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Intercomparison of microchemical evolution
under various types of particle irradiation
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The problem of irradiation-assisted stress corrosion cracking (IASCC) in reactor cores is currently being addressed using
different types of particle irradiation (electrons, heavy and light ions) to study the effect of neutron damage. Differences
among the types of irradiation include particle type, temperature, dose and dose rate. In using different types of particle
irradiation, the issue becomes how to determine whether a particular irradiation experiment produces the same effect as
neutron irradiation in terms of a measurable quantity such as the amount of grain boundary depletion of chromium in 304
(Fe-20Cr-9Fe) stainless steel. Results of computer modeling experiments indicate that the expected amount of segregation
is a strong function of displacement efficiency (particle type) and dose rate at constant dose. Charged particle irradiation has
a higher efficiency than neutron irradiation and is generally conducted at a higher displacement rate requiring larger doses
to achieve the same measure of radiation effect. The expected amount of segregation is also a sensitive function of the

proximity to steady state.

1. Introduction

In the 1960s and 70s, heavy ion irradiation was used
for the purpose of simulating neutron damage in sup-
port of the fast breeder reactor program. Ion irradia-
tion has also been used to simulate the effects of 14
MeV neutron damage and simultaneous He injection
in conjunction with the fusion reactor engineering pro-
gram. Lately, another application of ion irradiation to
the study of neutron irradiation damage has come to
the forefront of the reactor community — that of irradi-
ation-assisted stress corrosion cracking (IASCC).
IASCC is the acceleration of the stress corrosion crack-
ing process by irradiation. In a practical sense, the
problem is primarily associated with the accelerated
intergranular cracking process in austenitic alloys in
light-water reactor (LWR) cores by neutron irradia-
tion. Neutron irradiation has been found to cause a
rise in the intergranular cracking and a decrease in
ductility above ~5x10%® n/cm? (E>1 MeV) [1].
The appearance of a “threshold” demonstrates that
the observed behavior is due to irradiation-induced
changes in the alloy that may involve microstructural
changes, microchemical changes, compositional
changes by transmutation, and synergism between these
changes.

A problem has arisen concerning the comparison of
results from neutron and charged particle irradiation

experiments. How, for example is one to compare the
results of a component irradiated in core at 288°C to a
fluence of 1 X 10#! n/cm? (E > 1 MeV) over a period
of 8.5 months, with an ion irradiation experiment using
5 MeV Ni2* at 500°C to 10 dpa (displacements per
atom) at a dose rate of 103 dpa/s? The first question
to resolve is the measure of radiation effect. In the
TASCC problem, concern has centered on the effect of
radiation on inducing the segregation of deleterious
species to grain boundaries which then cause embrit-
tlement or enhance the intergranular stress corrosion
cracking (IGSCC) process. The appropriate measure of
the radiation effect in this case would then be the
impurity concentration at the grain boundary or the
amount of impurity segregated to the grain boundary.
This is a measurable quantity, either by Auger electron
spectrometry (AES) or energy dispersive spectroscopy
via scanning transmission electron microscopy (STEM-
EDS). Hence, a specific and measurable effect of radi-
ation can be determined for both neutron and ion
irradiation experiments.

The next concern is determining how ion irradiation
translates into the environment describing neutron ir-
radiation. That is, what are the irradiation conditions
required for ion irradiation to yield the same measure
of radiation effect as that for neutron irradiation? This
is the key question, for in a postirradiation test pro-
gram, it is only the final state of the material which is
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important in the determination of equivalence, and not
the path taken. As such, one could probe (with a given
ion) the temperature, dose and dose rate space until a
coordinate is identified which produces the same mea-
sure of radiation effect as neutron irradiation. How-
ever, we are interested in a more orderly approach to
the problem. To determine a priori the conditions of
the ion experiment needed to produce the same mea-
sure of radiation effect as neutron irradiation, we must
be able to account for the differences between the two
experiments. These differences are four fold: particle
type, temperature, dose and dose rate. The first of
these differences presents its own unique set of prob-
lems, while the remaining differences can be resolved
in the temporal description of the radiation damage
process. It is the objective of this paper to compare the
development of the microchemistry for different parti-
cle irradiations, and secondly, to outline a general
method for approaching the problem of microstruc-
tural equivalence between ion and neutron irradiation
to enable the use of ion irradiation in the solution of
the JASCC problem.

