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ON TRANSPORT OF HELIUM TO GRAIN BOUNDARIES DURING IRRADIATION
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Abstract. The rate of accumulation of helium at grain boundaries
is one of the important parameters determining the integrity and
lifetime of the structural components of a fusion reactor. A
diffusion calculation is made of the flux of helium to a grain
boundary. The flux is found to depend on the gas production
rate,. the width of the cavity denuded zone and the cavity sink
strength in the grain interior. The calculated accumulation of
helium is in good agreement with the measured gas content of
grain boundaries in Al,. PE16 and 316 stainless steel. The flux
of helium to grain boundaries increases with helium generation
rate but the increase is less than proportional to the genera-
tion rate. The loss of helium to grain boundaries during the
nucleation of the bubbles within the grains has been estimated;
no great loss is expected to occur. However,.the 1loss would be
considerably enhanced if any delay in bubble nucleation were to
occur due to incubation effects. The role of material variables
is found to be difficult to predict at present.
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1. INTRODUCTION

It is well known that irradiation with 14 MeV neutrons will
generate helium at a high rate in the structural materials to be
used in fusion devices Since helium is practically insoluble in
metals and alloys and since the irradiation will take place at
relatively high temperatures,. it is inevitable that helium atoms
thus generated will diffuse and precipitate as bubbles both in
the grain interior and at the grain boundaries. The continuous
accumulation of helium (in the form of bubbles) at grain bound-
aries will cause grain boundary weakening and embrittlement.
Thus,. the rate of accumulation of helium at grain boundaries is
one of the important parameters determining the integrity and
lifetime of the structural components of a fusion reactor. It
is/. therefore,. of interest to understand the processes and
parameters controlling the magnitude of helium flux to the
boundaries.

In the present paper we first calculate the flux of helium atoms
to grain boundaries from the grain interior as well as from the
cavity denuded zone along the boundaries; a brief outline of the
calculation is given in ref.[1]. This is followed by the con-
sideration of the effect(s) of the major irradiation as well as
materials variables on the magnitude of the flux. An evaluation
of the role of these variables is,. in our view,. essential since
the flux is expected to be strongly influenced by the density of
sinks at which helium atoms can accumulate (e.g. cavities) and
the width of the zone along the boundaries denuded of sinks for
helium atoms Since all these variables are likely to affect the
time/dose dependent evolution of the microstructure in the grain
interior and hence the flux of helium to grain boundaries,.the
problem of dose dependence of the flux will be also considered
Finally,. it is pointed out that the knowledge of the helium
diffusion behaviour during irradiation is a prerequisite to an
understanding of the cavity nucleation mechanism and the evolua-
tion of cavity sink density in the grain interior which deter-

mines the flux of helium atoms to the grain boundaries



2. FLUX OF HELIUM TO GRAIN BOUNDARIES

During irradiation at elevated temperatures where displacement
damage and helium atoms are generated concurrently.. helium atoms
would coalesce to form cavities (bubbles/voids). These cavities
would then act as sinks for helium atoms produced subsequently.
The presence of heterogeneities in the form of clusters of im-
purity atoms,. precipitates and particles may provide additional
sinks for helium atoms. The flux of helium atoms to grain bound-
aries will be determined by the density and size of sinks for
helium in the grain interior and the width of the sink denuded
zone along the boundaries

For the sake of simplicity we shall,.in the present treatment,
consider cavities to be the only sinks in the grains. Fig. 1l(a)
shows a schematic of cavity distribution,.cavity denuded zone
and the cavities at the grain boundary. An example of helium ac-
cumulation at a grain boundary observed in aluminium irradiated
with 600 MeV protons is shown in Fig. 1l(b). The micrograph
clearly illustrates the presence of well defined denuded zones
and a uniform distribution of cavities in the grains

Let us assume that each grain contains a uniform density C, of
cavities with mean radius r,r.and a cavity denuded zone of width
d, on each side of the boundary. We also assume that the genera-
tion of helium is continuous and uniform throughout the whole
grain. In order to determine the flux of helium to a planar
grain boundary we then need to solve the following one-dimen-
sional diffusion equation in the two regions (denuded zone and
the grain interior containing cavities):

+D—=0 (x < 4,) (1a)
I dx2 2
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Kg+ D—— -¢.DC =0 (x > dp) (1b)
2
dx
Where
X = distance from the grain boundary
C (x) = helium concentration
D = helium diffusion coefficient
Kg = helium generation rate
d, = denuded zone width
a. = cavity sink strength in the grain interior

47, Co
The soiution of equations (la) and (1lb) is

DC = -1/2 Kgx? + Ax (x < dp) (2a)

= B é"J&c X

DC + Kg/ag (x > d,) (2b)

Where A and B are constants and are determined from the condi-

tion for the continuity of C and dc/dx at x = d,.

