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ON TRANSPORT OF HELIUM TO GRAIN BOUNDARIES DURING IRRADIATION 

Bachu N. Singh and Alan J. E. Foreman 

Abstract. The rate of accumulation of helium at grain boundaries 
i s one of the important parameters determining the integrity and 
l i fe t ime of the s t ruc tura l components of a fus ion reactor. A 
diffusion c a l c u l a t i o n i s made of the f lux of helium t o a grain 
boundary. The f lux i s found t o depend on the gas production 
rate».the width of the cav i ty denuded zone and the cav i ty sink 
strength in the grain i n t e r i o r . The ca l cu la t ed accumulation of 
helium i s in good agreement with the measured gas content of 
grain boundaries in A1/.PE16 and 316 s t a i n l e s s s t e e l . The f lux 
of helium to grain boundaries increases with helium generation 
rate but the increase i s l e s s than proportional to the genera
t ion rate. The l o s s of helium t o grain boundaries during the 
nucleation of the bubbles within the grains has been estimated; 
no great l o s s i s expected to occur. However,, the l o s s would be 
considerably enhanced i f any delay in bubble nucleation were to 
occur due to incubation effects . The role of material variables 
i s found to be d i f f i c u l t to predict at present. 
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1. INTRODUCTION 

It i s w e l l known that i r r a d i a t i o n with 14 MeV neutrons w i l l 
generate helium at a high rate in the s tructural mater ia l s to be 
used in fusion devices. Since helium i s practical ly insoluble in 
metals and a l l o y s and since the i r r a d i a t i o n w i l l take place at 
re la t ive ly high temperatures*. i t i s inevitable that helium atoms 
thus generated w i l l d i f fuse and p r e c i p i t a t e as bubbles both in 
the grain i n t e r i o r and at the grain boundaries. The continuous 
accumulation of helium (in the form of bubbles) at grain bound
aries w i l l cause grain boundary weakening and embrittlement. 
Thus*, the rate of accumulation of helium at grain boundaries i s 
one of the important parameters determining the i n t e g r i t y and 
l i fe t ime of the s tructural components of a fus ion reactor. It 
is*, therefore*, of i n t e r e s t t o understand the processes and 
parameters c o n t r o l l i n g the magnitude of helium flux t o the 
boundaries. 

In the present paper we f i r s t 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 i s given in ref. 111. This i s fo l lowed 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 i s r . i n our view*. essential since 
the flux i s expected to be strongly influenced by the density of 
sinks at which helium atoms can accumulate (e.g. c a v i t i e s ) and 
the width of the zone along the boundaries denuded of sinks for 
helium atoms. Since a l l these variables are l ike ly to affect the 
time/dose dependent evolution of the microstructure in the grain 
interior and hence the f lux of helium to grain boundaries*. the 
problem of dose dependence of the flux w i l l be also considered. 
Finally*, i t i s pointed out that the knowledge of the helium 
diffusion behaviour during i r r a d i a t i o n i s a prerequi s i t e t o 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. 
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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 t o form c a v i t i e s (bubbles/voids). These c a v i t i e s 
would then act as sinks for helium atoms produced subsequently. 
The presence of h e t e r o g e n e i t i e s in the form of c l u s t e r s of im
purity atoms*, precipi tates and part ic les may provide additional 
sinks for helium atoms. The f lux of helium atoms t o grain bound
ar ies w i l l be determined by the dens i ty and s i z e of s inks for 
helium in the grain i n t e r i o r and the width of the sink denuded 
zone along the boundaries. 

For the sake of s i m p l i c i t y we shal l* , in the present treatment* 
consider c a v i t i e s to be the only s inks in the grains . Fig. 1(a) 
shows a schematic of cav i ty d i s t r i b u t i o n * . cav i ty denuded zone 
and the cav i t i e s at the grain boundary. An example of helium ac
cumulation at a grain boundary observed in aluminium irradiated 
with 600 MeV protons i s shown in Fig. Kb). The micrograph 
clearly i l l u s t r a t e s the presence of well defined denuded zones 
and a uniform distribution of cav i t i e s in th? grains. 

