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Heterogeneous void swelling near grain boundaries in irradiated materials
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We found that by assuming that the density of dislocations in an irradiated material varies as a function of
the distance to grain boundaries and that mobile interstitial defect clusters pdHi@erdimensionadiffu-
sional motion it is possible to achieve significantly better agreement with experimental observations of profiles
of heterogeneous void swelling than in the model where defects diffuse purely one-dimensionally. This ap-
proach explains the origin of several distinct features characterising the effect of heterogeneous void swelling,
including the variation of the shape of swelling profiles as a function of irradiation dose, the formation of peaks
of swelling and void denuded zones, and the occurrence of anomalously large voids in the regions adjacent to
grain boundaries.
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[. INTRODUCTION the SRT, although based on different assumptions and ad-
dressing a broader range of phenomena, is able to describe

The development of mathematical models describing maexperimentally observed swelling profiles in a more satisfac-
terials driven far from equilibrium by irradiatidnhas re-  tory way than alternative models studied in recent years.
cently become an important element of the international pro- The alternative approach, proposed by Trinkatsl
gram on the development of a prototype fusion powerand investigated in considerable detail in Refs. 12 and 13, is
station? Modeling the evolution of microstructure of materi- based on the assumption that the effect of heterogeneous
als in a hostile irradiation environméntequires investigat- void swelling observed in the vicinity of grain boundaries is
ing processes occurring simultaneously on several differerdssociated with purelgne-dimensionatliffusion of intersti-
time and length scales, and comparing theoretical predictional clusters generated by irradiation. This assumption is con-
and experimental observations. sistent with results of molecular dynamics simulatiohs;

On one hand, processes occurring at grain boundarieshowing that interstitial defect clusters formed in collision
play an important part in determining the stability of a ma-cascades occurring in body centered culbicc) metals and
terial under irradiation. This was highlighted by recent mo-in fcc metals characterized by high values of the stacking
lecular dynamics simulations of cascades occurring in dault energy, are highly mobile. Interaction of an interstitial
nanocrystalline metélwhere it was found that the network atom cluster with thermal phonon excitations gives rise to
of nanoscale grain boundaries remained stable even aftene-dimensional Brownian motion(diffusion) of the
crystalline order in a part of a grain was temporarily de-cluster®!° The terms “Brownian motion” and “diffusion”
stroyed. On the other hand, by observing the evolution ofised in this context are equivalent. The first term refers to the
microstructure in the vicinity of a grain boundary it is pos- motion of a single defect while the second refers to the evo-
sible to investigate how the presence of a perturbation Iution of an ensemble of defects. Detailed investigation of
this case, a planar sihkffects the dynamics of this evolu- the model shows*°that cross-sections of reaction of mobile
tion. By studying how the microstructure of an irradiated interstitial clusters with voids or dislocations in the material
material varies as a function of a variable introduced into thelepend strongly on the dimensionality of the problem of
problem (here this variable is the distance to the grainscattering, and the predicted microstructure varies signifi-
boundary one should hope to be able to understand thoseantly depending on whether the interstitial clusters are as-
aspects of dynamics of microstructual evolution that cannosumed to diffuse one or three dimensionally.
be addressed in the case of a spatially homogeneous system.The effect of heterogeneous void swelling near grain

