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Ll V I V, mais on doit tenir compte de I' effet de la taille 
des grains, de la migration des joints de grains et 
autres caractel'istiques structurales dn solide. 

Le modele est confronte avec plusieurs resultats 
experimentaux obtenus a partir de diffel'ents sub· 
stances et on aboutit a un accord satisfaisant. On 
pense que Ie modele est applicable a tous les solides, 
y compris les corps non metalliques, et peut expliquer 
Ie gonfiement inattendu et degazage. On discute les 
limites de ce tres simple modele. 

l)ie physikalischen llorgange die von direktel' elek· 
tl'onenmikroskopischer Beobachtung von Gasblasen 
stammen, werden benutzt urn ein Modell des Auf· 
schwellens zu formulieren. Dieses Modell geht aus von 
der Unloslichkeit del' Edelgase und der \Vanderung 
von ganzen Gasblasen, und verlasst sich auf Zustands· 
gleichungen fiir Edelgase, Oberflachenenergie, Ober· 
ftachendiffusionskoeffizient, Gitterparameter des Mate· 
rials, und auf eine gewisse innere Treibkraft, welche 
wahrscheinlich von del' Linienspannung der Vel" 
sctzungslinien herriihrt. Wenn diese Parameter be· 
kann!; sind und man auch die Bestrahlungs- und 
Erhitzungsumstande beriicksichtigt, kann man Blasen· 
grosse (7') und Anzahl der Blasen/cm3 errechnen. 
Hieraus kann das Aufschwellen (Ll VI V) errechnet 
werden, abel' del' Einfiuss del' Korngrosse, Korn
grenzenwanderung und andere]' Struktureigenschaften 
del' Materie mdssen auch berilcksichtigt werden. 

Das Modell wird mit mehreren experimentellen 
Ergebnissen mit verschiedenen Feststoffen verglichen, 
unci zufriedenstellende tTbereinstimmung wurde ge· 
runden. Das Modell diirfte auf alle Feststoffe anwend· 
bar 8ein, inbegriffen Nichtmetalle, und kann "plotz
liches Aufschwellen" und Gasabgabe erkUiren. Die 
Begrenzungen dieses sehr einfachen Modells werden 
diskutiel't. 

Ne, Kr, or Xe, but it is in the fuel materials 
where the effects of these gases have been of 
most concern. In ceramic fuels the main problem 
has been the release of the gas, but in metallic 
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R. S. BARNES 

fuels the problem has been one of dimensional 
instability, caused by the internal formation of 
bubbles, which has corne to be called swelling. 

Much experimental work has been done to 
establish the general influence of the many 
irradiation, annealing, and material variables 
upon swelling, but the pattern of behaviour has 
not been understood. The object of this paper 
is first to outline the behaviour of inert gases 
in solids as determined from direct experiments 
and from this to construct a simple model, or 
theory, of swelling, and incidentally of gas 
release. This will then be used to interpret some 
of the experimental observations. 

2. The Behaviour of the Inert Gases in Solids 

The inert gases are known to be extremely 
insoluble (e.g. Rimmer and Cottrell l ), .Johnson 
and Shuttleworth 2)) and atoms injected into 
the crystal from transmutations rapidly super
saturate the solid and precipitate to form 
cm bryo gas bubbles on any suitable nuclei. 
Because the supersaturation (c!co) can be very 
high, thc Gibbs rclation 

21' = lcTN In (~) 
ro Co 

bubble 

because these vacancies, which 
have been trapped in the 
for the space of one atom 

Fig. 1 illustrates how the 
helium bubble in copper, in 

(where I' is the surface energy, Ie Boltzmann's ! 2,---r--+-+--+···········hf+-:Jff.~~+-f..--':i:::: 
10' 

constant, N thc atomic dcnsity and T thc E 

absolute temperature) indicates that the radius (; 
z 2~-~-·~····\·+·~·'~f 

'ro of these nuclei can be extremely small. It has 
10

4 

becn shown that vacancy clusters less than 
100 A in diamctcr, and dislocation loops, formed 
during the irradiation, together with previously 
existing dislocation lines and grain boundaries 

