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TJHE EFFECTS OF [IMPURITY TRAPPING ON
IRRADIATION-INDUCED SWELLING AND CREEP

L. K. Mansur and M. H., Yoo
ABSTRACT

A general theory of the effects of point defect trapping
on radiation-induced swelling and creep deformation rates is
developed. The effects on the fraction of defects recombining,
and on void nucleation, void growth and creep due to the
separate processes of dislocation climb-glide and dislocation
climb (the so-called SIPA mechanism) are studied. Trapping
of vacancies or interstitials increases total recombination
and decreases the rates of deformation processes. For fixed
trapping parameters, the reduction is largest for void nuclea-
tion, less for void growth and creep due to dislocation climb-
glide, and least for creep due to dislocation climb. With this
formation, the effects of trapping at multiple vacancy and
interstitial traps and of spatial and temporal variation in
trap concentrations may be determined. Alternative pictures
for viewing point defect trapping in terms of effective re-
combination and diffusion coefficients.are derived. It is
shown that previous derivations of these coefficients are in-
correct. A rigorous explanation is given of the well-known

-~ numerical result that interstitial trapping is significant only
if the binding energy exceeds the difference between the
vacancy and interstitial migration energies, while vacancy
trapping is significant even at small binding energies. Cor-
‘rections which become necessary at solute concentrations above
about 0.1% are described. Numerical results for a wide range
of material and irradiation parameters are presented.

1. INTRODUCTION

The earliest experimental studies to discover the characteristics
of irradiation-induced void swelling revealed that impurity and alloy
additions in a meta) strongly affect its propensity to swell. It was
soon hypofhesized that trapping of point defects'by solutes could
fncrease the fraction of vacancies and iﬁterstitials undergoing mutual

recombination and thus reduce the fraction flowing to voids [1]. The



development of this concept has been the subject of several recent
papers [2—6]. Somewhat later the conceptually separate effects of changes
in void capture efficiencies for point defects and the consequent changes
in swelling due to solute segregation at these sinks were studied [7,8].
Both mode; of impurity action are now known to be important.

Towards the long-range goal of incorporatingvboth modes of impurity
actién into a unified picture, the purpose of the present paper is to

develop a comprehensive theory to describe the effects of solute trapping

upon radiation-induced defdrmation processes. Derivations are given
together with results based upon computations using parameter ranges of
interest.

Section 2 describes the formulation of the problem. Included are
alternative pictures for viewing the effects of point defect trapping
using effective diffusion and reqombination coefficients. Corrections
to the theory which become necessary at higher solute concentrations are
described. Results for wide ranges of temperature; dose rate, dose,
solute content and solute binding energy are presented in Section 3. In
Section 4 the paper concludes with a summary and discussion of implica-

tions for experimental work with suggestions for further development.

2, THEORY

The equations describing conservation of free point defects [9]
must be generalized to include point defect trapping. This is accomplished
by the straightforward logic of subtracting and adding terms corresponding
to trapping and recombination at traps, and release of point defeéts from
traps. Additionallequations describing conservation of the new entities,

trapped defects, are also required.



2.1 General Rate Equations

- The general system of equations governing point defect conservation
is given below.

Free Vacancies
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In the above equations, the‘summations extend over the £ = 1,2, ..., p
types of traps. Similarly, the following equations apply to each of the

L =1,2, ..., p types of traps.

Traps (concentration in general a function of position and time)
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Trapped Interstitials
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The left-hand sides of all these equations represént the time rates
of change of the corresponding concentratioﬁ. The first terms in.Egs. (1)
and (2) describe diffusion and drift of free poiﬁt defects due to the
presence of disc?ete sinks such as free surfaces, the G's describe produc-
tion of point defects'by radiation and thermal emission from sinks, and
the terms in t”! describe release of point defects ‘from traps. The
remaining four terms in Eqs. (1) and (2) describe point defect ]9$ses
due to recombination with opposite free defects, oppogite trapped
defects, trapping at impurities and absorption at sinks. Equations (k)
and (55 describe conservation of trapped defects generated by trapping
reactions at impurities and lost through release due to detrapping and
by recombination with opposfte freevdéfects.

Subscripfs i and v dénote fnterstitials and vacancies. ci,v
denotes the concentration of free interstitials, vacancies. These equa-
tions allow for trapping of both interstitials éﬁd vacancies at -
multiple traps. Thus, for example, C;Z denotes the population of
trapped interstitials at trap type %, the concentration of whfch
is denoted by CE. An obvious analog notation is used for vacancies.

R = hnro(Di + Dv) denotes the recombination coefficient of free vacancies
with free interstitials, where rg is the radius of recombination volume
and D denotes diffusion coefficient. Symbols of the type Rfk = hwfizDv )

or va = hnrvzbi denote the recombination coefficient of free vacancies

with trapped interstitials at trap type &, and free interstitials with



trapped vacancies at trap type %, respectively; rg and L denote the

corresponding radii of the recombination volumes. ~The mean time a defect
is trapped at trap type % is d = (b2/00 b m

p typ is denoted by Tag (b /Dq) exp[(EaQ + Ea)/kT]
where o denotes i or v, Dg is the pre-exponential of the diffusion coef-

ficient [Da = Dgexp(—E:/kT)], b is the order of an atomic distance, Ebi
o

is the binding energy of the point defect at the %-th type trap, E™ is
a
the point defect migration energy, k is Boltzmann's constant, and T is

absolute temperature. We obtain the pre-exponential, b2/D0, by realizing
: o

that when EZ + 0 then t approaches the time for an ordinary diffusion

step, b/(D/b). Kyg = hwrvzbv and Kig = lmrmDi denote capture coef-

ficients similar to recombination coefficients. These describe capture

of a free vacancy and of a free interstitial, respectively, at trap type %.

rVZ and riz

In the terms of the type containing Kyg the concentration difference

are the capture radii of the trap type & for the point defects.

(Cz —-C;l —-C}Z) appears. This accounts for the fact that the fraction
CGQ/C; + CEQ/CE traps of ‘type & are already occupied by vacancies and
interstitials and hence not available as traps for free defects. This
feature also accounts for the fact that a given trap may have a binding
energy for both vacancies.and interstitials but(wou)d not trap both simul-
taneously, since when one is trapped the site is then a recombination

center. Ka is the rate per defect for absorption at all internal sinks

such as voids, dislocations, dislocation loops, etc. (i.e., Ka = ZKi,

J
where j represents each individual type sink).