2. Methodology

The first problem in determining the equivalence
between the measure of radiation effect in charged
particle and neutron irradiation is the use of a common
dose unit. The basic (measurable) dose unit for neu-
tron irradiation is n/cm? (E >x MeV) where x is
some energy threshold. For charged particles it is the
integrated current or charge, Q/cm? The particle
beam community is accustomed to reporting dose in
units of dpa and dose rate as dpa/s using one of
several models for the determination of dpa. Although
somewhat more complicated, due to the existence of
an energy spectrum rather than a monoenergetic ion
beam, the same conversion can be made from n/cm?
(E > x MeV), although it is seldom done. Neverthe-
less, the “ballistically” determined value of dpa calcu-
lated using a variant of the Kinchen—Pease displace-
ment model [2] is not the appropriate unit to be used
for dose comparisons. The reason is the difference in
the primary damage state among different particle
types.

Fig. 1 shows the relationship between damage mor-
phology (as quantified by the average energy transfer
in a PKA collision) and the displacement efficiency for
various particle types impinging on a sample of pure
nickel at 1 MeV. The displacement efficiency is de-
fined as the fraction of the “ballistically” produced
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Fig. 1. Description of damage morphologies for irradiation

with various particles of the same energy. T is the average

energy transfer per PKA and ¢ is the efficiency of producing

freely migrating defects available to affect radiation-induced
segregation.

Frenkel pairs (FPs) which survive the cascade quench
and are available for long range migration. These are
referred to variously as “freely migrating” [3] or “avail-
able migrating’” [4] defects. They are the only defects
which will affect the amount of grain boundary segre-
gation, our measure of radiation effect. The fraction of
the total number of defects produced which are “freely
migrating” is termed the displacement efficiency, e.
Despite the equivalence in energy among the four
particle types, the average energy transferred and the
defect production efficiencies vary y almost two orders
of magnitude!. This is explained by the differences in
the cascade morphology among the different particle
types. Neutrons and heavy ions produce dense cas-
cades which result in substantial recombination during
the cooling or quenching phase. However, electrons
are just capable of producing a few widely spaced
Frenkel pairs (FP) which have a low probability of
recombination. Protons produce small widely spaced
cascades and many isolated FPs due to the Coulomb
interaction and therefore, fall between the extremes in
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displacement efficiency defined by electrons and neu-
trons.

We will focus on the comparison between four types
of particle irradiation to outline a methodology for
establishing equivalence between neutron and charged
particle irradiation. The four types are given in table 1
and are taken from experiments conducted to study the
IASCC problem [5-8]. Each experiment is character-
ized by the particle type and energy, irradiation tem-
perature, reported dose rate and reported total dose.
The displacement efficiency is calculated using Naun-
dorf’s model [9] which is based on two factors. The first
is that energy transfer to atoms is only sufficient to
create a single Frenkel pair. The second is that the
Frenkel pair lie outside a recombination (interaction)
radius so that the nearby FPs neither recombine nor
cluster. The model follows each generation of the
collision and calculates the fraction of all defects pro-
duced that remain free. Results of the model are the
displacement efficiencies shown for the four particle
types in table 1. The “real” displacement rate and
“real” total dose for each particle type are determined
by multiplying the reported (uncorrected) values times
the efficiency factor.

As a means of comparing the expected measured
amount of grain boundary segregation for each of the
irradiations described in table 1, we used the Lam
model [10] to simulate the depletion of chromium at
the grain boundary of 304 stainless steel of composi-
tion Fe-20Cr-9Ni. This model follows the theory of
radiation-induced segregation in concentrated alloys
and amounts to the solution of a system of four (two
alloying elements, vacancies and interstitials) coupled
partial differential equations describing the evolution
of defect and atom distributions in time and space. The
equation for the third alloying element is not needed
because it is not independent, ie. Co=1—C, — Cg.
Numerical solutions are made for a sample under
uniform irradiation with energetic particles assuming a
spatially uniform production rate of defects for each
particle type. Particle type is identified by the input
displacement rate. Model calculations are made using
the same assumptions, boundary conditions and mate-
rial parameters as given by Lam et al. [10]. All cases
assume an infinite medium with a planar sink. These
conditions are strictly true for proton and neutron
irradiations and were also shown to be valid for ion
irradiation provided the experimental measurements
are confined to the first 1 pm of the sample where the
displacement profile is flat. Since Kato used 400 nm
thick TEM foils and most of the segregation is con-
fined to within 20 nm of the grain boundaries, the foil
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Fig. 2. Chromium concentration profile near the grain bound-
ary in Fe-20Cr-9Ni during particle bombardment at a dis-
placement rate of 10~ dpa/s at 500°C. The inset defines the
variables used to describe the amount of Cr depletion, M,
defined in the text.

thickness should not grossly affect the measured
amount of segregation. Vacancies were assumed to
migrate via the alloying elements with a migration
energy of 1.3 eV, which is the same as the energy for
vacancy migration in pure Fe. However, from the dif-
ferent values of D, measured experimentally [11], the
preexponential attempt-frequency factors for Ni, Cr
and Fe were different. No preferential association of
defects with Fe, Cr or Ni atoms is assumed. Segrega-
tion of the alloying elements results from the differ-
ence in vacancy diffusion coefficients caused only by
the inequality of the preexponential jump-frequency
factors. There is no effect of interstitial fluxes because
all the partial diffusion coefficients of interstitials via
the three alloying elements are equal.

