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Segregation of voids in a spatially heterogeneous dislocation microstructure
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We investigate the dynamics of nucleation and the growth of voids in an irradiated material in the presence
of a spatially heterogeneous dislocation microstructure. We find that, due to the sensitivity of the void nucle-
ation rate to the local vacancy supersaturation, voids nucleate and grow almost exclusively in the regions where
the density of dislocations is low. Numerical simulations show that the relatively high void growth rates
observed experimentally in the regions of low dislocation density, leading to segregated evolution of disloca-
tions and voids, can be naturally described by solutions of a spatially heterogeneous reaction-diffusion model
that takes continuous nucleation of voids into account but does not assume the occurrence of long-range
one-dimensional transport of clusters of self-interstitial atoms through the material.
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l. INTRODUCTION doses:*1%In this case voids form predominantly in the re-

The development of materials suitable for the construcdions of low density of dislocations, in a seemingly apparent
tion of a commercial fusion power plant is one of the maincontradiction with the reaction-diffusion standard rate theory

technical tasks in the realization of nuclear fusion as an ecdeFjer in Whic_h the g_rovvth .O.f voids is d”"efﬁ by th_e prefer-
nomically viable alternative to the use of fossil fuétd, ential absorption of interstitial atoms by dislocations. Fur-
Given a broad range of challenging issues associated WitWerrlnore, spatially he'geroge_geous nlﬁatenals, like compIeT
the empirical testing of candidate materials in a simulatec!c€!S OF hanocomposite oxide-metal systems are presently

fusion environment;* modeling the microstructural evolu- considered to be among the most promising candidates for

. ) S . fusion and advanced fission applications in view of their
tlon_ of matepals has become a significant part of the Inter'ability to trap helium at interfaces and to sustain high levels
national fusion development prograrf.

The Kinetics of phase transf i . terials dri of irradiation damagé®
€ Kinetics of phase transiormations in materials arven - o rrent interpretation of the observed effects is based on
far from equilibrium by irradiation is characterized by the

. X ; the concept of one-dimensional Brownian motion of self-
dynamic balance between the creation of lattice defects angarstitial atom clusters-1°In the case of a nanocrystalline

their annihilation at dislocations, grain boundaries, or otheinaterial molecular dynamics simulations show the one-
elements of the microstructure, and through clustering. Thgjimensional migration of clusters in the stress field of grain
development of a unified fully quantitative mathematical poundaries occurring on the ten-nanometer sthla. the
treatment of microstructural evolution of a material is hin-case of spatially segregated void swe|ﬁﬁ@5the failure of
dered by the presence of highly disparate time and lengtthe reaction-diffusion models investigated by Leffetsal?
scales characterizing this evoluti®f.Also, the extent to to explain experimental observations has led to the hypoth-
which this evolution can be adequately described by an efesis that it is the occurrence of thieng-range one-
fective spatially averaged homogeneous model has long relimensional transport of self-interstitial clusters through the
mained a subject of debate. The original formulation of thematerial on the scale exceeding several thousand
reaction-diffusion “standard rate” thed§ assumed a spa- nanometer® that is responsible for the segregated growth of
tially homogeneous and time-independent concentration ofoids between the dislocation walls.
diffusing point defects, and a homogeneous distribution of However,in-situ electron microscope observations of the
sinks for these defects. The connection between this modehotion of defects in irradiated speciméh&*have not so far
and the actual heterogeneous microstructure of materials wasnfirmed the actual occurrence of the long-range transport
made through the effective medium approximation investi-of interstitial atom clusters. Instead, these observations point
gated by Brailfsord and, more recently, by Doan and to the possibly significant part played by thermal excitations
Martin.10 giving rise to random changes in the direction of motion of
At the same time in many cases the spatial heterogeneitylusters or interaction with trapping centers in the bulk of the
of the material represents the main factor determining thenateriaf® that hinder the one-dimensional diffusion of clus-
mode of microstructural evolution. One example of this isters and enhance the three-dimensional character of their
given by the behavior of nanocrystalline materials undemotion?26.2”
irradiation}*12 where a high concentration of grain bound-  This poses two significant questions: namely,in the
aries has a strong effect on the development of collision casabsence ofong-rangeone-dimensional transport, what is the
cades. Another striking effect is the spatially segregated voighossible mechanism that drives the nucleation and growth of
swelling observed in several materials at low irradiationvoids spatially segregated from dislocations, éndhow can
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we explain the observed evolution in view of its relatively whereD, and D; are the diffusion coefficients of vacancies
large spatial scaléa thousand nanometgPsWe show that and interstitial atoms, and,(r,t) and c(r,t) are the local
both questions can be resolved within a relatively simpleconcentrations of these two types of defects. In @g.the
reaction-diffusion type model that takes into account theteerm D,C a) describes thermal evaporation of vacancies.
nucleation of voids in collision cascades. The point that theFor the supercritical voids in the range of parameters rel-
nucleation aspect of the problem is important follows fromevant to experimental observatidfis® this term does not
the fact that all the experimental observations of heterogehave an appreciable effect on the growth rate and in what
neous microstructurés*>refer to the initial stage of micro- follows it will be neglected. In the case where the clustering
structural evolutior(low irradiation doseswhere nucleation of interstitial atoms in collision cascades plays a significant
and the growth of voids occur continuously and simulta-part2® parameter®; andc; represent effective quantities that
neously. Although the significance of continuous nucleatiordescribe the total flux of interstitial atoms and include con-
is clearly evident from observations, it has not been includedributions of both single interstitial atoms and interstitial at-
in the models considered so far?? A new treatment of oms clusters performing a three-dimensional random walk in
nucleation developed in Ref. 28 has simplified the problenmthe materiaf82” In the limit of low irradiation rates where
to the extent that we can now apply it to the investigation ofthe recombination of vacancy and interstitial defects in bi-
a sufficiently general but still tractable spatially heteroge-nary collisions may be neglected, concentratiopsand c;
neous case. satisfy the system of two equations:

In this paper we examine a sufficiently general diffusion-
reaction-nucleation model of an irradiated material character- D, V2c,(r,t) + K(1 - €) = [Z,p(r) + 4mNa(r,t)]D C,(r ,t)
ised by a spatially heterogeneous dislocation microstructure. 0 2)
We find that a combined treatment of nucleation and growth ~ — >
of voids can explain very well a segregated occurrence of

voids between dislocation walls similar to that observed ex—Where the index refers to either vacancida=v) or inter-

perimentally. Numerical solutions obtained for the reIevantSt't'al_ type defect%am). !n this equaﬂorp(r) 'S Fhe vglume
range of parametéfsi®are in agreement with observations. density of edge dislocationZ,, are the dislocation bias fac-

These findings suggest that the observed effects may be e}@rS(Zi>2,), andN(r) is the volume density of voids. In the

plained without assuming the presence of long-range Onéeﬁers mgdeN(r) is assumed to be consta_mt as a function of
dimensional transport of interstitial defect clusters, whichtime and is a globally averaged quantity independent of the
was previously believédto represent an essential part of the coOrdinater. Concentrationg,(r,t) depend on time in a
treatment of the problem. self-consistent way via(r ,t) given by Eq.(1) To model a

We start by showing that in the case where continuouspatially heterogeneous microstructure the density of dislo-
void nucleation is not explicitly taken into accoghthe so- ~ cations was modulated in the direction of thexis in the
lutions do not match experimental observations. We then inform of dislocation walls, as shown in Fig. 1. We postpone
vestigate a spatially heterogeneous reaction-diffusion moddhe discussion of the numerical treatment until the next sec-
that includes the treatment of continuous nucleation andion and begin by considering the solutions of the above
show that in this case the predicted picture of microstructuragquations.
evolution agrees much better with experimental findings. We The profiles shown in Fig. 1 are qualitatively similar to

conclude by assessing the limits of validity of the model. those shown in Fig. 2 of Ref. 21. The main feature of the
predicted spatial distribution of vacancy supersaturation il-

lustrated in Fig. 1 is the presence of pronounced peaks near
Il. THE LEFFERS MODEL the dislocation walls. It is this feature of the solution of the
Leffers modet! that does not agree with experimental find-
We start by investigating a model that describes growth ofngs reported in Refs. 13-15. In experiments voids form al-

