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Void nucleation at elevated temperatures under cascade-damage irradiation
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The effects on void nucleation of fluctuations respectively due to the randomness of point-defect migratory
jumps, the random generation of free point defects in discrete packages, and the fluctuating rate of vacancy
emission from voids are considered. It was found that effects of the cascade-induced fluctuations are significant
only at sufficiently high total sink strength. At lower sink strengths and elevated temperatures, the fluctuation
in the rate of vacancy emission is the dominant factor. Application of the present theory to the void nucleation
in annealed pure copper neutron-irradiated at elevated temperatures with doses*efld® NRT dpa
showed reasonable agreement between theory and experiment. This application also predicts correctly the
temporal development of large-scale spatial heterogeneous microstructure during the void nucleation stage.
Comparison between calculated and experimental void nucleation rates in neutron-irradiated molybdenum at
temperatures where vacancy emission from voids is negligible showed reasonable agreement as well. It was
clearly demonstrated that the athermal shrinkage of relatively large voids experimentally observable in molyb-
denum at such temperatures may be easily explained in the framework of the present theory.
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. INTRODUCTION void radius'~>"However, it is physically obvious that the
emission itself should be proportional to the void surface

The conventional approach to modeling void nucleationarea. The issue of the correct treatment of fluctuations due to
under irradiation is based on the classical description of thg¥acancy emission had been discussed in Ref. 17, and corre-
formation of small precipitates in a supersaturated solutionsponding statistical characteristics of the fluctuations in the
In this approach, small thermally unstable new-phase emtate of emission from the new-phase embryo had been ob-
bryos are continuously formed and redissolved in the supef@ined in Ref. 18, but have not been applied to void nucle-
saturated So|ution, and can grow beyond the critical size Vi@tion theories. The effect of these fluctuations on the rate of
stochastic fluctuation’s.” Beyond the critical size, nuclei of Void nucleation under irradiation is also included in the
the new phase become thermally stable, and on average cBfesent investigation. The role of gas pressure in the evolu-
grow directly from the supersaturated solution, without thetion of a void embryo is beyond our present scope.
help of the stochastic fluctuations.

In most studies of void nucleation only statistical fluctua-  1l. FORMULATION OF THE KINETIC EQUATION
tions produced by random point-defect jumps are taken into
account, and the dislocation bias is the only driving force fo
the evolution of the damage microstructdrdUnder cascade
damage irradiation, however, point defects are produced i
the form of small mobile or immobile vacancy and intersti-
tial cluster€~12Recognition of this fact has led to the intro-

) As a void embryo, we consider a small immobile three-
dimensional(i.e., uncollapsedvacancy cluster. Within the
Hwean—field theory and a spherical approximation for the
voids, the numben,, of vacancies in the voids is governed
by the following conventional equation:

duction of production bid$'*as an alternative driving force dn,  3nY3
for the microstructure evolution at elevated temperatures. An d_tv = —avz—[DVCV— D;C;—D,Cg(ny)], 1)

additional effect of cascade damage is the fluctuations in the

point-defect fluxes received by the void embryos, caused byhere D; andC; (j=i,v) are the diffusion coefficient and

the randontin time and spageproduction of point defects in  the concentration of point defects, respectivelg,

packets during cascade irradiatiit® It has been shown =(3Q/4m)Y3, andQ is the atomic volume. The mean equi-

that the effects of the two types of fluctuations are additivejibrium concentrationCé(ny) of vacancies in the neighbor-

a_md t_he relative importance of the cascade—|.nduced fluctuad;ood of a void of radiusRC(nV)=an\1/3 can be written as

tions increases with the increase of the total sink strength and

the sink absorption radius. In the nucleation of interstitial Vs 275

loops from immobile clusters, cascade-induced fluctuations Ce(ny)=C., ex;{ KT )*Cx( + ﬁ) (2

have been found to have a dominating effect, and their in-

clusion in the theory is crucial in explaining the observedHereC.. is the equilibrium vacancy concentratiop, is the

loop densities® In this regard, the role of such fluctuations surface tension coefficierk,is the Boltzmann constant, and

in void nucleation remains to be investigated. T is the absolute temperature. We note that the approxima-
In another aspect, the contribution of vacancy emission tdion in Eq. (2) is only valid for sufficiently large void sizes.

