bubble.  This is_ ulose to’the self-
difiusion energy for nickel (2.8 to 2, 9 ev) anc is therefore
consistent with the motion of He as a %ubst1f5#1ona1 atom tip

form bubbles. It is importart to note that 4f kv were moving
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as an interstitial atom, a migration energy of about 1.0 ev

or less would be expected.

After all the :helium implanted in the foils has precipi-
tated out in bubbles, other mechanisms of bubble growth must
be considered. The two leading models are growth by collision
and coalescence during random walk bubble migration and
Ostwald ripening. The random walk migration of bubbles over
distance R can be described in terms of a bubble diffusion
coefficient Dy " -a Dgt. Motion of the bubble can be con-
trolled by either vapor transport of material across the
bubble, transport by diffusion through the lattice or motion
of atoms on the surface of the bubble. Surface diffusivity
is generally considered to be the controlling process in the
temperature range investigated in these experimenis. Gruber
has shown the surface diffusivity to be relatzd to the bubble

diffusivity by the equation,

23

D = —A_[ZX_ D

. (5)
s .301 a B

He has further characterized the bubble size distribution
which evolves from collision and coalescence of the bubbles

at equilibrium with an internal pressure of an ideal gas.

The mean radius of this distribution is related to the surface
diffusivity by the equation

D, = X x , (&)
s nkT(ao)4 t|1.30

where :
n = the helium conient in atoms/cms:
a, = the 1attige‘paf§heie$,
r = the mean radius of the bubble porulation,
and the other paramﬂferq have their usual nmeaning. D virlues
ior the various bubble populations characterized in these

experimenrts have been calculated and plotted as Arrhenius

PP SE————
EEPESEVEREES R
o e
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equations in Fig. 9 to examine the consistency of the data.
The results will be discussed further below.

The other process of bubble growth, Ostwald ripening,
is a consequence of the difference in solubility of He in
gquilibrium with large bubbles and small bubbles so that
large bubbles grow at the expense of small ones. The rate
controlling process is diffusion of He through the lattice.
Markworth24 has analyzed the evolution of the bubble size
distribution for this process and derived equations relating
the volume diffusivity to the mean radius of the bubble

population,
-2
¢ = 2(r)
DX = 3kT T N
where

K = the Sieverts' law coefficient,

Cr= KPr, relating the concentration of gas in equili-
brium with a bubble with internal pressure, P,
for radius, r. ‘

K was included as part of the argumeht because it was unknown

but as a ebnstant would stillAperMit testing the applicébility

of the model. Results from these experiments are plotted in

Fig. 10.

The 316 stainless steel resuits show scatter at 900 and
1000°C which is believed to be a consequence of the increased
growth rate of bubbles near dislocations. When the high

a straight line is obtained JTor the bubble diffusion iodel
with an activation energy of 4.2 ev derived from the | r‘lope.
The fit of the “data to the Ostwald ripening model gav«

1.8 ev activation energy. These results can be compa 1ed
with a previwus analyais of bubb]e growth in vanadium and

""axuminum. 5 A rule of thu‘B for m1grat10n energles Tor Sur=

face diffusion above O~75 T ix Q. = ‘0 " cal/mole,26 where
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SURFACE DIFFUSION CONTROLLED
BUBBLE MIGRATION

3
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Fig. 9. A plot of surface diffusivity, D_ vs 1/T,
Dg vaiues were calculated from Grubdr's equatlgn relating
bubble size for various annealing times, temperatures,
and helium concentrations with surface diffusivity. A
linear relationship indicates a fit to the model and the
slope yields a value for surface migration energy. The
two high points at 900 and 1000°C are attributed to the
effect of dislocations. The slope of the line yields a
value of 4.2 ev,
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. Fig, 10, A plot of DK vs 1/T ts test the Ostwald
ripening model of bubble growth as related to the mean
size of the bukx’ . --~onlation by Morkeoeci. —n IINERF

i<zacion 15 expected for agreement with this model and-
the slope of the line gives the activation energy for
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Tm is the absolute melting temperature. A comparison of pre-
dicted surface migration energies with values measured from
slopes of DS vs T plots gives 2.8 ev vs 2.4 for vanadium,

1.2 vs 2.1 for aluminum, and 2.2 vs 4.2 for stainless steel.
Measurements on gamma iron also gave a value of 2.2 ev.27
These valdes are for surface self-diffusion in pure materials
and it is possible that impurity effects might modify the re-
sults or that a ledge nucleation model might control.10 The
activation energy obtained from the slope of the Ostwald
ripening plot for stainless steel yielded a value of 1.8 ev
which is less than the seif-diffusion energy in nickel (2.9 ev).
Another possibility for voluie diffusion of le would be as

an interstitial for which values ranging from 0.08 ev for
nickel to 1.74 ev for palladium have been calculated~28 1f

He resides in a substitutional position as a consequence. of
combining with a vacancy, the rate limiting step for diffu51on
might be "pop~-out” from the substltutlonal position with acti-
vation energies of 3.16 ev in nickel and 1.88 ev in copper.28
Another mode of diffusion recently suggested on the basis of
computer models is a mutual diffusion ‘process in which the

He jumps out of a vacancy (substitutional He) intc an inter-
stitial position; a lattice atom jumps into the wvacant site,
and the He jumps back into the new Vécanc*. The rate limiting
step is the first one, where the He jumps into an interstitial
position, and for copper has an energy of 2,15 ev.za No
caiculations for thlS “mechanism were found fon nickel.

The observa+§ons on He bubble formation :h the present
experiments agree reasonably well with a study of tbe”mal
release of He from nlckel 316 stainless steel, and PE-16."
Stages attributed to annealing radiation damage, atOmlu dif-
fusion of He, and bubble migration were observed at 300, 50u.,e

and 800°C respectively. In nickel all the He vas. trqnped in

bubbles affer a B0OD° Frnnqeﬂiﬂ‘ Onlv TQT of 1hp ho hﬂn honn

30

released at 800°C in nickel and only 1% in stainless steel

was released at 800°C, A mipration energy of 2.5 ev was

[Nt —
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dednced for migration of He in nickel and a value of 2.3 ev
was deduced for stainless steel using a model for trapping
during diffusion. Other work on thermal release spectra from
low energy alpha implants in 304L stainless steel31 showed
peaks at 411°C and 760°C and activation energies of 1.91 and

2.91 ev were deduced using a diffevent model.

The data available on the behavior of He in stainless
steel then can be summarized by saying +hat during annealing
of foils implanted with 0,1 to 100 pwnm He, the dominant pro-
cess is the formation of He bubbles. Although atomic ﬁigra-
tion of He occurs over distances where the mean free path is
less than the separation of bubble nuclei, it is not a long
range transport mechanism, Migration energies deduced from
thermal release experiments and bhubble formation experiments
are in the range from 2,0 to 2.8 ev suggesting a substitutional
or a2 mutual diffusion mechanism rather than diffusion as an
interstitial He atom. Bubble growth usually results {rom
surface diffusion contrclled bubble migration, collision, and
coalescence although the current data on 316 stainless steel
would require unusually high surface <iffusion encrgies to
fit the model possibly due to impu:z.-+ sffects.

DISCUSSION

The exzerimrnts described in this paper were intended to
investigate the formaticn of bubbles i: He implanted stainless
steel to provide base line data ahout the behavior of H@ in a
specimen implanted at low temperatures and anhealed at pro- '
gressively higher temperatures. W¢ now compare our resuits %o
neutron irradiation results and current theories to see if
further insight can be gained abo.it the behavior of He incer
irradiation.

o
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He collects at grain boundaries and promotes intereranular
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ductility above 540°C which became a serious decrease above
650°C in tensile tests of 304 and 316 stainless steels im-~
planted with 30 to 40 ppm He. Bloom and Weir33 have reviewed
data on ductility trends in 304 and 316 stainless steel ir-
radiated to fluences in the low 1022 n/cm2 range and found
drastic reductions in tensile ductility at 750°C and above
due to He embrittlement with synergistic effects from radia-
tion hardening and He between 450 and 750°C. He transport

to grain bhoundaries to produce He embrittlement requires
relatively long range transport such as by sweeping of bub-
bles. Irradiation does not appear to drastically modify the
temperature at which embrittlement occurs so bubble transport
by dislocations still appears to be the controlling mechanism.

Thevother phenomenon for which He transport is important
is void nucleation. While the initial experiments with ion
damage showed no void nucleation without pre-injection of
He4, subsequent work has shown He is not essential for void
nucleation in all cases. If present, He can obviously
stabilize a void nucleus because of the internal pressure.
Two experiments have been performed in which 304 stainless
steel was implanted with He and then neutron irradiated in
the void nucleation regime and compared with control samples
without He pre-injection. Bloom and Stiegler34 implanted 20
ppm He in 304 stainless steel and irradiated to a fluence of
7.4 x 10%1 n/en® at 390°C. They found the He implanted
material had more bubbles of smaller size but less swelling
{from visible voids anyway), than control material irradiated
under the same conditions. Harkness, ..Kestel and McDonald35
performed a similar experiment with 0.1 and 100 ppm He at a
flueunce »f 1 X 1021 n/cm2 at 450°C. They found heat treat-
ments following implantation that removed the dislocation
loops 2:d cilusters was more important than He content, at
least at ."*s low fluence. Apparently the clusters serve
as sinks to delay void nucleation to higher fluences or else
many voids below the visible range are nucleated because no

T
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voids formed in specimens not annealed to remove displacement/ ;
damage prior to neutron irradiation., However, among the
samples annealed to remove damage the He implanted sampiles
had greater swelling than the control with no He.

A few simple calculations suggest that irradiation must
enhance the diffusivity if a uniform distribution of He is
to be redistributed during jirradiation into 1015 voids at
temperatures of 300 to 400°C during a 2000~hr irradiation,
Separation between He atoms in a uniform distribution would
be 500% with 0.1 ppm He and 50% for 100 ppm He. Calculations
of the random walk movement of a He aiom with 2.5 ev activa-
tion energy indicates it would move less than 1} at 300°C
and about 107 at 400°C. At He concentrations of 0.1 ppm
uniformly distributed, 1 He atom would reside in each of
8 X 1015 voids. For 100 ppm, however, 1000 He atoms would
reside in each void and the mobilities estimated above are
too low to permit this to take place. It seems reasonable
then to look for a mechanism by which irradiation can convert
He to an interstitial or some other highly mobile configura-
tion. Nelson, Hudson and Mazey36 report an experiment on
321 stainless steel where the implantation of 1CS ppm Ar
as well as 10 ppm He priocr to ion bombardment suppressed the
formation of visible voids. It was postulated that the Ar,
which could only move substitutionally, nucleated voids on
too fine a scale (~1018 cm-s) to be visible in the electron
microscope.

Since the time this work on He behavior in metals was
initiated, several important theoretical papers have examined
the role of He in void nucleation. The two major works by
Russell and Ha1137 and by Wiedersich, Burton and Katz5° have
independently snlved the problem of nucleation of voids in
the presence of He by numerical solution of the kinetic aqua-
tions of void growth and shrinkage due to vacancy capture
and emission, He capture and emission and interstitial capture.

el o Ak arem
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He influences void nucleation by decreasing the rate of
vacancy emission and by -stabilizing small voids which would
otherwise dissoive. Both treatments conclude that He mobility
is an important variable and require the arrival‘rate:ratios
to be in the range 0.1 <BHe/Bv <1.0 to effectively influence
nucleation.

We have evaluated this expression for representative
substitutional and interstitial migration energies for stain-
less steel.39 For substitutional diffusion of He enhanced
by radiation induced vacancies, we find,

BHe = CHe DHe - CHe Cv Do exp -[(Em_Eb)/kTﬂ (8)
B ~C_ D C. D
v vy v o exp (-Em/kT)

= CHe exp (Eb/kT)’

assuming Do is approximately the same for vacancies ~nd He
atoms. Evaluation of this expression for 10 ppm He in the

swelling temperature range of 800 to 1100°K for a binding

4 3

energy of 0.3 ev, gives ratios of the order of 10 ° to 10 7,
This would indicate that substitutional He would behave es-
sentially the same as immobile He. Diffusion of He by an
interstitial mechanism gives,
He
He _ Che PHe _ CHe Do ©XP (-Egn " /KT)

8
B G Dy c, D, exp (-E,V/kT)

v

The arrival rate ratio would be at least 0.1 for typical
conditions of 10 ppm He (all in solution), C, = 107,

Emv = 1.4 ev, and 875°K if the migration energy for He were
1.2 ev, or less. It is again conclqded that interstitial
migration of He is required to enhance nucleation in these
thébries. The next question then becomes what is the dynamic
concentraticn of He in interstitial positions in equilibrium
with the wmore stable substitutional He.

139

Wiedersich et a treated this situation for the case
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of He trapped at vacancies (substitutional He) and disloca-
tions which were then converted to mobile interstitial He
by displacement cascades, thermal detrapping., and interstitial
pop-out (the annihilation of the vacancy of a He-v co-plex).28
They conclude that for irradiation conditions of interest
c 2
CHee® » ity (10)
He

where D is the total concentration of trap sites. Their cal-~
culations show that under reactor irradiation conditions He
can have a major influence on void nucleation rate at concen-
trations as low as 10'10 atom fraction. The influence of He
is less potent for simulation experiments performed at higher
displacement rates and achieving higher vacancy supersatura-~
tions. Similarly, He would be more effective in enhancing
nucleation at the high temperature end of the swelling range.
As Rulsell‘o has pointed out, however, sensitivity to as
1ittle as 10710 atonm fraction of He could apply only at the
very earliest times of nucleation since there would be fewer
He atoms present than the 1015 voids/c-3 commonly found in
neutron irradiated material. Russell suggests a concentra-
tion of 10"6 is more probable for effective nucleation en-
_hancement. It should also be noted that the Wiedersich et
al calculations use a migration energy of 0.08B ev for inter-
stitial He in nickel which was the lowest value obtained
for any of the fcc metals {palladium had a value of 1.74 ev)28
and therefore may overestimate the effectiveness of He for
other materials., The conclusion remains, however, that He
appears to be more mobile under irradiation than observed
in annealing experiments in the absence of radiation.

A final question which should be addressed is the
proper way to introduce He in simulation experiments. The
easiest method is to do the He implant first at low tempera-
tures and then bombard the specimens at the selected higher
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temperature to produce the displacement damage. Simultaneous
implantation of He at the same ratio of transmutation rate
to displacement rate as produced in reactor has appeal be-
cause it duplicates an obvious experimental condition. As
noted above, however, this doss not gurrantee duplication of
resctor conditions bhecause the high vacancy supersaturation
in simulation my produce homogeneous nucleation rather than
He enhanced nucleation. The critical portioa of an irradia-
tion as far as lHe is concerned would be the thrt-hold"vbcre
the He concentration first influelices the nucleation to the
point where nucleation is cut off because the voids are act-
ing as sinks tc reduce the vacancy supersaturation. In a
neutron irradiation, He is produced in stainless atesel at
the rate of about 0.1 ppm/dpa and nucleation is complete by
~10 dpa (annealed materiall. In a simulation experiment at
107} dpa/sec the wmost critical period would be from 10 to
100 maconds and He concentrations of 0.1 to 1} pps. [During
this tiwme period simultaneocus bombardment would appear to be
advantageous but otherwise would have little advantage. One
problem with pre-bombardment implantation that should be
avoided is annealing at temperatures and times where He
bubbles can form which are larger than the size that can

be resolutioned in a displacement cascade. Large bubbles
either become the void nuclei or serve as point defect sinks
and reduce nucleation. Reference 41 provides an example of
the latter.

Experimental results on aimultaneous implantation and
bombardment have been obtained by Brilblll‘z who compared
the void microstructures in molybdenum produced by bombard-
ment with 5 MeV nickel under conditicns of: (a) no He
implant, (b) implantation of 10 and 150 ppm He prior to
bombardment, and (c¢) simultaneous implantation of He at the
rate of 2 ppm He/dpa. A comparison of the microstructure
after 6 and 53 dpa showed the no He and simultaneous implant
conditions to have sssentially identical void size denasities
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and overall swelling. The samples with pre-injected He had
10 to 30% smmller voids, a higher density, and less swelling
than the other conditions. These observations are consistent
with the preceding discussion,

CONCLUSIONS

The following conclusions can be drawn from this study
of He bubble formmtion and growth in 316 stainiess steel and
comparison of the results with published results on neutron
irradiated material.

1. Dislocation loops and clustered defects produced
by the alpha particle bombardment anneal out below 800°C.

2, He bhubbles in dislorcation free regions reach visible
sizes (25.) after a one-hour anneal at 800°C for foils con-
taining 40 ppe He.

3. Bubble growth appears to follow a bubble diffusion
model with surface diffusion controlled growth although with
unusualily high surface diffusion energies.

4. He has a very low solubility in the lattice and the
"trapping" of He in bubbles keeps long range He transport
very low.

5. Comparison of the current results with irradiation
results and with theory indicates He must be converted to a
more mobile species.than cbserved in the present experiments.
Current knowledge suggests He antoms reside in substit .tiomal
1lattice positions after combining with vacancies. These sub-
stitutional He atoms can be converted to more mobile inter-
stitial He by displacement cascades or encounters with self-
interstitials produced by the radiation.

6. It is concluded that in simulation experiments the
critical period during which the rate of He introduction
can influence void nucleation is between a threshold con-
centration (estimated to be ~0.1 ppm) and the time when
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void nucleation ceases, If temperature and dose rate con-
ditions are such that this critical time period 15 short
then pre-bombardment implantation will produce the same
results as simultaneous implantation and bombardment.
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HELIUM GENERATION IN COPPER BY 14.8-MeV NEUTRONS

J. B. Holt
D. W. Hosmer
R. A. Yan Konynenbury
University of California, Lawrence Livermore Laboratory
- Livermore, California 94550

ABSTRACT

High purity copper foils were irradiated with 14.8-MeV neutrons from
the rotating target neutron source facility at LLL. The average energy
of the neutrons was 14.75 * 0.1 MeV, and the average fluence was
7.0 x 1016 n/cn?.  After irradiation each foil was heated to the melting
point and the released helium was measured by a mass spectrometer of spe-
cial design. Isochronal heating was carried out on several samples to
establish the type and temperature of maximum release. Calculated cross
sections from the literature for the (n,a} and (n,n'a) nuclear reactions
were used, and the predicted amount of helium was consistantly about 0.5
of that actually measured. Because there is very little data on helium
generation in metals irradiated with high energy neutrons, these results
are important and will be related to potential CTR materiais.

I .
This work was performed under the auspices of the U.S. Energy
Research & Development Administration, under contract No. W-7405-Eng-48.
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INTRODUCTION
Because helium atoms ar2 not very soluble in metals and alloys,

they tend to form bubbles as the temperature increases. These bubbles
play an important role in such destructive processes as void-swelling
and embrittiement of materials subjected to neutron irradiation. Numer-
ous studies] have dealt with the diffusion of helium as a function of
temperature. However, the effect of void-swelling, embrittlement, and
related phenomena cannot be comgletely understood until the amount of
helium produced for a known neutron flugnce can be pradicted.

Recent information2 about helium production at the iow neutron
energies {1 to 3 MeV) characteristic of fission reactors emphasizes the
need for the same data at higher energies. Unfortunately, very little
data is available on heljum generation'in material exposed to 14.8-MeV
neutron bombardment. There are indications that helium generation in
certain metals during this high energy bombardment can be 1000 times
greater than that ghserved in fission irradiation.

The atomic fraction of helium produced during neutron damage is
related to neutron energy through the total cross section of the various
nuclear reactions according to the relation

He(at. fraction) ~ °T° d

where ¢ is the neutron fluence (n/cmz) and op is the sum of all cross
sections of neutron reactions that generate helium, such as (n,a) and
(n,n'a), times their respective isotopic fraction. For a given fluence,
the helium content is proportional to the total cross section Tp- By
measuring the helium content and the neutron fluence, the total cross
section can be calculated and rompared with values measured by activation
techniques or computed from theoretical data. In some metals the helium
content can be precisely determined by counting those radioactive species
produced along with the helium. This method is not applicable when
nuclear reactions produce only stable isotopes.



11-282

In such cases, direct mass spectrometric measurements of the amount
of helium resulting from 14-MeV neutron bombardment would be usefui.
Copper, because of its well-characterized physical pfoperties, was chosen
for this preliminary study in which we developed equipment and procedures.
Subsequent to this study, helium generation in refractory metals such as
niobium, vanadium and molybdenum are planned.

EXPERIMENTAL METHODS

Disks, 12.7 mm in diameter and 0.05 mm thick, were cut from Marz
grade copper foils. These samples were carefully cleaned with methyl
alcohol before loading into the target holder of the rotating target
neutron source (RTNS) at LLL. The irradiation procedure and beam char-
acteristics are reported elsewhere.3 After irradiation, the samples were
gamma-ray counted to determine the amount of 60Co produced from the 63Cu
(n,a)GOCo reaction. The amount of helium was measured by heating each
disk to the melting point in a specially designed mass spectrometer.4
This low-resolution, high-sensitivity mass épectrometer can reach pres-
sures lower than 0.13 pPa (‘IO'9 Torr) and detett as few as 1010 atoms of
heliun. To maximize the amount of information gained from this study,
either an isochronal or an isothermal mode of heating was used prior to
the final melting of the sample. The samples were held at the melting
point for a period of time (~15 min} sufficient to release all the helium.
Several unirradiated disks were run to establish that the background
level of helium was negligible.

RESULTS

12 atoms,

The amount of helium varied from 1.8 x 10]2 to 5.5 x 10
more than enough to accurately measure the cross section. Five copper
disks were irradiated simultaneously and had an average fluence of
7.0 x 10]5 n/cmz. Another copper sample was irradiated to a fluence of

1.08 x 10'7 n/en?.
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Figures 1 and 2 show typical isochronal and isothermal release of
helium from copper. The helium is temaciously held within the solid
until nearly 0.5 of the melting temperature is reached (Fig. 1):. The
isothermal release is similar to that of other metals. There is an ini-
tial accelerated outgassing followed by a rapidly decreasing rate of
release. The isothermal curves do not fit those expected from the out-
gassing of a disk with an initial homogeneous distribution of helium.
Sn, even at these low concentrations (~2 to 3 at. ppb), the release is
apparently influenced by the formation of slow moving bubbles.

It would be instructive to know if the helium content is a linear
function of fluence. As there are only two data points for fluence, we
used the 60Co count from each of the five disks. The 60Co count should
be directly proportional to the neutron fluente, and therefore propor-
tional to the amount of helium generated. In Fig. 3, the amount of
helium released is plotted vs the 60Co count. In each case, the 60Co
was measured with a precision of approximately 0.2%. The absolute accu-
racy of the measurement is estimated to be +5%. Even with the scatter
in Fig. 3, the linear relation seems valid.

Table 1 shows the helium content of each disk with the calculated
total cross section. The five disks have an average cross section of
54 mb. This value is very close to 55 mb for the specimen irradiated to
a slightly different fluence. The overall uncertainty of these results
is estimated to be +10%. The important comparison is that of the average
experimental value (54 mb) to the value obtained by activation techniques.
The main source of helium will be the (n,a) reactions, because the
(n,n'a) cross section is too low to be significant. The (n,a) cross
sections determined by activation are 34 mb for 63Cu and approximately
21 mb for 65Cu.5 Taking the isotope fraction into account, the total
activation cross section should be about 30 mb. Qbviously, the amount
of helium erperimentally measured is a factor of 1.8 higher than that
computed from activation cross sections. We believe the experimentally
derived value to be valid because our recert measurements of helium
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Table 1. Helium content and calculated total
cross section of copper disks.

Sample Type of Amount of o1
no. anneal - helium (ppb): - Fluence (mb)
1 isochronal 4.7 7.0 x 10'° 67

2 isochronal 4.8 7.6 x 1016 68
3 isothermal 3.1 7.0 x 106 a5
4 isothermal 2.8 7.0 x 106 40
5 isothermal 3.4 7.0 x 1016 29

6 isothermal 5.9 1.08 x 107 55
Average 54

Uncertainty +10%

generation in aluminum agree very well with that predicted by the activa-
tion cross sections. Aluminum occurs as a single isotope, and its (n,a)
cross section is the best known in this energy range.

A possible explanation of the discrepancy in copper might be the
presence of impurities within or on the surface of the metal. Most
elements in the parts per million range will not increase the helium
content significantly. Nevertheless, there are certain elements such as
carbon and boron with {n,a) cross sections large enough (~1 b), that
vwhen present in parts per million, may make a significant contribution
to the inventory of helium. For this reason several copper disks were
examined by spectrographic and combustion analysis-mass spectrometry
techniques to determine whether boron, carbon or nitrogen might be
present in amounts large encugh to account for the excess helium.

The analyses are given in Table 2. The carbon contamination might
be suspected as a source of helium, because the ‘zc(n,n')sa reaction has
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Table 2. The impurity analysis of copper disks {ppm).

Detected Not detected {1imits of detection)
Ag 6 U <1050
Si <6 As, Th <600
Ca 3 Ca, Na <400
A Ba, Cd, Hg, In. P, Sb, An <100
Mg <) Bi, Ge, Sb, Sn <40
Be <1 Ga, Co, Cr, Mn, Mo, Nb, V, Sr <15
c 862 B, Ti, Fe <4
Ni <3

3This analysis was by combustion analysis - mass spectrometry.

a cross section of 0.28 b: effectively 0.8 b in terms of helium produc-
tion. However, the bulk carbon analysis, 86 ppm weight {450 at. ppm),
couid only contribute 0.025 ppb helium from a fluence of 7.0 x 1016 cm'z.
which is a few percent of the amount actually measured. Other low-Z
elements have cross sections in the 1-b range, but their concentration
also appears to be low. We did not determine if surface contamination
is a source of helium. Surface carbon for example, might be a source of
helium injected into the metal to a depth of up to 10 um. To contribute
to the helium actually measured however, the carbon layer would have to
be over 1 um thick, much more than expected after our preirradiation
clean-up procedure. This seems to negate the probability of impurities
contributing to the excess helium generated in the copper.

The discrepancy remains unresolved. The consequence of this prelim-
inary study of helium generation in metals by 14.8-MeV neutron bombardment
is to point out the possibiiity of error in predicting atomic fraction
of helium using activation cross sections and to emphasize the importance
of high purity, especially low-Z elements, when considering materials in
the design of fusion reactors.
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THE INFLUENCE OF IMPLANTED HELIUM ON SWELLING BEHAVIOR
AND MECHANICAL PROPERTIES OF VANADIUM AND V-ALLOYS
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Kerr.forschungszentrum Karlsruhe, Germany (Dg
Institut iir Material- und Festkérperforschung J

ABSTRACT

The influence of helium implantation on the swelling behavior and
ductility in Vanadium and V-Ti alloys has been investigated by trans-
mission electron microscopy and tensile testing. V and V-20 wt.% Ti has
been implanted with He-ions of lcw energy (2L0O keV) ut irradiation tem~
peratures between 450 and T00° C to fluences ranging from 2.5+10!* to
5¢10!7 ions/er?, which corresponds to pesk concentrations of 125 and
250,000 at, ppm He resp. The correlated ion-induced displacement damage
is 1.1+1072 to 22 dpa. For comparison, in the first wall of a CTR about
10,000 ppm He will be generated via (n, a)-reamctions in V after a
10 years exposure. In pure V the threshold for bubble formation (d > 40 R)
is 1¢10!7 ions/cm® at 500° C; it decreases markedly with increasing ir-
radiation temperature (7-10!% He*/cm® at 600° C e. g.). The mean diame-
ters increase hyperlinear with temperature and approximately linear with
dose. The strong effect of temperature on the mean diameter can be ex~
plained by surface-diffusion controlled coslescence mechanisms. Generally
we have observed two different growth processes. The first one can be
connected to vacancy trapping and the second one to coalescence. The ob-
served maximum swelling is about 8 % at 625° C. Additions of Ti reduce
the concentration of bubbles and their distributions, but have no essen-
tial effect on the amount of swelling. Thus in this experiment swelling
is mainly due to helium rather than to the displacement damage produced
during the implantation. Pure vanadium tensile specimens were homogene-
ously implanted with 100 MeV He-ions up to 10 ppm helium between 200
and 300° C and tested between 750 and 950° C. No influence upon ductili-
ty or yield strength was found in agreement with earlier results on a
V-3Ti-181i alloy.

INTRODUCTION

Vanadium and vanadium base alloys are of interest as potential
structural material for the first wall in conceptual designs of fusion
reactors. Neutronic analyses of these designs indicated that the neu-
tron-induced activity and associated nuclear afterheat of the vanadium
structure were superior to other high-temperature materials such as nio=-
bium!. Additionally vanadium exhibits an excellent tritium breeding ra-
tio and the compatibility of vanadium-titanium alloys in liquid lithium
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up to 700° C is excellent?.

The generation of helium due to (n, o)-reactions causes one of the
most importsnt radiation damages, since helium influences {1) the bulk
effects like swelling and high-temperature embrittlement and {2) the
surface effects like wall erosion and erosion-induced plasma contamina-
tion. The total amount of helium produced in a first wall of vanadium
is about 9000 At. ppm within the lifetime of 10 years3,

In that work the influence of implanted helium of swelling behavior
and mechanical properties of vanadium and vanedium base alloys at diffe-
rent temperatures and dose levels is discussed.

EXPERIMENTAL PROCEDURE

The work was carried out with samples of pure vanadium (99,94) and
& binary vanadium-titanium alloy of 20 wt.% titanium. The vample size
vas 10 mm » 0.2 mam. All samples were annealed at 1030° € for 1 hour in
an URV-furnace ( 10'8 Torr) before irrsdiation. The amount of oxygen and
nitrogen vas investigated before and after irradiation by cheﬁical and
microhardness techniques. To determine the depth within the implanted
specimens from vhich the transmission electron microscopy (TEM) foils
vere taken, a 3-step procedure was used. In a first step the front sur-
face of the irredisted samples waos vibratory polished with an AB Micro-
met polishing compound, grain size < 0.05 ym, to get a Tlat, smooth sur-
face. The depth and the parallelity of abraison was controlled dy the
dismeter changes of indents distributed over the sample, s method which
is estimated to have an accuracy of t 0.1 ym. In a second step four discs
of 2,3-mm diameter vere punched from every polished ssmple. The discs
-ware thinned electrochemically up to their final depth of 0.6, 0.8, 1.0
and 1.2 ym, respectively, measured from the original surface. This elec-
tropolish also eliminated the cold work or the surface introduced dy the
vibratory polishing. he electrolytes used were 20 % HC10) + 80 % CH ,CO0H
for pure vanadium and 20 £ K80, + 80 % CH,COOH for V20 Ti. In the last
step the backside of the discs vere thinned while the front surfaces vere
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masked off. Foils were examined with a 100-kV SIEMENS Elmiskop 1A and

with a JEOL 200 A electron microscope. The thickness of the foils was

determined by stereotechnigue. Bubble concentration and the size dis-

tribution curves were obtained by counting and classifying the bubbles
with a ZEISS particle-size analyser using a ctandard magnification of

120,000 for the micrographs.

During the implantation the samples were placed in a high vacuum
irradiation chamber on a rotable target-hclder with twelve target po-
sitions. The target-holder was electrically and thermally isolated
against the container thus allowing a continuous measurement of the in-
cident beam current. The secondary electron emission was suppressed by
a Faraday cup.

The time integration of the flux, i. e. the dose measurement, was
accurate within *+ 5 %. The dose varied between 2.5-101h and
5.001017

The target holder was held at a constant temperature between L60
and 700° C with a stabilization of * 0.5° C. Beam induced heat pertuba-

tions can be controlled within few seconds due to the low heat capacity

. 2
ions/em“.

of the target holder system and due to the quick response of the tempe-
rature stabilizer. The radial and axial temperature gradients are of the
order of one degree Celsius per cm. A data scquisition system controlls
the irradiation parameter. The beam source was the UNILAC-testinjector
at Darmstadt operating with a2 duoplasmatron ion source., The beam energy
was 240 keV. The current density was between 10 and 100 uA/ﬁme corres-
ponding to & particle flux of 6.2h-1o1h and 6.24+10"° He+/cm23. respec-
tively.

The high energy irradiation with 10L-MeV a-particles was carried
out at the Karlsruhe cyclotron. The beam current density varied between
2 and 5 uA/cm2 and the target temperature was about 280° ¢ due to beam
heating. Both the current density and temperature were measured at the tar-
get holder which was electrically isolated agninst the container. We used
the homogeneous operation mode reducing the ion beam energy of 10L-MeV
down to zero continuously by a rotating moderator disc. The thickness of
the moderator disc varied over twelve segments along the circumference
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vwhich have different thicknesses.as well as different segment angles due
to the nonlinear relationship between range and energy. In this mode we
got a uniform helium distribution over the sample thickness which is
50C um. The gauge length of the tensile specimens was 15 mm and the width
4.2 mm,

We tested oniy pure vanadium samples from the same batch as the
ones used for the low energy implantation. After irradiation all tensile
specimens were annealad at specified temperatures and times and there-

after tensile tested under vacuum conditions.

RESULTS AND DISCUSSION FOR THE LOW
ENERGY IMPLANTATION

Pure vanadium

Due to stopping and range straggling of the ions implanted the indu-
ced damage as well as the ions have no uniform distribution along the
penetration depth. In Fig. 1 we show the typical dependence of the bubble

concentration and the bubble diameter on.the sample thickness measured
by TEM technique. The helium ion energy was 240 keV corresponding to a
mean penetration depth of 0.8 um with a smell standard deviation of
0.1 um calculated according to the LSS~formalism and using empirical

h. The damage peak related to above ion energy is

electronic loss data
located at 0.7 um. From Fig. 1 one cen see that we also have found bub-
bles at greater depths then the mean penetration depth. Therefore we

can state that at all depths investigated the supply of helium should

be sufficient for nucleation or even in oversupply. Thue quick spread of
helium can be explained by the low migration enerygy for helium in vana~
diums, 0.13 eV, leading to a migration velocity «f several pm/s. The
dominant trapping mechanism for helium by vacancies can only te effective
in the region towards the surface (damage region). For regions towaris the
bulk the thermal equilibrium concentration of vacancies is not sufficient
to effectively trap the high helium flux. The peak broadening of the he-

lium distribution, the reduction of peak height as well as the shift of
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240 - kev HELIUM ON ANNEALED VANADIUM

IRRADIATION TEMPERATURE 575°C

DOSE ) 57=0'%/cm?
. 291=10%/cm?

IO
36

L 180 ‘ i

—_—
©

?
=128 %o -
3[* 8 .
mSom.Q !

1
Wlomr 1
m,;m.s 1
-8 | 4
- 4 20 4

T~

ra

e A

07 0k 08 08 10 12 wpm
PENETRATION DEPTH ——o»

Son

Fig. 1. Bubble concentration and mean bubtble dismeter in
pure vanadius implanted with 240-keV He' at two dose levels as a
function of penetration depth of heliua.
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the helium distribution governed by the kinetics of migration are illu-~
strated in Fig. 2. The dotted line indicates the helium build-up during
implantation neglectins 1igration processes. The distribution calcula-
*ed is assumed to be Gaussian. The solid line represents the helium con-
tent calculated from the observed bubble distribution. The bubbles were
assumed to be in thermal equilibrium, i. d. the gas pressure (van-de-
Waals law) is balanced by the surface pressure using a surface energy of
1000 erg/cme. The irradiation conditions are the same ones as used in
Fig. 1 for the case of the 5.7+1016 dose level.

From our experiments we can deduce two different growth processes
taking place during irradiation at elevated temperatures. The first
growth process can be associated with a dbubble growth due to vacancy
trapping. As seen in Fig. 1 at the depth 0.6 um the bubble concentration
increases with increasing dose accompanied by an increase in bubble dia-
meter. The migration energy of vacancies in vanadium is low enoughe,
0.54 eV, to ensure a quick diffusion through the solid, if no other pro-
cesses such as recombination lowers the vacancy supply significantly.

T in 1975 experimentally and as supported

As confirmed by Evans et al.
by own calculations the dominant traps for vacancies are the helium cen-~
ters rather than other defect types such as dislocations. The second growth
process can be connected to coalescence. The coalescence restricts the
inerease in bubble concentration due to increasing dose below a threshold
and declines the bubble concentration with increasing dose above a threshold.
That behavior is demonstrated on Fig. 1 for the peak intervall at 0.8 um
having a width of * 0.06 um (the intervell width corresponds to the foil
thickness experimentally determined by TEM). For that intervall we calcu-—
lated the number of Frenkel defects produced by one helium ion to 17 assu-
ming a displacement threshold of 25 eV and a damage efficiency of 0.8.

At a dose level of 1016 Het/cm® there is a helium concentration of

L200 At. ppm and a defect number of 0.071 dpa which are 36 % of the to-

tal injected amount of helium, and 16 % of the total induced damage,
respectively. The calculations based on a procedure given by Kaletta and
Ehrlich8 in 1974, For that peak intervall one can see that the bubble

concentration does decline with increasing dose. The decrease of bubble
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260-keV HELIUM ON ANNEALED VANADIUM
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Fig. 2. Helium distributions in pure vanadium after 240-keV
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I1-296

concentration is accompanied by an increase in bubble diameter. The star-
ting point for amalgation depends on the mean separation A of the bubbles
& quantity:determined predominantly by the dose A & (dt)_1/2, and by the
mobility of the bubbies which in term is determined by the temperature
and migration mechenism. The correlation between the mean free path and
the diffusion path indicates that the migration mechanism of bubbles
should be a surface diffusion mechanism.

