
Radiation-Induced Segregation in Multicomponent 
Alloys: Effect of Particle Type 
G. S. Was* and T. Allen÷ 
*~Department of Nuclear Engineering, *Department of Materials Science and Engineering, 
University of Michigan, Ann Arbor, MI 48109 

The problem of irradiation-assisted stress-corrosion cracking (IASCC) in reactor cores is 
currently being addressed using different types of particle irradiation (electrons, protons, 
and heavy ions) to study the effect of neutron damage. The effect of radiation damage of 
greatest interest to the IASCC problem is the segregation of impurities or redistribution 
of alloying elements in the vicinity of the grain boundary. Differences among the types 
of irradiation include particle type, temperature, dose, and dose rate. The different particle 
type results in different "effective" displacement rates due to fundamental differences in 
the radiation damage state. The effect of displacement efficiency is incorporated into exist- 
ing models for radiation-induced segregation and compared with experimentally deter- 
mined values. Comparisons between theory and experiment were made using neutron-, 
proton-, and ion-irradiated stainless steels. Results showed that the measured chromium 
depletion prohle is generally narrower and shallower than that calculated from theory. Agree- 
ment between experiment and model was better in almost all cases when the particle effi- 
ciency was taken into account. Agreement was best for proton-irradiated steels, and less 
so for neutron and heavy ion-irradiated steels. The origins of this difference are probably 
due to spatial and depth resolution of the scanning transmission electron microscopy and 
Auger electron spectrometry measurement techniques, respectively, the lack of knowledge 
of the material parameters in modeling, and the uncertainty in the true displacement rate. 
Nevertheless, beyond 2 nm from the grain boundary, the shape of the experimental and 
calculated profiles agree reasonably well. 

INTRODUCTION 

Light water reactors are becoming increas- 
ingly plagued by the failure of core internals 
from irradiation-assisted stress-corrosion 
cracking (IASCC) [1]. IASCC refers to the 
acceleration of the stress-corrosion cracking 
process by irradiation. Broadly speaking, 
IASCC can result from irradiation by gam- 
mas, neutrons, electrons or ions, and any 
material-environment combination in which 
SCC is known to occur. However, in a prac- 
tical sense, the problem addresses the accel- 
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erated intergranular cracking process in aus- 
tenitic alloys in light water reactor cores by 
neutron irradiation. Intergranular stress- 
corrosion cracking (IGSCC) in austenitic 
alloys in reactors is a well-established and 
much studied phenomenon. IGSCC of these 
alloys can occur without the aid of irradia- 
tion, and isolating the component of the ob- 
served cracking due to irradiation elevates 
the difficulty of the problem. The neutron 
effect is characterized by an increase in inter- 
granular cracking and a decrease in ductility 
at a neutron fluence above - 5 x 10 20 n/cm 2 
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(E > 1 MeV), which corresponds to about 
1 displacement per atom (dpa). Changes 
to the alloy could involve microstructural 
changes, microchemical changes, composi- 
tional changes by transmutation, and inter- 
action among these changes. This must be 
interfaced with changes in water chemistry 
and corrosion potential. Accounting for the 
role of stress along with changes to the en- 
vironment and alloy, the problem quickly 
becomes multidimensional. 

IASCC has been occurring for over 20 
years in core components made of austen- 
itic iron- and nickel-based alloys in both pres- 
surized water reactors (PWRs) and boiling 
water reactors (BWRs) [2]. Early failures oc- 
curred in 304, 304L, and 347 SS fuel rod clad- 
ding in BWRs [3-5]. More recently, IASCC 
has been suspected in failures of 304 SS fuel 
cladding in the Connecticut Yankee Reactor 
(PWR) [6]. The problem has also been found 
in 304 SS control rod absorber tubes, fuel 
bundle cap screws, control rod blade handles, 
sheaths and follower rivets, plate-type con- 
trol blades, and instrument dry tubes in 
BWRs [2]. It is becoming increasingly evi- 
dent that the problem is widespread with- 
out regard to environment or material com- 
position and that tens or hundreds of core 
components may be susceptible to this form 
of degradation. A recent review by Andresen 
et al. [2] identified some 17 components, 
spanning 6 iron-base or nickel-base alloys 
and 4 reactor designs. Given that a thresh- 
old fluence has been identified, many of the 
susceptible components may just now be 
coming to our attention, and the extent of 
the problem may continue to expand. This 
also implies that the observed behavior is 
at least in part due to irradiation-induced 
changes in the alloy. 

With regard to the mechanism of IASCC, 
most of the recent attention has been focused 
on the issue of radiation-induced segrega- 
tion (RIS) of impurities to grain boundaries 
as being the main cause of the "weakening" 
of the grain boundaries. This segregation 
process is fundamentally different from ther- 
mal segregation in that it is driven by the 
flux of radiation-produced defects to sinks 
such as the free surface, grain boundaries, 

and other interfaces [7]. Vacancies and inter- 
stitials are the basic defects produced by ir- 
radiation and can reach concentrations that 
are orders of magnitude greater than the 
thermal equilibrium concentration. Diffu- 
sion of solutes by vacancy or interstitial 
mechanisms is then accelerated by the ele- 
vated concentration of these defects. As a 
function of temperature, segregation peaks 
at intermediate temperatures because a lack 
of mobility shuts down the process at low 
temperatures, and recombination dominates 
at high temperatures where defect concen- 
trations approach their thermal equilibrium 
values. If the relative participation of alloy- 
ing elements in the defect fluxes is not the 
same as the relative concentration of the 
alloying elements, then a net transport of 
the constituents to or from the sinks will 
occur (Fig. 1). The result will be either a 
buildup or a depletion of alloying elements 
at the sinks-principally grain boundaries 
and free surfaces. The magnitude of the 
buildup/depletion is dependent  upon sev- 
eral factors, such as whether a constituent 
migrates more rapidly by one defect mecha- 
nism or another, and the binding between 
solutes and defects. 

