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Abstract The effect of grain size on void swelling has its origin in the intrinsic
property of grain boundaries as neutral and unsaturable sinks for both vacancies
and self-interstitial atoms (SIAs). The phenomenon was investigated already in
the 1970s and it was demonstrated that the grain size dependent void swelling
measured under irradiation producing only Frenkel pairs could be satisfactorily
explained in terms of the standard rate theory (SRT) and dislocation bias. Ex-
perimental results reported in the 1980s demonstrated, on the other hand, that
the effect of grain boundaries on void swelling under cascade damage condi-
tions was radically different and could not be explained in terms of the SRT.

In an effort to understand the source of this significant difference, the effect of
grain size on void swelling under cascade damage conditions has been investi-
gated both experimentally and theoretically in pure copper irradiated with fis-
sion neutrons at 623K to a dose level of-0.3 dpa (displecement per atom). The
post-irradiation defect microstructure including voids was investigated using
transmission electron microscopy and positron annihilation spectroscopy. The
evolution of void swelling was calculated within the framework of the produc-
tion bias model (PBM) and the SRT. The grain size dependent void swelling
measured experimentally is in good accord with the theoretical results obtained
using PMB. Implications of these results on modeling of void swelling under
cascade damage conditions are discussed.
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1 Introduction
It is well established that grain boundaries can have a significant influence on
the void swelling behaviour in irradiated metals and alloys. For example, zones
denuded of voids are generally observed adjacent to grain boundaries in elec-
tron-, ion- and neutron-irradiated materials (Hudson, Mazey and Nelson 1971;
Norris 1971; Farrell, Houston, Wolfenden, King, and Jostons 1972; Wiffen
1972; Zinkle and Farrell 1989). Incoherent grain boundaries have been observed
to produce void denuded zone behaviour similar to that of free surfaces. Ex-
perimental observations on the effect of grain size on void concentration and
swelling in a pure austenitic stainless steel irradiated with 1 MeV electrons were
reported by Singh (1973, 1974) more than 25 years ago. In these experiments
both void concentration and swelling were found to decrease with decreasing
grain size below about 2.5 pin. Similar effects of grain boundaries were also
observed in specimens implanted with 10 appm of helium prior to electron irra-
diation.

The observed effect of grain size on void swelling in electron-irradiated met-
als can be successfully described in terms of a "defect depletion model" based
on the property of grain boundaries as neutral and unsaturable sinks for vacan-
cies (Singh 1974, Singh and Foreman 1974). The absorption of vacancies at
grain boundaries causes a decrease in the vacancy supersaturation in the grain
interior, which in turn produces a decrease in void concentration and swelling
with decreasing grain size. Various authors have performed standard rate theory
(SRT) calculations of the steady-state point defect distributions in the vicinity of
a planar perfect sink, including the effects of internal sink density and the dislo-
cation bias for the preferential absorption of self-interstitial atoms (SIAs) (Lam,
Rothman and Sizmann 1974; Singh and Foreman 1974; Seeger 1975). These
calculations demonstrated that the vacancy supersaturation beyond the denuded
zone near a grain boundary increases very rapidly with increasing distance from
the boundary and reaches an asymptotic value at a certain distance from the
boundary. The theoretical calculations are in good agreement with the grain size
dependence of void concentration and swelling measured experimentally in a
pure austenitic stainless steel irradiated with 1 MeV electrons (Singh 1974,
Singh and Foreman 1974).

There is an intriguing difference in the grain boundary void swelling behav-
iour between electron irradiations and irradiation experiments performed at
higher recoil energies capable of producing cascades and subcascades. In par-
ticular, under cascade damage conditions, the void swelling in the zone imme-
diately adjacent to the void denuded zone along grain boundaries is substan-
tially enhanced (instead of reaching an asymptotic value) (e.g., Hudson et al.
1971, Farrell et al. 1972, Wiffen 1972, Singh, Leffers, Green and Green 1982,
Singh, Leffers, Green and Victoria 1984, Victoria, Green, Singh and Leffers
1984, Horsewell and Singh 1985, Singh and Horsewell 1994). Furthermore,
neutron irradiation experiments on polygonized high-purity aluminium has
shown that the void swelling increases substantially with decreasing grain (sub-
grain) size in a certain size range (Horsewell and Singh 1987). This is directly
opposite not only to the grain size effect observed during 1 MeV electron irra-
diation (Singh 1974) but also to the behaviour predicted using the SRT (Singh
and Foreman 1974).

hi 1990, Woo and Singh (1990) proposed the concept of "production bias"
within which the effects of intracascade clustering of SIAs and vacancies on
void swelling can be properly incorporated (Woo and Singh 1992). Soon after it
was shown that the one-dimensional glide of SIA clusters produced in the cas-
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cades was an important mechanism for the removal of SIA clusters (Singh and
Foreman 1992, Trinkaus, Singh and Foreman 1992, 1993) and was necessary
for maintaining the driving force for the void swelling provided by the produc-
tion bias. Later, it was shown that the consideration of production bias and one-
dimensional glide of SIA clusters can easily explain the enhanced swelling in
the vicinity of grain boundaries (Trinkaus, Singh and Foreman 1993, Trinkaus,
Singh and Victoria 1996) observed under cascade damage conditions. The main
reason for this enhancement is the efficient removal of the SIAs from this re-
gion to the grain boundary by one-dimensional glide of SIA clusters.

