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Abstract

This paper reviews the results to date in the area of radiation en-
hanced deformation using beams of light ions to simulate fast neutron
displacement damage. A comparison is made between these results and those
of in-reacLor experiments. Particular attention is given to the displacement
rate calculations for light ions and the electronic energy losses and their
effect on the displacement cross section. Differences in the displacement
processes for light ions and neutrons which may effect the irradiation creep
process are discussed. The experimental constraints and potential problem
areas associated with these experiments are compared to the advantages of
simulation. Support experiments on the effect of thickness on thermal creep
are presented. A brief description of the experiments in progress is pre-
sented for the following laboratories: HEDL, NRL, ORNL, PNL, U. of Lowell/
MIT in the United States, AERE Harwell in the United Kingdom, CEN Saclay in
France, GYK Karlsruhe: and KFA Jlilich in West Germany.
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Introduction;

Simulation of irradiation creep means creep measurements during
charged particle irradiation to simulate creep processes which are. induced
or influenced by the neutrons in a nuclear reactor.

While damage production by charged particles, like electrons or heavy
ions is already a rather common technique, the simulation of mechanical
property changes has recently emerged as a promising approach to the fun-
damental understanding of irradiation creep processes as well as a tool for
screening candidate structural materials. Actually, creep experiments under
charged particle irradiation preceded the in-reactor experiments |1-3|, but
as these and other early attempts (4-71 were only intended to study basic
properties of creep rather than to simulate the behavior of reactor materials,
they will not be discussed here in more detail.

From an experimental poi'.nt of view, irradiation creep simulation poses
certain constraints on the charged particles used. Light ions (p, d, 3He, a)
of energies between nbcut 4 and 100 MeV are the most practical choice, and
have been used in the recent experiments. Therefore, in the following we
will confine our discussion to this range of energies and particles.

In this paper we discuss the general experimental procedure, the recent
results and the basic similarities and differences between light ion
irradiation creep and neutron irradiation creep. These are compared on the
basis of the displacement processes, energy losses and experimental restric-
tions.

Displacement Calculations

The number of disp.l accments per atom (dpa) is a widely used measure for
comparing the exposure to different particles in simulation experiments. The
displacement rate, K [dpa-se-c"1 ], divided by particle flux * [part j cles/m2-sec],
(this ratio is also called the displacement cross section, a,) is derived by the
following equation:

T (E)
m

dT

d

where do^/dT is the differential cross section which gives the probability
that a lattice atom receives a recoil energy T from an irradiation particle
of energy, E. For light ions dc?d/dT is given over a wide range by the
Rutherford cross section:

---

idT

= 6.5 x 10 ^ • ^1 • Z2

T 2 [ e V ]
(2)

where Z\, Z?, and Mj, Mj_ are atomic numbers and weights of particles and
target, atoms, respectively. v(T) describes the number of atoms displaced per
primary recoil of energy T nnd is calculated according to a generally |8|
accepted procedure using a modified Kinchin-Pease (KP) |9| model:

V , O)

where O dens'!" i bos the t\l ec Iron ir losse;; of the t;ir;;el atoms as ral ciliated
from tiu1 I.iiuliiarfi theory | 1 0 j > and T, it, the .ivernj'.o ciispl.aivment energy
ill|. Finally in equation (1), Tj is Lhe minimum tliro.slni.ld energy for cli.s-
]il .'H'cir.eiu and T is the m.i x i inuni energy ;i part icle can transfer t:o a tnrgot
at on.
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Fig, 1 Damage efficiency,£, as a
function of cascade size for
electrons (Q) |12|, light ions (S)
i ; J ' , thermal neutrons (O) 14|,
f;:. t neutrons (©) |l4|, and self-
ior.s (A) |l3|. The dashed curve
corresponds to a thermal spike
model. The solid line includes
thermal annealing process, using
Eq. (4), for the cascade model
shown in Fig. 2. In this case
T, = 1.4T,, [ill and f = 0.28
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Recent evaluations of low temperature data showed systematic deviations
from the calculated v (T) . These •'-visions can be described by inserting
an efficiency ractor, t, into equate . (1), wiiich is given in Fig. 1 for Cu as
a function of v for electron |l2(, ion (13J and neutron (l4( irradiation.
It can be shown that these reduced efficiencies in low temperature experiments
can be explained quantitatively by the self-annealing during cascade evolution
according to a thermal spike model j15| (dashed line in Fig. 1).

