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Abstract

Model calculations of radiation-induced chromium depletion and radiation-induced nickel enrichment at
grain boundaries are compared to measurecFdepletions and enrichments. The model is calibrated to fit
chromium depletion in commercial purity 304 stainless steel irradiated in boiling water reactor
(BWR) environments. Predicted chromium depletion profiles and the dose dependence of chromium .
concentration at grain boundaries are in accord with measured trends. Evaluation of chromium and
nickel profiles in three neutron, and two ion, irradiation environments reveal significant
inconsistencies between measurements and predictions.

Introduction

Radiation affects grain boundary microchemistry and the intergranular stress corrosion cracking
(IGSCC) of irradiated stainless steels.l,2 The cracking susceptibility promoted by irradiation is known
as irradiation-assisted stress corrosion cracking (IASCC). Chromium depletion at irradiated grain
boundaries has been implicated as a likely cause for IASCC similar to the sensitization phenomena in
unirradiated stainless steels.

An important distinction exists between radiation- and thermally-induced chromium depletion.a,4 The
depletion mechanism is driven by thermodynamic equilibrium in thermally-sensitized steels, whereas
the depletion mechanism is driven by nonequilibrium radiation kinetics in irradiated steels.
Therefore, the development of depletion profiles near boundaries is distinctly different for the two
cases. The irradiation mechanism is more complex than the thermal mechanism. Irradiation-produced
defects interact with each other, with matrix sinks and with grain boundaries, lt is not surprising that
radiation-induced grain boundary chromium depletion is more difficult to quantitatively predict Ihan
thermally-induced sensitization.

The inverse-Kirkendall radiation-induced segregation (RIS) model can account for the observation of
chromium depletion and nickel enrichment at irradiated grain boundaries.3,4,s Segregation occurs
because of differences in the diffusivities of iron, chromium and nickel.S Nickel is a relatively slow
diffuser compared to chromium. In the inverse-Kirkendall model, compositions change in response to a
vacancy gradient. This is in contrast to the induced vacancy flow caused by a composition gradient in
lhe conventional Kirkendall model. During irradiation, the flow of vacancies to grain boundaries
results in a flow of atoms away from the boundary. Rapid diffusers move away from the boundary
faster than slow diffusers, resulting in a depletion of fast diffusers (chromium) and an enrichment of
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.slow diffusers (nickel).

Radiation models have been used to interpret measured RIS profiles.3-s Because the irradiation process
is complex, the model contains several parameters that are difficult to establish independently.
Furthermore, RIS measurements have indicated significant variability among alloy heats, irradiation
environments and boundary-to-boundary variation within a given sample. As a result, it is difficult to
establish model credibility without examining a large number of measured RIS profiles.

Recent interest in understanding IASCC in austenitic steels has prompted evaluation of RtS profiles in
commercial purity 304 stainless steel (SS) irradiated in boiling-water reactor (BWF3) environments.
The data indicate that chromium depletion increases with increasing irradiation dose. At doses greater
than 1 dpa, the grain boundary chromium minimums are several percent below bulk matrix content
and depletion widths are less than 10 nm.

The purpose of the presenl analysis is to evaluate the inverse-Kirkendall segregation model for
prediction of chromium depletion and nickel enrichment in austenitic stainless steels. The model was
calibrated based on data for BWR-irradiated stainless steels and then used to predict a variety of
irradiation sources including three reactor types, nickel-ion irradiation and proton irradiation. Data
sets were used for comparison which represent cases of severe RIS. The severe cases were thought to
reflect optimum measurement conditions for measuring RIS since most limitations cause under
estimation of the segregation. The appropriate irradiation dose, dose rate and temperature were
selected for each irradiation source. Therefore, the known differences in irradiation environments
were accounted for lo evaluate the general applicability of the model predictions and to indicate
significant differences in RIS behavior caused by unknown material or irradiation conditions.