Thus, within the framework of the production bias model (PBM) the effect of
grain size on void swelling under cascade damage conditions would be expected
to be different from that observed under 1 MeV electron irradiations (Singh
1974, Singh and Foreman 1974).

In order to determine the nature and magnitude of this expected difference, we
have in the present work carried out irradiation experiments at 623K with fis-
sion neutrons on single and polycrystalline copper (see Section 2) with different
grain sizes. The results of the post-irradiation investigations of the damage ac-
cumulation using transmission electron microscopy (TEM) and positron annihi-
lation spectroscopy (PAS) are described in Section 3. The effect of grain size on
void swelling under cascade damage conditions is treated theoretically within
the framework of the PBM and compared with the experimental results in Sec-
tion 4. Finally, the main findings and conclusions of the present work are briefly
summarized in Section 5.

2 Materials and Experimental Pro-
cedure
The materials used in the present investigations were two types of high purity
copper: (a) (110) oriented single crystal discs (~0.25 mm thick and 3 mm in di-
ameter) of 99.9998% purity (supplied by Metal Crystals and Oxides Ltd., Cam-
bridge, England) and (b) annealed (823°C/2 h) polycrystalline discs (~0.3 mm
thick and 3 mm in diameter) of OFHC grade copper of 99.999% purity (sup-
plied by Trefimetaux, France). The average grain size of the annealed OFHC-
copper was -30 Jim with a dislocation density of <1012 m"2. The dislocation
density in the single crystal specimen was found to be ~1012 m"2. The oxygen
content of the OFHC-Cu was determined to be ~34 appm. Two different gas
analyses showed that the oxygen content of the single crystal copper (< 20
appm) was very similar to that of the polycrystalline copper.

In order to investigate the influence of pre-irradiation cold-work on the micro-
structural evolution during irradiation, cold-worked (~80%) specimens of
OFHC-copper (0.3 mm thick) were also included in the present experiments.
However, during heating-up of the specimens (in the reactor) to the irradiation
temperature of 623K before the start of irradiation, these specimens recrystal-
lized with an average grain size of 10 |im. Henceforth these specimens will be
referred to as cold-worked and annealed.

Since the single crystal discs used in the present experiments had a thickness
of ~0.25 mm, it is reasonable to consider the external surfaces of these discs as
grain boundary sinks. In that case, the damage accumulation in these discs may
be assumed to correspond to that in grains of a radius, Rg, equal to one half of
the thickness of these discs (i.e. Rg ~ 125 jam). Thus, in the present experiments
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copper specimens with three widely different grain sizes (i.e. 10, 30 and 250
|im) have been irradiated.

Discs of 3 mm diameter of single crystal, polycrystalline and cold-worked and
annealed copper were loaded in the same irradiation magazine to ensure the
same irradiation conditions for all specimens. The magazine was irradiated at
623K in the DR-3 reactor at Ris0 using a high temperature rig. The temperature
was controlled (within ±2K) and recorded continuously throughout the whole
irradiation period. The neutron flux during irradiation was about 2.5 x 1017

n/m2s (E > 1 MeV) which corresponds to a displacement damage rate of ~5 x
10'8 dpa (NRT)/s taking the displacement threshold energy to be 30 eV. The dpa
(NRT) refers to the calculation of displacement per atom (dpa) according to the
model proposed by Norgett, Robinson and Torrens (1976, 1983). All specimens
were irradiated to a neutron fluence level of 1.5 x 1024 n/m2 (E > 1 MeV) which
corresponds to a displacement dose level of ~0.3 dpa (NRT).

For transmission electron microscopy (TEM) investigations, the 3 mm discs
were first thinned mechanically down to ~0.1 mm thickness. These discs were
then twin-jet electropolished in a solution of 25% perchloric acid, 25% ethanol
and 50% water at 11 V for about 15s at ~295K. Specimens were examined in
JEOL 100C and 2000 FX transmission electron microscopes.

A combination of bright field and weak beam dark field imaging conditions
was used to characterize the microstructure. The foil thickness was determined
by either stereo pairs or thickness fringes under well-defined 2-beam diffraction
conditions. A minimum of ~200 voids were measured to obtain the void size
distribution for each irradiated material.