voids in the presence of a pre-existing spatially heterogemost exclusively in the space between the dislocation walls
neous dislocation microstructure. We assume that all thend almost no voids are observed in the immediate vicinity
voids are instantly nucleated at the initial moment of time of the walls, while the profile of vacancy supersaturation
=0 and that the subsequent microstructural evolution onlghown in Fig. 1 suggests that voids should be expected to
involves thegrowthof voids driven by the supersaturation of grow at the fastest rate near the walls. It is this qualitative
vacancies in the material. A simplified version of this modeldifference between the solutions of the Leffers model and
(where instead of following the integral history of micro- experimental observations that stimulated the hypothesis that
structural evolution the authors treated a few “snapshotsthe formation of the observed void swelling profiles was
describing an assumed state of the material at a certair) dosgriven by some unusual mode of transport of interstitial at-
was first considered by Lefferst al?! In what follows for  oms involving long-range one-dimensional diffusfn.
convenience we refer to it as to the Leffers model. The rate
of change of the radiua(r ,t) of a void situated at point in

the material is proportional to the vacancy supersaturation !l SPATIALLY HETEROGENEOUS REACTION-
D,c,(r ) ~Dicy(r .t) at that poinf DIFFUSION-NUCLEATION MODEL

We now consider how the solutions of a reaction-diffusion
da(r,t)/dt=[D,c,(r,t) - Dici(r,t) - D,Ci(a@)}/a(r,t), (1) model change if the continuous nucleation of voids is taken
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S(r,t) = g#f w(r,nas(r,t, 7)dr, (4)
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densHy Rt AETWoHKdSIooationS: (s ) wherea(r,t, 7) is the radius of a void nucleated at the mo-

mentt=7. By differentiating(4) we find the following ex-
pression for the swelling rate:
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coordinate normal to dislocation walls (micron

=

lision cascades.

Equations(4)—<(7) can be integrated using the supercell
method similar to that used in large-scale electronic structure
calculationg® and in the treatment of electron diffractiéh.
Consider the diffusion of particles in the presence of a spa-
tially heterogeneous distribution of sinks,

FIG. 1. (Color onling (Top) Spatial distribution of the network
density of dislocationg(x) used in calculations, and the profile of
the sink strength #Na(x,t) of voids. (Bottom) Profile of vacancy
supersaturatiorD,c,(x,t)—D;ci(x,t) evaluated using the Leffers
model for $=Kt=10"2 NRT dpa assuming that the volume density
of voids equalsN=10?" m™3. The dose ratK equalsKk=2 NRT V21(r) - Q()TI(r) +K(1 - &) = 0. ®)
dpalyearZz;=1.15,7,=1.0.

Here I1(r ,t)=II(r)=D,c,(r,t) is a potential function, the
into account in a self-consistent manner. hQ[ ,t) be the gradient of which giVES the local flux of mobile defects, and
rate of nucleation of voids normalized by the condition ~ Q(r)=Q(r ,t)=Zp(r)+4x[ou(r, Da(r ,t,ndr is the local

density of sinks. Representing(r) and the potential func-

tion II(r) in the form of a Fourier series,
t

Jv(l’,T)dr:N(r,t), 3) H(r)=%ﬂg explig-r),
0
Qr) = Qgexplig-r), (9)
whereN(r ,1) is the local density of voids at pointat timet. ’
The local void swelling is defined as we write Eq.(8) as
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S (0209 + Qg )Ty =K(1-€)5p.  (10) ot 4 | 10*NRT opa
g 1.2x10 E‘ ‘E _':r_ - 10'3NRpoa
o . . . . . [ ! T = 2x0® 1
The matrixg?l +() entering this equation is Hermitian, and it~ o] 1 ___ o - X19 NRTdpa |
can therefore be diagonalized by a unitary transformation, < * I -E ? — 5X12° NRT dpa
= B 1 & 1 =+ 10°NRTdpa |1
+ 2 _ » 1 1 1 ;
2 U )ig(9" "6y + Qg-g)Ug/jr = w51, (12) g 8.0x10" "“E““-!‘“‘i;""""“:fg"" = 10" NRTdpa |-
9.9’ — 1 | ]
o 1 ]
where w; are the eigenvalues corresponding to eigenvectors -‘?,60x1019 : 1
Ug;- U_s_ing the property of orthogonality of eigenvectors of a § '
Hermitian matrix, o
. 2 4.0x10"
> (UNjgUg)r = 81, 12 %
g 19
. . 2.0x10 .
we find the solution of Eg(10), * i
‘1
Ugi(UNjo b
Mg=K(1-¢) X ——5, (13 00— -1 0 1 2
J

i coordinate normal to dislocation walls (micron)