Let us assume that each grain conta ins a uniform dens i ty Cc of 
cav i t i e s with mean radius rc* and a cav i ty denuded zone of width 
dz on each side of the boundary. We also assume that the genera
t ion of helium i s continuous and uniform throughout the whole 
grain, In order to determine the f lux of helium to a planar 
grain boundary we then need to so lve the f o l l o w i n g one-dimen
sional d i f fus ion equation in the two regions (denuded zone and 
the grain interior containing cav i t i e s ) : 

K„ + D = 0 (x < d_) (la) 
dxz 
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d2C 
Ka + D acDC = 0 (x > dz) (Ib) 

dx* 

Where 

x = distance from the grain boundary 
C (x) - helium concentration 
D = helium diffusion coeff ic ient 
Kq - helium generation rate 
dz = denuded zone width 
<*c = cavity sink strength in the grain interior 

= 4*rc Cc 

The solution of equations (la) and (lb) i s 

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

DC = B e N c + Kg/ac (x > dz) (2b) 

Where A and B are constants and are determined from the condi
t ion for the cont inu i ty of C and dc/dx at x = d z . 

Thus 

-1 /2 Kgd| + Adz = B e~ * c d z + Kg/ac (3a) 

-Kgdz • A = -Bja c e * c ' . g - , . „ - „,-n w (3b) 

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

'P/x 
(4) 

so that only A i s required. El iminat ing B from the above equa
tions gives 
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( B 1 / 2 + 6/2 + 1) 
A » Kad2 (5) 

9 2
 8 l / 2 ( B l / 2 + D 

where 3 = a c d | . Thus the t o t a l f lux FH e from both s i d e s of the 
grain boundary i s 

( g l / 2 + B/2 + 1) 
**He = » g * . g l / 2 ( B l / 2 + l } ( 6 ) 

where 6 = 4TircCcd|. The f lux FH e i s independent of the value of 
the helium d i f f u s i o n c o e f f i c i e n t / D. The f lux of helium c a l 
culated from Eq. (6) for dz = o ( i . e . no cav i ty denuded zones) 
agrees with the results derived previously by Trinkaus [21. The 
effect of denuded zones should not be neg lec ted s ince the ir 
presence causes a no t i ceab le enhancement in the f lux (see Fig. 
2, Ref. [ I D . 

In order to evaluate the s e n s i t i v i t y of the f lux t o the micro-
structural evo lut ion during i r r a d i a t i o n / the v a r i a t i o n of the 
flux wi th cavi ty dens i ty and s w e l l i n g has been c a l c u l a t e d ; the 
resul ts are quoted in Fig. 2. The r e s u l t s show that a s i g n i f i 
cant reduction in the accumulation of helium at the grain bound
aries - with a possible reduction in the embrittlement - could 
be achieved by increas ing the cavi ty dens i ty s u b s t a n t i a l l y . On 
the other hand/ i f the cav i ty nuc lea t ion was t o be delayed or 
suppressed/ the flux would be considerably enhanced 

3. COMPARISON WITH EXPERIMENTS 

The val idi ty 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 
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bubbles. The amount of helium i s determined from the measured 
s ize and dens i ty of bubbles at grain boundaries. A numerical 
time i n t e g r a t i o n has been made of eq. (6) for the gas f l u x t o a 
boundary in 600 MeV proton i r rad ia ted aluminium, The helium 
bubbles w i th in the grain are assumed t o be in equi l ibr ium (p = 
2Y/r) throughout the i r r a d i a t i o n and the helium equation of 
s tate due to Mills? Liebenberg and Bronson [3] i s used. The 
result i s found to be almost i n d e n t i c a l with that obtained in 
our previous c a l c u l a t i o n s [11/ taking the time average of the 
bubble s i z e to be 75% of the f ina l s i z e . 