In parallel with the TEM investigations the specimens were characterized us-
ing positron annihilation spectroscopy (PAS). PAS has the advantage of being
sensitive to vacancy type defects and their agglomerates in a wide size range
starting from single vacancies to submicroscopic and microscopic two dimen-
sional clusters (loops and stacking fandt tetrahedral SFTS)) and three-
dimensional cavities/woids (see e.g. Hautojarvi 1979, Eldrup 1986, 1992, 1995,
Eldrup and Singh 1997). Another advantage of PAS is that the technique meas-
ures defect characteristics, averaged over macroscopic dimensions, in contrast
to TEM which provides detailed information about defect structures but only in
a relatively few, selected microscopic regions representing a very small volume
of a sample. Positron lifetime measurements were carried out on the three neu-
tron irradiated sets of specimens. For a measurement, a set of samples was
placed, one on each side of a ~10 (J,Ci positron source (produced by implanting
22Na into a Pt foil (Poulsen, Eldrup, Lettry and the ISOLDE collaboration
1995)). Several measurements were carried out on each sample to check repro-
ducibility. For reference, measurements were also made on samples of high pu-
rity copper annealed at 1073K for 2 hours. The measured positron lifetime spec-
tra were analysed using the standard computer programs Resolution and Posi-
tronfit from the program package PATFIT-88 (Kirkegaard, Pedersen and Eldrup
1989). From the results for the Cu reference specimen, the time resolution of the
lifetime spectrometer was determined as well as a correction for the positrons
that annihilate in the source material. In addition, a correction was made for the
contribution to the lifetime spectra from the decay of the 60Co which was
formed during the neutron irradiation (9 - 18% of the total number of counts in
the spectrum, depending on the specimen).
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3 Experimental Results

3.1 PAS Observations
To illustrate the difference between the positron results after neutron irradiation
of the single crystal, the polycrystal and the cold-worked and annealed copper,
we show in Fig. 1 the lifetime spectra obtained for the three types of samples.
Qualitatively, it is obvious from the figure that the spectra for the irradiated
specimens each contain a short-lived and at least one long-lived component.
The latter arises from positrons trapped in defects (Eldrup 1986, 1992, 1995,
Eldrup and Singh 1997). Clearly, the intensity of this defect part of the spectrum
is higher for the cold-worked and annealed specimen than that for the polycrys-
tal and especially the single crystal specimens.

More quantitatively, the positron lifetime spectra could all be resolved into 3
lifetime components, a short one (~100 ps) due to positrons annihilating in the
bulk material without being trapped and two longer ones (~200 ps and ~500 ps)
from positrons trapped in defects. For all the spectra the longest lifetime (aver-
age value of 506 ps with a scatter of 11 ps) was in agreement with the 500 ps
normally found for positrons trapped in voids (Eldrup 1992, Eldrup and Singh
1997, Singh, Eldrup, Horsewell, Ehrhart and Dworschak 2000). Hence, we take
this component to be due to voids, and in the final analysis we fix this lifetime
at 500 ps in order to reduce the scatter on the other extracted lifetime parame-
ters. The lifetimes and their intensities are given in Table 1.

The lifetime x2 of ~200 ps is in good agreement with earlier results on neutron
irradiated Cu (Eldrup, Evans, Mogensen and Singh 1981, Eldrup and Singh
1997, 2000 and Singh et al. 2000). This lifetime is close to the value expected
for a defect with an open volume of the size of a mono-vacancy or slightly big-
ger (Hakkinen, Makinen and Manninen 1990). Components with lifetimes of
this magnitude have been ascribed to positrons trapped at small impurity-
vacancy clusters, dislocations, loops and/or stacking fault tetrahedral. However,
a precise identification has not been made and is outside the scope of the present
paper. We shall return to this in a separate publication. Here we shall just refer
to this group of defects as "clusters".

When positrons can be trapped into different types of defects, these defects
compete with each other for the positrons as well as with annihilation of the
positrons in the bulk of the material. This competition can be described by a set
of simple rate equations, often referred to as the Trapping Model (see e.g.
Hautojarvi 1979, Eldrup and Singh 1997). Using this model, the rates with
which positrons became trapped into different types of defects can be obtained
from the measured positron lifetimes and their intensities. Normally, the trap-
ping rate K; into defects of type "i" can be assumed to be proportional to the
density of the defects, Q, i.e.

Ki = HiCi. (1)

The so-called specific trapping rate, p ,̂ depends on the type of defects. The spe-
cific trapping rate for monovacancies in copper, for example, is about 8 x 1014

s"1. For spherical cavities jij increases strongly with cavity size (Eldrup 1992,
Eldrup and Singh 1997).

By using the Trapping Model for two types of defects, we calculated the posi-
tron trapping rates into the clusters (Kd) and the voids (KV). Also the lifetime of
positron in the bulk kan be calculated from the model (Ti0310). The calculated
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values are shown in Table 1. The good agreement between the calculated Xicalc

and the measured i\ in the three cases shows that the applied model is consistent
with the measured lifetime spectra.

The void densities can be estimated from the values of KV (Table 1) by using
Equation 1. Knowing the average diameters of the voids from TEM, the specific
trapping rates, |i.v, can be obtained (Eldrup 1992, Eldrup and Singh 1997). The
calculated densities are given in Table 2. The results are in good agreement with
the average void densities (av. CV

TEM) obtained from TEM (Table 3). Using the
void densities determined by PAS and taking the void diameters to be the ones
determined by TEM (Table 3), the average void swelling can be calculated (Ta-
ble 2, Figure 6).

The group of defects referred to above as "clusters" probably have a range of
specific trapping rates and these are not well known. However, if for a rough
estimate we assume the average cluster size to be the one determined by TEM
(Table 3) and assume that the specific trapping rate is roughly the same as for
voids of the same size, we obtain the densities Cci

PAS given in Table 2. These are
by and large the same densities as determined by TEM (Cci

TBM in Table 3). This
latter agreement between the cluster densities determined by PAS and TEM
may partly be fortuitous. However, the agreement between the average void
densities obtained by the two techniques underlines the usefulness of PAS for
obtaining defect densities averaged over macroscopic dimensions.