We solve Egs. (1) through (5) for the free vacancy and interstitial
concentrations, CV and Ci, by methods to be discussed later. Once having

these, the void nucleation and growth rates and the irradiation creep



rate may be determined by using the relationships summarized below.
First, however, we describe alternative. pictures for viewing the effects
of trapping in the following three sections.

For simplicity we ignore spatial and time derivatives in Eqs. (1)
through (5), corresponding to a quasi-steady state far from discréte
sinks, and consider only one vacancy and one interstitial trap.

Equations (1), (2), (4), and (5) become

G, + 1l ¢ —RC.C, —CR.C,=Cx (ct=cC =cCi)=KeC =0, (6
\ 1 v v i1 vV VvV .~V

\% v I, vV Vv

6+ Tl O] mREC, = CRE, = G (€5 - € —cf) — ke =0, (D)
¢k (cF —c - ¢;) —tjle; —CcRC =0 (8
Coei (e —c, —¢;) —7le; —cR,C: =0 (9)

2.2 Alternative Form

If we add Eq. (9) to (7) and Eq. (8) to (6), we obtain

C, —~ ci'(ncv + vav) —K.C, =CRCi =0 (10)
6, — ¢, (Re, + R.CT) — K,C, = C;RC =0 . (1)

These equations describe conservation of the total (free.plus trapped)
populations of interstitiéls and vacancies, respectively. Smidt and
Sprague [2], taking C7 = 0 since they did not consider trapped inter-
stitials, used the equivalent of Eqs. (10), (11), and (8) to study the

effects of vacancy trapping on void nucleation.



2.3 Effective Recombination Coefficient .

Substituting into Eqs. (10) and (11) the expressions for cs in

terms of o and C;‘in terms of CV given by Eqs. (8) and (9), we obtain

6, —RTcco—kcC =0, (12)

G, - ref c,c, —KCc, =0, (13)
where

Ref =R + (Ct 7_C; —-C;] RvaTv + Rik%iTs ] (14)

1+ 1 C.R 1+ 1.C R.J
viwv v

Equations (12) and (13) are identical to the conservation equations

with no point defect trapping [9], except that Ref now appears rather
than R.* This effective coefficient, hqwéver, is a function of the free
and trapped p&int defect populations and thus we have at best only intro-
duced a simplification over Eqs. (6) throuéh (9) in our mental picture
but not in the mathematical solution. This type of simplification was
pointed out by Koehler [4] and Okamoto et al. [5] in their treatments

of trapping at immobile traps. However, their effective recombination
coefficient expressions corresponding to éﬁr Eq. (14) are incorrect.
This stems from their neglect of the lést‘¥erms.i;.our Eqs. (8) and (9),
though they include them in their free defect equations corresponding to
our Eq;. (6) and (7) [cf. Eq. (29) in ref. 4 and Eq. (8) in re%. 5].

In Fig. 1 the ratio of the effective recombination coefficient

given by Eq. (14) to that given in ref. 5 is plotted for interstitial

"0f course the free defe?t concentrations, C; and Cy, are also
different. Thus the ratio R®'/R alone does not measure the increase
in the number of defects recombining in the matrix.
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Fig. 1. The ratio of the correct effective recombination coeffi-
cient with interstitial trapping to that obtained by neglecting the

recombination of trapped interstitials with free vacancies versus
temperature.

trapping. It can be seen that when trapping is important refs. 4 and.5

significantly overestimate the effective recombination coefficient.

2.4 Effective Diffusion Coefficient

In a similar spirit we may visualize an effective diffusion coef-
ficient. Here the diffusivity of the entire population of defects,

trapped plus free, is characterized by an effective diffusion coefficient,

ef

D™, although only free defects are moving and these with the usual

diffusivity, Di or Dv' Then, by definition,

_ nef -
p.c. =0 (c, +c¢7) ,

(15a)

and



_ nef . ’
pc, =0 (c,+¢c) . . (15b)

Using these equations together with Eqs. (8) and (9) gives

ef t . - | .

Dy = D./(1 + k. (CT =t —¢)/(1 + T.CRI) (16a)
ef t . .

Do = Dv/(l + T (00— - Ci)/(l + TvCiRv))' ) (16b)

The effective diffusion coefficient. picture was invoked by Schillfng
and Schroeder [3]. However, their effective diffusion coefficients are
incorrect and correspond to replacing the terms in parentheses at thé
end of Eqs. (16a) and (16b), with unity. As in refs. b and 5, this again
amounts to neglecting recombination between free defects and the opposite
trapped defects, the third terms in Eqs. (8) and (9), the trapped defect
conservation equations.

In Fig. 2 the ratio of the effective diffusion coefficient given
in ref. 3 to that given by Eq. (16a) is plotted. Clearly when trapping
is important the previous results significantly underestimate the effec-

tive diffusion coefficients.

2.5 Asymmetry in Effects of Interstitial and Vacancy Trapping

In results to be preéented later it is found that vacancy trapping
with binding energies of the order of Q.l’eV is'effective in reducing
swelling, but that interstitial trapping is effective only when the
binding energy is greater than the difference between vacancy and inter-
stitlal migration energies, n1.2 eV for nickel using the parameters we
have adoptedt This result may be anticipated by the following argument

based on effective diffusion coefficients. Considering only interstitial
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Fig. 2. The ratio of the effective diffusion coefficient of inter-
stitials with interstitial trapping obtained by neglecting recombina-
tion of trapped interstitials with free vacancies to the correct
effective diffusion coefficient versus temperature.