Assuming that the density of dislocations is described by a 5 5 (Color onling Volume density of voids shown as a
“Kronig-Penney™-type functiorp(x) defined as(x)=py in-  fynction of coordinate in the direction normal to dislocation walls
side the walls angh(X)=ppy=<py in the space between the for several values of the irradiation doge=Kt (in units of NRT
walls, we find the Fourier componentg as dpa. Calculations were performed fak=2 NRT dpalyear,ys
, | =1.4J3/n, Z=1.3,2,=1.0, 1-=0.2, andN4=50.
= Pw _1 —\n2
Py= Pogdno amn sm[ Tm(l L)}exp( ). (19 Ref. 28, and is given by=K(1-¢)P/Ny, whereNy is the
average number of defects produced in a single collision cas-
cade andP is the probability of void nucleation given in
Appendix Il. In terms of our model, the most significant
feature of the void nucleation probability is its high sensitiv-
ity to the local vacancy supersaturation.
Figure 2 shows how the density of voitliéx,t) nucleated
at various points in the simulation cell increases as a function
 the irradiation dose. In contrast to the findings of the Lef-
ers modeP! profiles shown in Fig. 2 follow the trend similar
to that found experimentally in Refs. 13-15. For example,
She sketch shown in Fig. 1 of Ref. 13 shows that voids were
distributed almost homogeneously in the space between the

of the dislocation bias factaZ, was chosen to be 1.30 in dlslocathn Walls_, Wh|Ie_the d_ens!ty of voids was significantly
reduced in the immediate vicinity of the walls. The calcu-

agreen;ent'wnh the qalculated values for copséithough lated profiles of the density of voids shown in Fig. 2 exhibit
this 30% bias value is somewhat larger than the value use .5 micron-wide void denuded zones adjacent to dislocation

21 it is still sianifi -
by Lefferset al, it is still significantly lower than the ex walls. In these zones the density of voids is reduced by more

o X ) . ;
treme 200% value of bias alsa considered in Ref. 21 in a'?han an order of magnitude in comparison with the density of

attempt to improve th_e agreement between th? model an\(/joids in the space between the walls. Inside the dislocation
experimental observations. We note that the choice of a rela-

: ; : : . -~ Wwalls the predicted density of voids is exceedingly low, and
tively large 309 bias factor is consistent with the assumptloqhis also :fgrees with expgrimental observations(%J X\nother in-

that the transport of interstitial atoms also involves the dif- . o : .
) . " . L teresting feature characterizing the evolution of voids occur-
fusion of interstitial atom clusters that interact with disloca- .~ = . . X T
. ) . " ring in the presence of dislocation walls is the uneven distri-
tions stronger than single interstitial atoms. buti fth ; f voids. L ids f in th
The accuracy of numerical integration of Eq8)<13) ution of the average size of voids. Larger voids form in the
was verified using the global conservation law. space between the dislocation walls, and the experimentally
9 9 ' measured average diameter of voids decreases by approxi-

Here L is the period of the dislocations walls structucg,
=2n7/L is a reciprocal lattice vectot,is the width of the
walls, andA <1 is a damping factor. In all the calculations
described below we assumed that=10m™ and ppq
=0.01p,,=10" m™2 (the choice of the latter value is signifi-
cant, and we discuss this point in greater detail bgldvine
time integration of the reaction-diffusion equations typically
involves several thousand steps, where at each step the F
rier components of the total density of sinkg,(t) are up-
dated using the information accumulated over the entire pr
ceding interval of time 6 7<t. Spatial integration was
performed using 64-point Gaussian quadratdféghe value

d mately 30% in the zone adjacent to the walls. The calculated
3 — 3 . . . . . .
ot fS(r,t)dr _JP(r)[ZiDiCi(rat)_ZvaCv(rlt)]d r, spatial distributions of the average diameter of voids are
v v shown in Fig. 3. The average diameter of voids decreases by

(15) alr_nost _50% in_side the dislocation walls in comparison with

voids situated in the space between the walls, where the den-
derived in Appendix |I. The expression for the rate of thesity of dislocations is low. Another significant parameter
nucleation of voids/(r,t) used in this work was taken from characterizing the evolution of the microstructure is the void
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FIG. 4. (Color onling The void swelling rateS(x,t)/Kt plotted
as a function of coordinate for several values of irradiation dose.
Parameters used in the calculation are the same as in Fig. 2.