the stochastic variations of the void size is conventionally From Egs.(1) and(2), a void will grow when it receives

treated in a way similar to the contribution to tagerage a net vacancy flux® ,C,>D;C;), if it exceeds the critical

void growth rate, i.e., it is assumed to be proportional to thesize, with the critical radiu®,, given by
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B random migratory jumps, random cascade initiation, and ran-
Rcr=|n[1+(D C,-D,C,—D,C.)/ID,C.] dom vacancy emission, respectively. Note also tDétis
e e proportional to the void surface aréa'® instead of to the
BD,C.. void radius, as usually assumed in most other studies. The
=~ D,C,—D,C,—D,C,.’ ) ge;;eggence db€ on the void size was discussed in detail in
ef. 17.
where 8=2yQ/KT. Since small clusters consisting of two or three vacancies

In this regard, small void embryos with a subcritical sizeare mobile'**°a void embryo shrinking below the minimum
are thermally unstable and will immediately start shrinkingSizen, is not a void anymore. To reflect this situation, we
upon creation. To consider the growth of an individual voidwrite down the left boundary condition for the kinetic equa-
embryo, one has to go beyond the mean-field theory antion (4) in the form
consider the effects of stochastic fluctuations in the point-
defect fluxes.

The general kinetic equation for the microstructure evolu-
tion under cascade-damage irradiation, including the full sta- ] - o
tistical effects, has been derived in Ref. 16. Adopting theASsuming that the probability for a sufficiently large super-
simplest approximation, which still keeps the effect of fluc-cfitical void to become subcritical is negligible, the right
tuationsr;léhis equation takes the form of the Fokker-Plancloundary condition can be written ‘&’
equatior.

PV(n:nv01t|n01tO):O' (10)

Pv(nznm>ncr,t|n0,to)=0. (11)
w:_i(v(n)_im)]pv, (4) With Fhis boqndary condition, the .probabili.ﬂ?m(t) fqr a
at an an subcritical void to become supercritical during the time pe-

. - . . riod (tg,t Iculated f the int I:
where Py(n,t|ng,ty) is the probability density that a void fiod (o) can be calculated from the integra

with an initial size ofny vacancies at timg, will have a size

of n vacancies at a later tinteandV(n) is the drift velocity Pu(t)=—
equal to the right-hand side of E€). By definition of P/,

the initial condition of Eq.(4) may be written as

J [t
%LOD(n)PV(n,tlno,to)dt . (12

n=ng,

From the Fokker-Planck equatig#), the initial condition
Py(n,0[ng,to) = 8(n—no). (5 (5) and the boundary conditiord0) and (11), we can also
write the following conservation law:
The diffusivity in Eq.(4) governs the “diffusive spread”
of Py due to stochastic fluctuations in the point-defect fluxes Po(t—o)+P(t—w)=1, (13
received by the void, including vacancy emission from the
void. It depends on the average point-defect fluxes and theherePy(t) is the probability for the void nucleus to shrink
cascade properties, with expressions derivedbelow the minimum size o, i.e.,

previously®16:18
J t
D(n):DS(n)+DC(n)+De(n), (6) Po(t): %'ft D(n)PV(n,t|n0,to)dt . (14)
0 n=n,o
where ) ) ) ) )
Equation(13) has a simple physical meaning: a small void
nl/3 nucleus either shrinks away or becomes supercritical and
DS(n)= ?{Dy[cy—cg(n)ﬂ D,Ci}, (7)  grows during its evolution.

The probability P,,=P,,(t—) for a void embryo to
eventually attain a supercritical size is given by
3n*%[G,(NG,) = Gi(Ng;)

C
D) 4a | k,Ng, - KiNg; |’ ® P — f”o dn’ / f”m dn’ 15
™ Jn,eD(n)e(n’) n,oP(N)e(n")’
9DVC§(I'])I’]2/3 i . . .
D€(n)= —oaZ 9 Here p(n) is the stationary solution of E¢4) with zero flux
a in the space of void sizesee the Appendix for the deriva-
tion).

where G; is the effective generation rate of free point de- .

fects,Ng; and(N3 ) are the average number and the average I.f the void groyvth rate does not depend on the vacancy
'di dj . . S emission from voids, Eq15) reduces to

square number of free point defects generated in a singlé

cascade, respectively, ark? is the total sink strength for no "

point defects of the typg In Eqgs.(7) to (9), the superscripts Pm(no)=J f(n)dn/ f f(n)dn, (16

s, ¢ and e refer to the stochastic fluctuations due to the Nwo Nwo
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where a G(NG,) Gi(Ng)

302 a 2 “c~4(D,C,~DiC)| K.Ng, kiNg;
f(n)=exp[— S(—Cnl’?’—l)

3
2a; \ as

(19

Here ag represents effects coming from the random point-
defect jumps, andr., from the random cascade initiation.