Thus
- 12 -Jac dz
1/2 K,d% + Ad, = B e + Kg/ac (3a)

gz
_Joc d
-Kqdz + A= -Bfa e e 4, (3b)

which may be solved for A and B. The flux of helium entering the
grain boundary is

dac
D = A (
(HE/L = 0 v

80 that only A is required Eliminating B from the above equa-
tions gives
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where B = “cd%- Thus the total flux Fye from both sides of the
grain boundary is

(g2 4+ 872 + 1
2 gl/2 (gl/2 4 1) (6)

where B = 47 rcccdzz. The flux Fge i8 independent of the value of
the helium diffusion coefficient, D. The flux of helium cal-
culated from Eq. (6) for d, = o (i.e. no cavity denuded zones)
agrees with the results derived previously by Trinkaus [2]. The
etfect of denuded zones should not be neglected since their
presence causes a noticeable enhancement in the flux (see Fig.
2, Ref. [11]).

In order to evaluate the sensitivity of the flux to the micro-
structural evolution during irradiation: the variation of the
flux with cavity density and swelling has been calculated; the
results are quoted in Fig. 2. The results show that a signifi-
cant reduction in the accumulation of helium at the grain bound-
aries - with a possible reduction in the embrittlement - could
be achieved by increasing the cavity density substantially. On
the other hand, if the cavity nucleation was to be delayed or
suppressedr the flux would be considerably enhanced

3. COMPARISON WITH EXPERIMENTS

The validity of the flux calculation can be tested by comparison
of the calculated amount of helium accumulated at grain bound-
aries with the measured amount contained in the grain boundary



bubbles. The amount of helium is determined from the measured
size and density of bubbles at grain boundaries. A numerical
time integration has been made of eq. (6) for the gas £lux to a
boundary in 600 MeV proton irradiated aluminium The helium
bubbles within the grain are assumed to be in equilibrium (p =
2Y/r) throughout the irradiation and the helium equation of
state due to Mills, Liebenberg and Bronson [3]) is used. The
result is found to be almost indentical with that obtained in
our previous calculations [1]), taking the time average of the
bubble size to be 75% of the final size.

The time average of the bubble size can readily be estimated
For small highly pressured bubbles it is a reasonable approxima-
tion to assume the density of gas atoms in a bubble to be
constant during growth so that r « t1/3 for a constant bubble
density and continuous gas generation Thus, the average size is

- t t £
I, = jorcdt/ jodt = 3/4 r¢ (7)

where rg is the final bubble size. A similar result (i.e. T¢o =
2/3 r(’_f) can be obtained with the assumption that the gas atoms
in the cavities obey the perfect gas law (pv = nkT). However. in
view of the fact that significant deviations from perfect gas
law occur when the gas density in the cavities approaches one
vacancy per gas atom, we prefer to use the result of eq. (7).
The helium flux to the boundary (given by eqg. (6)) is calculated
from the measured values of cavity size and density in the grain
interior, taking d, to be 1.5 A, where A_ (cavity spacing) =
(CC)'1/3. The assumption that d; = 1.5 A, is in a reasonable
agreement with the measured values of d, in aluminium irradiated
with 600 MeV protons [41].

The experimentally measured values of cavity parameters for
bhigh-purity aluminium irradiated with 600 MeV protons at tem-
peratures in the range 120 to 430°C are quoted in table 1 [5/,6].
From these datas the flux of helium to grain boundaries has been
calculated and its variation with irradiation temperature is
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siiown in Fig. 3. Note that Fig. 3 does not represent a true
temperature dependence of the flux since the irradiation dose
(see table 1) is not the same for all the experiments It should
be also pointed out that the voids are formed only in a band (of
the order of 5 im wide) near the grain boundary; the grain in-
terior must contain a high density of very small (invisible)
helium bubbles [7]). In the flux calculation for the void case,
however, we have zssumed that tnese voids extend into the grain
interior and that there is no other sinks for helium in the
grain interior. This simulates the situation observed in alumi-
nium irradiated with fast neutrons with a rather low helium
generation rate [8].