Spatially heterogeneous void swelling occurring in the vi-boundaries has so far been thoughfeis providing a direct
cinity of grain boundaries under irradiation was observedconfirmation of the occurrence of one-dimensional diffusion
experimentally in many materiats® Foremanet al® inves-  of interstitial defect clusters in irradiated materials. Despite
tigated whether the observed effects could be described usintbe fact that achieving quantitative agreement with experi-
the so-called standard rate thedSRT) approach proposed mentally observed swelling profiles proved diffictiino al-
by Brailsford and Bullough? In the SRT it is assumed that ternative model has been investigated so far that would
single interstitial atoms and vacancies generated by irradiastimulate carrying out more rigorous verification of concepts
tion in the form of Frenkel pairs diffuse three dimensionally underlying the existing understanding of the phenomenon.
and that the rate of absorption of interstitials by dislocationsThe recent experimental observafioof the fact that spa-
is higher than the rate of absorption of vacancies. Forematially heterogeneous void swelling near grain boundaries also
et al® found that by following the SRT approach it was not occurs in concentrated alloys shows that at least in some
possible to explain the effect of heterogeneous void swellingcases the concept of long-range one-dimensional diffusional
Below we shall show that in fact a modelrmally similar to  transport of interstitial clusters may be difficult to justify.
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Indeed, the presence of compositional disorder in the crystalations(loops or line segmenksvere observed in the cavity
lattice may have a dramatic effect on the transport of interdenuded zone along the grain boundsrie. "] but the con-
stitial defects leading to either immobilization of clusters by clusions drawn from the treatment developed in Ref. 9 do not
solute atoms through the attractive long-range elastic interagree with the solution given below.
actions or to the three-dimensional percolation mode of mo- The origin of variation of the dislocation density near
tion of cluster&2 occurring in the case of repulsive elastic grain boundaries may be either associated with elastic forces
interaction between interstitial clusters and impurities. Theacting between a dislocation and a grain bountfany with
tendency toward more three-dimensional diffusion of inter-kinetic processese.qg., fluctuations of the shape of disloca-
stitial clusters in an alloy, as opposed to the purely onetion lines giving rise to their attachment to grain boundaries
dimensional diffusion occurring in a pure crystalline mate-during annealing; or with emission and absorption of dis-
rial, was noted in recent molecular dynamics simulations ofocations by grain boundari&s™). The occurrence of a dis-
motion of self-interstitial iron clusters in iron-copper location denuded zone also correlates well with dislocation
systemg*?® dynamics simulations showing that interacting dislocations
The significance of interaction of mobile interstitial atoms have the tendency toward forming network structures on the
with solute atoms and impurities follows from a simple ob-micron scal€”” We note that the development of spatially
servation that the average distance that a one-dimensionallieterogeneous microstructure can also occur as a result of
diffusing interstitial cluster can travel in a lattice does notinstabilities developing in the material under irradiatiori’
exceesz(wnirS)*l, wheren, is the concentration of im- In our phenomenological model we do not address the dis-
purity (solute atoms and is the effective range of elastic location dynamics aspect of the problem and instead take the
interaction between a mobile cluster and a solute atom. Fdrofile of the density of dislocations as an arbitrary mono-
example, in the case of a 99.99% pure mate(tia 0.01%  tonic function, the shape of which may depend both on the
concentration of helium, sodiurand magnesium impurities type of the material and on the history of preparation of
results from transmutation reactions in the initially SPecimens before irradiation.
99.9999% pure aluminum irradiated by 600-MeV protons to
the dose of 1 dg%, wheren;~10'° cm 3, we find thatL II. MODEL AND ITS SOLUTION
~1.3x10 ° cm for the fairly modest choice,~0.5 nm. . ) ) ) ) )
This value ofL is between one and two orders of magnitude In t_h|s sectlor] we mvestlgate_ solutions of selfjcon3|stent
smaller than the spatial scale (10-10"3 cm) characteris- equafuons descrlblng_ the evolution of concentratlons. of va-
ing the effect of heterogeneous void swelling near grairf@ncies and_lnte_rstltlal atoms, and alsc_J the nucleapon and
boundaries in irradiated materials. growth of voids, in the vicinity of a grain boundary in the
This analysis has stimulated the study described beloW"€Sence of a spatially inhomogeneous distribution of dislo-
where we found that better agreement with experimental obSations. In our model we treat vacancies and interstitial type
servations can be achieved by using a model that is formall efects(i.e., both smgl_e mterstlt.lals _and se_lf—lnterstltlal clus-
very similar to the rate theory approatt?®2’ The model ers as three-dlmensmnally _dlﬁ‘ysmg object_s. We assume
does not require going beyond the assumption that radiatiofat @ planar grain boundary is situateckatO [i.e., that the
defects(this includes both single interstitials and interstitial Plane of the grain boundary coincides with thez) pland
atom clustersperform three-dimensional diffusion. We note @nd that concentratior (x,t) andc;(x,t) of vacancies and
that this assumptiodoes notcontradict molecular dynamics Interstitial atoms, which are functions of distanc&om the
simulation$*~" showing the occurrence of one-dimensionalPoundary, satisfy the system of two equations
motion of defect clusters in pure materials on short time and
length scales. The three-dimensional diffusion referred to in
the model described below occurs on the submicron scale
and results from the interaction of interstitial clusters with
impurities and solute atoms giving rise to frequent random
changes of the direction of the Burgers vector of diffusing
clusters’®23 Golubovet al'? gave a detailed analysis of fea-
tures of microstructural evolution of a spatially homoge-where indexa refers to either vacanciesxEv) or intersti-
neous material that may result from constantly occurringtial type defects ¢=i). Note that in this equatiog;(x,t)
changes in the direction of one-dimensional diffusion of in-does not refer to the concentration ioflividual interstitial
terstitial clusters. The interesting aspect of our model is thatatoms. Instead;;(x,t) represents the effective concentration
in agreement with experimental observations,deenotas-  of interstitial atoms that diffuse in the lattice both individu-
sume that the density of dislocations is a quantity indepenally (as single interstitial defect@and collectively(as inter-
dent of the distance to the grain boundary. Instead, we take dtitial cluster$. In Eq. (1) K is the effective(inclusive of
as a continuous monotonic function that vanishes at the graiimtra-cascade recombinatiprate of generation of both types
boundary and reaches its asymptotic bulk value at some disf defects,D, andD; are the effective diffusion coefficients
tance away from the boundary. The fact tHat.". few dis-  (in the case of interstitial defecf3; is a parameter that de-
locations occur in the cavity denuded zon . ” wasnoted  scribes both the “conventional” three-dimensional diffusion
by Foremaret al® [a similar observation was also reported of single interstitial defects and the “forced” three-
in Ref. 6 where it was noted thdt.’. . practically no dislo- dimensional diffusion of clusters of interstitial atoms result-