PREDICTIONOF GRAINBOUNDARYCOMPOSITION

The measured and predicted RIS profiles are narrow and compositions change rapidly near grain
boundaries. The steep profile makes quantitative measurement extremely difficult. In contrast to
thermally sensitized steel, irradiation-induced chromium depletion is confined to a region within 5 nm
of the boundary. Mosl detailed measurements of RIS have used a field-emission-gun, scanning
transmission electron microscope (FEG-STEM). Such instruments have at best a through-thickness
resolution of about 3 nm, comparable lo the depletion distance from the boundary.

From a modeling point of view, the steep gradients imply significant concentration changes over
distances that approach the interatomic spacing. Because the model is based on continuum diffusion, the
atomistic nature of diffusion near grain boundaries must be addressed. Mechanistically, the
concentration gradients are very sleep at the boundary because of difficult back diffusion. Back
diffusion is proportional to the local defect concentrations which are vanishingly small near grain
boundaries. The chromium-depletion profiles that emerge from the inverse-Kirkendall model are the
consequences of kinetic balance between the nonequilibrium flow of chromium away from the boundary
and the equilibrium back diffusion of chromium toward the boundary.

The balance in diffusion kinetics is illustrated in Figure 1 for neutron irradiation at 288°C. The model
predictions were obtained from the inverse-Kirkendall model as described previously.3,4 The vacancy
concentration vanished at the grain boundary, which induced a chromium concentration gradient that
approaches a large value. To accounl for this singularity and breakdown in the continuum diffusion
model at the grain boundary, the spatial increments were selected as discrete lattice spacings near the
boundary. This assumption only affected tile predicted concentration within 0.5 nm of the boundary.
The alomistics of defect-solute interactions at grain boundaries could strongly affect local achievable
nonequilibrium chromium concentrations at grain boundaries.
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.The lim.ited probe resolution of the FEG-STEM was an additional important consideration in evaluating
the grain boundary composition. To account for this limitation, the predicted grain boundary
composition was adjusted to account for the FEG-STEM intensity profile over the calculated composition
profile at the boundary. This produced a prediction that represents an estimate of the FEG-STEM
measurement. The probe intensity was assumed to have a Gaussian profile with 85% of the beam
intensity included inside the stated probe resolution size. FEG-STEM resolution effects on the expected
measurement of grain boundary chromium concentration is shown in Figure 2. The predicted
mathematical minimum is several percent below that which could be measured for either a 2-nra
incident probe or a 4-nm incident probe. A 2-nm incident probe and a 3-nm through-thickness
resolution have been used for the FEG-STEM measurements examined in this study.

MODEL COMPARISONSWITH MEASUREDSEGREGATION

The effect of radiation on alloy composition near grain boundaries has been measured for stainless
steels irradiated with neutrons and charged particles. Neutron irradiations have included both power
reactors and test reactors, whereas charged particle irradiations have included heavy ions (nickel) and
light ions (protons). Ali these irradiation sources produce point defect flows to grain boundaries and
should induce solute concentration profiles consistent with these flows.

Important differences between types of irradiation are the irradiation dose, dose rate, temperature and
particle damage efficiency. The damage efficiency is the fraction of displaced atoms (defects), that
survive to become freely migrating defects required for RIS. These differences are accounted for in the
inverse-Kirkendall rate theory calculations of segregation. The reference assumptions for parameters
in the inverse-Kirkendall model have been presented previously.3,4 Pertinent model parameters and
assumed irradiation-specific parameters are summarized in Tables 1 and 2, respectively.

Four reactor environments were evaluated. These were a BWR,7 the advanced test reactor (ATR),e the

Fast Flux Test Facility (FFTF)9 and the advanced gas-cooled reactor (AGR).S The model estimate of the
integrated grain boundary concentration was obtained using Mathematica.lO Damage efficiency was
allowed to be a fitting parameter to achieve agreement with measured data for 304 SS in BWR
environments. The assumed bulk concentrations for chromium and nickel were made consistent with

the reported measurements at a distance of 20 nm from the boundary.