3.2 TEM Observations
The microstructure of the irradiated specimens contained a moderate density of
small defect clusters and a relatively low density of dislocations. Table 3 sum-
marizes the measured size and density of the clusters and dislocation density in
the three irradiated materials. More than 80% of the small defect clusters were
resolvable as stacking fault tetrahedral from their characteristic triangular image
for an axis near < 110 >.

Voids were clearly visible in all three different types of copper specimens.
However, the density of voids was rather low in all three cases and there was
considerable spatial heterogeneity in the void population. In the case of the
cold-worked and annealed specimens the spatial heterogeneity was even worse
because of the presence of grains of different sizes. An example of such hetero-
geneity is shown in Figure 2. For a quantitative determination of void parame-
ters (i.e. size, density and swelling), a minimum often different regions in each
material were randomly selected for analysis during operation of the electron
microscope in order to minimize operator bias and to obtain a reasonable aver-
age picture of the microstrucrure.

Figure 3 shows the void size distributions for the three materials as deter-
mined by TEM, and the mean void diameters are quoted in Table 3. The void
size was comparable for the polycrystal and cold-worked and annealed speci-
mens whereas the void size in the single crystal specimen was slightly smaller
(see Table 3). More pronounced differences were observed in the void density,
with cold-worked and annealed copper exhibiting the highest density and single
crystal copper the lowest (cf. Table 3). It is important to note here that the void
densities quoted in the third row of Table 3 refer to local void densities meas-
ured in the grain interiors, away from the void denuded zone adjacent to the
grain boundaries. The width of the void denuded zone in both polycrystal and
cold-worked and annealed copper was estimated to be 0.8 jam. The void swell-
ing calculated from the TEM measurements and denoted (AV)i, therefore, also
refers to the local swelling in the grain interior.
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It is clear that in order to determine the effect of grain size on void swelling,
we need to convert the local values of void density and void swelling (AV)t into
the average values of the volumetric swelling of the whole grain of a given size
(AV)av. This can be readily done by applying a geometrical correction for the
absence of voids in the void denuded zone along the grain boundaries. For a
spherical grain of diameter dg, the average swelling will be (see Singh 1974)

(2)

where WD is the void denuded zone width (see inset in Figure 4). The correction
factor (dg - 2WDI dg)3 is plotted as a function of grain diameter in Figure 4. The
grain sizes used in the present experiments are indicated in Figure 4. It should
be noted that, of course, the same correction factor must be used for converting
the local void density into the average void density. The average void density
and swelling values obtained from Equation 2 are quoted in Table 3.

Figure 4 emphasizes that the local swelling values obtained from TEM meas-
urements in materials with an average grain size smaller than about 50 [im
should be corrected for the existence of the void denuded zone along grain
boundaries.

4 Theoretical Considerations
As indicated already in Section 1, within the framework of the PBM the void
swelling under cascade damage conditions can be expected to decrease with
increasing grain size due to a decrease in the efficiency of removal of SIA clus-
ters from the grain interior. The experimental results presented in the preceding
section agree quite well with the qualitative expectation. In order to test the va-
lidity of this expectation, in the following we first present an analytical treat-
ment of the grain size effect under cascade damage conditions and then decribe
the results of quantitative computation of the effect of grain size on void swell-
ing.

4.1 Analytical Treatment
As mentioned above, it has been demonstrated successfully that the damage
accumulation in pure metals under cascade damage conditions can be described
in terms of the PBM including one-dimensional transport of SIA clusters (e.g.
Singh et al. 1997), Golubov et al. (2000)). The swelling rate under these condi-
tions is determined not only by the fluxes of three-dimensionally diffusing sin-
gle SIAs and vacancies to the growing voids but also by the flux of one-
dimensionally diffusing SIA clusters. The swelling rate in a region located at a
distance / from the grain boundary of a spherical grain of radius Rg can be
shown to be given by (see Equation (4a) in Golubov et al. (2000)).
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dt "4v).
(3)

where G = GmT{^~e
r)^

s t n e effective Frenkel pair generation rate. Here

GNRT is t n e Frenkel pair generation rate according to NRT model, and £r is the
fraction of defects that recombines during the cooling stage of the cascades.
Zjvkl with kl = 4TZ7VV RV (NV,RV are the number density of voids and their

mean radius) and ZJvp {p is the dislocation density} are the sink strengths of

voids and dislocations for point defect absorption, respectively, and

pd=(Zf/zt-ZVZv
v) is the dislocation bias. The quantity £f

eff

(=ef+e1xg I < x* >) is an effective fraction of the glissile clusters

component and sf,s* (ef + Si=Si) are the fractions of glissile and sessile SIA

clusters, respectively; xg,< x* > are the mean sizes of glissile and sessile SIA

clusters generated by cascades. <7V = TcRl is the mean cross-section of voids

and h(Rg,l) = Jk2
g ( i?g , /)/2, where k2

g{Rgj) is the total sink strength of voids,

dislocations and grain boundaries for the one-dimensionally diffusing SIA
clusters and is given by

where dabs is the capture diameter of dislocations for the absorption of the SIA
clusters. The first term on the right hand side of Equation (3) correspond to the
effect of dislocation bias where as the second term describes the effect of
production bias. Note that for the sake of simplicity the thermal emission of
vacancies from voids and dislocations is not included in Equation (3).