FIG. 3.iCoIor onling The average diameteT(x,t) of a void
defined asd(x,t)=[6S(x,t)/ 7N(x,t)]*3, where S(x,t) is the local
void swelling, shown as function of coordinatein the direction

normal to dislocation walls. Parameters used in the calculations are ) o o
the same as in Fig. 2. Note that the density of voids near the disidPractically all the significant features characterizing the ex-
cation walls is very low, and this agrees with the fact that no voidsPerimentally observed evolution of an ensemble of voids
were experimentally observed in the walRef. 13, despite the fact nucleating and growing in the presence of a heterogeneous
that the voidsizecriterion suggests that they might still be detected. dislocation microstructure. The inclusion of continuously oc-

] ] ) curring void nucleation in the model, as well as the full treat-
swelling rate defined as the ratio of the local volume swell- ment of spatial and temporal evolution of the void compo-
ing S(x,1) to the irradiation dos&t. Experimental observa- pent of the microstructure, are the main points that make our

tions reported in Refs. 13-15 showed that this rate apgeatment different from the treatment of models considered
proached 2% per Norgett-Robinson-Toréns(NRT)

displacements per atotdpa) units, and the Leffers model
encountered difficulties in trying to explain this relatively
high value. Figure 4 shows profiles of the swelling rate ~ 0.05---
evaluated using the reaction-diffusion-nucleation model de-
scribed above. FOKt<102 NRT dpa the profiles of the
function S(x,t)/Kt are maximum in the center of the simu-
lation cell, and the calculated swelling rate in the interval of
doses X 103<Kt<107? is close to 1% per NRT dpa in
reasonable agreement with the rate observed experimentall' € ¢ o3} -— -
In the large dose limit the model exhibits the formation of =

1
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peaks of swelling in the vicinity of dislocation walls. Similar - - 102 NRT d 1
. . - pa

peaks are known to occur in other spatially heterogeneou:Q 0.02bembifoee  — ——— b N
microstructures, for example, in the vicinity of grain X ™ ! =
boundarieg® Experimental observations addressing the low ©- 7 ! N -
dose limit3-15do not show the development of peak swell- ' ' !

ing zones near dislocation walls. Here we note that in con- ~ 0.01p--fF>=—=== T P TTTES W]
trast to the case of grain boundaries, dislocation walls neithe i i i i
have ideal planar geometry nor do they retain stability in the . ; ! : :
limit of a larger irradiation dose. Both of these factors im- 0 '2 L _'1 L (') L '1 L é

pede the development of zones of enhanced swelling show:

in Fig. 4 for Kt=1 oL NRT dpa. coordinate normal to dislocation walls (micron

=

FIG. 5. (Color onling Profiles of vacancy supersaturation
D,c,(x,t)—Djci(x,t) shown as a function of coordinateor several

The study of solutions of the reaction-diffusion-nucleationvalues of the irradiation dose. Calculations were carried out for the
model described above shows that the model reproducesme set of parameters as that given in the caption to Fig. 2.

IV. DISCUSSION
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previously?* As we have already noted above, the rate ofvestigated in Ref. 13, and it contained 30 times more oxygen
nucleation of voids is a function that is sensitive to the localthan copper used in similar experiments performed by En-
level of vacancy supersaturation. The evolution of profiles ofglish et al* This may explain the fact that the density of
vacancy supersaturation shown in Fig. 5 explains why we/oids observed in Ref. 37 #t=10"2 NRT dpa was approxi-
find that in the limit of low dose voids nucleate predomi- mately ten times higher than that reported in Ref. 13. Bear-
nantly in the space between the dislocation walls. Both thd1g in mind that the expression for the nucleation rate de-
numerical solutions and analytical estimates show that up tgved in Ref. 28 and Appendix II does not take the impurity
the dose of the order of 2103 NRT dpa vacancy super- effect into account, we do not compare our c_al<_:u|at|on_s with
saturation is maximum between the dislocation walls, and it neutron data reported in Ref. 37. Still, it is instructive to
is there where experimental observations show the formatiofSS€SS the new data in connection with the analysis given
of regions with the highest density of voids. Another signifi- above