The time average of the bubble s i z e can read i ly be est imated. 
For small highly pressured bubbles i t i s a reasonable approxima
t ion to assume the density of gas atoms in a bubble to be 
constant during growth so that r c * t 1 / 3 for a constant bubble 
density and continuous gas generation. Thus/ the average s i ze i s 

r c = Jor cdt/Jodt = 3/4 r* (7) 

where r | i s the f i n a l bubble s ize . A s i m i l a r r e s u l t ( i . e . lc ** 
2/3 r*) can be obtained with the assumption that the gas atoms 
in the cav i t i e s obey the perfect gas law (pv = nkT). However/ in 
view of the f a c t that s i g n i f i c a n t d e v i a t i o n s from per fec t gas 
law occur when the gas density in the c a v i t i e s approaches one 
vacancy per gas atom/ we prefer to use the r e s u l t of eq. (7). 
The helium flux to the boundary (given by eq. (6)) i s calculated 
from the measured v a l u e s of cavi ty s i z e and dens i ty in the grain 
interior/ taking dz to be 1.5 * c where * c (cavity spacing) = 
(C c )" 1 / 3 . The assumption that d z • 1.5 Xc i s in a reasonable 
agreement with the measured values of dz in aluminium irradiated 
with 600 MeV protons (4). 

The experimental ly measured va lues of cav i ty parameters for 
high-purity aluminium i rrad ia ted w i t h 600 MeV protons at tem
peratures in the range 120 to 430°C are quoted in table 1 [5/61. 
From these data/ the f lux of helium to grain boundaries has been 
calculated and i t s v a r i a t i o n with i r r a d i a t i o n temperature i s 
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shown in Fig. 3. Note that Fig. 3 does not represent a true 
temperature dependence of the f lux s i n c e the i r r a d i a t i o n dose 
(see table 1) i s not the same for a l l the experiment a It should 
be also pointed out that the voids are formed only in a band (of 
the order of 5 wn wide) near the grain boundary; the grain i n 
terior must contain a high densi ty of very small ( i n v i s i b l e ) 
helium bubbles [71. In the f lux c a l c u l a t i o n for the void case* 
however* we have assumed that tnese voids extend into the grain 
interior and that there i s no other s inks for helium in the 
grain interior. This simulates the s i tuat ion observed in alumi
nium i r r a d i a t e d wi th f a s t neutrons with a rather low helium 
generation rate (81. 

For comparison* the experimentally measured f luxes of helium to 
grain boundaries i n high-puri ty aluminium i r r a d i a t e d wi th 600 
MeV protons at temperatures in the range 120 to 220°C are also 
quoted in Fig. 3. It can be seen that the ca lcu la ted f l u x e s 
agree quite wel l with the measured value a The resul ts quoted 
in Fig. 3 c learly demonstrate that the rate of helium accumula
t ion at grain boundaries during 600 MeV proton irradiation of 
aluminium would have been an order of magnitude greater i f only 
a normal dens i ty of voids had been nucleated throughout the 
whole grain. I t should be noted that the increase in the f lux 
with increas ing temperature i s e n t i r e l y due to changes in0( = 
4TrrcCcd|). Thus* these results clearly demonstrate that even for 
c. given helium generation rate and helium diffusion mechanism* 
the rate of helium flow to a boundary w i l l be seriously affected 
by the magnitude of 3 generated during i r r a d i a t i o n (see l a t e r 
for further discussion). 
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Table 1. Cavity s i z e , dens i ty and s w e l l i n g in the gra ins of 
aluminium i r r a d i a t e d at d i f f e r e n t temperatures w i t h 600 MeV 
proton. 

a) Voids [51. 

Irradiation Dose Mean Diam. Density Swelling 

Temp. 

(°C) (dpa) (nm) (m-3) (%) 

120 2.5 54 1.7X1019 0.140*} 

130 5 67 1 . lx lO 1 9 0.173*' 
140 5 83 3 . 5 x l 0 1 8 0.104* } 

b) Bubbles [61. 

130 5 3 7.5X1022 0.105 
140 5 3 6.0X1022 0.085 
170 3 4.1 3 . 1 x l 0 2 2 0.111 
220 2.5 6.9 4 . 5 x l 0 2 1 0.077 
318 1.4 16.8 6.1X1020 0.154 
430 5 85.1 7 . 0 x l 0 1 9 2.250 

* assuming the presence of voids in the whole grain. 