BWR Irradiation

The dose dependence of predicted and measured grain boundary chromium and nickel concentrations is
shown in Figure 3 for an assumed damage efficiency of 0.005 to provide a reasonable fit of the data. An
assumed damage efficiency of 0.01 was also considered but resulted in an over estimation of the
chromium depletion. An initial chromium enrichment at the grain boundary was also assumed to be
consistent with the measured data.7 Reasonable agreement was obtained between model calculations
and measurements for chromium deplelion, however the model underpredicted the increase in nickel
concentration with increasing dose. In Figure 4, the dose dependence of measured chromium grain
boundary concentralion is shown for data reported by Jacobs.11 Model calculations were in reasonable
agreement with measurements and tended to predict the lower bound concentrations. The measured
nickel enrichment at grain boundaries was underpredicted.

The calculated concentration profiles are compared to measured concentration profiles reported by
Asano7 for chromium and nickel in Figure 5. Calculated chromium depletion was in accord with the
measured profile in that lhe minimum concentration was similar as was the depletion zone width. The
data showed a hump-like shape near the boundary that was nol predicted by the model. Calculated
nickel enrichment underpredicted the measured grain boundary enrichment. The nickel data also
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showed a"slight depletion near the boundary that was not predicted by the model.

In summary, chromium depletion was reasonably predicted by the inverse-Kirkenda!l model for BWR-
irradiated 304 SS. A damage efficiency of 0.005 was found to result in a lower bound prediction of
several measurements of grain boundary chromium concentration as a function of dose. The model,
however, underpredicted the measured enrichment of nickel at grain boundaries.

Non-BWR Neutron Irradiations

The model comparisons with the measured data for chromium and nickel compositions as a function of
distance from the boundary are shown in Figures 6 through 8 for the ATR,8 FFTF9 and AGR5 irradiation
exposures. The FFTF irradiation case provided the best correlation whereas the AGR irradiation was
the worst correlation. Qualitatively, the model predictions of chromium depletion followed the data
trends with the exception of the AGR case which exhibited a much stronger segregation effect than
predicted.

The ATR prediction for chromium depletion slightly underpredicted the measured depletion and
significantly underpredicted the measured nickel enrichment. Model predictions were reasonable for
the FFTF data for both chromium depletion and nickel enrichment. Lastly, for the AGR irradiation, the
model prediction significantly underestimateed both chromium depletion and nickel enrichment.
Calculated AGR concentration profiles were also shown for an assumed damage efficiency of 0.1 in
contrast to the reference assumption of 0.005. In that case, the calculated and measured profiles were
in agreement. This indicated thai the segregation efficiency would have to be much greater for lhe AGR
irradiations than other neutron irradiations to enable accurate model predictions.

Ion Irradiations

Ion irradiation has also been used to produce composition profiles near boundaries similar to those
produced by neutron irradiation. Comparisons of model calculations to the measured nickel-ion
irradiation behavior of microcrystalline 304 SS12 and UHP +Si 13 specimens are shown in Figures 9
and 10. Comparison of model calculations to the measured proton irradiation behavior13 for a UHP+Si
specimen is shown in Figure 11. The reference damage efficiency was assumed to be 0.01 for nickel-
ion irradiation and 0.1 for proton irradiation. Reasonable model agreement with the data was observed
for nickel-ion irradiated microcrystalline SS and for the proton-irradiated UHP+Si SS but not for
nickel-ion irradiated UHP+Si SS. Agreement between calculated and measured profiles for the nickel-
ion irradiated UHP+Si SS could be made if a damage efficiency of 0.1 was used.

In summary, segregation behavior induced by ions was similar to that produced by neutrons. The model
calculations are in reasonable accord with measurements for two of the ion irradiations. However,
nickel-ion irradiation of the UHP+Si alloy produced segregation which was more than calculated.