As has been shown by Singh et al. (1997), Equations. (3) and (4) describe
successfully the main trend of swelling in grains of different sizes in neutron
irradiated copper even though these equations do not take into account the effect
of the grain boundary as a sink for point defects. Such an approach is reasona-
bly correct for large grain sizes. However, for small grain sizes the treatment
needs to be modified so that the capture of point defects by grain boundaries can
be taken into account. This problem has been treated within the framework of
the mean field approach (see, e.g., Volobuev and Golubov (1988)) with the main

conclusion that the total sink strength for point defects k2
v + Zvip in Equation (3)

should be replaced by the sink strength kl +Zvip + k^g (Rg), where k*g (Rg)

is the sink strength of a grain boundary. Taking this modification into account,
the swelling rate, for the central region of a grain may be finally written as
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dt

K
sT~" **-+—+<rJV.

(5)

4 *.

This is a general expression which makes it possible to calculate the void swell-
ing as a function of grain size under cascade damage conditions.

As discussed in Section 3.2 (see Equation (2) and Figure 4), the formation of a
void denuded zone adjacent to a grain boundary makes it necessary to distin-
guish between the local swelling in the central region of the grain and the aver-
age swelling for the whole grain. For a given irradiation temperature (i.e. a
given Wo), the difference between the local and the average swelling becomes
increasingly more significant with decreasing grain size. Furthermore, the void
swelling measured using TEM technique refers to the local swelling whereas
the swelling determined by density change measurements or by the PAS tech-
nique refers to the volumetric average swelling. In other words, we need to es-
tablish a theoretically appropriate methodology to calculate the sink strength

klg(Rg) in Equation (5) so that both the local and the average swelling can be

calculated. For calculating the local swelling in the grain interior we consider
the boundary between the denuded zone and the grain interior containing voids
as a "capture boundary" for both defects rather than a real grain boundary. For
the case of the average swelling for the whole grain, on the other hand, we con-
sider that the voids are distributed throughout the whole grain (i.e. no denuded
zone) and that the real grain boundary acts as a "capture boundary". Both cases
are treated below.

Within the framework of the mean field approach the sink strength of a grain
boundary is calculated as a ratio of the flux of point defects to the "capture
boundary" to the average concentration of the point defects in the grain interior
(see Equation (A7) in the Appendix). In order to calculate this ratio, it is neces-
sary to determine the spatial dependence of the sink strength of voids in the
grain interior on distance / from a grain boundary. In principle, Equation (5) in

ik.+ _

its general form (replacing "Pa<ia + 2Lz. + a ^ by
A Rg

 v "

K7JV) may be used to take into account this spatial
4 \\l{2Rg-l)

dependence but it makes the calculation very complicated since such a descrip-
tion involves the distance (/) dependent growth as well as nucleation of voids
within a grain. In order to simplify the calculations, we assume that both the
number density of voids and the void swelling are uniformly distributed in the
whole grain interior. This assumption is reasonably correct in both limiting
cases of large and small grain sizes. Indeed, in the case of large grain sizes, the
enchanted swelling in an area adjacent to the denuded zone does not play any
significant role since the volume affected is only a small fraction of the volume
of the whole grain. In the case of small grain sizes, on the other hand, the spatial
distribution of swelling is found to be fairly uniform.

A rigorous consideration of the problem formulated above is given in the Ap-
pendix. Finally, the sink strength of a grain boundary for the cases of local and
average swelling are give by
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=
inh£ (£ coth£ - l ) ' (6)

(7)

where

where ^ is the width of the void denuded zone.
Thus, Equation (5) together with Equations (6)-(8) can be used to describe

both the local (Equation (6)) and the average (Equation (7)) void swelling as a
function of grain size. In the following section these equations are used to calcu-
late the local as well as the average swelling. The calculated results are then
compared with the measured swelling results obtained by TEM (local) and PAS
(average).

It is worth noting that the sink strength of a grain boundary described by

Equation (7), k\g merage, is always positive, which originates from the boundary

condition given by the second Equation (A3) (at JVD=0, the gradient

———- < 0 at any magnitude of the in-grain sink strength). The situation is
dr

qualitatively different in the case when the denuded zone is taken into account.

As it can be seen from Equation (6) the sign of the sink strength k\g depends on

the sign of y, namely &3
2 ^ 0 when y ~> 0 . In the case when y< 0 the sink

strength k^g becomes negative, which means that the denuded zone acts as a

source of vacancy instead of being a sink. It can be shown that such a situation
would occur when the sink strength in the grain interior becomes larger than
that in the denuded zone. It follows from Equation (A5) that the parameter /
becomes negative when

Since before irradiation kfn=k^ ~ p , it is clear that during a certain irradiation

dose range the inequality given by Equation (9) is not valid, i.e. the denuded
zone would act as a sink for point defects coming from the grain interior. How-
ever at higher doses the inequality becomes valid which changes the situation
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qualitatively, i.e. the denuded zone begins to supply the grain interior with va-
cancies generated in the denuded zone due to the dislocation and production
biases.