Cavity parameters for grain in ter ior s as wel l as grain bound
ar ie s have been reported for PE16 (91 and AISI 316 s t a i n l e s s 
s t e e l [101; the re levant data are quoted in Table 2. Table 3 
g ives the comparison between the measured and the c a l c u l a t e d 
helium contents of the grain boundaries in Al (99.9999%)/ PE 16 
and AISI 316 s t a i n l e s s s t e e l . The agreement for Al and 316 
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Table 2. Densit ies and mean diameters of cav i t i e s in grains and 
grain boundaries. 

Material 

aAla) 

Irradiation 
Temperature 

(°C) 

220 

T/TM 

0.53 

Grain interior 
Density Diam. 

(m~-*) (nm) 

4 .5x l0 2 1 6.9 

Grain Boundary 
Density Diam. 

(m-2) (nm) 

2 .7x l0 1 4 11.0 

625 0.52 3 . 3 x l 0 2 2 2.8 2 . 0 x l 0 1 5 3.5 

PE 16D) 625 0.52 6 .6x l0 2 2 3.2 1 .2x l0 1 5 6.0 

625 0.52 2 .7x l0 2 2 6.3 2. OxlO15 5.5 

AISI 316c ) 700 0.56 2. OxlO20 14.0 1 .2xl0 1 5 8.4 

a) irradiated with 600 MeV protons« Ret. [61. 
b) irradiated simultaneously with nickel ions? a-part ic les and 

deutrons/ Ret. 191. Note that the larger c a v i t i e s have been 
excluded s ince the i r e f f e c t on the f lux would be i n s i g n i f i 
cant. 

c) helium implanted homogeneouslyt Ref. [101. 

s ta in l e s s s tee l i s very good. In the case of PE 16/ the calcula
t ion overestimates the amount of helium reaching the boundaries 
by a factor of 2-3. It should be noted* however* that PE16 con
ta ins a dense f~1022m~3) populat ion of small f~15 nm) p r e c i 
p i ta tes of Y* phase. In addition? these specimens contained 
dis locat ions in the form of a t i g h t network (91. 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 HeV pro
tons has been rou.?d t o reduce the gas f lux by a fac tor of ~ 2 - 5 
[11]; both types of specimens were i r r a d i a t e d under i d e n t i c a l 
conditions. 

4. CAVITY NUCLEATION MECHANISM AND HELIUM FLUX 

It i s c lear from the previous s e c t i o n that the f lux of helium to 
grain boundaries c a l c u l a t e d from eq. (6) agrees very we l l with 
the experimental results, No doubt* eq. (6) can be used a l so for 
predicting the flux to the boundaries but only if the evolution 
of the cav i ty (or any other sink) parameters i n the given ma
ter ia l under the given irradiat ion conditions could be re l iably 
predicted. 

In order to predict the magnitude of the cav i ty parameters* i t 
i s essential* however* that the cavity nucleation mechanism i s 
reasonably well understood since i t i s the nucleation mechanism 
that determines the s c a l e of c a v i t y nuc lea t ion (Cc) and the 
width of the cavity denuded zones (d z) . in addition* during 
early s tages of i rrad ia t ion* the magnitude of the f lux w i l l be 
affected by the rate of cavity nucleation because of continuous 
changes in both Cc and dz u n t i l the nuc lea t ion comes to sa
turate. Thus* i t i s c lear that the f lux of helium c a l c u l a t e d 
from eg. (6) would be an underestimate of the flux reaching the 
boundary during early s t a g e s of i r rad ia t ion . I t i s poss ib le* 
however* to evaluate the magnitude of t h i s ex tra l o s s of gas t o 
the boundaries. Since the bubbles within the grains are extreme
ly small at the nuc leat ion stage (Le . 8 i s small)* eq. (6) can 
be modified to 