Mod_l calculations of radiation-induced chromium depletion and radiation-induced nickel enrichment at
grain boundaries are compared to measured depletions and enrichments. The model is calibrated to fit
chromium depletion in commercial purity 304 stainless steel irradiated in boiling water reactor
(BWR) environmenls. Predicted chromium depletion profiles and the dose dependence of chromium
concentration at grain boundaries are in accord with measured trends. Evaluation of chromium and
nickel profiles in three neutron, and two ion, irradiation environments reveal significant
inconsistencies between measurements and predictions.
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PARAMETER SENSITIVITIESON PREDICTIONS

Radiation-induced segregation is proportional to the number of defects that flow to boundaries and is
proportional to elemental differences (slow nickel versus fast chromium) and their interaction with
defect flow. The present sensitivity evaluation addresses the first issue of how irradiation and defect
parameters affect defect flow and, hence, segregation. Effects of elemental differences on segregation
were not addressed and the relative rates for iron, chromium and nickel diffusion were assumed to be
constant.

Two effects limiting defect flow to grain boundaries were (1) matrix recombination of vacancies and
interstitials, and (2) defect annihilation at matrix sinks. Recombination can occur within a short time
(pico seconds), or a long time (thousands of seconds). The short-term annihilation occurs in damage
cascades (regions of dense damage) and is accounted for in the assumption of damage efficiency. Nuclear
collisions displace atoms to form point defects. Most of these defects are closely spaced and rapidly
destroy each other with no affect on long-term damage. Long-term annihilation occurs by migration of
point defects far from their point of creation. Long-term annihilation is mainly affected by defect
mobility, i.e., by the activation energy for defect jumps or by defect trapping, which slows the
mobility.

Defect annihilation at matrix sinks occurs by migration to dislocations and dislocation loops produced
by irradiation. Point defects have a lesser probability of flowing to grain boundaries if flow to
dislocations in the matrix is significant. Dislocation densities in irradiated stainless steels are

typically between 101o to 1011 dislocations/cm2.1 The dislocalion loop density builds up rapidly such
that even annealed steels have a significant dislocation density after low irradiation doses above about 1
dpa.

For these sensitivily calculations, the damage efficiency, the vacancy migration energy and the matrix
dislocation density were varied. In each case, the primary affect of Ihe parameter change was the same,
i.e., to change the flow of defects to boundaries. A reference damage efficiency of 0.01 was assumed for
these sensitivity calculations. The reference vacancy migration energy was 1.29 eV, and the reference
dislocation densily was 1010 disiocations/cm2. Other parameters were selected to be the same as used
in the calculation of 304 SS irradiation in a BWR environment.

The effects of assumed damage efficiency, matrix dislocation density, vacancy migration energy and
normalized vacancy diffusivity on the predicted chromium depletion are shown in Figures 12 through
15. Lower assumed damage efficiencies, higher vacancy migration energies, and higher matrix
dislocation densities reduced chromium depletion. In each case, the profiles developed because of
changes in defect arrival at grain boundaries. Qualitatively, adjustments in any of these parameters
similarly affected the calculated profiles.

DISCUSSION

Model predictions of radiation-induced grain boundary segregation were compared to measured
segregation behavior induced by a variety of irradiation sources. The model parameters were fixed
throughout the comparisons except to change the dose, dose rate, temperature and alloy compositions to
be consistent with reported experimental values. In this way, these differences in irradiation effects
could be accounted for, which improved the chances of idenlifying how other effects could be causing
variation in measured chromium and nickel profiles.

Comparison of the model predictions to measured composition profiles after neutron irradiation
suggests that the AGR irradiation had a higher efficiency of defect flow to grain boundaries than the
other neutron irradiations. Similarly, nickel-ion irradiation of a UHP+Si SS resulted in a greater



degree .of segregation than expected from model calculations. The enhanced segregation effect was an
order of magnitude effect when expressed in terms of inferred damage efficiency. Although the model
was calibrated to provide a lower bound fit of grain boundary chromium concentration in 304 SS
irradiation in BWRs, the model never overestimated segregation for other conditions.