3. Results and discussion

Results show that enrichment of Ni and depletion
of Cr and Fe occur in agreement with the calculations
of Lam et al. [10,12]). The quantity of interest is the
amount of chromium depleted from the grain bound-
ary, or the area inside the Cr concentration profile, fig.
2. This quantity is measurable by STEM-EDS or by
sputter depth profiling in AES. The amount of Cr
depletion is determined by integrating the concentra-
tion profile for that element with distance x, from the
grain boundary,

M= jo""[cg— Ca(x, 1)] dx,
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Fig. 3. Comparison of the amount of chromium depletion at
steady state, as a function of temperature and dose rate,
accounting for the displacement efficiency among the differ-
ent particle types. The symbols represent the reported (uncor-
rected), and efficiency corrected dose rates for each particle
type under the steady state conditions reported in table 1.

where M is the segregated area, CR is the bulk atom
concentration, C,(x,t) is the atom concentration near
the surface, and I(t) is the half-width of the depleted
zone. The amount of Cr depletion for “real” and
“reported” dose rates is given in table 1 for each
experiment. Also given are the values of Cr depletion
at steady state and the doses required to reach steady
state. Fig. 3 shows the amount of Cr depletion as a
function of temperature and displacement rate at
steady state. Steady state is reached at different dose
levels for each experiment. At a given displacement
rate, the segregated area peaks at some intermediate
temperature and falls off at both higher and lower
temperatures. This is due to the dominance of recom-
bination at low temperatures and back diffusion at
high temperatures [13]. Also note that the effect of a
decreasing displacement rate is to shift the curves to
higher maxima at lower temperatures. For a given
dose, a lower displacement rate yields lower steady
state defect concentrations, reducing the number of
defects lost to recombination, and shifting the curve to
lower temperatures while increasing the degree of seg-
regation.

Note the change in the calculated values for the
amount of Cr depletion in the four experiments shown
in fig. 3. Since electrons are assumed to be 100%
efficient in producing defects available to affect segre-
gation, there is no change in the segregated area after
accounting for efficiency. However, there is a differ-
ence with protons, heavy ions and neutrons. The differ-
ence is largest for neutrons and smallest for protons.
The difference is a function of not only the displace-

ment efficiency, but also the slope of the dose rate
curves. Nevertheless, substantial differences result in
the expected amounts of grain boundary segregation
when the displacement efficiency is taken into account.

Fig. 3 shows the effect of three of the four parame-
ters defining an experiment: particle type, temperature
and dose rate. It does not show the effect of dose since
this is a steady state result which is achieved at differ-
ent doses for each of the experiments described in
table 1. Fig. 4 shows the dose required to reach steady
state as function of temperature and dose rate. Each of
the experiments are plotted for both the reported and
the real displacement rates. Note the large difference
in the dose to reach steady state between electrons and
neutrons. In general, irradiation at a lower dpa rate
will result in a lower dose at steady state and the
difference is greatest for this comparison. Correspond-
ingly, proton and heavy ion irradiation fall between
neutrons and electrons for the experiments described
in table 1.

The series of curves in figs. 5a and 5b show the
development of the segregated area due to chromium
depletion (versus dose and irradiation time, respec-
tively) during irradiation for each of the four experi-
ments described in table 1. Each particle type gener-
ates a pair of curves, the top curve (at large dose)
results from use of the real displacement rate and the
bottom curve from use of the reported displacement
rate. A single curve was used for electron irradiation
since the efficiency of defect production for electrons
was assumed to be 100%. The point on the curves
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Fig. 4. Dose required to reach steady state as a function of
temperature, dose rate and particle efficiency for each parti-
cle type. The symbols represent the reported (uncorrected),
and efficiency corrected dose rates for each particle type
under the steady state conditions reported in table 1.



G.S. Was, T. Allen / Intercomparison of microchemical evolution 337

neutrons
> protons

fons

-] electrons

Amount of Cr depletion (nm)

Dose (dpa)
Fig. 5a. Amount of chromium depletion as a function of
irradiation dose for each particle type. The upper curve (at
steady state) in each pair accounts for the particle efficiency
while the lower curve is for the reported (uncorrected) dose
rate. The symbols refer to the conditions at the end of the
experiments described in table 1.

indicate the doses (times) to which these experiments
were conducted. The arrows indicate the changes in
the measured depletion when the reported displace-
ment rate and dose are corrected using the efficiency
factors in table 1. In none of the experiments is steady
state reached after the reported dose. This is particu-
larly true for electron irradiation where even after 10
dpa, the steady state dose is still a factor of 3 away.
Even in the case of neutrons, a real dose of 1 dpa (just
past the threshold for observation of IASCC) falls on
the steep portion of the curve, indicating that the