2

Dad—xzca(x,t) +K—|Z,p(x,1)

+4’7TjtV(X,T)a(X,t,T)dT D,c.(x,t)=0, (1
to
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ing from the interaction of clusters with solute atomd solutions of Eqs(l) have the forrrca~exp(i \/Ex), and
p(x,t) is the density of dislocation lines. The term in squarethe presence of the exponentially growing term gives rise to
brackets describes spatial distribution of sink strengthsinstabilities similar to those known in the treatment of reflec-
wherev(x,7) is the void nucleation rater, is the nucleation  tion of waves from the surface of an absorbing mediim.
time anda(x,t,7) is the radius of a void nucleated at time To solve Eqs(1), we define a functiodI(x)=D ,c ,(x,t)

at distancex from the grain boundary. The integration over and the spatial distribution of sink strength@?(x)

is performed over the interval of time between the incubation=z _,(x,t) +4q-rf{0y(x,q-)a(x,t,r)dr. FunctionTI(x) satis-

time ty (which is the time required to start nucleating the
voids) and the moment of observatidnZ; and Z, are the
dislocation bias factor®:?’ These factors describe the fact d2
that, due to the larger formation volume of an interstitial d—XgH(x)—Qz(x)H(x)=—K. 3)
atom defect and the resulting larger energy of its elastic in-
teraction with a dislocation, the rate of absorption of mobileln the casek =0 this equation has two linearly independent
interstitials by edge dislocations is higher than the rate oolutionsII, (x) and I1_(x) satisfying asymptotic condi-
absorption of vacancies. The fact that>Z, gives rise to  tions I1. (x) ~exp({2.x), where Q. =lim,_.|Q(x)|. So-
the positive net flux of vacancie®,c,—D;c;>0 to voids |ution IT,(x) is regular in the limitx—o and II_(x) di-
and leads to their nucleation and growth. Dislocation bias/erges in this limit. The WronskianW(x)=1II_(x)
factors are effective parameters that enter Ebsonly inthe  [dIT_ (x)/dx]—II_ (x)[dII_(x)/dx] of these two solutions
form of the produc,p(x,t). For convenience we normal- is a quantity that is independent af for any continuous
ize the value ofZ, to 1. Profiles of concentration of vacan- distribution of sink strength§?(x). Indeed, by differentiat-
cies and interstitial defects considered as a function of time ing W(x) we find that
are assumed to follow adiabatically the time dependence of
the density of voids and dislocation lines. The grain bound- d
ary is treated as a perfect sink for both vacancies and inter-gx
stitial atoms giving rise to the homogeneous boundary con-
dition ¢,(0,t)=0 andc;(0,;t)=0. We assume that the grain = Q20T (X)_(x) = Q2 () _(x)IT . (x)=0,
boundary does not migrate under irradiation, although i
some cases migration may océBiEquations(1) do not take
into account the recombination of migrating vacancies an
interstitial defects. This approximation is valid in the limit of
low dose ratesi.e., in the limit whereK is smal), where the
terms that are quadratic i& may be neglected.

The growth of a void situated at a distanedrom the

fies the equation

2
WHAX)

2

d
W(x)= I (%)~ | g I1- (0 | 1L (%)

"and this proves thaiV(x) = const for any continuous func-
ion Q?(x).

We now consider a solution of tiehomogeneousqua-
tion (3). Using the above property of the Wronskian, we
observe that the following combination of solutioHs, (x)
andII_(x) of the homogeneousquation(3)

grain boundary and nucleated at tirhe 7 is described by I1_(0) =
the equation I(x)=- —H+(x)f I, (x")dx’
I1..(0) 0
da’(xt,7) =20 D D 2 X *
T_ (t_T)[ UCU(X!t)_ ici(X,t)], ( ) +H+(X)f H_(X,)dX/‘l‘H_(X)f H+(X,)dX/,
0 X
where®(t—7)=1 fort>7and®(t—7)=0 for t<7. This
formula is equivalent to the conventional equation describing (4)

the growth of a void due to the attachment and detachment of;sisfies the necessary boundary conditlé(0)=0. Fur-
three-dimensionally diffusing radiation defects to the surfacgnermore by substituting this solution into E@) we find
of the void[see, e.g., Eq8.29 of Ref. 27 or Eq(5) of Ref. that d2FT (x)/dx2 — 0 2(x)TT (x) = W(x). Taking into account

13f the fact thatW(x) = const we see that E¢B) can be satisfied

da(x,t,7) if we choose the normalization of functiord ,(x) and

—ar @@= nID.e,(x,H-Dici(x.p]ax.t, 7). I1_(x) in such a way thaw(x)=—K.