It is believed that the peak in the bubble concentration vs. dose
curve is governed by the vacancy supply and demand. Up to a critieal
bubble concentration there are continuous nucleaticn and growth proces-~
ses with dose, At the concentration maximum the vacancy demand by bubbles
is balanced by the vacancy supply; there is no further incresse in con-
centration but only in diameter. Simple estimates confirm that the da-
mage induced vacancy supply at high bubble concentration le;els can on-
ly support a growth process because the vacancy demand by bubbles for
growing is of ore order of magnitude lower than the vacancy demand for
buil&ing up a new bubble of some diameter before growing. For the case
that bubble growth sbove a critical bubble concentration is due to vacan-
cy trapping one gets a saturation effect in the bubble concentration vs.
dose curve, and for the case that bubble growth above a threshold is due
to coalescence one gets a peaked curve

At elevated temperatures we obse.ve that the vacancy supply is still
sufficient to enable a bubble growtii under thermal equilibrium condi-
tions. As seen in Fig. 3 the cubic morphology of bubbles even at high
depths is unchanged and there are no stress fields around the bubbles
indicating thermal equilibrium,

In Fig. b we show the temperature dependence of the two growth pro-
cesses as observed at the peak-intervall of 0.8 um. At a given dose there
is initially a build-up of the bubble concentration up to a critical
temperature and thereafter a decrease with temperature. That behavior
can be explained in terms of current theories based on temperature de-
pendence of the vacancy supersaturation. With increasing dose st a given
flux, however, we observe the decrease in bubble concentration discussed

above and a temperature shift of the bubble peek concentration to lower
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240- keV HELIUM ON ANNEALED VANADIUM
IRRADIATION TEMPERATURE 575°C
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Fig. 3. TEM micrographs: bubble concentration and mean bubble
diameter in pure vanadium implanted with 240-keV He' as a function
of penetration depth »f helium (Fig. 3 is related to Fig. 1).
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Fig. L. Bubble concentration and mean bubble diameter in pure
vanadium implanted with 2k0-keV He' at three dose levels as a
function of irradiation temperature. The sample depth is 0.8 um.
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temperature with increasing dose. The sign of that temperature shift is
opposite to the sign resulting from variations of the defect production
rate. That behavior can be ascribed to coalescence: The higher the dose
is the shorter the bubble distance is and the bubbles need a lower mo-
bility or temperature to grow by coslescence,

From our dose vg. temperature data for bubble diameters we can ex-
trapolate a threshold dose for bubble occurence, In Fig. 5 we show the
strong influence of irradiation temperature on the threshold dose for
obgerving bubbles with 40-% diameter. This diameter has been chosen as
a lower limit for bubble observation. The extrapolation procedure vwhich
extrapolates from large bubble diameter data to low bubble diameter
ones, should be handled carefully because the diameter data involve
two different growth processes. We believe, however, that within a
factor of 2 the threshold values should be correct.,

In Fig. 6 we show the dependence of the swelling volume AV/V of
the samples due to bubbles upon dose and temperature. We have found that
the magnitude of swelling is an increasing function with dose showing
a maximm of 8 % at T = 625° C,

Vanadium-20 wt.% titanium

In the case of the V-Ti alloys we found a nearly unaltered swelling
volume compared to the case of pure V under the same irradiation conmdi-
tions which is in contrast to the swelling behavior due to voidsg. The
microstructure of the V-Ti alloy samples exhibit large precipitates
('1'102) corresponding to the high oxygen content of thesesamples. In accor-
dance with the altered microstructure ve found an altered bubble struc-
ture which differs in three points from the bubble structure of pure V.
At first the bubble morphology was changed in V-20 Ti; the bubbles grow
in a direction exhibiting an elongated e:.i plate-like form instead of
cubic shape as seen in Fig. 7. Second”y the mean bubble diameter is
mostly more than twice greater than for bubbles in pure V and the bubble
diameter distribution curve is brradened. That means that the o/u ratio
increases {0 is the standard deviation of the average u). The increase
in-diameter was accompenied by s decrease in bubble concentration. And
thirdly the bubbles grow along grain boundaries and precipitates prefe-

oA
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Fig. 6. The svelling volume of pure vansdium implanted with
240-keV He* at three temperatures as a function of dose.
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240-keV HELIUM ON V-20°%Ti
IRRADIATION TEMPERATURE 575°C
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Fig. 7. TEM micrographs: bubble morphology in V-20 wt.% Ti
implanted with 240-keV He.



II-303

rentially (Fig. T); there is no uniform distribution within the grains
as for the case of pure V.

The preferred bubble growth along grain-boundaries does not only
affect bulk-phenomena, but does affect related surface phenomers, too.
Using REM techniques we could clearly observe that the vanadium alloys
exhibit an intergranular structural fracture with pronounced trittle

fracture behavior.

THE EFFECT OF HELIUM ON THE TENSILE PROPERTIES OF VANADIUM

In former experimenta‘o it was shown that some investigated vana-
dium alloys of high tensile and creep strength vere gengitive to a pre-
implantation of helium at test temperatures of sbout 0.5 ‘l‘H anpd higher.
The observed embrittlement could however not pe correlated to the appea-
rance of helium bubbles at grain boundaries which in the case of nickel
alloys and austenitic stainless steels is being clsimed to be the im~
portant mechanism for high temperature embrittlement“. Similar results
had been found by Santhanam et a1.12 on a vanadium-15 % Cr-5 & Ti alloy.
They could establish that the embrittlement was associated to an increa-
sing tendency to intergranular fracture - which is supposed to be the
general characteristic for helium embrittlement. But again the forma-
tion of bubbles along grain boundaries was observed only in exceptional
cases,

The results of our investigations on pure vanadium where helium was
homogeneously implanted at about 280° ¢ parallel our findings on a
V-3Ti-15i alloy. In both cases (Fig. 8) nearly no influence of preim-
planted heliwn on the ductility is observed even at the highest test
temperatures (900 - 950° C). Preannealing of samples at 850 resp. 950° ¢
for 16 hours followed by tensile testing at the same temperatures had
no influence on yield stress and elongation. Electronmicroscopic inve-~
stigations of the samples showed no helium bubbles along grain bounda-
ries.

The reason for the different behavior of several vanadium slloys
after preimplantation with helium when tensile testing at temperatures
of 850° C and higher is not known. Maybe the very high yield strength
of V-Kb-Ti-alloys promotes a preferred intergranular cracking in these

T
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104- MeV a-PARTICLES ON VANADIUM ALLOYS
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1I-305

materials. Also the recovery behavior of both groups of materials is very
different. Finally the recent results on Vanadium and V-3Ti-Si show a very
steep increase of total elongation at temperatures of 900o C and higher in-
dicating some sort of superplastic deformation at this temperature region.
Purther experiments are necessary to clearify the reasons for this very

2ifferent behavior.

SUMMARY

From our experirents we can conclude:

(1) At an initial stage of irrediation helium is enabled to diffuse through
the solid quickly. There are no dominant traps for helium trapping
thus i.elium can be act as & nucleation center far behind the mean
penetration depth of helium injected.

(2) The bubble rucleation and growth due to vacancy trapping increase
with dose up to a critical bubble concentration. Above the threshold
the bubble growth is governed by coalescence and the bubble concen-~
tration declines,

(3) With higher temperature the threshold dose for 4o-R bubble occurence
is lowered drastically.

(4) The addition of Ti to V alters the bubble morphology, concentration
and diameter as well as their distributions dut has no influence on
the swelling volume when compared to pure vanadium.

(5) The injection of helium in the ppm-range at low temperatures has no
significant effect on tensile properties at elevated test temperatu-
res, when the yield strengths of the alloys are comparable to thsi of

pure vanadium.
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EFFECTS OF HELLUM IMPLANTED BY TRITIUM DECAY ON THE
HIGH TEMPERATURE MECHANICAL PROPERTIES OF NIOBIUM

D.G. Atteridge A.B. Johnson, Jr.
L..A. Chariot J.F. Remark
R.E. Westerman

Battelle-Pacific Northwest Laboratories
Richland, Washington

ABSTRALT

Helium-induced mechanical property degradation is one of
the major material problems which must be assessed in predic-
ting the lifetime of CTR first-wall structures. The effacts
of helium on the high~temperature short-time tensils properties
of commercial purity niobium are being determined as a first
step towards attaining a better understanding of inert gas/
metal matrix interactions on mechanical properties. Helium
concentrations from 30 to 500 appm were implanted in the
niobium matrix by tritium decay. The tritium was introduced
into the matrix by a gas-charging technique and then removed
after a sufficient decay time at room temperature for the
helium concentrations tu build up to the desired values.
Subsequent tensile tests at 1020°C, utilizing buttonhead
specimens of 0.41 cm gage diameter, revealed a decrease in
uniform and total elongation with increasing helium content,
accompanied by a helium-induced grain-boundary-decohesion
failure mechanism. Microstructures and fracture surfaces are
being investigated optically and by SEM and TEM; results of
these studies are presented.

INTRODUCTION

Helium~induced mechanical property degradation is a major material
problem which must be assessed in predicting the lifetime of CIR first-
wall structures. The ability to resist the embrittling effects of
helium formed within the material by (n, o) reactions between neutrons
and metal atoms is one of the most significant factors affecting the
lifetime of the internal walls of these vessels. The helium born in the
metal lattice is in a thermodynamically unstable state, as helium is

essentially insoluble in metals under normal conditions. This unstable
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helium removes itself from the metal lattice by combining with structural
defects in the metal such as dislocations, voids, incoherent interfaces,
and grain boundaries. Helium-induced mechanical property degradation

results from these interactions.

This paper describes the effects of internal helium on the high-
temperature short-time tensile properties of commercial purity niobium.
The helium implantation technique used in this study is based on the so-
called "tritium trick" in which tritium decays to helium.! This helium
charging technique consists of diffusing tritium into the niobium,
allowing sufficient decay time to reach the required helium concentra-
tion and then outgassing the remaining tritium. The specimens are

tensile tested following tritium removal.

The tensile test results represent the first substantial test
program vsing the tritium-decay, helium-charging method for studying
helium-induced mechanical property changes in refractory metals. These
results also represent the initial segment in a PNL study directed
toward attaining a better understanding of inert gas/metal matrix inter-

actions and their effects on mechanical properties.
SPECIMEN PREPARATION AND TEST PROCEDURE

The material used in this study is annealed commercial purity
niobium purchased from Teledyne Wah Chang; the composition is shown in
Table 1. The niobium was obtained as 0.96 cm diameter rod and was
subsequently machined into buttonhead tensile specimens 7.6 cm long with
a gage section diameter of 0.4 cm and a gage length of 3.2 cm (Figure 1).

Table 1. Composition of Commercial Purity Niobium

Element ppm Element pom Element ppm Element ppm

Al < 20 Cu < 40 Mo < 20 Sn < 10
B < 1 Fe < 50 N < 20 Ta 377
C < 30 H < 5 Ni < 20 Ti < 40
Ccd < 5 Hf < 50 o < 70 v < 20
Co <10 Mg < 20 Pb < 20 W 52

Cr < 20 Mn < 20 51 < 20 2r 1000
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The specimens were charged with helium by the tritium-decay,
helium-charging technique. The basic steps are:

° Introduction of tritium into the metal lattice by intermediate
temperature (500°C) gas-phase tritium charging.

e Generation of helium in the metal matrix by allowing suffi-
cient decay time at room temperature to accumulate a pre-
determined concentration of helium through tritium trans-
mutation.

° Removal of the remaining tritium by hot vacuum extraction at
" 900°C. The helium is left behind in the metal lattice.

A detailed discussion of this helium charging method is presented

elsewhere.2

Niobium specimens containing from 30 to 520 appm helium have been
prepared and tested. Helium is accumulated at ~ 75 appm per month,
based on a typical beginning tritium content of 15,000 appm (the room
temperature terminal solubility of hydrogen in Nb is 30,000 appn)3 and
the tritium half-life of 12.26 years. This specimen charging rate
compares to a predicted helium accumulation rate of 25 appm per year for
niobium in a fusion reactor first-wall application exposed to a 14 !V

neutron current of 4.4 x 1013 n/cm2 sec.é

‘The helium concentrations reported in this paper are from theoreti-
cal calculations based on initial tritium concentrations in the specimens
and the known tritium half-l1ife. The calculated concentrations were
found to agree within t 10 percent with subsequent helium spectrosccpic

analysis.2

High temperature tensile tests at ~ 0.48 Tm (1020°C) were carried
out on annealed niobium from zero to 520 appm helium; the test temper-
ature corresponds to the maximum predicted CTR use temperature for
niobium alloys. The tensile specimens were heated in a radiant heated
quartz tube vacuum apparatus and tested in a 5 kgm Instron tensile
machine. They were given a 30-minute pretest soak at test temperature
and were tested at a pressure of < 10-S torr and a strain rate of

0.02 min™ L.
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RESULTS

The 1020°C tensile test results are presented in Figure 2. Several
major mechanical property trends are apparent:
° The uniform and the total percent elongation decreases with

increasing helium content.

° The yield and ultimate strengths increase with increasing

helium content.

° The amount of strain hardening decreases with increasing
helium content, i.e., the difference between yield and ulti-

mate strengths decreases with increasing helium content.

The total elongation decreases from 50 percent for as~received
niobium to 15 percent for the 520 appm helium specimen resulting in a
~ 7 percent drcp in elongation per 100 appm heiium. There is, however,
the possibility of a threshold helium concentration of less than
100 appm below which helium does not affect elongation. The uniform
elongation remains relatively unaffected by increasing helium content
until a concentration greater than 250 appm helium is reached (it de~
creased at a rate of ~ 1 percent per 100 appm helium up to 250 appm
helivm). At 350 appm helium the uniform elongation drops to less than 2

percent and remains at this value for 520 appm helium also.

The yield and ultimate strengths increase rapidly with low-level
helium additions and then remain relatively constant at concentrations
above 100 appm helium. The yield strength approaches the ultimate
strength at high helium concentrations, with a resultant decrease in the

amount of matrix strain hardening.

The stress-strain curves for specimens of selected helium contents
are given in Figure 3. Two general types of curves are present. Type I
behavior is found in specimens with concentrations X 250 appm helium.
This type of curve exhibits a substantial strain hardening region between
yield and ultimate, a second substantial strain region of slowly de-
creasing load bearing capability, and finally a relatively abrupt load
drop region terminating in specimen fracture. These characteristics
result in the high uniform and total elongation values mentioned above
for specimens with * 250 appm helium. Type II behavior is found in
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specimens with greater than 250 appm helium. These curves exhibit a
small strain hardening region after the proportional limit is reached, a
region of relatively constant load bearing capacity, and then an abrupt
lead drop followed by a sustantial strain region of decreasing load
carrying capacity terminating in a specimen failure region similar to
Type I curves. The abrupt change from the strain hardening region to the
constant load region at low strain results in the low uniform elongation
values in Figure 2, as the values are based on elongation at ultimate

strength.

The physical appearance of selected fractured specimens is illus-
trated in Figure 4. The fracture tip appearance changes gradually from
a chisel-point to a pseudo cup-cone fracture with increasing helium
content. No abrupt change in fracture appearance is evident between the
250 and 350 appm helium specimens, the compositionl where the stress-
strain curves change from Type I to Type II. Magnified views of the
fractured end of the zero and 520 appm helium specimens are shown in
Figures 5 and 6; their as-tested microstructures are seen in Figures 5

through 8.

The as-received niobium (Figures 5 and 7) exhibited the following
high-temperature deformation characteristics:

° Extended uniform plastic elongation.

° Extended necked region, terminating in a chisel-point fracture.
° Highly deformed and elongated grains.

The high-helium niobium (Figures 6 and 8) exhibited the following
high~-temperature deformation characteristics:

° Reduced uniform plastic elongation.

° Limited necking deformation, terminating in a pseudo cup-cone
fracture.

° Lack of highly deformed grains in the necked region.

° Significant amounts of grain boundary decohesion in high

deformation regioms.



Fig. 4.
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Fig. 5. Fracture Morphology and Microstructure for
Zero-Helium Niobium Tested at 1020°C. 8x.
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Fig. 6. Fracture Morphology and Microstructure for
520 appm Helfum Niobium Tested at 1020°C. 8x.
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Fig. 7. Microstructure of the Fractured Region of ‘
Zero~Helium Nlobium Tested at 1020°C. 100x.
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Fig. 8. Microstructure of the Fractured Region of
520 appm Helium Niobium Tested at 1020°C.
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The 520 appm helium specimen microstructure shown in Figure 8 and again
in the Scanning Electron Microscope photomicrographs in Figure 9 demon-
strates that grain boundary decohesion is a major deformation mechaqism

at high plastic strains in high-helium content specimens.

The grain boundary separation in the high~helium niobium initiated
preferentially at triple points and on boundary surfaces approximately
perpendicular to the tensile axis. The series of photomicrographs in
Figure 9.show that the grain boundary void sj.:e decreases with distance
from the fracture surface. The void density was observed to decrease
with increasing distance from the fracture surface; the last voids
detectable by SEM approximately coincide with the beginning'of the
necked region. Figures 6 and 7 indicate that grain boundary separation
after void nucleation continued by a grain boundary slip mechanism and
resulted in a grain pull-out failure mechanism. The high-helium niobium
fracture surface morphology presented in Figures 10 and 11 also indicate
that the failure mechanism is grain boundary pull-out. Individual
grains can be identified in Figure 10; however, no intergranular or
transgranular cleavage is present. The lack of cleavage, along with the
large amounts of localized plastic flow exhibited in the matrix near the
grain boundaries in Figure 11, indicates a lack of helium-induced matrix

embrittlement at the 1020°C test temperature.

A post~-test Transmission Electron Microscopy (TEM) study revealed
that no resolvable helium bubbles were present in the specimens with 30
or 60 appm helium. Very small isolated matrix and grain boundary helium
bubbles were detected in the 130 appm helium specimen. Substantial
numbers of helium bubbles were found in the specimens containing 2 250
appm helium. Figure 12 illustrates the typical size and distribution of
helium bubbles found in the high-helium niobium. Both preferential

grain boundary bubble nucleation and dislocation decoration are present.
DISCUSSION

This paper presents mechanical property degradation results for
annealed commercial purity niobium helium charged by tritium decay.
This helium charging method was chosen for two major reasons: the

technique provides relatively fast charging rates, (up to three years
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Fig. 10. Fractography ot the Edge Region of the
Fracture Surface of the 520 appm Helium Niobium Tested
at 1020°C.
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Fig. 11. Fractography of the Central Regibnvof the
Fracture Surface of the 520 appm Helium Niobium Tested
at 1020°C.
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appm Helium Niobium Tested at 102Q°C.
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simulated helium accumulation per month of charging time were achieved
in this study), and there is essentially no specimen thickness restric-
tion, as this technique depends solely on tritium diffusing into the
metal matrix. Helium analyses performed atter the high temperature
tensile tests indicate that uniform helium distributions were achieved
in these specimens and that the predicted helium concentrations were

attained with ¥ 10 percent.2

Experimental evidence indiéétqs that helium produced by tritium
decay 1s mobile at the 1020°C test temperature used in this study, as
substantial amounts of both matrix and grain boundary bubbles are
present in high-helium niobium (Figure 12). Bubbles were detectable in
specimens containing 2 130 appm helium. The helium bubble distributions
appear to be manifestations of a praferential bubble nucleation at grain
boundaries; they thus duplicate the defect structures found in both

neutron radiation induced helium damage and alpha bombardment specimens.s’6

The high temperature tensile test data (Figure 2) show definite
helium-induced mechanical property changes. The most pronounced change
is the decrease in both uniform and total elongation with increasing
helium content. In general, the total elongation continuously decreases
with increasing helium concentration, while the uniform elongation

exhibits an abrupt drop around 300 appm helium.

The short-time high-temperature test cycle used in this study
corresponds to that used by Santhanam7 in the éééting of thin foils of
an alpha-bombarded high-strength vanadium alloy, V-15 wtZ Cr - 5 wt% Ti.
Testing of this alloy was conducted at elevated temperatures coﬁparable
on an absolute melting scale to the test temperature used in this study
of niobium.8 Helium contents of 25 apom drastically reduced the elonga-
tion of the vanadium alloy at elevated temperatures 2 750°C (0.47 Tm),
as compared to the greater than 250 appm helium contents required to
reduce the uniform elongation of annealed niobium at 1020°C (0.48 Tm)°
A joint PNL-ANL study is currently underway to determine if alloy effects,
specimen thickness or helium charging technique is responsible for this

large embrittlement discrepancy.
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The abrupt drop in "uniform" elongation seen in Figure 2 coincides
with a distinct change in stress-strain behavior of the niobium, i.e.,
there is a substantial strain hardening region sfter yield for specimens
containing < 300 appm helium while there is essentially no strgin harden-
ing region for specimens ccntaining > 300 appm helium (Figure 3). This
abrupt change in stress-strain behavior, coupled with the other post~
test specimen analysis results rresented above, suggests that two competing
deformation mechanisms are active under the high temperature tensile
test conditions. The deformation mschanisms responsible for the observed
stress-strain behavior are plastic deformation within the niobium grains
and grain boundary sliding (GBS) ard/or grain boundary decohesion.

Plastic deformation within the grain ic to be expected at these
test temperatures and appears to be the dominant mode of deformation at
concentrations below 300 appm helium. It is postulated that GBS is
cresponsible for the abrupt elimination of strain hardening shortly after
the proportional limit is reached in specimens containing > 300 appm
helium (Figure 3). The initiation of gross grain boundary separation
(as seen in Figure 9) may be responsible for the abrupt load drop
following the short "no-strain-hardening" region of these high helium

specimens.

Grain boundary sliding is known to become a significant deformation
mechanism at test temperatures near one-half the absolute melting temper-
ature of a given metal. This deformation mechanism is, however, usually
associated with creep tests rather than the relatively high strain-rate
tensile test. Nevertheless, GBS can be induced during high strain-rate
tests by a change in the strength properties of the matrix and/or the
grain boundary, as the site of deformstion is determined by the relative
strength of the grain boundary compared to that of the matrix. The
onset of significant GBS or grain boundary decohesion is controlled by
the loss of the ability of the grain boundary to sustain the stress
needed to actuate slip in adjacent grains in order t¢ retain intimate

contact between these grains.

Grain boundary sliding or decohesion takes place in order to accom—
modate external shape changes when the stress needed to actuate slip in

adjacent grains is greater than the strength of the grain boundary.
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Increasing the matrix strength and simultaneously decreasing the grain
boundary load carrying area through the addition of helium and the
formation of helium bubbles results in the critical stress for GBS being
reached under the high-helidm specimen test conditions used in this
study.

A substantial concentration of helium bubbles on the grain bound-
aries of low strength niobium is required, however, before GBS becomes
the dominant deformation mechanism. This is illustrated by the 250 appm
helium specimen, for although there is a substantial helium bubble
conczatration on the grain boundaries in the 250 appm helium specimen,
(Figure 12), its deformation characteristics are still controlled by
plastic deformation within the matrix grains.

The stress-strain behavior of the high-helium specimens (2 350
appm) can be rationalized when broken down into a multi-step process.
The initial small strain-hardening region can be explained if a finite
amount of strain (or strain hardening) is required to reach the stress
needed to start GBS. After this critical stress is reached, GBS pre-
dominates during the '"no-strain-hardening" stress-strain region. Gross
grain boundary separation is initiated at the high-stress grain boundary
triple points in this stress-strain region, thus reducing still further
the load carrying area of the grain boundary. After sufficient grain
boundary separation has taken place to initiate localized necking grain
boundary separation becomes the predominaht deformation mechanism,
resulting in a substantial decrease in load carrying area with increas-
ing strain; this results in an abrupt load drop until all, or nearly
all, boundaries in the necked region perpendicular to the tensile
direction are separated. A combination GBS and grain boundary decohe-
sion then takes place, resulting in localized grain pull-out and specimen
fracture. Evidence of grain boundary pull-out can be seen in the fracture
surface morphology and fractured specimen cross-section photomicrographs

in Figures 8 through 11.

The observation that detectable grain boundary separation is first
seen in or near the beginning of the necked region suggests that necking
in the high-helium specimens is instigated by grain boundary separation.
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Theoretical modeling of GBS and grain boundary decohesiong indicates
that a finite amount of GBS is required before the initiation of grain
boundary separation, although helium bubbles may reduce or eliminate
this nucleation strain. In the high-helium specimens, the presence of a
stress strain region controlled by GBS is supported by the substantial
amount of total elongation that cannot be accounted for by a combination
of strain hardening and necking strain.

Two helium-induced phenomena observed in these niobium specimens
are felt to enhance GBS. The first is the preferential nucleation of
helium bubbles on the grain boundaries, as seen in Figure 12. Grain
boundary bubble formation decreases the boundary's load carrying area,
thus decreasing the grain boundary's shear strength relative to that of
the matrix. The second effect ig the matrix strengthening seen in the
increase in yield strength with increasing helium content. This also
increases the matrix strength relative to that of the grain boundary.
Thus, both helium bubble formation and matrix strengthening enhance the
probability of GBS.

The matrix strengthening with increasing helium content observed in
these specimens as well as in other refractory metals and alloys7’8'11
may come from helium atoms pinning dislocations, helium bubble formation,
and/or interstitial and substitutional strengthening. Interstitial
helium is expected to be present in niobium containing helium implanted
by tritium decay as the parent tritium atom occupies an interstitial
site. It is expected that this interstitial 3He will tend to drop into
substitutional lattice sites, as this has been reported as the 4He
diffusion site.lo It is probable that interstitial helium is also present
in neutron irradiated niobium. It has been proposed that helium implanted
with concurrent radiation damage may end up in interstitial as well as
substitutional sites and will be capabie of interstitial diffusion until
it drops into substituitional lattice sites or removes itself frem the
matrix by interaction with sgructural defects. Thus neither interstitial
nor substitutional helium effects in CTR materials can be ruled out a
priori. Lattice parameter studies are being conducted concurrently with
density measurements and strengthening model calculations in the hopes
of determining the various helium-matrix interactions responsible for

the observed matrix strengthening.
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The maximum helium concentration contained in the specimens pre-
pared for this study correlates with ~ 21 years predicted helium accumu-
lation for a niobium CTR first-wall. However, the helium distributioms
present in these specimens are not expected to be directly comparable to
those found in CTR-exposed niboium as the first-wall will see a neutron
lattice damage component and a long~time high-temperature exposure not
seen by the specimens in this gtudy. Helium-induced defects are predicted
to be the controlling mechanical property degradation mechanism at
these high temperatures. It is expected that exposure to neutron-
induced damage and the corresponding long times at elevated temperature
will mainly accelerate diffusion processes and not substantially change

the observed deformation mechanism sequence.

The increased helium diffusion (and possibly bubble nucleation
kinetics) under fusion reactor conditions is expected to reduce the
amount of helium needed to initiate GBS from that found in this study,
due to an expected increase in the concentration of helium bubbles on
grain boundaries. The helium-induced strengthening effect would be
expected to decrease due to a depletion of helium in the matrix with
increasing bubble formation if dislocation decoration or solid solution
hardening is the strengthening mechanism; this would decrease the
probability of GBS. The strengthening effect wouid increase if helium
bubble formation in the matrix is the°strengthening mechanism; this
would increase the probability of GBS. .

It is predicted, however, that the matrix strengthening effect on
GBS initiation will be less important than the increased helium bubble
formation, resulting in GBS at a lower helium concentration than re-
quired in the present tests. A high temperature anneal study is cur-
rently proposed in hopes of achieving a closer simulation of the actual
material condition to be expected after CIR exposure in order to experi-
mentally determine the interaction of the various deformation mechanisms

and their effects on mechanical properties.
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CONCLUSIONS

The experimental results illustrate the potential of the tritium-
decay helium-charging technique for studying the effects of internal
helium on materials with high tritium solubilities, such as the re-
fractory metals. The on-going research effort at PNL using thise helium
implantation method is directed toward developing an understanding of
helium phenomena in metals which will serve as a basis for determination
of alloy design parameters capable of predicting material requirements

needed for maximum resistance to helium~induced degradation.

The helium-induced mechanical and microstructural property changes
noted for the annealed commercial purity niobium tested at 1020°C are
listed below:

° Elongation decreases with increasing helium content. Total
elongation decreased continuously at a rate of v 7 percent per
100 appm helium; uniform elongation decreases continuously
until 350 appm helium is reached and then abruptly drops to

less than 2 percent elongation.

° Yield and ultimate strengths increase with increasing helium
coutent.
° Helium bubbles were detected in niobium at helium concen-

tration 2 130 appm; preferential bubble formation on grain

boundaries and dislocations was observed.

° Grain boundary decohesion was present in the necked region of

the 500 appm helium experiment.
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MECHANICAL BEHAVIOR OF Nb-1%Zr IMPLANTED WITH He AT VARIOUS TEMPERATURES

A.A, Sagiies and J. Auer “
Instltut Tir Fe§§5952/rforsghung -der-Kernforgschungsanlage Jq;ich
D 517 Jiilich, Germany o}

ABSTRACT

No-1%Zr Dolycrystalllne f01ls of commercial purity were
He-implanted at 50 °¢ and 600°C by a cyclotron a—partlcle
beam of variable energy to homogeneous concentrations in
the 1076 to 107% at. range. Tensile tests were made after
1mplantat10n at & 1074 sec”! strain rate and tem Beratures
from 20°C to 800°C. The material implanted at 50°C exhi-
bited radiation damage effects that annealed out when
tested at the higher temperatures. In the whole tempera-
ture range the mode of foll fracture is tremsgranular and
its characteristics appear unaffected by He concentra-
tions of up to 80 at. ppm even when the foils are
annegled under stress at temperatures between 650 C and
1000°C prior to the tensile test. The material implanted
at 600°C presents some reduction in ductility but still
shows transgranular fracture. T.E.M, samples were pre-
pared from the tensile specimens and from implanted ma-
terial subjected to anneal under stress at up to 1300°C,
and preliminary examinations reveal no features that can
be identified with He segregation. Helium release mea-
surements are discussed together with the T.E.M. results
in terms of He distribution during implantation and post-
treatment.

INTRODUCTION

Nb-Zr alloys are an important candidate for the first wall material of
fusion reactors. Present designs1 foresee total neutron fluences bet-

23 n/cm2/year resulting in the production of He through

ween 1022 and 10
(n, a) reactions at rates varying from 10 at. ppm/yr to 200 at. ppm/yr.
Since such concentration levels are known to strongly reduce the ducti-
lity of other reactor alloys operating at high equivalent temperatures,

is necessary to determine the extent and nature of the effects of
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comes more pronounced because most of the He embrittlement data available
now concerns austenitic steels while few body centered cubic alloys have

been studied in this direction.

As a result, a commercial purity Nb-1Zr alloy was chosen to characterize
its behavior in the temperature and He concentration range expected in

a fusion reactor application.

TECHNIQUE AND RESULTS

He concentrations of the magnitude earlier mentioned cannot yet be pro-
duced in a reasonable time by means of (n, @) reactions, and some type
of simulation technique had to be used. The choice was made of He im-
plantation by means of a variable energy cyclotron beam because of its
simplicity and because the high~demage environment of the just implan-
ted atom is presumed to resemble actual conditions better than what is

expected in other techniques (for example, tritium decaye).

The alloy was supplied by Hereaus, W. Germany, in the form of sheets

50 u thick. The sheets were spark cut to the standard tensile speci-
men shape shown in Fig. 1. The interstitial impurity content of the as-
received material is indicated in Table 1. The specimens were then de-
greased and annealed for 1 hr. at 1500°C in a vacuum of 5 - 10_10 torr.
This results in & structure that remained stable during the subsequent
tests. The anneanling temperature is a compromise between tolerable con-
tamination and convenient grain size. The latter is ~ 20 u, or 2 to 3

grains per specimen thickness.

Table 1. Nominal interstitial impurity content
of the as-received Nb-1% Zr alloy

at. ppm 1000 1000 T00 2500
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Fig. 2 shows the experimental arrangement used for the cyclotron implan-
tation. A defocused a-particle beam was swept along the specimens while
its energy was varied by continuously moving the interposed aluminum
wedge. The excursion of the wedge was adjusted so as to obtain penetra-~
tion ranges varying from zero to just above the thickness of the over-
imposed specimens that made the target. Uniform He deposition through
and along the specimens was thus achieved. Plate A serves the purposes
of final energy degrader, of holding the specimens in place and, to-
wether with plate B stabilizes the temperature of the specimens. Tempe-
rature fluctuations due to beam current and energy variations were com-—
pensated by the regulated oven block. The piassure in the irradiation
chiamber was of 1 » 10—5 torr. Irredietion times and currents were ad-

justed to obtein He concentrations between 8 and 100 at. ppm.

Tensile tests were performed at a strain wate of 10-h/sec in a He at-
mosphere with an estimated Oxygen partiel pressure of 2 - 10_7 torr,

and in the temperature range from 20 to 800°¢. Oxygen pick up as de-
termined from resistivity ratio measurements on ~control Nb strips was
not enough to alter significantly the siecchanical response of the commer-
cial alloy. However, as it will be considered later, contamination
effects become important in the high temperature implantations done in
the 10-5 torr atmosphere of the cyclotron chamber. Typical stress-strain
curves for the sheet specimens at low and high temperatures are shown

in Fig. 3. The specimen geometry and loading conditions reduce strongly
the non uniform deformation of the curve. At room temperature the yield
stress is well defined and the curve is rather smeoth. At or above

650°C the yield stress is less defined und serrated flow is observed

in all apecimens.

Fig. 4 summarizes the ultimate and yield stress data for He implanted
as well as uninplanted control specimens. The yield stress of implanted
specimens tends to be higher at low temperatures than that ~f the con-
trols. This effect, is probably due to irradiation damage przdur..d du-
ring implantation and anneals out at the higher temperatures. The ulti-
mate tensile stress results axe practically the same for implanted or

unimplanted specimens.
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The implanted specimens had He concentrations varying from 8 to 80 at. ppm,
but their yield and ultimete stress values show no trend with changing
concentrations. The shape of the stress-strain curves was not affected

by He at the high temperatures. Fig. 5 shows the values of total elonga-
tion to fracture (which in our case is the same as uniform elongation).
This parameter is again unuffected by He concentrations implanted at

50°C between 8 and 80 at. ppm. Some of the specimens ([0} were held near
the yield stress at the test temperature fcor 60 minutes before conti-
nuing the test. This procedure did not affect the total elongation.

9

Specimens marked (V) were annealed on a vacuum of 1 » 10 ° torr for
300 minutes at 1000°C while being spring-stressed at 10 kg/mmz. The
subsequent tensile test again showed no difference between implanted

and control specimens.

Some preliminary experiments with thicker (100 u) foils agree with the

results of the 50 p material.

. . . o .
The material irradiated at 600 C (x) shows some decrease in total elonga-—
tion but this material presented alsc a visible surface contamination

layer after being implanted.

Scanning electron micrographs of the fracture surfaces revealed ductiie,
transgranular fractures in all cases (Fig. 6). No instances of inter-

crystalline fractures wo:re observed.

Transmission electron microscope examination of the tensile tested spe-
cimens thowed no hints of bubbles or other He segregation feature either
at the grain boundaries or inside the grains. The¢ minimum detectable
bubble size was set at Vv 5C R after taking into consideration the pre-

sence of a high density of dislocations.

A group of SOOC implanted specimens containing from 8 to 100 at. ppm He
was annealed for periods of 300 minutes at temperatures ranging from
1000°C to 1300°C, while being spring-stressed at 10 kg/mmz. As before

9 I
torr vacuum. Transmission electron

this treatment was done in a 1.0°10
microscopy failed again to revesl He segregation. Bubbles were also ab-
sent in samples loaded with 30 at. ppm He and annealed unstressed at

2200°C for 15 minutes in the same ultre high vacuum conditions. However,
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it must be noted that in this case the large grain size resulting from
the high temperature anneal made impractical the examinaticn of the

grein boundaries with the.electron microscope.

Some preliminary experiments measured the release of He out of a spe-
cimen loaded with 8 at. ppm when its temperature was being increased

at a constant rate of 1.7°C/sec. Fig. T shows the rate of emission and
the integrated emission as a function of temperature. The total amount
emitted is, within the present accuracy of our measurements in agreement
with the amount of He calculated from the cyclotron implantation para-

meters. (This specimen was implanted at 50°C.)

In order to emphasize the insensitivity of the alloy to the introduction
of He a comparison is made with the results of experiments being now
conducted in a parailel study of He embrittlement of austenitic steels,
using the same implantation and mechanical test equipment. Fig. 8 snows
some of the TEM evidence of He bubble formation in commercial 316 stain-
less steel and DIN 1.4970 stainlegs steel after He implantation and sub-
sequent anneal., Table 2 exemplifies loss of ductility. These results will

be fully presented elsewhere.

Table 2. Total elo-gations to fracture (%) for
commercial 316 stainless steel a’. 700 C

é(sec-1) Creep Test
3. 10%  7.107 700°C
Controcl 17.7 17.4 32.6

8 ppmle 13.L 13.h 4.5
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Fig. T._ He release from a Nb-1%Zr specimen loaded with 8 at. ppm He,
T = 1.7°C sec™!



I11-340

Fig. 8a. He bubbles on a AISI 386 staeinless steel loaded with 8 at. ppm
He and annealed for 1 hr at 1000°C

Fig. 8b. He bubbles on a DIN 1.4970 stainlgss steel loaded with
100 at. ppm He and annealed for 1 hr at 900°C
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DISCUSSION

It seems clear that at the strain rate, temperatures and concentration
range on vhich the ténsile experiments were performed no embrittlement
effect due to the presence of He is observed. The small loss of ductili-
ty at the lower temperatures is satisfactoryly explained by the radia-
tion damage expected from the implantation procedure (abcut 1072 dpa ty-
pical), and its annealing out at the higher temperatures is in agree-
ment with previous observations3. The small effect observed for the ma-
terial implanted at 600°C is not accompanied by changes in the appea-
rance of the fracture surface. The poor vacuum conditions existing in
the cyclotron chamber, coupled with surface decoloration observed aftex
implantation suggest that interstitial impurity absorption resulted in

a small reduction of ductilityh.