3a2 L . . . .
_ 3s In(ﬂnl’?ur 1 ] , a7 In the limit a.— 0, P,,(ng) in Eq. (16) is approximated by
de g
D C +D.C Pm(No) =1—exgd —(ng—n,0)/ as]. (20
vv I |
A=, 18
® 2(D,C,—DiCy) (189 In the other limitas—0,
b (n)=1 (312a¢) 2n¥ P exp( — 3n232a) + 7 Q(V/3land?) o1
Ng)=1— ,
T (312a0) ViniE expl — 3n%12ac) + T Q(Blacni)
|
where Compared to the corresponding quantity in the present work,

2B js absent.

the term proportional to
1 (= Referring to Eq.(23) and recalling tha¥/(n) is negative
Q(x)=—f exp( —x2/2)dx. (22 at n<n, it is clear that the fluctuations in the vacancy
V2 Jx emission rate results in the higher void nucleation probability
compared to that given by the conventional approach, unless
According to Eqgs.(16), (20), and(21), even when void
embryos are growing on the average, independent of their .
sizes, not all them will survive during the further evolution. D*(ner) 1 (25)
Physical implications of this result will be considered in Sec. (3n2®2a%){D,[C,+CEn,)]+D;Cj}
[l
When the vacancy emission from voids is not negligible
expressior(15) for the probability of void nucleation can be
calculated approximately gsee Eq(A14) in the Appendix

'By the definition of critical void size, the right-hand side of
inequality (25) is equal to 36.)*¥D,C,—D;C;)/2D,C, .
Furthermore, ife; is the fraction of interstitials produced in
cascades in the form of immobile clusters, then, assuming

b~ B (D,C,—DC) that production bias is the main driving force for void growth
™= N 27adn, D(ng) at elevated temperatur&$the ratio ©,C,—D;C;)/D,C,

| can be estimated as, and the last inequality is only satis-

XeXF{f “V(n)/D(n)dn|(np—n,,). (23 fied when ngﬁ3<2((3ei). Thus, the conventional theory al-

No ways underpredicts the survival probability of the void

nucleus, down to a critical void size as smallms~20 [¢;
At this juncture, we would like to point out th&t® in Eq. (9) =0.25 to 0.4(Ref. 12].
used in the present work is proportional to the surface area of Another point to note is that when void growth is driven
the void, as is natural to expect in the case of emission. Iy the dislocation bias, as in most existing calculations, the
most of the existing works in this aréa however, the con-  corresponding critical void sizeX® should be smaller than
tribution of the vacancy emission to the diffusion tebnn) 2Z/[3(Z—1)], whereZ is the dislocation bias for intersti-
in t_he kinetic equatiori4) i_s treated like th_e emis_sion contri- tjgls. Compared to the case of void swelling driven by pro-
bution to the average void growth rate, i.e., it is assumed t@ction bias, the conventional theory of void nucleation
be proportional to the void radius instead. The consequengg,sed on dislocation bias would significantly underestimate

of the two different assumptions can be seen immediatelyne pycleation rate at significantly larger void critical sizes.
when the cascade-induced fluctuations is neglected for sim-

plicity. In this case, the corresponding total diffusion coeffi-
cient becomes A. The case of large critical size

In the case of sufficiently large critical void size, we may
use the approximation in E¢R) for the equilibrium concen-
tration of vacancies in the neighborhood of the void. Then,

(24)  the integral in Eq(23) can be evaluated analytically to give

1/3
D¥(N) + DgonN) = 5,7 {D,[C, + CAM]+D,Cy).
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b~ B (D,C,—DiC) 10° ———
M= N 67RNe D; C(1+dn1’3)‘ 0™ M) N =
107 BN OO 0 3
n234 213 \ n.=1
v+ 1z 1 \ "o~ "o
X expl _35{ > —ngng 104 \\ ]
13_ 13 1/3 13 \ N\ ]
ng°—n 1+dn 1+dn
0o 5 cr 1/3 (26) 105 \ N v=1/3 3
d d 1+dn \\ \\ d= ]
where o 10° \ \\ 4
\ 3
=1/3 ]
3n23(D,C,—D;C)[1—exp — B/R)] . \ \\ o ]
= 75 10 \ d=05 3
D (ncr) \ \ ]
\ \ v=2/3 ]
_(D,C,—DiC)[1—exp— BIRy) ] ) 10 \ \ d=1 71
B D,C, @n \ \
10_9 v 2/5 \ v 1/5 |
and d=0 \ d=0 \ 3
\
d=d°+d¢, (28 10710 . L . L . \
3 4 5 n 6 7
with n.,
D(ng) aG; GV<N§V> <N§i> FIG. 1. Probability for small void nucleus to become supercriti-
c_—_ —
d —ngst(ncr) - 4D;C; | GNg kK, + Ngiki |’ (29 cal calculated with Eq(26) as a function of void critical size at

different values of parameteisandd. Dashed lines correspond to
De(ny,) 3D,C&ny) 3(D,C,—DC;) the probability given by Eq(31).