The two solutionslI, (x) and I1_(x) of the homoge-

This latter equation is less convenient for carrying out nu-neous equatioii3) required in order to constru¢tt) can be
merical integration than Ed2). found by using the R-matrix algorithii,which is described

In some simple cases Eq4) can be solved analytically. in detail in Appendix A. This completes the formal math-
Unfortunately, these simplified solutions do not describe acematical procedure that we now apply to finding profiles of
tual experimental observations. We therefore need to develogoncentration of interstitial atoms and vacancies in the vicin-
a numerical procedure suitable for finding solutions of Egsity of a grain boundary in the presence of inhomogeneously
(1) in the case wherp(x) is an arbitrary monotonic function distributed dislocations.
of the distancex between a given point and the grain bound-  Figures 1 and 2 show profiles of concentration calculated
ary. The requirement that the numerical procedure shouldsing the method described above for a steplgex Fig. 1
retain stability in the limit of largex proves to be very sig- and for an arbitrary continuoysee Fig. 2 distribution of the
nificant, since in the limik— oo the two linearly independent density of dislocations. These figures show that changes in
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FIG. 1. Solutions of Egs(1) found numerically using the FIG. 2. Solutions of Egs(1) found numerically using the

R-matrix method described in Appendix A for a steplike distribution R-matrix method described in Appendix A for a smooth but other-
of the density of dislocationg(x). The profile of net flux of va- wise arbitrarily chosen distribution of the density of dislocations
cancies to void®,c,(x) — D;c;(x) shown in this figure is indistin-  p(x). The asymptotic bulk value of the density of dislocation lines,
guishable from that found by an analytical calculation described irthe bias factors and the dose rate remain the same as those shown in
Appendix B. Bias factors used in the calculation d&te=1.22 and  Fig. 1. Note that the maximum value of functidd,c,— D;c;
Z,=1.0. The relatively high value of the bias factrreflects the  shown in this figure is greater than the maximum value of the same
fact that in this model we consider the three-dimensional diffusionfunction calculated for a step-like distribution of the density of dis-
of interstitial clustersthat interact with dislocations stronger than locations shown in Fig. 1.
single interstitial atomgRef. 12. The dose ratK equals 5 dpa/
year. voids does not significantly influence the nucleation process
or, in other words, the critical radius of voids remains small.
the shape of the profile of the density of dislocatigi{) In this case we may treat the process of nucleation of voids
affect the profiles of concentration of mobile vacancies andas diffusion of the population of voids in th&ize space,
interstitial defects. In the case of a step-like profiléx) where nucleation and growth is driven by the net flux of
shown in Fig. 1 the net flux of vacancies to voids variesvacancies to voidP,c,—D;c; competing against random
linearly as a function ok in the dislocation-free zone. This fluctuations of fluxes of vacancies and interstitials. Taking
agrees with the analytical solution of the problem given ininto account the fact that the amplitude of fluctuations of
Appendix B. On the other hand, in the case whefg) isa  fluxes of point defects is proportional ©,c,+D;c; (see
smooth monotonic function of variabbe (see Fig. 2, the  Ref. 37 for more detai)s we find that the rate of nucleation
shape of the net vacancy flux profile depends on the distrief voids is given by?
bution of the density of dislocations in a more complex way,
which is difficult to describe using analytical approxima- D,c,(x,t)—Djci(x,t)
tions. v(x,H)=RK D,c,(X,t)+Dici(x,t)’
Further study of kinetics of inhomogeneous swelling re-
quires introducing a model describing the nucleation andvhereR is a rate factor that remains constant over the inter-
growth of voids. Experimental data discussed in previoussal of irradiation doses studied experimentally. We now in-
publicationg**? refer to the interval of relatively low irra- vestigate self-consistent solutions of E@s), (2), (4), and
diation doses where voids continue to nucleate over the ern(5), and study the evolution of the spatially inhomogeneous
tire period of observations. The experimental data describedistribution of voids nucleating and growing in the vicinity
in Ref. 9 show that the visible volume concentration of voidsof a grain boundary.
increases approximately linearly with the irradiation dose.
This suggests that in this interval of irradiation doses nucle-
ation is almost unaffected by the presence of existing voids.
Moreover, since the observed nucleation rate remains rela- We start by summarising the experimental findings. There
tively high over the interval of doses studied experimentally,are several significant features characterising the phenom-
we can assume that thermal emission of vacancies froranon of heterogeneous void swelling that a suitable theoret-

t>tg, (5)

III. RESULTS AND DISCUSSION
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__ 60 attachment of dislocations to grain boundafiét. is there-
i3 ] fore natural to treat the problem of void swelling starting
250 P ] from a monotonic profile of the density of dislocatign&),
g 10 / d096 =018 dpa ] where fu_nction p(X) .vanishes atx=0 and _whgrep(x)
o I —— dose = 0.26 dpa ] reaches its asymptotic bulk value at a certain distance away
S 30 ’ ——- dose = 0.65 dpa ] from the grain boundary. It is also reasonable to assume that
2 / ] the overall density of dislocation lines should increase under
S 20 / : irradiation as a result of growth of dislocation loops. Also, it
o ,/ }/ is likely that the climb of dislocations should give rise to
S 10 v dislocations propagating from the interior region of the grain
g s : ; towards grain boundaries during irradiation.