The present tensile experiments were conducted at relatively high strain
rates. The extension of these results to the expected first wall condi-
tions may require some creep measurements, which are in the case of

thin Nb-base foils seriously limited by gas contamination even on UHV
conditions. On the other hand most alloys that present He embrittlement
on creep tests do have residual effects at strain rates similar to the
one used here. The absence of such effect would indicate that its mag-
nitude in the most favorable conditions is not very large. This im-
pression is further substantiated by the ingensitivity of the fracture
parameters to the anneals in situ near the yield stress. These were in-
tended to provide enough time and elastic energy to initiate an-embrittle-
ment mechanism that would involve helium segregation; for example, stress
induced bubble growth at the grain boundaries, resulting in bubble

5,6

coalescence and intergranular fracture . The same applies to the spe-

cimens annealed at up to 1300°C under stress before being tensile tested.

The absence of He bubbles at or away from the grain boundaries in all
the specimens favors the interpretation of the mechanical experiments

T

given above. Previous publications' report the presence of He bubbles
in Nb loaded with ~ 150 at. ppm He after annealing above 1000°C.. This

observation does not conflict with our conclusions since the size of
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those bubbles was at or below our detection limit. Moreover, their size
and density was not scen to change when the annealing temperature was in-
creased, an indication that growth or coalescence was being hindered.
Should the application of tensile stress result in apprecieble bubble
growth, bubbles would have become observable in our stress annealed

specimens, which was not the case.

The He release results are in general agreement with previous investiga-
tions in pure NbT, suggesting that the presence of substitutional Zr has
little effect on the internal distribution and mobility of He. Some ex-
periments are now in progress concerning He emission at various tempe-
rature rates and electron microscopy of polycrystalline samples with

much higher, localized concentrations of implanted He.

The results of mechanical tests with foil specimens can be extrapolated

to the bulk material with certain restrictions, as discussed elsewhere

in this meetingg.

The absence of He bubbles at the grain boundaries of the material
examined should be Ta2irly unrelated to specimen thickness in our expe-
riments. This is supported by the observation of He intergranular

bubbles in the stainless steel foils, which have a similar grain size

to thickness ratio.

CONCLUSIONS

In the temperature range 20 to 800°C the ductility of Nb-1 Zr is not
significantly affected by the presence of up to 80 at. ppm of implanted
He.

The above result is valid for foil specimens tested at strain rates of

10—h/sec, and there is evidence that it could be extended to the bulk

material.
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CREEP AND TENSILE PROPERTIES OF HELIUM INJECTED Nb—1% Zr

F. W. Wiffen

Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

Specimens of commercial purity Nb—12Z Zr were helium doped
by cyclotron a~bombardment nesr room temperature to gas contents
near 2 and: 20 appm He, corresponding to helium production in
a CTR first wall during approximately one month and one year
of operation at 1 MW/m* neutronic wall loading. These spscimens
were tensile and creep tested to evaluate the effect of helium,
in the absence of other components of CIR radiation effects, on
the mechanical properties. Tensile tests at 1000 and 1200°C
show no significant effect of either helium level on the strength
or elongation valueg. Creep-rupture tests at the same temperatures
on Nb-12 Zr showed ripture elongations somewhat reduced in the
helium injected samplea but the dependence ¢n helium content
and on test temperature does not fit the usual effect of helium
on elevated temperature ductility. We thus conclude that in the
absence of displacement damage this alloy is resistant to elevated-
temperature embrittlement for helium contents up to 20 appm.
The resistance to embrittlement results from the precipitation
of helium on a submicroscopic level and from the alloy's inherent
resistance to grain boundary separation.

INTRODUCTION

A distinct difference in the radiation response for a structural

material in a CTR and in a fission reactor lies in the much higher rate
of helium production in the fusion reactor. The helium is the product
of transmutation reaction; including (#,0) and more complex reactions.
The general conclusion of radiation effects experience is that

the amount of helium generated will affect the changes produced in

*Research sponsored by Union Carbide Corporation under contract

with the Energy Research and Development Administration.
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engineering properties during neutron irradiation. In particular, it

has been found that helium can affect the swelling, through both its
influence on the cavity nucleation process and through control of the
cavity growth rate.! Helium also has a very important influence on

the mechanical properties through its influence on the fracture mode

at elevated temperatures. The influence of helium has been documented

in a number of cases to result in severely reduced elongation by pro-
motion of high-temperature intergranular fracture.? Although the

details of the machanism remain in doubt, it has been well documented
that in many systems the insoluble helium is collected preferentially

at the grain boundaries, forming bubbles visible by electron microscopy
techniques. Under the influence of stress, these grain boundary cavities
expand along the boundary, in many cases linking up, and lead to failure
by separation of the boundary. This process results in a loss of elonga-
tion (compared to a helium-frze test) with little or no effect on the
strength properties.

Among the many candidate alloys proposed by conceptusl design
studies for use as the CTR first-wall material is Nb—1Z Zr. Attractive
features of this alloy include strength and compatibility with liquid
metals, making it suitable for use at temperatures higher than possible
with stainless steel or nickel-base alloys, and formability, weldability,
and low-temperature ductility superior to many of the other refractory
alloys. Amnther point in favor of the use of Nb—1X Zr is its status as
a developed, available commercial alloy. In this regard it is superior
to possible vanadium-base alloys, where alloy optimization has not yet
been accomplished. On balance, there are also unattractive features -
associated with the possible use of Nb—1Z Zr. Major difficulties with
the use of this alloy would include the long-term induced radiocactivity
and the problems associated with the alloy's affinity for oxygen and
other interstitial contaminants.

Niobium in service in a CTR at a first-wall neutronic wall loading
of 1 MW/m? {typical of current conceptual designs) will tramsmute to

produce helium at a rate of 24 appm per year of operation.” The main

soli¢ product of the transmutation reactions will be Zr, produced at
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about 0.12X per Mw-year/lz of reactor operat:lon," and this will have
only a modest effect® on the properties of interest of Nb—~1% 2r. In
contrast to this, irradiation of the same alloy in the currently avail-
able high-flux fission reactors will produce much lower helium concen-
tration, *1 appm per year in EBR~II or *~2 appm per year in HFIR.
Displacement damage will be produced at high rates in any of these
systems, 7.2 dpa per year for a CTR, 23 for EBR-II, and 20 for HFIR.
Thus, wh:lle.adequate simulation of the displacement rates for CTRs can
be achieved in current fission reactors, the right combination of dpa
and helium content cannot be achieved for Nb—1Z Zr. A necessary first
step to the prediction of CIR radiation effects in Nb—1% 2r is the
separate examination of helium effects in the absence of displacement
damage.

An attempt can be made to predict the effect of helium on the
elevated-temperature mechanical properties of Nb—1% Zr by application
of available information on helium effects in other alloy systemé. 1In
alloys based on aluminum, iron, and nickel, helium has been found to
reduce tensile ductility in tests at temperatures of half the melting
point (0.5 Tp) or higher.zs‘ Although there is little experimental data
on the bcc refractory metals, one experiment on a complex niobium alloyz
and a series of experiments on vanadium a110ys7” show that the helium
embrittiement process is not restricted to fec alloys, but also occurs
at about the same homologous temperatures in at least some bcc metals.
In the vanadium alloys, embrittlement was found for tensile test tempera-
tures of 750°C or greater (~0.5 T,). As with the fcc alloys, the
embrittlement of vanadium alloys was accompanied by intergranular
fractures. A promising phase of the vanadium alloy work, however, was
the demonstration that some of the alloys tested were resistant to the
embrittlement.’ On the basis of this evidence, it can be hoped that
other promising alloys can be identified that possess unusual resistance
to the helium embrittlement.

The experiment reported here was designed to investigate the
effects of helium, in the absence of high levels of displacement damage,
on the ductility of Nb—1X Zr. The temperature range of interest was
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800 to 1400°C (0.4 to 0.6 Tp) and both tensile and creep tests were
used to determine failure elongations. Post-test examination of the
fractures and near-fracture material include optical metallography,

transmission electron microscopy, and scanning electron microscopy.

EXPERIMENTAL DETAILS

The material used in this study was commercial grade Nb—1Z Zr,
obtained from the Wah Chang Corporation, with partial chemistry given
in Table I. Metallic impurities included 610 ppm Ta, <300 ppm W and
lower levels of other elements. The material was received from the
vendor as 0.060-in. sheet, containing at least 40X cold work. The
sheet was further cold-rolled (without intermediate heat treatment) to
a final thickness of 0.0105 * 0.0095 in. Tensile specimens with a
length of 2.75 in. and a reduced gage length section 0.25 in. wide by
0.75 in. long were machined from the sheet. The cleanéd specimens were

annealed in a vacuum at pressures <1 x 10”% torr for 1 hr at 1200°C.

Table I. Chemical Analysis of Nb—1Z Zr

Content, wt 2

Element

Vendor® ORNL
Zr 0.95 0.91
) 0.0205 0.0160
N 0.0090 0.0085
H 0.0002
c 0.0065 0.0045
si <0.010

%iah Chang Corporation, Heat No. 10i2-946.

Helium was injected into the flat sheet specimens by degrading a ~50-MeV
a-beam from the Oak Ridge Isochronous Cyciotron with a rotating energy
degrader of continually varviable thickness. Target specimen racks
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scanned in two dimensions through the beam produced a nearly uniform
helium concentration throughout the test portion of the sample., Speci-
mens were mounted on a water-cooled rack and were further cooled by a
refrigerated jet of air directed at the target position. The temperature
of the specimens spiked to somewhat less than 200°C each time the speci-
mens passed through the beam, but the exact temperature on each pass is
not known. The specimen temperature dropped rapidly to ~20°C as it

moved out of the beam on each pass, The helium injection technique has
been described in detail by King.6

Helium contents of 1.7 and 18 appm were achieved in the injection
runs, with helium contents determined by H. Farrar IV of Atomiéé Inter—-
national by a technique using sample vacuum fusion and mass spectrometer
analysis of the released gases. Absolute uncertainty in gas contents
determined by this method is estimated to be less than 2%.

Mechanical property tests were performed in cold-wall, resistance-
heated vacuum chambers which were pumped with liquid-nitrogen cold-
trapped oil diffusion pumps. The vacuum during tensile tests was
typically <1 X 107% torr and <2 x 10”7 torr during creep tests. Tensile
tests were conducted on an Instron tecting machine and creep tests were
in ORNL-developed test stands. The creep load was transmitted via a
dead-weight load and direct-ratio pulley system to a pull-rod that passes
through the vacuum chamber in a conventional U-cup vacuum seal. Strain

measurements were taken from cross-head travel in tensile tests and

from pull-rod motion in creep tests.

RESULTS

The tensile properties of samples tested at 1000 and 1200°C are
given in Table II. The data on strength and elongation properties
scatter within the normal scatter range expected for tensile tests, with
no indication of either strengthening or ductility reduction that could
be attributed to the presence of the injected helium. Reduction in area
was effectively 100% in all tests, with fracture occurring only after

necking to form a chisel point.
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Table II. Tensiie Properties of Nb—1% Zr Alloy Containing Helium?

Test Helium Stress, psi Elongation, X
Temperature Content

(°c) (appm) Yield Ultimate Uniform Total
1000 0 14,040 22,399 15.7 30.5
1000 1.7 11,430 21,430 19.7 28.2
1000 18 12,540 22,890 14.6 26.9
1200 0 9,160 12,050 9.2 77.1
1200 18 9,060 11,740 9.3 80.3

35train rate 0.027 per min.

Results of creep~rupture tests are given in Table III and Figs. 1
and 2. These results indicated slightly higher strength and lower
ductility than for the same heat of material tested under comparable
conditions, but with a greater cross-section thickness, 0.060 in. thick
as compared to 0.010 in. in the present experiments.®

The data at 1000°C show only a modest dependence of ductility of
the control tests on stress, with the ductility in a 1-hr test three-
quarters that in 30- and 800~hr tests. Samples containing 1.7 and
18 ppm helium tested at 1000°C and 14,000 psi had rupture lives approxi-
mately twice that of the control tests, reduced minimum creep rates and
Tupture elongations approximately one-half that of the control values.
However, there is no dependence of rupture elongation on the helium
content for the two helium levels tested. The creep curves for the
three tests at 1000°C and a stress of 14,000 psi are shown in Fig. 1.
All three tests show the three-stage creep behavior. The lower ductility
in the helium-doped samples is reflected in a reduced third-stage creep.

Creep tests at 1200°C showed a generally greater ductility than
tests at 1000°C, with fracture elongations approximately twice those at
the lower temperatures. At this temperature, the lowest elongation was
recorded in the lowest stress-longest time test (36% elongation in a 456~
hr test), while other tests lasting from 3 to 250 hr at various stresses
had elongations of 64 * 4%. 1In tests at 1200°C and 6000 psi,



II-350

Table III. Creep-Rupture Properties of Helium Containing Nbh—1Z Zr
Test Helium Minimum Rupture

Temperature Content ﬁf:ﬁ;ﬁ Creep Rate Life Elo?gition
(°c) (appm) P (%/hr) (hr)
-1000 0 10,000 0.0192 781 33.8
1000 0 14,000 0.199 32.9 33.9
1000 1.7 14,000 0.0506 61.5 14.9
1000 18 14,000 0.0558 61.3 16.9
1000 < 21,000 11.9 1.0 26.5
1200 0 4,000 0.0313 456 35,8 -
1200 0 5,000 0.122 242 62.6
1200 0 6,000 0.328 77.0 62.2
1200 1.7 6,000 0.378 53.2 46.5
1200 18 6,000 0.518 65.3 46.2
1200 0 7,000 0.675 37.6 67.0
1200 0 8,000 3.376 7.3 66.0
1200 0 9,000 10.05 2.9 60.0
1200 18 9,000 3.2 3.1 1.5
1400 0 5,000 a 5802 85.6
1400 18 5,000 a 2978 97.1

aCreep tests at 1400°C were interrupted several times by binding

of stress transfer system.

Rupture lives are therefore not charac-

teristic of the temperature and stress condition, but elongation values

are.
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Fig. 2. Elongation vs Time Curves for Creep Tests of Nb—1X Zr at
1200°C at a Stress of 6000 psi and Helium Contents Shown. The dotted
line shows recorded data, believed to be due to a slight temperature

excursion.

helium-injected samples had slightly shorter rupture lives and approxi-
mately three~quarters of the rupture elongation of the control sample.
Creep curves of a control sample and samples with the two helium levels
are shown in Fig. 2. (The broken curve for ihie 18-ppm helium sample
shows the recorded data. It is believed that this irregularity was due
to a slight temperature excursion during the test.) 1In these curves;
too, the gereral form of the curves is the same for both control and

helium~doped samples. The reduced ductility in the helium-doped samples

‘has resulted from the reduced amount of third-stage creep. Agdin, as
at 1000°C, there is no dependence on the amount of helium in the two

samples containing gas. Tests at a higher stress, and thus shorter

creep-rupture time, showed less effect of the 18 ppm helium than found

at longer rupture times. In these tests at 1290°C and 9000 psi, the
creep~rupture times were comparable for control and helium-containing

samples, with the helim~injected sample having 85% of the rupture élon-

gation of the control sample.
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Tests conducted at 1400°C 'at a stress of 5000 psi showed 13% more
elongation to rupture in the 18-ppm helium-doped specimen than in the
control. Equipment failure during the 1400°C tests limit the amount of
data obtained. Only the elongation values in these tests are reliable.
Creep rates and rupture lives were lost due to binding of components
in the load train.

In all creep tests, as in the tensile tests, chisel-edge fractures
formed with ~100% reduction in area. Figure 3 shows a macroscopic view
of the samples tensile tested at 1000°C. Fractures of all samples across

the specimen width were at an angle of 70 to 80° to the stress axis.

Fig. 3. Nb-1% Zr Sampies Tested at 1000°C and a Tensile
$train Rate of 0.027 per min. Helium contents are NbZ—2, 18 appm;
NbZ—22, 1.7 appm; and NbZ—45, no helium. All necking occurred in
the thickness direction and cannot be seen in this view of the

specimens.
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The fracture angle on the thickness direction was not determined.
Scanning electron micrographs of the fracture surfaces of specimens
creep tested at 1000°C are showr in Fig. 4. This shows clearly the
chisel-edge nature of the fractures fermed in these tests. Fractures
from creep tests at 1200°C ard tensile tests at both 1000 and 1200°C
looked identical to those shown in Fig. 4. The sharp edge in all
fractures was interrupted occasionally by the small cavity-like pockets
that are believed to be the dimples characteristic of ductile-mode

fractures. There was no evidence of grain boundary separation, the

characteristic fracture mode that accompaniecs helium embrittlement.

b

NO HELIUM 1.7 ppm HELIUM 18 ppm HEL (UM

Fig. 4. Scanning Electron Micrographs of Chisel-Point Fractures
in Helium-Doped Nb~1% Zr Creep Tested at 1000°C and 14,000 psi. Helium
contents as shown.
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Cross sections through the fractures were examined metallographically
for representative tests. Figure 5 shows metallographic sections on
specimens tensile tested at 1200°C, and Fig. 6 shows specimens creep

tested at the same temperature. In both figures the structures of helium-

free and 18 appm helium samples are compared. At this magnification,

the deformation is uniform throughout the zone examined, with elongated
grains reflecting the large amount of deformation that has occurred.

The optical metallography showed more precipiate phase in the helium~-
injected samples than in the control samples, and in both 0 and 18 appm
helium samples the grain boundaries are serrated and irregular. This
suggests a fine-scale grain boundary pinning, which appears qualitatively
to be more complete in the doped samples. The most important feature

of the metallography is the lack of difference in the fracture produced
by helium. It is also important to note that there is no observed grain

. NZ 4
' Control ‘ 18 eppm He
Fig. 5. Metallographic Section Through Fracture of Nb—1% Zr
Specimens Tensile Tested at 1200°C. Tensile axis vertical.
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Fig. 6. Metallographic Section Through Fracture of Nb~12Z 2r
Specimens Crzep Tested to Failurs at 1200°C and 6000 psi.

boundary separation in either the contrel or gas-doped sample. In all
specimens examined, only one or two isolated cracks were found and
these could not positively be identified as grain boundary separationms.
Sections from the stressed gage portion of tested specimens were
electrochemically thinned and examined by transmission electron micro-
scopy. No effect of helium could be detected in the microstructure of
these samples. In general, the grain boundaries in all samples examined
were precipitate free, but some grain boundaries were pinned on precipi-
tates. The matrix of all samples contained a low concentration of
relatively large precipitates, and most samples also contained a popu~-
lation of smaller precipitates with linear dimensions of the order 200
to 2000 A, The highest concentration of the small precipitates was
found for specimens creep tested at 1200°C, and examples of micrographs
are shown in Fig. 7. It must be noted immediately that the white features
in this figure are believed to be mainly pits left when the precipitates



11-356

n

Fig. 7. Microstructure in Nb—1%Z Zr Sanple'cféép Tested to Rupture
at 1200°C and 6000 psi. (a) Helium-free control. (b) 18 appm cyclotron-
injected helium.

were preferentially attacked by the polishing solution. Stereo micro-
scopy confirmed that the great majority of these pits intersected one

of the surfaces. There were, however, a few white features that appeared
to be contained in the foil and these could be gas bubbles. The ratio

of these pits to the precipitates was about the same in helium-~free as

in helium-doped samples. Lower precipitate concentrations were found for
samples tensile tested at 1200°C and still lower concentrations for
samples creep or tensile tested at 1000°C. This could indicate more
impurity pickup during the longer times at the higher temperatures,

an effect of the precipitation kinetics of impurity-containing phases,

or a combination of both. The highest dislocation densities were found
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for tensile tests at i000°C, with dencities decreasing for longer test
times (creep) or for tests at the higher temperatures. Most samples
contained segments of dislocation networks, as seen in Fig. 7, with
some pinning of the network on the precipitate particles. Subgrain
boundaries were also commonly observed, and the tensile samples creep
tested at 1000°C also contained some finer scale dislocation arrays.
The undoped and helium-injected samples creep tested at 1400°C chowed
similar microstructures. The grain boundaries were clean in these
samples. The matrix contained a low concentration of large, random
precipitates but were free of the fine-scale precipitate seen for the
two lower test temperatures. Only isolated dislocation segments were
contained in these samples, with most segments pinned on the precipi-

tates or arranged in low—angle boundaries.

DISCUSSION

The experimental evidence indicates that helium contents up to at
least 18 appm do not reduce the ductility of Nb—1% Zr for EEst tempera-
tures in the range 1000 to 1400°C. Tensile tests showed only differences
that are expected from normal data scatter. Creep-rupture ductility
values at first seemed to indicate helium embrittlement. However, lack
of dependence on the helifum contnet, an apparently smaller effect at
1200°C than at 1000°C, and absence of the classical features of helium
embrittlement in fractography, metallography. and microscopy examination
all suggest that the creep ductilitjfreductlon is not due to heiiun. The
observed precipitate phase suggests that the embrittlement in cre2p tesis
is probably due to interstitial impurity pickup in the Nb—1% Zr during
the helium injection. Ptecipitation of this impurity, possibly as“ZrOz,
occurred during elevated-temperature testing and was especially effective
ic reducing creep-rupture ductility,

The sourve of the precipitating iwpurity phase has not been definitely
established. While some of the impurity was present in the stattiﬁg
material, the thin samples required for helium Injection mske the samples
more susceptible to contamination. The precipita;e’observed‘ih:h?liul-
free samples thus suggests possible impurity pickup duriﬁs;anneaiing or

,"‘/'/’ . t - N - N
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during elevated~temperature testing. The observation of more precipitate
phase in the helium-injected samples than in the control samples shows
. that some contamination must have occurred during the a-bombardments
conducted in air. The only significant differences found in these
experiments could be attributed to impurity pickup. Since testing
conditions were identical, the injection technique is suspect.

The effects of intentionally added oxygen on the creep properties
of niobium1°§11 and Nb—0.6% Zr'? have been determined. Oxygen was
reported to reduce creep rates of niobium for temperatures less than
1050°C, but have little effect on creep strength at higher tenperatures.l°
This is in agreement with the effects observed here, of reduced creep
rate and longer rupture lives for bombarded samples (assumed to have
higher impurity content) in tests at 1000°C, but little effect at 1200°C.
The result may be due to an overaging of precipitate, perhaps ZrO;, at
the higher temperatures, rendering the precipitate distribution less
effective in strengthening the alloy. The study of the effect of oxygen
on slow-bend creep of Nb—0.6% Zr was restricted to tests at 1000°C.
Oxygen introduced before creep testing reduced the creep rate while
oxygen introduced during testing had more complex effects.!? Although

11 4ork also indicates

the data scatter considerably, Stoop and Shahinian's
that increased oxygen content may reduce creep-rupture elongation. (It
must be noted that Stoop and Shahinian chose to describe their data as
showing "no deleterious effect on ductility".)

The observed 1esistance of Nb—12 Zr to helium embrittlement is
encouraging. The resistance to degradation is promising and is one more
plus in evaluating the possible use of this alloy in CTR application.
Explaining the resistance, however, is beyond the present understanding
of helium effects in metals. The lack of embrittlement is, of course, a
result of fhe lack of effect on the fracture mode. The key to under-
standing may be in the resistance of Nb—1% Zr to grain-boundary cracking
under the test conditions examined. In noﬁe of the tested specimens
examined, either control or helium-doped samples, were grain-boundary
cracks observed. In many alloys where helium embrittlement has been

observed at comparable homologous temperatures, occasional grain-boundary
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cracks are seen in helium-free samples. (An example for a vanadium
alloy is seen in the metallography in Ref. 8.) In a study of a series
of ferritic steels, Bohm and Hauck!® showed that a tendency toward
intergranular fracture in helium-free steels greatly enhanced the
embrittlement produced by helium doping when compared with steels more
resistant to grain-houndary separation. Whether or not the inherent
resistance to grain boundary cracking of Nb—1% Zr is associated with
the very irregular, serrated grain boundary morphology cannot be estab-
lished without further work.

The absence of large gas bubbles on grain boundaries that have
been stressed at elevated temperatures during testing was also unexpected,
However, a similar result was found by Johnson and Cost!" in niobium
containing helium. Based on Johnson's observations, and the apparent
lack of helium bubbles in samples examined here, it appears that the
helium is precipitating into very small bubbles, too small to be observed
by routine TEM examination, and that it remains stable in this size
distribution during testing.

The possiblity that helium is lost through migration and release at
the free surfaces cannot be totally dismissed. However, Bauér and Thomas®3
and Johnson and Cost'* found incomplete helium release from niobium
under similar conditions in thinner-specimens. An unrelated experiment
at ORNL showed that annealing Nb—12 Zr for 1 hr at 1650°C did not release
a significant fraction of the contained helium. We thus conclude that
although some helium may have been lost during elevated-temperature

testing, it is unlikely that this influences the results.

CONCLUSIONS

Helium contents up to at least 18 appm do not degrade the properties
of Nb—1Z Zr in the absence of irradiation-induced displacement damage.
This fobservation makes the material attractive for possible CTR application
andijustifies the investigation of the synergistic effects of both helfum
and displacement damage. The resistence to embrittlement may be associated
with the inherent resistance of Nb—1% Zr to grain-boundary separation
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during tests at 1000 and 1200°C and to the inferred tendency of helium
to precipitate on a fine scale under these conditions, resulting in the

absence of microscopically visible gas bubbles on the grain boundaries.
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STUDY OF HE DISTRIBUTIONS IN
NIOBIUM BY MEANS OF (n,p)
REACTIONS

J.P. Biersack D.Fink
Hahn-Meitner~Institut fur Kernforschung Berlin o

ABSTRACT

Helium will be introduced into fusion reactor first wall materials as
low energy ions from the plasma, as neutron knock-ons from the coolant,
and also from (n, a) reactions in the bulk. Direct observation of He which is
distributed inside a metal is extremely difficult, and few atiempts of detec-
ting He profiles have been successful so for [ Blewer using RBS iw thin metal
foils; Picraux et al, and Behrisch et al using the “He(d,p) reaction 1,
In short, detailed studies of He in ristals are still lacking, despite of con-
siderable practical and theoretical interest.

3 The present investigation utilizes the thermal neutron induced reaction

He (n, p)T of cross section 5000 barn which can be applied for detecting He
profiles as well as He lattice locations. An advantage over other methods is
seen in the facts that thermal neutrons cause practically no displacements of
He or lattice atoms prior to detection, and that there is less background and
higher sensitivity than in RBS or (d, p) detection.

The method is applied for measuring depth profiles of He in Nb after
implantation and after subsequent thermal anneals. A comparison with theo-
retical predictions yields the following results: (i) Mean ranges of 70-to
300 keV He' in Nb agree with theory after increasing the k value of
Lindhard and Scharff. (ii) The width of the range distributions is slightly
higher, the skewness is much lower than-predicted. (iii) Upon anneal, im-
planted He does not diffuse, but is detrapped with an activation energy of
1.4 eV which does not correspond to He atoms bound to single vacancies.
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INTRODUCTION

Mainly two aspects are studied in the present work: The range disiributions
of implanted He in niobium, and the thermal detrapping and release of implanted
He.

The observation of He depth distributions in metals is difficult, and few

methods cf detecting He profiles are known so far, Blewer ! has successfully applied

_ the method of proton Rutherford back scattering (RBS ) from He~4 which was im=

planted in thin copper foils. Picraux et al 2. introduced the 3He(d, p) reaction as

a means of detecting He profiles in tungsten. For the present studies of He in
niobium a aifferent defection method is proposed and tested: The thermal neutron
induced reaction 3He {n,p) T of cross section 5000 barn, The advantage of using
this reaction is seen not only in the high sensitivity, but also in the fact that
thermal neutrons cause no displacements of He or lattice atoms, except through

the detecting (n, p) reaction itself. Since practically no radiation damage develops,
even extended channelling/blocking measurements seem feasable for lattice loca- '
tion studies of He in metals.

For investigations on the thermal release (detrapping probability ) of im=
plonted He, the change of concentration profiles is observed in connection with
the amount of released gas through many successive steps of thermal anneal.

Helium is expected to be trupped or precipitated in defects or defect structures
which result from the He implantation itself, However, no experimental evidence
has been achieved so far about the nature of such He traps, and in particular about
the binding energy. Extensive theoretical studies, however, on the binding energy
of He atoms to single metal vacancies have been published by Bisson and

Wilsons.
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HELIUM RANGE DISTRIBUTIONS

Experimental. == Cold rolled foils and polished single crystals of nichium
(supplied by MRC ) are implanted at room temperaire with 70 ... 300 keV 3He+
to helium concentrations of 1 ... 7 % atomic fraction. This is about one order
of magnitude below the dose of blistering. Singie crystals are tilted about 7° from
the <111> direction in order to avoid channeling effects.

The resulting He depth profiles are measured by the 3He(r\, p) reaction ina
thermal neutron beam which is extracted from a nuclear reactor. High energy
rodiation background from the reactor is eliminated by using either a slightly
curved neutron guide tube ( FMRB, 1 MW reacter facility of the PTB Braunschweig),
or by using Bi filters in @ linear collimatoer assembly (BER, 5SMW reactor at HMI
Beriin ). ‘

The 3He(n, p) reaction has a cross section of about 5000 barns for neutrons of
thermal energies (0.025 eV), and even higher cross sections {by a factor up to 3)
for the "“cold" neutrons of the curved beam guide according to the E-V 2 aksorption
law.

The emitted protons of initially 58C keV which leave the sample surface near
normal direction, are detected by a surface barrier detector in connection with a
mulii channel analyser. The resulting proton energy I'oss spectra are converted into
depth profiles using the stopping power of 120 keV/ um. This stopping power valve
has been chosen on the basis of theoretical esﬁmofe: { Northcliffe, Schilling 4,
Northcliffe 5, Biersack 6 ), but has not yet been experimentally checked. The
position of the surface in the multichannel spectrum is determined quite precisely
for each depth profile by means of a calibration sample which has been implanted
with He=3 of only 100 eV,
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Results and Discussion. == The resulting He range distributions in Nb are

depicted in Fig. 1, and compared to theoretical predictions in Fig. 2. The

mean projected ranges denoted as r in Fig. 20, agree well with theory 7 after
increasing Lindhard’s k value by a factor 1.2, This is a rather common correction
for Nb, similar to the correction obtained for Li range and damage distributicns
in Nb 8. A particularly high electronic stopping power for He' in niobium has
also been theoretically anticipated by Rousseau et al 9, and experimentally

1
verified for the energy range C.3 ... 2 MeV by Lin et af .O.
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The relative width of the profiles, 6/ in Fig. 2b, follows the theoreti-
cally expected trend, but is in general slightly higher. The difference can not be
accounted for by the detector resolution,

Agreemant with theory " is rather poor in the case of the skewness
r=< A4 xS >/6 3, as depicted in Fig. 2c. This may be due to the approximations
used in theory, including the neglection of the surface. Particularly at lower
energies, particles are removed from ‘he left side of the distribution when slowing
down near the surface . This particle loss tends to shift T' towards positive values,
whereas the theoretical model 7 accounts for too many particles at the left of

the peak, including those which are "stopped" in the fictitious negative half

spoce,
HE RELEASE BETWEEN 500° AND 160c°C

At high implantation doses as encountered in the present experiments
as well as in future thermonuclear fusion reactors, a streng interaction of He with
radiation induced damage is anticipated, In particular, a strong binding of He
atoms to vacancies is expected

For the present measurement of He detrapping and release, a single
crystalline Nb disk is implanted at @ random direction with 200 keV 3He to a maximum
concentration of 7 %, as depicted in Fig. 3, upper curve. The thermal annealing
experiments are carried out in an ultra high vacuum chamber ( p ¢ 10-9 Torr )
by mounting the Nb crystal between resistively heated Nb foils, Temperatures
up to 1600° C are achieved, and controlled by thermo couples and pyrometer,

The amount of He~-3 gas released is measured by the Ultek partial pressure émlyser
( magnetic inass spectrometer ) in two different ways: Either foliowing the partial
pressure increase with pumps turned off, or observing the equilibrium pressure
lobtained within seconds ) with pumps on, after having calibrated the pumping

speed,
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An initial burst of He is observed below 700°C, Thereofter, the lorgest
froction of He is relecased with release rates following closely the Arrhenius diogrom
shown in Fig. 4, which indicates e binding energy of 1.43 eV to the traps. Thot
indeed detrapping is observed and not diffusion ( of either He atoms or agglome-
rotions) becomes avident from the depth profiles which are measured ofter
several steps of anneal, see the lower curves in Fig, 3. There accurs no diffusional
broadening. The half width is even reduced after anneal which may be attributed
to He precipitations near the center of the disiribution, or ~ more precisely -
in the regicn of highest damage { slightly left of the initial He peak ).

As a result, the Arrhenius plot, Fig, 4, con be interpreted as a detrapping
probability of 0.016 exp ( -~ 1,43 eV/kT) per He atom per second which applies
for the lurger fraction of helium. The nature of the traps, however, remains a
puzzle: For He atoms trapped at single vacancies, one would expect o higher
-1

binding energy 3, ond a fore foctor of the order of 10] asec The energy of

1.4 eV also seems too low for returning a helium atom from a bubble

into the Nb lattice.
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Fig. 4. Release rotes of He at various annealing temperatures,
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RESUME

(i} Mean ranges of 70 ..., 300 keV Ht!+ in nicbium agree with theoreticol
predictions after increasing the k volue of the Lindhard-Scharff elactionic
stopping power by abaut 20 %,

(ii) The ronge distributions are slightly broader, but less skew thon pre-

dicted.
(iii) He implanted ot 200 keV to @ moximum concentration of 7 %6, does

not diffuse of thermal anneals up to 1600°C, but is detrappad with an activation

energy of 1.4 eV,
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HELIUM EMBRITTLEMENT OF CTR MATERIALS SIMULATED BY 10N
IMPLANTATION AND HOT ISOSTATIC PRESSING OF METAL POWDERS

L. R. Fleischer
J. A. Spitznagel
W. J. Chovke
Westlinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

ABSTRACT

Helium embrittlement is currently considered a
limication on the lifetimes of CTR structures exposed to
high energy neutrons. The phenomenon has been observed in
fast fission reactor irradiated materials and has been
studied in helium ion bombarded foil samples. In this
study, helium ions were implanted in stainless steel and
refractory metal alloy powder particles, The 150 keV ion
energies used require particle size distributions with mean
particle diameters of about 3 um to ge: a suitably homo-
geneous initial distribution of helium atoms. The helium
implanted powders were consolidated by hot isostatic
pressing; the helium remained in solid solution. Subse-
guent thermomechanical processing permitted the preparation
of tensile specimens with controlled helium bubble distri-
butions. In general, grain boundary higration concentrated
helium bubbles on the boundaries, while coaditions favoring
stationary boundaries allowed intragranular bubble nuclea-
tion on dislocations. It remains to be seen whether the
distributions available through these processes are
representative of those that will be generated inm situ by
(rn,a) reacuions in CTR neutron spectra. Specimens for
bulk properties measurements prepared in this way are most
suitable for study of helium embrittlement as an isolated
effect. Many of the constraints encuuntered in other
sample preparation methods are mitigated.

INTRODUCTION

Helium embrittlement may be the limiting factor in fusion reactor

containment design.l Loss of high temperature ductility was first

observed in fission reactor irradiated metals.

2,3 The effect is

attributed to the stress-induced growth of intergranular bubbles of

3,4 .
transmutation product gases. ' Studies of the embrittlement mechanism
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and of the susceptibilities of various alloys have been carried out, in
general, by two sample preparation methods: fission reactor neutron
irradiation5 and high energy helium ion bombardment of thin strip

specimens.

Both techniques, however, have inherent iimizations. Aeccess to
the machines producing the radiation is necessary —-- usually a fission
reactor or a high enerpy cyclotron (or other accelerator). Reactor
irradiated sample materials must contain or be doped with an isotope
which has a substantial (n,a) cross-section in the neutron spectrum
available. Even then, in most cases, acceleration of the time scale
is unlikely; accumulation of the desired amount of transmutation helium
will take as long or longer in a fission reactor than in the projected
fusion reactor. Fission reactor irradiation is a good geometric
simulation of fusion reactor irradiation, but it is not possible to
unambiguously separate helium embrittlement effects from some other
forms of radiation damage.

Helium implantation by ion bombardment is limited by the ion

6,7 ions

energy available. In most applications of this technique,
accelerated to more than 40 MeV were used. Even with energies of this
magnitude, sample thicknesses were limited to the order of 0.025 cm

{10 mils) by the penetrating power of “he ions.