FHe " 2 Kg V ^ 2 " 2K g / ( 4nr c C c ) 1 / 2 (8) 

which i s independent of the width of the cavity denuded zone 
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Computer c a l c u l a t i o n s of the diatomic nuc leat ion of helium 
bubbles (12] show that the cav i ty dens i ty Cc i n c r e a s e s almost 
l inearly with timer u n t i l i t a t t a i n s a value wi th in a factor 2 
of the sa turat ion density* w h i l s t the average cav i ty s i z e r e 
mains almost unchanged during t h i s period. Thus* the mean f lux 
of helium t o a boundary during the nucleation time T i s 

mean •, T T 
FHe " -f J FHe d t - 2 FHe (9) 

o 

since FHe « t ~ 1 / 2 (from eq. (8))» where FHe i s the f lux a t 
the end of the nuc leat ion p e r i o d T . The e f f e c t of the s t e a d i l y 
increasing cav i ty densi ty i s thus t o double the f lux of helium 
to the boundaries during this period 

Diatomic nuc leat ion c a l c u l a t i o n for 800 MeV proton i r r a d i a t e d 
aluminium shows that the l inear increase i s completed in < 0.01 
dpa at a temperature of 7 0°C Taking Kg to be 335 appm/dpa/ we 
estimate that the gas l o s s to a boundary during t h i s period i s 
enhanced by < 5 x 10 1 6 at. m~2 due to the l inear increase in 
cavity dens i ty wi th in the grains . This represents a r e l a t i v e l y 
small contr ibut ion to the gas content of a boundary/ which i s 
typical ly in exces s ot 1 0 1 8 at.m"*2 (Table 3). 

The accumulation of gas on a grain boundary cam however/ be 
substantial ly increased/ i f there i s an incubation period before 
the nuc leat ion of c a v i t i e s w i t h i n the grains i s i n i t i a t e d . For 
example/ with a grain diameter of ~10 ym and no dis locat ions or 
other s inks wi th in the grain a helium generat ion rate of 335 
appm/dpa could deposi t 7 x 1 0 1 8 at,m~2 of helium on the bound
ary in only 0.1 dpa. The presence of any internal s inks such as 
dis locat ions would/ of course/ be expected to reduce the ef fect 
of the incubation. 
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Table 3. Measured and calculated helium content of grain bound
aries . 

Helium generation 
Material or implantion rate 

(aWrnVs) 

Irradiation T/TM Grain boundary helium 
Temperature content (at/m2) 

(°C) Measured0) Calculated0) 

Ai 4.5X1019 220 0.53 5.9X1018 6.9X1018 

4. SxlO218) 625 0.52 2.8X1018 9.6X1018 

FB16 3.5xl()21a) 625 0.52 6.3X1018 1.2x1019 

4.1x10 21a) 625 0.52 8 .5xl0 1 8 2.9X1019 

AISI 316 2.4xl0 2 1 700 0.56 1.4X1019 
1.7x10 19 

a) 
b) 

assuming an average damage rate of 4.5xl0~3 dpa s~l. 
using the helium equation of s tate from Mills e t al [31. 

°) using only 75% of the observed cavity s i ze in the grain 
interior quoted in table 2; see text for explanation. 

In any g a s - a s s i s t e d cav i ty nuc lea t ion mechanism the s c a l e of 
nucleation w i l l be c o n t r o l l e d by the rate of gas (i . e. helium) 
diffusion under the given set of irradiation condition & Thus* a 
knowledge of helium diffusion behaviour during irradiation i s a 
prerequisite to an understanding of the nucleation k inet ics and 
the dose dependence of the flux to grain boundaries. 

Recently we have invest igated the problems of helium diffusion 
and cavity nucleation [121. In t h i s invest igat ion the mechanism 
for helium d i f f u s i o n i s considered to be the normal mechanism 
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for the r a d i a t i o n enhanced d i f f u s i o n of s u b s t i t u t i o n a l atoms* 
where the a d d i t i o n of a second vacancy enab le s the trapped 
helium atom ( in a s i n g l e vacancy) t o make one or more jumps. 
Detailed computer c a l c u l a t i o n s of d ia tomic n u c l e a t i o n by t h i s 
di f fus ion mechanism have been made [121 assuming the helium 
diff us iv i ty to be proport ional t o CVDV where Cv i s the vacancy 
concentration and Dv the vacancy d i f fus iv i ty . 