0 0 5 10 15 20 Following these arguments, we approximate the density

distance from grain boundary (pm) of dislocation lines by a simple analytical formulia quali-

tative terms the results reported below are not sensitive to the
FIG. 3. Density of voids evaluated self-consistently using Eqs.particular choice of the shape of this profile
(1), (4), and(5) for R=10° micron 2 dpa . Profiles shown in this
figure were calculated for the three values of the irradiation dose exp(—w/Xx)
corresponding to experimental data given by Foreetaal. in Ref. p(X,t)=po(t) 1+ ext — (X—xo(0))/w]’ (6)
9. The density of voids drops by more than an order of magnitude in 0
the region adjacent to the grain boundary resulting in the formatiorwherepo(t) andx,(t) are assumed to vary slowly as a func-
of a void denuded zone. Dislocation bias parameters used in thgon of irradiation time. The function given by E¢6) van-
calculations areZ;=1.22 andZ, = 1.0. Boxes represent void densi- ishes in the limitx—0 and reaches its bulk asymptotic value
ties measured experimentally. p(X)—po(t) in the limit x—o. The irradiation timet is
. . related to the dose via ¢=Kt.
ical model should be able to address. They @dhe rela Figure 3 shows the distribution of the volume density of

tively large spatial scale of void swelling profilegi) the . . -
occurrence of void denuded zones in the regions adjacent t\(/)mds calculated for the three values of irradiation dose for

grain boundariessee for example Fig. 3 of Ref) i) the which gxperim_entally observed vaIu_es were reported in Ref.
nearly symmetric shape of void swelling peaksis point is 9. The mcgbatlon dosé, corresponding to the onset of void
particularly difficult to address using the existing modbls growth to IS ass“med to be equal to 0.08 dpa. Values O.f
and (iv) the origin of rare but unusually large voids often the density of v0|d:s at swelling pealis obserlled expert-
: e : entally were N{¢=01¥Pd =5 5 micron 3, N{(¢=02EPa)
observed near grain boundaries in the void denuded zoné¥ y g U ($=065pa) Sy
(these large voids can be clearly seen in Fig. 3 of Ref. 5, and 16 micron ®, andN,”"**=30 micron . These val-
in Fig. 3 of Ref. 6. We should also note that in some casesUeS agree reasonably well with the calculated values
peaks of void swelling were not observed af%lind the N\~ *'#P¥=3 micron 3, N{?~02¥P¥=10 micron %, and
spatial scale characterizing the effect was fairly small. N{#=0-8%IPd =28 micron 3, representing void densities at
We begin by arguing that the assumption that the densitglistances corresponding to peaks of void swelling profiles
of dislocation lines can be approximated by a function inde-discussed below.
pendent of the distance to the grain boundédhys approxi- Profiles of the density of dislocatiori€q. (6)] are as-
mation was adopted in a recent stffiydoes not represent sumed to evolve with irradiation dose as shown in Fig. 4.
the best possible starting point for the treatment of the probGiven the overall functional form of the dislocation density
lem. Indeed, the presence of image forces acting betweenpiofile [Eq. (6)], the parameterg,, w and the rate of in-
grain boundary and a dislocatideee Ref. 28 for a compre- crease of the asymptotic bulk density of dislocatigiét)
hensive review of the subjecshould inevitably lead to the have been chosen to reproduce the experimentally observed
formation of zoneslenuded of dislocation®ot voids yet in profiles of void swelling shown in Fig. 5. Other choices of
the vicinity of grain boundaries in well annealed materials.input parameters of the model give rise to profiles qualita-
This conclusion does not depend on whether the interactiotively similar to those shown in Fig 5. Here, void swelling
is attractive or repulsive, since in the first case the dislocawas calculated by using Eq&) and(5), where the concen-
tions will be absorbed by the grain boundary while in thetrationsc, andc; were evaluated self-consistently via Egs.
second case they will pushed away from the boundary in th€l). The comparison of calculated and observed profiles
interior region of the grain. Note also that the weakness ohows that by using the present model it is possible to
elastic forces acting between a dislocation and a graimchieve good agreement with experiment both in terms of the
boundary is compensated for by the very long time availablshape of the profiles and also in terms of the calculated and
during the annealing process for the development of the miobserved values of void swelling in the interior region of the
crostructure(the experimental data described in Ref. 9 weregrain. None of this was possible within the framework of
obtained using well annealed samples, and the authors ofiodels considered previousfy?*
Refs. 9 and 6 confirmed that only few dislocations were ob- Note that profiles shown in Fig. 4 and representing the
served in the cavity denuded zonEluctuations of the shape variation of the density of dislocations as a function of the
of dislocation lines at high temperatures should also lead tdistance to the grain boundary agree reasonably well with
the formation of zones free from dislocations as a result obxperimental measuremerihe authors are grateful to Pro-
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FIG. 4. Snapshots of profiles of the density of dislocation lines FIG. 6. Profiles illustrating the evolution of the average radius
used in the study of solutions of Eq4). The profiles are described of growing voids considered as a function of the distance to the
by analytical expressiof6), where the width of the transition re- grain boundary. The average radius of the vaids definedasa
gion w, the distance between the centre of the transition regjon =(3S /47wN,)Y?, whereS, represents the local void swelling and
and the grain boundary, and the asymptotic bulk value of the disloN, is the local volume density of voids. By comparing results
cation densityp, were assumed to vary slowly as a function of the shown in this figure with those shown in Fig. 3 we find that the
irradiation dose. Note that the density of dislocations shown in thisjensity of voids in the region immediately adjacent to the grain
figure represents an effective parameter consistent with the choidsoundary is substantially lower than that in the interior of the grain.
of normalization of the bias factat,=1. Other possible choice of At the same time the average size of voids growing near the bound-
values of bias factors will require simple re-scaling of curves shownary exceeds significantly the average size of voids growing in the
in this figure. interior region of the grain.