A common characteristic of RIS profiles 
is their narrowness, often confined to within 
5-10nm of the grain boundary. Irradiation 
of stainless steels results in the redistribu- 
tion of the major alloying elements and the 
segregation of impurities. RIS studies have 
shown that Ni segregates to the grain bound- 
aries while Cr and Fe are depleted at the 
boundaries. With regard to impurities, P, S, 
and Si are known to become enriched, and 
Mo and Ti are depleted at the grain bound- 
aries. Interestingly, the directions of segre- 
gation are consistent with an atomic volume 
effect in which the subsized solute migrates 
preferentially with the interstitial flux, and 
the oversized solute participates preferen- 
tially in the vacancy flux. 

Thus far, investigations of IASCC are being 
conducted on irradiated core components 
removed from operating power reactors or 
samples inserted into test reactors. Experi- 
ments consist of determining the grain 
boundary composition profile and the sus- 
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FIc. 1. Schematic of inverse Kirkendall effects induced by (a) vacancy flux and (b) interstitial flux, and (c and d) 
the effect of diffusion coefficients on the depth distribution of A atoms in an AB alloy (from Okamoto and Rehn [7]). 

ceptibility to SCC in postirradiation analy- 
ses and tests, respectively, in a reactorlike 
environment. However, the temperature and 
radiation damage history of components in 
power reactors is inherently uncontrolled. 
In addition, due to the high level of residual 
radioactivity, these experiments can con- 
sume years and require substantial hnancial 
resources. Because of these factors, investi- 
gators have turned to other forms of irradi- 
ation that can be done in a well-controlled 
environment, require less irradiation time, 
and result in minimal residual radioactivity. 
These indude heavy ions, protons, and elec- 
trons. The hrst question to resolve is the mea- 
sure of radiation effect. In the IASCC prob- 
lem, concern has centered about the effect 
of radiation on inducing the segregation of 
deleterious species to grain boundaries that 
then cause embrittlement or enhance the 
IGSCC process. The appropriate measure 
of the radiation effect in this case would then 
be the impurity concentration at the grain 
boundary, or the change in major element 

composition at the grain boundary. This is 
a measurable quantity, either by Auger elec- 
tron spectrometry (AES) or energy-dispersive 
spectroscopy via scanning transmission elec- 
tron microscopy (STEM-EDS). Hence, a spe- 
cihc and measurable effect of radiation can 
be determined for both neutron and ion ir- 
radiation experiments. 

A problem arises in the comparison of re- 
sults from neutron and charged particle ir- 
radiation experiments in that the form of the 
damage state for each particle type is funda- 
mentally different. There is also a problem 
in determining how an ion irradiation trans- 
lates into the environment describing neutron 
irradiation. 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 in studying IASCC, for in a 
postirradiation test program, it is only the 
final state of the material that is important 
in the determination of equivalence and not 
the path taken. As such, one could probe 
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(with a given ion) the temperature, dose, 
and dose rate space until a coordinate is 
identified that produces the same measure 
of radiation effect as neutron irradiation. 
However, we are interested in a more orderly 
approach to the problem. In order to de- 
termine a priori the conditions of the ion 
experiment needed to produce the same 
measure of radiation effect as neutron irra- 
diation, we must be able to account for the 
differences between the two experiments. 
These differences are fourfold: particle type, 
temperature, dose, and dose rate. The first 
of these differences presents its own unique 
set of problems, while the remaining differ- 
ences can be resolved in the temporal de- 
scription of the radiation damage process. 
It is the objective of this paper to compare 
the development of the grain boundary mi- 
crochemistry for different particle irradia- 
tions. Specifically, this paper will focus on 
the issue of accounting for differences in par- 
tide type as they affect the radiation-induced 
segregation profile of chromium at the grain 
boundary of the irradiated material. (Grain 
boundary chromium has long been iden- 
tiffed as a cause of IGSCC in unirradiated, 
thermally treated stainless steels in reactor 
cores, and is a prime candidate for the ex- 
planation of IASCC.) This will be done by 
modeling the RIS process for the different 
particle types and irradiation conditions. 
Model results will then be compared with 
experiments to determine the effectiveness 
of the model in simulating the processes oc- 
curring during irradiation. This treatment 
will be preceded by short discussions of RIS, 
particle type and efficiency, and experiments 
for measuring RIS. 

METHODOLOGY AND EXPERIMENT 

MODELING RADIATION-INDUCED 
SEGREGATION 

Because our interests are on the segregation 
behavior in ternary Fe-Cr-Ni alloys, the 
framework of the phenomenological model 
for ternary alloys will be briefly described. 
The following description is a condensation 

of that given by Lam et al. [8] for a ternary 
alloy whose components A, B, and C are 
present in concentrations CA, CB, and Cc 
(number of atoms per unit volume). Vacancy 
and interstitial concentrations created dur- 
ing irradiation vary with time according to: 

aCv 
-- - v . J v  + K - R, (la) 

at 

OCi 
= - V o J i  + K - R ,  (lb) 

3t 

where V.Jv  and VoJi are the divergences of 
the vacancy and interstitial fluxes at the de- 
fect sinks, and K and R are the local total 
rates of production and mutual recombina- 
tion, respectively, of point defects. The de- 
fect fluxes are partitioned into those occur- 
ring via A, B, and C atoms in the alloy 
according to: 

li = jA + lSi + l c ,  (2a) 

Jv = jay + J~ + lC, (2b) 

where the subscripts indicate the species of 
flux, and the superscripts indicate the com- 
plementary species by which the flux occurs. 
The partial interstitial fluxes are in the same 
direction as the corresponding atom fluxes, 
while the partial vacancy fluxes are in the 
opposite direction to the atom fluxes, 

jA = J/A, J~ = Jh, jc = j~, (3a) 