This paper describes a method for preparing helium doped samples
which eliminates most of these limitations. Geometries suitable for a
variety of mechanical strength and fracture toughness specimens can be
prepared. A variety of microstructures and gas bubble arrangements
can be achieved. By implanting the helium in powder particles,
restrictions to high energy accelerators are eased since ion ranges on

the order of micrometers rather than millimeters are involved.
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EXPERIMENTAL
Overview

The powder method for preparing helium embrittlement samples falls

conceptually into three steps:

e Ion implantation

® Consolidation

e Thermomechanical processing.
In the first step, helium is implanted in the individual particles of
metal powder by ion bombardment. The second step invelves fabricating
a bulk solid from the He-containing powder. The third step is intended
principally to control the microstructure of the product and the
distribution of helium bubbles within it. ELach of these steps, with
its attendant technicai problems, is discussed below alaong with

descriptions of the experimental work we have done,

Ion Implantation

The Powder

The most difficuit aspect of this method is obtaining suitable
powders., Ideally, the powder parnicles'should have diameters two to
three tires the available range of the helium lons. With ion energies
of 150 keV, particles on the order of one to three micrometers diameter
were required. 316 stalnless steel powder with particle s.re= in the
micrometer range could not be procured from commercial sources -~xcept
by separating fines estimated to be about 4% by weigh:t from a nominal
-~325 mesh powder, Molybdenum powder, w.th commercial applicatiens in
flame spraying and wire drawing, is available with particle size

distributions in the micrometer range.

Fine particle size powders are characterized by high chemical
activity and tend to absorb relatively large amounts of cxygen when
exposed to air. Even the -325 mesh stainless steel pcwder contained
on the order of 6000 appm oxygen which showed up as an oxide grain

boundary phase when the powder was hot isostatically pressed (HIP).
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The fine molybdenum powder used in this study contained on the order of
16,000 appm oxygen., Treatment to reduce the oxygen content will be

described below.

The accelerator used produced helium ions with an energy of
150 keV; this energy corresponds to a range of approximately 0.5 um
in molybdenum, as calculated according to the L888 theory. A commercial
molybdenum powder with small particle sizes was treated to obtain a
very fine distribution by dispersing the powder in benzene, allowing
time for sedimentation, and displacing the upper portion of the settling
medium by pumping in fresh liquid. The nmeasurad particle size distri-
butions of the as~rereived and extracted powders are given in Fig. 1.
The particle size distributions were determined by x~ray sedimentation
analysis* using a dilute water suspension of the powders. The suspen-
sions were ultrasonically dispersed for 3C minutes prior to analysis.
These Jata represent mass distributions as a function of particle size.
Also plotted in Fig. 1 is a curve sliowing the number distribution of
particle sizes in the extracted powder. This curve was calculated from
the mass digtribution assuming spherical particles of theoretical
density. The calculated curve suggests that the mean particle diameter
was just greater than twice the ion ranpe, and that 20% of the particles
had diameters less than four times the ion range. Thus, a rezsonably
uniform distribution of implanted helium atoms could be achieved since

most of the volume of a spherical particle lies close to its surface.

The extracted powder weo; heat-treated for eight hours at
approximately 700°C under slowly flowing dry hydrogen (dew point —60°C).
The effluent gas was monitored for moisture content; at the end of the
treatment the moisture level in the effluent gas had dropped to the
initial moisture level in the source gas. The treatmenat Qas effective
in reducing the oxygen content of the powder. The measured oxygea

level in the helium implanted powder was 8750 appm (down from

x
A Micromeritics Particle Size Analyzer, Model 5000, was used.



I1-376

716,000 appm). This must be taken as an upper limit since some oxygen
contamination during transfer of the samples to the vacuum fusion
analyzer is likely. After the hydrogen treatment, core was taken not
to expose the powder to air. After sieving to break up agglomerates,

the powder was loaded in the accelerator target chamber.

Ion Bombardment

Helium ifons were accelerated to 150 keV with 2 linear accelerator
with magnetic mass analysis. The 150 ke¥ ion beam passed through a
3 ¢m? aperture and was then bent 45° into a rotating sample cup, The
rotating sample cup and associated equipment 1is illustrated schemati-
cally in Fig. 2. Ion beam currents of 75 to 100 microamperes were

used.

The powder, lying in the corner of the inclined cup, tumbled and
mixed as the cup rotated. Thus, all powder particles were randomly
exposed teo the ion beam. Scattered ions and ions passing through the
outer layers of particles provided lower energy helium to distribute
throughout the powder particle volume. Tumbling and mixing of the
powder was enhanced by including several 1.6 mm (1/16 inch) loug siugs

cut from 0.3175 cm (1/8 inch) molybdenum rod in the cup.

After helium implantation the powder was sieved (down to -400 mesh)
to break up aggregates. Samples were taken for gas analysis, crimped
in platinum envelopes, and sealed in glass vials. The bulk of the
powder was loaded in C.089 ca (0.035 ineh) wall 384 stainlesa steel tubes
with ode end welded closed.

Analysis for residual and added gases was done by vacuum fusion
extraction of the gases and mass spectrographic analysis. The duplicate
powder samples were wrapped in platinum (which acts as a fluxing agent)
and heated by induction in graphite crucibles. Blanks were run to

account for the outgassing of the graphite, platinum, and apparatus.
Consolidation

The powder filled stainless steel tubes were connected to a vacuum

system, The valves attached to each tube were "cracked" to evacuate
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the tubes slowly, avoiding bubbles which might carry powder up the tubes.
When the pressure fell to about one toryr; the valves were opened wide
and high frequency vibrations applied to the tubes. Séveral hours of
pumping to about 10-4 torr removed all accessible adsorbed or trapped

gages. Then the tubes were sealed at the top of the powder bed.

The sealed tubes were loaded in the hot isostatic press (HIP),
The machine was first pressurized to 6.9 to 7.6 Mpa (1000 t~» 1100 psi),
then heated to about 500°C. Both pressure and temperature were
gradually increased to the desired hold points with the control routine
set to reach final pressure before final temperature. These conditions
were held for two hours followed by cool dewn (initially rapid) and

depressurization.

In preliminary tests it was found that the ccasolidation of active
molybdenum powder was more dependent on pressure than temperature,
Pressing temperatures below 0.5 Tm were preferred to avold premature
precipitation of helium bubbles. Therefore, the terminal pressing
conditions selected were 138 MPa (20,000 psi) and 1120°C (0.48 Tm)'

The resulting compacts contained less than 1% porosity. It can be
seen in Fig. 3 that the pores present are very f£ine, with average

diameter less than 1 um.
Thermcmechanical Treatments

The compacted powder in rod form was rolled to prepare micro-
structures for controlled precipitation of helium bubbles. The thermo~
mechanical treatments were intended to: (a) produce a reasonably
homogeneous helium bubble distribution; (b) produce dislocation networks
to act as nucleation sites for gas precipitation; and (c¢c) recrystallize the

rmolybdenum to concentrate helium bubbles on the grain boundaries.

Prior to rolling, however, an interdiffusion zone, Fig. 3, at the
surface of the as-pressed molybdenum compact had to be removed. It
was feared that if the interdiffusion zone was a brittle intermetallic
phase, cracks formed in the surface layer during rolling could

propagate into the sample. Therefore, the original can and the
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Fig. 3. Photomicrograph of as-hot isostatically pressed, helium
implanted molybdenum powder at compact/can interface (1000X) (etched
in Murakami'’s solution).

surface zone were removed. The stainless steel cans were dissolved in
hot BECl. The interdiffusion zcne was apparently not affected by this

treatment, but dissolved in a solution of HCl1l and HNO3 (about 50-50).

With the interdiffusion zone removed, the compacts were reclad.
Tantalum tubes were collapsed onto the molybdenum rods and the ends
welded closed. The tantalum provided a ductile, compatible barrier to
further surface reactions. The tantalum clad rods were inserted in
hnles bored instainless steel rectangular blocksi Steel plugs were
located above and below the rods. The holes were evacuated before
the blocks were sealed. The rectangular blocks were used to transfer

the rolling load as uniformly as possible to the cylindrical compacts
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and to give a reasonable measure of reduction in area achieved. The
blocks were heated to 760°C before rolling and reheated between passes.

The reduction in area was approximately 80%.

After removal of the outer steel casing, the rolled molybdenum was
gectioned and annealed at several temperatures to find the best condi-
tions for the desired recovery and recrystallization processes. The
effectiveness of the heat treatments were determined by hardness
measurements. The anneals for recovery or recrystallization were

followed by heat treatment at 1600°C to precipitate helium bubbles.

Following heat treatment, samples were cooled to liquid nitrogen
temperature and broken. The fracture surfaces were then examined by
scanning electron microscopy (SEM) to determine the fracture mode and
to look for evidence of helium bubbles on the fracture surfaces.
Companion samples were examined by transmission electron microscopy
(TEM). Three millimeter diameter discs were electro~-discharge machined
(EDM) from slices of the samples. The discs were ground to thicknesses
of 125 to 200 um, then electrochemically thinned to perforation.

RESULTS AND DISCUSSION

The results of the vacuum fusion analyses for the residual gas
content of the as-received and implanted molybdenum powders are given

in Table 1.

Table 1. Residual Gas Anaiysis of Molybdenum Powders (appm)

H He 0 N Ar

As-Received 1617 0 15,560 1114 0

After Implantation 1575 686 8790 409 4
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The powder was composed of a fine fraction extracted from the
as-recelved powder and was hydrogen snnealed to reduce the oxygen
content before helium ion implantation. The oxygen and hydrogen concen-
trations in the processed powder following implantation were approxi-
mately 50 and 15 times higher than the respective solubilities at the

9,10 The microstructure of the helium implanted

pressing temperature,
and consolidated molybdenum powder, Fig. 3, was characterized by low
porosity (<1%) and the absence of solid state inclusions. There were
few indications of second phase particles at the powder particle
boundaries in thin foils observed by transmission electron microscopy.
Apparently, the relatively large concentrations of oxygen and hydrogen
exerted little influence on the consolidation of the powder and on

the resultant microstructure. The influence of these impurities on
bubble formation is unknown. Previous runs with higher concentrations
of oxygen and hydrogen but lower helium levels had resulted in fewer

and smaller bubbles for the same powder processing conditions.

The powder was tumbled during ion implantation to minimize local
beam heating and particle sintering. However, occasional fusing of
particles did occur. In some regicns of the as-consolidated sample
helium bubbles were visible and were observed to be reascnably homo-
geneously distributed, Fig. 4. Very few bubbles were visible in thin
foils made from other sections of the as-consolidated sample, however,
or samples annealed at temperatures up to 1200°C after rolling. These
observatlons suggest that implanting the helium at elevated temperatures
can result in reasonably homogeneous bubble formation without the
necessity for a subsequent high temperature anneal to precipitate the
helium, Similar observations have been made on helium bombarded

niobium strip by Bauer and Thcmas.ll

Selection of a 760°C rolling temperature and 80% reduction in area
represented an attempt to introduce the maximum amount of "cold work"
without cracking the samples. This was moderately successful. Some
cracking was observed in sections of the as-rolled strip. The rolling

deformation resulted in grain size aspect ratios of up to 8:1 with the
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Fig. 4. Helium bubbles in as-implanted and consolidated
molybdenum powder compact (TEM).

"initially equiaxed grains (originally powder particles) elongat=2d in
the rolling direction. No significant increase in dislocation density
or extensive network formation occurred as a result of the plastic

deformation of these ultra-fine grained samples.

The range of annealing temperatures listed in Table 2 was selected
to establish conditions for stress-relief annealing, recrystallization

and grain growth.

Optical metallography and transmission electron microscopy showed
that no significant changes in microstructure occurred for annealing
temperatures up to 1200°C. Similarly, the hardness decreased rapi-”ly
above 1200°C, Table 2. The very rapid softening frowm 1400°C to 1600°C
was accompanied by selective grain growth and increasing porosity.
Scanning electron micrographs of the surfaces of samples broken in

liquid nitrogen after annealing at 1400-1600°C showed intergranular
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Table 2, Annealing Conditions and Resulting
Hardnesses for Molybdenum Compacts

Annealing Conditions 3 kg Vickers Hardness
as-rolled 370 + 5
870°c, 2-1/2 hr 391 +1
980°C, 2 hr 375 + 0
1093°C, 2-1/4 hr 30 + 2
1200°C, 1 hr 304 + 16
1400°C, 1 hr 173 + 4
1600°C, 1 hr 102 + 4

fractures. Cavities were clearly visible at facets and grain boundaries,
Fig. 5a. Transmission electran microscopy of thin foils of these
samples from regions where appreciable grain growth had not occurred
showed accelerated growth of grain boundary pores as well as extensive

helium bubtble formation within the grains, Fig. 5b.

Table 3 summarizes the effects of the thermomechanical processing
on the rssultant helium distributions in molybdenum. In every case,
some particioﬁing of helium between competing nucleation sites occurred.
For example, thermomechanical processing to produce a homogeneous
bubble distribution also resulted in accelerated growth of bubbles at
the grain boundaries and precipitation on existing dislocations.

Table 3 merely indicates that it was possible to establish a dominant
“sink" for the helium. Additional work will be required to: optimize
the control of the helium distribution; evaluate the correlation
between mechanical properties and distribution of helium; and compare
the mechanical property response to that of samples with conventional

cast and wrought microstructures,
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Fig. 5. Electron micrographs of helium implanted, consolidated,
and precipitation annealed (1 hr at 1600°C) mblybdenum powder compact.
(a) Fracture surface SEM. (b) Bubbles at grain boundary intersection TEM,



I11-385

Table 3. Effects of Thermomechanical Processing on
Helium Bubble Distribution in Molybdenum

Post Consoliidation Bubble Distribution,

Thermomechanical Treatment (TMT) . (Dominant Locations)
Precipitation anneal (0.653 Tm) Homogeneous
(Implantation at high temperature, no TMT Homogeneous )
Warm rolled (760°C) to 80% RA, Heterogeneous,
Stress relief anneal (0.40 to 0.47 Tm) on dislocations and
Precipitation anneal (0.65 Tm) some grain boundaries
Warm rolled (760°C) to 80% RA, Heterogeneous,
Grain growth anneal (0.51 to 0.65 Tm) primarily on

grain boundaries

CONCLUSIONS

It has been shown that helium imjianted molybdenum powder can be
successfully consclidated ito form specimens for studying the effects of
helium on properties despite supersaturation levels of other gas
contaminants., The microstructures produced were clean and free of
oxides and other heterogeneous phases. Clear-cut placement of helium
bubbles on a single type of nucleating site was not achieved. However,
homogeneous precipitation, bubble formation predominantly on disloca-
tions, and collection of bubbles mainly on grain boundaries -- each
with a2 minor component of the other modes -- was accomplished by
variation of heat treatment and mechanical working conditions. It seems
clear that more careful powder preparation and handling techriques are
needed to minimize contamination. But with these improvements this
method may provide a means for studying helium effects on mechanical
and physical properties independently of synergistic atom displacement

phenomena.
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RADIATION DAMAGE BY 2%2Cf FISSION
FRAGMENTS AND ALPHA PARTICLES*

T. H. Gould, Jvr,
K. R. McDonell

Savannah River Laboratory
E. I. du'Pont de Nemours & Co.
A1ken3 S. C. 29801

ABSTRACT

Rates of atom dlsp‘acement and helium injection in mate-
rials exposed to 252¢cf fission fragments and alpha part1c1es
were calculated to establish the potential for use of 25%Cf
sources for radlatlon damage studies. Maximum displacement
rates of about 10-° dpa/sec at the surface of typical targets
exposed to a 232Cf fission fragment source were comparable to
those experienced by materials in a fast breeder reactor or
in a controlled thermonuclear reactor (CTR) first wall, though
much lower than the displacement rates achieved using particle
accelerators Helium was concurrently accumulated at a rate
of 3 x 10" atom ppm/sec at the target surface, yielding a
He/displacement ratio 10° times that produced in the fast
breeder reactor materials, but only about 2C times that pro-
duced in the CTR materials. These comparisons suggest that
252cf fission fragment sources may find useful applications
in studies of effects of high-He content on radiation damage
in CTR materials.

INTRODUCTION

Accelerator-generated charged-particle irradiations have proved
effective for simulating fast-neutron damage in materials for fast
breeder or controlled thermonuclear reactors (CTR).! The intense beams
of high-energy particles that can be generated by the accelerators pro-
duce in a few hours effects that are equivalent to several years of re-

actor service. Intensities of charged particles such as alpha particles

*The information contained in this article was developed during
the course of work under Contract No. AT(07-2)-1 with the U. S,
Energy Research and Development Administration.
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from radionuclides are generally too low for practical use in such
damage-simulation studies, although fission fragments produced during
neutron irradiation of fissionable 235U have been employed in some

studies.?

During studies of effects of 2%%Cf radiations on neutron-source
capsule materials, it became apparent that 252Cf fission fragments could
cause significant atom~displacement damage to adjacent materials. The
displacement damage produced by the fission fragments would be accompan-
ied by injection of high concentrations of helium resulting from 2°2Cf
alpha decay, indicating that the 2%2Cf sources might prove useful in
simulating radiation damage in high-helium generating environments, such
as the CTR.

RESULTS

Californium-252 decays with a half-life of 2.65 years by competitive
alpha emission (97%) and spontaneous fission (3%).%’* Of the 1.28 x 10'?
fission fragments produced per gram per second, half (light group) are
emitted with average kinetic energy of 104.1 MeV, average atomic number
of 42, and average mass of 106.4. The heavy group of fission fragments
are emitted with average energy 79.25 MeV, atomic number 55, &nd ma<s
141.7. Like other heavy particles, the ?52Cf fission fragments displace
atoms in materials in which they are absorbed, forming vacancies and in-
terstitials which agglomerate at appropriate temperatures into micro-
scopically observable voids and dislocations.® Alpha particles also pro-
duce lattice damage and leave implanted helium atoms that promote forma-
tion of voids at intermediate temperatures and form gas bubbles at high
temperatures. The ultimate consequences of these effects are a potenti-
ally deleterious swelling of the exposed material and changes in other
properties such as mechanical strength. Quantitative assessments of
the damage produced by the 2%2Cf fission fragments and alpha particles

are made in the following secticns.
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Displacements Produced by Fission Fragments

The rate of targec-atom displacement produced by 252Cf-source fis-
sion fragments was calculated using a modification of the method of
Kulcinski, et al.®’? to predict displacement rates produced by acceler-
ator-generated heavy ions. The model, as described in the Appendix,
employs the Lindhard, Scharff, and Schiott (LSS) theory® to determine
the energy lost by fission fragments in primary nuclear collisions,
and the Kinchin and Pease approximation? to determine the rate of dis-
placement of atoms in a target lattice. The fraction of energy given
up by the fission fragments in primary collisions which subsequently
goes into the production of higher order displacements is determined

by the method of Doran and Kulcinski.’

In contrast to the accelerator-generated ions, which are emitted
as a moncenergetic, unidirectional beam, fission fragments from a
252Cf source are generated within a discrete source volume and are
emitted with variable energy and direction. This characteristic of
the fission fragments requiresthat the displacement rate at a given
point in a target be determined by integration of effects of frag-
ments originating at different points in the californium source, If
the simplifying assumption that the range of the fission fragments in
the source material is equal to their range in the target material is
made, and a Gaussian distribution about the mean particle range is
used for the spatial dependence of the rate of nuclear energy transfer
in the source and target, the rate of atom displacement at a given pene-
tration distance in a target material exposed to a 2°2Cf source is
approximated by Eq. (1), as derived in the Appendix:

_ NfET .
D(x) = E%gﬁ' (1 -3 for x s R-2a (1)
vhere
b(x) = rate of atom displacement at x, dpa*/sec,

penetration distance into target, um,

=
"

Ng = number of fission fragments generated in source/cm‘sec,
Er = energy transferred to lattice atoms in nuclear collisions, eV,
number of target atoms/cm’,

z
[

* Displacements per atom (dpa) represents the fraction of total atoms
displaced during irradiation.
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Eq = displacement energy, eV,

R = mean range of fission fragments in source and target
materials, um.,

o = effective range-straggling parameter, um.

Values for ET‘ R, and Ey that were used to calculate the displacement
rate for aluminum and iron targets exposed to 2°2Cf fission fragments
are listed in Tab' 1, Since o is about 1/10 the range R, Eq. (1)

applies over about 80% of the total penetration distance of the par-

ticles.

For a scurce with a density of 10 g/cm® containing 20% 2%2Cf.0,
(remainder impurities), the number of fission fragments (Ng) in each
of the mean light (MLF) and mean heavy (MHF) groups is 1.2 x 10'%/cm?

? target area to a source containing 6 mg 2°%Cf*

sec. Exposure of a 0.3-cm
would displace atoms at a maximum rate of about 9 x 107’ dpa/sec in
aluminum and about 1 x 107° dpa/sec in iron. The atom-displacement
rates for the MLF and MHF groups are shown as a function of penetra-
tion distance into the aluminum targets in Fig. 1. Damage decreases
approximately linearly from a maximum at the target surface to about

50% at a penetration distance of 7 um (40% of the particle range).

The maximum displacement rates produced by 2°2Cf fission frag-
ments at the target surface are comparable to those expected for mate-
rials in EBR-II and a CTR first wall,!®*11212 35 shown in Fig. 2, and
are at least an order of magnitude higher than the displacement rates
obtained in a thermal reactor. They are, héwéver, several orders of
magnitude lower than those typically produced with charged-particle
accelerators. Irradiation of a highly enriched ?3%U source in a thermal
reactor would be regiired to achieve the displacement rates obtained

with a particle accelerator.

Helium Atom Concentrations

Concurrent with fission fragment emission, **2Cf emits alpha par-
ticles with average kinetic energy of 6.1 MeV at the rate of 1.92 x 10'3
alphas/g sec,resulting in the deposition of helium atoms in an adjacent
target. If, as in Eq. (1), equal range for the alpha particles in

* The 6-mg *32Cf source, equal in thickness to that required for maxi-
mum He concentration in an adjacent target, is about twice the thick-
ness required to produce the maximum displacement rate.
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Table i. Parameters used to Calculate Displaced-Atom
Densities in Aluminum and Iron

Aluminum Iron
Parameter MLF MHF MLF MHF
Energy Transfer, 2.0 3.0 2.6 3.8
Er (MeV)
Range,2 R (um) 16 13 8.0 6.3
Displacement Energy, 30 30 25 25
Ed (eV)
Range-Straggling Parameter 0.08 0.11 0.08 0.11
Ratio, /R
a. Calculated from LSS theory.?
g T T T T T T T T T T T T T Mo g
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Fig. 1. Atom Displacement Rate and He Generation-to-Displacement
Ratio Produced in Aluminum by 232Cf Radiations.
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source and target material is assumed, and the unidirectional deposi-
tion of alpha particles is approximated by a Gaussian distribution about
the particle range, the rate of deposition of helium atoms as a func-

tion of penetratior. distance in the target is of similar form to Eq.

(1):

N(x) = 5‘2’-(1 - %) for x < R - 20 (2)
where
N(x) = rate of He deposition at x, particies/cm® sec,
X = penetration distance into target, um,
Sv = rate of generation of alpha particles, particles/cm® sec,
R = mean range of alpha particles in source and target materials, um,
o = effective range-straggling parameter, um.

Eq. (2) applies over about 98% of the alpha-particle range, since the
range-straggling parameter o is about (.01 R!? The range in aluminum

of the 6.1-MeV 252Cf alpha particle, as calculated from range data for
protonsi®’!® js about 30 um, or twice that of the 2%2Cf fission frag-
ments. An aluminum target exposed over a 0.3 cm?-area to a 6 mg-

2520f source emitting 3.5 x 10'2 alpha particles/cm® sec would be
injected with He atoms at a maximum rate of 3 x 10-* atomic ppm/sec

at the target surface, decreasing apprc (imately linearly to zero

at the 30 um particle range. The max’ mum'concentrations of helium
produced, compared in Fig, 2, are a .vactor of 30 times that expected in
the CTR first wall materials,?®#!!*12 gnd 1000 times that in EBR-11!2215
The ratio of He atoms to displaced atoms at the specimen surface is
about 350 atomic ppm/dpa, increasing with increasing penetration due to
the greater range of the alpha particle, as shown in Fig. 1. In iron,
the relative concentration of He atoms to displaced atoms at the surface
is about 225 atomic ppm/dpa. Californium~252 sources having thicknesses
between the ranges of the fission fragments and the alpha particles

would have lower He-to-displaced-atom ratios,

The displacement damage induced in the metal target by 6.1 Me\-
252¢f alpha particles was estimated using the model derived by Kinchen
and Pease for Rutherford ccllisions.® In aluminum about 300 displace-

ments per alpha particle occur. If a damage distribution similar to
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that defined by Eq. (2) is assumed, the alpha-induced displacement
rate at the target surface will be about 9 x 10™° dpa/sec or 10% of

the number of displacements produced by the fission fragments.

Radiation Damage Effects

The radiation damage produced by 2°2Cf fission fragments and
alpha particles would be manifested in several ways, depending on
target material. Displaced-atom densities of 10 dpa can be realized
in target materials exposed to 2 6-mg 2°2Cf,0; source for 120 days.
At intermediate temperatures (0.3-0.6 absolute melting point),
microscopically cbserved voids and interstitial dislocation loops are
formed in pure metals after 0.1 dpa and produce volume changes ex-
ceeding a few tenths of a percent after 1 dpa.®*!® Equivalent effects
are produced in more swelling-resistant alloys, such as stainless steel,
at 10 times these exposures or higher. In the low-melting materials,
such as aluminum, such damage is produced at just above room tempera-
ture, but in higher-melting materials, such as stainless steel, damage

is observed at temperatures ¢f 500°C or more.

The high He-to-displacement ratio provided by 2°2Cf sources, com-
pared to the ratio for other radiation sources in Table 2, should produce
effects that are of special interest in CTR materials studies., Helium
generated during HFIR irradiations of.Type 316 stainless steel by the suc-
cessive slow neutron capture reactions °°Ni(n,y)*°Ni(n,a)*®Fe concurrent with
displacement damage by fast neutrons produces swelling at intermediate
temperatures that is considerably greater than that expected from void

12 The swelling, moreover, persists

formation in the absence of helium,
to high temperatures because of gas-bubble formation. Concentrations

of cavities generated in the high-helium envircmment are an order of
magnitude greater than those expected for void concentrations in the
absenice of helium, and the cavities, like gas bubbles, form preferentially
at grain boundaries and precipitate-matrix interfaces. Similar or more-
pronounced effects of high-helium content snould be produced by 252%cf

fission fragment sources in a variety of target materials.
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Fig. 2. Rates of Displaced Atom and Helium Generation Produced
by Several Radiation Sources.

Table 2. Rates of Displaced Atom and Helium Generation

Generation Rates (per vear)

Source dpa He (ppm) He (ppm)¥dpa
EBR-119 60 12 0.2
235y £igs. frag. (0.03 afo bu)? 60 go(Xe + Kr) 1.5
CTR (Wisc)é.¢ 18 285 16
HFIR? 60 1,900 32
252c¢ fiss, frag. + alpha (6 MeV) 28 8,300 300

a. Ref. 12
b. Assuming 200,000 displacements per fission (Ref. 20),
e¢. Ref, 10 and 11.

d. Assuming exposure over 0.3 cm® area to 20% pure Cf20y source
containing 6 mg 252Cf,
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Atom displacements caused by fission fragments in non-cubic met-
als such as orthorhombic uranium produce anisotfopic growth effects
as well as swelling. Such effects, due to preferred orientations of
the defect agglomerates produced by vacancies and interstitials, are
well known in uranium fuel elements.!”’'®°1® Typical consequences
include external changes in shape and surface roughening indicative
of severe internal grain distortions at low temperatures and large
irregular cavities due to related intergranular stresses at inter-
mediate temperatures. Such effects are pronounced in uranium after
burnups that produce about 3 x 10'? fission fragments/cm®, which is
approximately equivalent to i-1/2 years' exposure to a 252Cf source. A
252Cf source could thus be employed to characterize the anisotropic
growth effects expécted during reacter exposure of nonfissionable
hexagonal metals such as magnesium, zirconium, and titanium, Effects
of high-He content on the damage sustained by these metals are also of
interest. The gas-to-displacement ratio produced by 22?°y fission frag-
merits is included in Table 2 for comparison with the ratio provided by

a 252¢f source.

LIMITATIONS ON USE OF 232Cf SOURCES

Limitations on the use of 2°2Cf fission fragment sources in radi-
ation damage studies do not appear to present insurmountable difficul-
ties. The 2°2Cf must be employed in relatively large quantities (3-6 mg)
for maximum effect. However, inventories of the nuclide that would ac-
commodate use of these quantities are available. The 2%2Cf must be
handled behind relatively thick neutron shielding, typical of that em-

ployed during source preparation.®

Since the ranges of the fission fragments and alpha particles are
limited, only thin sections of target materials exposed to 2%2Cf radia-
tion would suffer damage. Thin foils would be best suited as target
specimens. Special fission fragment source designs that would allow
close proximity of source and target would be required, and provision
for removal of heat generated in the target would te necessary. Micro-
scopic examinations and volume measurements of target foils could be
performed by using techniques that were developed for specimens irradi-

ated with accelerator-generated charged particles.
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Sources of radioactivity in the exposed target include 252Cf
contamination, neutron-induced activities, and residual fission
products. Contamination could be eliminated by appropriate cleaning.

The neutron~-induced activity levels would depend on cross sections of

the target material and its impurities. Calculations of activity

from residual fission products indicate that dose rates of less than
10 mr/hr at 1 meter would be encountered from thes targets after 120-

day exposures.
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APPENDIX
Displacement Rate Calculations

To reduce the complexity of calculating the atoms displaced by
fission fragments emitted from a source of finite volume, the follow-
ing two assumptions were made:

1. The anges and rates of energy less of the fission frag-

Meats are equal in source and terget materials.

re

The ruclear energy transfer function, S,(r), calculated
by the method of Ref. 6 can be replaced by a Gaussian
distribution about the mean range R of the fission frag-

ment group (see Fig. A.l).

The first approximation (equal fission fragment ranges in source
and target) slightly overestimates the damage rate in aluminum, since
the calculated ranges of the MHF and MLF fragments in californium ox-
ide {taken as Cf,;0,) arec about 20% less than those in aluminum. For
an iron target, the damage rates calculated by this model are slightly

underestimated,

The second approximation greatly simplifies the spatial integra-
tion over the product of flux and energy transfer function S,(r). The

energy transferred in primary collisions can be expressed as

Sp(r) = = == exp[- (Eaﬂﬂ (A1)

where
Sp(r) = nuclear energy transfer function, eV/um,

r = distance along particle track in source or target
material, um,

E = total energy transferred in primary collisions, eV
(integral of Sp(x), Fig. A.1),

a = effective range-straggling parameter, um,

R = mean range of fission fragments in source and target
materials.
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The effective range-straggling parrneter o was estimated from

a? = ap?+ ap? where aj, represents range straggling from LSS theory’
and ag, the range dispersion associated with the group's energy dis-
tribution. The range-dispersion parameter ap, which is the dominant
term of this equation, was determined from the experimental energy
distribution of 252Cf fission fragments measured by Schmitt and

Pleasonton, 2}

Conversion from energy dispersion to range dispersion
was made with the aid of energy-range relationships derived from LSS
theory., Values of effective relative straggling for the MLF and MHF

fragments are given in Table 1.

The source geometry considered by this model is shown in Fig.A.2,
The fission fragment flux at a distance r from a small volume ele-
mentdV in the source is Ng-dV/4mr?, where Ny is the source density
(fission fragments/cm®., The displacement rate D(r) (in dpa/sec) at r
due to fission fragments emitted from dV can be approximated by

NgdV WS, (1) _ 2 .
D(r)dv = yrm 3 ® TE;N for dV = 2nr® sind drdo® (A2)

where w is a correction factor to account for energy lost to electrons
by primary and secondary knockons, Ej is the displacement energy,

(in eV), N is the number of target atoms/cm®, and © is the angle of
fission fragment track in target (Fig. A.2). Integrating over the

effective source volume gives

2
2 r-R
pea = f f wamt e (F) W
x/Ry *x/u

rate of atom displacement at x, dpa/sec,

=
—~

»
-

[}

b
]

penetration distance into target, um,
u - cos O (Fig. A.2),
Ry - maximum projected range of fission fragment, um.
The v i 2v iimit on the second integral can be extended to infinity
without changing the value of the integral. Carrying out the inte-
grations in Eq. (A3) as far as possible in closed form gives
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Rex
a
ET
D(x) = gy | (1-x/R) + axf Ry (A4)
R-Rm
a

where v = é(R-x/u) and E; = wE. For practical purposes, the maximum
range can be set equal to the mean projected range plus twice the strag-
gling parameter, that is Ry = R + 2a. If this substitution is made for
Rp, Eq. (Ad4) can be approximated by

N¢ET R
D = 1- £ <R-2
¢ m[ *rger) | for xRk

or N
_ NfET . x

D(x) * 7p - (1-z) (A5)

for a of the order of 0.1R or less. Thus, the atom displacement rate
is expected to decrease almost linearly with the depth of penetration

of the fission fragments.
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EXFPECTED ERVIRONMENTAL DATA FOR CTR MAGNETS

Already in the first conceptual designs, power balance estimates very

clearly showed that superconducting coils must be used in fusion reac-
o

t

rs. This requirement adds another problem to the abundance of new
technologies which are involved in CTR technology. Although reliable
small and medium size superconducting coils are now available, magnets

wilh dimensions and fields needed for large fusion devices have not yet
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been built and grievous experiences in the past have shown that scallng
laws should be used with caution when the performance of small supercon-
ducting coils is extrapolated to larger systems. But apart {'rom prot-~
lems connected with their large size and stored energy, CIR magnets are
exposed to a considerable Tlux of fast neutrons, i.e. they will operate
in an environment which is not very hospitatle for supercondusting com-
ponents.

As far as we know at present, the neutron irradiation will have two de-

trimental effects on superconducting magnets. First, energy ia the fomm
of heat is deposited in the coil volume. This causes (a) temperature
gradients from the bulk of a coil section to the coolant channels zand

(b) increased power and refrigerator costs. Second, radiation damage
usually deteriorates the properties of superconducting magnet components.
In order to keep both effects sufficiently small a fusion reactor must
have a chield between the blanket and the magnet windings. Several dc-
signs of such shields which usually consist of & mixture of iron, bora-
ted water and lead have been proposed1 and an excellent review on this
subject together with a crizical analysis of the two design criteria
(thermal and radiation damage) has been published by McCracken and B]owz
in 1972. Nevertheless, it appears to be appropriate to review the protlem
of radiation damage again at this point of time since most of the irra-
diation experiments on superconductors which are meaningful Tor CTR mag-

nets have been carried out in the last two or three yearsj—ll.

Before discussing radiation damage effects in the different magnet cor-
ponents, it is necessary to arrive at some numbers about typical neutron
fluences and spectra in the magnet region. These data can be cbtained in
the following way: Using the thermal criterion that the maximum power
allowed for refrigeration is e.g. 1 % of the thermal reactor out] .t
{corresponding to an energy attenuation of 10_5) McCracken and Blow2
showed that the neutron flux through the first wall must be attenuated
by a factor of about 1.6 x 10_6 vhen reaching the magnet region. In the
model of Fig. 1 this is achieved by a blanket and shield thickness of
1 and 0.55 m, respectively. For a total first wall loading of 10 MWmne

(~ 3 x 101h of 14 Mev ncm_2sec—1) this would correspond to a neutron
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In the rfollowing 1 wili try to review measurements of property changes
in magnet materials which were subject to irradiation conditions simi-
liar te the ones stated above. We shall discuss each group of materials
separately, going from the least critical component (structure) %o the

most uncertuall one :insulators;.
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RADIATION DANAGE DATA OF COMMPONZNTS IN SUPERCONDUCTING MAGNETS

tructural Materials

It 1s expected that the limiting factor in the performance of large
coils will be the strength of the conductor and the structural material

1h 15

\steel) which have to withstand extremely large forces . However,
vield and tensile stress of steels and other metals are generally in-
creased by neutron irradiation at low temperatures16. Another effect,
namely irradiation induced ("in pile") creep, requires mobile inter-
svitvials which are not present at L X in most metals. We therefore ex-
peet no axverse effects on the mechanical stability of a coll system

45 rar as radiation damage in structural materials is concerned.

Supercenductors

The appiicebility of irreversible type II or "hard" superconductors

whicr are used as nagnet conductors is essentially characterized by the

three parameters T (transition temperature), B , (upper critical field)

cZ
current density as a function of the magnetic field
3", T is mainly decermined oy the electronic properties of the material
and is only slightly influenced bty the defect structure where: BC2 and
particularly jc strongly depend on the concentraticn and kind of defects
present in the material. Since rast particle irradiation of metals pro-
ducesz casczades of vacancies and interstitials (Frenkel pairs), we expect
. 10 vary with irradiation dose and large changes of these pa-
remeters heve ind-ed been observed in pure superconductors with an ini-

. . . .7
low defect density {.