These ca lculat ions show that above ~Tm /2 the bubble density has 
an a c t i v a t i o n energy of E s d / 2 * where Es<j i s the s e l f - d i f f u s i o n 
energy. This i s in e x c e l l e n t agreement wi th the exper imenta l 
r e s u l t s for 600 MeV proton i r r a d i a t e d aluminium [61. For tem
peratures below ~Tm/2 the bubble density should have an ac t iva 
t ion energy of E^/3* where E^ i s the vacancy migrat ion energy. 
This i s a l s o c o n s i s t e n t * a t l e a s t q u a l i t a t i v e l y * wi th the e x 
perimental resu l t s for 600 MeV proton irradiated aluminium [61. 
A s i g n i f i c a n t reduct ion i n the a c t i v a t i o n energy i s observed 
below ~T m /2 [61* although there i s y e t i n s u f f i c i e n t data a t 
lower temperatures to determine i t t h i s f a l l s to E^/3. 

Above ~Tm/2* the bubble density i s predicted to be proportional 
to the square root of the helium generation rate (per unit time) 
and t o be independent of damage rate . At temperatures below 

~T„/2 the bubble density i s predicted t o vary a l so as the square 
root of the helium generat ion ra te (per u n i t time) but 
inversely as the one-quarter power of the damage rate . Unfor
tunately* there i s not su f f i c i en t experimental data for a quan
t i t a t i v e v e r i f i c a t i o n of the pred ic ted dependencies on the he 
lium generat ion rate and damage rate in the whole temperature 
range, However* as far a s the e f f e c t of helium genera t ion ra te 
on cavity density i s concerned* the l imi ted r e s u l t s avai lable at 
present 19*13*141 are not i n c o n s i s t e n t w i t h the p r e d i c t i o n s . 
Thus* i t seems p o s s i b l e that using the d ia tomic n u c l e a t i o n in 
terms of r a d i a t i o n enhanced d i f f u s i o n of helium* the f lux of 
helium to grain boundaries can be p r e d i c t e d wi th the he lp of 
eqs. (6*8*9). It should be emphasized* however* that the present 
diatomic nucleation model does not take into account the e f f e c t s 
of material variables. 
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5. ROLE OF IRRADIATION AND MATERIAL VARIABLES 

The gas f l u x t o g r a i n boundar ie s and i t s dose dependence would 

be a f f e c t e d by m a t e r i a l and i r r a d i a t i o n v a r i a b l e s s i n c e they 

control the rater magnitude and type of s inks (for helium) evo

l u t i o n during i r r a d i a t i o n . S ince the e f f e c t of t h e s e v a r i a b l e s 

on the nuc lea t ion and growth behaviour of c a v i t i e s (or any other 

sink) cannot a t p r e s e n t be p r e d i c t e d w i t h any accuracy* i n t h e 

f o i l owing f we examine the e f f e c t of some of t h e s e v a r i a b l e s on 

the f lux of helium to grain boundaries determined experimental

l y . 

Table 4 shows e x p e r i m e n t a l r e s u l t s on t h e f l u x of hel ium t o 

Table 4. Effect of i r r a d i a t i o n and material v a r i a b l e s on helium 

flux t o grain boundaries 

Material Irr. T/TM F ^ Dose Kg fHe^g Ref* 
Tea j * 
( °0 ( a t a f V 1 ) (dpa) (aLm^s"1) (lCT8*) 

Ai 40-100 0.33-0.40 4.7X1011 0.2 1.6X1018 29 11 

Ai 120 0.42 4-lxlO12 0.6 4.5X1019 9.1 15 

Al 220 0.53 8.3X1012 2.5 4.5X1019 18.4 6 

FE16 625 0.52 1.6X1014 80 4.5X1021 3.6 9 

316SS 700 0.56 1.3X1015 0.04 2.4X1021 54.2 10 
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grain boundaries* FHe» and FHe/Kg (where Kg i s helium generation 
rate) for different materials obtained under different irradia
tion conditions [6» 9-Hr 151. As mentioned earlier* the amount 
of helium transported to grain boundaries i s determined from the 
measured s i z e and density of bubbles at the grain boundaries. 
Since the irradiation dose used in these experiments are knowm 
Fjje values are easi ly calculated. 