For comparison, the experimentally measured fluxes of helium to
grain boundaries in high-purity aluminium irradiated with 600
MeV protons at temperatures in the range 120 to 220°C are also
quoted in Fig. 3. It can be seen that the calculated fluxes
agree quite well with the measured values The results quoted
in Fig. 3 clearly demonstrate that the rate of helium accumula-
tion at grain boundaries during 600 MeV proton irradiation of
aluminium would have been an order of magnitude greater if only
a normal density of voids had been nucleated throughout the
whole grain. It should be noted that the increase in the flux
with increasing temperature is entirely due to changes ing(=
4nrcccd§). Thus, these results clearly demonstrate that even for
¢ given helium generation rate and helium diffusion mechanism.
the rate of helium tlow to a boundary will be seriously affected
by the magnitude of 8 generated during irradiation (see later
for further discussion).
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Table 1. Cavity size, density and swelling in the grains of
aluminium irradiated at different temperatures with 600 MeV
proton.

a) Voids [5].

Irradiation Dose Mean Diam Density Swelling
Temp.

(°C) (dpa) (nm) (m3) (%)

120 2.5 54 1.7x1019 0.140")
130 5 67 1.1x1019 0.173")
140 5 83 3.5x1018 0.104")

b) Bubbles (6].

130 5 3 7.5x1022 0.105
140 5 3 6.0x1022 0.085
170 3 4.1 3.1x1022 0.111
220 2.5 6.9 4.5x1021 0.077
318 1.4 16.8 6.1x1020 0.154
430 5 85.1 7.0x1019 2.250

* assuming the presence of voids in the whole grain.

Cavity parameters for grain interiors as well as grain bound-
aries have been reported for PE1l6 [9) and AISI 316 stainless
steel [(10]; the relevant data are quoted in Table 2. Table 3
gives the comparison between the measured and the calculated
helium contents of the grain boundaries in Al (99.9999%), PE 16
and AISI 316 stainless steel. The agreement for Al and 316
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Table 2. Densities and mean diameters of cavities in grains and
grain boundaries.

Irradiation T/Ty Grain interior Grain Boundary

Material Temperature Density Diam. Density Diam.
(°C) (m~3) (nm) (m~2) (nm)
aAl1a) 220 0.53 4.5x1021 6.9 2.7x1014 11.0
625 0.52 3.3x1022 2.8 2.0x1015 3.5
PE 160) 625 0.52 6.6x1022 3,2 1.2x1015 6.0
625 0.52 2.7x1022 6.3  2.0x1015 5.5
AISI 316€) 700 0.56 2.0x1020 14.0 1.2x1015 8.4

a) irradiated with 600 MeV protons, Retf. [6].

b) irradiated simultaneously with nickel ions, a-particles and
deutronss Ret. [9]). Note that the larger cavities have been
excluded since their effect on the flux would be insignifi-
cant.

¢) helium implanted homogeneously, Ref. [10].

stainless steel is very good 1In the case of PE 16, the calcula-
tion overestimates the amount of helium reaching the boundaries
by a factor of 2-3. It should be noted, however, that PEl16 con-
tains a dense 1022p-3) population of small 15 nm) preci-
pitates of ¥' phase., In addition, these specimens contained
dislocations in the form of a tight network [9]). Both these
factors would be expected to enhance the trapping and retention
of helium within the grains, causing a reduction in the flux of
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helium to grain boundaries. For instance: the presence of cold-
work microstructure in Al-Mg alloy irradiated with 800 MeV pro-
tons has been fourd to reduce the gas flux by a factor of ~2-5
[11); both types of specimens were irradiated under identical
conditions,

4. CAVITY NUCLEATION MECHANISM AND HELIUM FLUX

It is clear from the previous section that the flux of helium to
grain boundaries calculated from eq. (6) agrees very well with
the experimental results., No doubt, eq. {6) can be used aiso for
predicting the flux to the boundaries but only if the evolution
of the cavity (or any other sink) parameters in the given ma-
terial under the given irradiation conditions could be reliably
predicted.