10'11 t- ... 'l'1-4H···+····l······,··· .. ·+ \ .. j 

are effective bubble nuclei 3). 
However, a group of inert gas atoms, whether 

thcy bc intcrstitial or substitutional, do not 
constitute a gas bubble. Before the atoms can 
bchave as a gas, thcir separation must be 
increased by the removal of surrounding matrix 
atoms. This process only occurs at temperatures 
where vacancies can flow into the cmbryo 
bubblcs 4). The flow will continue until the gas 

pressure (P) in the bubble is balanced by the Fig. 1. 'The relative number of 
surface energy (}/l, i.e. until P = 21'1r, where l' vacancies in 

is the radius of the bubble, if it is spherical. The P2y/r. 
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REACTOR MATERIALS 137 

1'ABLE 1 

the number of atomic spaces pel' helium atom and the swelling 

LlV/V (%) 

m' He atoms N atom spaces 
for an atomic 
concentration 

of 10-3 

8 X 106 

8 X 108 

4 X lOB 
4 X 1011 

50 
500 

5 

< 50 

(which throughout, for con
to be 103 erg/cm 2), varies 

The graph shows, for 
C, the number of helium 

a bubble of radius r 
the above equilibrium 

line is based on the 
gas behaviour, and of 

become quite unrealistic 
continuous line is for 

correction of the form 
this is sufficiently 

equilibrium helium 
of variolls size are given 

the number of atom 
contains; these latter 

in fig. 1 t. 
determines the extent 
the straight line and 

are both shown 

inert gases. The 
resulting from a 

of 10-3 is also 

content. 
greater than 

correction is of 
gases) and then 

as interstitial atoms, 
w,r~Cian(nes the bubble has 

in substitutional 

the simple expressions 5) for a perfect gas can 
be used, where the particular gas has no in
fiuence upon its equilibrium size. 

3. The Migration of Gas Bubbles 
Swelling can be minimised either by depriving 

the bubbles of vacancies or by maintaining a 
large number of bubbles. Frequently the scale 
upon which the bubbles first form is very fine, 
and if this large number of bubbles was 
maintained there would be few gas atoms 
(small m') in each bubble, and little swelling 
would result. However, there are processes 
which permit a coarsening of the inert gas 
bubbles so that their number reduces and the 
swelling increases, the bubbles attaining new 
equilibria by acquiring more vacancies. 

Many workers have assumed that this 
coarsening process is one where the inert gas 
atoms dissolve and diffuse from one bubble to 
another (as in a normal precipitate coarsening 
proyess); however, there is no direct evidence 
for such a process, and there are many arguments 
against it. It had been suggested 6) that gas 
bu b bles could migrate by a surface diffusion 
process and that their coarsening resulted fi:om 
collisions. Recently direct observation of helium 
bubbles in copper has sho\'\<'TI that they do 
indeed migrate and collide so that their number 
steadily reduces and their size increases 7). 
These experiments werlSperformed inside the 
electron microscope upon films of copper 
~ 2500 A thick and it was apparent that the 
migration was caused by large temperature 
gradients (estimated to be ,......, 105 °C/em) 
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138 .R. S. BAB,NES 

occurring during the heating pulses, which 
lasted only a few seconds. However, the velocities 
(v) were consistent with the known surface 
self-diffusion coefficient (Ds) given by Choi and 
Shewmon B), and the formula 

maximum force that a 
on a bubble is 2T, i.e. f-lb2 

modulus and b the Burgers 
location line. The value of 
order of 10-4 dynes for 

1 Ds (ao)4 F 
v = 8n kT r 

With any constant and 
(l) stress (mechanical or 

curvature of the dislocation 
(Mullins, private communication) where ao is 
the lattice parameter 9f a face-centred cubic 
crystal, and F the force which acts upon the 
bubble to produce its directed motion. 