D e mace s

@ rxal dispiacement rate, dpa/s

O repacted displacement rate, dpa/s neutrons

1or

0.5 -

Amount of Cr depletion (nm)

Time (sec)

Fig. 5b. Amount of chromium depletion as a function of

irradiation time for each particle type. The upper curve (at

steady state) in each pair accounts for the particle efficiency

while the lower curve is for the reported (uncorrected) dose

rate. The symbols refer to the conditions at the end of the
experiments described in table 1.

measured amount of segregation is very sensitive to the
duration of the experiment.

A final point of importance is the amount of Cr
depletion that would be measured for each of the
particle types after the stated duration of each experi-
ment. Fig. 5a shows that for these four experiments,
the amount can vary by almost a factor of 3 between
various particle types. This is essentially an effect of
the rate dependence on the amount of segregation.
The curves in fig. 5a also show the interplay between
rate and efficiency for a fixed amount of segregation.
Low efficiencies or low displacement rates will produce
greater amounts of segregation after a fixed dose than
higher efficiencies or higher displacement rates. This
trade-off works against experimenters using ion irradi-
ation to study neutron damage. Generally, the effi-
ciency is better for lighter ions, and due to the nature
of the instrumentation (accelerators, HVEM micro-
scope), damage rates are generally much higher.

Fig. 6 summarizes the resulting discrepancies be-
tween determination of the amount of segregation us-
ing the “reported” dpa rates and doses versus “real”
values which account for the efficiency of producing
freely migrating defects available for affecting segrega-
tion. As expected, the difference is generally largest for
the particle type with the greatest correction to the dpa
rate. However, the difference is strongly dependent on
the dose to which the experiment is carried. In fact, ion
irradiation experiments near 10 dpa (0.4 “real” dpa)
will show virtually no discrepancy due to the cross-over
of the segregation curves at that dose.
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Fig. 6. Comparison of the amount of chromium depletion

accounting for particle efficiency (“real” amount of Cr deple-

tion) and that using the reported (uncorrected) values of dose

and dose rate (“reported” amount of Cr depletion), for the

duration of the experiment given in table 1 and at steady
state.
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Returning to the example posed in the introduction,
it is evident that ion irradiation with 5 MeV Ni?* can
be used to study neutron irradiation effects on grain
boundary composition. According to table 1, the re-
ported dose of 1x10%! n/cm?® (E>1 MeV) corre-
sponds to ~ 1 dpa or 0.02 dpa corrected for efficiency.
The curves of fig. 5a indicate that the amount of Cr
depletion which can be expected under these condi-
tions is 0.24 nm. The same amount of depletion can be
obtained using 5 MeV Ni?* at 500°C at a dose rate of
5x 1073 dpa/s (2x 10~* dpa/s efficiency corrected)
after about 0.1 real dpa (2.5 uncorrected dpa) or 500 s
of irradiation. The same is true for proton irradiation
to 0.05 “real” dpa or electron irradiation to 0.8 “real”
dpa at the “real” displacement rates given in table 1).
However, this only provides an equivalence on the
basis of the total amount of segregation, and does not
account for differences in the shape (depth and width)
of the segregated profile. Obviously, the microstructure
is not accounted for either.

This example also illustrates the methodology for
determining equivalence between grain boundary com-
position for irradiation with different particle types. In
practice, the method may be used either to determine
the irradiation conditions which achieve equivalence a
priori, or to determine the relative amounts of grain
boundary segregation “expected” given the parameters
defining the experiment.

4. Summary

The main points of the analysis can be summarized
as follows. The efficiency of producing “freely migrat-
ing” defects which are available for affecting processes
such as segregation can have a large impact on the
resulting degree of segregation. Thus, calculations per-
formed to account for the measured segregation due to
irradiation must also account for displacement effi-
ciency. However, displacement rate also strongly af-
fects the degree of grain boundary segregation after a
given dose. Experiments which use charged particles to
study neutron damage generally have higher displace-
ment efficiencies and are conducted at higher displace-
ment rates, requiring larger doses to achieve the same
measure of radiation effect. The dose to which experi-
ments are conducted is also very important in compar-
ing segregation from various particle types. Since most
experiments do not reach steady state, the amount of

segregation is a sensitive function of the total dose.
Hence, comparisons between particle types can yield
fortuitous agreement or disagreement depending on
the length of the experiment. The methodology de-
scribed herein can be used either to design an experi-
ment a priori, for the purpose of achieving equivalence
of the radiation effect, or to determine “correction
factors” to apply to an experiment already conducted.
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