]A = _1,~, 1~ =--1~, l c =--1~ (3b) 

and Eq. (2a) and (2b) can be written as 

li = liA + JiB + lic, (4a) 

lv = -(lY~ + l~ + la) .  (4b) 
These equations express the coupling be- 
tween defect and atom fluxes across any 
fixed lattice plane. In general, the partition- 
ing of the interstitial and vacancy fluxes via 
A, B, and C atoms is not in the same pro- 
portion as the atom fractions in the alloy. 
Interstitials may preferentially migrate by 
one atom type, while vacancies preferentially 
exchange with another atom type. This pref- 
erential coupling of defect and atom fluxes 
is the physical origin of radiation-induced 
segregation. 
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As with the defect compositions, the alloy 
composition in time and space can be de- 
scribed by the conservation equations: 

acA 
- - V . I A ,  (5a) 

at 

acB 
= -v . JB,  (5b) 

at 

aCc 
- - V . / c ,  (5c)  

at 

where JA, JB, and Jc are the total fluxes of 
the alloying elements, which can be parti- 
tioned into partial fluxes occurring by va- 
cancies and interstitials, 

JA = JiA + JYa, (6a) 

JB = Jh + J~, (6b) 

]c = lic + J~. (6c) 

The defect and atom fluxes are expressed 
in terms of the concentration gradients of 
the different species, 

j~ (= jk )  = -DikaVCk - DkVCi, (7a) 

JK (--I k) = -D'~aVCk + DkVCv, (7b) 

where k = A, B, or C, ct is the thermody- 
namic factor that relates the concentration 
gradient to the chemical potential gradient 
of atoms, and D~, DkV D k, and D k are the 
partial diffusion coefficients of atoms k by 
interstitials, and vacancies, and of interstitials 
and vacancies by atoms, respectively. The 
partial diffusion coefficients have the form: 

D~ = dkjN j and D k = dkjNk, (8) 

where j = i or v, Nj = f2Cj and Nk = ~Ck 
are the atomic fractions of defects and of k 
atoms, respectively, f2 is the average atomic 
volume in the alloy, and dkj are the diffu- 
sion coefficients for conjugate atom-defect 
pairs kj, 

1 '12,, eft  
dkj = g ,~k,.kVkj. (9) 

Here ~Vk is the jump distance, Zk is the coor- 
dination number, and vef/is the effective 
• K] 

jump or exchange frequency of the pair• The 
total diffusion coefficients for interstitials and 
vacancies are defined as: 

Di = • d k i N k ,  (10a) 
k 

Dv = ZdkvNk,  (10b) 
k 

and for atoms: 

Dk = dkiNi + dkvNv. (10c) 

From Eqs. (4), (6), (7), (8), and (10), the 
defect and atom fluxes with respect to a co- 
ordinate system fixed on the crystal lattice 
are: 

Ji = - (dAi - dci)~Ci~VCA 
- ( d B i -  d c i ) ~ C i o t v C B  

- D iVCi ,  (11a) 

Iv =(dAv  - dcv)f2CvcWCA 
+ (ds~ - dco)f2CvaVCs 
- DvVCv, (11b) 

JA = -DAOtVCA + d A v ~ C A V C v  

- d A i ~ C A V C i ,  (11c) 

JB = -DBOtVCB + dBv~'2CBVCv 

- dBi~"~CBVCi, (11d) 

lc  = - D c a V C c  + dcv~CcVCv 
-- dc i~2CcVCi .  (11e) 

Small perturbations arising from the pres- 
ence of point defects are neglected so that 
C A +  CB + C c =  f2 - l a n d v C c =  - (VCA + 
VCB). Of the five flux equations (11a-e), 
only four are independent because the de- 
fect and atom fluxes across a marker plane 
must balance: 

IA + JB + lc  = li - Iv. (12) 

A system of four coupled partial differen- 
tial equations describing the space and time 
dependence of the atoms and defects in the 
solid is determined by substituting the de- 
fect and atom fluxes given by Eqs. (11) into 
Eqs. (1) and (5), 

aCv 

at 

3Ci 

3t 

- -  = V .  [ -  (dAy - dcv)~2CvOVCA 
- (dBv - dcv)~CvoWC8 
+ DvVCv] + K - R ,  

= V ' [ ( d A i -  dci)~CiaVCA 
+ ( d B i -  dci)~CiaVCB 
+ DiVCi] + K - R ,  

(13a) 

(13b) 
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aCA 
3t 

OCB 

Ot 

- V.[DAO~VCA 
+ ~CA(dAiVCi - dAvVCv)], 

- -  V,[DBOtVCB 
+ ~CB(dBiVCi- dBvVCv)]. 

(13c) 

(13d) 

Numerical solutions of Eqs. (13a)-(13d) are 
obtained for a planar sample under irradi- 
ation with energetic particles with the aid 
of the GEAR package of subroutines [9]. In 
studying grain boundary segregation, the 
grain boundary was equated to a free sur- 
face and the calculations were performed 
for only a single grain, taking advantage of 
the symmetry of the problem. The initial 
conditions were the thermodynamic equilib- 
rium of the alloy. Conditions at the bound- 
ary were defined as follows: At the grain 
center, all concentration gradients were set 
equal to zero. At the grain boundary, the con- 
centrations of interstitials and vacancies were 
fixed at their thermal equilibrium values. The 
grain boundary atom concentrations were 
determined by the conservation of the num- 
bers of atoms in the specimen. Atom con- 
centrations were assumed to be initially uni- 
form. Parameters used in the calculation of 
segregation in Fe-Cr-Ni alloys are given in 
Lam et al. [8] for the Lam model and in Perks 
et al. [10] for the Perks model as coded by 
Simonen [11]. 