However, technologilcalily useful materials contain structural imperfec-
sns idiszlocetions, precipitates, grain boundaries) already in the un-
irracia~ed state [otherwise they would not be "good" superconductors).
The Jensity and effectiveness of these defects is much higher than that
oi" irradiation induzed dofects which mekes hard superconductors rather
irsensivive <o radiation damage. lievertheless, small effects can be ob-

served and will be discussed in the following.
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NbTi-Alloys

Extensive irradiations of commerical NbTi single and multifilament con-

3-5

ductors at ~ 5 K were carried out by Soell and his coworkers ~? in the
low temperature irradiation facility in Garching near Munich. The neu-
tron energy spectrum of this reactor is comparable to the expected spec-
trum in the CTR magnet region (Fig. 2). Typical results of the field and
dose dependence of the critical current density Jc are shown in Fig. 3
(the initial critical current density jco of this material was

1x 105 Acm-.2 at 5 T). At constant dose cne finds a relative reduction
of jc which is almost independent of the magnetic field. Annealing at
different temperatures causes a reccvery of the critical current densi-
ty which is almost completed at room temperature. The dependence of jc

on the neutron dose ¢t has the linear form

Jo = dgoll~ kot (1

and can be qualitatively understood by a simple pinning model17. Compre-
. . . . . 1 .

hensive simulation experiments with protons 8 confirm the neutron re-

sults and show that the trausition temperature Tc and the upper criti-

cal field Bc of alloy superconductors are also little affected by

irradiation.2
For & material with g relatively high initial current density jco’ the
relative change o¥ jc/jco is around 0.98 at cur assumed meximum fluence
of 3 x 1017 nc:m—2 (Fig. 3). Since k decreases with decreasing jco (se2e
hatched area in Fig. 7) and even changes sign for very low jco materi-
alss, we cen assume that the meximum critical current degradatién in &
NbTi CTR magnet caused by the superconductor itself will never be more
than 2 %. As will be shown later, this is much less than the degrada-
tion caused by the stabilizer. This shows that the NbTi superconductor
will not be a critical component of & fusion magnet as far as radiation

damage is concerned.
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A-15 Compounds

Although A-15 materials (Nbasn, V3Ga etc.) have excellent superconduc-

ting properties (high TC, ch and jc), they were not very popular among
reactor design teams up to now, mainly because of their brittleness

and limited available conductor dimensions. Recently, however, flexible
multifilament conductors of various cross sections and sizes which are

19,20 and are now commercially

intrinsically stable have been developed
available. This recommends A-15 compounds for certain high field coils

in CTR reactors and raises the question of their radiation resistance.

Whereas in alloy superconductors irradiation produced defects essentially
change only the pinning structure21 we may expect a second effect to
occur in highly ordered compounds. During fast particle irradiation, va-
cancies and interstitials are created by replacement collisions which
lead to an interchange of atoms between sites and therefore to a dis-
order of the compound. Such disorder effects have indeed been observed

in recent experiments6’7’9-11. Because of the highly nonlinear dose de-
nendence of this effectee, they are substantial only at doses which are
*uch lerger than those expected in CTR magnets (Fig. L4). It is inte-
rsting to mention that in these special investigations room tempera-
ture and low temperature irradiations are equivalent since only the
(temperature independent) number of replacement collisions is important.

7 2 the detrimental disorder effects are

At fluences below 2 x 107 nem™
almost completely masked by an increase of the critical current densi-
ty8’9 which is caused by the irradiation produced defect cascades acting
as pinning centers (Fig. 5). The relative jc enhancement increases with
increasing megnetic field which might lead to stability problems. An ex-~
tension of the measurements to higher fields is therefore desirable.
However, the magnitude of all radiation induced changes of jc and TC is
again small and the conclusions for NbTi are expected to hold also for

Nbasn superconductors.

No low temperwture irradiations have been reported for V3Ga.
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Stabilizer Materials

Because of safety reasons, the design of CTR magnets is generally based
on the socalled cryogenic stabilization principle23: If a thermomegnetic
instability drives a section of the superconductor into the normsl state,
an alternative path for the current is provided by & highly conducting
normal metal (Cu, Al) which is in close contact with the superconductor
("stabilizer"). If, with the whole current flowing in the stabilizer,

the heat flux does not exceed a critical value Qc, the current will
comnutate back into the superconductor as soon as the instability has
disappeared. Qc is given by the condition that during this event the
temperature of the conductor can be kept below the transition tempera-
ture. This can only be achieved if the heat transfer to the coolant (li-
quid He) is accomplished by the nucleate boiling mechanism. The maximum

stable current I,, of a compound conduction (superconductor + stabilizer)

St
is therefore given by
Igt P
S_Qc L3 ¢ (2)
A

where Qc = heat flux below which film beiling cannot be sustained

p = stabiliizer resistivity

A = stabilizer cross-sectional area

p = cooled conductor circumference

Eg. (2) shows that neutron irradiation will have an adverse effect on
the stability of a CTR magnet since radiation induced Frenkel pairs
cause an increase in the resistivity p of the stabilization material

which is given by

p=p,+0o(B) +ploet) (3)

where p residual resistivity
p(B) magnetoresistance
p(4t) resistivity from radiation induced Frenkel pairs

A fourth term which is due to radiation induced transmutation products
can be neglected in this contexta. Reliable data for p(B) and p(¢t) exist

for both stabilizer materials:
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Copper
. . Y . .

Using magnetoresistance data by Hsu end Kunzler2 and radiation damage

data by Burger et a1.12, the total resistivity p at 4.2 K ang 8 T is

plotted in Fig. © for Cu with two different initial residual resistivi-

17 -2
nem

ty ratios RRR = p at 273 K/oo. For a fluence of 3 x 10 the re-

sistivity is increased by about 60 % for RRR = 170 and by 30 % for

RRR = 35. This corresponds to a decrease in maximum stable current by
30 % or 15 %, respectively, which is much more *han the degradation
caused by the superconductor (see Fig. 7). Such losses in stability
have indeed been observed experimentally by Soellh and Brown et al.

who irradiated NbTi/Cu and Nb3Sn/Cu compound conductors. A typical vol-

tage-current characteristic is shown in Fig. 8.

The decrease of the maximum stable current of the conductor with in-
creasing fiuence must be compensated by an oversized stabilizer volume;
but an increase of 3C % with all its consequences on superconductor in-
ventory, increased coil volume etc. would certainly be unacceptable on
the grounds of the extra capital cost involved. Fortunately, radiation
demage in metals recovers at relatively low annealing temperatures (in
Cu, about 80 % of the radiation induced resistivity anneals out at room
temperature). Therefore, by allowing say 5 annealing cycles in a 10 year
period, the current degradation would be arzund 12 % for the RRR = 170

material which might already be tolerable.?
Aluminium

Although having lower mechanical strength, aluminium is gaining -increa-
sing importance as a stabilizing material because of its low magnetore-~
sistance and low residual resistivity in commercial material. In CTR-

magnets, these advantages disappear at first sight because p{¢t) rises

13 17 -2

more than three times faster ~ than in Cu, i.e. at 3 x 10 ' nem = the

total resistivity p of Al is already above the value for Cu with RRR = 170

(see Fig. 6). However, considering again an annealing period each two

16 new 2) the resistivity would still be only half of

years (¢t = 6 x 10
the value for Cu {in Al, p{¢t) is completely recovered at room tempera~

ture).



11-414

107
p
{Qem
-7
10 RRR= 35
Cu  pRR.yy
1078 Pl
- —==~""RRR=1370
ST Al (Mc Cracken sBlow)
2
1-9L “ ——— — .
w0w* 2 & 10% 10" 10" 10'9
— g tin/cm?)

Fig. 6. Resistivity o of Cu and Al at 4.2 K and 8 T as a function of
neutron flux ¢-t.

= -'l’l,”//,:{///
ow

77

high

\
oib RRR 2170 \

02F 10 years?
F—J&
o
i 1 1 2 " " 1 A, o
0 02 06 06 08 W 12 14 16 18 20
— ot (10"®nfcm?)

—

Fig. 7. Typical fluence ¢*t dependence of stable current I__ and ecriti-
X . . st
cal current Ic for NbT1/Cu composite wires.



I1I-415

Insulators

Refractory Insulators

Since radiation damage effects in these materials which will be used for
the electrical insulation of coil terminals will be covered by four

following pepers in this section, they will not be discussed here.

Polymers
The insulators used in present superconducting magnets are (a) thin
layers of polyester (Mylar), PTFE (Teflon) or similiar material for the
insulation of the conductors and (b) reinforced epoxy resins for potting
of coils. Whereas the mechanical and thermal properties of these mate-
25

rials at cryogenic temperatures are rather well known ”’, very little in-

formetion is available about low temperature‘irradiation effects. From
the few existing data which have been reviewed by Brechna26, it is diffi-
cult to predict general tendencies - even for such funda.ental proper-
ties like tensile strength, ete. This is illustrated by Figs. 9 and 10

which show the tensile strength o, of PTFE2T and polyester films28, re-

spectively, under different irrad?ation conditions: in PTFE oy decrea-~
ses slightly with dose whereas Mylar shows an increase of about 25 %.
But in most cases these changes are rather small compared to the tempe-
rature effect on op {see Figs. 9 and 10). Much more pronounced is the
reduction in ultimate elongation which was observed in most irradiation
experiment529 (see e.g. Fig. 11). It seems, however, that most insula-
tors can meet the mechanical strength requirements even when exposed to
a y-dose of several 108 rad (corresponding to & neutron fluence -of

3 x 10'7 ncm‘2)

It would be premature to express & similiar optimistic view for the di-
ejectric strength of insulators under irradiation because, as far as I
know, not a single measurement in this field has been reported up to
now. Although under normal conditions the electric fields in a magnet
are extremely small, high voltages between layers are induced when the
coil goes normal. In order to complete our knowledge on radiation da-
mage in CTR magnet components, date on dielectric properties of insu-

lators under low temperature y and neutron irradiation are therefore
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urgently needed.
EFFECT OF LOW TEMPERATURE NEUTRON IRRADIATION ON COIL PERFORMANCE

The above review shows that today most of the radiation induced proper-
ty changes of CTR magnet components can be predicted rather accurately.
However, investigating each component more or less isolated does not a
priori guarantee that the behavior of the entire magnet can be predicted
with the same reliability because changes caused or enhanced by & gombi-
nation of effects can easily be overlooked (e.g. is there an influence
of large stresses cn the radiation damage in insulators?) In order to
avoid costly experiences, an extension of low temperature irradiations
to entire coils would be desirazble. Actually, a first experiment of

30 who

this kind has already been performed in 1967 by Benaroya et al.
irradiated a very small coil (0.75" 0.D., 0.9" length) consisting of

1200 turns of unstabilized NbZr wire in the ANL CP-5 reactor to & fluence
of T x 1017 ncm_e. No significant changes in the coil behavior could be
defected. However, results for megnets of this size and field strength
have hardly any relevance for CTR magnets and tests on larger coils are
required. Unfortunately, this is more easily said than done becazuse the
present facilities allow only small volumes to be irradiated at low tem-—
peratures. Irradiation of successively larger coils may beccme possible
when some of the intense neutron sources under construction are avai-
lehle and will be equipped with powerful refrigeration facilities. An
alternative way would be to bypass this generation of experiments and
wait until results for full size CTR-magneis in engineering test reac-
tors like TETR31 become available. A decision in favor of one of the

two directions of research requires a detailed analysis which is far be-

yond the scope of this short review.

I am grateful to Dr. B.S. Brown, Prof. G. Ischenko, Prof. T. Okada and
Dr. M. S811 for informing me about some of their results prior to publi-

cation.
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ABSTRACT

The effect of high-energy neuiron irradiation (E>1 MeV) at ambient
reactor temperatures on the superconducting properties of a variety of
superconducting compounds is reported. The materials studied include
the A-15 compounds Nb3Sn, NbjAl, Nb3jGa, Nb3Ge and V4Si, the C-15 Laves
" phase HfVy, the ternary molybdenvm suifide MosPby 55, 2nd the layered
dichalcogenide NbSes. The superconducting transition temperature has
been measured for all of the above materials for neutron fluences up
to 5x1019 n/cm?. The critical current for multifilamentary NbySn has
also been determined for fields up to 16 T and fluences between 3x10l7

nfem? and 1.1x1019 n/fem?.

INTRODUCT1ON
In most present designs for fusion reactors superconducting magnets
will be utilized to provide plasma confinement. In such an application

the superconductor will be subjected to neutron irradiation, the exact

level depending on the particular design and length of exposure.1 It

*This work was performed under the auspices of ERDA.
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is therefore necessary to have information concerning the effect of
such radiation on the superconducting properties of potential magnet
material, particularly the effect on the superconducting transizion
temperature T, and the critical current density Jc.

In this work we report the effect of high-energy neutron (E>1 MeV)
irradiation at ambient reactor temperatures on the superconducting
properties of a variety of intermetallic compounds that have potential
use for high-field magnets, Although the neutrons produced in a fusion
vessel will have energies of ~14 MeV, by the time they reach the region
where the magnets will be located, their energy is expected to be ~1 MeV
with a spectrum similar to that of a fission reactor.2 It is there-
fore possible to gain meaningful information concerning the behavior
of superconducting materials to be used in fusion reactors by irradia-
tion with neutrons from a fission reactor.

The materials studied here include the A-15 compounds Nb3Sn, NbsGa,

Nb,Ge, Nb,Al and V,Si. NbBSn has been developed into multifilamentary

3 3 3
conductors for magnet use3 and besides the effect of neutron irradia-

tion on Tc, extensive Jc data, up to ficlds of 16 T and fluences of

19 n/cmz, are reported. Nb3Ga has also been developed into usgble

~10
form for magnet construction4 and the effect on Tc up to fluences of
5.0x1019 n/cm2 is also reported. Nb3Ge, currently possessing the
highest Tc, ~23 R,S of any known superconductor is investigated up to

9

fluences of 5.0x101 n/.:;n2 and annealing experiments to 900°C are

described.

Other compounds studied include the ternary molybdenum sulfide

Mo31’bo 584,6 which has the highest reported upper critical field
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of cny bulk material, ~50 17 making it extremely desirable for magnet
use if it could be prepared so as to carry reasonable currents, a pros-
pect not yet realized,s The C-15 Laves phase vaZ’ and pseudobinary
compounds with Zr having this structure, also are potential magnet
conductors as Jc's as high as 105 A/cm2 at 13 T at 4.2 have been
obtained9 despite its relatively low Tc of 10 K, These materials are
also less brittle than the A-15's, making wire and tape fabrication
somewhat easier, Finally we mention the layered dichalcogenide NbSe2
even though it is not a good caundidate for magnet material to show
how neutron-induced disorder can be correlated with disorder brought
about by deintercalation.
EXPERIMENTAL

The characteristics of the samples before irradiation along with
the preparative techniques are listed in Table 1. The irradiations
were carried out in the Bruockhaven High Flux Beam Reactor (HFBR), the
fluence being obtained by multiplying the time of irradiation by the

14 n/cm2 sec. The

fast flux (E>1 MeV) which is known to be (1.040.5)x10
measured temperature of the samples during irradiation was 140°C, Tc
was measured inductively in a manner previously15 described and Jc
determined by noting the current at which a 3-u4V signal appeared across
the superconductor.16

RESULTS AND DISCUSSION

Transition Temperatures

Figure 1 shows the effect of high-energy neutron irradiation

on the Tc's of the various materials used in this work. Tc is the

value after irradiation and Tco is the value before irradiation listed
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in Table 1. The data are presented on a normalized plot to indicate
the relative change in Tc as a function of fluence.

The materials most extensively studied are those having the A-15
(B-W) structure NbSGe, Nb3A1, NbBSn, Nb3Ga and V3Si. When plotted on
a normalized plot we see that the depressions in '1‘c due to the neutron
irradiation are very similar for the Nb-base A-15 compounds. Up to
~1018 n/cm2 there is very little change in Tc-4-6% relative to the
unirradiated value. Above this fluence, Tc begins to be rapidly de-
pressed. For fluences ~5x1018 n/cm2 Tc has been decreaszd by ~20%,

9

for~1019 n/cmz ~407% and above 101 n/cm2 reductions greater than 90%

in Tc are observed. In the case of Nb3A1 a0 superconductivity was

19

observed for fluences >1x10 n/cm2 to 8 temperature of 1.2 K and

recent data indicate that at 5x1019 n/cm2 NbaGe also shows no super-
conductivity to 1,2 K.17 V3Si lies somewhat below the curve for the
Nb-based A-15 compounds at fluences below 1019 n/cm2 indicating that
the relative depression of Tc for this material is somewhat greater
than for the Nb A-15 compounds.

The large depressions in Tc shown in Fig, 1 for the A-15 materials
are due to replacement coll _sions brought about by the fast-particle
irradiation resulting in a decrease in the degree of long-range order,
This has been confirmed directly in the case of Nb3A1 where measurements
of the degree of long-range order before and after irradiation showed
the order to decrease with increasing neutron dose.12 We also note
that with respect to '1‘c both low-temperature irradiations (30 l()19 and

ambient-temperature irradiations (140°C) give similar depressions ia

Tc for Nbasn. In both cases the results are well described by a site-
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Table 1. Sample Characteristics Before Irradiation
Sample Transition Lattice Method of Comments
Temp. Parameter Preparation
Tco(l() ao(A)
NbBGe 20.6 5.142 Ref. 10 Chemically vapor deposited.
~70% A~15 + Nbst}‘e3 phase
Nbaca 20.3 5.165 Ref, 11 A-15 + ~507 m:sGa3 phase
Nb3A1 18.7 5.183 Ref, 12 >98% single phase
NbBSn 18.1 5.290 Ref. 13 Used for Tc measurements -~
single phase
NbBSn 15.0 Ref, 3 19 core multifilamentary
conductor Jc-1.0x106 Afzm?
at 4 T
Vasi 17.1 Single phase - arc cast
H°3Pb0.554 13.0 Ref. 6 Sintered powder compacts
HEV2 9.4 Arc cast
NI)Se2 7.1 a=3.45 Ref. 14 Double layer hexagonal
c=12.56 type
DACHLENE SR8 10 111 NN B D 1) [ S 14 O L) e { III‘ITI'IT
l'o A L a —
a
.8 -1
o ° NbyGe v NbSe,
Te
—T; o6 @ Nb3A| . MOSPbO.E’ 54 -
@ NbaSn e HfV,
04+ —
x Nb.chl a Nb
o2+ + Vssi s ]
2,2
Ol vl o ol el 3% a2
| 20
10'® 0" 10" ® w0
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Fig. 1. Reduced transition temperature T./T;, as a function of high

energy neutron (E>L MeV) fluence for different superconducting
compounds. T, is the transition temperature after irradiation

and T., is the value before irradiation.

found in Table 1.

perature.

Values of T are

. &2
Curve is drawn as a visual aide. Arrows
indicate no superconductivity observed to the indicated tem-
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exchange-disorder model yielding deprestzion rates of 2-3 K per percent
of B atom on the Nb chains in the A-15 structure.

The ternary molybdenum sulfides have recently been prerared with
Tc's in the range 10-13 K6 and upper critical fields of the order 50 T7
have been reported. The extremely high critical fields and reasonably
high Tc's make these materials attractive as potential magnet materials.
Powever, recent attempts to fabricate the sulfides into usable conduc-
tors have resulted in rather low current densit:ies,~103 A/cm2 at &4 T.8
Whether these low Jc values are inherent to the material or are the
result of the preparative techniques employed to prepare the material
in conductor form is not known,

Figure 1 shows the effect of neutron irradiation on the Tc of
Mo3Pb0.584.
tron bombardment at all fluences studied. Even at the relatively low

17

We see immediately that Tc is extremely sensitive to neu-
fluence of 5x107°, Tc is depressed by 8% relative to its unirradiated

1
value, At 10 8 n/cm2 Tc is down by 227 compared to the A-15 compounds
whose Tc has decrezsed by only about 6%. At levels close to 1019 n/cm2
no superconductivity was detected to 4.2 K, indicating a depression in

Tc of >65%, We thus see that the Tc of Mo3Pb is quite sengitive

0.5
to neutron irradiation. Although we have not made any crystallographic
measurements to determime the changes taking place in the structure
during irradiation, as with the A-15's, the superconducting properties
of the ternary molybdenum sulfides are known to be extremely sensitive
to pressure and strain and thus it is not surprising that T, would be

sensitive to heavy-particle irradiation.

NbSez, although of not much promise as a magnet material, is
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interesting from the point of view of superconductivity in layered
compounds.14 These layered compounds consist of two close-packed
planes of metalloid, Se in this case, with Nb atoms in between in trig-
onal prismatic space lattices. The bonding between the Nb and Se atoms
withir the layers are of the strong covalent type while the bonding
between layers are of the weak Van der Waals type. The effect of neu-
tron irradiation on 2H-NbSe2 is shown in Fig. 1 where it is seen that
this material is also extremely sensitive to heavy-particle irradiation.
For fluences of 3x1018 n/cm2 a reduction in Tc of almost 507 is observed,
which msy be compared to the A-15's where Tc at the same fluence is de-
creased only 207%.

The rapid decrease in Tc for 2H-NbSe2 upon irradiation with high-
energy neutrcons may be understood by noting the seneitivity of Tc to
the occupation by Nb atoms of the Nb sub-lattice &s shown by Antonova
0 Antonova et al. prepared 2H-NbSe, with different stoichiom-

2

etries and T, was determined as a function of changes in the occupation

et a1.2

of the Nb and Se sub-lattice sites as the concentration was varied., A
correlation between Tc and the degree of 5rdering of the Nb sub-lattice
was observed suggesting that occupation of the Nb sub-lattice by Nb is
important in determining the superconducting properties. The depres-
sions in Tc observed by Antonova et al., from-6 K to 2 K, are similar
to what we observe for the neutron-irradiated samples and most likeiy
arise from the same cause, disruption of the Nb sub-lattice. In the
case of the experiments of Antonova et al. disorder in the Nb sub-
lattice is produced by a change in composition whereas in the present

study disorder is brought about by displacement collisions resulting
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from the high-energy irradiation without compositional changes.

The effect of irradiation on vaz, which crystallizes in a cubic
C-15 Laves phase (MgCuz-type), is also indicated in Fig. 1. 0t all the
materials studied to date this is the only one that is relatively radia-
tion resistant. At fluencees where the Tc of the A-15's have been de-
pressed about 30%, the Tc of HfV2 is decreased only 1%. For high
fluences, ~4019 n/cmz, where the Tc of A-15 superconductors are down
by approximately 407%, the Tc of HfV2 is depressed only 10%. A maximum
’I'c of 10.1 K and ch of 23 T have been reported in pseudobinary alloys

based on HfV2 and Tachikawa9 and co-workers have prepared tapes carry-
2

ing currents as high as 105 A/cm” at 13 T making the Laves phase in-

teresting materials for magnet conductors. Their resistance to radia-

8

tion degradation in the high 101 n/cm2 range make these materials

potentially useful as magnet conductors where such high radiation

9

levels might be expected. Although “heir Tc's at 101 n/cm2 would be

in the range of 9 K as compared to Nb3Sn of ~11 K at that fluence, the
critical currents and fields of the Laves phases would be much higher

than those of Nb3Sn.

For the A-15 compounds recovery of T, to close to its unirradiated
value is possible by annealing at moderate temperatures, ~700-900°C for
various periods of time ranging from 20 minutes to 20 hours depending

on the compound. This reversibility of Tc has been observed in Nb,Sn,
3

Ga and Nb Ge.15'17’18

Nb 3 3

3A1, Nb

Critical Currents (Ic)

Figure 2 shows the effect of neutron irradiation on the Ic of

multifilamentary (19-core) Nb3Sn wires for fluences from 3x1017 to
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1.8x1019 n/cm? (E>1.0 MeV) at transverse magnetic fields up to 16 T.

18 n/cm2 Ic is

All measurements were made at 4.2 K. For doses below 10
enhanced over the unirradiated value, the degree of enhancement being
greater at higher field values. This behavior is consistent with an
interpretation in which the upper critical field Hc2(4.2), increases
with increasing dose because of the increase in the normal-state
resistivity of the Nb3Sn caused by defects and increasing disorder,
The Tc does not change over this range (see Fig. 1) so changes in Ic
are not due to changes in Tc for doses up to~1018 n/cmz. Above 1018
n/cmz. however, the continuing decrease in the order begins to produce
substantial reductions in Tc' which effect outweighs that of the in-
creasing normal-state resistivity, Thus, decreases in Ic are produced

18 n/cmz. Hc2 also decreases

as Tc is depressed for doses above 10
causing the large depressions in Ic observed in this fluence range,

The change in the reduced critical current Ic/Ico as a function
of fluence for different fields is shown in Fig. 3. One expects the
enhancement to increase in such a plot as the applied field approaches
the upper critical field of the unirradiated Nb3Sn which by extrapola-
tion would lie at ~17 T, and indeed this is what is observed. The peak
in the enhancement occurs at a dose of 5x1017 n/cm2 with ch and Ic
decreasing from that dose on., Omne speculates, then, that at this dose
of 5x1017 n/cm2 the tendency to increase ch caused by the increasing
normal-state resistivity is balanced by the tendency to decrease ch

17 n/cm2 the rapidly decreasing

owing to a decreasing Tc. Above 5x10
Tc thus ciminates, causing Ic to rapidly degrade.

These data are interesting to compare to low-temperature
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Critical current 1 vs applied transverse magnetic field H

for 19 core multifilamentary Nb3Sn wire for different fluences.
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different fields for 19 core multifilamentary NbqSn wire,
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irradiations on similar material, Brown et al,?l irradiated identical

8 n/cm2 at 6 K (to compare

multifilamentary NbSSn to fluences of 1.8x101
fluences from the Argonne reactor with the Brookhaven reactor divide
the Argonne fluences by ~-3). They found increases in Jc of ~32% rel-
ative to the unirradiated value at a field of 3.32 T for an equivalent

7 n/cmz. The fluence range where the maximum increases

fluence of 3x101
are found are close to our ambient temperature results and the magnitude
of the increase is of the same order of magnitude.

It should be noted that the Nb3Sn multifilament wire used in this
work was fabricated so as to maximize the -.itical current density and
thus Ic. Many experiments have shown that for Nb3Sn that is not so
optimized, increases in Ic with irradiation are produced, the size of
the increases increasing with the iowering of the initial Jc. OQur ini-

tial value of ch,—~17 T, is not of the best that can be obtained for

Nb,Sn, ~20 T. It would be instructive to repeat these kinds of mea-

3

surements with higher initial values of ch to determine if further
enhancement of ch could be achieved. The ramifications for Ic in this
case would also be of interest. The interactions between these critical
properties may be an important factor in tailoring metallurgically the
best possible A-15 superconductor to use in a fusion reactor where
levels to 1018 n/cm2 over 2 l0-year lifetime might be expected.
CONCLUSIONS
The effect of the radiation field on the superconductor in a magnet

used in a CTIR device will not present a sericus problem with respect to

deterioration of the superconducting preperties provided the fluence is

below~1018 n/cm2 (E>1 MeV). Below this fluence no significant




II-433

deterioration in Tc is observed for the A-15 compounds and for Nb3Sn
increases in Jc have been observed. Above this fluence as far as the
A-15 compounds are concerned severe degradation takes place both in

Ic and Jc making these materials unsuitable for magnet conductors in
such high radiation fields, It is possible to restore the supercon-
ducting properties by annealing in the 700°C range, but this may not
be practical in a working reactor. If such high fluences are to be
expected, the Laves phases (Hf,Zr)V2 may be an appropriate material to
consider as an alternative to the A-15 compounds. A more serious prob-
lem than the superconductor appears to be the normal metal used for
stabilization, as discussed in the previous paper.

It is also interesting to ccmpare results of ambient-temperature
irradiations (70-150°C) with low-temperature irradiations (6-30 K).
With respect to Tc there is very little difference in the depression
of Tc for Nbasn whether irradiated at low temperatures or at ambient
temperatures.l’19 The critical-current increases observed for Nb3Sn
when irrsdiated at low temperatures and low fluence have now also been
seen in the ambient temperature irradiations (Fig., 3). Where compar-
able data exist the effect on Ic for low-temperature and ambient-
temperature irradiation are similar.

In order to obtain an understanding cf the performence for the
complete magnet (superconductor, stabilizer, insulator) low temperature
irradiations of the component assembly will be necessary. However, as
far as the superconductor is concexned the effects of low-temperature
and ambient-temperature irradiations are similar. This means that

with respect to the behavior of the superconductor, one can gain
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meaningful results by irradiation at ambient temperatures,
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ABSTRACT

A study was made on the reactor irradiated
single core copper-clad Nb-Ti wire, of which T, and J,
were followed. A systematic preparation of the samples
before irradiation involves followings:(i) composition,
(ii) degree of cold work, and (iii) ageing time.

Our new findings in the present study are that the
neutron irradiation depressed J,.(at 5.0 T & 4.2 K) as
much as 15% at certain condition and that T, decreaséd by
~v 6% due to the same irradiation. The conditions that
brought above results are as follows; the sample:

Nb~59. g at 4Ti, cold work: 99.87%, heat tr tment

5 x 10°min at 380°C, irradiation: 1.3 x 10*°n/cm? (E,2
0.1MeV). Specific feature of this sample is that

X -phase of Ti precipitates are dispersed in the 8 =
matrix. It is stressed that superconducting Nb-Ti wire
with J, enhanced by precipitates does not appear very
resistant to neutron irradiation.

Based upon above results and taking irradiation
effects on stabilizing normal conductor into consideration
we have evaluated the over all effect to transport current
density Jg, which is presently believed to be one of the
most convenient parameters for the evaluation of super-
conducting coil performance in the light of application
to large scale magnets. In connection with CTR tech~
nology we have successfuliy obtained normal/super ratio
and further the performance of the coil (JT) as a function
of neutron fluence.

* A part of this work was done in the Research Reactor Inéfitute,
Kyocto University.
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INTRODUCTION

It has been generally agreed that fusion power technology will need
superconducting magnets for the economical production of powerl'3. In
the view of radiation damage it is significant to reveal important para-
meters which seriously affect the overall performance of the super-
conducting coil when it is used for the D-T plasma fonfinement in full
scale fusion reactors. In that case 1LMeV neutrons unavoidably arrive
at magnet region even with considerable thickness of shielding. For
example, according to Hancox modelh the fast neutron flux amounts(to
109-1010n/cm2/sec, the maximum fluence in the magnet used in a 5,000MW(t)
fusion reactor has been estimated to amount up to apprcximately
lOan/cm2assuming reactor life of 20 years and no intermission of
operation. The neutron flux is of course sensitive to radiation shield
as well as the first wall loading. The frta fer radiation sensitivity
of magnet materials, therefore, are strcngly coupled with power density,

shielding design and so on.

In the present paper we shall firstly make a brief survey on the
available data of actual conditions({we may call it "CTR condition") opn
the superconducting coil which will be used in the eventual full scale
fusion reactors. Secondly, irradiation effects on typical superconduct-
ing properties such as J, and Tc are reported on copper stabilized Nb-Ti
wires which are carefully prepared so that they have systematical change
in the internal metallurgical structure. Finally, making use c¢f these
results combined with radiation effects on stabilizing normal <¢onductors
we shall attempt to obtain some indication on the choice and combination
of superconducting and/or stabilizing materials in view of magnet design

taking radiation effects into consideration.

ANTICIPATED CTR CONDITIONS IN TERMS
OF RADIATION DAMAGE
Practical use of superconducting magnets for the full scale fusion
reactor with plasma confinement requires various knowledge on irradiation

effects to component materials as well as to the overall performance of
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magnets. Specific features of irradiastion condition for superconducting

magnet materials are as fcllows:

(I) |Working temperature: near liquid helium temperature
(II) Stress : large electromagnetic force
(III) Radiation : intensity and spectrum

1. Neutrons

2. Gamma photons
Although these factors. of course, depend on the design detail, it will
be of value to review recently published conceptual design of CTR from
the view point ¢f radiation effects. Typical figures are listed on Table

1 which somewha* emphasizes the details in magnet region.5

From this table it is immediately seen that the detail of radiation
in magnet region is not so clearly specified in most of present conceptual
CTR design. It is not certain whether this is due to the lack of
material data on superconductor or due to the idea that the damage on the
superconductor itself is not so significant compared with other materials
such as stabilizing normal conductor and/or insulating materials. Even
sccepting that the degreeof severeness of radiation damaée to the
component material of superconducting magnet is in the order of (i)
insulator (ii) stabilizer (iii) superconductor, there are avariety of
problems to be solved on the overall radiation effects to the performance
of the superconducting magnet. This in turn influences shielding and
eventually magnet and reactor cost. The importance of these studies,

therefore, has been stressed.

IRRADIATION EFFECT DATA ON COIL MATERIALS

We have listed up previously reported examples of radiation effects
on alloy supercvonductors in Table 26. These data seem to show that
their hebavior is so much varieted that any definite prediction cannot
be derived a priori. They also suggest radiation effects greatly
depend upon initial condition of the sample. In order to predict the
radiation effect on superconductor, it is, therefore, emphasized to use

the sample whose initial metallurgical structure is known as clear as
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Table 1. Typical CTR Conditions
ANL-TEPR UWNAK-I UWMAK-11  PRINCETON JAERL ITALY ORNL CULHAM

Pover

Thernal, Fo(Mit) 129 5000 5000 5305 2000 170 1000

Electrical, Pg(lﬂe) 25 1500 1700 2030 870 —— 518 2500
Dimensions

Najor radius(m) 6.25 13 13 10.5 10 11.25% 21 _—

Minor radius(m) 2.1 5 5 3.2 2 2.25 5.6 —_—
Core plasma

Average plasms temp.(Kev) 9.6 11.1 15.2 30 15 23 20 ——

Average plasms density(x10t'ea3) 0.56 0.8 0.646 0.5 1.0 0.9 0.2 —_

Toroidal megnetic field(T) 3.4 3.82 3.57 6 6 4.5 2.47 -_—

Plasma current IP(HA) ' 4.8 20.7 14.9 1h4.6 8 S _— _
Operation mode

Current rise phase(sec)} 1 0 10 10 —_— —

Beam heating phase(sec) 3 n 20 20 -— —

Burn phase (sec) 20 =50 5300 5400 5400 6000 —_— 120 -_—

Shut down phase (sec) s 100 100 180 (total) — (totel) —_—

Exhsust & replenishment phase(sec) 15 100 100 —_— —_—
Heutronics

Total lst wall neutron nux(n/cmzluc) T.2x1016 -_ — Jxlolb 3.3:1011‘ —_— 2.hx101b 10%°

Meutron wall load, P, (M¥.n™2) 0.16 1.25 1.26 (En Lev) 1. 0.095 0.69 .6
Toroidal field coil

Superconductor/stabilizer/support’ NbTi/Cu NoTi/Cu NbTi/Cu Fb3Sn Nb3Sn- FuTi/Cu KbTi/Cu

/ss /ss /88 MoTi hybrj. /88

Humber of coils 16 12 2 L8 24 36 148 ——

Shape : D D D D D D -_— —_—

Major bore(vertical)(m) 11.9 28 19 14 13.2 —_— -—

Mino~ bore(horizontal)(m) 7.7 19 12 2.3 9.4 _ _

Peak field, Bw(T) 7.5 8.66 8.13 16 11.% 8.0 5.3 1k

Current density(KA/cn®) Coil (Average) 2.38 2.55 2.105 2.17 10 L.85

Bobin (Gross) 1.28 1.3 1.5 1.6 1.25 1.2

Operating temp.(K) L.2 b2 L.2 k.2 4.2 4.2 L.2

Stored energy(GJ) 15.6 223 250 160 86

Magnetomotive force(MAT) 1.05x1o8 300

Ampare-turns(per Coil) 6.5hx102 2.781106

(total) 104.6x10

Design strain in conductor(%) 0.2 0.3

Deaign strain in stebilizer(%) 0.02 0.2 0.3 0.2

Maximums hoop stress in the support(psi) 24,000 60,000 60,000

Maximum field ripple($) 2 0.3
Rediation in megnet region

Reutron nux(n/alz/lec) 3.!.7:108

Gamma flux(photons/sec) .

Beat input(vatt/ca’) sx108 6x10~8
Reference a b e d e |4 8 h

Energy attenuation
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Table 2. Radiation Effects on Superconducting Alloys
== T
Neutron .
Materials Fluenge Irrad. Temp.| Jo { Tc | He2 | Ref.
(n/cm<)
18
_ . 7.5x10 \
Nb-50wt%Ti E, >0.1MeV 5 K (1)
18
. 3.5x10 m 3
Nb-50%Ti E, 0. 1MeV R.T. / \ (3)
18
: 3.5x10 .
Nb-25%2r E_ >0. 1MeV R.T. \\‘ (3)
18
Nb-25%2r 2x10 50°¢ - (k)
Nb-Ti-V 3.7x1012 lower than o)
f.n. 70°C
5x1016
Nb-30%Ta f.n. R.T. -3 (m)
Nb-47.6atsTi 1.3x1018 lower than -3
' En>>0.1MeV 70°C (n)
Nb-39.8at3Ti 1) 3x1018 [1ower than
aged at 380°C | 5" o5 ypey 70°C > (n)
up to 10C min n )
Nb—59.8at%T% 1.3x1018 lower than (n)
aged at 380°C{ p 55 1Mev 70°C
longer than n :
100 min
18
. 9.0x10C \\
i 77 K .
Nb=11 f.n. o N {p)
R.T.; room or reactor temperature

f.n.;

fast neutron
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possible. Our first efforts are concentrated on this point.

In actual CTR conditions superconductors are of course to be
irradiated at low temperature near LK. However, we consider that the
present results on radiation effects on superconductors obtained at
fission reactor temperature give the first order approximation of the
effect within the limit that it is rather insensitive to irradiation
temperatures. Until the neutron energy spectrum in actual CTR magnets
become clear, we shall assume that it is not so different from that in
Kyoto University Research Reactor7 {see Fig.1l)in which samples used in

the present study were irradiated.

Radiation Effects on Nb-Ti Wire

Sample Preparation--~We have made a systematical study by taking two

kinds of Nb-Ti composition and changing the length of ageing time of
the sample to give different metallurgical structures which in turn
give corresponding superconducting properties. These samples were
prepared as follows. Sample A(Fb-47.6 at.%T:):The 50mm rod was
cold worked to 2.5mm, clad with OFC and drawn to 0.25mm core. The
reduction ratio is 99.99%: Sample B(Nb-59.8 at.%Ti): The Tmm bar
was cold worked to 2.5mm in diameter clad with OFC and drawn tc.25mm
in core: The reduction ratio is 99.87%. Both samples were aged
-6

o
at 380 C for O - th min. in a vacuum of ™10™ “torr.

