


a group is approximated by a linear function. Such an approximation maintains the identity of the grouped
ME with the original one, while satisfying the conservation laws for both the total number of clusters and
the total number of point defects accumulated in the clusters. However the calculation of bubble
coalescence has not been subjected to any specific grouping method of the type mentioned. It appears
that the grouping method developed in [1] can be generalized to take into account bubble migration and
coalescence and this is the objective of the present work. It has been shown that in the framework of a
generalized grouping method describing the evolution of the cluster SDF equal accuracy can be obtained
for the general case when the evolution is driven simultaneously by cluster interactions with mobile point
defects, and by Brownian motion of the clusters.

Master Equation

To describe the evolution of He-vacancy clusters driven by reactions with mobile point defects and
Brownian motion of the clusters, the following ME has to be solved in the two-dimensional phase space of
xX,m

Mﬁtvlex(x,m,t)+Vme(x,m,t)=M , (1)

t dt |BM

where f(x,m,t) and J (x,m,t),J, (x,m,t) are the SDF (the number density of clusters containing x

vacancies and m He atoms) and fluxes of clusters in x and m-spaces, respectively. The fluxes are
determined by the reactions of clusters with point defects

J (x,m,t) =P (x,m,t) f(x,m,t)— QO (x+1,m,t) f(x+1,m,¢), @
J, (x,m,t)=P (x,m,t)f(x,m,t)—Q, (x,m+11t)f(x,m+1,4),
where the coefficients P.(x,?), O (x,m,t), P (x,t), and QO (x,m,t) are the reaction rates for capture

(P) and evaporation (Q) between the mobile point defects and clusters leading to a change in the cluster
of size x and m , respectively.

The right hand side of the Eq. (1) represents the rate of change of the SDF caused by Brownian motion
and coalescence. It may be expanded as follows:
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In Eq. (3) A is the collision cross section between the clusters containing x',m' and x",m"

X'm'\x"m"

vacancies and He atoms and J(x) is the Kronneker delta. In the case of Brownian motion A may

xX'x"m'm"

be written in the following form:
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where Q) is the atomic volume, D are diffusion coefficients of sizex',m' and

x",m" clusters. The first term on the right hand side of Eq. (3) describes the rate of decrease in number
density of size x,m clusters via collision of the clusters with all other clusters except the x,m clusters.
The second term describes coalescence of two x,m clusters. Note that a multiplier of 2 takes into

account that the coalescence of the clusters leads to the disappearance of two clusters of the same size.
The third term describes the formation of x,m clusters via collisions between smaller clusters which

satisfy the equations:
x=x+x""m=m'+m". (5)

The ME in the form of Eq. (1) leads a set of rate equations for clusters of each size in the range of
practical interest. It has already been pointed out [1,2] that for practical purposes it is necessary to
consider clusters containing such a large number of point defects (or atoms) that the numerical solution of
Eq. (1) becomes difficult. The grouping method developed in [1] permits the number of equations needing
to be greatly thus providing a tool which can be useful for numerical solution of Eq.(1). Below the
grouping method generalized to take into account coalescence of clusters is presented.

The Grouping Method

Following [1], the cluster SDF is divided into a series of groups with widths
Ax, =x,—x,,, Am, =m; —m,_,,which include the clusters of the sizes

i-1°

x=x_,+k, (k :1,..,Axi),
(6)

m=m, +n, (nzl,..,Amj>,

respectively. The subscript i indicates the number of a group in x — space and the subscript j indicates
the number of a group in m —space. Thus each group consists of n, ;= AxiAml. numbers of clusters of

“rm

different sizes and is defined by the double index “i/”.

Follow [1] let us approximate f(x,m,t) by a linear function within a group i, j of the type
S Gem) = L/ + L (x— < x>) + L) (m—<m>)). )

where <> denotes the average number of vacancies and He atoms in the group of clusters. As can be
seen from Eq. (7) each group of clusters is defined by three coefficients, Egj,Lﬂ’){,Lg’i. Thus, the kinetic

equation for the grouping method is formulated as a set of three equations for the coefficients in each
cluster group. It has been shown [1] that in the case where evolution of the clusters is driven by only

reactions between clusters and point defects, the equations for L/, L/, L/

1x > ~lm

are given by
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where aiz,af. are the dispersions of cluster sizes in the group, which are given by
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For the case when Brownian motion of clusters takes place, the SDF is changed in accordance with the
right hand side of Eq. (1). Thus, the final form of the kinetic equations in the framework of the grouping
method has the form

Ly dry . dLy

0 + 0 ,
dt dt 7o dt [ow
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ay L L, . .
,—— ,—= , the two following assumptions are made:
dt |BM dt |BM dt |BM
(a) diffusion coefficients of all clusters within a group are equal to each other
(b) collision of any cluster within a group pq with any cluster within a group p'q' creates a cluster, which

belongs to a single group jj satisfying the following inequalities

To derive the rates

xi—1<(<x>p+<x>P,)£xl.,
(13)
mj—1<(<m>q+<m>q.)ﬁmj.