ACCOUNTING FOR PARTICLE TYPE 
AND EFFICIENCY 

The first problem in determining the equiva- 
lence 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 neutron irradi- 
ation is n/cm 2 greater than some energy 
threshold (E > x MeV), where x is the energy 
threshold. For charged particles, it is the in- 
tegrated current or charge, Q/cm 2. The par- 
ticle beam community is accustomed to re- 
porting 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 mono- 

energetic ion beam, the same conversion can 
be made from n/cm 2 (E > x MeV), although 
it is seldom done. Radiation damage, in the 
form of the number of displacements per 
atom, is generally determined using some 
form of the Kinchen-Pease (K-P) displace- 
ment model [12] given by: 

v(T) = 0.8 Tdamage/2Ed, (14) 

where Zdamage is the energy transferred 
from the incoming particle to the struck 
atom, and Ea is the displacement energy, 
that is, that energy needed to displace the 
struck atom from its lattice position. How- 
ever, the "ballistically" determined value of 
dpa calculated using such a displacement 
model is not the appropriate unit to be used 
for dose comparisons between particle 
types. The reason is the difference in the 
primary damage state among different par- 
ticle types. 

Figure 2 shows the relationship between 
damage morphology (as quantified by the 
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ciency of p roduc ing  freely migrat ing defects available 
to affect rad ia t ion- induced  segregation.  
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average energy transfer in a PKA collision) 
and the displacement efficiency for various 
particle types impinging on a sample of pure 
nickel at 1MeV. The displacement efficiency 
is defined as the fraction of the "ballistically" 
produced Frenkel pairs (FPs), which survive 
the cascade quench and are available for 
long-range migration. These are referred to 
variously as "freely migrating" [13] or "avail- 
able migrating" [14] defects. They are the 
only defects that will affect the amount of 
grain boundary segregation, our measure 
of radiation effect. The fraction of the total 
number of defects produced that are "freely 
migrating" is termed the displacement effi- 
ciency, ~. Despite the equivalence in energy 
among the four particle types, the average 
energy transferred and the defect production 
efficiencies vary by almost two orders of 
magnitude! This is explained by the differ- 
ences in the cascade morphology among the 
different particle types. Neutrons and heavy 
ions produce dense cascades that result in 
substantial recombination during the cool- 
ing or quenching phase. However, electrons 
are just capable of producing a few widely 
spaced Frenkel pairs that have a low prob- 
ability of recombination. Protons produce 
small widely spaced cascades and many iso- 
lated FPs due to the Coulomb interaction 
and, therefore, fall between the extremes in 
displacement efficiency defined by electrons 
and neutrons. 

We will focus on the comparison between 
four types of particle irradiation in order 
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 [15- 
18]. Each experiment is characterized by the 
particle type and energy, irradiation temper- 
ature, reported dose rate, and reported total 
dose. The displacement efficiency is calcu- 
lated using Naundorf's model [19], which 
is based on two factors. The first is that the 
energy transfer to atoms is only sufficient 
to create a single Frenkel pair. The second 
is that the Frenkel pair lie outside a recom- 
bination (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 de- 
fects produced that remain free. According 
to Naundorf, the free single FPs are classified 
according to the generation i in which they 
were produced, that is, the relative amount 
111 is the amount that is produced by pri- 
mary collisions (first generation), while 112 
is the relative amount produced by second- 
ary collisions (second generation). Thus, the 
total number of free single FPs produced is: 

11 = E l ] i ,  (15) 
i 

where that produced by primary collisions 
i s :  

aE 
q l  = (~pl Od) JEd dTKI, A(E,T), (16) 

and that produced by secondary collisions is: 

(xE 
n2 = (1/oa) IEd dTKI, A(E, T)[Z(T)f~A(T) / OA(T)] 

2.5Ea , 
JEd dT KA,A(T,T ). (17) 

The primary displacement cross section for 
the incident ion is: 

~E 
Op = JEddTKI, A(E,T), (18) 

and the total displacement cross section oa 
is given in the Kinchen-Pease model by: 

aE 
Od = JEa dTKI, A(E,T)v(T) (19) 

KI, A(E, T) is defined as the differential cross 
section of an incident ion (I) of energy E, 
which transfers the energy T ~ Tma× to an 
atom (A) of the crystal, Ed is the displace- 
ment energy, the maximum energy trans- 
ferred is aE (a = 4MIMA/(MI + MA) 2) and 
v(T) is the K-P displacement function defined 
earlier. Z(T) is the total number of second- 
ary collisions produced above Ed by a pri- 
mary of energy T along its path. The distance 
~, between two primary collisions is distrib- 
uted according to an exponential law, 

W(X) = (l/;~p) exp (-;~/~,p), 20 
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Table 1 Comparison of Different Particle Irradiation Experiments 

Irradiation Displacement rate Total dose 
temper- (dpa/s) (dpa) " 

Particle Energy ature 
type MeV (°C) Efficiency Reported R e a l  Reported  Real 

Electrons 
Kato [15] 1.0 450 1.0 1.9 x 10 -3 1.9 x 10 -3 10 10 

Protons 
Was [16] 3.4 400 0.2 7.0 x 10 -6 1.4 x 10 -6 1 0.2 

Ni + + ions 
Bruemmer [17] 5.0 500 0.04 5.0 X 10 -3 2.0 x 10 -4 10 0.4 

Neutrons Fission 288 0 . 0 2  -4.5 x 10 -8 dpa/s 9.0 x 10 -l° 1 0.02 
Jacobs [18] reactor 1 x 1021 n/cm 2 

(E > 1 MeV) 

with the mean distance: 

~p = f2/op, (21) 

where f2 is the atomic volume. The condi- 
tion that the distance between two consec- 
utive collisions must be larger than an ap- 
propriate interaction radius, riv (so that FPs 
produced near each other neither recombine 
nor cluster) reduces the amount of all pos- 
sible free single FPs by: 

~p = exp (-riv/~,p). (22) 

Results of the model are the displacement 
efficiencies shown for the four particle types 
in Table 1. The "corrected" displacement rate 
and "corrected" total dose for each particle 
type are determined by multiplying the re- 
ported (uncorrected) values times the efh- 
ciency factor. 