-

trapping (rv =ro= C; = 0] and adding Eq. (9) to (7), Egs. (6) through

(9) become simply
G, —RC.C —CRCI—KC =0 3 (a7

G, —RC.C —CR;C —- KC, . - (18)

I
o

By definition R = lmro(Di + DV) and R' = hwrlDV. For simplicity take

ro n Fye if rg # r. the conclusion still applies though the exact form

of the equations changes slightly. Equations (17) and (18) can then be

rewritten
G, — bmrg D.C.C —hmrg DC (C. +C7) —K.C, =0 (19)

G, — bmrg D.C.C— hmrg D C, (ci + C’i) — KL,

]
o
—_

N

o
~
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or using definition (15a)

6, —R(c; +¢j) c,—KcC, =0 ; (21)

6, —R°(c, +¢c7) ¢, —KC, =0 ; (22)
where

- ef ’

R™ = l"\’ro(Di + DV) . . (23)

Gi and Gv are the generation rates of free defects, but this is negligi-
bly different from the generation rate of total defects for solute
concentrations X0.1% (see our later dfscussion of higher order effects).
Similarly, the sink loss rate terms of the form Kici describe losses of
total (free plus trapped) defects to the sinks since we have assumed
that the trapped defectslare immob%le. Thus, Egs. (21) and (22) are the
correct expressions for conservation of the total interstitial and
vacancy populafions. These are similar to the conservation equations
with no traps [9], except that R“ replaces R or equivalently D?f-replaces
Di in those equations. Thus, any result based én the formulation with
no trapping will be correct in the presence of interstitial trapping if

the diffusion coefficient for interstitials, Di,'is now replaced with DTf.

However, from Eq. (16a) we see that D?f

is approximately proportional to
Di exp (—E?/kT) =.D? exp[— (ET + E?)/kT]. Thus, unless E? + E? abproaches
Ec, we may replace D with zero in Eq. (23). This results in no effect

of interstitial trapping and justifies our previous mention of the

ef%ect of interstitial trapping on temperature shift with dose rate

in terms of effective diffusion coefficient [9]. This is because when

we can neglect Dv in comparison to D?f, then D?f cancels out of the

expressions for void formation and temperature shift [9].
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2.6 Swelling and Creep

Based on the extension of classical nucleation theory to an irradia-
tion environment developed by Katz and Wiedersich [10] and by Russell (1],

we may derive the following expressions (8]

7

n-1 13 zV(z)Dvc

A6 (n) o T in v M ; (2h)
0=1 l(g' + ])1/3 [ZV(Q + ])Dici + ZX(9.+|)DVC$(2)J

2(672q) /3 p c2
v Vv

M= . . . (2
= exp[aG(n)/kT) =~ (25)

n=1 n1/3 7 (n)

In these equations AG(n) is the free energy of formation of a vacancy
cluster containing n vacancies and M is the nucleation rate (i.e., the

number per unit time of vacancy clusters that grow past the critical size).

2V

?

denotes the capture efficiency for interstitials or vacancies of a
void contafningln‘vacaﬁcies.

fhe gfowth of voids or interstitialvaislocation loops is described
by thé net flux of vacancies or interstitials. The expresgions may be

written as fbllows (9]

dr : '
v v v
FTo ?%’ 2,(r) Dv[cv" Ce(rv)] -z(r,) chi[ ' (26)
dr
T o - B[, —es)]) @

where Fy and r_are the void and. loop radii, and Q denotes atomic volume.

Cs[rv) = Cs exp[—-(p —iégj Q/kTJ | | | | (28)
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is the thermal equilibrium vacancy concentration near a void of radius

v with a surface free energy y and containing a gas at pressure p.
e = e _ 2 .
co(r) = ¢, exp[ (vg+E) a /kT] (29)

is the thermal equilibrium vacancy concentration near an interstitial
loop of radius L where Ye is the stacking'fault energy, EL the elastic

energy, and a denotes a lattice dimension.

Cs Q! exp(Sj/k) exp(—Ei/kT) h (30)

is the bulk thermal vacancy concentration where Ss and Es are the entropy
and energy of vacancy formation.

There are a number of proposed mechanisms for irradiation creep.
Two mechanisms giving order-of-magnitude agreement with experfmental data
have received more detailed attention recently. Since thesé two mechanisms
may act simultaneously and show different dependen;es on.parameters of
‘intérest, we shall investfgate the effects of imburity trappfng on both.
Stress-induced preferred absorption (S1PA) [12—14] results from the induced
inhomogeneity interaction between a point defect and a dislocation. This
inferaction varies‘with the orientatipﬁ of the dislocation Burgers
vector with respec£ to the applied skress direction® and results in a
greater flux of.point defeﬁfs to fhose dislocations having Burgers vec-
tor§ near parallel to the stress direction. This éan be e*pressed in

terms of the free defect concentrations Ci and CV as [15]

o201 (,.d _d
¢ =5 (az7 p,c. =2z, D C ) (31)

“"For clarity, we consider only simple tensile stresses in this
paper.
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where € is the strain'rate; L is the dislocation density, and AZ? or Azs

denotes the difference between the capture efficiencies for point defects
of dislocations with Burgers vectors parallel and perpendicular to the

applied stress direction and can be approximated by
(1 + v)ub av,

2
3(1 —v) 2w/2n[2Rd// P Q)kTV ] € Vi,vai,v

az8 = : , (32)
Vv 2r (1 + V) av, '

where v is Poisson's ratio, Ry = (vL)~1/2 | is the shear modulus, b
the Burgers vector, AV the relaxation volume, € the applied strain
equals o/E where o is the applied stress and E is Young's modulus. V°

is the effective inclusion volume of the defect and

_ 1500 + v) Ay,
v TS =) w20k = 5v) u

v

where Au is the difference in shéér moduli of the matrix and the effec-
tive modulus of the point defect. |

The climb-glide mechanism for irradiation creeﬁ [15,16] may he
superposed on the SIPA contribution. Thi; mechan;sm Qould operate only
if there were other sinks such as voids in addition to the climbing dis-
1ocationslto allow an asymmetrical parfitioning of point defects between
types of sinks. The excess interstitials absorbed at dislocations would
then enable them to climb past an ohstacle which would otherwise have
allowed only a limited bowing out in the slip plane; The creep rate by

this mechanism is described by

D
Vv

¢ = (nL)1/2 ea'?-[z‘ijoici — 7 (c, - cj)] (33)
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where the Zd are average dislocation capture efficiencies for point
defects. Note that the climb-glide creep rate is proportional to the
void growth rate since the net excess of vacancies going to voids [Eq. (26)]
must just equal the net excess of interstitials going to dislocations
[Eq. (33)] ff these are the only sinks.
To complete the picture we must include diffusional creep whicﬁ will
be important at high temperatures and results from the different probabil-
ities of emission of vacancies from dislocations oriented parallel and

perpendicular to the applied stress axis.