e =
S T n,) - 2D,C 20.C,

(30) d#0, it can be seen that the conventional treatment of va-
cancy emission contribution to the diffusion coeffici@nn)

It can be easily shown that in the limit—0, Eq.(26) re-  underestimates the survival probability of the void embryo

duces to by several orders of magnitude.

B (DVCV_DiCi) Na—n )
B7mRcNcr DiC; o o

2/3
vn n 2n
Xexp{— < 1—3(—0) + 2
2 Ner Ner

Similar to Eq. (25), the ratio O,C,—D;C;)/D;C; can be
estimated a%;/(1—¢;)=1/3 to 2/3. Therefore, the value of
the parameted® is on the order of 0.5 to 1. In Fig. 1, the
probability P,,, according to Eq(26) is plotted as a function
of critical void size for different values of the ratid and
parameten. Note that for a relatively low total sink strength
(kf<10 m2), d° can be neglectedd®<1.5x10°*, Ny;

Pn= B. The case of small critical size

Under irradiation, the vacancy concentration is usually

} (31) much higher than the corresponding equilibrium value, i.e.,

' the conditionB/R.<1 is not fulfilled, and the approximate
expression for the equilibrium concentrati6fi(n) in Eq.(2)
is no longer valid. However, recognizing the dominant role
of vacancy emission from the void embryos during void
nucleation, instead of using the series expansion of the ex-
ponential function in Eq(2), we may alternatively approxi-
mate the integral in Eq23) according to

=50), and in this case the value dfis dominated by the
vacancy emission terrm®. fo V(n)/D(mdn
The foregoing results can be used to further compare the
conventional treatment of fluctuations in vacancy emission 3 (e n'3D (C&(Ry) —CE(n))dn
with the present one. There is no term proportionai4d in - ?J’ (n)[1+D3(n)/Dén)+D3(n)/Dn)]
the diffusion coefficient Eq.24). This is equivalent to setting
the value ofd in Eq. (26) to zero, yielding an expression for 2
P having the same form as E(B1), but with = 3[1+1/(d*n23) + d/de]

D,C,—DiCj)[1—ex /R Ner
v= ( ig[ C, Pop )] (32) X f n~Y¥exd B/R,— BIR(n)]—1}dn. (33
Mo

Taking into account that at elevated temperatures
D;C;/D,C,=1-¢=0.6 in the evaluation of the parameter The last integral in Eq(33) can be expressed in terms of the
vin Fig. 1, and comparing the curves fb= 0 with those for ~ exponential integral functioi(x):
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_FIG. 2. The same as Fig. 1, but the probabiRy, calculated FIG. 3. Rates of void nucleation in annealed copper at different
with expression(37). The probabilityPr, calculated according to  yayes of void surface energies. Corresponding nucleation probabil-
Eq. (26) is also showr(dashed lingfor comparison. ity P, is calculated with expressioi37). Parameted® is equal to

1.0 (solid lineg and 0.5(dashed lines Experimental points are
Mor obtained from Refs. 22—24 by dividing the experimental values of
2 1/3 _ _
3 fno n~"Sexd B/R;— B/R(n)]—1}dn void concentration by the corresponding irradiation doses.
_ 213, 234 _ _
=~ n(BIReING+ g {1~ exrl B/Rei— BIRol} that obtained from Eq(26). This is because, whef/R>1,
+ n(BIRy)NZR ex] BIRy— BIR,], (34)  the average rate of vacancy emission from voids is signifi-
cantly underestimated by the approximate expression for the
where equilibrium concentratiol€(R). As a result, the void sur-
B vival probability is substantially overestimated. Note also
(%) =X[1=Xxexpx)E1(X)], (35 that when the total sink strength is sufficiently higkf€5
- exp—1) X 10 m~2), the parameted® is no longer negligible. In
El(x):f —— ‘dt. (36)  this case, fluctuations in the void growth rate due to the
x t random cascade initiation can substantially increase the sur-

vival probability of the void embryo and hence the nucle-
ation rate(see Fig. 2 In the following section we compare
the theoretical results with experimental observations.