Neutron Irradigtion~~Samples encased in silica tube in Al capsule

were irradiated in the Kyoto University Research Reactor. = The fast
neutron flux up to 3.9 x 1013n/cm2/sec (En)0.1MeV). Irradiation

temperature is believed less than TOOC.

Critical Current--The standard four terminal method was used. The

critical current Ic was determined with the awalre of 5.V across the

potential terminals.

Critical Temperature--The critical temperature was determined by

standard dc method with accuracy of +0.005K using the calibrated Ge
sensor(Cryocal Inc. CR-500).
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Fig. 1. Comparison of neutron energy spectrum in hydraulic irradiation
facility of Kyoto University Research Reactor [{a):Ref.7] with

calculated spectrum in magnet.regionof CTR [{b)}:Ref.9].
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Results--The figures 2(a) and (b) show the irradiation effects on cri-
tical current density Jc of samples A and B, respectively, at the
external transverse magnetic field of 3.1 T. Very little effects are
seen in sample A. Figs. 3{(a) and (b) and Figs. 4 (a) and (b) show
the behaviors in the samples A and B where the Jc's were measured at
5.0 and 8.0 T, respectively. The general tendency of these results
is that the radiation effects are larger in sample B than that in A.
The maximum decrease in JC measured st 5,0 T amounts up to 15% in
sample B which was aged for 5 x 103min.. Considerable effect of Jc
in sample B has been attributed to the neutron irradiation induced
destruction of X-Ti precipitates which play an important role as flux
line pinner. The detail will be published elsewhere. The effect to
critical temperature shown in Figs. 5 (a) and (b) are to reflect

above change in internal structure: i.e., only sample B showing

drastic change after irradiation.

Effects on Copper and Aiuminum

Usually copper or aluminum has been adopted as a stabilizer because
¢f their low electrical resistivity. Blewitt et a18 have shown that
induced resistivity increase ( 4f )} of Cu due to neutron irradiation at
14.5K takes independent value of 1.2 x 10'2‘60hm.cm/n/cm2 to residual
resistivity. McCracken and Blow? have also reported that the values of
14F for Cu and Al at L.2K irradiation are 6.2 x lO"26 and 2.1 x 10727

ohmecm/n /cm2 , respectively.

OPTIMIZATION IN COMPOSITE CONDUCTORS

In the following we shall attempt to obtain maximum transport
current density (J%) of a composite conductor under the toundary condi-
tions: (1) The critical current density J.{(T,B) of the superconductor is
influenced by the irradiation. (The data for this were described in the
previous section.) (2) The resistivity of the normal conductor{Cu or Al)
increaces after the irradiation which then degrades the stability of the
conductor. (The data for this were taken from McCracken's review article?).

(3) Magneto-resistance is assumed independent of initial resistivity.
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The values (»fh ) used in the following analyses are 3 x 10’9ohm.cm/T
and § x 10-9ohm.cm/T for Cu and Al, respectively.

Geometrical Specification of Composite Conductors

A rectangular composite multifine superconductor was assumed as
shown in the inset of Fig.6(a) for the purpose of analysing the effect of
radiation on the cryostatic stabilization. The cross section is- given by
nd2 (n>1). Wider faces are assumed to be cooled. The combination of
superconductor of Nb-Ti and stabilizer of Cu or Al is assumed.

Notations are given below.

Jo ¢ critical current density of superconductor (A/cmz)

Ty, : temperature of the coolant (K)

Te critical temperature of superconductor (K)

As : cross section of superconductor (cmz)

Ay : cross section of stabilizer (em?)

A : total cross section of composite (cm2)
conductor (A = Ay + Ag = nd?)

JD : electirical resistivity of stabilizer (ohm.cm)

P : perimeter (=2nd)

Rys : npormal super ratic, N/S ratio {=Ay/Ag)

h : heat transfer coefficient (watt/cm®/K)

Optimized Normal to Super Ratio and Maximum
Allowable Transport Current Density
The maximum allowable transport current (Ip) of & composite super-
conductor is requested to be less than not only criticul current of
superconductor but also stabilized current. Stabilized current involveg
(i) fully stabilized current, {ii) recovery current, end (iii) minimum
propagation current, in the order of the severeness of the conditions.

For the sake of simplicity we shall examine recovery current hereafter.

The recovery current can be given in the following way. Suppose
that the transport current I(amp) is flowing in the composite conductor

and that total current happens to flow in stabilizer caused by destruction
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of superconductivity. Then, the heat generation per unit length of con~

ductor is given by ( IZ/AN)' On the other hand the heat released at the

surfacasof the conductor is given by Ph(Tc - Ty). If the condition
that heat generated is less than the heat remcved is satisfied, this
composite conductor can recover to superconducting state again with the
current flowing. In this case we may call the conductor as stable.
Thus the critical value of I can be given by the condition that the heat
generated is equal to that being removea. The value of the current
satisfying this condition is defined as recovery current (Ir) which
gives:

1,2 = AgFh(T, - Tp)/ p (1)

Putting the geometrical figures of the inset of Fig.T(a) into abcve
equation, nemely, replacing the values AB = ndERNs/(l + RNS), P=2nd
1.2 = 2nadhRys (T, - Tp)/(1 + Ryg)o (2)

is obtained. It is seen that the recovery current(Ir) can grow larger
with increasing Tc or for the smaller value of p provided that the cross
section of composite conductor is constant. On the cther hand critical
current (I,) is given by

Io = nd?J /{1 + Ryg) (3)
Thus, for the constant cross section Ic becomes largzr for the increasing

Jo or smaller N/S ratio. The optimum N/S ratio that makes allowable

transport current IT maximum is given from the condition I = I, ie.,
c

Rys =L /1 $ 204028 _ (%)
2 |y 3T, ~ Tp)

Neutron Irradiation Effect to the Optimized N/S Ratio and
Maximum Allowable Transport Current Density
In the following we shall culculate optimized N/S retion and maximum
transport current density J% adopting Cu and Al as stabilizer and teking
the radiation effects on stabilizer as well as superconductor into

consideration. The procedures are as folilows:
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i) Choice of Nb-Ti--Based on the Jc data presented in the previous
section we have chosen Nb-59.8 at% Ti(aged 5 x 103 min.) for the

use in 5 - 6 T.  For the use in magnetic field of 7 - 8 T region

Nb-4T7.6 at % Ti(aged 500 min.) was chosen, and for 9 T region
Nb-47.6 at % Ti (10min.).

ii) Normal Conductors--As the stabilizer we have chosen Cu with
8

resistivity from 1 x 107> to 1 x 10~ Tohm.cm at 4.2K: Al with

resistivity from 1 x 108 to 1 x 10~ Johm.cm at 4.2K.

iii) Maximum Transport Current Density, J?--The value of Jg was

obtained by putting the value of optimized Ryg rnto the egquations

which gives Ic or Ir and by dividing with total conductor cross
section(ndz). For the sake of convenience d = lcm was assumed.

Figure T(a) and (b) illustrate optimized normal-/super ratio (RNS)

and maximum transport current density(JT) at ST in the case of Cu and Al

as the stabiliser. It is noted that optimized RNS increases monotonically

with neutron fluernce. The increasing rate of RNS for Al grows more rapid-

ly than for Cu. This is mainly because of the larger radiation induced

increment of resistivity in Al than in Cu. The Jg decreases monotonic-

ally with increasing neutron fluence. The larger value Jp is obtainable

in lower irradiation ( < 1017Tn/em?) with Al stabilizer, while in the

higher region ( =2 lOlTn/cmz) Al is not advantageious comared with Cu.

Figures 7(a) and (b) are the results of Ryg and J? at 8T. The fact
that the value of J%(BT) is lower than Jg is mainly because of the
decresse in J, due to magnetic field effect and partly because of the
magneto-resistance ( Jqq ). The RNS value correspondingly decreases and
takes nearly half value at ST. As we can take the smaller HNS value for
8T, the magnetic field effect on J? was found, therefore, to remain within
10% for Al and 25% for Cu. The behaviors at 8T against neutron fluence

are similar to the case at S5ST.

EVALUATION OF RADIATION EFFECT CRITERIA
IN SUPERCONDUCTING WIRE AND/OR MAGNET
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Composite Superconductor

We shall now attempt to evaluste how far a composite suprconducting
wire is tolerable to neutron irradiation. To this end it should be
convenient to combine Fig.6{b) or Fig.7(b) which give the allowable
maximum transport current density J% as a function of neutron fluence.

We have shown two examples as Fig.8 and 9 which correspond to the conduct-
ors to be used at 5% and 8T, respectively. The log-log diagram on the
rignt hand side of Fig.8 shows neutron fluence against operation time of
fusion reactor. Radiation effects on a superconducting magnet for full
scale CTR implies two aspects; (1) "flux effect” that involves nuclear
heating*) and (2) "fluence effect" that involves integrated radiation
damage which have been discussed in this paper. Suppose that a conductor
in the SC magnet must be subjected to the neutron flux, say §§=109n/cm2f
sec. The fluence then amounts to h01018 n/cm2 after operation of the
reactor for 20 years without intermission (without warm-up of the super-
conducting magnet). We may call a horizontal lines 'F-line' which is
drawn passing across point of Lop -1ine(20 years). If we require the
superconductor to tolerate up to this fluence under the condition:

J%Z 5kA/cme, Al stabilized conductors cannot be used even their residual
resistivity is as low as 1 x 10_9 ohmecm. In case of Cu-stabilised
conductor, optimized composite wire stabilised by Cu with residual

-8

resistivity lower than 5 x 10 ohm.c¢m can successfully be appliéable to

this CTR magnet.
If one set a radiation-induced degradation curve of J, on the left

side of the Fig.8 or 9 instead of Jp vs fluence disgram and apply'l0 y4
reduction criteria' for the usability of conductor, we can compare the
severeness of radiation damage on superconductor itself and composite

case{including stabilizing effect).

#) Tnis problem has been discussed by H.Ullmaier in the preceding review
paper of this session, this conference.
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Superconducting Magnet

The utility of this diagram is not limited to the case of short
sample but can be conveniently extended to any large magnet system used in
CTR taking radiation effects on various components and overall effects

into account.

CONCLUSION

In the present study we have made an attempt to evaluate good compo-
site superconducting coil which is tolerable tou the use in strong radistion
field. To this end we have taken the following factors into considera-
tion: (i) Experimental study(simulation using irrediaticn by fission
reactor) on Cu-stabilized Nb-Ti wire, (ii) Radiation-induced increase in
resistivity (451’) in normal conductor, (iii)} Magneto-resistance of stabi-
lizer ( fh ). The radiation effects were considered in the form of
cryogenically stabilized composite conductor, Optimized normal/super
ratio und maximum transport current density Jp were obtained and followed

as a function of the neutron fluence.

A convenient illustration (a knife-edge-diagram) was proposed to
derive the criteria of applicability of superconducting wire under given
irradiation conditions. The diagram is considered to be expansible to

evaluate the performance in CTR-oriented superconducting magnet.

The authours are grateful to Dr. Ullmaier for informing us about some
of his unpublished work. They would like to thank Dr. K. Sako of JAERI
for various stimulating suggestions. They alsc wish to Dr. J. Yamamoto,
Y. Tsuji, Y. Wakisaka, and H. Makiyama of Low Temperature Center of Osaka
University for their help in the experiment using liquid helium.
Acknowledgement is also due to Dr. H. Yoshida for his kind help with

neutron irradiation.
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THE EFFECT OF STRESS-INDUCED DIFFUSION ON VOID NUCLEATION

W. G. Wolfer and M, H. Yoo
Metals and Ceramics Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830 USA

ABSTRACT

Interstitials and vacancies interact with voids through
the image force as well as forces induced by the surface stress
and gas pressure in the void. These forces cause g drif%
motion of the point defects to the void and thereby give rise
to a bias, It is found that the bias of voids iacreases with
decreasing void redius, Thus, it mainly influences the
nucleation of voids rather then their growth. We have incor-
porated this bias of voids into the nucleation theory developed
by Katz, Wiedersich, and Russell, and studied the eifect of
surfaece energy, surface stress, temperature, dislocation bias,
and gas pressure on the void nucleation. It is found thet the
critical void size is to & large extent determined by the
condition that the interstitial bias of voids is equal to
the bias of dislocations. Although the height of the activation
barrier for nucleation depends on the bias factors also, it is
affected more by surfsce energy, temperature, and above all,
gas content. Since the bias of disloeations is largest when
produced by small dislocation loops, it is conecluded that void
nucleation depends critically on the evolution of the dislocation
structure, To obtain nucleation rates as observed experimentally
one or preferebly all of the following conditions must be met: A
large dislocation bias, a reduction of the surface energy through
contamingtion of the void surface, and a reduction of the wvoid
bias through impurity segregation.

INTRODUCTION

In previous theories for void growth'=? and void nucleation®s>° the

bias for preferential interstitisal absdrption at dislocations was con-
sidered to be a fixed but not necessarily absolute parameter. In fact, it
was generally treated as an adjustable parameter to match the thecoretical

#Research sponsored by the Energy Research and Development

Administration under contrect with the Union Carbide Carporation,
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predictions with experimental findings. Recent experimentsé'8 have
provided the relaxation volume as well as the elastic polarizabilities of
self-interstitials for & few fco metals. The relaxation volume

devermines the magnitude of the size-inieraction, and the polarizabilities
the magnitude of the modulus-interaction of the self-interstitial with
stress-fields. Both interactions in turn determine the magnitude of the
interstitial bias of a particular sink. Bias factors for voids, small
dislocation loops, end edge dislocations have been calcuiated recen.tly,g"11
and hence, tkey can be considered as independent parameters within the
context of the swelling and void nucleation theories. Their application

to theories for rediastion-induced creep has resulted in a successful pre-
diction of the steady-state irrediation creep in neutron-irradisted stain-
less steel.,'? In this paper we incorporate some of these bias factors into
the theory of wvoid nucleation and investigate their effect on wvoid nuclea-

tion rates, critical size, and activation barrier,

The Bims Factors

The bias factor of & sink is & convenient messure of the effect of
the stress-induced drift on the integrated flux of point defects to the
sink. The stress~induced drift is the gecond term in Fick's law for the
flux

£=—Dvc-lu—DWE, (1)
where D is the diffusion coefficient for migration, C ‘whe concentration
of point defects, k the Boltzmarn constant, T the absolute temperature,
and E the interaction energy of the point defect with the stress or strain
field around tho sink, Within the framework of the rate-theories!=> the
integrated flux, or in short, the current can be written in the form

A

J=Aazd (c -c°) , (23

where C is now the average defect concentration and is determined by
solving the rate equations, A is a geometrical factor, C° the concentration
of defect in thermal equilibrium with the sink, end Z is the bias factor.
For a perticular type of sink, the bias factor has the same form for both
vacancies and interstitials. However, since it depends or the defect



parameters, v, the relaxation volume, 7G and qK, the shear and bulk
polarizabilities, its value differs for vacancies and interstitials.

Using the subscripts v and i, we cen state that in general Zi > Zv.

More specifically, the bias factors for small faulted locps, 74, are
inversely proportional to (R/b)®, where R is the radius of the loop and

b the Burgers vector. This is shown in Fig. 1. These bias factors® are,
in a strict sense, only wvalid for infinitesimal loops or very small liops.
Hence, it should not be surprising that the biag factors do not approach
asymptotically the values for the edge dislocation which are also shown

in Fig. 1 by the horizontal lines in the lower right corner. In spite of
this shortcoming it is evident that small dislocation loops have an
interstitial bias which is substantially larger than the interstitial bies
of edge dislocations., Furthermore, there exists a small but non-negligible
vacancy bias., The interstitial bias of both edge dislocations and loops
are larger than those previously assumed in swelling theories. The two
major reasons for their magnitude are the large relaxation volume of

1.4 0 for interstitials (o is the atomic volume) and the large negative
shear polarizability a? for interstitials. Both parameters have been

measured for Cu {ref. £) and have also a well-founded theoretical

basis. 3

To arrive at the bias factor of voids we have to consider an
additional interaction peculiar to free surfaces: the image interaction.

This interaction was derived previously by Moon and Pau'4 from the work of

+Detailed expressions ara given in Refs, 9 and 10, The parameters used
for the calculstion are as follows:

Poisson's ratio: v = 0.3; shear modulus: G = 10'? dynes/em?; T =
500°C (the small temperature dependence of the bias factors is of no
importance to the present results); relaxation volumes: (vyh)i = 1.4 for
interstitial, (v/a)

= — 0.2 for vacancies; polarizabilities: yg = -~ 150,
q3i< = 10, a?}_ = — 15, aff = — 15, all values in eV.
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Bose.!” Assuming no surface tension or gas pressure in the vold, the
blas factor due to the image interaction was derived recently.®*

Although a closed-form solution for this bias factor cannot be given (nor
has one been used in the subsciyuent investigations), a good approximation
is obtained by the expression

_im

2 b \
& - l+‘v—-ﬁ -~ (3)

where & 1s the void radius, . the Foisson's ratio, G the shear modulus,
and v the relaxation volume of the point defect. The bias factors of
voids due to the image interaction alone are shown by the broken lines in

Fig, 2.

The surface tensioti, ¢, which 1s not necessarily equal to the surface
energy, v, and the gas pressure p give rise to a radial stress component,
(2c/a ~ p), on the void surface. Although the resulting stress field
in the matrix doec not give rise to a_size interaction, it does cause an

interaction through the modulus effect. The corresponding bias factor ig?

(%)
lu

S L1 .-

3
1

\

CLG.(:G/a"D\.'z («L)
. kT G S0

Cr

o

The compouand bias factor, and hence, the void bias factor, Z°, is ¢imply

. - ~im
given by the product of Z7 and 27

The solid lines in Fig, 2 revresent Z° for p = O and “wo values of the
surface tension, s = 1000 and ~ = 2007 ergs/em”, as a function of (a/b).
These curves resemule tiin cnes obtained for the bias factors of discloation
loops, Fig., 1, as they also show She rapid decrease of the bias factors with
increasing sink radius. This dependence can be wunderstood in qualltative

terms if we give the following interpretation to the tias factor:

The geometrical factor A in Eq. (2) is for a svherical sink equtd o
42 or =R, Thus Z°a or ZER can be interpreted as the caoture radii cf
voids or loops, respectively. Obviously, capture occurs ab -+ certain

1

distance from the "gink surface,” and this distance depends r¢* :.rongly
on the sink dimension., Thus, for inecreasing sink radius, the cepture

distance become: a smaller and smaller fraction of the sink radius. In
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other words, the retio of capture radius to actuel sink radius, that is .

Z, approaches one with increasing sink radius.
The KWR Theory of Void Nucleation

In the nucleation theory developed by Kstz, Wiedersich,’ and also
by Russell’” the free energy for forming a vacancy cluster with x vacancies

is given by

x1 8, (n) )
/\G'(x) =~ kT Z £n Bi(n T 1) ¥ .Vv =1’ (0)
n=1

where Bv(n) is the absorption rate of vacancies by an n-cluster, B, (n)
the absorption rate of interstitials, and yv(n) the thermal emission rate
of vacancies. The latter can either be obtained through a constrained
equilibrium essumption, or simply and equivalently, by assuming a local
thermodynemic equilibrium for the n-cluster and its immediate surrounding.
Thus

v, () = 4bnl/3 72 () D¢ (n) , (7)

where Dv is the vacancy migration coefficient and

\
c°{n) = ¢ exp «r{dmbzy [n2/3- (n-1)2/3] - pm/kTJ»
= %1 feY — ) 21
=C % exp 1 (G- p) i »
where a is the radius of the n~cluster.
The absorption rates are given by
—~ 1/3 °
Bv(n) = 4mbn Zv(n) DC. ()
and
_ 1/3 oo
83 (n) = 4nbn z3 (n) D, C, (10)
where CV and Ci ere determined from the two rate equa,tioné
_ 5,8,8 _ S
P-XDCDC, = )s:N Az (cv cv) (11)
_ S,.8,8
P-KDCDC, = SS_‘.N A'zn.C, (12}
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where

K= 50 b/Dv (13)
is the recombingtion coefficient, P the production rate, N° is the
number of sinks of type s and Cf_ the vacancy concentration in thermal
equilibrium with the sink s, It is a simple matter to solve Eqs. (11)
and (12) for D C end D,C, end inserting the results into Eq. (6). If

we introduce the definitions

z, ) /
F= W0, {[(1 + K /2,)% + 4KP/Z,Z 3H2 - (1 + xcvjzi)} ,  (12)

S,S.,S
Zl,v-ENAZ v (15)
and
-ZNAZCV/"NAZ s (16)

then we can write Eq. (6) in the form

5 1) /2 23 (1) 2
pG(x)/xT =) gn 7 z° ™

ix F+ C"(nﬂ

-(x—l)zn(F+c) (a7)
The steady-state nucleation rate is given by
I=0_ (F+&)2(x exv [nG(x)/KT1/Z2(x)}" . (18)
h'2 v =1 v

It is apparent that positive contributions to AG(x) are made by all those
cluster sizes n for which

1/3 o
(n+1) Zi(n+l) 3 F + C:,(n) >F + cv ' )

n/3 Z:r (n) Zi

The critical cluster size n# is obtained from the relation (19) if the
two sides are egual. AG(n*) is then the activation barrier for nucleation.
Positive contribution to AG(n#) cen be cbtained if either C;(n) > CV and/or

@+ 1Y 2 26) > /2, (20)

The latter condition simply indicates that with a relative void bias,
z;/z;, larger than the relative dislocation and loop bias, Zi/Zv, void

nucleation can be reduced substantially.
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To demonstrate this more clearly 26{x).¥T upd I were computed accori-
ing to Eaz. (17) and (18) using the parameters listed in Table 1, Figure 3
shows AG/XT for the more familiar case vhere i(n + 1) = E’.f:(n). tsing now
the void bias factors discussed in the last section, Fig, 4 is obiained.
The inclugsion of the void bias cpuses an increase in the critical size,
i.e. a chift in the location of the maximum of AG/¥T ac well as an
increase in 5G(n#) itself. BSoth effectis drastically reduce the steady-

el

svate nucleation rates, as shown in the inserted tables., It should

also he noted thas the nucleation rates, I, in toth cases are substantially
Lelow the values needed o predicit experimentrlly cbserved rates even for
very lurge values of the dizslocetion bias., Meaningful values for reactor

irradiation should be of the order of I = 1.7 %0 1.7 volds/en'/sec,

Table 1. List of Farameters

Burgers vector, v = 5.0 v 1377 om
. ~ v
Atomic wolume, - = W

Fal

. - - »

¢ formation emergy, F_ = 1.7 eV

ot PrS

Vacone

‘aeancy migration energy, F

-

o

o emraans ) o - -  f
Equilibrium vacancy concentration, C % = I”° exp (1.5 - ¥ /¥1)

Cs s DA P
‘acancy migration coefticient, D = U.21533 exp - rv,-’k‘l‘)
roduction rate, P = 1,135 77" x 10777 2, where : is the fast

neutron fiux

pors

ey

Averege equilibrium vacancy concentration, Cv =

In order to obtain meaningful nucleation rates, one may
consider various variables as adjustable ones., First, the surface
energy, v, could be lowered substantially by impurities and resctive
gases. Indeed, the magnitude of the surface energy determines the
initial rise of AG(n) with increasing n%, and thereby also the maximum
value AG(n#). This is demonstrated by Fig. 5. However, it is seen that
for & temperature of T = 500°C a drastic reduction of the surface
energy, v, to as low a value as GO0 ergs/cm” is needed to bring I close
to a reasonasble nucleation rate. Thus, if ve consider a value of
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The ratio §_ = 3 ‘,’\fﬂ revresents an effective supersaturation for gas
(=] o
atoms if we assu;.e that the capture and emission wnrocesses involve the
sane atomic configuration of the gas atom in the matrix, There is,
however, recent eviience - that the capture process of helium may uvroceed
via interstitial motion and the emission rate through substitutional
motion of the helium atom. In such a casze, the ratio = ";\U would be much
larger than the supergaturation of helium atoms. ToO cien:.ons:trate the
effect of gases, it suffices ‘o zssiim a certain value to this ratio. Ve
nave selected the rather low wvalue of Sg""\"g = 130 and assumed thet this
value does not depend on either n or m. It follows then that ,-,,F(n,m) is
always negative and leads to a reduction in -¢{n,n). In addition to this
reduction, ithe gas atoms inside the void produce a pressure, p, which

s

proses the surface tension term Jv a in the 2xponent of Ea. (2). Since
the effect of Czy(n) end hence the gas pressure on Al is only of impcrtance
for small veids where Cf’_(n) is large, a pood description for the eguation
k]
of
state for a hard-sphere gas was adogted in the form recommended oy
4. :
(% V]

state of geses iz needed for large pressures. Thus, the equation of

Carnghen and Starling. - This sguation has the simple form
P R -3 )
tVakT = 1+« + ~ = 7)1 =), (23)

i 5

vhere = o _f"n", and [, is the volume of the gas atom. For the present
kl

[y

calculations with helium, it is assumed that | =4 v 10777 om’,

Using Eq. (21), 2G(n,m) KT was evaluated for various numbers of gas
atoms, m, and the results are plotted in Fig., 2. It is gquite appurent
that the inclusion of gases in the voids drastically reduces the
activation bvarrier for nucleation., However, it does not change the
eritical size, n¥*, The nucleation rate depends now un ine rate with which
various vacancy-gas cluster can be formed. If sufficient gas is always
available and can readily be incorporated intoc small void, the nucleation
barrier could in fact be completeily suppressed. In this case, the wvoids
would start out as gas tubbles, and they would subsequently grow into
voids by bias-driven growth. On the other hand, if gas is preinjected
before the irradiation, many vacancy-gas clusters could form initiaily
during the irradiation, but since no further gas is supplied, ihe clusters

may not overcome the activation barrier to grow into voids. In this
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situation, the suberiticeal clusters could act as preferential sinks, They
would absorb preferentially interstitials and compensate the accomranying

shrinkage through the thermal emission of a vacancy.

CONCLUSIONS

The interaction of the point defects with the void through the imare
force as well as the surface stress introduces a strong interstitial tias
which is comparable to the interstitial bias of dislocations in case of
small voids. The in<lusion of this void bias reveals that void mnucleation
without any assisting agents cannot occur significantly. The assisting
agents are gases and impurities. The major effect of gases is to oriose
the vacancy re-emission rate from small voids or vacancy clusters, Thig
reduces the classical nucleation barrier due to surface tension. Hcowever,
it may not compensate for the other sowrce of the nucleation barrier, the

void bias itself.

Impurity atoms segregated onto the veid surface can reduce the surface
energy and perhaps the surface stres.. A reduction of the former also
lowers the nucleation barrier due to vacancy re-emission, whereas a
reduction of the latter lowers the void bias., The segregation of impurity
or solute atoms at and around the void surface has been repcried
recently?? for irradiated stainless steels. Apart from changing the surface
energy and stress, this segregation also chanse. the composition of the
surrounding matrix sufficiently to introduce a'misfit as well as alter the
elastic properties. Thus, voids in stainless steels can be surrounded by
a layer of different material., The image interaction with these coated
voids is changed so drastically '’ that the interstitial bias of voids not
only disappearsbut that a surface barrier for migration of point defects
is introduced. As a result, coated voids are biased against interstitials
and their growth kinetics become surface-reaction controlled. Such a
growth kinetic was proposed earlier by Mansur et al,*

The general conclusion from the present study is that void nucleation
is rendered possibly by three major factors, all of which probably act

synergetically to assist void nucleation:
(a) Formatior of small interstitial loops provides a strong dis-

location bias which opposes the void Dbias.
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(+) ontwsination of the void surface lowers effectively the
sarface enerizy and hence the vacancy re-emission rate,
(2} Iereration of impurities and zolute atoms results in an

¢l iring' ion o8 the vnid tiac and leads to a surface-controlled veid
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GAS BUBBLES IN STRESS AND THERMAL GRADIENTS*

R. Okray Hall
H. Wiedersich
Materials Science Division
Argonne Naticnal Laboratory
Argorne, Illinois 60439

ABSTRACT

Inert gases introduced into the first wall of a CTR
by injection from the plasma and by (n,x) reactions oc~
curring in the wall tend to precipitate into bubbles. The
forces on gas bubbles that arise from various sources of
stress have been explored, The bubble is approximated by
a center of dilatation in an elastically isotropic solid.
The first-order size interactions of bubbles with elastic
fields due to the presence of the surface, dislocationms,
other gas bubbles, and thermal gradients have been evalu-
ated. The relative magnitudes of the resultant driving
forces on the bubbles have been calculated; and their
effect on bubble diffusion is discussed. The region of
validity of the center of dilatation approximation has
been examined, The effects due to a finite bubble size
are described.

INTRODUCTION

The predicted high flux of helium at the first wall of a controlled

thermonuclear reactor presents a major materials problem for the designer.

The low-energy component of tha incident particles is in the high

*Work supported by the U.S. Energy Research and Development Administration.
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sputtering regime for proposed materials such as niobium, and the helium
is deposited in the near-surface region of the wall at concentrations
that lead to the formation of gas bubbles and blisters. The detrimental
effect of helium on the mechanical properties of metals is also well
documented, To minimize these destructive effects, it is importa:t to
characterize the behavior of helium in metals., Much experimental work
has been done in this area, but many of the results cannot be quantita-
tively interpreted by available models because of the complexity of
helium behavior. As a result of low solubility, helium precipitates

out of the matrix at quite low concentrations, and the behavior cf
aggregates and bubbles differs substantially from that of isolated
atoms. The aggregate behavior mustvbe understeoed if quantitative

models of outgassing and wall erosion are to be constructed, and this
requires a knowledge of the diffusion of helium atoms and gas bubbles,
tiie nature of trapping by voids and dislocations, and the.interactions'
of point defects with the atoms and bubbles. The purpose of the present
work was to examine the elastic interactions between gas atoms or bubbles
and the surface, dislocations, thermal stresses and other atoms or
bubbles. The possible influence of these elastic interactions on dif-
fusion, trapping, and gro&th models can then be assessed from the

magnitudes,

ELASTIC INTERACTIONS

The first wall is represented for the purpose of the calculations
by an elaatically isotropic continuum that fills the half~space z 2 0.
An inert gas atom or small gas bubble is located a distance c below
the surface, As a first approximation, the size of the defect and the
fact that its elastic constants differ from those of the matrix are
neglected; the defect can then be modeled by a center of dilatation (CD).
If AV is the change of volume produced by a CD in a body with a free

surface, the first-order size interaction between this defect and an

arbitrary stress field is

1 =
i
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where pH =z -(011 + P + 033)/3 is the hydrostatic component of the stress
field., The force F on the defect is given by the negative gradient of

the interaction energy

F=-JVE=-AVTp, (2)

Surface Interaction

Following Eshelby,1 the stress field of the bubble can be written
as the sum of the field in an infinite medium and the image field, con-
structed to satisfy the boundary conditions at the free surface z = 0.
The stress field of a CD in an infinite medium has no hydrostatic com-

ponent, but for the image field?

8 us(d + v) 3(z + c)z]
= 1- 3
H 3 RS 2

R [ R
where p is the shear modulus, v is Poisson's ratio, & is the defect
strength, and R, = [x%2 + y2 + (z + c)2]1/2. The surface~defect inter-
action is obtained when the hydrostatic pressure in Eq. (3) is evaluated

at the defect site’

w1+ v)2

E = = =t

2 -3
s 361 (1 - v) (&= e (%)

Here § has been expressed in terms of the volume misfit AV as

=AV_(1+v)

$ =127 =)

The interaction energy is always negative, indicating the defect is always
attracted to the free surface. The force on the defect has the magnitude
-dEs/dc, is directed toward the free surface (~z direction), and varies

as the inverse fourth power of the distance c. The strength 6§ of the CD

is related to bubble radius a and internal gas pressure p by

§ = (p - %2)33/4u (5)
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where o is the surface stress, If the surface has three-fold or greater
rotational symmetry, the surface stress is related to the surface free
energy vy by c =y + dy/deA, where €A is the elastic areal strain that
cccurs when the solid is stretched.” For equilibrium bubbles, p = 2y/a.
Thus if ¢ = y, the defect strength 8 and, consequently, the interaction

E_ vanish.
s
Bubble-Bubble Interaction

Examination of the hydrustatic pressure given by Eq. (3) shows that,
for a positive misfit, the hydrostatic component of the stress field
immediately surrounding the CD is tensile, with the largest negative
values of Py occurring at the surface (0,0,0) directly above the CD. The
tensile region is surrounded by a region of compressive stress that,
in any plane parallel :o the surface, goes through a maximum and then
approaches zero as the distance from the CD approaches «, Figure 1
shows a pressure contour map that illustrates these features, Since
the force exerted on a second bubble by the first depends on the pressure
gradient, one can see from these contours that, depending on the posi-
tion of defect 2, the interdefect force component F{ parallel to the
surface can be directed either towards or away from (0,0,2z); similarly,
the component F; can be directed towards or away from the surface,

Using Eqs. (2) and (3), these components are

2
F =.2-E.(_:.L—L.Yl.2- AV. AV (x? +y2)1/ 1 - S(CL"'C?)R2
Il T3n @ =) 18%2 R0 ny;
2 2
-2 1+ V)2 (c1 + cp)f _ 5€cy + )2
Fl=5ra=v 2 s [3 % (6)

where s is the perpendicular distance of defect i below the surface.
Defect 2 is located at (x,y,c2). The second defect can be a helium
atom, a vacancy or an interstitial point defect, or another bubble approx-

imated by a CD,
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At large separations between the defects, Fll is repulsive (or
i
attractive), if the two defects have the same (or opposite) signs., At

a separation
. 172
= 2 4 - 2
r [4(c1 +c,)+ {c, - ¢,) ]
F|| changes sign and becomes attractive (or repulsive)., The force com-
ponent #L is repulsive (or attractive) for separation r greater than

11/2
]

and attractive (or repulsive) for smaller separations. The magnitudes

r= [-23-(c1 + cz)2 + (c, - c2)2

of the components depend on the positions of the two defects relative to
the surface, but for small separations Fll < ?l. If the defect spacing
is large, the force exerted on a defect by another is small relative

to the force exerted cn the defect by the surface. For separations of

the order of (_c1 + cz)/2, however, the two forces have the same order

of magnitude.

Surface Layer

Bacon3 has derived an expression for the hydrostatic component of
the stress tensor for a center of dilatation beneath a gsurface layer
of arbitrary thickness h with elastic constants that differ from those

of the matrix. He finds that

hﬂb

Py = - Fus(l + v)f k2™ * 25 ey ai )
0



11-480
with
M(k) = {-4(1 - ur)[l +u (3 - Av')][cosh(Zkh)-l] + 8k2h2(1 - v, )
+322(1 - v')ZL/{Z[cosh(Zkh)-l][(s - )+ 2u (- 29 - )
+12(3 - Av')] + 16 sinh(2kh)u_(1 - v)(1 - v') - hkzhz(l - v
x [(3 - 4v) + “r] + 16121 - v')z}

where B p/u', v and v are the elastic constants of the matrix, and
u' and v' are those of the layer, The author restricted his attention
to the image interaction, which w~s obtained by evaluating Py at (0,0,c),
and calculated the image force, .quation (7}, however, can also be
used to determine the force on a second CD in the field of the first,
This has been done by a straightforward evaluation of the gradient of
Py* An examination of the results shows that for a surface layer with
a shear modulus less than that of the matrix, the CD-layer and CD-CD
interactions are qualitatively the same as those with a free surface
described in the previous section. If, however, the layer is rigid,
i,e., has an infinite shear modulus, the image force changes sign and
the CD is repelled by the layer. The interdefect force components also
change sign. Thus, for example, at large separations FI' is attractive
for two defects of like sign, whereas at small separations it is repul-
sive. For a surface layer with a shear modulus greater than that of
the matrix (but not rigid), the image force is directed toward tﬁe sur-

face at large distances but away from the surface near the interface.

Dislocation Interaction

An edge dislocation that lies parallel to the y-axis with its slip
plane parallel to the free surface of a half~space is stable with res-
pect to slip, since the surface exerts only a force for climb in this
geometry. The stress field can be written as the sum of the stress
fleld o]

in an infinite medium, the stress field ui for an image

3 3
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dislocation oriented as shown in Fig. 2, and the stress field ogj for
surface tractions that cancel the shear stress at z = 0 arising from

the dislocations.® Each of these fields has a hydrostatic component :

cot_'ub(l"’\)) Z--ﬂ
Py 3 (1 =-v) 2+ (z - l)
I_ _wb(1+v) z+ L
Py 3 (1 -v) 324 (z+ )2

and T _2ub (1+v)

Py " 37 T =-w)

Ix‘*(z+2£) + 2x%(z + )3 + (z + 28 (z + )" } (8)
3
[x2 + (z + £)?]

The net hydrostatic pressure near the dislocation is plotted in Fig. 3.
For comparison, the distribution near the dislocation in an iniinite
media is plotted in Fig. 4. 'The force exerted on a CD by the dislocation
is normal to the contour lines (which are circles through the disloca-
tion in the infinite medium), and the magnitude is proportional to the
gradient., The dashed lines in the figures indicate the positions at
which one of the force components vanishes:. 1Ia the infinite medium,

the zeroes for F; lie along x = t(z -~ £); in the half-space, however,
they are shifted down and away from the surface. The extremum line

for F|; along the z-~axis remains unchanged. The line along which Py
vanishes is the x~axis in the infinite space but is shifted down in the
half-space. The tensile region beneath the dislocation has thus con~
tracted and the compressive region above the disliocation correspondingly
expanded. Arrows indigate the directions of the force comporments in

the various regions. The signs of the components and the hydrostatic

pressure change, if the sign of Burgers vector changes.

e

PRRY]
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Fig. 1. Contours of Constant Pressure p, * 3c3/us Near
a Center of Dilatation in a Half-space. Polsson's ratio
equals 0,38, Dashed lines locate extrema.