\J

2aL b ¢z
= vV V
9 [

e#p(cQ/kT) —-I] . - (34)

2.7 High Solute Concentrations

As the solute concentration exceeds the order of 0.1%, Eqs. (1)
through (5) or (6) through (9) become only approximate, with the degree
of approximation becoming worse as the solute ;oncentration is increased.
To illustrate, we write the form to whlch Eq. (8) reducés~]n the absence

of radiation

Cv t e , '
E—e—— = TVK‘V(.C - CV ) ] . (35)
v
where Cs is the thermal vacancy population trapped on vacancy traps and

Cs is the free thermal vacancy population. However, it is possible to

independently determine the correct ratio of trapped to free vacancies

from equilibrium statistics [17].
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For fcec metals,

e” t f b f b :
c, =12¢ exp(Sv/k) exp .V/k) exp[—-(Ev —-Ev)/kT] (36)
and
e - e’ t e’ .t f f
c, = [sz b—co —12¢ (v —c®/c )] exp(S,/k) exp(—£/kT) . (37)
f f . b
Here Sv and EV are the entropy and energy of free vacancy formation, Ev

is the vacancy binding energy to the trap, and SS is the change in

t

entropy due to binding. It is obvious from Eq. (36) that Ci «<Cif

ES X 0.5 eV, i.e., even with a rather high vacancy binding energy, since
£f is 21 eV in nickel and other metals of interest. Under this condi~
v p : _

tion Eq. (35) may be written

and we take the ratio of Eqs. (36) to (37) assuming SS/k << 1.

c 12 o ¢t exp(ES/kT)

o
Y_ = ) , (39)
e . .

v

c (1 —12ctq)

Comparing the correct expression (39) to the approximate expression
(38) and recalling that T, = —%% exp[(Ec + ES)/kT] and K, = QﬂerS
exp(—E?/kT) we may establish thit (38) is equivalent to (39) (12
= hnrvbz) except that the factor (-2 ct Q) is missing from Eq. (38).
Thus, if ¢t o 0.1%, then Eg. (38), or as aAéonsequence, the sets of
Egs. kl) through (5) or (6) througg (9), are }naccurate by apﬁroximatel;
1%. By including this édditional factor %or site exclusion, we could
extend the range of validity of the trappihg model to cover sévéra]

percent solute if no additional corrections were necessary.
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Recently, however, Brailsford and Bullough [6] have found that
effectively the trapping radius Yve ©Ti g must be corrected upward for
higher solute concentration by a factor (1 + k’r). This multiple-sink or
correlation correction would result from the interference of the diffu-
sion fields of the traps, if such traps were diffusion controlled. We
may approximate k‘by\ﬂﬁﬁizl for vacancy trapping on one type of trap.
Taking Feo 10-8/cm and Ct‘m ]on/cm3, the correction factor is approxi-

mately 1.03. This correction is larger than the site exclusion correc-

tion discussed above although of the same order of magnitude.

2.8 Methods of Solution

Numerical methods have been employed to solve for the concentrations
of point defects using Eqs. (6) through (9) or their corresponding gener-
alized forms, Eqs. (1) through (5). Then, from Egs. (24) through (34)
the void swelling and irradiation creep behavior are determined.

For studying the effect;'of vacancy and interstitial trapping
separately, the set of Egs. (6) through (9) reduces to three simplified
equations. These can be combined to yield a cubic equation for Ci or Cv

Forlvacancy trapping for example (ri =r. = CE = 0) we obtain

3 — t _ - 2
KiRiRy Cf * [RRiTv(Gv 6;) + KRRyt + KRy (€7 = c7) + KER]Ci

* [RiKvTv(Ct _'C;) * R](Gv —'Gi) * KiKv _-GiRiTva ¢; =6 = 0

(40)
i . at . g : .
Where CV/C << 1, the difference [Ct —-C;) in Eq. (40) can be
. t
approximated by C°. Under these conditions Eq. (40) can be solved itera-

tively for Ci using Newton's method. Once having Ci’ then CV and C; can be
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obtained from Eqs. (8) and (7). Figure 3 shows C://Ct <<1 for typical
reactor and ion bombardment conditions.

ORNL-DWG 77-15716
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Fig. 3. The fraction of traps occupied for vacancy trapping at
typical charged particle and fast reactor dose rates and temperatures
versus binding energy. Under these conditions, the fraction of traps
occupied is small even at high vacancy binding energies.

More powerful numerical methods have been used to solve the more
general set of conservation equations [(1) through (5)] by extending the
numerical method developed earlier [18]. These techniques are of partic-
ular advantage when the surfaces of a thin foil or ion bombardment spec-
imen must be taken into account, when the effects of multiple vacancy
and/or interstitial traps are to be considered or when the fraction of
occupied traps is not negligible. The general method ig described
elsewhere [19],

The cumulative void swelling and creep strain may be determined

by numerical integration accomplished by computing the C's (as- above),
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computing the corresponding deformation rates, allowing the microstruc-
ture to change at these rates for a short time increment, and then re-

computing the C's in response to the new microstructure and so on.

3. RESULTS

The effects of point defect trapping utilizing two measures of
interest will be presented. These are the effects upon the fraction of
point defects undergoing recombination in the bulk, and ultimately upon
void nucleation and growth and irradiation creep. For the results dis-
cussed in this section, the parameters used are nominally those for
nickgl. In the cases considered, the largest vacancy binding energy is
0.5 eV and the largest interstitial binding energy is 1.7 eV. The
results for these energies and for no trapping form an envelope which
is expected to give reasonable upper and lower limits for the Eossible
effects of point defect trapping. Table | gives the parameter values
used in all of the calculations unless stated otherwise on the figures
or in the figure captions. The values of\the remaining parameters neces-
sary for these calculations are given on the’figures.