On the other hand, simulation creep experiments are done at high temper-
atures, where the defects are mobile and thermal annealing processes after
cascade formation will further reduce the number of defects which eventually
will produce irradiation creep. This efficiency factor, which could be obtained
from computer calculations on casca. •>. annealing |16|, can be estimated in a
simplified model by calculating the rraction of interstitials which succeed in
escaping their own cascade. This escape probability is zero fr>v a certain
fraction, f , of the defects produced (so-called close pairs), while the more
distant interstitials have the probability 1 - r./r for escape, whe"e r. is
the instability raduis for interstitials of the vacrmcy-rich cascade-core,
and r is the average distance at which the interstitials are irititally stabilized
(Fig. 2). Including the. shrinkage of the cascade during the anne.alinp,, one
obtains:

ri 3/2
S - (1 - f ) (1 - 2/3 — ) (4)

P

Fig. 2 Schematic view of the
vacancy-rich Lore (radius rc)
of a cascade surrounded at an
average distanceX by the inter-
stitials. The instability radius
rj of the core for interstitials
is rc + r0, where ro is the in-
stability radius of a single
vacancy.



By inserting experimental values for the radii,* the solid line in Fig. 1 is
obtained. Fig. 3 shows the displacement cross section, a,,, as a function of
the upper integration limit T m for £ = 1 (dashed line) ana for the calculated

mhigh temperature efficiency given in Fig. 1.
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Fig. 3 Displacement cross
section for 14.3 MeV protons
and for a fast fission neutron
spectrum calculated allowing no
cascade annealing' (-• - -) and
calculated using the damage
efficiency shown by the solid
line in Fig. 1 ( ) . The
differential cross sections
for the protons and the fast
fission spectruin were taken
from Ref.|49| and 150
respectively.

Three major differences between the damage structure obtained by charged
•particle versus neutron irradiation are derived from Fig. 3:

i. The cascade efficiency £ reduces the number of escaping inter-
stitials by a factor of about 3 for the protons and by 5 in th3
neutron case. This reduced dpa rate should be used, when comparing
irradiation creep results to the theory; it gives the charged
particle a somewhat higher relative efficiency for inducing creep
compared to the neutrons.

ii. During the proton irradiation, most of the defects are produced
in low energy cascades which are probably too small to form stable
vacancy clusters nnd eventually loops. This may cause differ-
ences in the evolving microstructure, the influence of which
is expected to be small in the SIPA model |22|, but should be
important if preferential loop nucleation is the dominant creep
mechanism |23, 24|.

iii. The small bumps at the end of the curves for protons come from
recoil processes involving nuclear reactions. These make only
small contribution to the total a, for the charged particles, but
are appreciable for neutron damage evin at much lower energies.

It is a shortcoming of all simulation techniques that the important
consequences of nuclear reactions are almost missing. These are:

i. transmutation (alloying effects, phase instabilities)

ii. hydrogen and especially helium production (embritclement, void

nucleation).

Only the second point can be reasonably simulated, e.g. by homogeneously
(and if possible, simultaneously) injecting helium by using an energy
degrader or second accelerator.

r. = r where r. r ,
i\~ 1.3Cr, .°(v ) 1

di f h T h i

is the radius of the vacancy-rich core of the cascade
17-13 1, r - iuteraton;ic distance], and r is the

radius of the in.-u ah j! i t y volume around a vacancy [r ~ .-.-, *-.
i" - r + >., where \ is the average distance between the interstitials nnd

| 2 0 j ];

the core surface, [ >. ss 3.8 r 121.) ].



Energy Losses

So far the irradiation particles were treated as monoenergetic.
Actually, charged particles suffer appreciable energy degradation when
passing through matter. For the ions and energies of interest this is de-
• scribed by the nonrelativistic Bethe-Bloch formula f 25|:

— dE ,Mev -
kg

- ] ~ 14.3 h. £n[220
M2

.(5)
E[Mev]

Integration of this equation up to the mass-thickness K C [kg/m^], of the
specimen can be accomplished by replacing E in the slowly varying ln-term by
E(0), the incident particle energy. This gives the beam heating power, Pt
produced in the specimen by a given beam current I [jA]:

PB[W] = fECO) - E(<Q) ) • I = E(0) • {I -f 1 - J k (^-)- ) X / / I .1 (6)

PR,

_o_
E(0)

P is shown in Fig. 4 by the dashed curves for 14 MeV protons and 28 MeV
alpha particles. This heat generatijn can place restrictions on the specimen
thickness, beam currenf and/or minimum temperature of these experiments.