MEASURING RADIATION-INDUCED 
SEGREGATION 

Radiation-induced segregation near grain 
boundaries is measured using two principle 
methods-energy-dispersive X-ray analysis 
in STEM-EDS and AES. In STEM-EDS, the 
electron beam is focused to a spot on the 
order of 2nm diameter and used as a probe 
for the generation of X-rays from the volume 
of the foil through which it passes. The X-ray 
intensities can be used to determine the corn- 

position of the material in the sample vol- 
ume. The composition profile of an element 
near a grain boundary is then determined 
by stepping the electron beam probe across 
the grain boundary and converting the X- 
ray signal intensity profile to a composition 
profile. STEM-EDS is a tricky technique that 
requires a fine probe size (~<2nm), a grain 
boundary that can be accurately aligned with 
the probe direction, and a sampling region 
in which the foil thickness is less than 100nm 
and is accurately known. Even so, the finite 
volume of the electron beam probe and the 
broadening of the initial probe size inside 
the sample due to electron scattering limit 
the spatial resolution of the technique to 
2-3nm at best. 

An alternative technique is AES, which 
involves the identification and quantitative 
determination of elements from the energy 
of the Auger electrons emitted from the inter- 
action of an electron beam with a surface. 
This technique requires a different sample 
geometry. In AES, the composition of a sur- 
face is determined by directing the electron 
beam normal to that surface. As such, in 
order to investigate grain boundary compo- 
sitions, the sample must be fractured along 
the grain boundaries. This is usually accom- 
plished in stainless steels by cathodic charg- 
ing with hydrogen and straining in situ in 
the Auger vacuum chamber. As such, unless 
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Table 1 (Continued) 

Amount of Cr depl. (A), 
based on: 

Dose to reach steady 
state (dpa), based on: 

Amount of Cr depl. (A) 
at steady state, based on: 

Reported Real Reported Real Reported Real 
dose rate dose rate dose rate dose rate dose rate dose rate 

4.4 4.4 28 28 5.2 5.2 

7.1 5.4 7 3 9.7 11.4 

4.9 4.8 25 7 5.6 9.1 

8.7 2.4 4 1.4 10.9 14.3 

sputter depth profiling can be accomplished 
on a faceted surface (generally very difficult), 
the information on sample composition is 
limited to the grain boundary plane itself. 
In AES, the depth resolution rather than the 
spatial resolution is a concern. The nomi- 
nally 10keV electrons penetrate and produce 
Auger electrons over several nanometers be- 
low the surface. However, those collected 
by the cylindrical mirror analyzer only come 
from a few angstroms corresponding to the 
escape depth of the Auger electrons. There- 
fore, the accuracy of the measurement is a 
function of the escape depth of the Auger 
electrons of interest. Additional practical con- 
siderations influence measurements, such 
as the contamination of the surface with C 
and O from the vacuum, the uncertainty in 
the location of the fracture along the grain 
boundary plane, and the possibility of erring 
on identihcation of grain boundary facets. 
These two techniques provide all the infor- 
mation we have on RIS at grain boundaries. 

RESULTS AND DISCUSSION 

MODEL RESULTS 

As a means of comparing the expected mea- 
sured amount of grain boundary segregation 
for each of the irradiations described in 

Table 1, we used the Lam model [8] to simu- 
late the depletion of chromium at the grain 
boundary of 304 stainless steel of composi- 
tion Fe-20Cr-9Ni. 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 calcula- 
tions are made by using the same assump- 
tions and boundary conditions and material 
parameters as given by Lain et al. [8] Va- 
cancies were assumed to migrate via the 
alloying elements with a migration energy 
of 1.3eV, which is the same as the energy for 
vacancy migration in pure Fe. However, 
according to Lam, from the different values 
of Do measured experimentally (see Lain 
et al. [8]), the preexponential attempt- 
frequency factors for Ni, Cr, and Fe were 
different. No preferential association of de- 
fects with Fe, Cr, or Ni atoms is assumed. 
Segregation of the alloying elements results 
from the difference 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 inter- 
stitials via the three alloying elements are 
equal. 

Results show that enrichment of Ni and 
depletion of Cr and Fe occur in agreement 
with the calculations of Lain et al. [8, 20]. 
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The quantity of interest is the amount of 
chromium depleted from the grain bound- 
ary, or the area inside the Cr concentration 
profile (Fig. 3). The appropriate measure of 
depletion is somewhat questionable. One 
could use the grain boundary chromium 
value as the measure of the extent of chro- 
mium depletion. Alternatively, the full width 
at half maximum (FWHM) of the depletion 
profile has been used. In fact, both of these 
quantities are useful and can be obtained 
from measured depletion profiles. However, 
the area inside the Cr concentration profile 
represents changes to a volume of material 
and, as will become evident later, is more 
sensitive to changes in the profile shape than 
either the grain boundary value or the 
FWHM alone. The amount of Cr depletion 
is determined by integrating the concentra- 
tion profile for that element with distance 
from the grain boundary, 

M = I~t)[C°A - CA(X,t)]dx, (23) 

where M is the segregated area, ~Ais the 
bulk atom concentration, CA(X,t) is the atom 
concentration near the surface, and l(t) is 
the half-width of the depleted zone. The 
amount of Cr depletion for "corrected" and 
"reported" dose rates is given in Table I for 
each experiment. Also given are the values 
of Cr depletion at steady state and the doses 
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FIG. 3. Chromium concentration profile near the grain 
boundary in Fe-20Cr-9Ni during particle bombardment 
at a displacement rate of 10 -3 at 500°C. The inset 
defines the variables used to describe the amount of 
Cr depletion, M, defined in the text. 
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Fic. 4. Comparison of the amount of chromium de- 
pletion at steady state, as a function of temperature, 
dose rate, and displacement efficiency for each particle 
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. 

required to reach steady state. Figure 4 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 dis- 
placement 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 recombi- 
nation at low temperatures and back diffu- 
sion at high temperatures [21]. 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, increasing 
the peak and shifting it to lower temperatures. 