Noting that n(x)<1 [x>1 (Ref. 23] and B/Ry>1, the
probability P, can be written as

B (DVCV_DiCi)/

Pm= No—Nyo)
" N67mRung DiCi(1+dng) ° P IIl. RESULTS
coxg - PRGN (37) Il immobile three-dimensional !
i 1/(den(]:'{3)+dclde . A small immobile three-dimensiona vacancy cluster can

be formed directly in a collision cascade or through the ag-
When x>1, the approximate expression for the functionglomeration of several single vacancies present in a solid
7(x) can be presented in the fofin solution. Such vacancy clusters can also appear as a result of
evolution of larger vacancy loops, which are initially gener-
ated due to the cascade collapse and further shrinks under
irradiation conditions because of its thermal instability or the
preferential absorption of mobile interstitials. Thus, if the

Herea; andb; (i=1,2) are some positive constants, suchformation of small void nuclei through the consecutive ag-
that b, —a;~1. Within the intervalx e[ 2,10], the function  glomeration of single vacancies can be neglected, theJgate
n(x) takes on values between 0.55 and 0.84. A ploPgf of void nucleation under cascade damage irradiation is equal
calculated using Eq37) is shown in Fig. 2. Compared with to the probabilityP,, multiplied by the average rate of cas-
Fig. 1, the values can be seen to be significantly smaller thacade production:

(X)= (by—ay)+(by—ay)/x
= T Y b, Ix+ b, /X2

(39
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TABLE |. Material parameters for copper. TABLE Il. Material parameters for molybdenum.
Parameter Value Parameter Value
Atomic volume,Q 1.0x10°2° m3 Atomic volume,Q 1.017x10°%® m®
Vacancy migration energy 0.8 eV Vacancy migration energy 15eVv
Vacancy formation energy 1.2 eV Vacancy formation energy 3.0eV
Vacancy diffusivity preexponentfal 1.0x10°°m?%s  Vacancy diffusivity preexponential 32010 ® m?/s
Surface free energy’ 1.7 Jint Surface free energy. 2.05 J/m
Melting temperatureT ,, 1353 K Melting temperaturdl 2898 K
®Reference 26.
"Reference 24. tion doses. More detailed study of the void nucleation in the
presence of large-scale spatial heterogeneity of the damage
G microstructure will be considered in a separate publication.
Je= N_d Pm, (39 In Fig. 3, there appears to be a large discrepancy between

the experimental and theoretical void nucleation rates at
whereG is the effective generation rate of point defects inhigher temperatures, if the surface energy used in the calcu-
cluster and free form, anil, is the average total number of lation is the same as that in the low temperature case. In this
point defects generated in a single cascade. The last equatioegard, we note that the experimental void size distribution is
together with the corresponding expression for the nucleatiohimodal at higher temperatures, with the position of the first
probability will be used in our further analysis. peak weakly dependent on irradiation dé&his feature
indicates the presence of solute elements that stabilize voids
against shrinkage and collapse into loops or stacking-fault
) ) _ ~ tetrahedra. According to Ref. 24, the presence of oxygen in
In Fig. 3, we compare the experimental void nucleationthe copper sample under investigation may reduce the sur-
rates with theoretical ones calculated with E87) for an-  face tension coefficien to below 1.0 J/ With the re-
nealed pure copper with low dislocation density quced surface energy, the void-nucleation probability is
(~10" m"?) irradiated up to doses of 16102 NRT  muych increased, and a good agreement between theoretical

dpa?’~**The material parameters used for copper are listegyng experimental results can be reestablisiiégl. 3).
in Table I. In this case, the ratio @R, ranges from 11.2 to