Figure§ L, 5, and 6 show the fraction of defects recombining in
the matrix, i.e., not bging removed at sinks, as functions of tempera-
ture, dose rate, and solute concentration. In Fig. 4, the results for
two different sink strengths, 1010 e¢m™2 and 5 x 101! ¢m™2, are shown
corresponding roughly to pure nickel and cold-worked stainless steel at
moderate doses. In addition to illustrating the effects of point defect
trapping these curves also show that even at low reactor dose rates,
point defect recombination would be important for pure nickel. Figure 5

shows the effects of trapping on point defect recombination with dose rate
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TABLE |

Parameter Values Used in Obtaining Results Given in the Results Section.
Additional parameters required and any changes in the parameters of this
table are indicated on the figures themselves.

Parameter Value
Sink strength, cm™2 ‘ 5 x ]010
Vacancy diffusivity, cm?/s 1.4 x 1072 exp(—1.38 eV/kT)
Interstitial diffusivity, cm2/s ‘ 8 x 1073 exp(—0.15 eV/kT)
Dislocation-interstitial preference, 1.1/1.
29/2¢
Y
Generation rate, dpa/s 103
Impurity concentration, atom/atom 10-3
Equilibrium vacancy concentration, cm™3 0.91 x 1023 exp(1.5)
exp(=1.4 eV/kT)
Surface free energy, ergs/cmz* 700
Injected/generated interstitials 4L x 10™*

*The void nucleation rate is sensitive to the value of the surface
free energy. For values significantly higher than 700 ergs/cm? the
nucleation rate obtained is too low to reproduce the 10!% to 1015
voids/cm3 usually observed in ion bombardment experiments. |t is ,
believed that such low surface energies are physically more realistic

as discussed in ref. 8.
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Fig. 4. The fraction of defects recombining versus temperature
(i.e., not absorbed at sinks) with no point defect trapping and with
ejther vacancy trapping with Eb = 0.5 eV or interstitial trappinhg with
E? = 1.7 eV. Two different sink strengths are considered, 5 x 1011 em”
corresponding to heavily cold-worked material and 1010 ecm™2 correspond-
ing to annealed material after moderate radiation dose.
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Fig. 5. The fraction of defects recombining versus dose rate with
no trapping and with either vacancy trapping at Ey = 0.5 eV or intersti-
tial trapping at Ej = 1.7 eV. For a given temperature, at higher dose
rates the difference in the fraction recombining with and without trapping
becomes smaller since nearly all recombine even without trapping at high
dose rate. '
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Fig. 6. Fraction recombining versus solute concentration with no
frapping and with either vacancy trapping at Ee = 0.5 eV or interstitial
trapping at 1.7 eV. Results for both typical charged particle and fast
reactor dose rates and temperatures are given. Trapping becomes effec-
tive at smaller solute concentrations and produces a larger increase in
the fraction recombining at reactor conditions.

for a temperature of 600°C and sink strengths of 5§ x 1010 c¢m™2, Above
~3 x 107> dpa/s, . point defect recombination is the dominant mode of loss
even without point defect trapping. The effect of point defect trapping
is. to increase this further. Figure 6 shows that the change in fraction
recombining with increasing solute concentration is more pronéunced at
reactor conditions than at charged parti?le conditions,
Figures 7, 8, and 9 display the effects of point defect trapping

on void nucleation, void growth and the dislocation climb (SIPA) mecha-
nism of irradiation creep. The results are shown in Fig. 7 for the free
energy of void nucleation, with the corresponding nucleation rates given

in the figure caption. Figure 8 gives the results for void growth. The
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Fig. 7. The effect of impurity trapping on the free energy of void
nucleation. Upper curves are for vacancy trapping and lower curves for
interstitial trapping. The nucleation rates calculated from the curves
are given below (in nuclei per second) as a function of binding energy
in eV: ' '

=0, 1.5 x 1012, E, = 0.3, 2.2 x 1011,

v ¢ ina: | Eb
acancy trapping: [ E 0.4, 6 x 102, £_ = 0.5, 1.8 x 105;

b b
Interstitial t . (Eb = 1.25, 1.4 x 1012, E, = 1.4, 8 x 1011,

nterstitia rapping. - 9 2 5
, E, = 1.6, 2.9 x 109, E =1.7, 3.5 x 10°.

In a typical ion bombardment experiment, voids will not be observable
below nucleation rates of ~1010 g71,



24

- 11,
(x10 ) ORNL-DWG 77-11696
3 T T -
VACANCY £ (ev)
TRAPPING
0 -]
® 2 .
i
~
£
[8)
3
N
©
| _
[0}
3 T I
INTERSTITIAL E£°%(ev)
TRAPPING 0125 _
g2l .
U
~
£
s L i
S
N
s
' _
1.65 _l
/////,.?\
0 { ~—~— N\
500 600 - 700 800
7 (°C)

Fig. 8. The effect of impurity trapping on void growth rates.
Upper curves are for vacancy trapping and lower curves for interstitial
trapping. The parameters used here are given'in Table 1 except that the
dislocation interstitial preference is taken as 1.01/1. This reflects
the fact that void growth takes place at higher doses than void nué¢lea~
tion where dislocation denslties are generally in network rather than
loops, and thus the dislocation interstitial preference is expected to
be lower.
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Fig. 9. Ratio of dislocation climb creep rate with vacancy trapping
with E = 0.5 eV to that without trapping versus solute concentration for
typical fast reactor conditions. Even at this high binding energy the
dislocation climb creep rate is only reduced by a factor of 2 at the
highest solute concentration. Table 2 gives the values of the other
parameters used in this computation.

TABLE 2

Parameter Values Used in Obtaining Results Shown in Figure 9

Parameter ' Value
Stress, dyne/cm? : 10°
Shear modulus, dyne/cm? 4 7.75 x 1011
Poisson's ratio 0.312
Auv , dyne/cm? '0
Au,, dyne/cm? . -7.75 x 101!
Burger's vector, cm 2.1 x 1078
AV, cm3 —5.06 x 10724
av., cm? . 1.4 x 10723
v, em? 5.06 x 107?74

Vi’ cm3 . : Co1.box 10-23
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upper set of curves in each figure displays the effects of vacancy
trapping with the lower set for interstitial trapping.