The model predictions of nickel enrichment were typically less than measured. The reference case of
BWR irradiation of 304 SS indicated the worst agreement between predicted and measured nickel
enrichment for assumptions which indicated good agreement between predicted and measured chromium
depletion.

Three important known differences in the irradiation experiments include irradiation particle type,
temperature and material composition. The particle type affected both the damage rate as well as the
damage efficiency. The temperature had known effects on defect mobilities and radiation
microstructure as well as unknown effects on specific differences in elemental behavior, such as
diffusion. Nickel content was the most significant elemental difference in the alloys examined. Data
from irradiated alloys having less than 10% Ni to more than 20% Ni were included in the analysis.

Lower irradiation temperatures appeared to cause significantly more nickel enrichment than predicted
by the model. At 288°C, the BWR irradiations indicated the most significant discrepancy between
predicted and measured nickel enrichment. The ATR irradiation, also at about 288°C, indicated a

: similar but less conclusive discrepancy. The AGR results al 354°C indicated a significant
underprediction of the nickel enrichment. The FFTF irradiation at 420°C indicated a reasonable nickel
enrichment correlation as well as the proton irradiation at 400°C and the nickel ion irradiation at
500°C. Collectively, the data indicated that nickel segregation was more pronounced at lower
temperatures lhan calculated. Therefore, lhe differences in assumed elemental diffusion rates may be
more than assumed at low temperatures. The suggestion of temperature-dependent differential
diffusion rates was suggested by Norris et al.S in their interpretation of the temperature effects on AGR

- segregation.

No obvious causes for the anomalous behavior of the AGR irradiation and the ion irradiation of the

UHP+Si alloy were apparent. The alloy used for the AGR material was high in nickel, however the high-
. nickel, ion-irradiated 304 SS did not show an anomaly, lt is not known how the UHP+Si SS was in

accord with the model for proton irradiation but not for ion irradialion. Also, ii is not known how the
same irradiation particle (i.e., nickel ions) resulted in a good model correlation for the nickel-rich
microcrystalline alloy but not for the UHP+Si alloy.

The sensilivity results in Figures 12 through 15 indicate expected effects of variations in damage
efficiency, vacancy migration and matrix dislocation densities. Damage efficiency was the most
significant unknown parameter and the most difficult to estimate from independent experiments. RIS
has been used to estimate damage efficiencies and has indicated important differences in particle type.14
lt is less clear how different neutron spectra conlribute to different RIS response. Studies such as this
may provide reference measurements to compare damage efficiencies from different irradiation
spectra.

Based on damage efficiency, the FFTF irradiations should have resulted in less segregation than the BWR
irradiations. A higher proportion of low energy neutrons of high damage efficiency was expected for the
BWR irradiation. The model analysis indicated a reasonable correlation for both irradiations for the
same assumed damage efficiency of 0.005.

The FFTF irradiation experiments included both solution annealed and cold-worked stainless sleel. An
order-of-magnitude change in the dislocation density was predicted to cause a one to two percent change
in the expected grain boundary chromium concentration. The data indicated that the cold-worked



'condition had less grain boundary segregation than the solution annealed condition in accord with the
model predictions. However, on close examination of the data in Figure 7 only one boundary
measurement indicated an effect of cold working. The data oblained from measurements near grain
boundaries showed no statistical evidence of difference between the cold-worked and the solution-

annealed conditions. Sensitivity calculations suggested that the cold-work effect is within the scatter of
the measurements.

The possible effect of impurities or alloying additions on vacancy migration (and segregation) was
revealed in the sensitivity of vacancy migration energy on calculated chromium depletion profiles.
Increasing the vacancy migration energy by 0.2 eV raised the grain boundary chromium concentration
by about 2 at%. Impurities such as phosphorous and helium can bind with vacancies and reduce their
mobility. These solute effects should reduce chromium depletion, whereas comparisons of impurity
additions to high-purity heats of stainless steel indicated that impurities may promote segregation not
inhibit segregation as expected from solute binding.13 Large increases in vacancy migration energy,
e.g., 0.5 eV, are required to dramalically reduce predicted radiation-induced chromium depletion.