4.1 between 523 and 623 K. It can be seen from Fig. 3 that at
523 K there is good agreement between calculated and ex-
perimental values. In this section, we consider the opposite example in which
As it has previously been pointed diitit is difficult for ~ vacancy emission is unimportant. A typical case can be
the conventional theory of void growth driven by the dislo- found in molybdenuntmaterial parameters listed in Table I
cation bias to explain the experimental void swelling ratesat temperatures below 0.83=1015 K. The calculated criti-
(about 1% per NRT dpaat such low dislocation densities, cal void radius in this case can be seen to be very small and
and the fact that the actual damage microstructure is nds only weakly dependent on the temperatfig. 4@)]. This
spatially homogeneous, but is heterogeneous ani$ consistent with the experimentally observed void concen-
segregate@2*The void and dislocation populations are al- tration N; of about 16° m™3, which is nearly temperature
most completely separated, i.e., dislocation-dominated volindependent/*® and which is one to three orders of magni-
umes generally contain no voids, and the regions betweeltide higher than that normally observed in many other pure
these volumes contain only voids and dislocations of verymetals and steels. Although the time-average void swelling
low density. On the other hand, development of spatiallyrate of molybdenum is very lo&, vacancy emission is not a
heterogeneous microstructure has been considered in Ref. s@nificant factor in their evolution at sufficiently low tem-
within the framework of a production bias model. It has beenperatures, even for very small voifisig. 4(b)].
shown that at elevated temperatures in annealed pure copper When vacancy emission from void is negligible, we can
with a low dislocation density, an initially homogeneous void Use Eq(16) for the void survival probability. Since voids are
distribution starts to become unstable and evolve spatiallyisually the dominant sink for point defects in Mo,* the
heterogeneously, when the void concentration approachdgdrameteirs can be approximately written as
some temperature dependent critical value, which is less than 5 B
or about equal to the experimental concentration. As the in- _ka(D,C,+DiC) [ ds)™*
stability develops, voids grow in some regions and shrink in %™ 2d9/dt | dGt
others. In regions where the void shrinkage takes place, the
accumulation of interstitials in clusters and loops is favored. When the void swelling ratelS'd(Kt) varies between
The present calculation shows that the spatially homo10 # and 3x 10" per NRT dpa G/K=0.3), a, takes on
geneous rate of void nucleation in pure copper is indeedalues between % 10° to 3xX 10°. Values of P,,(ng) from
sufficiently high to bring the homogeneous ensemble ofEq. (16), whereny=n,,+ 1 is the minimum number of va-
voids to the point of instability already at very low irradia- cancies in the void embryo, are plotted in Fig. 5. The dashed

A. Void nucleation in copper

B. Void nucleation in molybdenum

(40)
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ncr
2
1
0 i i} ] ] s 1 1 Ly
700 800 900 1000 1100 1200 10° S— e
(@) T(°K) 10° 10 a, 10 10°
10° T FIG. 5. ProbabilityP,(n,o+ 1) of void nucleation in molybde-
y 3 num as a function of parametet, at different values of parameter
10 3 a,. Dashed lines correspond to the probabilities given by ES.
10° 1 (horizontal line$ and (42).
10 . L 33 2 340 3 \¥ds
] Noe+l)=— = — ] —.
<~ 107 1 m(Mwot 1) ag\ 2mag a; \2ma;) dGt
g E (42)
S (U 3 . : : "
~ 3 Equationg41) and(42) give the same nucleation probability
Z 107 3 when
M r 3
Qo f k2= 4x10" m? 3
R_=6A e _ 3 43
10" ¢ 3 as  (2mag)® 43
10" 1 When the value ofy, falls in the range betweenx10® to
13 P ] 3% 103, the above ratio is about 0.1. Since
107" ¢ K =107 NRT dpa/s E
bl o o, ka[G,(NZ) Gi(NZ
700 750 800 850 900 950 1000 1050 1100 @c_ka|GuNg,)  G{Ngi) (44)

(b)

T(°K)

GNy, GNgi |’

as 4

o o this value ofa./ag corresponds to a value of the total sink

FIG. 4. (a) Void critical radius in molybdenum calculated as a strengthk2%3>< 1015 m~2 (Ng;i=50, G, /G=0.5). When the
function of temperature at different values of the total sink strength, i sink strength is much b:alow ,thiJs value. the rate of void
Curve 1 is the critical radius when void growth is driven by the nucleation is independent af,, and is detérmined by the

i I i —_ = . .C ! . . .
d'SIOC'?t'On bias Z. 1=0.07), and curves 2 and 3 correspond to average void growth rate. With the increase in the total sink
the void grox_/vth_ driven by t_he p”’d“°§'°2 biae (:0'4)'.(b) Rate of strength, the nucleation rate starts to drop very fastdsr
vacancy emission from V.O'qg:D”KCCS.(RC)/K] at dzlfferent val- increasés because the cascade-induced fluctuations Ssignifi-
ues of void average radil®, and void sink strengthkg. ' . I .

cantly reduce the survival probability for the void embryos.

As can be seen from Fig. 5, for temperatures at which va-
lines in the figure are the void nucleation probabilities in thecancy emission from the voids is negligible, an irradiation
two limiting cases, according to Eq&0) and (21), which  dose of several NRT dpa is required to get the void density in
are given, respectively, by Mo up to the order of 1% m~3. This is in agreement with
the experimental observatigh.