. . : . = Two aspects need to be taken into account in the compari-
cant point that requires consideration refers to the origin Ofson of effects of charge particle and neutron irradiation. In

mg gs:ﬁgf‘gggr\g:gﬁ é’tg(iatTvsaeslvaeSss.ulrrngrtrTact’%?lsylc?csa\tl;lglwl zsi'_'r{he case of irrqdiat!on by charged particles a significant num-
) e ; N Eer of atoms is displaced through large impact parameter
crostructure remained statlonary_durlng the entire interval ofjlisions giving rise to either smaller cascadesthe case
evolution of the system. In experiments dislocation walls apyf protong or to the generation of individual Frenkel pairs
peared relatively early during irradiatioreportedly they (in the case of electropsThis affects the rate of nucleation
were present already at the lowest ddgie=2x 10° NRT o voids since, for example, in the case of electron irradiation
dpa investigated in Refs. 13-j1&nd then they vanished as nycleation of voids is suppressed due to the difficulty of
the dose increased. The latter effect can be readily undegccumulating a critical number of vacancies in a vacancy
stood if we estimate the distance climbed by dislocations a¢yster through a sequence of binary interactions of vacan-
various points in the simulation cell, cies with the cluster. In the treatment of void nucleation
adopted in this paper, relatively large nuclei for the thermally
1 stable supercritical voids are formed from vacancy clusters
Xe(x) = Bf [Z,Dici(x,7) — Z,D,c,(x,7)]dT, (16) formed directly in collision cascades. In the case of electron
irradiation there are no cascades, and void nucleation takes
place through the sequential agglomeration of single vacan-
whereb is the magnitude of the Burgers vector of a disloca-cies. The probability of nucleating a void in this case is much
tion. As the dose reachdét=10"1 NRT dpa the value of lower that in the case of cascade nucleation. Therefore in the
[X.(x)| approaches 2.5 microns in the space between the disimit of low dose and electron irradiation the void number
location walls and 0.08 microns inside the walls. These valdensity is expected to be significantly lower than in the case
ues are comparable with the spatial scale characterizing thaf proton or neutron irradiation corresponding to the same
heterogeneity of the dislocation microstructure itsgdée dose. Proton irradiation, in addition to Frenkel pairs, pro-
Fig. 1). This estimate showing that the heterogeneous disloduces a significant number of small cascades, and voids
cation microstructure “melts” @t~ 0.1 NRT dpa explains nucleate at the rate intermediate between that of electron and
the absence of dislocation walls in specimens irradiated taeutron case¥.
higher doses. On the other hand, the origin of formation of In addition to the difference in the void nucleation rates,
dislocation walls in the material in the limit of low doses the interstitial component of the microstructure is also
requires investigating the collective behavior of dislocationsstrongly affected by the cascade nature of the nucleation pro-
The emergence of symmetry broken solutions in the equacess. The formation of larger clusters in the case of neutron
tions describing interacting dislocations, dislocation loopsjrradiation facilitates the formation of interstitial clusters and
and mobile defects may, in our view, be the most likelymesoscopic dislocation loops. Using the neutron irradiation
mechanism responsible for the formation of dislocationdata from Ref. 14 we estimate that dislocation loops with the
walls 3536 In particular, solutions described in Refs. 35 andaverage radius of 1.2 nm distributed with the volume density
36 show that immobile small dislocation loops are elimi- of N=3x 10?° m™2 contribute approximately & m2 to the
nated in the space between the dislocation walls, leading taverage dislocation density of the material. It is this value
the formation of a heterogeneous distribution of network disthat we use as an esimate for the effective density of dislo-
locations similar to the one assumed in our model. The factations in the space between the dislocation walls shown in
that the dislocation walls form at an early stage of irradiationFig. 1. In the case of proton irradiation not only do the walls
where the density of voids is still relatively IdWshows that not form but also the effective density of dislocations re-
the assumption that the heterogeneous distribution of thenains low (~10' m), giving rise to low swelling. Our
density of dislocations remains stationary within the intervalcalculations show that the density of voids in this case
of doses considered in this study represents a viable approxieaches early saturation and remains nearly constant over the

t

0

mation. entire interval of doses investigated experimentally, in agree-
A new set of experimental observations related to oument with experimental results reported in Ref. 37.
model was performed recently by Singhal3” In this work Summarizing the main points of our analysis, we con-

the authors compared void microstructures generated in cogilude that a model describing the nucleation of voids in the
per by electron, proton, and neutron irradiation. The materiamaterial, the reaction of defects with a heterogeneous dislo-
studied in Ref. 37 was several times less pure than that ireation microstructure, and the three-dimensional diffusion of
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defects in the material can reproduce at a reasonable level of

accuracy some of the main qualitative features characterizing f [Zip(r)ci(r,t)D; = Z,p(r)c,(r,)D, ]’
the experimentally observed picture of microstructural evo- v