EffecI_ of relative vacancy diffusion are shown in Figure 15 and reveal that order-of-magnitude
changes in diffusivity were required to produce significant changes in the calculated grain boundary
chromium depletion. Impurity effects on enhanced diffusivities could produce more chromium
depletion but the required enhanced diffusivities are large. In summary, inconsistencies between
measured and predicted RIS cannot be explained by reasonable adjustmen_ in damage efficiency,
vacancy migration or dislocation density. Much more detailed information is required concerning
material and irradiation conditions to evaluate model capabilities.

Conclusions

The qualitative trends in measured irradiation-induced segregation of chromium were consistent with
those calculated using the inverse-Kirkendall model for BWR irradiation of commercial purity 304 SS.
The model, however, consistently underestimated the magnitude of measured nickel enrichment at BWR
irradiated grain boundaries. Extending the predictions to other irradiation sources indicated
appropriate trends for an ATR irradialion and an FFTF irradiation of stainless steel. The model was not
compatible with measured segregation in a high-nickel alloy irradiated in a AGR where segregation was
significanlly greater than calculated. Extending lhe model to ion irradialions resulted in inconsistent
prediction of the measured segregation.
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Table 1

Parameters used for the inverse-Kirkendall calculations.

Description Value

Vacancy formation energy 1.9 eV
Vacancy migration energy 1.29 eV
Interstitial migration energy 0.9 eV
Fe diffusion factor 1.46
Cr diffusion factor 2.22
Ni diffusion factor 0.872

Fe (304 SS) 0.70 atom fraction
Cr (304 SS) 0.21 atom fraction
Ni (304 SS) 0.09 atom fraction
Dislocation density 101o cm-2
Temperature irradiation specific
Damage rate irradialion specific
Dose irradiation specific
Damage efficiency irradiation specific

Table 2

Irradiation parameters

Irradiation Dose Rale, dpa/s Dose, dpa Temperature, °C

BWR 8 x 10-8 8 288
ATR 7 x 10-7 4 288
FFTF 5 x 10-7 9 420
,E_ 1 x 10-8 1 354
Nit+ 5 x 10 .3 5 500
Protons 1.4 x 10s 1 400
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Figure 7. Comparison of model calculations to measured chromium and nickel profiles for FFTF

irradiation.g The assumed damage efficiency is 0.005.
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Figure 8. Comparison of model calculations to measured chromium and nickel profiles for AGR

irradiation for a nickel-rich stainless steel.5 The assumed damage efficiency is either
0.005 or 0.1 as indicated.
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Figure 9. Comparison of model calculations to measured chromium and nickel profiles for Ni ion
irradiation of a nickel-rich, microcrystalline 304 stainless steel. The assumed damage
efficiency is 0.01.
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Figure 10. Comparison of model calculations to measured chromium and nickel profiles for Ni
irradiation of a UHP+Si SS. The assumed damage efficiency is either 0.O1 or 0.1 as
indicated.
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Figure 11. Comparison of model calculations to measured chromium and nickel profiles for proton
irradiation of a UHP+Si SS .12 The assumed damage efficiency was 0.1.
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Figure 12. The effect of damage efficiency on calculated chromium depletion profiles and the
chromium minimum at grain boundaries. BWR irradiation to 4 dpa of 304 SS is
assumed for the calculations.
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Figure 13. The effect of matrix dislocation density on calculated chromium depletion profiles and
the chromium minimum at grain boundaries. BWR irradiation to 4 dpa of 304 SS is
assumed for the calculalions.
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Figure 14. The effect of vacancy migration energy on calculated chromium depletion profiles and the
calculated chromium minimum at grain boundaries. BWR irradiation to 4 dpa of 304 SS
is assumed for the calculations.
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Figure 15. The effect of normalized vacancy diffusivity on calculated chromium depletion profiles
and the chromium minimum at grain boundaries. BWR irradiation to 4 dpa of 304 SS is
assumed.
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