In order to predict the magnitude of the cavity parameters, it
is essential, however, that the cavity nucleation mechanism is
reasonably well understood since it is the nucleation mechanism
that determines the scale of cavity nucleation (C,) and the
width of the cavity denuded zones (d,;). In addition, during
early stages of irradiation, the magnitude of the flux will be
affected by the rate of cavity nucleation because of continuous
changes in both C. and d, until the nucleation comes to sa-
turate. Thus, 1t is clear that the flux of helium calculated
from eq. (6) would be an underestimate of the flux reaching the
boundary during early stages of irradiation. It is possibles
however, to evaluate the magnitude of this extra loss of gas to
the boundaries. Since the bubbles within the grains are extreme-
ly small at the nucleation stage (i.e. B is small), eq. (6) can
be modified to

Phe = 2 Kg dp/ 81/ 2 = 2K/ (470 C) 1/ 2 (8)

9

which is independent of the width of *he cavity denuded zone.
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Computer calculations of the diatomic nucleation of helium
bubbles [12) show that the cavity density C, increases almost
linearly with time, until it attains a value within a factcr 2
of the saturation density, whilst the average cavity size re-
mains al most unchanged during this period Thus, the mean flux
of helium to a boundary during the nucleation timeT is

mean

1 [ = T
Fge = & J Fye dt = 2 Fy (9)

o

. T )
since Fpge = t™1/2 (from eq. (8))r where Fy, is the flux at
the enda of the nucleation periodt. The effect of the steadily
increasing cavity density is thus to double the flux of helium
to the boundaries during this period

Diatomic nucleation calculation for 800 MeV proton irradiated
aluminium shows that the linear increase is completed in < 0.01
dpa at a temperature of 70°C Taking Kg to be 335 appm/dpas we
estimate that the gas loss to a boundary during this period is
enhanced by < 5 x 1016 at.m~2 due to the linear increase in
cavity density within the grains. This represents a relatively
small contribution to the gas content of a boundary, which is
typically in excess ot 1018 at. m~2 (Table 3).

The accumulation of gas on a grain boundary can, however, be
substantially increased, if there is an incubation period before
the nucleation of cavities within the grains is initiated For
example, with a grain diameter of ~10 um and no dislocations or
other sinks within the grain a helium generation rate of 335
appm/dpa could deposit 7 x 1018 at.m~2 of helium on the bound-
ary in only 0.1 dpa. The presence of any internal sinks such as
dislocations would:s of courses be expected to reduce the effect
of the incubation
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Table 3. Measured and calculated helium content of grain bound-

aries.

Helium generation Irradiation T/Ty Grain boundary helium

Material or implantion rate Temperature content (at./m?)
(at. /m3/s) (°C) Measured®’ Calculated®’

Al 4.5x1019 220 0.53 5.9x1018 6.9x1018

4. 5x10213) 625 0.52 2.8x1018 9.6x1018

PE16 3.5x1021a) 625 0.52 6.3x1018 1.2x1019

4. 1x1021a) 625 0.52 8.5x1018 2.9x1019

AISI 316 2. 4x1021 700 0.56 1.4x1019 1.7x1019

a) assuming an average damage rate of 4.5x10°3 dpa s~1,
using the helium egquation of state from Mills et al [3].

b)

c) using only 75% of the observed cavity size in the grain

interior quoted in table 2; see text for explanation.

In any gas-assisted cavity nucleation mechanism the scale of
nucleation will be controlled by the rate of gas (i.e. helium)
diffusion under the given set of irradiation conditions. Thus, a
knowledge of helium diffusion behaviour during irradiation is a
prerequisite to an understanding of the nucleation kinetics and
the dose dependence of the flux to grain boundaries

Recently we have investigated the problems of helium diffusion
and cavity nucleation [12). In this investigation the mechanis:m
for helium diffusion is considered to be the normal mechanism
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for the radiation enhanced diffusion of substitutional atoms:
where the addition of a second vacancy enables the trappead
helium atom (in a single vacancy) to make one or more jumps.
Detailed computer calculations of diatomic nucleation by this
diffusion mechanism have been made [12] assuming the helium
ditfusivity to be proportional to CyDy where C, is the vacancy
concentration and D, the vacancy diffusivity.

These calculations show that above ~T,/2 the bubble density has
an activation energy of E 3/2, where Egq is the self-diffusion
energy. This is in excellent agreement with the experimental
results for 600 MeV proton irradiated aluminium [6]. For tem-
peratures below ~T. /2 the bubble density should have an activa-
tion energy of E;/Bu where E;lis the vacancy migration energy.
This is also consistent, at least qualitatively, with the ex-
perimental results for 600 MeV proton irradiated aluminium [6].
A significant reduction in the activation energy is observed
below ~T,/2 (6], although there is yet insufficient data at
lower temperatures to determine it this falls to EX/3.