fessor M. Victoria for giving us access to these experimentalvhere Z is the bias factor. In our treatment we choose to
datg reported in Ref. 41. In the case of aluminum irradiatedngormalize the vacancy bias factor to unify=1.0. In prac-
to the dose of 1.1 dpa by 590 MeV protonsTat 390 K the  tice the values of bias facto may vary in the range be-
observed density of dislocations was found tode=7.0  tween 1 and FRef. 27 (indeed, it is not the absolute value
X 10" m™~2, which is equal tgo=70 micron 2. This value  of Z; or Z, but the ratioZ;/Z, that plays the main part in
compares very well with the value @(t)=125 micron > determining the rate of void swellipgind the choice of nor-
corresponding tap=0.65 dpa found using our model. In- malizationZ;=2.44 andZ,=2.0 would bring the values of
deed, at higher doses the density of dislocations does ngf(t) used in our model calculation into exact agreement
increase as rapidly as it does in the limit of small ddske  with experimental measurements.
calculated value opo(t) at ¢o=1 dpa is 140 micron?]. A particularly important feature characterizing the effect
Moreover, we should emphasize that the density of dislocasf innomogeneous void swelling is the occurrence of unusu-
tions enters Eqs(1) only in the form of the producpZ,  ally large voids in the void denuded zones adjacent to grain
boundaries. The rarely distributed large voids situated very

S T close to grain boundaries can clearly be seen in electron mi-
3 | —— theory, 6=0.13 dpa croscope images given in Refs. 5 and 6. None of the models
4 --=- theory, ¢=0.26 dpa ] investigated so far was able to explain the very striking ob-
i — -~ theory, ¢=0.65 dpa k h h hof id be hiaher in th
<3 T S U R g theory, 6=1.00 dpa servation that the rate growthof voids can be higher in the
>3 [ @ experiment, ¢=0.13 dpa ] regions where thaucleationof voids is suppressed. Figure 6
2% B experiment, ¢=0.26 dpa shows how this phenomenon can be understood using Eqs
T I @ experiment, ¢=0.65 dpa W W this p - u using Egs.
3 ol (1). The average radiua of a void is a quantity related the
g1 local value of void swellings, and the local density of voids
g N, via
’
[ & L 4 —
0 [ esetree st} S,=3mN,a’

0 5 10 15 20 25 30

distance from grain boundary (41m) A comparison of profiles shown in Figs. 3 and 5 shows that

FIG. 5. Profiles of void swelling calculated numerically using & Substantial part of each swelling peak is situated in the
self-consistent equationd)—(5) for the three values of the total €gion where the density of voids is low. The fact that values
irradiation dose where experimental data are availéRéd. 9, and  Of local swelling remain high in the region where the density
also for a somewhat larger value of the dose illustrating the absencef Vvoids is low shows that the average size of voids in
of the immediate saturation of void swelling exhibited by the this region can be substantially greater than the size of
model. Bias factors used in the calculations @&e=1.22 and Vvoids growing in the interior of the grain. The occurrence
z,=1.0. of large voids in the vicinity of grain boundaries is associated
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significantly higher than that characterizing the case of single
interstitial atom&?). Furthermore(iv) we should expect that