Note the change in the calculated values 
for the amount of Cr depletion in the four 
experiments shown in Fig. 4. Because elec- 
trons 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. How- 
ever, there is a difference with protons, 
heavy ions, and neutrons. The difference 
is largest for neutrons and smallest for pro- 
tons. The difference is a function of not only 
the displacement efficiency, but also the 
slope of the dose rate curves. Nevertheless, 
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substantial differences result in the expected '~' 
amounts of grain boundary segregation .~ 
when the displacement efficiency is taken -= 

.~ 10 
into account. 

Figure 4 shows the effect of three of the :~ 
3 four parameters defining an experiment: 

particle type, temperature, and dose rate. 
It does not show the effect of dose because 
this is a steady-state result that is achieved 
at different doses for each of the experiments 
described in Table 1. Figure 5 shows the dose 
required to reach steady state as function 
of temperature and dose rate. Each of the l~, 
experiments are plotted for both the reported 
and the corrected displacement rates. Note _== 
the large difference in the dose to reach ~ i,, 
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 com- "- 
parison. Correspondingly, proton and heavy 
ion irradiation fall between neutrons and 
electrons for the experiments described in 
Table 1. 

The series of curves in Fig. 6(a, b) show the 
development of the segregated area due to 
chromium depletion (versus dose and irra- 
diation time, respectively) during irradiation 
for each of the four experiments described 
in Table 1. Each particle type generates a pair 
of curves, the top curve (at large dose) re- 

. . . . . . . .  , . . . . . . . .  , . . . . . . . .  , . . . . . . . .  L . . . . . . . .  i . . . . . . .  
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FIG. 6. Amount  of chromium depletion as a function 
of irradiation dose (a) and time (b) 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 re- 
fer to the conditions for the experiments described in 
Table 1. 
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FIG. 5. Dose required to reach steady state as a func- 
tion of temperature, dose rate, and particle efficiency 
for each particle type. The symbols represent the re- 
ported (uncorrected), and efficiency-corrected dose rates 
for each particle type under  the steady-state conditions 
reported in Table 1. 

sults from use of the corrected displacement 
rate and the bottom curve from use of the 
reported displacement rate. A single curve 
was used for electron irradiation because the 
efficiency of defect production for electrons 
was assumed to be 100%. The points on the 
curves indicate the doses (times) to which 
these experiments were conducted. The ar- 
rows indicate the changes in the measured 
depletion when the reported displacement 
rate and dose are corrected using the effi- 
ciency factors in Table 1. In none of the ex- 
periments is steady state reached after the 
reported dose. This is particularly true for 
electron irradiation where even after 10dpa, 
the steady-state dose is still a factor of 3 away. 
Even in the case of neutrons, a real dose of 
ldpa (just past the threshold for observation 
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of IASCC) falls on the steep portion of the 
curve, indicating that the measured amount 
of segregation is very sensitive to the dura- 
tion 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 experiment. Figure 6(a) 
shows that for these four experiments, the 
amount can vary by almost a factor of 3 be- 
tween various particle types. This is essen- 
tially an effect of the rate dependence on 
the amount of segregation. The curves in 
Fig. 6(a) also show the interplay between rate 
and efficiency for a fixed amount of segre- 
gation. Low efficiencies or low displacement 
rates will produce greater amounts of seg- 
regation after a fixed dose than higher effi- 
ciencies or higher displacement rates. This 
requires trade-offs in experiments using ion 
irradiation to study neutron damage. Gen- 
erally, the efficiency is better for lighter ions, 
and due to the nature of the instrumenta- 
tion (accelerators, HVEM microscope), dam- 
age rates are generally much higher. 

Figure 7 summarizes the resulting dis- 
crepancies between determination of the 
amount of segregation using the "reported" 
dpa rates and doses versus "corrected" 
values that account for the efficiency of pro- 
ducing freely migrating defects available for 
affecting segregation. As expected, the 
difference is generally largest for the particle 
type with the greatest correction to the dpa 
rate. However, the difference is strongly de- 
pendent  on the dose to which the experi- 
ment is carried. In fact, ion irradiation ex- 
periments near 10dpa (0.4 "real" dpa) will 
show virtually no discrepancy due to the 
crossover of the segregation curves at that 
dose. 