Above ~T.,/2, the bubble density is predicted to be proportional
to the square root of the helium generation rate (per unit time)
and to be independent of damage rate. At temperatures below
~P/2 the bubble density is predicted to vary also as the square
root of the helium generation rate (per unit time) but
inversely as the one-quarter power of the damage rate. Unfor-
tunately, there is not sufficient experimental data for a quan-
titative verification of the predicted dependencies on the he-
lium generation rate and damage rate in the whole temperature
range. However, as far as the effect of helium generation rate
on cavity density is concerned, the limited results available at
present (9,13,14] are not inconsistent with the predictions.
Thus, it seems possible that using the diatomic nucleation in
terms of radiation enhanced diffusion of helium, the flux of
helium to grain boundaries can be predicted with the help of
eqs. (6,8,9). It should be emphasized, however, that the present
diatomic nucieation model does not take into account the effects
of material variables
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5. ROLE OF IRRADIATION AND MATERIAL VARIABLES

The gas flux to grain boundaries and its dose dependence would
be affected by material and irradiation variables since they
control the rate, magnitude and type of sinks (for helium) evo-
lution during irradiation. Since the effect of these variables
on the nucleation and growth behaviour of cavities (or any other
sink) cannot at present be predicted with any accuracy, in the
following, we examine the effect of some of these variables on
the flux of helium to grain boundaries determined experimental-

ly.

Table 4 shows experimental results on the flux of helium to

Table 4, Effect of irradiation and material variables on helium
flux to grain boundaries

Material Irr. T/'l‘n Fe Dose Kg FBe/Kg Ref.
Tenp
(°0) (at.n2s7l) (dpa) (at.m3s™hH (1078w
AL 40-100 0.33-0.40 4.7x10t1 0.2 1.6x1018 29 11
Al 120 0.42 4.1x1012 0.6 4. 5x1019 9.1 15
Al 220 0.53 8.3x1012 2.5 4.5x1019  18.4 6
PE16 625 0.52 1.6x1014 80 4.5x1021 3.6 9

31688 700 0. 56 1.3x108°  0.04 2.4x1020 54,2 10
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grain boundaries: Fyeor and Fhe/Kq (where Kq is helium generation
rate) for different materials obtained under different irradia-
tion conditions [6: 9-11, 15]. As mentioned earlier. the amount
of helium transported to grain bonndaries is determined from the
measured size and density of bubbles at the grain boundaries.
Since the irradiation dose used in these experiments are knowns
Fhye values are easily calculated

y e Heli ion

According to eq. (6), the helium generation rate, Kgr is ex-
pected to affect Fy, directly as well as indirectly: the in-
direct effect coming via changes in 8 and d, since the cavity
density is likely to vary with Kg [16]. The ratio Fﬂe/Kg repre-
sents the magnitude of the indirect effect due to changes in 8
and d,. Assuming that the cavity nucleation-time is short and
that it does not change with Kg. the ratio FHe/Kg would be
expected to decrease with increasing Kg.

Experimental data quoted in Table 4 do in fact show that Fye
increases and FHe/Kg decreases with increasing helium generation
rate. In high-purity aluminium irradiated with 600 and 800 MeV
protons, an increase in Kg by a factor of ~28 leads to an in-
crease in Fye only by a factor of ~10. In other wordsrs the
microstructure evolved under 800 MeV proton irradiation (low Kg)
is only about one-third as effective in trapping the helium
atoms within the grains as is the case under 600 MeV proton
irradiation {high Kg). The lower sink strength in the case of
800 MeV proton irradiation could easily arise due to lower K

since C, is calculated to be proportional to (Kg)l/2 [16). A
comparison of the results for aluminium irradiated at 0.53 T
with that for PEl6 irradiated at 0.52 Tp also shows that Fy,
increases and Pue/Kg decreases with increasing Kg; as can be
seen in Table 2, C. (in the grain interior) increases approxi-
mately as (Kg)l/z.
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(b) Allovi £

The effect of alloying on gas accumulation at grain boundaries
is expected to be even more complicated than that of helium
generation rate. The complication is likely to arise from the
fact that alloying additions may modify not only the point
defect concentration and sink-strength (cavities and precipi-
tates) in the grain interior but may also affect the diffusion
properties of gases. Consequently, alloying may enhance [17] or
suppress the nucleation of cavities [18,19]). This implies that
if an alloying addition was to suppress the nucleation and
growth of cavities, the gas flow to grain boundaries in such a
material could be vastly enhancea (in the absence of high-
density of precipitates) or could be brought down to zero if the
material contained a high density of small precipitates [20].