1 ---- ¢=0.65 dpa

~ @ | $=0.26 dpa in the case of electron irradiation the high concentration of
'\i —— ¢=0.13dpa single interstitial atoms will give rise to the rapid climb of
& L BN dislocations. In the case of neutron irradiation pinning by

A interstitial clusters investigated in Refs. 43,44 impedes the
k motion of dislocations, and the resulting evolution of the
dislocation component of the microstructure, as well as void

o
o
=
- -
.
/”/

D,c,-Dc (pem/year)

0.001 ) T swelling profiles, should be expected to differ significantly
from the case where pinning of dislocations by interstitial
0.0001 - 5 10 15 20 25 30  Clusters does not occur.

distance from grain boundary (um Results described above show that the conclusion drawn
o ~in Ref. 9 regarding the point that a rate theory-type approach
FIG. 7. This figure shows how the net vacancy flux to voids 355yming the dominance of three-dimensional diffusion of
D,c,—D;c; varies as a function of distaneeo the grain boundary  efects could not describe heterogeneous void swelling near
and as a function of irradiation dose. The peak of functlongrain boundaries, is incomplete. In fact, by using a model
D¢, (x) ~Dic;(x) in the vicinity of the grain boundary is associ- a1 very similar to the rate theory it is possible to de-

ated with low total density of sinks in that region. The gradual drift ;.4 o e imental observations reasonably well. It is inter-
of the peak of the void size profile towards the grain boundary

visible in Fig. 6 is related to the evolution of the profile of the net eStlln?. thatfc#]r Con(ijIUSIth agrees fuély \g;\tﬂh E‘evc\)/ngmaltjor_
vacancy flux shown in this figure. mulation of the production bias mod&PBM) by Woo an

SingH™“® who highlighted the significance of segregated
with the low density of sinks in the regions adjacent to thecoale_:scence of defects in _coIIision cascades_. Both_the fact
boundaries and the resulting high local values of the nefa@t in our model we use high values of the dislocation bias
vacancy fluxD,c,—D;c;. Figure 7 illustrates this point in factor Z; and tha_lt the expression for the rate of nucleation
more detail. [Eq. (5)] was derivedf using the PBM shows that our results
The model considered above makes it possible to comflt squarely into the PBM framework. The fact that here the

ment on cases where the effect of inhomogeneous voi@ONcept of one-dimensional diffusion of clusters was not
swelling near grain boundaries wast observed, see, e.g., USed does not come as a surprise since the concept of PBM
the case of void swelling under electron irradiation described€fers equally to pure materials and alloys, where in the first
in Ref. 39. On the one hand, in the model where we assumg?se the one-dimensional transport of interstitial clusters
that interstitial defects perform three-dimensional diffusion,ProPably dominates the microstructural evolution while in
the presence of alislocation denuded zones near grain the latter case the.o.ccurrence _of Ion.g—range one-dimensional
boundaries prior to irradiation is necessary to explain thdransport of interstitial defects is unlikely. ,
formation of the peak of void swelling situated at a certain Finally, we would like to note the phenomenological as-
distance from the grain boundary. In the case where the dig2ect of the study described in this paper. The model proves to
tribution of the density of dislocations is homogeneousP® capable of describing the experimentally observed phe-
across the grain, no peak of void swelling are expected t&omenon of heterogeneogs void swelling in a somewhat bet-
occur, and this may explain their absence in experimentter and more comprehensive way than other models currently
described in Ref. 39. There are other even more fundamentayailable in the literature. The model shows that the origin of
reasons that can be responsible for the difference betwedipatially heterogeneous void swelling may be associated
experimental observations corresponding to cases of electrdMth the heterogeneity in the distribution of dislocations near
and neutron/ioricascadgirradation. It is often assumed that @ 9rain boundary. This shows that the spatial distribution of
the main difference between the two cases is associated witf€ dislocation component of microstructure probably plays a
the fact that electron irradiation produces Frenkel pairs ofl€términing partin the formation of the distribution of voids.
defects while cascade irradiation generates clusters of d&Vithout a proper investigation of the evolution of the dislo-
fects, and the difference between scenarios of microstructur&gtion network it is difficult to draw conclusions about the
evolution occurring in the two cases is associated with théctual cause of the large-scale spatial inhomogeneity of the
occurrence of one-dimensional diffusion of interstitial clus-v0id swelling profile in the vicinity of a grain boundary.