Although steady state represents a conve- 
nient point in the dose history with which 
to evaluate the effect of particle efficiency, 
few LWR components or ion irradiation ex- 
periments are taken to steady state. In par- 
ticular, the dose regime of interest in the 
practical problem is 0.5-5 dpa. As such, Fig. 8 
shows how the grain boundary chromium 
concentration varies with partide type (using 
corrected dose rates) for the relevant tem- 

• ' "stead;] " ' /  
e x n e r i m e n t  state [ 

14 electrons A [] ] / 
p r o t o n s  ~ f~ [ 
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Correc ted  a m o u n t  o f  Cr deple t ion  ( 4 )  

FiG. 7. Comparison of the amount of chromium de- 
pletion accounting for particle efficiency (corrected 
amount  of Cr depletion) and that using the reported 
(uncorrected) values of dose and dose rate (uncorrected 
amount  of Cr depletion) for the experiments given in 
Table 1 and at steady state. 

peratures at a dose of ldpa. Note that there 
is a significant shift in the minimum to lower 
temperatures with decreasing dose rate. The 
effect of accounting for particle efficiency will 
be greatest for neutrons (a = 0.02) and is 
shown in the plot of grain boundary Cr con- 
centration versus temperature in Fig. 9. Here, 
the temperature at which the minimum 
grain boundary Cr concentration is reached 
is shifted by almost 100°C! This figure illus- 
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FIG. 8. Effect of particle type on the grain boundary 
chromium concentration in stainless steel at ldpa  as 
a function of temperature. The dose rates correspond 
to the corrected values used in the experiments given 
in Table 1. 
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FIG. 9. Effect of displacement efficiency on the grain 
boundary chromium concentration in stainless steel as 
a function of temperature during irradiation with neu- 
trons to ldpa. 

trates the consequences  of not  accounting 
for particle type in the modeling of radiation- 
induced  segregation. 

These examples also illustrate the method-  
ology for de termining equivalence be tween 
grain bounda r y  composi t ion for irradiation 
with different particle types.  In practice, the 
me thod  may be used either to determine the 

' i r radiat ion condit ions that achieve equiva- 
lence a priori, or to determine the relative 
amounts  of grain bounda ry  segregation 
"expected" given the parameters  defining 
the experiment.  

COMPARISON WITH EXPERIMENTS 

For comparison with experiment, the "Perks" 
computer  model  [10] (as constructed by Sim- 
onen  [11]) was used  to make model  calcu- 
lations. For the purposes  of these calcula- 
tions, it is essentially the same model  as that 
wri t ten by Lain [8]. In fact, cases run  with 
both  codes using the same parameter  set 
p roduce  near ly  identical values for e lement  
concentrat ion profiles at grain boundaries .  
Ch romium concentrat ion profiles at the 
grain boundar ies  are shown in Figs. 10- 
12, which compare  the measured  data taken 
by STEM and AES to the model  calcula- 
tions for several irradiations. Figure 10 pre- 
sents results f rom pro ton  irradiation, Fig. 11 
f rom neu t ron  irradiations and Fig. 12 from 
heavy-ion irradiations. The irradiation con- 
ditions for protons  and ions are identical to 
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FIG. 10. Comparison of experiment and model results 
of the chromium depletion profile in stainless steel fol- 
lowing irradiation with 3.4MeV protons at 400°C to ldpa, 
(a) UHP alloy, (b) UHP + P alloy, and (c) UHP + Si alloy. 
The horizontal bar represents the diameter of the in- 
cident electron probe in STEM-EDS measurements. 

those in Table 1 with the exception of the 
final dose of the ion irradiation. The neut ron  
irradiations were all done  at 288°C, but  
doses and dose rates vary according to the 
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FIG. 11. C o m p a r i s o n  of exper iment  and  mode l  resul ts  
of the  c h r o m i u m  deplet ion profile in s ta inless  steel fol- 
lowing n e u t r o n  irradiation at 288°C at var ious  doses  
wi th  E >/1MeV (a) HP  alloy, 0.068 x 1021 n /cm 2 in LWR 
(b) HP  alloy, 2.0 x 1021 n /cm 2 in L W R ,  ( c )  HP alloy, 2.8 
x 1021 n /cm 2 in LWR, (d) CP alloy, 2.8 x 102 1 n /cm 2 
in LWR, a n d  (e) CP alloy, 2.8 x 102 1 n /cm 2 in ATR. The  
horizontal  bar  represen ts  the  diameter  of the  incident  
electron probe in STEM-EDS m e a s u r e m e n t s .  

reactor in which they were done. Neutron 
irradiations were uncontrolled in that the re- 
ported grain boundary composition profiles 
were taken from core components and not 
from controlled environment test capsules. 
Samples in Fig. 11(a-d) were from a light- 
water reactor [22] and that from Fig. 11(e) 
is from the advanced test reactor (ATR) [23]. 
Each graph shows the experimental data, 
the code prediction for the nominal condi- 

tions, and that accounting for the particle 
efficiency. 

Figure 10(a-c) shows the comparison of 
STEM-EDS measurements and code calcu- 
lations for three controlled-purity alloys ir- 
radiated with 3.4MeV protons at 400°C to 
ldpa (nominal) [24]. The dotted line is the 
"corrected" Cr profile determined using the 
e~ciency-corrected dose rate, and the solid 
line is the uncorrected profile. Figure 10(a) 
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FIG. 12. Comparison of experimental and model results 
of the chromium depletion profile in the UHP alloy fol- 
lowing irradiation with 5MeV Ni ÷÷ at 500°C to 5dpa. 
The horizontal bar represents the diameter of the in- 
cident electron probe in STEM-EDS measurements. 

for the high-purity alloy shows reasonably 
good agreement between code and experi- 
ment in shape, but not in magnitude. From 
both the grain boundary value and the 
FWHM of the profile, it is evident that the 
code calculations predict a greater degree 
of chromium depletion. Consistency be- 
tween experimental techniques is indicated 
by the excellent agreement between STEM- 
EDS and AES on the value of Cr at the grain 
boundary. Figure 10(b, c) shows that the cal- 
culated profiles match the experimental 
profiles much better in the UHP + P and 
UHP + Si alloys. These alloys are essentially 
the same as the UHP alloy in Fig. 10(a) ex- 
cept that they are doped with P and Si, re- 
spectively. In both cases, the shape and mag- 
nitude of the experimental and calculated 
results match very well beyond 2nm from 
the grain boundary. The lack of agreement 
within 2nm of the grain boundary is a con- 
sistent problem. In part, it may be due to 
the lack of spatial resolution in STEM-EDS 
and depth resolution in AES. The better 
agreement between experiment and theory 
for the doped alloys is not unexpected. Evi- 
dence exists to show that the addition of P 
and Si to Fe-Cr-Ni increases the effective va- 
cancy diffusion coefficient, thus leading to 
a broader and deeper profile under irradi- 
ation [25]. An additional factor that may 
affect the grain boundary value is the in- 

crease in the vacancy formation energy by 
the addition of solutes that decrease the equi- 
librium vacancy concentration at the bound- 
ary and result in an increased vacancy flux 
to the boundary [26]. 