In the above experiment F was proportional 
to the volume of the bubble and produced 
observed bubblf';-,,:~!()cities which were inversely 
proportional to their radii. However in bulk 
material the driving force F will be different 
because such large temperature gradients cannot 
persist but recent experiments (Barnes and 
Mazey, to be published) have shown that 
migration still occurs in furnace-heated films 
where there is no temperature gradient. It is 
not difficult to infer what the controlling 
features of bubble migration will then be. With 
no driving force, the bubbles will vacillate and 
perform a Brownian motion, but this motion 
will normally be constrained because the bubbles 
lie on dislocation lines (or on some less mobile 
crystal defect). If the dislocation is stressed it 
will attempt to drag the bubble with it and so 
exert a driving force (Jj') upon the bubble which 
will migrate at a velocity (v) determined by 
equation 1. Any mechanical stress will cause 
the dislocation to slip and bow out between 
bubbles and so exert a force 2T cos () on the 
bubble, where 2() is the angle between the dis
locations leaving the bubble surface and T is 
the dislocation line tension. A chemical stress 
will be exerted whenever there is a non
equilibrium of vacancies and these will cause 
the dislocation to climb and bow out on the 
climb plane between bubbles 9). For the same (), 
the same force will be exerted upon the bubble. 
The force resulting from dislocation climb will 
occur whenever the bubbles are not in equili
brium and vacancies are demanded by the 
bubbles, e.g. when collisions occur. The absolute 

and close neighbours on a 
be subject to convergent 
will eventually collide, as 

Fig. 2. The 

illustrates. The largest 
on the bubble most ,,,,,,,,a,J,a.L""'· 
bours on the same UHllUL:H,I,l!IIl 

bubbles would rapidly ~i',I".H'"'' 
increase the force upon their 
Eventually it would be 
would set the pace, and 
would increase until it 
maximum value when n~·~_r.~'·"" 
where (J is the applied stress 
between the centres of 

Similar considerations 

4. The Model 
If we construct a simple 

containing n spherical bu 
radius r, and acted upon by 

t Because swelling is I..l"J.1HC'C'~':,:: 
volume divided by the original 
the unit of volume is always 
original, llnswollen, solid. 
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simplicity that the gas obeys 
law 

of gas atoms/cm3, then , 

(2) 

are ample vacancies to keep 
with y the surface 

These bubbles will each 
'h1r,~a" V given by eq. (1). 

will collide with any 
within a distance 2r of 

any whose centre lies 
diagrammatically in 

considered is dt. Conse-

two 

xtnr3 
if there is one bubble 

[v dt+2rJ. 

between them. 

in a volume lin 
of a single 
the above 

(3) 

i.e. if dn'=n when dt=7:, eq. (3) can be 
modified to become 

1 [1 ] 
7: = v 2n r2 n - 2r . (4) 

Except when the bubbles occupy an appreciable 
fraction of the volume, i.e. at large values of 
swelling, the term 2r is much smaller than 
1/2nr2n) and can be neglected. This will be 
done, but the significance of this term will be 
referred to later when "breakaway" phenomena 
are discussed. 

Because at each collision one bubble dis
appears, dn' is equal to dn, the change in the 
number of bubbles. Equation (3) thus becomes 

dn n - = 2n r2 n 2 v = -
dt 7:* 

and we can substitute for v and l' using eqs. (1) 
and (2) respectively, obtaining 

dn 2n y Ds F ao4 n3 

dt - 3m(kT)2 

which on integration gives 

l l 4n y Ds F ao4 t 2t 
n2 -- no2 =-- 3m(kT)2 = r*n2 

(5) 

where no is the number of bubbles at the 
beginning of the anneal which lasts for t seconds. 
Once coarsening has begun, (1/n2)}> (ljno2) and 
(ljno2) can be neglected. Thus from eq. (2) 

4 3m Ds F ao4 t 21'4 t 
r = =--

16ny r* . (6) 

During an isothermal anneal of a solid con
taining many small bubbles, the bubbles will 
move very rapidly, making many collisions, and 
eventually become so large that movement. 
almost ceases. r* represents the approximated 
time taken for the number of bubbles to halve 
and is proportional tor4 and Ijn2. Thus r* will 
increase by a factor 4 each generation and the 
final generation of bubbles will have been 
present during the major part -of the anneal. 