Fig. 2. Imuge Dislocation Used to Construct Dislocation
Stress Function in a Half-space.
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Fig. 3. Pressure Contours p, « 3m€(1 - v)/ub(1l + v)
Near an Edge Dislocation in a Half-space. Dashed lines
locate extrema,

X7t

Fig. 4. Pressure Contours p, * 378(1 =~ v)/ub(1l + V)
Near an Edge Dislocation in an ?nfinite Medium,
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Thermal Stresses

A nonuniform temperature distribution in an elastic material gives
rise to a thermal stress field.® The stress-strain relations have the

form

61. . -
Oij = 2u{-1-—_—%\7'-v§_/ ey - oaT(1l + \J)jl + eij} (9

1

where eij is an element of the strain tensor, o is the coefficient of
linear expansion, and T is temperature., If T is a function only of the
z~coordinate in the half-space, then the displacements depend only on
z, and the normal strains e x and eyy in the x~ and y-directions vanish,
The normal stress %, in the z~direction also vanishes because of the
boundary conditions at the free surface and the equilibrium conditions,

iwut, in the transverse directions,

- o _ 281 + V) \
Tex gyy ———-——————(1_ %) aT {10)

and the hydrostatic component of the stress tensor is

Py "3 T =V

Thus, the force exerted on the CD is

ST ¢ N )] 3T .
Fz 3 (1 -v) v o 3z (12)

In general, the temperature in the first wall will decrease as z increase
the gradient will be negative, and the elastic force due to thermal

stresses will be directed away from the surface.
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FINITE BUBBLE SIZE

In the preceding discussion, gas bubbles were represented by centers
of dilatation and their finite size was ignored. This approzimation is
undoubtedly good for small bubbles, but for a large bubble near the

surface its validity needs to be examined.

The utility of the CD approximation for the interdefect interaction
can be determined by comparing the hydrostatic component of the stress
field for a CD with that for a pressurized spherical cavity in a half~-
space., Chankvetadze’ has developed an approximate solution for the

biharmonic stress function w for the latter problem, using the form

w(X,¥52) = A 1ln %(Rl + 21) + B 1ln %(R +z+ -2“-]

Co 1 -2y H 2 H
+ m [vR + 3 (z + 5-)ln H(R +z + 2)]
+ a i, a, L& b R b Bi—
o R 1 R1 oH 1 HR1
2
RZ(1 , HZy Ry
tbH R )+doHR
2
R R
irl B H L
+d; iR o (z+2)“+dzu 13)

where R = [x? + y2 + (z + H/2)2]1/2, R = [x2 + y2 + (z - H/2)2]1/2,
and Z1 = z - H/2., The geometrical constant H depends on the bubble
radius a and the distance ¢ of the bubble center below the surface,
while the prefactors A, B, Co, al, bi’ and di are determined by numeri-
cally solving a system ¢ _.inear equations., {(The complete set of
equations for determining H and the prefactors is given in Ref. 7.)

The components of the stress tensor can ba obtained from this function

by differentiation, and the hydrostatic component pg is
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00 (v +'1)[13? + H/2) (Co + 2bo + 2dg + 2dPH-Y = 2(2d, + 3dlﬂ f
S & .

, 2(z = B/2) (b1 + by + dp)u-l + 2(2b1 + 3by) i
- R3
1

+ 6(z * '/2){(2do + 3d1)(z + H/2) + 6Hd1]
RS

_ 6{z = H/2)[(2b1 + 3bp)(z = H/2) - 6Hb,]
R

60Hby (z - H/2)3  60Hd;(z + u/2)3}

14
RZ R7 (14)

This quantity was evaluated numerically for several values of the ratio
afc in the planes z = 0, z = ¢, and z = 2¢c., Figures 5, 6, and 7 show
plots of the results as a function of distance (x2 + y2)1/2/c in each

of the planes.

From Fig. 5, it is apparent that, for ratios a/e > 0.5, the
hydrostatic component pg of the stress tensor in the region‘bf the matrix
between the bubble and the surface is two to four times larger than that
predicted by the CD approximation (dotted line). The most striking ,
result is shown in the plot for z = 2c, An examination of Eq. (3) :
reveals that along the z~axis for z > ¢, the hydrostatic component for
the CD is always negative, 1.e., the stress is tensile. Figure 7, how~
ever, shows that, as the ratio. afc increases from 0.5 to 0.8, tﬂe )
stress in the region beneath the bubble becomes compressive, In all
three planer, the hydrostatic component of the stress field is well
represented by the CD approximation for values of (x2 + y2)1/2 greater

than 2¢.
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Py 3c74u8

Z =0 PLANE

1.0 (x24+ v?_,l/’d,c 2.0

Hydrostatic Component py « 3c3/4us for a

Pressurized Cavity in a Half-space in the z = U Plane.
Ratios a/c are 0.1 (@B), 0.5 (A), 0.8 (@), and CD (~--).

Py -3¢/4 8

1.0 2.0
0¥ ¢

Fig. 6. Hydrostatic Component Py ° 3c3/4us in the z =
Same notation as in Fig. 5.

Z =C PLANE
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These results indicate the hydrostatic stress for a CD is a reason-
ably good approximation for that of any bubble with a/c § 0.3. This
hydrostatic stress is also a good approximation at large distances (R3c)
for gas bubbles with larger ratios a/c. Any model of the drift dif-
fusion of helium atoms and point defects to a large gas bubble, however,

must consider the details of the near field.

NUMERICAL EVALUATION

For niobium (elastic constants u = 3,65 x 10! dyne~cm~? and
v = 0,38), the free surface~bubble interaction given by Eq. (4) is Es =
-9,91 x 10° ergs/cm3 (AV)2 ¢-3, The volume misfit AV must then be
2,03 x 10~2! cm3® (2100 atomic volumes) if Es is to be comparable to kT
(300°K) at a depth of 100 A. At a depth of 10 K, the required AV is
6.41 x 10723 cm3, For a gas bubble of radius a = 30 2 with an internal
pressure p = 108 dyne-cm~2 and o = 0,* AV is 3.1 x 1023 cm3, Thus,
the ratio Es/kT is large only within a distance of a few atomic layers
of the surface; the driving force for diffusion is negligible elsewhere.
Since the first-order size interaction between the defects is of the
same order of magnitude as the image interaction, its driving force on

diffusion can also be neglected, except in the near field region.

Because the image inter: :tion due to a free surface is always attrac-
tive and small in magnitude except near the surface, it can be argued
that gas diffusion to the surface sink is relatively unaffected by the
interaction. This is not true, however, if a rigid surface layer is
present., The gas diffusion in the bulk will be unaffected by the small
repulsive interaction with the layer, but the strong repulsion near the
layer-matrix interface acts as a barrier, and gas diffusion through
the layer will be negligible. Numerical evaluation of Eq. (7) for a
surface layer with a shear modulus greater than that of the matrix (but
not rigid) shows that the interaction energy is negative at large dis-
tances, goes through a minimum as the distance from the surface decreases,
and then rapidly increases, becoming positive near the interface. Figure 8
shows the results for Nby0g5 on Nb for several layer thicknesses. The

oxide elastic constants used for the calculation were v = 0,38 and
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Fig. 7. Hydrostatic Component py » 3c3/4ué in the z = 2¢
Plane. Same notation as in Fig. 5.
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Layer of NbyO5. Labels on curves give thickness h of oxide
layer.
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u = 7.30 x 10! dynes-cm™2. It can be seen from the figure that, as

the layer thickness increases, the minimum moves deepé; into the matrix
and becomes both shallower and broader. For a layer of 25 K, the minimum
lies at “60 A from the interface, and each increment of 25 % in thickness
increases the distance by approximately that amount. At the temperatures
of interest for the first wall, the effect of the energy minimum will ‘

" be negligible, but the repulsive force near the interface may signifi~
cantly inhibit gas diffusion through this region.

For £ = ¢, the ratio of the dislocation interaction épergy Ed to
the su>"ace interaction energy ES at a distance of 4c from the disloca-

tion 1s of che order

E 2
=d o bet
Es N 1.46 NG

and, for reasonable values of the parameters, Ey 1s much larger than E..
The interaction of "point~defect" bubbles with dislocations will there-
fore provide a significant driving force for diffusion. This result is
consistent with experimentai observation of helium bubbles located pre-
ferentially along dislocation lines in vanadium that has been injected

with helium at 750°C.8

The coefficient of thermal expansion o for niobium is 7.8 x 10-6 °c-1
for the anticipated temperature range in the first wall, For AV =
3.1 x 10723 cm3 and 3T/82z = 2.5 x 103 °C/cm,? the force Fz exerted on a
CD by thermal stresses is 6.6 x 10~13 dynes, comparable to the surface
image force at 300 R. For the CD approximation, then, the effects of
thermal stresses on drift diffusion of helium bubbles can -be neglected.
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ABSTRACT

High-purity Mg0O crystals grown at ORNL have been irra-
diated in the LLL 14.8 MeV Rotating Target Neutron Source
(RTNS) to doses varying from 1.8 x 105 to 5.7 x 10'7 n/cm?.
The optical absorption spectra of these crystals resembled
those irradiated in figsion reactors and exhibited bards
principally at 4.95, 3.5, 2.2 and 1.3 eV. The band with the
largest absorption coefficient, that at 4.95 eV, is due to
anion vacancies. The bands at 3.5 and 1.3 eV, attended by
zero~phonon lines at 3.430 and 1.187 eV respectively, have
been attributed to different optical transitions of anion
divacancies. Our investigations indicate that the net
production rates of the point defects resulting from irra-
diations with 14.8 MeV neutrons are about twice those
resulting from fission neutrons in the Oak Ridge Reactor
(ORR). This ratio is in reasonable accord witk theoretical
estimates based on damage energy calculations.

*
Research sponsored by the Energy Research and Development
Administration under contract with Union Carbide Corporation.
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INTRODUCTION

Unlike the situation in wmetals and semiconductors, the study of
defects in insulators has benefived primarily by the powerful techniques
of optical and magnetic resonance spectroscopy. This is especlally true
tor magnesium oxide, where many of the basic point defects have been
identified using these techniques. It !s therefore an ideal host to
study the characteristics of the radiation damage resulting from 14.8
¥eV neutrons and comparing with those from fission neutrons. Quantita-
tive measurements of the various types of defects are readily accessible.
The optical and magneto-sensitive defects in this saterial are produced
by two mechansism: fonization and elastic collisions with energetic
particles. For coaparisons of defects produced by neutrons of different

energles, only the latter are ilpottlnt.l

EXPERIMENTAL PROCEDURES

The MgO crystals used in this study were grown from Kanto high purity
material ac ORNY, using a carbon-arc fusion -ethod.2’3 They wvere irradiated
either in the LLL 14.8 MeV RTINS at T 300 X with doses varying from 1.8 x
10'* to 5.7 x 10'7 a/em?, or in the fissfon reactor ORR at T v 325 K with
neutron doses (>0.1 MeV) ranging from 3.5 x 10'% to 1 x 10!* n/cm?. De-
fect concentrations praduced by the two neutron sources were determined
by measnring intensities of optical absorption bands using a Cary 14R

recording spectrophotometer.

RESULTS AND DISCUSSION

The optical absorption spectra of crystals irradiated with neutrons
from the RTNS closely resembled those irradiated in fission reactors. The
spectra at 5 and 295 K of a crystal irradiated with 14.8 MeV neutrons to
a dose of 5.7 x 10'"/em? are illustrated in Fig. 1. The principal bands
occur.at 4.95, 3.5, 2.2, and 1.3 eV, corresponding to 250, 355, 574 and
975 nm respectively. The most intense band, that appearing at 4.95 eV, is
regarded as arising from isolated anion vacancies, since both the cne~

electron and two-electron anion vacancies (F+ and F centers respectively)
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absorb at approximately this energy.4’5’6 The broad bands at 3.5 and
1.3 eV have been attributed in previous studies to optical transitions
within the same defect by virtue of their intensities being proportional
to one another during irradiation and annealing.7’8 At low tempera-
tures, they are attended by zero-phonon lines at 3.430 and-1.187 eV
respectively. Evidence based on symmetry,7 dependence of formation on
the energy of irradiating electrons,9 and statistical distributions of
isolated anion vacanc:les10 supports the argument that the defect iﬁ
question is an anion divacancy. Hence the intensity of the band at
3.5 eV provides a measure of the concentration of anion divacancies.
The defect respcnsible for the 2.2 eV band has not been identified but

is probably some form of divacancy or trivacancy.9

The concentration and absorption cPefficient of the anion vacancy
band at 4.95 eV is plotted in Fig. 2 as a function of neutron dose.
The conversion of absorption coefficient to the corresponding concen-
1 NE = 0.87 x 107 n(n? + D2 W a

where N is the concentration of the defect in cm™?, f the oscillator

tration is given by Smakula's formula

strength, n the index of refraction, and W and o are the half-width and

absorption coefficient of the 4.95 eV band respectively. For both the F+
and F centers in Mg0, N & 5 x 10'° .t
irradiated in the ORR is for neutrons with energies > 0.1 MeV, a reason-

The dose plotted for samples

able cut-off point for radiation damage applications. In the past, it
has been customary to present neutron exposures in terms of those
neutrons with energies greater than 1.0 MeV (e.g. ref. 12). 1In fact,
there ar2 large numbers of neutrons in a reactor like the ORR with lower
energies and these can contribute significantly to the damage observed.13
The fast neutron spectrum in the ORR is similar to that in the HFIR;
assuming these spectra to be identical, the choice of 0.1 MeV as a cut-
off approximately doubles the stated doses over the older values.

Recent calfulationsl5 show that less than one percent of the damage pro-
duced in AL results from lower energy neutrons and the situation in MgO

is believed to be similar.
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The two curves lan Fig. 2 are essentially parallel. At a given low
dose, the anifon-vacancey concentration for the 14.8 MeV irradiations was
about twice that for the ORR irradiations. At high doses, saturation
becomes significant and the ratio of the concentrations diminishes. For
the higher order defects, such as the anion divacaricy and the defect
responsible for the 2.2 eV band, a similar behavicr was noted. Ar a
given dose below 1 x 10°7 n/em®, irradiacions in the RINS result in
larger absorption coefficilents for the 3.5 and 2.2 eV band than those
obtained in the ORR irradiarions, providing support that higher energy
neutrons are more efficient in producing higher order defects than lower

enerey neutrons,

1t is interesting to compare the experimentally determined ratio of
damage 1stes between the two neutron sources with the theoretical ex-
pectations based on calculations of tlie damage energy.13 Although no
calculations are avallable for MO, those on the nearby element Af%
should be applicable. Using the spectrum of the similarly constituted
HFIR12 to represent that in the ORR, two different calculations 13,15
both give the ratio 1.94 betweer. the damage rate in a 14.8 MeV D-T neutron
spectrum and that in the fission device. The prediction is in good accord

wvith the experiment.

In summary, the experiments show that poiné defect damage produced
in Mg0 is very similar in character to that produced by fission reactor
neutrons and that it agrees quantitatively with the predictions of damage

energy calculations.
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NEUTRON IRRADIATION DAMAGE IN 410, AND Y O
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ABSTRACT

Two ceramics under consideration for use in fusion
reactors, Al;Os and Y0, were irradiated in the EBR-~II fis-
sion reactor at 650, 875, and 1025K to fluences between
2 and 6 x 10°* n/cm® (E>0.1 MeV). Samples evaluated in~
clude sapphire, Lucalox, alumina, Y 03, and Yz0,;-10%
ZrO: (Yttralox). All Al:0, specimens swelled significantly
(1 to 3%), with most of the growth observed in sapphire a-
long the c-axis at the higher tenmperatures. Al;O4 samples
irradiated at 875 and 1025K comained a high density of
small aligned ""pores'. Irradiated Y,0;-based ceramics
exhibited dimensional stability and a defect content con-
sisting primarily of unresolved damage and/or dislocation
loops. The behavior of these ceramics under irradiation
is discussed, and the relevance of fission neutron damage
stadies to fusion reactor applications is considered.

INTRODUCTION

Electrical insulators are called for in all fusion reactor concepts.
The theta-pinch reactor will require an insulating liner on the first wall,
to hold off voltages generated during'the implosion heating stage of the
D-T burn. The mirror reacter will need electrical insulators in the in-

jector and direct conversion systems. The Tokamak machine will also

*Work performed under the auspices of USERDA.
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need injector insulators, may use a low-Z ceramic first wall to reduce
prob:iems of plasma contaminstion, and may require an insulating ring
in the torus to break its electrical continuity, Additionally, the above

reactors will nced magnetic coil insulators and possibly insulating ma-
terial in the neutron blanket to rcduce power losses from eddy current
and MHD effects. Conceptual designs for laser fusion reactors are not
vet fully developed, so that materials needs in these machines have not
been identified in detail. Howcever, suci: reactors may require trans-

parent ceramic laser windows, and will probably need insulators in the

power convcrsion system.

A major problem for fusion reactor insulators will be neutron
radiation damage. Such irradiation will cause atomic displacements,
and these can aggregate to cause swelling, reduce mechanical strength
and thermal conductivity, and degrade dielectric breakdown strength.

In the theta~pinch reactor, the first-wall liner wili be irradiated by

3 n/cm2 sec. 1 In other

pulsed fusion neutrons of average flux ~101
reactor applications the flux will be of similar or lesser magnitude, and
pulsed or steady state, depending on location of the insulator and mode

cf reactor operation.

At present there are no sources of intense 14 MeV neutrons
available for irradiation studies; thus other sources of damaging partic-
les must be used. This paper reports the results of elevated-temperature
irradiations of A1203 and Y203-based ceramics in the EBR-II fission

reactor. *
EXPERIMENTAL PROCEDURE AND RESULTS
Samples Tested

Irradiation samples were in the form of hollow cylinders 1.2 cm

*These irradiations were performed as part of the LASL Thermionic
Reactor Project; preliminary results are described in reference 2.
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long, 1.5 cm in dia., and 0.05 or 0.09 cm in wall thickness. Four forms
of Ale3 were evaluated: single-crystal sapphire furnished by Thermo
Electron Corporation (TECO), polycrystalline Lucalox from General
Electric Co. (GE), and polycrystalline AD-999b and AD-999x from Coors
Porcelain Co. Three polycrystalline YgOs-based ceramics were studied:
Y203 specimens produced at our laboratory from Lindsey Co. and Molyb-
denum Corp. of America (Moly. Corp.) powder lots, and Ytiralox (Y203
containing ~10% ZrOz. a densifying agent) made by GE. Characteristics

of the samples are given in Table 1.
Irradiation Conditions

Saniples were irradiated in capsules which contained heat pipes
to maintain isothermal conditions. 8 Test temperatures were 650, 875,
and 1025K (+20K). The capsules were irradiated in pogition 7C1 of the
EBR-II fission reactor for a total of 6331 MW:-days (~100 days under
power). Because sample location varied with respect to the reactor
core, neutron fluences ranged from 2 to 6 x 1021 n/cm2 (En>0. 1 MeV).
In the ceramics tested such fluences induce damage levels on the order
of 3 DPA. * Fluences were determined by monitoring induced activity
from the 54Fe (n, p) 54Mn reaction. Dosimetry techniques and spectral

: a
data are described elsewhere.

Evaluation of Samples

Irradiated samples were evaluated for swelling and defect content.
Dimensional changes were determined using standard measuring techni-
ques. Volumetric changes as sinall as 0.2% could be reliably detected.

It was found that all A1203 samples swelled significantly (1 to 3%), with
those irradiated at the higher two temperatures generally showing greater

growth (Figs. 1 and 2). As irradiation temperature increased, swelling

*Displacements per atom.
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Table 1. Characteristics of Test Ceramics
Grain AMajor % of Theoretical
Material Size, pm  Impurities, wt. ppm Density
b
Al; Og —— 100 Alo 100
(Sapphire)a 10 Fe
10 Si
Al:0s 20 2000 Alg 99.0
(Lucalox) 30 Si
Al20; 3 3000 Alg 89.5
(AVCOY 3000 Ni
1000 Fe
300 K
Al;04 7 1000 Mg 99.5
(AD-998b) 100 Fe
30 Si
Al1,0; 4 1000 Mg 99.5
(AD-999x) 100 Fe
30 8§
Y20, 8 30 Nig 87.5
(Moly. Corp.)
Y04 20 500 Yb 93
(Lindsey) 300 Er
300 Dy
200 Al
Y05~ 120 1000 Hf >99
16% ZrO; 15 Aig
{(Yttralox)

&¢-axis parallel to axis of cylindrical sample.

bTypical analysis.
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Fluence at 650K, Data from Fig. 1 are Shown for Comparison.
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of sapphire was increasingly concentrated in the c-direction (Fig. 3).
Similar results for A1203 have been reported by Wilks et al. ° and by
Keilholtz et al. Y203-based samples showed little or rio dimensional
change (Fig. 4). These results differ from those of Keilholtz et al., who
found a volume increase of ~0. 2% per 1021 n/cm2 (En> 0.1 MeV) for
Yttralox irradiated at 673K and slightly less than half this amount at

1073K. 6

Transmission electron microscopy (TEM) was utilized to evaluate
the defect content of fourteen irradiated samples. Irradiation conditions
and macroscopic swelling observed for TEM samples are given in Table 2.
Specimens were prepared by fracturing the samples and making a cellu-
lose acetate extraction replica of the fracture surface, thus removing
small flakes of ceramic. A carbon film was then evaporated onto the
cellulose acetate and the plastic dissolved, leaving the flakes on the film.
Thin edges of these flakes were transparent to 100 keV electrons. This
technique eliminates the problem of introduction of radiation damage by
ion thinning, but samples tend to have a preferred orientation dictated
by cleavage properties of the ceramic being examined. Also, glide dis-
locations are sometimes introduced during fracture; however, these can
usually be distinguished from dislocation loops introduced by irradiation.
Electron diffraction patterns were regularly obtained along with photo-

micrographs of defect structures.

A1203 samples irradiated at 650K showed only a fine dispersion
of unresolved damage. However, those examined after irradiation at
875 and 1025K contained a high density of small "pores" aligned in the
c-direction (Fig. 5). Attempts to tilt into an orientation which exhibited
two~dimensional alignment (i. e., a conventional pore lattice) were un-

successful. Samples irradiated at 1025K showed the larger “pores"

*The significance of the quotation marks is explained in the discussion
section.
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Table 2. Samples Examined by TEM

Neutron . Macroscopic
Irradiation Fluence, n/cm” Swelling,
Material Temperature, K (En>0. 1 MeV) AVIV, %
Al; 0, 650 5.6 x 10! 2.2
(Sapphire) 875 4,3 x 102 2.0
1025 4,4 x 10! 2.1
Alz0, 650 4.1 x 102 1.5
(Lucalox) 875 3.7 x 10 2.3
1025 3.2 x 10%? 1.4
Al30; 650 4,8 x 10" 1.7
(AD-999x) 875 4,0 x 10** 2.1
1025 4.1 x 10% 2.4
Y-0s 650 (Moly. Corp.) 6.0 x 10! 0.2
875 (Moly. Corp.) 5.1 x 10%? (-0.1)2
1025 (Lindsey) 5.4 x 10°? -0.3
Y205 - 875 3.3 x10%? (0,0)a
10% ZrO, 1025 3.9 x 10*? 0.1)2

(Yttralox)

2Below level of significance.

and "'pore" spacing along a given row (average of ~351 and 701, respec-
tively). The defects in samples held at 875K were almost below the limit
of resolution, and therefore meaningful dimensions could not be obtained;
it is estimated that "'pore'’ diameter and spacing were one-half to three-
fourths of the values observed for the 1025K specimens. A rough calcu-
lation of swelling for AD-999x irradiated at 1025K was made from Fig. 5,
assuming the defects to be cavities. A value of 1.6% was obtained, * in

reasonable agreement with the measured macroscopic value of 2. 4%.

*Average 'pore  diameter was estimated to be ~454 and pore density,
~3 x 107 /em® Foil thickness was not measured, but was estimated
to be 1000A in the area evaluated.
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}"203 contained unresolved damage after irradiation at 650K, a
mixture of unresolved damage and small dislocation loops at 875K, and
larger loops at 1025K (Fig. 6). The defect structure of \'203-10% ZrO2
at both 875 and 1025K was primarily a fine dispersion of unresolved
damage (Fig. 7). Small "'pores” (~30.1 dia.) can also be seen in Fig. T;
these were occasionally observed in hoth \'203 and Y203-10% Zr02. but

were not common.

DISCUSSION
A12O3 Samples

The usual interpretation of defect structures such as that shown
in Fig. 5 is that irradiation has introduced pores into the material; how-
ever, their true nature in .1\1203 is difficult to determine. This is why
the term ''pores' has been put in quotation marks when referring to these
defects. In irradiated metals, elevated-temperature swelling is usually
the result of condensation into pores* of excess vacancies remaining in
the lattice after interstitial atoms are trapped or annihilated. In ceram-
ics, the process of pore formation is not so simple; in order that a cavity
be formed in the crystal, a near-stoichiometric ratio of cation é.nd anion

vacancies must aggregate.

Hobbs and Hughes7 have pointed out that two other volumetric de-
fects which resemble pores can occur in irradiated compounds; these are
cation metal colloids and high-pressure anion gas bubbles. Colloids
could result from migration and agglomeration of cation interstitials and
anion vacancies, or simply from the aggregation of anion vacancies into
a volume which then contains only cations. In the latter case the colloid
might be thought of as an anion pore. High=-pressure gas bubbles could
result from aggregation of anion interstitials and cation vacancies or

migration of cation vacancies into a volume, leaving only lattice anions.

*This term (without quotation marks) here includes voids {empty pores)
and bubbles (pores containing impurity gases).
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Fig. 5 "Pores" in AD 999x Al30, after Irradiation at 1025K to
4.1 x 10°* n/em® (E_ >0.1 MeV). 200, 000x.

Fig. 6 Dislocation Loops in Y O, after Irradiation at 1025E to
5.4 x 10°* n/em® (E;>0.1 MeV). 100, 000x.
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[f o
Fig. 7. Unresolved Damage and Small ""Pores’ in Y:05;-10%
ZrQ; after Irradiation at 1025K t0 3.9 x 10°* n/em?® (E,>0.1 MeV).
150, 000x.
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(The latter defect is in a sense a cation pore.) A complete description
of the formation of cation or anion aggregates must account for the be-
havior of all point defects {(for example, in the case of colloid formation,

anion interstitials). Models proposed by Hobbs and Hughes address these

problems. 7

It is difficult to distinguish pores, colloids, and high-pressure
gas bubbles from one another by TEM, since their imaging characteris-
tics are similar. In the case of oxygen gas bubbles, high lattice strains
should cause diffraction effects around each defect. 7 Unfortunately, the
"pores'' seen in A1203 were too small to allow examination for these ef-
fects. The question of whether the defects are colloidal aluminum par-
ticles is presently being studied at our laboratory by evaluation of the
Knight shift in nuclear magnetic resonance; results should indicate

whether metallic aluminzm is present in the irradiated samples.

Measurements of the size and density of agglomerated defects in
A1203 specimens yielded swelling values in reasonable agreement with
those obtained from bulk measurements, if the defects are assumed to be
pores. However, TEM measurements can be subject to considerable
error due to the often nonrepresentative nature of samples examined, and
so this is not unambiguous proof that the defects are indeed pores. Esti-
mates of swelling assuming the defects to be colloids or high-pressure
gas bubbles cannot be made until the detailed nature ahd behavior of both

aggregated and isclated point defects is specified. *

Pore lattices (i.e., geometric alignment of pores) have been re-
ported in several BCC and FCC metals, and have been seen in one HCP

metal. 9 The present studies are apparently the first to report aligned

*Lattice dilation is another possible source of the swelling observed.
However, Roof and Ranken® measured x-1ray dilation of the single-
crystal Al;Oy studied here, and found that the observed macroscopic
swelling could not be explained by this mechanism.
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"pores' in a ceramic. }odels have been proposed to explain pore lat-

tices based on reduction of elastic energy, 10, 11, 12 presence of a pre-
existing impurity lattice, 13 and crowdion motion along preferred crystal-
lagraphic directions. 14 Since the validity of these theories even when
applied to simple metals is not yet known, it does not seem fruitful to
speculate at length as to their applicability to a more complex material
such as A1203. where the aligned defects may in fact not even be pores.
However, it is interesting to note that hexagonal crystals have a unique
lattice direction (the c-axis), that pores in A1203 are aligned in only one
directicn (parallel to the ¢-axis), and that in HCP magnesium porosity is

. . 9
also one-dimensional.

It has been predicted15 that formation of a pore lattice should re-
strict further swelling. This is consistent with present results, since
swelling increased between 650 and 875K, but not between 875 and 1025K.
A high density of random pores can also restrict swelling, by serving

. . . s 15
as neutral sinks for both vacancies and interstitials.

Another possible explanation for the lack oi further swelling at
1025K is that the peak in the swelling-vs. ~temperature curve had been
exceeded at the highest temperature studied. For Al 03, irradiation
temperatures used here are 0. 28 T » 0. 38T » and 0. 44 T . If the
temperature range for swelling is the same for ceramics as that for
metals (~0.3t0 0.5 Tm), this may explain the fact that "'pores’ were
only seen after irradiation at the two higher temperatures, and that

swelling was no greater at 1025K than at 875K. *

The swelling anisotropy cbserved in single-~crystal A1203 is

believed to have occurred in all A1203 samples, and to have been

*The assumption that swelling rarges for metals and ceramics are
similar raay not be valid. Preliminary results with Y,0; ~stabilized :
ZrO; indicate that swelling is at a maximum near 0. 30 T » and is
near zero at 0.22 and 0.36 Ty,.”
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responsible for microcracking observed in polycrystalline Lucalox. 2
Elongation in the c-direction was strongly favored at 875K and 1025K,

at which temperatures ''pore" alignment in this direction was seen. How-
ever, even if the defects are cavities, it does not follow that c-axis pore
alignment indicates c-axis swelling. It is the distribution of the atoms
from the pores, and not the pores themselves, that dictates swelling
direction. The swelling anisotropy observed here may be related to
possible preferential movement of interstitial crowdions along certain
crystallographic directions as predicted by the Foreman moclel14 of pore

lattice formation.
Y203-Based Samples

The defect content of the Y203-based ceramics is consistent with
the observation that macroscopically the materials did not swell,
"Porosity' (Fig. 7) was only rarely seen, and the principal defects pre-
sent (unresolved damage and dislocation loops) were not found in high
concentrations. It thus appears that at the temperatures and fluences
studied, these ceramics are relatively resistant to permanent radiation
damage. (Temperatures of 875K and 1025K correspond to 0. 33 Tm and

0.38 Tm for YZOS')

Two possible explanations for this radiation resistance come to
mind. First, Y203 has a defect structure, with only six of eight cube
corners occupied by oxygen ions in each structure cell. 16 This struc-
ture may enhance vacancy/interstitiai recombination or otherwise affect
defect behavior in such a way that excess vacancy concentrations are
avoided. Second, the interaction between point defects (vacancies and
interstitials) and sinks such as dislocations may be similar, so that pref-
erential removal of interstials from the lattice does not occur. In metals,
such interactions are solely controlled by strain fields, and interstitials
are usually more strongly attracted to sinks than are vacancies. In cera-

mics, however, an elecirostatic term also contributes, so that it is
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possible to postulate equal (or stronger) interaction forces for va-

cancies.

It is clear that the addition of 10% Zr02 to 3’203 dramatically
alters the behavior of irradiation-induced defects, since the size of de-
fect aggregates differs greatly from that seen in unalloyed ‘1’203 (com-
pare Figs. 6 and 7). This behavior may be related to the fact that
Yttralox should contain more intrinsic defects than does &’203. since
stoichiometric defects would be expected to result when a ceramic with
a cation/anion ratio of 1:2 is added to a ceramic in which the ratio is
2:3. This observation reinforces the suggestion that a defect ceramic
may exhibit intrinsically high radiation resistance. Also, solid solu-
tions, of which Yttralox is one, often exhibit better irradiation behavior

than do their unalloyed counterparts.
Relevance of Results to Fusion Reactor Technology

Fission neutron irradiation studies of materials for fusion reac-
tor applications are useful in two ways: relative performance of candi-
date materials in a neutron environment can be evaluated, anc baseline
information can be established for comparison with resulis obtained by
other irradiation techniques. I[n considering the accuracy of simulation
of a fusion reactor environment by use of fission neutrons, the following
must be considered:

total damage energy deposited
rate effects
nature of displacement damage

DPA/gas atom ratio.

The average flux in the core of a fast fission reactor is usually
roughly equal to or somewhat greater than that expected at the first wall
of a fusion reactor. In the present study, the fluence achieved in the

ceramrics tested (which were irradiated for ~100 days) was ~5 x 1021
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n/cmz; this is only about 70% of that expected in 100 days' first-wall
exposure in a fusion reactor such as the Reference Theta-Pinch Reactor. 1
The reason for the relatively low fluence attained here is that flux is lower
in Row 7 than in the core of EBR-II. In addition, the neutron spectrum
for the samples tested is somewhat softer than that characteristic of the
core location. Considering the fact that a fusion spectrum would cause
somewhat more damage than does a core fission spectrum, the present
study represents in terms of damage induced perhaps a month's fusion

reactor exposure.

A proper damage simulation must take into account not only total
damage level, but damage rate. The EBR-II irradiations described here
were carried out under quasi-steady-state conditions, at a damage rate
roughly a third of that expected at a fusion reactor first wall. The tem-
perature correction for rate differences is in this case small. 17 How-
ever, where pulsed damage is to be simulated, differences in rate ef-
fects are magnified (e.g., by an additional factor of 100 in the case of
the theta-pinch reactor, to account for a duty factor of 1%1), and tem-
perature corrections nﬁay be significant. An added complication with
pulsed damage is that one must take into account the "off" times when
no damage is being produced. To properly account for cyclic damage it
may be necessary to integrate a dose-rate correction function over that
portion of the ""off" time during which damage is being removed by an-

nealing processes.

The question of the significance of differences in nature of dis-
placement damage between fission neutrons and fusion neutrons has not
been settled. Calculations have shown18 that there are significant dif-
ferences in spatial characteristics of defect production for the two cases.
In experiments with copper, Mitchell et al. 19 found differences in defect
content after irradiation with fission neutrons and 14 MeV neutrons.

Kaminsky et al. 20 observed chunk sputtering from the latter particles,
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a phenomenon not seen with fission neutrons. However, subsequent work
by Thomas and Harling21 failed to detect chunk sputtering. If details of
displacement events differ significantly for fission and fusion neutrons,
point defect content of irradiated materials would also be expected to
differ. However, Bunch and (31inard22 compared the nature of optically-
active point defects in 14 MeV-neutron-irradiated sapphire with that in-
duced by fission neutrons. 23 The results do not show major differences,
other than the expected higher level of damage per neutron from the form-
er particles. Further work is required to define differences in displace-
ment damage in specific materials, and to relate these to changes in

physical properties.

A major shortcoming of fission neutron studies is that impurities
from neutron-induced transmutations are generated at a much higher rate
with 14 MeV neutrons than with fission neutrons. Parkin and Goland
have calculated18 the ratio of spectrum-average normalized damage
energy cross section to {(n, ) cross-section for several neutron sources
and target metals. It was shown that the ratio is 239 times higher for
aluminum in Row 7 of EBR-~II than for the same material at the first wall
of a fusion reactor. Since gaseous transmutation products can enhance
pore production, different swelling behavior in the two environments
appears likely. Pre-injection of gases into samples before fission rea-
tor irradiation may improve the simulation, but possible differences be-
tween impurities injected in this manner and those formed'concurrently
with lattice damage must be assessed. If ion bombardment techniques
which properly simulate displacement damage are developed, concurrent
injection of gaseous impurities with a second ion beam may prove to be

the best method for simulation of fusion reactor radiation damage.
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HIGH ENERGY PROTON SIMULATION OF
14-MeV NEUTRON DAMAGE IN Al,04 *

D. W. Muir
J. M. Bunch

University of California
Loos Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

High-energy protons are a potentially useful tool for
simulating the radiation damage produced by 14-MeV neu-
trons in CTR materials. We describe here a comparison of
calculations and measurements of the relative damage -effec-
tiveness of these two types of radiation in single-crystal
AlgO;.. The experiments make use of the prominent absorp-
tion baid at 206 nm as an index to lattice damage, on the
assumption that peak absorption is proportional to the con-
centration of lattice vacancies. The induced absorption is
measured for incident proton energies ranging from 5 to 15
MeV and for 14-MeV neutrons. Recoil-energy spectra are
calculated for elastic and inelastic scattering using pub-
lished angular distributions. Recoil-energy spectra aiso are
calculated for the secondary alpha particles and *C nuclei
produced by (p, p'e) reactions on 0. The recoil spectra
are converted to damage-energy spectra and then integrated
to yield the damage-energy cross section at each proton
energy and for 14 Me-V neutrons. A comparison of the cal-
culations with experimental results suggests that damage
energy, at least at high energies, is a reasonable criterion
for estimating this type of radiation damage.