ters. A more thorough examination shows that there are other
significant differences, namelyi) the presence of transmu-
tation reactions in the case of neutron irradiation giving rise
to the accumulation of heliurand other impurities in the This work was performed as a part of a collaborative
material?” (ii) the presence of new mechanisms of nucle-program on modeling fusion materials sponsored by the
ation associated with the direct formation of nanovoids ininternational Energy AgencylEA). We are grateful to R.
cascades as opposed to nucleation occurring via the sequeBullough, M. Victoria, G. Martin, and F. R. N. Nabarro for
tial accumulation of vacancies in vacancy clusters, @ingd  discussions and valuable advice, and we thank I. Cook and
the difference in the magnitude of the dislocation bias factord. W. Connor for their encouragement and comments. We
(the effective value of the ratig; /Z, describing the interac- thank S. Golubov for the discussion that initiated this work,
tion of mobile interstitial clusters with dislocations may be and we are grateful to B. N. Singh and H. Trinkaus for their
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University was supported by University Grant Nos. G-T007choose the boundary condition on ttherivativeof IT_(x) at
and G-T238, and also by grants PolyU 5167/01E andk=0 in the formd In[I1_(x)}/dX,—o=—R,, whereR, equals
PolyU 5173/01E awarded by the Hong-Kong Research Grarthe boundary value of th&-matrix found previously from
Council. Work at the UKAEA Culham Science Center wasEqgs.(A4) and(A5). We now impose the requirement follow-
funded by the UK Office of Science and Technology anding from Eg.(4) that the Wronskian of solutiord _(x) and

by EURATOM. IT, (x) must be equal to- K. We write
dIT, (x dIT_(x
APPENDIX A I_(0) d+x( ) _H*(O)d—x() — K. (A7)
In this appendix we describe a numerical approach to x=0 x=0

solving equationg3) and (4). We assume that we need to Taking into account thall, (0)=1, from (A7) we find the
find these solutions on an intervEdL ], wherelL is suffi-  boundary condition ol _(x)

ciently large, so that )..>1. We split the entire interval of

integration intoN>1 slices of equal length=L/N. Within I _(0)=K[dIn[TT_(x)]1/dX|x—o—d IN[IT , (x)]/dX|y—o] " *.

each slice functiof2?(x) can be approximated by its value (A8)
corresponding to the middle of the slice, so that %o x

Zx,.. we have Now valuesII_(x;), IT_(Xp), ... ,II_(Xy) can be found

using Eq.(A6). Finally, we write solution4) in the form

I1_(0)
I (0)

2

d
WH(X)—Q?H(X)IO, (A1) I(x)=—

H+<x>f:H+(x'>dx'+H+(x>n_<x>

whereQ?=Q?([x;+X;+1]/2) andxy=L. FunctionQ?(x) is , B ,
now approximated by a discontinuous set of steplike seg- x( fxwdx%f de,) (A9)
ments. The solution of EqA1) is a function that is continu- o IT-(x) x I14(x) ’

ous and differentiable everywhere on the intef\@aL ]. Val-

ues of the derivativelll/dx and the solutiod1(x) at both that contains no exponentially divergent terms and provides a

sides of every slicéx; ,xi, ] are related via convenient numerical representation of functidix).
dIT(x dIT(x
di ) =cosr(Qil)% +Q,sinh QL )TT(X . 1), APPENDIX B
X; Xii1 In the case of a steplike distribution of the density of
dislocations equatiofB) has the form
sinh(Q;1) dIl
M) =—q— gx| TeostiDII(Xi.y). (A2) d?
i Xii1 WH(X)JrK—pZH(x)@(x—xo):O. (B1)

Introdugng theR-matrix t_)y the relatiorR; =d In[I1(x)}/dx In the interval G<x<Xx, this equation has solutiofl(x)
and using Egs(A2), we find = —Kx%/2+ Ax+B. \/@r Xx>X, the solution is II(x)
. =(K/Zp)+Cexp(+pZx). Using the boundary condition
_ _COSHODR + Oisinhtil) (a3)  11(0)=0 we find thatB=0. Conditions of continuity of the
cosh Q1)+ Q; *sinh(Q;1)R, ' solution and its first derivative &t=X, give rise to two more
equations, using which it is possible to find constakisnd
C. By carrying out calculations, we arrive at

i+1

or, conversely,

cosH QiR 1—Q;sinh(Q;l 2 2
Ri: “ |) |+j1. i f’( |) . (A4) H(X):_K_X i @ £

coshQ;l)—Q; “sinh(Q;1)R; 41 2 Xol\ 2 pZ
In the limit x—o we retain only the solution that falls off Kx3
exponentially as a function of coordinateThis corresponds (T - (1+x0\/p_Z)‘1} (B2)
to the boundary condition p

for 0<x<xq, and
2

Using this boundary condition and E@A4), we find values _ £+<ﬁ_ ﬁ T ~1
Rn-1, Ry_2 - - - Rg. SolutionIT, (x) that remains regular in ity pZ 2 pZ (1 XO\/’J—Z)

the limit x—co can now be found recursively as

X ex] — VpZ(x—xo)], (B3)

)= 1N =0"1gj DR ..171 :
T, (X 1) =[costil) = &y “sinh( QDR 4] H*(X('A'G) for x>x,. In the case shown in Fig. 1 this solution is indis-
tinguishable from the solution found using the numerical al-
Boundary condition foll, (x) atx=0 isII . (0)=1. gorithm described in Appendix A.
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