In the following section Equations (5)- (8) are used to calculate the swelling
in copper irradiated with neutrons as a function of grain size. It is assumed that
independent of the grain size, the initial swelling at a dose of 10"3 dpa is 10"4 %.
The damage parameters used in the calculations are given in Table 1 in Golubov
et al. (2000).

4.2 Numerical Calculations and Comparison with
Experiments
In the following we present results of two sets of numerical calculations demon-
strating the effect of grain size on void swelling. In order to facilitate a direct
comparison between the swelling values determined by TEM and the ones pre-
dicted by the PBM, we have first calculated the local swelling, (AV)i, in the
grain interiors as a function of grain size using Equations (5) and (6). The calcu-
lations have been carried out for three dislocation densities (see Figure 5) and
assuming a local void density of 5 x 1018 m"3 in the grain interior. In all three
cases, a dislocation bias of 2% (see Golubov, Singh and Trinkaus, 2000; 2001)
has been used. The defect production and intracascade clustering parameters
used in the present calculations are given in Golubov et al. (2001). Figure 5 also
shows the effect of grain size on void swelling calculated in terms of the SRT
model (dashed line) for a void density of 5 x 1018 m"3, a dislocation density of 2
x 1012 m'2 and a dislocation bias of 2%. Note that for the sake of clarity the
swelling values calculated in terms of the SRT model (the dashed line in Figure
5) has been magnified by a factor of 10.

For comparison with experimental results, values of the local void swelling
(see Table 3) determined directly in the grain interiors using the TEM technique
are also shown in Figure 5. The general trend predicted by the PBM that beyond
a grain radius of about 5 (xm, the swelling decreases with increasing grain size is
in very good accord with the trend exhibited by the experimental results. It
should be noted here that the calculations have been carried out for only one
void density of 5 x 1018 m'3. However, experiments show that the local void
density varies with the grain size (see Table 3). In order to test the sensitivity of
our calculations to void density, we have calculated the swelling values specifi-
cally for the three grain sizes used in the experiments taking the experimental
void and dislocation densitites given in Table 3. The results are illustrated in
Figure 5 by open circles. These results are also in good agreement with the ex-
perimental results. It is abundantly clear, on the other hand, that the experimen-
tal results cannot be rationalized in terms of the SRT model.

Figure 6 shows the dependence of the average void swelling (for the whole
grain), (AV)av, on grain size calculated in terms of the PBM, using Equations (5)
and (7). All parameters used in these calculations are kept to be the same as in
the previous calculations of the local swelling. The general trend of the depend-
ence of the average void swelling on grain size for different dislocation densi-
ties is the same as in the case of the local swelling (Figure 5). The average
swelling values obtained from the TEM measurements (see Equation 2, Figure
4 and Table 3) and those obtained from the PAS (see Table 2) are also shown in
Figure 6. Once again, the experimental results are fully consistent with the cal-
culated results. The results shown both in Figure 5 and Figure 6 indicate that the
dislocation density in these speciments may have been somewhat lower (say 1 x
1012 m"2) than the density measured using TEM (i.e. 2 x 1012 m"2). In view of the
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fact that the dislocation density in these specimens is rather low, the uncertainty
in the density measurements is likely to be relatively high. It is, therefore, not
completely unrealistic to consider the possibility that the dislocation density in
these experiments might have been close to 1 x 1012 m"2. In that case, the agree-
ment between the calculated and experimental results shown in Figures 5 and 6
is excellent. It is of interest to point out here that the behaviour reported in
Figures 5 and 6 are in good agreement with the earlier experimental observa-
tions in neutron irradiated high-purity aluminium (Horsewell and Singh, 1987).

The fact that the experimentally observed grain size dependence agrees quite
well with the calculated results is significant since this can be considered as a
direct evidence in support of the PBM. Conversely, the results shown in Figure
5 clearly suggest that neither the magnitude of the observed swelling nor the
nature of the grain size dependence of the swelling behaviour can be explained
in terms of the SRT model. The fact that the average swelling values obtained
from Equation (2) agree quite well with the results obtained from calculations
using the PBM (see Figure 6) suggests that the PBM can be used to predict the
effect of grain size on the bulk swelling behaviour of materials under neutron
irradiation conditions even without the knowledge of the void denuded zones.
The results shown in Figures 5 and 6 also illustrate that the nature of the grain
size effect on void swelling is not affected in any significant way by changes in
the void or dislocation density. This emphasizes the general nature of the grain
size effect under cascade damage conditions.

5 Summary and Conclusions
In the present work the effect of grain size on void swelling in pure copper has
been investigated under cascade damage conditions experimentally as well as
theoretically, Post-irradition measurements of void swelling by TEM and PAS
have established the fact that during neutron irradiation void swelling has the
highest value at a grain size of ~10|im and then decreases with increasing grain
size. These results are in a direct contradiction to the effect of grain size on void
swelling observed under 1 MeV electron irradiations (Singh 1974), and pre-
dicted theoretically using the SRT model (Singh and Foreman, 1974).