The swelling (LI VjV) is the volume of the 
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140 R. S. BARNES 

bubbles divided by the ori(],inal volume of the 
solid and is given by the relation 

This can be expressed in terms of m and r, 
using eq. (2) 

.JV m,kTr 
V 2y 

and thus from eq. (6) 

.J V = ~ kT ao (m)i (DsF tit. (7) 
V 4nt Y 

The equations (5), (6) and (7) constitute a theory 
of swelling since the volume increase (LJ V/V), 
the bubble size (r), or the number n of bubbles/ 
cm3 can be calculated from the physical con
stants of the material, y, D s , and ao, the gas 
content m, and the mmealing conditions t and T. 
The driving force F must be chosen according 
to the circumstances but, since it occurs to the 
1 power in eq. (7), approximations will be made, 
and we shall subst.itute a value of 10-4 dynes 
and assume it applies t.o any met.al. (Here it. is 
being assumed that the driving force F is an 
appreciable fraction of the maximum which a 
stressed dislocation could exert.) 

The equations must be modified if the gas is 
being generated while the bubbles are migrating. 
This has been done in Appendix 1. 

5. Limitations of the Model 

Some of the assumptions used in deriving 
the above model were that: 

1. The gas obeys the perfect gas law. This 
breaks down for small bubbles and the size 
at which it breaks down ('"'-' 500 A radius) 
depends upon the particular gas, which is 
not otherwise considered. At the expense of 
some complication, the theory could be 
modified for any other equation of state. 

2. The bubbles are spherical. However, fre
quently they are crystallographic polyhedra 
(Nelson, Mazey and Barnes, to be published), 

and this would influence the 
to be used. 

3. Surface diffusion determines 
migration of the bubbles. 
temperature, volume 
augment surface diffusion 
happen with bubbles less than 
in radius (Mullins and 

4. The bubbles are all the 
not true, as can be seen in 
graphs. Nor would the ass 
lead to equal bubbles. The 
will dominate the migration 
swelling) if all bubbles lie 
lines, as is normally 0 

5. The driving force F is 
same for each bubble. This is 
have its maximum value 
bubbles. 

6. There is no re-solution of the 
will be invalid if the bu b 
which are highly 
(e.g. hydrogen). 

There are many other 
One is that all the gas is in mo 
of course, there will be a j-m~r,,~"ii' 

content below which this is not 
gas atoms can escape singly 
Another is that the bubbles 
on such a cvarse scale that 
immobile. Also it is assumed 
are in vacancy equilibrium. At 
this is not true either, . 
from a vacancy source 4). 
not be discussed here, and 
model to temperatures greater 
ature at. which vacancies can 
(as a working value t.his can 
tTm where Tm is t.he melting 
degrees Kelvin). 

At high temperatures the 
not apply because the bubbles 
become large, and can coalesce 
movement. Also many gas 
trapped on grain boundaries 
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migrate under different 
be restricted to migrate in 
boundary. Coalescence of 

bubbles is likely to occur 

Swelling and Gas Release 

gas present all the bubbles 
touch (without any 

"'''",,','NV'V) and the major part of 
sample will be released. 

increase which will 
ofthe bubbles 11). 

sized, spherical bubbles 
cubic array in the solid 

when they occupied a 

]'01' more realistic 
grains would occur 
Thus unless one 

foam-like plastic 
maximum swelling, 

be exceeded 
is released. 

actually touch 
there will 

':~~~"':;SJ.ll'Lg of 33.3 %. 
has fre-

12) and 13)). 

,':':::'~~~VU"ta will thus 
,-...., 10 % 

swelling. There will thus be an accelerated 
swelling at about this value, because then v 
will be less than that given by the approximate 
eq. (4), and as the swelling approaches 33.3 % 
the velocity v needed for the bubbles to coalesce 
during the anneal approaches zero. The simple 
model can be modified to include this case of 
breakaway swelling as has been done in com
piling figs. 5 and 6, below. Thus the model can 
be used to predict the onset of breakaway 
swelling and the stage at which general release 
of the gas occurs. 