Since the displacement cross section Is to a good approximation
inversely proportional to the energy (Eq. (2)). the decrease in energy with
penetration into the specimen leads to an increase in displacement rate across
the sample thickness:

(K)

0,(0)
= 1-

2K

E(0)

-1/2
(7)

This is shown, also, in Fig. 4. The inhomogeneous displacement rate limits
the sample thickness to avoid significant inhomogeneities in damage and, for
a loaded specimen, stress. In foils the initial linearity in K of equation
(7) predicts fairly homogeneous damage in specimenf; of thickness up to about
half th'j particle range, >-"R, when the specimens are intermittantly rotated.
The particle range is approximated by:

M2 v3/2n-
K [kg/m2] x 0.0105 — . — H'llli (8)

1/2 Z2 Z2'3

In samples of nonuniform thickness, like wires or tubes, more complex
analysis and manipulations would be necessary 26|.
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Fig. 4 Calculated electronic
energy losses for 28 Mev alpha
particles and 14 Mev protons given
interms of beam heating power, Pg,
and change in displacement cross
section versus thickness or mass
thickness,<.



Sample Thickness Effects

From the abovo it is clear that thin specimens must be used in these
experiments. With this limitation in thickness there arises a question of
the validity of mechanical behavior where surfaces or surface effects may be
important. The two major concerns are:

i. The interaction of dislocations and grain boundaries with the

surface.

ii. The importance of surfaces in the chemical interaction with the
environment, and the effect of this interaction on mechanical
behavior.

It was shown recently ]271 that stainless steel foils match the tensile be-
havior of bulk material at ror.n temperature as long as the thickness
exceeds about three grain diameters. Similar results on other materials
may be found in Ref. |28J.

Only a very few thermal creep experiments on thin specimens have been
reported. One of these studies again demonstrates the requirement that grain
size be several times smaller than the minimum specimen dimension |29|. In
recent experiments a Fe-Ni-Cr alloy showed at 695°C a pronounced effect of
thickness [27|, which was attributed to surface oxidation. Annealed Ni foils
|30| and 20% cold-wcrked 316 SS (this work) showed, at slightly lower
temperatures, neither influence of thickness nor of a pure He environment on
i;i>e thermal creep rate (Fig. 5).
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T

Fig. 5 Thermal creep rate after
about 170 hours as a function of
thickness for 20%CW 3.1.6 SS in
vacuum and in helitim; specimen
grain size is < 10 urn.
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Experimental Constraints

Besides the above mentioned constraints on sample thickness, there: are
further constraints on the; experimental parameters which apply not only In
simulation, but to all Irradiation creep experiments:

i. The creep rate caused by the irradiation should be at least of the'
same order of magnitude as the thermal creep rate, to be separable,
As the thermal creep rate strongly increases with temperature,
while irradiation creep dots not, this may set an upper limit lo
the irradiation temperature.

ii. Tin"1 creep race mi:::!, exceed th-- obsrrw; Li en linif of the ap;;.i r;i t us.
This is n: inir i I y deturnii neel by (he available"1 lhn>-' and !))•• DVei.il!
temperature .stability l<< avoid changes in :;pecii".en length bv tliern..
expansions. For example, in r, lain i es:; steel ;i change; in spec??-.en
temperature- of \°C e-.iuyes an elongation corresponding to n «-»vep



strain achieved after ^ 50 hours in a fast reactor, when the
sample is loaded at 138 MTa (20 ksi). Both these requirements and
the desire to shorten the experiment time favor a high displace-
ment rate, which naturally has an upper limit, set by the maximum
beam current of the cyclotron and by the rate of specimen heat pro-
duction, which for a given cooling rate will set a lower limit to
the irradiation temperature.

Results and Current Experimental Efforts

Table 1.
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Irradiation creep measurements using light ion beams have been per-
formed or will soon be performed at the laboratories listed in Table 1, which
also lists t|ie few experimental results to date. Data have been reported for
stainless steels, nickel, zirconium and zircalloy-2. The first experiments
at ANL in 19^2 were performed at high stress on 304 and 316 SS |3l|. Some
preliminary results on Ni were i sported by U. of Lowell, 1321; these experi-
ments have recently been revived on zirconium-base alloys |33|. Hendrick,
et. al. |34| performed a series of experiments on Ni. The most extensive
results have been generated at AERE Harwell, in which Ni 135 j, 321 SS ]361 ,
Zr and Zircalloy |37|have been studied. Some very recent work at HEDL j38j
and KFA JiiJ.ich: 1391 was done on 316 and 316L SS.