In order to clarify this apparent contradiction, the effect of grain size on void
swelling under cascade damage conditions has been treated theoretically within
the framework of the production bias model. Within this framework, numerical
calculations have been performed to determine the grain size dependence of the
local void swelling only in the grain interiors (i.e. excluding the void denuded
zone) as well as of the average void swelling for the whole grains (i.e. includ-
ing the void denuded zone). Results of both sets of calculations have been com-
pared with the corresponding experimental results. The calculated grain size
dependence of both the local and the average void swelling agrees very well
with the experimental results. This agreement can be considered as a direct evi-
dence in support of the PBM. In the present work, we have also calculated the
grain size dependence of void swelling in terms of the SRT model and found
that neither the magnitude of the swelling (for a given grain size) nor the nature
of the grain size dependence can be understood in terms of the SRT model (see
Figure 5).

These results thus show that the main source of the observed differences in
the grain size dependence of void swelling between the 1 MeV electron and fis-
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sion neutron irradiated materials lies in the fact that the primary damage produc-
tion in the two cases are fundamentally different.

The consequences of irradiations with 1 MeV electrons can be treated in terms
of the SRT model since the damage is produced homogeneously and in the form
of single defects (i.e. Frenkel pairs). The situation under cascade damage condi-
tions, on the other hand, is entirely different in that under cascade damage con-
ditions clusters of SIAs and vacancies are produced directly in the cascades.
Furthermore, a fraction of the SIA clusters produced in the cascades diffuse
one-dimensionally and interacts with sinks such as voids, dislocations and grain
boundaries with reaction kinetics which are substantially different from that of
the three-dimensionally diffusing single defects (Trinkaus, Singh and Golubov,
2000). This causes a strong depletion of SIAs and a corresponding enhancement
of vacancy supersaturation in the region of a certain width adjacent to the void
denuded zone along the length of a grain boundary. This has been shown to be
the origin of the enhanced swelling in the "peak zone" in the vicinity of grain
boundaries (Trinkaus et al. 1993,1996). As described in the previous section, of
course, the same mechanism leads to grain size dependent void swelling (e.g.
see Figures 5-6). The physical reason for the decrease in swelling with increas-
ing grain size is that the fraction of the one-dimensionally diffusing SIA clusters
captured by the voids in the grain interior increases with increasing grain size.

The present work has led to two significant conclusions: (a) that the nature of
the grain size effect on void swelling is directly related to the features of the
primary damage production and the properties of the resulting defect clusters in
displacement cascades and (b) that under cascade damage conditions, the grain
size effect on void swelling is an intrinsic effect and covers a wide range of
grain sizes extending upto 100 \im or even larger. Hitherto neither of these con-
clusions have been predicted theoretically or substantiated by experiments. The
second conclusion implies that while selecting materials for structural compo-
nents in a fission or fusion reactor, the problem of grain size effect should be
carefully considered. It should be also pointed out that the grain size effect
should be taken into account while determining the average void swelling from
TEM measurements and also when comparing the results with the results of
other investigations. Finally, it should be mentioned that since the grain size
effect under cascade damage conditions is consistent with predictions of the
PBM, it follows that the the effect will be sensitive to those parameters that
provide intrinsic driving force in the PBM (e.g. efficiency of SIA clustering,
properties SIA clusters, etc.).
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Appendix

To calculate the sink strength of a grain boundary, k2
g, of a spherical grain of

radius R , we consider a steady state diffusion equation for the point defect

concentration Cv. ( r ) in grain interior, which can be presented as

(Al)

where y/(r) = DVJCvi ( r ) is the point defect flux and Gvi is the effective gen-
eration rate of vacancies or SIAs. Note that the recombination of vacancies and
SIAs is not included in Equation (Al) since it does not play any role at peak
swelling temperatures. Moreover, in the following we neglect the dislocation
bias by setting Zf = Zv , since it does not affect the sink strength of a grain

boundary for vacancies and SIAs. Such approach is quite reasonable since the
dislocation bias plays a very minor role under cascade damage conditions.

Assuming that the sink strength of voids and dislocations in the grain interior,

kfn, does not depend on the grain radius, the sink strength k2 ( r ) may be writ-

ten as

0<r<Rg-WD

Rg-WD<r<Rg

(A2)

where k\ is the sink strength in the denuded zone (dz) and WD is the width of

the void denuded zone. Denoting the function y/ as y/in and y/^ in the grain

interior and denuded zone, respectively, the boundary conditions for the func-

tions y/jn and \j/dz are given by

dr

(A3)

dr

_dydz(r)
dr r=Rg-WD

It can be easily shown that the functions y/jn and y/^, which obey the first and

second Equation (A3), may be presented as follows

, 0<r<Rg-WD

\ —

(A4)

, R-WD<r<Rg
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where y and X are arbitrary constants. Using last two Equation (A3) these con-

stants can be obtained as

icosh6 sinh(4& -£ ; > J + £;>4 sinh£

(A5)
where

( A 6 )

,, _ % _
it2

2 <52 '

Taking into account that in the case under consideration the boundary between
the grain interior and denuded zone has to be considered as a "capture" surface
for the grain interior, the sink strength of the grain boundary can be calculated
as follows