(a) Effect of Helium Generation Rate 

According to eq. (6)r the helium generat ion rate* Kg» i s ex
pected to a f f e c t FHe d i r e c t l y as w e l l as i n d i r e c t l y : the in 
direct e f f e c t coming via changes in 3 and d z s ince the c a v i t y 
density i s l i k e l y to vary with K [16] . The r a t i o FHe/Kg repre
sents the magnitude of the i n d i r e c t e f f e c t due to changes in 3 
and dz. Assuming that the cavi ty nuc lea t ion- t ime i s short and 
that i t does not change with Kq, the r a t i o FHe/Kq would be 
expected to decrease with increasing Kg. 

Experimental data quoted in Table 4 do in f a c t show that FH e 

increases and FHe/Kg decreases with increasing helium generation 
rate. In high-purity aluminium irradiated with 600 and 800 HeV 
protons/ an increase in K_ by a factor of ~28 leads to an i n 
crease in FHe only by a factor of ~10. In other words? the 
microstructure evolved under 800 MeV proton irradiation (low K_) 
i s only about one-third as e f f e c t i v e in trapping the helium 
atoms wi th in the grains as i s the case under 600 MeV proton 
irradiation (high Kg). The lower sink strength in the case of 
800 MeV proton i rrad ia t ion could e a s i l y ar i se due to lower Kg 

since Cc i s ca lcu la ted to be proportional t o ( K g ) 1 / 2 [161. A 
comparison of the r e s u l t s for aluminium irradiated at 0.53 Tm 

with that for PE16 irradiated a t 0.52 Tm a l so shows that FH e 

increases and FHe/K„ decreases with increas ing Kg; as can be 
seen in Table 2/ Cc ( in the grain i n t e r i o r ) i n c r e a s e s approxi
mately as ( K g ) 1 / 2 . 
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(b) A l l o y i n g E f f e c t s 

The ef fect of al loying on gas accumulation at grain boundaries 
i s expected t o be even more compl icated than that of helium 
generation rate. The compl ica t ion i s l i k e l y to a r i s e from the 
fact that a l l o y i n g a d d i t i o n s may modify not only the po int 
defect concentrat ion and s i n k - s t r e n g t h ( c a v i t i e s and p r e c i p i 
tates) in the grain i n t e r i o r but may a l s o a f f e c t the d i f f u s i o n 
properties of gases. Consequently/ al loying may enhance [17] or 
suppress the n u c l e a t i o n of c a v i t i e s [18 /19 ] . This i m p l i e s that 
i f an a l l o y i n g a d d i t i o n was t o suppress the nuc lea t ion and 
growth of c a v i t i e s / the gas flow t o grain boundaries in such a 
material could be v a s t l y enhanced (in the absence of h igh-
density of precipi tates) or could be brought down to zero i f the 
material contained a high density of small precipi tates [201. 

Two recent inves t igat ions on aluminium-alloy s [11/21] have de
monstrated dramatic e f f e c t s of a l l o y i n g on the amount of gas 
accumulated at grain boundaries in AlMg3 and Al-Mg-Si a l l o y s . 
For example/ during 800 MeV proton irradiat ion [111/ the amount 
of gas accumulated at the grain boundaries in AlMg3-alloy i s 
about an order of magnitude higher than at the grain boundaries 
in the high-purity aluminium irradiated under ident ical condi
t ions. In the Al-Mg-Si a l l o y / on the other hand/ no bubbles 
could be reso lved a t the grain boundaries. In both c a s e s / no 
c a v i t i e s were found in the grain i n t e r i o r . In the h igh-pur i ty 
Ai-Mg-Si al loy irradiated with 600 HeV protons/ however/ a high 
density of bubbles were observed a t the grain boundaries [21 ] . 
Furthermore/ the amount of gas accumulated at the boundaries in 
the h igh-pur i ty Ai-Mg-Si a l l o y s was cons iderably greater than 
that found in h igh-pur i ty aluminium i r r a d i a t e d w i t h 600 MeV 
protons. These r e s u l t s c l e a r l y i l l u s t r a t e the l i m i t a t i o n s of 
eqs. (6/8/9) i n p r e d i c t i n g the gas f lux t o grain boundaries i n 
materials in which ne i ther the d i f f u s i o n of gases nor the 
nucleation and growth behaviour of c a v i t i e s and prec ip i ta tes are 
well understood 