Both interstitial and vacancy trapping can be seen to produce
strong reductions in swelling. To produce the same reduction in nuclea-
tion or grqwth rate,.the binding energy required for the vacancy is much
less than that for thé interstitial. Indeed, to show a significant
effect the interstitial binding energy must exceed the difference in
migration gnefgies between the vacancy and interstitial, 1.23 eV in these
calculatiéns. ‘The basis of this effect is derived in Section 2.5.

Trappfng reduces both the void nucleation and growth rates, with
the reduction in nucleation rate by far e*ceeding the reduction in growth
rate for a given binding energy. The nucleation rate is decreased with
increases in binding energy due to increases in both the size and free
energy of the critical nucleus.

Figure 9 shows that the reduction in the dislocation climb creep
rate increases with increasing solute concentration for vacanéy trapping
under reactor irradiation conditions. This is entirely due to the reduc-
tion in free interstitial concentration since AZS in Eq. (31) vanishes
with the parameter values used here. The physiéal meaning here is that
there is no preferred absorption of vacancies regardless of the orienta-
tion of the dislocation Burgers vector with respect to the stress axis
using the parameters of Table 2. Thus, the creep rate is directly propor-
tional to the free interstitial population and hence less sensitive to
trapping than is irradiation swelling which depends on both free inter-
stitial and vacancy concentrations. With other parameter values there

might also be a preferred abéorption of vacancies, though to a smaller
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extent than for interstitials. The climb-glide creep rate, Eq. (32), is
diréctly proportional to the void growth'réte. Its proportionate reduc-
tion with trapping follows that shown in Fig. 8 and thus a separate
figure for it need not be included, |

The foregoing has illustrated thé effects to be expectéd based upon
trapping at a single‘type of trap as functions of temperature, dose rate,
solutg concéntration and binding energy. With these concepts we now
turn to more complex situationsf Consider first the infinite medium
containing traps for both vacancies and interstitials. Figures 10 and 11
show the predicted swelling as fﬁnctions of dose and solute concentration,
respectively, for nickel using the parameters given in Table | and on the
vfigures. The résults are shown for combfned interstitialvand vacancy
trapping as well as for interstitial or vacancy trapping. For the bind-
ing energies f]lustrated, which correspond to moderately strong trapping,

it is fopnd that the combined trapping leads to less reduction in swelling

than would be expected by taking the products of the fractional swellings
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for the cases of separate vacancy and interstitial trapping. ‘HoweVer, for

cases of weak trapping, e.g., Es = 0.1 and E? = 1.3 (not shéwn), it has
been found that the fractidnél swelling for‘the combined casé approki—
mately equals the products of the fractional swellings for separate
vacancy and interstitial trapping. By fracfional swelling, we mean the
ratio of sweliiﬁg with trapping to éwellihg with no trapping. This
result is expected intuitively since for weak trapping the entire reduc-
tion in swelling is quite small, and so each trap is operating on a sys-
tem which is only slightly different from the system with no traps énd
will reduce swelling by roughly the same fraction as if no other traps
were present.

Consider now the case of'heavy-inn'homhardment where the ion is
chemically difFerent from the spequen. If there is a binding energy
between th; implanted ion and vacancies or inters;itials, this will

represent a case of spatially and temporally dependent trap density. In

addition, the point defect generation profile is spatially dependént,

3 T T 7T T TTTT 77T
x
2 Fig. 11. The swelling at
3 10 dpa versus solute concentra-
3 tion, for no trapping, vacancy
2 . b 5 trapping, interstitial trapping,
S (= T ATRSeV £,0 and combined vacancy and inter-
o —— EP=15ev, £7=03eV o stitial trapping.
T = 500°C
B DOSE=10dpa « . : -
DOSE RATE = 10" dpa/s
0 Pl L rag laing

5]
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Figure 12 shows the calculated 5wefling ag functions of dose and position
for this case. The defect generation and ion injection profiles are
éhown in the top part of the figure; the middle and bottom portions of
the figure show the swelling at 10 and 100 dpa, respectively, for ho
trapping, trapping with a constant and uniform distribution of traps and
for trapping by the'injected ions. As expected, the swelling peak with
injectea traps is moved toward the surface where there are no injected
traps, while the other swelllng curves peak near fhe point defect
production peak. Of course the parameters chosen are only for illustra-
tion. In particular, the injected -ion profile is identical to that for

4 Mev Ni++ in nickel. However, the result that the swelling peak may shift
substantially from the point defect production peak should be taken into

account when bombarding with dissimilar ions. We add parenthetically that
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a similar shifting of the peak in swelling may occur even when bombarding
with specimen metal ions based on the injection of these ions as extra
interstitials. The basis of this effect is derived in ref. 20 and the
spatially dependent calculation given in ref. 19. For clarity, the solid
curves in the middle and bottom portions of Fig. 12 do not include the

effect of injected self-ions.:

L, SUMMARY AND DISCUSSION

A general theory of point defect trapping and its effect on void
formation and irradiation creep has been develdped. This theory encompasses
both vacancy and interstitial trapping at a multiplicity of traps and the
effects - of point defect trapping on void nucleation, void growth, and
irradiation creep. The equations also explicity include spatial inhomoge-

neity and time dependence. The relationship to earlier work in this

field is reviewed where necessary. The significance of higher order cor-
rections are discussed. In particular the correction due to exclusion
of sites near traps to free vacancies becomes important when the trap
concentration is of the order of 1%. The traps are described by their
concentration, frapbing radius, capture radius for a frée defect'when
the opposite type defect is trapped, and by their binding energy for point
defects. By varying these parameters, either solute atoms, solute atom
clusters, or precipitates may be included as traps [6,21].

Trapping can be viewed fn terms of effective recombination
orAdiffusion coefficients. »The correct expressfons for these effective

coefficients are given. The general result that vacéncy trapping is
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effective in feducing swelling-and creep at relatively small binding
-eneréies but that intersfitial trapping is only effective if the binding
energy exceeds approximately the difference in the free vacancy and inter-
sfitial migratfon energies can be understood in terms of-effective diffu-
sion coefficients.

| Point defect trapping increases the fractipn‘of defects recombining
in the matrix at the expense of those diffusing to sinks and thereby
decreases the concentration of free point defects.  Of the three processes
considered - void nucleation, void growth, and irradiation creen — trap-
ping is predicted to be most effective in decreasing the void nucleation
rate; relatively low concentrations and binding energiés of traps decreas-
ing the nucleation Eate by at least several orders of magnitude. The
next largest effect of trapping is on void growth rate and to exactly
- the game degree on the climb-glide creep rate. The smallest effect is
on the SIPA dislocation climb mechanism of irradiation creep. The effects
predicted are illustrated primarily as functions of binding energy, trap
concentration, temperature, and dose rate for parameter ranges of interest.