Several co'mmon features are observed in these experiments. First a low
(1.0 to 2.0) stiress exponent is observed. In the instances where the stress
exponent exceeds unity, the applied stress values were fairly close to or
exceeded the yield strength. Second, the Harwell results demonstrate and
the NRL results are consistent with a linear flux dependence of the
irradiation creejp rate at dis,. 1acement rates "u 10" 7 to 10~6 dpa/sec. Also,
a low temperature dependence in the creep rate of 321 SS is observed,
under conditions where thermal creep contributions are small. One other
feature has beer} noted in experiments on 321 SS |36|; there is a significant
recoverable or anelastic strain component, having a linear stress dependence
and a logarithmic time dependence.

Discussion

Insufficient information exists at this time to fully evaluate the
potential of light ion irradiation as a simulation technique for neutron
irradiation creep. However, the small temperature dependence and essentially
linear stress dependence of the creep rate, G, induced by light ions allows
us to use the quantity EU / ( K O ) [dpa~5]> where a is the uniax.ial stress,
U is the shear modulus and K iti the displacement rate, to compare creep rates
for stainless steels •Irradiated by light ions and by fast neutrons (Fig. 6).
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Fig. 6̂  Normalized irradiation creep
rate, cp/aK, versus dose for stain-
less s-eels irradiated with light
ionsnnd neutrons; a = Ref. \31\.
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It is seen, that at present simulation experiments extend only to doses below
'̂  0.2 dpa, which have been inaccessible to in-reactor experiments due to
their limited resolution. Fig. 6 is consistent with an extended tran-
sient region at low doses in which the creep rate decreases rapidly with dose.
This transient behavior was observed in uniaxial stress experiments in the
reactor |40| and is included in current design equations |4l|. It should be
pointed out that the only reported experiment on prc-irradiated material,
304 SS irradiated to ^ 3 dpa |3l|, exhibits a value of cv/aK which is only
about a factor of 2 above the uniaxial neutron results j 40, 42-44|. This
factor is quite consistent with our estimates regarding the higher efficiency
factor for light ions.

The advantages of simulation over instrumented in-reactor experiments
are ones of experimental versatility and economics. Instantaneous infor-
mation is available in either case, but the strain resolution is higher for
the simulation experiments due primarily to the better temperature control.
This makes simulation especially useful for investigating transient effects
or strain recovery as pointed out recently |42|. Further simulation work
must extend to higher doses to clarify the importance of possible differences
in the damage niicrostructure evolving from light ion versus neutron
irradiations.

Another factor to be considered for simulation experiments using
cyclotrons is the pulsed nature of the damage given by the high frequency
(typically ^ 10 7 sec""*) operation of the cyclotron and any lower frequencies
which are sometimes used for beam scanning or rastering. On the other hand,
dose rate effects are assumed to be small, since in simulation creep only
slightly higher displacement rates than in fast reactors can be used, due to
the problems of specimen cooling and the need for damage homogeneity,
mentioned earlier.

From the standpoint of economics, it appears that simulation experiments
have advantages over instrumented in-reactor experiments. While the operating
costs of a creep rig in a fast reactor are estimated to be about half
of the operation costs at a cyclotron, the slightly higher dpa-rates
(factor 1-5), the one to two orders of magnitude higher strain resolution and
a slightly higher duty factor of the equipment in a cyclotron experiment (due
to the easier access and lower activity) should give the simulation an
appreciable integrated advantage in time and cost. The costs for cyclotron
use can be reduced drastically by using in-reactor pre-irradiated specimens.
A subsequent simulation creep experiment allows instantaneous and accurate
measurements of stress, temperature and displacement rate dependencies on
materials at varying fluences. Possible transient effects associated with
an undeveloped structure would be avoided.

Conclusions

In conclusion we may say that

i. Experiments using light ions to simulate irradiation creep arc

feasible, and give self-consistent results.

ii. Irradiation creep by light ion irradiation shows the same

phenomonologj oil features as neutron results and the presently
limited results are at least not inconsistant with neutron data.

iii. The limited thickness (25-200|iin) poses no demonstrable problems
in siiauJ at i n;' bulk mechanical behavior at normal re.ic.tor



iv. The high resolution and versatility makes simulation especially

suited for the study of transient and strain recovery processes.

•v. The use of pre-irradiation specimens in simulation experiments may be
the most reasonable and most economic way to screen a large number
of materials for their creep-resistance under irradiation.
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