In this connection, the shrinkage of rather large voids with
the positive average growth rate is of particular interest.
While this kind of void shrinkage is not expected under the
conventional theory of void swelling, it follows from our

2(D,C,—DC;) dS
D,C,+D,C; dGt’
(42)

Pn(not+1l)=1—exp —llag)=
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1.0

follows from Fig. 6 that the stochastic fluctuations in point-
defect fluxes will lead to a reduction by 4-5 times in the

0.9 number of voids having diametei3 nm.

08 C. Comments on void lattice formation

0.7 We have shown in the foregoing that in the absence of
vacancy emission from voids the survival probability of the
void embryos depends exponentially on the void growth rate
and the void size, which is directly related to the growth rate
Py OSfp—-—-—-— -y~ " as well. Thus, when stochastic void coarsening takes place,
[ 1 the evolution of an individual void is very sensitive to the
deviation of the local void growth rate from the spatial av-
erage. It was shown in Ref. 33 that when there is anisotropic
transport of self-interstitial atoms by the crowdion mecha-
nism, voids occupying spatial positions that form a regular
lattice grow faster, on the average, than the randomly distrib-
uted voids. However, for the void lattice to form, randomly
distributed voids have to disappear. This can be realized, for

0.6

0.4

0.3

0.2

0.1

~ A . . .
ool et v T e T e T e example, through the stochastic void coarsening. Indeed,
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 since the void evolution in this case is sensitive to the spatial
n,'? variations in the void growth rate, even a small fraction of

interstitials moving as crowdions can significantly affect the
FIG. 6. Probability of void dissolution as a function of void size gpatial behavior of the void ensemble, resulting in the disso-

at different values of parameters and ac. ProbabilityPo=exp  |ution of randomly distributed voids with lower growth rates
[—(no—n,0)/ag] is shown by the dashed lines. by stochastic fluctuations, and the nucleation and growth of
voids forming a regular lattice. In this context it is interesting
that a strong correlation is experimentally observable be-
tween the rate of void nucleation and void-lattice formation,

law (13) and Eq.(16). It is plotted as a function of void . latively hiah void density i ired for the orderi
radius in Fig. 6, for different values of parameterg and €., are ?tzlggzty ngh Vol ensﬂy 's required for t > oraenng
" to occur?’?®**|nitially these voids are randomly distributed

o Itcan be seen that even voids W'Fh a diameter as Iargoe i space, and void coarsening indeed takes place during the
5 nm may shrink away with a probability of more than 50 A),O dering process at later stagé2>31t is also worth men-

even In the absgnqe of vacancy emission. Thus, the thermﬁ ning that at higher temperatures, when vacancy emission
stability of a void, i.e., one with a positive average growthFrom voids becomes important, void coarsening due to the

_rtasttz, ISI n?;r‘:’ugﬁ'lentthtgsguaé%nstigr'ts ﬁ%g'vil Instzetfst:ﬁe OVacancy emission has been shown capable of producing spa-
IS evolution. y Vol whicRo(n) is su tial ordering in a void ensembfg.

tially less than 1 will grow with time.
Note that the presence of cascade-induced fluctuations
leads to a very substantial increaseveral hundred %in

the probability of void shrinkage. Since the probability of  \pid nucleation essentially constitutes the growth of small
shrinkage for smaller voids is substantially higher than that,oid embryos to the critical void size, beyond which stable
for the larger ones, a possible effect associated with thgoid growth can proceed. In this context, void nucleation can
shrinkage may be identified as stochastic void coarsening. Agot occur within the mean-field theory, and can only take
shown in Ref. 31 stochastic void coarsening can also be inpjace via void growth due to the stochastic fluctuations of
terpreted as a nonequilibrium phase transition in the voigoint-defect fluxes received by the void embryo. There are
ensemble induced purely by the stochastic fluctuations.  three sources of fluctuations of the point-defect flux@s:
Experimental observation of the void coarsening effectrom the statistical variation of jump direction®) from the
has been reported in neutron-irradiated molybdenum atandom cascade initiation, art@) from the random vacancy
450 °C, where the overall void number density drops fromemission from the void. While the diffusion coefficient cor-
2.8x 107 to 1.2x 10 m~* during the medium-dose irradia- responding to fluctuations from tyjg#) is related to the sum
tion. This was observed to be due to a general reduction iaf the average fluxes that are proportional to the void radius,
the number of voids, mostly with diameter8 nm (ng®  those due to fluctuations of the other two types are propor-
<11.2) 32 At the same time, larger voids continue to grow tional to the void surface area. At elevated temperatures and
and maintain a positive swelling rat@x 10 2% per NRT  when the sink density is low, the fluctuation in the rate of
dpa. According to Fig. @), vacancy emission from voids is vacancy emission from voids is the dominant factor that gov-
not likely to have a significant role in the void shrinkage aterns void nucleation. In this regard, the conventional as-
such irradiation temperatures. On the other hand, voids aumption that fluctuations in the vacancy emission rate are
these sizes and concentration have a sink strd@tﬁqual to linearly proportional to the void radius seriously underesti-
5.3x 10" m™?, corresponding to a ratio af./a=0.13. It mates the void nucleation rate. As for fluctuations of type