Implications for planning of future experiments and interpreting

experimental results are significant. Cértainly the well-known qualita-
tive relation between increasing solute content and reduction in swelling
is confirmed. For more exact testing of the theory, we need more
detailed experiments with carefully controlled additions of given solutes
at several levels and of solutes with variation in binding energy.
From Figs. 6 and 11 we see, for example, that point defect trapping
even with reasonably large binding energies is expected to have little

effect if the solute concentrations are below about 10 ppm. Thus, if
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the effect of impurities at this level is found experimentally to be
“significant the implication is that.point defect trapping is not the ®
operative mechanism there. Use must be made of the results of more
fundamental work to determine binding énergies. With regard to creep,
the theory predicts less sensitivity to solute content, a trend which
is qualitatively borne out by experiment since many greatly different
alloys do not have ‘widely divergent creep rates [22].  The predicted
limited sensitivity of creep results to trapping calls for even greater

care in planning experiments of this type.
Acknowledgment

We thank Drs. W. A. Coghlan of ORNL and A. D. Brailsford of Ford

Research Laboratory for helpful discussions. .

”



33

References

(1]

[2]
(31.

(4]
(5]

(6]

(7]
(8]

[9]

“[10]
[11]
(12]
[13]
[14]
[15]

" 6]
(17]
[18]
[19]
[20]
[21]
[22]

S. D. Harkness and Che-Yu Li, Proc. 1971 Inter. Conf. on Radiation-
Induced Voids in Metals, Albany, 798 (1972), CONF-710601.

F. A. Smidt, Jr. and J. A. Sprague, Scripta Met. 7 (1973) 495.

W. Schflling and K. Schroeder, Consultant Symposium on the Physics
of Irradiation Produced Voids, Harwell, England, September 9—I1,
1974, AERE-R 7934, 212.

J. S. Koehler, J. Appl. Phys. 46 (1975) 2423.

P. R. Okamoto, N. Q. Lam, and H. Wiedersich, Proc. Workshop on Cor-
relation of Neutron and Charged Particle Damage, June 810, 1976,
Oak Ridge, Tennessee, 111, CONF-760673. s

A. D. Brailsford and R. Bullough, Proc. Inter. Conf. on Properties
of Atomic Defects in Metals, Argonne, l1linois, October 18-22, 1976;
to be published in Jowrnal of Nuclear Materials.

A. D. Brailsford, J. Nucl. Mater. 56 (1975) 7-17.

L. K. Mansur and W. G. Wolfer, Proc. Inter. Conf. on Properties of
Atomic Defects in Metals, Argonne, l1linois, October 1822, 1976;
to be published in Journal of Nuclear Materials. A more detailed
report is available as ORNL/TM-5670 (September 1977).

L. K. Mansur, Proc. Workshop on Correlation of Neutron and Charged
Particle Damage, June 8-10, 1976, Oak Ridge, Tennessee, 6]
CONF-7606673.

J. L. Katz and H. Wiedersich, J. Chem. Phys. 55 (1971) 1414,

K. C. Russell, Adcta Met. 19 (1971) 753.

P. T. Heald and M. V. Speight, Phil. Mag. 29 (1974) 1075.

W. G. Wolfer and M. Ashkin, J. Appl. Phys. 47 (1976) 791.

R. Bullough and M. R. Hayns, J. Nucl. Mater. 57 (1975) 348.

P. T. Heald, Proc. Inter. Conf. on Radiation Effects in Breeder
Reactor Structural Materials, June 19—23, 1977, Scottsdale, Arizona;
to be published.

J. H. Gittus, Phil. Mag. 25 (1972) 345.

A. B. Lidiard, Phil, Mag. 5 (1960) 1171.

M. H. Yoo, J. Nucl. Mater (in press).

M. H. Yoo, L. K. Mansur, and W. A. Coghlan (to be published).
A. D. Brailsford and L. K. Mansur, J. Nucl. Mater. (in press).

R. W. Carpenter and M. H. Yoo, Met. Trans. (to be published).

See, for example, papers in Proc. Inter. Conf. on Radiation Effects
in Breeder Reactor Structural Materials, June 1923, 1977,
Scottsdale, Arizona; to be published.



~ THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



71.
72.
7.
7h.
75.
7.
77.
78.

T CMMC TP IOCRMNCEDCHDECTOMC

35

ORNL/TM-6134
‘Dist. Category UC-25

INTERNAL DISTRIBUTION

Central Research Library 3544,

L. K. Mansur
-Document Reference Section : ks, P. J. Maziasz:
Laboratory Records Department L6. C. J. McHargue
Laboratory Records, ORNL-RC “47. J. Narayan
ORNL Patent Office L8. T. S. Noggle
Bentley o hkg. 0. S. Oen
E. Bloom , .- 50. S. M. Ohr
J. Bradley : : 51. N. H. Packan
N. Braski 52. T. C. Reiley
H. Butler ' 53. M. T. Robinson
W. Carpenter 54, A. F. Rowcliffe
V. Cathcart 556. P. S. Sklad
E. Clausing - 56. J. 0. Stiegler
A. Coghlan 57. D. B. Trauger
E. Cunningham . : 58. J. R. Weir, Jr.
C. Emerson 59. €. L. White
Farrell - ‘ 60.- F. W. Wiffen
S. Faulkner 61. M. K. Wilkinson
Gessel 62. M. H. Yoo
L. Grossbeck 63.- F. W. Young, Jr.
W. Hendricks 64. A. Zucker
R. Hill "65. R. W. Balluffi (consultant)
. A. Horak : 66. P. M. Brister (consultant)
A. Kenik 67. W. R. Hibbard (consultant)
Lee : : 68. John Moteff (consultant)
M. Leitnaker 69. N. E. Promisel (consultant)
B. Lewis . 70. D. F. Stein (consultant)