The first assumption leads to a simple situation in which the collision rates of any particular size cluster
within a group with any size cluster within another group are equal to each other. As a result, clusters of
all different size inside a group coalesce with the same rate, i.e. they can be considered as a bunch of
single size clusters. Since the cross section for cluster coalescence is proportional to the product of the

cluster densities, which are determined by the zero order coefficients L’;)’j only (Ni,j = Li;ij[Amj ), the
rate equation for the coefficient can be written similarly to that of Eq. (3):

dt
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The only difference being that instead of the Kronneker delta in the last term on the right hand side, the
indexes pg and p'q' have to satisfy Eq. (13). The first term on the right hand side of Eq. (14) describes
the rate of decrease of number density of the jj group clusters via collision of the clusters with all other
clusters except clusters of same group. The second term describes coalescence of the ij group clusters
with clusters in same group. Note that a multiplier of 2 accounts for coalescence of the clusters that leads
to the disappearance of two clusters of the same group. The third term describes the formation of x,m

clusters in jj group via collisions of clusters from smaller size groups.
In order to derive equations for the two other coefficients, L/ (¢), L’ (¢), one needs to calculate the rate

of change of the total number of x and m type defects accumulated in the group fed by the coalescence.
These are given by [1]

S,
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(L’gf <x> +L/o? )Axl.Ami,
‘ (15)

Taking into account the assumption (a) mentioned above, it is clear that coalescence of the jj group
clusters described by the first and second terms on the right hand side of Eq. (14) does not change the

coefficients L/ (¢), L;’ (¢) since the change of values S, ;M ; is fully described by the change of the

coefficientL’gj . However this is not the case for coalescence described by the third term on the right

hand side of Eq. (14) since a sum of the average sizes of pg and p'q' groups is not equal to the
average size of resulting ij group. Taking into account conservation of the total number of x and m type of
defects accumulated in pqg, p'q' and jj cluster groups, one can find the following equations for these
coefficients:
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Note that similar to Eq. (14), the indexes pg and p'q'in Egs. (16) have to satisfy Eq. (13). Thus, the set

of equations (14) and (16) complete the description of evolution of the cluster SDF caused by
coalescence within the group method. Equations (12), (14) and (16) together with Egs. (8)- (10) describe
the evolution of SDF within the group approximation taking into account both point defects and cluster
mobility. To illustrate the applicability of the method, these equations have been used to calculate the
evolution of He bubbles taking place during ageing in pre-implanted stainless steel [10]. Note that the
grouping method presented above can be used for both irradiation and ageing, so the calculations
presented here consist two parts: (1) implantation of He atoms in the material and (2) annealing of the
He-implanted material.

Evolution of He Bubbles Under Irradiation and Annealing
Model description

In order to use the grouping method to describe the evolution of He-vacancy clusters one needs to
specify the fluxes J (x,m,t),J, (x,m,t), the diffusion coefficient for the Brownian motion of the clusters,
and to set up the equations for mobile point defects with initial and boundary conditions. In Ref. [1] it was
shown that for the case where concentrations of 3-D diffusing PDs, C, (¢),C,(t) , are measured in atomic

fractions, the rates P, (x,7) and O, (x,m,?)in Eq. (2) may be written as follows

P.(x)=wx”D,C, (1),

0. (x,m) = wx” [Dc +D, exp(~E! (x, m)/kT)] = 0! (x,m)+ Q" (x,m), an

1/3
where w= (487[2/92) , D,,D, are the diffusion coefficients of 3-D diffusing vacancies and
interstitials, Ef (x,m) is the binding energy of vacancy with a cluster of size x containingm gas atoms,

k

B
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Evb(x,m):EVf—F+(xj2(—,TjkBT, (18)

is the Boltzmann constant, and T is absolute temperature. The binding energy in Eq. (17) is given by

X



1/3
where Evf is the vacancy formation energy, o :2}/(472QZ/3) and y is the surface energy. The

compressibility factor, Z(T,m/x), is computed using the expression derived by Manzke and Trinkaus
[11,12]

Z(T,m/x)= (1—p)(1+p—52p2)+§p(1—p)2 +Z p° (3—2,0), (19)
where
:(ﬁjﬂ
r Q)x’
V. =56T"exp(-0.145 T'), (20)

Z =0.1225V T "%,
b=170T" - 1750T".