lution. In our model we did not assume the occurrence of t

long-range one-dimensional transport of interstitial defects

on the several thousand nanometers length scale, and still :47Tf jdTV(r,T)a(l',t,T)CU(I’,t)DU
arrived at a reasonably accurate mathematical model of the v | o

observed phenomena. This shows that the hypothesis about
the significant part played bjong-range one-dimensional
transport of defects remains an interesting, but yet uncon- - f dru(r,na(r,t,nc(r,t)D; |dr. (A2)
firmed, proposition that requires experimental verification of

a more direct nature than that given by the interpretation of

features of evolution of a spatially heterogeneous microstructaking into account the fact that

ture.

t

0

da(r,t,7)

c,(r,t)D, —¢(r,t)D;=a(r,t, 7 at

(A3)
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ment and comments. Nucleation of voids in a material under irradiation is a
process occurring as a result of diffusionthe size spacef
small nuclei of voidgvacancy clustepswhich, while shrink-

APPENDIX A: THE GLOBAL CONSERVATION LAW ing on average, occasionally reach the critical size. The time

, , thuel required for a critical nucleus to form by diffusion of
To derive theglobal law of conservation of the total num- \acancy clusters in the size space can be estimated as
ber of vacancies and interstitial atoms in an evolving hetero-

geneous microstructure we consider a system of two equa- thuel ~ nﬁ,/ZD(ncr), (B1)
tions of the form

dsf:f[Zip(r)ci(r,t)Di-va(r)cv(r,t)Dv]dgr-
v

APPENDIX B: NUCLEATION OF VOIDS

where D(n) is the size-dependent diffusion coefficient de-
scribing Brownian motion of a vacancy cluster along the
DV (r,t) +K(1—¢) n-axis, wheren is the numb_er o_f vacancies in a cluste_r, and
ne, is the number of vacancies in a critical nucleus. Using the
expression for this size-space diffusion coefficidbn)
~| zp(r) +47Tf u(r,Da(r,t,ndr |Dic(r,t) =0, =3n13/2(30/4m7)?D,c,+Dic] given by Eq. 7 of Ref. 28,
we find that

t

0

(3Q/4m)?Pn3?

thue = 3D.c +D_-C-). (B2)
2 v~U 1~
D, Ve, (r,f) +K(1 -e) Substituting into this equation the numerical valuesngf

t =50,0=102cm 3, andD,c,+D;c;=0.1 um?/year(the lat-
— ter value comes from the numerical solution of the reaction-
—|Z,p(r)+4 r,7a(r,t,7)dr|D,c,(r,t) =0. e .
P(r) Wf ur,ma(r b ndr .9 diffusion model described above f&it=102 NRT dpg we

0 find thatt,,~4.1x 10°® years. In the case where the irra-

(A1) diation rate is equal t&=2 NRT dpal/year our estimate
shows that the kinetics of a nucleation event is characterized
by the “dose” scale of the order dft,,~10"° NRT dpa.

By subtracting the second equation from the first one, and bfhe fact that this value is many times smaller than the dose
integrating the result over the volume of the simulation cell(=10"2 NRT dpg at which experimental observatidAs'®
we arrive at were performed makes it possible to treat nucleation as a
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sequence of events occurring instantaneously but continus the absolute temperatuiR,, is the critical radius of a void
ously during the entire interval of observation. We can theregiven by
fore introduce the probability of nucleating a véid
213 Rcr = Blln[(Dva - DiCi)/DUCOO]a
= B__D, 12|C| exp(— ﬂ(,B/Rcr)lgcr ) wherec..=ex{-E;(vag/ksT] andng,=4x7R3/3Q. Function
67RNer (1 +n;7°d) 1+ 1Ung"d) 7(x) entering Eq(B3) is related to the exponential integral
(B3) function and is defined by

which is related to the nucleation rateentering Eq(3) via (by—ay) + (b, — ay)/x
v=K(1-¢)P/Ngy whereNy is the average number of defects 7(X) = 1 +b.J/x+ b2
created in an individual collison cascade. In E&3) d ' 2
=3(D,c,—Djcj)/2Dic; and B=2yQ/ksT, where Q) is the  where a;=2.334733,b;=3.330657,a,=0.250621, andb,
atomic volumeyy; is the coefficient of surface tension, ahd =1.681534.
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