Two recent investigations on aluminium-alloys [11,21] have de-
monstrated dramatic effects of alloying on the amount of gas
accumulated at grain boundaries in AlMg3 and Al-Mg-Si alloys.
For exampler during 800 MeV proton irradiation [1l], the amount
of gas accumulated at the grain boundaries in AlMg3-alloy is
about an order of magnitude higher than at the grain boundaries
in the high-purity aluminium irradiated under identical condi-
tions. In the Al-Mg-Si alloyr, on the other hand, no bubbles
could be resolved at the grain boundaries. In both cases, no
cavities were found in the grain interior. In the high-purity
Al-Mg-Si alloy irradiated with 600 MeV protons, however, a high
density of bubbles were observed at the grain boundaries {21].
Purthermore, the amount of gas accumulated at the boundaries in
the high-purity Ai-Mg-Si alloys was considerably greater than
that found in high-purity aluminium irradiated with 600 MeV
protons. These results clearly illustrate the limitations of
egs. (6,8/9) in predicting the gas flux to grain boundaries in
materials in which neither the diffusion of gases nor the
nucleation and growth behaviour of cavities and precipitates are
well understood

Thus, the experimental observations presented in this section
show that the effects of irradiation and material variables on
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microstructural evolution are rather complicated On balancer it
seems as if it is not terribly ditficult to deal with the et-
tects of helium generation rate (when considered in terms of per
unit time and not dpa). Howeverr it appears to be almost impos-
sible at present to predict the effect of material variables and
of changes in material variables during irradiation (e g micro-
chemistry, phase stability, etc.) on the rate of helium trans-
port to grain boundaries. These results also expose some of the
difficulties involved in the selection of strateqy ror so called
*simulation experiments"™

6. SUMMARY

The accumulation of irradiation produced helium or any other gas
atoms in the form of bubbles at grain boundaries can cause weak-
ening and embrittlenent of a material. A calculation has been
made of the flux of helium to a grain boundary, taking into
account the cavity denuded zone and the cavity sinks for helium
within the grains. The ftlux is found to depend on the gas pro-
duction rate and the cavity sink strength in the grain interior.

The validity of the calculations is tested by comparison with
the helium content measured on grain boundaries in high-purity
aluminiums PEl16 and 316 stainless steel irradiated in different
tacilities The overall agreement is shown to be good for these
materials. The gas flux calculations demonstrate that the ac-
cumulation of helium on the boundaries can be reduced by 1-2
orders of magnitude if a high density of gas bubbles is
nucleated within the graina The flux of helium to grain bound-
aries increases with increasing helium generation rate but the
increase is less than proportional to the generation rate be-
cause of the etfect of generation rate on cavity sink strength

The flux of gas to the boundaries will be enhanced during the
nucleation of bubbles within the grains, An estimate of this
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loss on the basis of diatomic nucleation indicates that because
of fast nucleation no great loss of gas should occur during this
type of nucleation. However, the gas loss to the boundaries
could be considerably enhanced if any delay in bubble nucleation
were to occur due to incubation effects

It is argued that any irradiation and/or material variables
affecting the sink strength for helium in the grain interior
would modify the gas flux to the boundaries. It is pointed out
that the tlux of helium to grain boundaries is dependent pri-
marily on the nucleation behaviour of cavities or/and any other
sink in the grain interior.

It seems possible that using the diatomic nucleation in terms of
radiation enhanced diffusion of helium, the effect of helium
generation rate on the flux of helium to grain boundaries could
be predicted with the help of egs. (6,8,9). It should be empha-
sizeds however, that the prediction would be limited only to
those cases where the diffusion of helium and the nucleation
behaviour of helium bubbles are reasonably well understood

Experimental results clearly demonstrates on the other hands
that the effect of material variables on the flux of gas atoms
to grain boundaries is very complicated In order to predict the
flux, the effect of material variables on gas diffusion and on
bubble nucleation and growth will have to be investigated
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Pig. 1. (a) Schematic of helium transport to a grain
boundary from the denuded zone and the grain interior.
(b) Precipitation of helium in the form of bubbles within
grains and at a grain boundary in high-purity aluminium
irradiated with 600 MeV protons at 220°C to a dose of 2.5
dpa.



25

10-5 T ' L T ¥

0001% Swelling
001%
01%

1078

10”7

GAS FLUX/GAS PRODUCTION RATE (m)

10—8 L 1 1 1 1
1016 1020 1022 102&
CAVITY DENSITY (m-3)

Eig. 2, Calculatea helium flux to a grain boundary as a
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