*Work performed under the auspices of USERDA.
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INTRODUC TION

High energy protons are a potentially useful tool for simulating
the radiation damage produced by 14-MeV neutrons in CTR materials.
Logan1 has described the application of this approach in niobium. We
describe here theoretical and experimental investigations of the validity
of such a simulation for a prototype low-Z refractory electricul insulator,
A1203. The theory attempts to estimate pka spectra and damage energy
cross sections using existing collision cross section data, and the experi-
ments aitempt to assess the quality of the simulation in terms of an

" easily accessible parameter, the optical absorption induced in damaged

material.
EXPERIMENTS

The damage produced in the A1203 lattice was assumed propor-
tional to the height of the prominent optical absorption band at 6.02 eV
(203 nm). Although the specific defect responsible for this absorption
has not been identified, it seems plausible by analogy with similar ma-~
terialsz that it is a primary damage center produced by lattice collisions.
Consequently, the concentration of such defects (and the associate_d
optical absorption density) should be related to the deposited "damage
energy'' as usually defined. Since the oscillator strength for the optical
transition, which would facilitate calculation of absolute defect concen-~
trations, is not known, the experimentally measured absorptioﬁ coeffi-
cients for various proton energies. normalized for proton fluence, are
compared directly with the same quantity for 14-MeV neutron irradiated

material.

All the sampies were of Linde uv grade sapphire* with c axis

perpendicular to the surface. One set of 1-cm square by 0.1 cm thick

*Uv-grade sapphire window material, =99.999% pure, c axis perpen-
dicular to bombarded surface, obtained from Crystal Products Div.,
Union Carbide Corp., San Diego, CA.
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samples were irradiated at room temperature at the LLL rotaiing
target intense neutron source. *3 Fluences of the order of 101 n/cm2
were delivered intermittently during normal 8 hour shifts for a total
exposure time of about 40 hours. The flux variation across the
samples (~ +30% across 1 cm) was roughly mapped by cutting the
dosimetry foil into quarters and counting the pieces separately; the
results agreed within experimental error with variations in optical
density obtained by a similar mapping with an aperture in the Beckman
DK-1 spectrophotometer, having roughly the same spatial resolution
as that of the foil dosimeter technique. The measured optical density
thus represents an average across the smallest usable aperture, and
the corresponding neutron flux an average over the corresponding

section of sample,

Another set of 1-cm square samples was mechanically ground
and polished to thicknesses ranging from .01 to .02 cm, thin enough
for protons of energies from 5 to 15 MeV to pass through without ex-
cessive energy loss, An analyzed beam from the LASL tandem Van
de Graaff accelerator was defocussed to give a roughly Gaussian
spread ~ 2 em across. The central portion of the beam was selected
by an aperature of area 1 cm2 and passed into a Faraday cup in which
was mounted the sample, attached to a copper heat sink with vacuum
grease. A fluorescent quartz plate visible from outside the chamber
could be rotated in place of the sample holder, as an aid to aiming and
focussing the beam. Although no aitempt was made to map precisely
the beam current distribution, variations in optical density across the
samples were comparable to those seen in the 14-MeV neutron irradi-

ated samples. Thus the proton data also represent averages.

*JCT, Lawrence Livermore Laboratory.
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The proton beam currents were chosen to give estimated dpa
rates equal as nearly as possible to those obtained with the 14-MeV
neutrons, in order to avoid confusion from possible rate effects.
Because of practical limitations on access to the accelerator, actual
proton dpa rates were somewhat larger than (as much as 3 times) the
neutron rates. With this criterion proton beam currents were of the
order of 0.1 u,A/cmz; the current tended to fluctuate during a run by
+50% or so. Proton fluences were measured with an integrating

Coulombmeter.

The data are summarized in Table I,which gives the peak opti-
cal absorption coefficients in the 6,02 eV band for various sources,
the corresponding fluences, and the absorption normalized for fluence.
Also given are estimated proton energy losses, the implications of
which are discussed in the section describing nuclear cross section
data. The fluence data for 9 MeV are subject to considerable error;
the Coulombmeter reading was inadverteﬁtly lost before being re-
corded, so the recorded datum represents a guess hased on estimated

average beam current.

Table 1. Optical Absorption vs. Particle Energy

Energy Fluence Optical Ab_si Coeff. Ratio of Abs.
(MeV) {cm?2) {cm ) to Fluence
In Out
- [=4
5 2 6.75 x 1015 24 3.6 x10°1°
16% -15
9 6 5.6 x 10 55. 8 1.0 x 10
12 9.5 2.1 x 1016 37 1.8 x10 19
15 13 2.1 x 1018 30. 5 1.5 x10 12
14MeV n 1 x107 12455 1.24 x 10”19
* Estimated

*#%This may have underestimated by ~30% because of spectrophotometer
stray light.
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Other data potentially useful for qualitative comparison of
neutron and proton damage include (1) the details of the optical absorp-
tion spectrum, and (2) the thermal annealing spectrum. Absorption
spectra from 14-MeV neutron, 15-MeV proton, and 5-1MeV proton
irradiated samples are shown in Fig. 1. The spectra are all similar
to those reported by Levy4 for fission neutron irradiated A1203. He
analyzed his spectra in terms of superimposed Gaussian peaks. Al-
though we have not subjected our data to the same kind of detailed
analysis, it appears that our spectra have peaks at the same wave-
lengths as he reported. The differences in spectral shape can
apparently be described in terms of differences in relative peak

heights.

Isochronal step annealing data for samples heated in air are
shown in Fig, 2. Again, the results appzar generally similar to
Lev-y's5 for fission neutrons, with the absorption spectrum returning
essentially to that of an unirradiated sample after the sample reaches
~ 800°C, However, there are small differences, which will be dis-

cussed later.

THEORY

It seems plausible that a high-energy proton should "look like"
a neutron in its nuclear interactions, in terms of having similar
reaction cross sections and producing a similar pka spectrum, We
attempt here to determine how the accuracy of this statement depends
on projectile energy, if indeed it is true for any energy, Given the
nuclear cross sections, the pka spectrum can be calculated using
simple kinematic considerations. 1 Although a considerable body of
data exists for protons of various energies incident on 27Al and 16O
targets, extensive smoothing and interpolation were necessary to get

the data into useful form, as discussed.
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Since the A1203 samples were thick enough to produce signifi-
cant energy loss (2-3 MeV), calculations of the recoil spectra re-
quire estimates of nuclear cross sections over the entire proton
energy range from 1.5 to 15 MeV. Both the energy dependence of
the cross sections and the angle/energy distribution of the reaction
products have been reviewed for oxygen (160) and aluminum (27A1)
target nuclei. The choice of nuclear cross section data for these
nuclei is somewhat more complicated than it is for heavier nuclei
(such as the structural metals). For example, the optical model,
which is used extensively in Logan's analysis, 1 is not very useful for
160, because the cross sections fluctuate strongly with variations
in the incident proton energy. In order to reproduce these fluctuations,
one must evaluate the optical-model parameters at a large number of
proton energies, Further, the opticalmodel does not allow one to directly
predict the partitioning of the total reaction cross section into the
various possible nonelastic reactions. Thus, in the case of oxygen,
we have chosen to obtain the needed cross section data directly
from the available measurements. For aluminum, we have made

some use of optical-model calculations,

For energies below 5 MeV, we have adopted the oxygen
elastic scattering cross section measured by Harris et al. 6 Above
5 MeV, we have used the very extensive measurements of the oxygen
elastic scattering cross section by Kobayashi., 4 For inelastic
scattering below 10 MeV, we have used the data of Dangle gt al, 8
while at higher energies the data of Kcabaya.shi7 and that of Daehnick9
are employed. For the reaction 16O(p, a)13N, we have used the data
of Dangle et 11_8 up to 10 MeV and the data of Whitehead and Foster10
at higher energies, Fially, the data for the reaction 160(p, p'a)12C
is based on the measurement of Chapman and 1\/1acLeod11 at 13 MeV,

The energy dependence of the exitation function is assumed to be the
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same as that for the analogous reaction 16O(n,n'a)lzc, as evaluated
by Young. 12 For all nonelastic reactions examined the angular dis-
tributions are found to be roughly isotropic in the center of mass
system (i.e., to within a factor of two or so). For the sake of simpli-~
city then, we have assumed complete isotropy for these reactions in -
all calculations presented here.

The aluminum elastic scattering data used in this study are
taken from a wide variety of sources. 13-19 For the aluminum non-
elastic reactions, we have faken a somewhat different approach than
that taken for oxygen. This change of method results from the rela-
tively larger number of reactions which are possible for aluminum at
any given proton energy. Evaluating each reaction separately might
have led to missing a significant fraction of the total nonelastic
cross section, Iiistead, we have used a direct measur-ement20 of the
total ncnelasiic cross section at 10 MeV to normalize a theoretical
curve based on the optical model. 21 With regard to the kinematics,
we obsarve that the most important reactions have a small nuclear
ernergy release, or Q-value. For example Q{p, &) is + 1,60 MeV,

Qlp, p") is -0,84 to -3,07 MeV for the dominant22 levels, and Q(p, n)
is ~53. 53 MeV. Further, the majority of the reactions result in the
emission of either a proton cr a neutron. To a good approximation,
then, the kineﬁatics of these reactions is the same as elastic
scattering, As in the case of oxygen, the angular distributions for

the nonelastic reactions are approximated as isotropic.

The damage energy cross section, <0E>D, is the quantity of
primary interest for quantitative comparison with experiment, It is

defined (and calculated) as follows:

Emax
- ( dg._
<crE>D ﬁ\E2)E2 9E dE2 (1)
Ed4d 2
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where

E ., is the threshold energy for atom displacement from the lat-

d
tice (or some other lower limit);

Emax is the maximum possible value of E2;

Eg is the energy of the scattered target atom;

d . .

'é'g is the ion recoil spectrum; and

n(E,) is the "Lindhard efficiency factor"23

which accounts for
the partition of energy in the cascade between collisions

and ionization.

Table 2 uses calculated values for <oE>D for both atomic
species, using the experimental scattering data discussed earlier, down
to scattered energies where the écattering can be described as pure
Rutherford and then a theoretically derived Rutherford cross section
down to the lower limit. The latter was taken to be 300 V, rather
than a somewhat lower figure (say 30 V) appropriate for atomic dis-
placements, on the grounds that the scattering is "screened" and
consequently decreases rapidly with energy below approximately this
limit. The value for <crE>D for 5 MeV incident protons is consider-

ably in error, because the energy of the incident proton, and

Table 2. Proton Damage Effectiveness Relative to 14-MeV Neutrons

Proton Ratio, Ratio,
Energy Experiment Theory
5 .0 4.17
9 0, 8% 2. 38
12 1.4 1.78
15 1.2 1.33

*Subject to large error, as discussed above.
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consequently the damage rate, is changing rapidly as the proton slows
down. The qualitative conclusions (see ''discussion' below) are not

altered by the approximations used in deriving the average value given.

It is worth noting here that the contribution to <crE>D of the
"non Rutherford'' scattering is relatively negligible for 5 MeV incident
protons, but comprises about half the total for 15 MeV. The contri-
bution of the various nuclear reactions to the pka spectra for 15 NMeV

protons are shown in Fig. 3.

A composite <uE>D was calculated for the A1203 lattice by
multiplying the values for the respective species by their atomic
fractions. The damage produced in the 14-MeV neutron irradiation
was calculated by D. M. Parkin, using the computer program DON, 23
The neutron interaction data used in this calculation were taken from
the ENDF/B evaluations for 16O (Ref, 24) and 2781 (Ref. 25). This
program computes the pka spectrum and then converts it to a damage-
energy cross section using the "Lindhard efficiency factor" discussed
above. '

The experimental ratio of the values of <¢E>p for various proton

energies to that for 14-MeV neutrons is also given in Table 2,
DISCUSSION

The comparative damage effectiveness of 15 MeV protons and
14 MeV neutrons is close to 1 both experimentally and theoretically,
whereas the agreement is less good at lower energies. The agree-
ment at 15 MeV must be regarded as partially fortuitous, since
both numbeprs were subject to errors estimated to be as large as the
observed difference. Also, the thermal arnealing spectra and optical
ahsorpticon spectra as compared with those for 14 MeV neutrons
{Figs. 1and 2} are more similar for protons of 15 MeV than 5 MeV,
These effects can be explained qualitatively by observing that the pka
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spectrum becomes "harder’ for the higher incident proton energies.
For example, a considerable improvement in the agreement between
theory and experiment is obtained if one assumes that primary knock-

ons with energy less than 10 keV produce no permanent damage.

The evidence suggests that 15-MeV protons provide a "good"
aimulation of the damage produced by 14-MeV neutrons, in this

material, for the low damage levels investigated.

The main obstacle to the practical use of the technique for
materials studies is the low intensity of available proton beams. Al-
though damage rates better than with existing 14-MeV neutron sources
are easily available, rates high enough for accelerated material test-
ing at rates 10 times those predicted for reactors (especially for
pulsed machines with 1% duty cycle) are not, Even if higher proton
fluxes were easily available, heat disposal would present problems,

since electronic losses are about 1000 times collisional losses.
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ABSTRACT

The Los Alamos Reference Theta Pinch Reactor (RTPR) re-
guires on the first wall an clectrical insulator which will
withstand transient high voltage at high temperature 10 sec
after seveve nentron and ionizing irradiation. Few measurc-
ments of clectrical parameters for heavily disordered refrac-
tory insulators have been reported; we estimate whether break-
down strength or conductivity will be degraded by the irradia-
tion. The approach treats scparately short-term ionization
effects (free and trapped electrons and holes) and long-term
gross damage effects (transmutation products and various lat-
tice detects). The following processes could produce unaccep-
table conduction across the first wall insulator: (a) delayed
clectronic conductivity 10 scec after the prompt ionization by
bremsstrahlung; (b) prompt clectronic conductivity from delayed
ionization; (c¢) clectronic breakdown; (d) electronic or ionic
conductivity due to thermal motion in the disordered material,
possibly leading to thermal hreakdown. Worst-case calculations
bascd on lower limits to recombination coefficients limit pro-
cess (a) too << 5 x 101" mho/cm.  bata on ionization-induced
conductivity in insulaters predict for process (b) o << 10°8
mho/cem.  Electronic breakdown generally occurs at fields well
ahove the 10° V/em requived for RIPR.  Thermal breakdown is
negligible due to the short voltage pulse. Tonic and elec-
tronic conduction must be studied theoretically and experi-
mentally in the type of highly disordered materials that
result from neutron irradiation of the first wall.

INTRODUCTION

Insulators for fusion reactors must tolerate considerable abuse.
Among the most severe requirements are those imposed on the first-wall
insulator of theta pinch reactors. The types of problems resulting from
the imposition of severe ijonization, thermul, and electrical stresses on

such an insulator can be illustrated by using the specific example of

II-531
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the first-wall insulator in the Reference Theta Pinch Reactor (RTPR).
Since it is practically impossible to simulate realistically the insu-
lator environment without first building the RTPR, it is particularly
important to illustrate the extent to which knowledge from other re-
search can be used to define and simplify the problem.

In the reference design of the RTPRl, a 0.03-cm insulator must with-
stand 105 V/cm during a 10_7 sec imposion-heating pulse. Soon there-
after, it is exposed to an ionizing dose of 7 x 107 rad at a dose rate
of 7 x 108 rad/sec during the 0.l-sec thermonuclear burn. It is also
subjected to 9 x 1015 fast neutrons/cm2 at the same time. During the
exposure, it also undergoes a temperature excursion from ~1000 to ~1300°K.
It does not have to retain any insulating properties during this expo-
sure. However, 10 sec later, it must withstand the electrical stress of
the implosion-heating pulse again. At that time, the residual ionization
dose rate is probably down to "2 x 104 rad/sec.

A very important factor in the insulator's response is the degree to
which its original structure may be rearranged by displacements and trans-
mutations produced by the neutron exposurs and radiolysis produced by the
ionizing dose. The obvious effects on the structural integrity of the
insulator will not be discussed in this paper. Instead, we will have to
deal with the implications of this disorder for the important electrical
properties.

Acceptable 1limits to the electrical conductivity of the RTPR insu-
lator during impolsion-heating can be derived from various criteria.
Since the thermal load on the insulator is already considerable, {t would
be desirable for the exira heating due to joule heating in the insulator
to represent only a small incrsment. A 0.03-cm-thick layer of conductiv-
ity, o, exposed to 105 V/cm for 10—7 sec undergoes energy deposition of

W= 103 4] J/cms. This corresponds to a 1% increment on the radiation and

2

thermal load for ¢ = 10°° mho/cm. A slightly more severe criterion is

that a negligible fraction of the electrical energy delivered to the im-

3 mho/cm

plosion coil be consumed in the insulator. A value of ¢ £ 10~
appears satisfactory. Actually, it appears possible to assure a much
smaller value, say o < 10_6 mho/cm, as long as certain conditions are

met in the disordered insulator,
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We consider the following six mechanisms by which insulator conduc-
tance could be cxcessive:

1. Icnization-induced conductivity due to the delayed ioniz-
ing dose rate.

2. Delayed conductivity due to thermal release of carriers
(elactrons and/or holes) 10 sec after the intense ioni-
zation pulse.

3. Enhanced electronic conducfivity resulting from the high
state of lattice disorder.

4. Enhanced ionic conductivity resulting from the high state
of the lattice disorder,

Electrical breakdown by an electronic mechanism,

6. Electrical breakdown by a thermal mechanism.

It is important to appreciate the degree of lattice disorder that
results from the neutron exposure alone. If the insulator were AR,03,

each pulse would produce 5 x 1017 displaced atoms/cms, 3 x 1013 He

atoms/cms, 2 X 1013 H atoms/cms, and 4 x 1013 other transmutations/
cm3. Integrated over a year's operation at 0.1 pulse/sec, the impurities
amount to a few parts per thousand, and the displacements amount to each
atom being displaced on the average ~30 times. Of course, operation at
a temperature near 1000°K will ensure sufficient atomic diffusion that
a considerable amount of annealing, including recrystallization, can
take place. On the other hand, this same diffusion can lead to gas bub-
ble formation which is very deleterious to both mechanical and electrical
properties of the insulator. '

- We will now discuss in order each of the foregoing mechanisms, apply-
ing the knowledge that exists in an attempt to scale across the gaps that

separate existing data from the RTPR insulator conditions.

IONIZATION-INDUCED CONDUCTIVITY DURING DELAYED IONIZATION

The immediate effect of exposure of an insulator to ionization radi-
ation is the generation of electron-hole pairs at a rate proportional to
the dose rate. A portlon of the carrier pairs may undergo geminate re-
combination, The remainder, while they are free, contribute to the con-

ductivity by an amount Acg, where
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Ao = €y (nun + pup) .

where n and p are the electron and hole densities and L and up their
respective mobilities. Immobilization of these carriers can occur by a
number of mechanisms, including:

1. Electron-hole recombination,

2. Trapping at defect sites,

3. Escape from the surface (e.g., into an electrode).
In practical insulators, the second process is the dominant effect. In
this case, the electron and hole densities during irradiation at a dose
rate ¥, which generates K free electron hole pairs per unit dose, are

n= kY Y Atn/vn p = kY Y l:p/vp s

where Vo and Vp are the thermal velocities, and Atn and Atp are the mean
free paths before trapping for electrons and holes, respectively. It is

important to note that Atn and At may be functions of the accumulated

p
radiation exposure. For example, A__ will tend to increase as defects

tn
serving as electron traps become occupied with electrons, and will tend
to decrease as hole traps become occupied with holes, thereby becoming
available for electron trapping (the second step in trap-assisted recom-

bination). Therefore, during irradiation,

b A nooA
Ao = e. K ¥ _htnp tp]
0y vn vp

Using the relationship

A

=05
H v

o

>

2

where m* is the effective mass and AS is the mean free path before scat-

tering, and also

we derive
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We can place a reasonable upper limit on this conductivity. At room
temperature, (colkoT) = 40 V"l. I1f we assume no geminate recombination

and that ~13 eV is required per electron-hole pair in material of den-

sity 2 g/cms, then KY = 101‘5 cm'a-rad-l. At room temperature, phonon-
7

c

induced scattering alone produces AS =7 x 107" em. If we assume a very

pure insulator with a trap density of 1016 cm'3 and a trap cross section
of 10—15 cm% At = 0.1 cm. 1In this case, Kc =6 X 10_13 mho-sec/rad-cm.

As expected by this formulation, insulators exhibit an ionization-
induced conductivity proportional to dose ratez. The magnitude of the
proportionality constant, Ko' decreases with increasing disorder in the
insulator, as shown in Table 1, and K_ can change to either smaller or
higher vaiucs with accumulated doscs’ .

We can cstablish another upper limit on the ionization-induced con-
ductivity by assuming that the rate of carrier removal is at least as

fast as the electron-hole recombination rate. In this limit,
n=P=VKY?/a s

where a is the electron-hole recombination coefficient. A reasonable

estimate for a is deduced by the Debye relationship

o
@

where € is the dielectric constant (assumed to be 5 X 10'13 F/cm) .
This effectively establishes the recombination rate by assigning each
oppositely charged pair a capture radius at which the attractive poten-
tial equals kOT.

In the RTPR application, high-temperature operation will decrease
the term (eo/kOT) by a factor of 3, will decrease AS by enhancing phonon
scattering, and will probably increase At slightly by promptly depopulat-
ing shallow traps by thermal excitation. We can then derive estimates of
the conductivity at y = 2 X 104 rad/sec from various arguments:

1. From an upper limit based on electron-hole recombination

only:

g << 1076 mho/cm .
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2. From an upper limit based on pure insulators estimates

of At and As:

o << 1078 mho/cm .

3. From the largest K0 observad in pure organic insulating

crystals:

o << 1078 mho/cm .

4, From Kc typical of disordered materials,

o 51012 mho/cm .

For the RTPR application, even the first limit is satisfactory.
For other applications, some of the other arguments may have to be
applied. When none of these suffices, it may be necessary to measure
KG on a highly disordered sample of the insulator material,

This argument does not apply to the contribution to the conductance
of any gas bubbles in the insulator. Since the gas in the bubbles is
likely to be a non-attaching species such as-He, the electron and ion
mean free path at low dose rates can be very long, leading to a high
ionization-induced conductivity. In the case of He at a pressure of P
atmospheres at temperature T°K, we can place an upper limit on the cur-
rent, I amps, through a bubble of area A cmz, and thickness a in cm, by

assuming that all electrons and ions generated within the volume move

to the walls:

1n-8 P .
1 =10 -,IvyAa.

For the RTPR application, if the entire insulator thickness of 0.03
cm were helium gas at 10 atm pressure and 1000°K, the apparent conduc-

tivity at E = 105 V/cm would be
c=71\-/E=3x10-17*'(.

This is also negligible.
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DELAYED CONDUCTIVITY DUE TO THERMAL RELEASE OF CARRIERS

After the end of the exposure of an insulator to an ionization pulse,
the insulator frequently exhibits a delayed conductivity. Tts magnitude
is much less than the conductivity during the pulse, but it may persist
for a time varying with the insulator from fractions of a microsecond to
many hours. Studies of relatively pure crystals, such as MgQ, have con-
cluded that the delayed conductivity is due to the thermal release of car-
riers from traps4’s In this case, each component of the delayed conduc-
tivity (associated with a particular trap jonization energy Ei) depends
approximately exponentially on time with a lifetime t that varies with

temperature, as

o« exp(-Ej/kOT)

in Mg0O, such a dependence is observed® for a 1.2-eV trap extending
over a factor of 107 in T,

In irregular insulators, such as polymers, fitting delayed conduc-
tivity to exponential decays usually results in a spectrum of lifetimes.
These do not obviously have an exponential dependence on 1/T, but such a
dependence can be masked by the multitude of trap levels. Attempts to
fit the decays to a hyperbolic dependence on time are also unsuccessful,
because the fit works only over a limited range in conductivity6. Very
recently, the roughly logarithmic dependence on time of the conductance

across Si0, films grown thermally on silicon has been interpreted by

attributing to the holes a very low mobility resulting from hopping with
a range of jump distances. (Continuous-time random walk with electric
field and planar boundaries7; CRTW model.)

Using a trap model with thermal excitation, we can again establish
an upper limit on the ijonization-induced conductivity at late times (e.g.,
10 sec for RTPR). Assume that there exist Nt rrap levels with ionization
energy Ei and electron capture coefficient a, . If the electron density

is n, the rate of capture of eiectrons is o, n Nt(l-fT), where fT is the

t
fraction of the traps occupied by electrons. Detailed balance arguments
also predict that the rate of thermal excitation from the trap level is

o, Ny Nt fT’ where n, is the density of carriers in the conduction band
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when the equilibrium Fermi level is at the trap (e.g., fTe = 1.2). With
only this trap level, the electrons will continuously be thermally excited
and retrapped and the delayed conductivity will be constant at a value
determined by the initial dose and the trap ionization energy. This con-
ductivity could be very large and very persistent. However, there exists
at least one inescapable means whereby electrons are removed permanently
from this cycle: recombination with the holes that were formed with the
electrons during the ionization pulse. Whether these holes remain free
to move or are trapped, the condition for net charge neutrality is that
their density equals the density of free plus trapped electrons. Assuming
the rate of recombination is slow compared to the rate of electron trap-

ping, we can write the equations:

a, T Nt (l-fkg = a0 Nt fT s

d(fTNt + n)

dt =-o.n(fp N,

where o is the electron-hole recombination coefficient. The solution to

these equations approaches, for late times when f& << 1,
n+1/a_t .

This result is independent of the trap level density or energy. Effec-
tively, if the clectrons are all free, they recombine along the hyper-

bolic curve

=
I
|
+
Q
-t

If they spend only a fraction, F, of their time out of the trap, the
recombination rate is slowed by the factor F but the density of the elec-
trons contributing to the conductivity is also only the fraction F of

the total unrecombined electron density.
Therefore, we can assert that an upper limit to the conductivity at

late times after an intense ionization pulse independent of dose and inde-

pendent of trap spectrum is:

Ao < €, u/ar t = gft .

D L

ST
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For the RTPR first-wall insulator, t = 10 sec and we find Ac < 5 x
107" mho/em.  This is clearly negligible.

The CTRW model7 is more difficult to evaluate. Assuming that perma-
nent trapping is not important, we have to compare the diffusion of car-
riers during a 10-sec waiting period with the possible drift during a
10°7~sec period under a 105 V/em electric field. Actually, the CTRW model
predicts an effective mobility that decreases with time. We can again
cstimate an upper limit to the conductivity by assuming a constant mobility.

During the l10-sec recovery period, the V7 x 1020 carriers/cm3 formed
during the burn can diffuse to the insulator walls. If diffusive loss is

to be small, the diffusion constant, D, should be such that
Vb_t' =VTO—[)<< 0.03 cm

or
D << 107 en?/sec .

The Einstein relationship then predicts that

3

<< 4 x 107 cmZ/V—sec .

The conductivity is then

3

0 =¢e, np << 1.6 x 10_19 (7 x 1020) 4 x 107 << 0.4 mho/cm .

0
This limit is too large to be acceptable.
If diffusion is significant, the average density in the 0.03-cm layer

after 10 sec will be
n = ng exp[-DT/(0.0S)z] .
The conductivity is then

¢

0 2y 2n
o =5 D N exp[-Dt/(0.03)°]

This has a maximum value at t = 10 sec of
o < 0.02 mho/cm ,

which occurs at D = 10'4 cm2/sec. It is still too large.
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The only recourse is to put a lower limit on the density of deep traps
(too deep to be thermally ionized during the 10-7~sec pulse), required to

ensure that the conductivity is unacceptable. Assuming a conductivity of
10-4 mho/cm is acceptable and the worst-case D = 10'4 cmzlsec, the free
carrier density must be reduced by a factor of 2000 by trapping during a

- . - 7
10-sec period. Observing that D = 10 4 cm™/sec implies an average jump

frequency of 1011 sec-l. we find that the untrapped carrier density will

decrease by 8 e-foldings at a fractional deep-trap density of

Nat 8 ST
R § R =10,
a 10 sec x 10 sec

where th is the trap density and Na is the tota! density of atoms. It is
very unlikely that any pure insulator crystal exists with such a low deep-

trap concentration, let alone a disordered one.

ELECTRONIC CONDUCTIVITY IN DISORDERED LATTICE

The electronic conductivity in non-crystalline materials has been
described in recent literatures. The traditional theory of electronic
conductivity in crystals is based on the band model of solids. Since
the concept of long-range order was involved in tihe development of the
band model, its direct application to highly disordered materials was
questionable.

In a crystal possessing long-range order, some electronic wave func-
tions extend over many lattice sites. There are a number of such wave
functions with almost a continuum of energy levels., This is the basis
for a band of allowed energy states, There is a direct connection
between the degree of localization of the wave functions, the spread in
energy of the associated energy states, and the effective mobility of the
carriers. fLocalized wave functions imply a narrow band and low mobility.
In the limiting case of an electron tightly bound to one atom, it is immo-
bile and the corresponding energy level is discrete.

The modei of carrier mobility undergoes a corresponding transition

from the ordered to the disordered crystal. When the wave functions have
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large extent, the mobility can be evaluated from the concept of z scat-
tering mean free path. When the wave function is more localized, it is
better described by a hopping process whereby the electron effectively
tunnels from one lattice site to another.

It is observed experimentally that irregular (e.g., amorphous) mate-
rials can have good insulating properties (e.g., polymers, dielectric
liquids), can have mctallic conductivity (e.g., liquid mercury), or can
behave as semiconductors (e.g., chalcogenide glassas). It appears on
theoretical grounds that whether a material is conductive or insulating
depends on the ratio UO/J, where U0 is a measure of the electrostatic
potential fluctuations from one iattice site to the next, and J is the
band width. J is alsc proportional to the overlap integral of the Ham-
iltonian multiplied by wave functions centered on adjacent lattice sites.
When the wave functions are very localized, J is small and the material
tends to be insulating.

It is apparent that the electronic conductivity in a disordered RTPR
insulator at operating temperature will depend strongly on the specific
material and its equilibrium state of disorder. On the average, the dis-
order tends to increase the interatomic spacing, which tends to decrease
J. Similarly, disorder tends to increase the potential fluctuations, UO.
Both of these changes tend to drive the material toward the insulating
state. However, these factors could easily be overcome by pseudo-chemical
changes that might produce longer-range wave functions. For example, any
changes of effective ion valence that would leave over a considerable den-
sity of metallic atoms couldlincrease the overlap integral, J, enough to
produce metallic conduction. ‘

The important point of this argument is that the electronic conduc-
tivity of the RTPR insulater is strongly affected by its state of dis-
order. It is mecessary but not sufficient for the insulator to have
acceptable elactrical propertieés in its undamaged state. It is very
likely that an insulator can be selected whose electronic conductivity

will not increase (will pirobably even decrease) as a result of radiation

disordering.
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IONIC CONDUCTIVITY IN DISORDERED LATTICE

As distinct from electronic conductivity, in which electronic charge
(negative or positive) is moved from one lattice site to another, ionic
conductivity is produced by the motion of a charged atom between lattice
sitesg. Since the atcm is massive, its wave function is always localized
and the process can be described in classical terms. Effectively, two
conditions must be satisfied for the ion to mcve and contribute to the
conductivity:

1. An adjacent site must be avzilable (i.c., occupied bv a
vacancy.
2. Random thermal energy fluctuations must enable the ion
to surmount the potential barrier (if any) between the
site it occupies and the adjacent site.
As a result, in a pure crystal the ionic conductivity depends on tempera-

ture approximately as

o « exp[-(E_ + E)/k;T] ,

where EV is the energy to form a vacancy and Em is the barrier height to
overcome for vacancy motion. In heavily irradiated material, there is
likely to be an adequate supply of vacancies due to irradiation and the

conductivity will probably depend on
0 = exp[—Em/koT] .

This situation is also observed in alkali halides with divalent cat-
ionic impurities which probably produce an equal density of cation vacan-
cies to maintain charge neutralityg. Furthermore, since the avefage den-~
sity of heavily irradiated material is less than for pure material due to
disorder, the activation energy for motion, Em’ is likely to be decreased
by the damage (a2t least for those vacancies that find themselves in local
strain fields due to displacement disorders).

The point of this discussion for the RTPR insulator is that relevant
studies of ionic conductivity must be performed on materials in which at
least the proper equilibrium concentration of vacancies is reproduced,
and probably also requires a simulation of the effect of the strain fieids

associated with radiation-induced disorder. Experiments on ionic
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conductivity in relatively pure materials (purc from the structural view-
point) would placed only lower limits on the conductivity, and these lim-
its could be many crders of magnitude less than the magnitude experienced

under RTPR conditions.

ELECTRONIC BREAKDOWN

Electronic breakdown in an insulator is assumed to be the result of
regenerative changes in the electron (and possibly hole)} distribution func-
tions, but does not require fSE.iEE onset any change in the atom lattice.
Of course, the eventual result may be a permanent, thermal-induccd defect
in the lattice.

Electronic bhreakdown requiresloz .

1. A supply of electrons (assuming electrons are more mobile

than holes), and

o

A means whereby the motion of the electrons under an applied
electric field increases the supply of electrons.

The supply of electrons can be within the bulk of the insulator or
the cathode contuct. ‘In either case, they can be provided by normal ther-
mal excitation (thermal equilibrium carrier concentration in bulk, ther-
mionic emission from the cathcde)} or field emission (from shallow defect
levels in the band gap or from the cathode).

The most obvious means of increasing the supply of electrons is by
electron-impact ionization. When the electric field is sufficiently high,
a small fraction of the electrons can gain encugh energy to be able tu
produce a secondary electron-hole pair (or perhaps to ionize a defect
level). Assuming that the resulting hole or ion is immobile, one direct
consequence of the jonization is that the electric field between the hole
and the cathode is increased, and between the hole and the anode is
decreased. Therefore, the next electron is more likely to produce an
ionization event closer to the cathode. If field emission from the
cathode is the source of electrons, the emission rate will also be
increased.

The available data on the thickness dependence of electronic break-
down appears to favor the combination of field emission from the cathode

enhanced by the space charge from electron-impact ionization as the
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dominant process for films of thickness between 10™° and 10_1 cm.  Recent.
data on 10™>-cm films of sio,

should be noted that this mechanism implies a delay in achicving brecak-

on Si strongly support this vicwll. It

down near threshold, since sufficient positive space charge is built up
to enhance the cathode field.

The possible modification of this model for porous materials must be
considered. If the electric field of 105 V/em is impressed across a bub-
ble, it will certainly create an avalanche in the gas and deliver high-
energy electrons to the insulator wall., The bubble need only have dimen-
sions of ’\alD'4 cm for the electroa to gain sufficient energy in the bubble
to produce an ionization event on impact with the wall.

It is also important to note that breakdown rarely occurs uniformly
over the area of a sample. Once the conditions for an instability are
satisfied at one point on the sample, thec current tends to focus on that
point.

The relevance of this discussion to the RTPR insulator is that any
porous structurc of the irradiated insulator may have a significant effect
on its breakdown field. The disordercd nature of the solid is likely only
to have a beneficial effect in shortening the electron mean free path in
the solid, thereby decrecasing its chances of gaining sufficient energy
from the field to cause an ionization.

There is an alternative model of electronic breakdown depending on
having a shallow band of immobile stateslo. It is important to avoid

materials in which such a mechanism appears.

THERMAIL BREAKDOWN

Thermal breakdown is an instability in which the energy deposition
by current raises the lattice temperature. which in turn raises the
energy deposition. Again, once the onset of the instability is achieved
at one point on the surface, there may be a tendency for the current to
become filamentary.

High temperatures tend to promote thermal breakdown because the
ionic conductivity is exponentially dependent on temperature.  Short
pulses make thermal breakdown less important since the temperature rise

depends on the produce of energy deposition and time.
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It is reasonably clear that the limitations discussed in the Intro-
duction (i.e., temperature rise $3°K at operating temperatures near
1000°K) should make thermal breakdown a negligible phenomenon for the
RTPR insulator. This is a direct consequence on ‘the short voltage pulse
and occurs in spite of the high operating temperature. This also implies
that dc or long-pulse breakdown data are irrslevant for the RTPR insu-
lator, since at these temperatures such data are dominated by thermal

breakdown.

CONCLUSIONS

The potential problems with the electrical characteristic of irra-
diated insulators in fusion reactors, such as the RTPR, can be evaluated
by using data and theories derived from a variety of disciplines includ-
ing transient ionization effects, photoconductivity, amorphous semicon-
ductors, alkali halides, etc. It appears that ionization-induced con-
ductivity will not be a problem with the RTPR first-wall insulator. As
long as the chemical species are chosen to avoid a general valence change
upon irradiation and gas bubble fomration is minimized, electronic con-
ductivity and electronic breakdown will probably be acceptable even after
irradiation disordering. Thermal breakdown is never expected to be a
problem due to the short applied voltage pulse. lonic conductivity rep-
resents a major uncertainty. It is clear that it will be augmented by
vacancy introduction during irradiation. Relevant studies of this phe-
nomenon must address the highly disordered material resulting from the

equilibrium between radiation disordering and high-temperature annealing.
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Table 1
RADIATION-INDUCED CONDUCTIVITY IN SELECTED INSULATORS
ial o . = g/y —ho/cm
Class Material T (°0) k = a/y rad/sec Ref.
Crystalline AL,0; (sapphire) 25 7 x 10714 3
Inorganic Mg 25 5 x 10-15 2.4
800 8 x 10717
510, 25 2 x 10716 12
Polvcrystalline $i0, (Suprasil) 25 6 x 10714 13
Inorganic $i0, (std. grade) 25 2 x 10718 12
AL,0; (Lucalox) 25 6 x 10717 2
Glass (Corning 0211) 25 1 x 107V 12
BaTiO; (ceramic) 25 1 x 10718 18
Organic PTFE (Teflon) 25 2x 10718 14-16
Polymer 70 5 x 10~18
H-film 25 ax 10719 14
Mylar 25 6 x 10717 12
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