consideration in Sec. Il. The probabiliBy(n) for a void of
the sizen to completely dissolve is given by the conservation

IV. SUMMARY AND CONCLUSION
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(2), their effect is important only when the total sink strength
for point defects is high, e.g> 10 m~2. Py(n|ng)= Po‘P(n)f W (n,o<N<ng),
Application of the present approach to the void nucleation

. (A4)
in annealed pure copper at elevated temperatures neutron-

irradiated with doses 10f—10 2 NRT dpa showed reason-

able agreement between theoretical and experimental results p v(n|ng) =P el n)f (Ne<N<n,,).
This example also demonstrates that in such a case the spa- Pm D(n")e(n") )<P "
tially homogeneous void concentration can reach a suffi- (A5)

ciently high level already at these small doses, so that the
spatially homogeneous evolution of the damage microstruc-€re
ture becomes unstable, resulting in the development of large-
scale spatial heterogeneity. The theory has also been applied o(n)= exp[ J v(n' ) } (A6)
to neutron-irradiated molybdenum at temperatures, where D(n) ,D(n’ )
vacancy emission from voids is negligible. Comparison be-
tween experimental and calculated void nucleation rates alsis the solution of the homogeneous first-order equation:
showed reasonable agreement.

It is also found that, in the regime of high nucleation rate d
and low average void growth rate, due to the increase of the {V(n)— ﬁ_nD(”)] ¢(n)=0. (A7)
total sink strength, caused by both void nucleation and
growth, cascade-induced fluctuations may start dominatingising the conservation laR,+ P,,=1 and thatP,(n|no)
the void evolution. Under such circumstances, the majoritynust be a continuous function at=n,, and equating the
of voids, particularly the smaller ones, will shrink away, right-hand sides of EqgA4) and(A5), we have
while at the same time, the largest voids can still maintain
their growth. The resulting void coarsening is not caused by no dan’
vacancy emission from the voids, but by the stochastic fluc- Pm= f D )/ f Do) ) . (A8)
tuations in the point-defect fluxes received by the void. ¢

According to Eq(A6), the integral in the denominator of Eq.
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APPENDIX: SOLUTION OF THE KINETIC EQUATION w(n)= fn V(n")/D(n")dn’". (A10)
v0

Integrating Eq.(4) over time, with the initial condition

5), we obtain i . I 2
®) the functionw(n) has a minimum at the critical void size

(n=n¢>n,q). Expandingw up to the second nonzero term
—8(N—ng)=— i( V(n)— iD(n)] Py(n|no) in the vicinity of its minimum, we obtain the following ap-

an proximation to integralA9):
(A1)
where fnm an’ V em d—w(ng]
= ex n .
0, D))~ Vo(ng ~
. (A11)
Py(n[no) = fto Pu(n.{no,to)dt. (A2) Here w”(n,) is the second derivative @é(n) at the critical

size, given by
As a result, the probability? ,,=P,,(t— =) for a void em-

bryo to eventually attain the supercritical size is given by , [dV(n)/dn]ng, B D,C,—D;C;
o"(Ng) = =33
D(ng) a’ng  D(ng)
d (A12)
P=—| 7> D(M)Py(n|no) (A3)
n=np The last equality in Eq(A12) follows directly from the defi-

nition of the critical void radius.
The solution of Eq(A1) with zero boundary conditions can Assuming that the initial void embryo contains only a few
be written as vacancies more than the corresponding minimum valye
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[i.e., (ng—n,0)~1], and noting thatw(n) is negative when Within this approximation, we can write
n<ng, the integral in the numerator of E§A8) can be

approximated by 8 (D,C,—D.C) Ner
Pmn= 3 X V(n)/D(n)dn
f”o dn’ ) ) ( ) 2ma’ng D(ng) no
—————=exd —w(ng)](ng—n,q). (A1l3
nyoD(n,)(P(n’) F[ ( 0 ]( 0 v0 x(no—nvo)‘ (A14)
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