In Eq. (20) V  is the He atomic volume is measured in cubic angstroms. Note that Egs. (20) is written

m

assuming that the volume of the cluster containing x vacancies, V, is equalto V = xQ.

In the second Eq. (2) P, (x,m,t) is the rate of helium absorption by an x,m cluster and O, (x,m,t) is

the rate of helium resolution from the clusters. The coefficients P, (x,m,t) and O, (x,m,t) are used
here in the simple form similar to that for vacancies in Eq. (17). Thus, in the present calculations
P (x,m,t) and O, (x,m,t) are computed as:

Pm (x) = M}xl/Sl)HeC‘H

e

P,(x)=wx""D,, exp(E

res

(21)
/k,T),

where C,, (t) and D,, are the concentration and diffusion coefficient of He atoms by the interstitial
mechanism, £ is an activation energy for helium resolution from the clusters. Taking into account Egs.

(17) and (21), the evolution of mobile defect concentrations C, (¢),C,(¢),C,,(f) may be presented as
follows

dc,
dt

S S (et L) f(x+ L.ty + Dvaovad} (22)
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(24)
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{ 2DuC.Crte + D CriZoyopy + Y > Po(x) f(x,m, 1)+ P, (1) Z 7qQ, m)}

x=2 m=0
where G,,G,,G,, are the generation rates of vacancies, self interstitial atoms (SIAs) and He atoms,
respectively, i, is the coefficient describing the recombination reaction between SIA and vacancy,
Z,,Z, are the capture efficiencies of dislocations for vacancies and SlAs, respectively, p is the dislocation

density, C , is the thermal equilibrium vacancy concentration, m, is the maximum number of He atoms
associated with a single vacancy (see e.g. [15-17]). The generation rates vacancies and SlAs are given by

G, =Gy (-¢),

(25)
Gi = GNRT (I- &, )>

where G,,, is the generation rate calculated using the NRT model, and ¢, is a fraction of the point defects
recombined during cooling phase of cascades.

The migration of the clusters is assumed to be caused by mass transport on the bubble surface (see e.g. Ref.
[18])

73 \*
D iDS(Q ] 26)

Yo 2x <r>,

where D, = D' exp(~E, / k,T) is the surface diffusion coefficient, <7 >, is the mean radius of the jj

30 1/3
group of cluster, and <r >,= 4— <x> | .
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Egs. (8)-(10), (12), (14) and (16)- (26) have been used to calculate He bubble evolution in a stainless
steel under irradiation and annealing.

Experimental data and parameters used in the calculations

As discussed in Ref. [10], specimens of model austenitic alloy P7 (Fe-17Cr-16.7Ni-2.5Mo) were implanted
with a 10 to 50 appm He at room temperature and subsequently annealed for one hour at temperatures
between 600 and 900°C. The temperature during implantation was <200°C and the He implantation level
in specimens used for the annealing varied between 32 and 47 appm. Helium bubble data obtained after
one-hour annealing are summarized in Table 1.



Table 1. Summary of bubble microstructures observed after 40 appm helium implantation in solution-

annealed P7 and subsequent annealing for one hour [10]

Helium T(°C) Bubble Average Swelling
implanted density bubble

(appm) (1021m'3) radius (nm)

32 600 - -

44 700 8.25 0.82 1.82*10°
37 750 6.33 1.09 3.2*10°
47 800 6.66 1.57 9.7*10°
41 900 2.15 1.99 6.7*10°

As can be seen from the table, bubbles remained invisible after annealing at 600°C. At higher
temperatures bubble evolution follows normal coarsening, i.e. the average size of bubbles increases and
density decreases with increasing annealing temperature. Note that the small increase in bubble density
between 750 and 800°C probably is a result of the higher level of implanted helium in the specimen used
for annealing (see calculated helium content at this temperature in Table 1 in [10]).

It is interesting to note that swelling (see last column in Table 1) at all temperatures is very close to that
introduced during helium implantation (about 4.0*10®° assuming that all implanted He atoms survived in a
He-vacancy cluster). Thus one may conclude that He emission from bubbles at all temperatures is low

The calculations in the present work have been done to illustrate the capability of the grouping method.
Thus to simplify calculations the implantation temperature is chosen to be 100°C and the helium
implantation level is considered to be equal to 40 appm in all specimens. Accordingly, the He implantation
parameters used in our calculations are summarized in Table 2.