Thus/ the experimental observat ions presented i n t h i s s e c t i o n 
show that the e f fec t s of irradiat ion and material variables on 
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microstructural evolution are rather complicated. On balancer i t 
seems a s if i t i s not t e r r i b l y d i f f i c u l t t o deal w i th the ef 
f e c t s of helium generation rate (when considered in terms of per 
unit time and not dpa). However/ i t appears to be almost impos
s i b l e at present to predict the e f fect of material variables and 
of changes in material variables during irradiat ion (e.g. micro-
chemistryr phase s t a b i l i t y / e t c . ) on the rate of helium t r a n s 
port to grain boundaries. These resu l t s a lso expose some of the 
d i f f i c u l t i e s involved in the se l ec t ion of strategy for so cal led 
"simulation experiments". 

6. SUMMARY 

The accumulation of irradiation produced helium or any other gas 
atoms i n the form of bubbles at grain boundaries can cause weak
ening and e m b r i t t l e n e n t of a materia l . A c a l c u l a t i o n has been 
made of the f lux of helium t o a grain boundary/ taking i n t o 
account the cavity denuded zone and the cavity sinks for helium 
within the grains . The f lux i s found to depend on the gas pro
duction rate and the cavity sink strength in the grain interior. 

The v a l i d i t y of the c a l c u l a t i o n s i s t e s t e d by comparison w i t h 
the helium content measured on grain boundaries in high-purity 
aluminium/ PE16 and 316 s t a i n l e s s s t ee l irradiated in di f ferent 
f a c i l i t i e s . The o v e r a l l agreement i s shown t o be good for these 
material a The gas f lux c a l c u l a t i o n s demonstrate that the a c 
cumulation of helium on the boundaries can be reduced by 1-2 
orders of magnitude i f a h igh d e n s i t y of gas b u b b l e s i s 
nucleated within the graina The flux of helium to grain bound
ar ies increases with increasing helium generation rate but the 
increase i s l e s s than proport ional t o the generat ion ra te be
cause of the ef fect of generation rate on cavity sink strength. 

The f lux of gas t o the boundaries w i l l be enhanced during the 
nucieation of bubbles w i t h i n the gra ins . An e s t i m a t e of t h i s 
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loss on the basis of diatomic nucleation indicates that because 
of fast nucleation no great l o s s of gas should occur during t h i s 
type of nucleat ion. However* the gas l o s s t o the boundaries 
could be considerably enhanced i f any delay in bubble nucleation 
were to occur due to incubation ef fects . 

I t i s argued that any i r r a d i a t i o n and/or mater ia l v a r i a b l e s 
affecting the sink s trength for helium in the grain i n t e r i o r 
would modify the gas f lux t o the boundaries. I t i s pointed out 
that the f lux of helium to grain boundaries i s dependent p r i 
marily on the nucleation behaviour of cav i t i es or/and any other 
sink in the grain interior. 

It seems possible that using the diatomic nucleation in terms of 
radiation enhanced d i f f u s i o n of helium* the e f f e c t of helium 
generation rate on the flux of helium to grain boundaries could 
be predicted wi th the he lp of eqs. (6*8*9). It should be empha
sized* however* that the pred ic t ion would be l i m i t e d only to 
those cases where the d i f f u s i o n of helium and the n u c l e a t i o n 
behaviour of helium bubbles are reasonably well understood 

Experimental r e s u l t s c l e a r l y demonstrate* on the other hand* 
that the e f f e c t of material v a r i a b l e s on the f lux of gas atoms 
to grain boundaries i s very complicated. In order to predict the 
flux* the e f f e c t of material v a r i a b l e s on gas d i f f u s i o n and on 
bubble nucleation and growth w i l l have to be investigated. 
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Fig. 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 HeV protons at 220°C to a dose of 2.5 
dpa. 
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