Rg-WD

J

Substituting function y/in given by the first Equation (A4) in Equation (A7) the

grain boundary sink strength can be finally given by

Neglecting the denuded zone (WD = 0 ), which may be considered as a limiting
case describing an average swelling for the whole grain, Equation (A8) trans-
forms into a more simple form. Assuming that the sink strength of voids and

dislocations are uniform throughout the whole grain (kfn =k^) and taking into

account that in this case %g = %,= £,gdz = t,ldz and y= 1, the sink strength k%g

is given by

W \\ - ' 3 g f e c o t h £ ' ) (A9)
»'»)k--i?g=3(£=S£rij- (A9)
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Table 1. The positron lifetimes and their intensities for single crystal, polycrys-
tal and cold-worked and annealed copper irradiated at 623K to a dose of~0.3
dpa. The lower three entries show the positron trapping rates into clusters and
voids and the positron lifetime in the bulk material as calculated from the trap-
ping model.

Ti (psec)

i2 (psec)

T3 (psec)

I2(%)

I3(%)

Kci (nsec"')

KV (nsec'1)

x,calc (psec)

Single Crystal

101±2

211+8

500

17.4±1.8

1.90±0.25

0.95±0.22

0.16±0.03

98+2

Polycrystal

98+2

196±4

500

22.1±1.4

3.39±0.06

1.21±0.11

0.29±0.01

94±2

Polycrystal
CW + annealed

95±2

187±5

500

21.9+1.5

4.31±0.06

1.15+0.11

0.37±0.01

94±2

Table 2. Void and cluster densities (CV
PAS) and (Ccf

AS) calculated from the posi-
tron trapping rates (Table 1). The specific trapping rates (/A, and juci) used for
the estimates are given too. For calculation of the average void swelling, the
void diameters found by TEM (Table 3) were used together with CV

PAS.

Mio'V1)
Cv

PAS(1018m-3)

Av. void swelling (AV)av (%)

Hd (10V)
Ccl

PAS(1021m-3)

Single Crystal

6.0

2.2

0.10

9.5

0.8

Polycrystal

6.5

3.7

0.23

9.5

1.1

Polycrystal

CW + an-
nealed

6.5

4.9

0.29

9.5

1.0
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Table 3. Microstructural parameters for neutron irradiated copper of different
grain sizes determined by TEM.

Material /Copper

Average grain size (dg)(]im)

Mean (<d3>)% v o i d d i a m ( ran)

Local void density (101 8 m"3)

Average void density (101 8 m'3)

Local void swelling (AV)i (%)

Average void swelling (AV)av (%)

Dislocation density (101 2 m"2)

Mean cluster diam (nm)

Mean cluster density (102 1 m"3)

Single
Crystal

250 a )

95.3

2.0

1.96

0.1

0.1 b )

~ 2

3.4

1.0

Polycrystal

30

105.5

4.9

4.15

0.3

0.25b )

3.4

2.0

Polycrystal
C W + an-

nealed

10

104.5

7.4

4.38

0.44

0.26b)

~ 4 C )

3.4

2.0

a) Thickness of the single crystal disc is taken to be the grain size
b) See Equation 2, Section 3
c> Including handling dislocations; the real density may be close to 2 x 1012 m'2,

as for the single crystal specimens
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Figure 1. Positron lifetime spectra for the unirradiated copper reference speci-
men and copper specimens of different grain sizes irradiated at 623K to a dose
level of 0.3 dpa.
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Figure 2. TEM micrograph showing spatial heterogeneity in the cold-worked
and annealed copper specimen (with an average grain size of~10 fjm) irradi-
ated at 623Kto 0.3 dpa.
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Figure 3. Size distributions of voids in (a) single crystal, (b) polycrystal and (c)
cold-worked and annealed polycrystal copper irradiated at 623K to a dose level
of 0.3 dpa.
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WD = 0.8 urn
(Cu, 623K, 0.3 dpa)
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Figure 4. Correction factor [(dg — 2Wr>)/dJ3 as a function of grain size for con-
verting the local swelling determined from TEM measurements of void size and
density into the average swelling for the whole grain. Note that it is the average
swelling which represents the volumetric expansion of a bulk sample.
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Figure 5. The calculated grain size dependence of the local void swelling in the
grain interiors of copper irradiated at 623K to 0.3 dpa having a void density of
5 xlO18 m'3 and different density of dislocations. The results are shown both for
the PBM and SRT models. Note that the swelling values calculated in terms of
the SRT model has been magnified by a factor of 10. For comparison, the ex-
perimentally measured values of the local swelling (JL)for different grain sizes
are also shown. The open circles (O) are the swelling values calculated for spe-
cific grain sizes (Table 3) using the experimental values of void and dislocation
densities. Note the agreement between the calculated and experimental results.
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Figure 6. The grain size dependence of the average void swelling calculated in
terms of the PBMfor copper irradiated at 62 3K to 0.3 dpa. Results for three
different dislocation densities are shown. The average swelling obtained from
the TEM results using Equation 2 (A) and from PAS measurements (u) (see Ta-
ble 2) are also shown. Note that the calculated results are in good agreement
with the experimental observations.
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