Table 2. The He implantation parameters in solution-annealed P7 used in the calculations

Helium generation rate, Gy, 2.0*10° appm/s
Implantation temperature 100°C
Displacement rate during implantation, Gyt 5.0*10" dpals
Implantation time 2.0*10%
Displacement dose 1.0*10” dpa
Helium implantation level 40 appm

The calculations have been performed in two steps:

1. Helium pre-implantation regime, which is described by the concurrent processes of Frenkel pair
production and He implantation

2. Calculations of bubble evolution during thermal annealing at a given temperature to predict the
microstructure obtained.

The initial conditions for the mobile defects and boundary conditions for the SDF for step 1 have the
following form:
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C, (t)‘t:0 =C,.
C(t=0),_, = Cp(),, =0,

f(x, m,t)‘t:0 =C,0(x=1)o(m), (x=1),
f(x=1,0,7)= Cv(t), f(x=00,m,t)=0.

In addition, it is assumed that the smallest clusters (x=1) are immobile and can be filled with up to 4
helium atoms (see e.g. Ref. [15-17]). Material parameters used in the calculations are given in Table 3.

(27)

Table 3. Parameters used in the calculations

Recombination fraction, &,

0.75

Effective displacement rates, Gngr(7-5)

1.25*107 dpals

Helium generation rate, Gye

2.0*10° appm/s

5.0*10"°m™
1.15*10% m™

Recombination coefficients, i, = "

Atomic volume, 2

Vacancy diffusion coefficient, D,
pre-exponentional factor 8.010%®° m%s
migration energy 1.40 eV

SIA diffusion coefficient, D;
pre-exponentional factor 8.010%° m%s
migration energy 0.15eV

He atom diffusion coefficient, Dy,
pre-exponentional factor

8.0*10% m?%/s

migration energy 0.15eV

Dislocation density, py 10" m?

He resolution energy, Ejes 2.3eV

Surface energy, y (3.4-1.4*T/1000) J/ m*
Dislocation capture efficiency for vacancies, Z, 1.00

Dislocation capture efficiency for SlAs, Z; 1.25

Dislocation capture efficiency for He atoms, Z;;, 0

Rate of radiation resolution, A 0

Surface diffusion coefficient, Dg
pre-exponentional factor, D (1.6*10°-8*10°) m?/s
migration energy 1.40 eV

Results
Cluster evolution during implantation

As mentioned above, the first step in the calculations is to use the set of equations for the SDF formulated
above within the grouping method to calculate helium implantation at 100°C with the irradiation
parameters given in Table 1. Since the implantation temperature is below recovery stage three, vacancies
at this temperature are immobile. The evolution of He-vacancy clusters therefore is driven by the mobility
of interstitial He and self interstitial atoms. The calculations are carried to a dose of 107 dpa where the He
concentration reached a level of 40 appm. It is found that all He atoms are accumulated in clusters of the
smallest size x= 1. The SDF obtained during the calculations is used as input to the subsequent
calculations of cluster evolution during annealing at temperatures of 600° C and above.

Cluster evolution during annealing at 600°C
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As can be seen from Table 1, helium bubbles have not been found in specimens annealed at 600° C for
one hour. Thus, the calculations of annealing at this temperature could be used to test the efficiency of
different mechanisms and parameters used for causing cluster evolution. The calculated results for the
number density and average size of the clusters obtained for different values of the cluster mobility are
presented in Figs. 1 and 2. The upper curves in Fig.1 correspond to the total number density of the
clusters, and the bottom ones correspond to the number density of visible clusters, i.e. clusters with
radius larger than 0.5 nm.

i Total, D=8.0%10”
10® | — Visible (r>0.5nm)
E — — 8.0%10°
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Fig. 1. Calculated time dependence of the bubble density obtained for annealing at 600°C at different
magnitudes of bubble diffusivity.
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Fig. 2. Calculated time dependence of the average bubble radius obtained for annealing at 600°C with
different values of bubble diffusivity.
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It can be seen from the Figs. 1 and 2 that in the case where the cluster mobility is not taken into account
(marked on the plot as “No BM”) there is very limited cluster evolution. This is related to the fact that
without Brownian motion the driving force for cluster evolution is emission of He atoms from the clusters
which is very inefficient at this temperature. Thus, one may conclude that cluster mobility under annealing
is the main driving force for cluster evolution. As reference points on Fig. 1 and 2, the measured values of
bubble density and size after annealing at 700°C are also presented. Comparing the calculated results
with the reference points in Fig. 2, one may conclude the calculation results obtained for

D =1.6*10"°m? /s agrees with the observations since in this case the bubble size is too small to be
detected by TEM.

The calculated size distribution functions of bubbles after annealing for one hour at 600°C for different
values of cluster mobility are presented in Figs. 3a, 3b and 3c.
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Fig. 3a. Size distribution function of gas bubbles for simulated annealing for one hour at 600°C with the
pre-exponential factor equal to 8.010° m s,





