7. Grain Boundary Swelling and Gas Release 

Large bubbles will form in the grain bounda
ries owing to the trapping of the bubbles there. 
Because coarsening of these bubbles does not 
increase the grain boundary area they occupy 14) 

it is only by acquiring more gas in the grain 
boundaries that this can happen. When they 
all touch the grain boundary will become porous 
and the gas will escape. This phenomena will 
be called grain boundary gas release, and will 
occur when 

JA nr2nbd mbkTd 
3 

(where JA/A is the fraction of the grain 
boundary covered by nb bubbles/cm3, which 
contain mb atoms of inert gas/cm3, and d is 
the grain diameter). Using a similar criterion 
as before, that bubbles will generally touch 
when there are two bubbles on an area of 
n(2r)2, i.e. that JAjA In, then mb 4ny/kTd. 

The migrating bubbles will be held at a grain 
boundary because then the total surface energy 
is lower. A force Ji', given by li'max 2nrygb 

will be necessary to drag the bubble off the 
grain boundary where ygb is the interfacial 
energy of the grain boundary. Alternatively if 
the grain boundary is moving it can exert a 
maximum force of this value upon the bubbles. 
For a bubble 100 A rn:1ius, this force would be 
,....., 10-2 dyne, and even for the smallest bubble 
would be greater than the maximum force due 
to dislocations. Thus grain boundaries will be 
more effective in holding, or dragging bubbles, 
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142 R. S. BARNES 

than are dislocations. For example, a grain 
boundary can drag a bubble of radius 10-4 cm 
(]I' ,-..., 1 dyne) at the same velocity as a dis
location can drag a 10-5 cm bubble (]I' ,-....; 10-4 

dyne). Grain boundary sweeping of bubbles 
has been observed 20,15), and can markedly 
increase swelling when it occurs, and also induce 
limited gas release. 

8. Deductions from the Model 

8.1. THE EFFECT OF ANNEALING TIME UPON 

THE SWELLING 

Eq. (6) predicts that r oc t1 and eq. (7) that 
Ll V I V ~ tt for constant values of T, rn, y, Ds 
and ]1'. Thus samples annealed after irradiation 
should obey this relationship if the model has 
validity. Some wdues of the swelling (J V/V) 
have been plotted versus the annealing time (t) 
in fig. 4, for beryllium 12), and uranium 13). The 
results fit the theoretical curve remarkably. 

The i power comes essentially from the 
equation (1) where v oc r-4 ]1'. This power only 
occurs for migration under a driving force which 
is independent of r. For instance, if ]I' depended 
upon a free energy gradient then ]I' would vary 
as r3 and v as r-1, as was obtained in experiments 
when very large temperature gradients existed. 
The agreement with experiment suggests that 

100 

]I' is independent of the 
confidence that assumption 

8.2. THE EFFECT 0]' 

This is the most 
occurs in the form roc Dst 

J V I V oc TDst in eq. (7). 
term domiriates we can Hv;o;H7Ut':: 

the latter variation. Fig. 5 
determined values of r for 
(ao 3.6 A) containing""" 1020 

cm3 and annealed for 2 hours 
atures. The results are taken 
and from lightly 
replicated, or observed with 
scope (Mazey and Read, 
The logarithmic values of 
a straight line at low tem ."e'·>r.'d"':'; 

against liT suggesting a 
process. Values calculated 
plotted on fig. fl. These 
values for Ds given by Choi 
The activation energy of Ds 
experimental results is 2.7 eV 
than that (2.1 eV) derived by 
at the higher temperature. The 
in fig. 5 has been corrected, at 
for breakaway swelling by 

m_;020(Jtoms /cm~ + E6 " " I e 
[

, ES URANIUM 575°,1 R f "~I 

A BERYLLIUM 700°, !<ef >l) 

100 

10 

0.1 

0.1 10 100 :000 
TIME (HOURS) .----.--

Fig. 4. Some values of swelling versus time from the post-irradiation annealing of 
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• SURFACE ELECTROPOLtSH ED 

x THIN FI L M TRANSMIS~'ON 

_~"t.M."'<A' SWELLING. 