EXTERNAL DISTRIBUTION

A. Argon, Department of Mechanical Engineering, Massachusetts
Institute of Technology, Cambridge, MA 02139

R. J. Arsenault, Engineering Materials Group, University of
Maryland, College Park, MD 20742

M. Baron, Westinghouse Advanced Reactor Division, P. 0. Box 158,
Madison, PA 15663

J. R. Beeler, Jr., Department of Nuclear Engineering, North
Carolina State University, Raleigh, NC 27607

A. L. Bement, Department of Metallurgical and Materials Science,
Massachusetts Institute of Technology, Cambridge, MA 02139

A. Boltax, Westlnghouse Advanced Reactor D|V|snon, P. 0. Box 158,

"~ Madison, PA 15663

A. D. Brailsford, Ford Scientific Laboratory, P. 0. Box 2053,
Dearborn, M 48120 '

J. L. Brimhall, Battelle Pacific Northwest Laboratories,
Richland, WA 99352



79.
80.

81.
82.
83.
84,
85.
86.

87.
88.

89.
90.
91.
92.
93.
9h.
95.
96.
97.
98.
99.
100.
101.
102.
103.

104,

36

R. Bullough, Theoretical Physics Division, Bldg. B.9, Atomic

Energy Research Establishment, Harwell, Birkshire, England .
L. T. Chadderton, Physics Lab 11, H. G. Orsted Institute, -
University of Copenhagen, Universitetsparken 5, DK-2100,

Copehhagen ¢, Denmark i
J. W. Corbett, Physics Department, State University of New York :
at Albany, Albany, NY 12203

D. deFontaine, Materials Department, UCLA School of Enguneerlng,
Los Angeles, CA 90024

J. Dienes, Department of Physics, Brookhaven Natlonal Laboratory,
Upton, NY. 11973

D. G. Doran, Hanford Engineering Development Laboratory,

P. 0. Box 1970, Richland, WA 99352

A.J.E, Foreman, Mctallurgy Division, UKAEA Reqparch Group, AERE
Harwell, Didcot, Oxon, England

F. A. Garner, Hanford Engineering DeveIOpment Laboratory, P. 0.

Box 1970, Richland, WA 99352 ,

A. Goland, Brookhaven National Laboratory, Upton, NY 11973

P. T. Heald Central Electricity Generating Board, Berkeley Nuclear
Laboratorles, Gloucestershire GL 13 9 rB, England

J. Hillairet, Department de Recherche Fondamentale Centre d'Etudes
Nucleaires, 85 X, 38041 Grenoble Cedex, France

R. A. Johnson, Department of Materials Science, Unnversvty of
Virginia, Charlottesville, VA 22903

W. G. Johnston, General Electrlc, Research and Development Center,
P. 0. Box 1, Schenectady, NY 12301

Adam Jostsons, Australian Atomic Energy, Commission Research
Establishment, Lucas Heights, New South Wales, Australia

M. Kiritani, Department of Material Physics, Faculty of Engineering
Science, Osaka University, Toyonaka, Osaka, Japan

G. Kulcinski, Nuclear Engineering Department, University of.
Wisconsin, Madison, Wl 53706

J. J. Laidler, Hanford Engineering Development Laboratory,

P. 0. Box 1970, Richland, WA 99352

V. Levy, Centre d'Etudes Nucleanres de Saclay, Boite Postale No. 2,
91190 Gif-sur-Yvette, France

Che-Yu Li, Department of Materials Science and Engineering,

Cornell University, Ithaca, NY ‘14850

G. Martin, Centre d'Etudes. Nuclealres de Saclay, Bonte Postale

No. 2, 91190 Gif-sur-Yvette, France

T. E. Mitchell, Division of Metallurgy and Materlals Scuence, Case
Western Reserve University, University Circle, Cleveland, OH 44106
F. A. Nichols, Materials Science Division, Argonne Natlonal
Laboratory, Argonne, IL 60439

G. R. Odette, Department of Nuclear Eng|neer|ng, University of
California, Santa Barbara, CA 93107.

P. R. Okamoto, Materials Science Division, Argonne National
Laboratory, Argonne, IL 60439

W. Schilling, Institut fiir Festkorperforschung der Kernforschung- .
sanlage, JUlich GmbH, D-5170 Julich 1, Postfach 1913, Germany (BRD)

A. Seeger, Max- Planck Institue fur. Metallforschung, Instltue fur .
Physik, D7000 Stuttgart 80, Busnauer Strasse 171, Germany (BRD) ¢

L3}



105.
106.
107.
108.

109.

110.
11.
112.
113.
114,
115.
116.
117-118.

119.
120346,

37

D. N. Seidman, Department of Materials Science, Bard Hall,
Cornell University, Ithaca, NY 14850 ‘

E. P. Simonen, Battelle Pacific Northwest Laboratories,
Richland, WA 99352

F. A. Smidt, Fuels Systems Branch, Department of Energy,
Washington, DC 20545

B. N. Singh, Metallurgy Division, Danish Atomic Energy Commission,
Research Establishment Risd, Roskilde, Denmark

R. E. Smallman, Department of Physical Metallurgy and Science of
Materials, University of Birmingham, P.0. Box 363, Birmingham
Bl5 27T, England

J. A. Sprague, Naval Research Laboratory, Code 6395,

Washington, DC 20375

J. T. Stanley, College of Engineering Science, Arizona State
University, Tempe, AZ 85281

A. Taylor, Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, IL 60439

M. S. Wechsler, Department of Materials Science and Engineering,
lowa State University, Ames, IA 50010

H. Wiedersich, Materials Science Division, Argonne National
Laboratory, Argonne, IL 60439

P. Wilkes, Department of Nuclear Engineering, Engineering Research
Building, University of Wisconsin, Madison, WI 53706

W. G. Wolfer, Department of Nuclear Engineering, Engineering
Research Building, University of Wisconsin, Madison, Wl 53706
DOE, Division of Basic Energy Sciences, Washington, DC 20545

L. C. lanniello

D. K. Stevens

DOE, Oak Ridge Operations Office, P. 0. Box E, Oak Ridge, TN 37830
Director, Research and Technical Support Division

For distribution as shown in TID-4500 Distribution Category,
UC-25 (Materials)