Figure 11(a-c) shows STEM-EDS results 
compared with code calculations for a high- 
purity alloy irradiated to increasing doses. 
Figure 11(d, e) shows the comparison for 
commercial-purity alloys: the former irradi- 
ated in an LWR and the latter in a test re- 
actor (ATR). Code calculations were renor- 
malized to match the measured chromium 
levels at 20nm from the grain boundary. In- 
spection of Fig. 11 shows that the code sig- 
nificantly underpredicts the grain boundary 
composition in all the neutron irradiated 
cases. This is in agreement with results of 
Norris et al. [27] using Perks' model [10] 
in a comparison with neutron irradiated 
20%Cr/25%Ni/Nb stabilized steel used as 
CAGR fuel pin cladding. It also shows that 
the effect of the particle efficiency can be very 
significant. In particular, except for the 
profile being off center, Fig. 11(d) shows 
rather good agreement between experiment 
and corrected profile beyond 2nm from the 
grain boundary. Similarly, the ATR data 
[Fig. 11(e)] also shows better agreement be- 
yond 2nm. If one considers the purity of 
these samples, the results support  those 
found in the proton-irradiated UHP alloys, 
showing that impurities increase the amount 
of Cr segregation at the grain boundary. 

Figure 12 shows the comparison between 
model and experiment for the UHP alloy of 
Fig. 10(a) irradiated with 5MeV Ni + ÷ ions 
to a dose of 5dpa at 500°C. This result is 
somewhat peculiar in that it is the only case 
in which the experimental measurements 
produce a broader profile than the model. 

PROBLEMS AND INCONSISTENCIES 

Experiment 

Various problems can be identified with the 
experimental data used for this analysis. The 
first involves the knowledge of the true dpa 
and dpa rate for comparison with the model. 
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Although an attempt was made to rectify 
this problem using calculated efficiencies, 
a better understanding of point defect be- 
havior in an irradiated structure is needed 
in order to determine the true damage rate. 
Further, close control of the irradiation en- 
vironment in experiments is required to 
produce more accurate dose and dose rate 
values. 

A second area of concern is the difficulty 
in accurately determining the composition 
right on the grain boundary either by AES 
or STEM-EDS. Both methods have short- 
comings that may not be resolvable due to 
the finite nature of the electron probe in 
STEM and the depth penetration in AES. 
From this standpoint, it may be more pru- 
dent to use the width of the depleted zone 
as a measure of the degree of segregation. 
The results presented in Figs. 3-7 used the 
depletion volume, which is probably the best 
measure of the extent of depletion. How- 
ever, this is rather arbitrarily defined, while 
the FWHM is a more readily determin- 
able quantity. 

Computational Models 

The paramount drawback with the models 
presently available is the lack of data to de- 
termine accurately the input parameters, 
such as formation and migration energies 
and jump frequencies. Variations in these 
values by only small percentages can cause 
large changes in the resulting grain bound- 
ary composition profiles. Other areas of con- 
cern are the effect of impurities and sinks. 
It should be noted that irradiation to the 
same dose results in greater segregation in 
the commercial-purity material than the 
high-purity material. This is also true in the 
proton-irradiated alloys, where the P- and 
Si-doped alloys show greater segregation 
(and better agreement with the model re- 
sults) than the UHP alloy. In addition to im, 
purities, the effect of point defect sinks may 
be of concern. At high sink densities, the 
increased removal of point defects leads to 
a shallower and more narrow depletion pro- 
file. The dynamic evolution of microstructure 
is not accounted for in any RIS code but may 
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only become significant at very high sink 
levels, corresponding to very high doses. 

SUMMARY 

The efficiency of producing "freely migrat- 
ing" defects that are available for affecting 
processes such as segregation can have a 
large impact on the resulting degree of seg- 
regation. Efflciencies range from I for MeV 
electrons to 0.02 for neutrons with E >I 1MeV. 
Lower efficiencies translate into a lower dis- 
placement rate, changing the degree of grain 
boundary segregation and the temperature 
dependence. Experiments that use charged 
particles to study neutron damage generally 
have higher displacement efficiencies and 
are conducted at higher displacement rates, 
requiring larger nominal doses to achieve 
the same measure of radiation effect. The 
dose to which experiments are conducted 
is also very important in comparing segre- 
gation between various particle types. Be- 
cause most experiments do not reach steady 
state, the amount of segregation is a sensi- 
tive function of the total dose. Hence, com- 
parisons between particle types can yield 
fortuitous agreement or disagreement de- 
pending on the length of the experiment. 
Comparison between model and experi- 
mental results on chromium redistribution 
in stainless steels irradiated with neutrons, 
protons, and heavy ions shows that, gener- 
ally, the measured depletion profile is nar- 
rower and shallower than that calculated 
from theory. The origins of this difference 
are probably due to spatial and depth reso- 
lution of the STEM-EDS and AES measure- 
ment techniques, respectively, the lack of 
knowledge of the material parameters in 
modeling and the uncertainty in the true dis- 
placement rate. Nevertheless, beyond 2nm 
from the grain boundary, the shape of the 
experimental and calculated profiles agree 
reasonably well. 
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