r 4 .. 3mt F 

16 TT1 

m _10 20 atol1'ls/cm 3 

&, )0 3 rr9~.'cm Z 

t ; 7 . :2 )j J0 3 He 

2~J04 .. p· « ·J/AT) 
cm2fsec' 

14 .0 

radius wi th annealing 
containing approximately 
at,orns/cm3 • 

the experimental values 

obtained microscopically 
for testing the moriel 

';~;;'»'>LVll'" il)troduced by bubbles 
can be a\Toided and a 

valnes can be obtained 
normally only ranges 

the swelling and 
shown in fig. 6, have 

and an a,cti vation of 
a],'lo been made on the 

importance of break-
('orrected curves have 

these corrections being 
contents or at low 

8.3. EXTERNAL RESTRAINT 

The model has for simplicity neglected any 
external pressure (P') which may be exerted 
upon the solid. It also neglected the intrinsic 
strength ((T ' ) of the solid. Equation (2) should 
be modified to become: 

(; +P' + a')~nr3n=rnkT, 

a' is only important when it is comparable with 
2y/r and this on ly occurs when r is large. As 
this is the case only at high temperature, when 
a' is itself small, we can generally neglect a' t. 

Sometimes the swelling solid is restrained by 
a stronger solid which surrounds it, as for 
instance when a strong material is used to can 
a fuel rod. The restraint (PI) is effective if it is 
comparable with (2yjrj + a' and limits the swell
ing to a maximum value of rnkTjP' t t, despite 
migration and coalescence of the bubbles. The 
bubbles will however enlarge until they become 
virtually immobile at the temperature of 
operation. their size heing similar to that which 
they would have attained in the absence of the 
restraint, but each will contain more gas and 
consequently there will be fewer bubbles. If the 
sample is cooled the restraint may be removed, 
and if it is then reheated to the original temper
ature, vacancies will flow to the bubbles which 
enlarge until the gas pressure b~comes equal 
to 2y/r. No further movement will occur since 
now the bubbles will be too la,rge t.o be mobile, 
but the swelling will be larger than it would 
have been if the sample had been heated, 
without an intervening anneal under restraint. 

The samples of irradiated uranium studied 
by Churchman, Barnes and Cottrell 13) showed 
exactly this behaviour whenever an external 
pressure was applied. At the t.ime the experi-

t The very early models for swelling neglected 
the term 2r/r and thus only apply to very infrequent 
case·,; ··· , here la rge bubbles occur at low t emperatures . 

tt Swellings can on no account exceed this value 
where P' is t he ambient pressure, and if for instance 
the external pressure P' is selected so that Ll V / V = 

=mlc'1'/P' < 0.33 then general breakaway a nd gas 
release can be p revented. 
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0.01 

5000
( 4.50"C 

0.001 , _______ ~ __ ,~L_~ __________ L__L~ ____ ~ .L-~_L_L_~_~~ _ _L_~ _ ___________ , ___ . ___ l ___ L _~~ 

7.5 8.0 B.5 90 9.5 10.0 10.5 11.0 I! 5 

J...- x 10
4 
---

7l'l<1 

12,0 125 13.0 13.S 140 

Fig. 6. Values, estimated using the model, of swelling at various temperatures for copper 
quantities of an inert gas, and using the surface diffusion data of Choi and 
of breakaway swelling is shown by t·be deviHtion of the solid lines from the broken 
grain boundaries has been negleeted and thus the results will only apply to 

ments were performed it was difficult to explain 
these results but the above explanation follows 
naturally from the model. The numerical values 
calculated in Appendix II, where it is assumed 
that increased modibility is given to a bubble 
when its size is reduced by an external pressure, 
are very near those for their sample El. 

S.4. THERMAL CYCLING AND GROWTH 

If stresses play an important part in deter
mining the motion of the bubbles as is implicit 
in the model, externally or internally applied 
stress should enhance swelling. Thus thermal 
cycling of anisotropic polycrystalline materials 
or irradiation growth should have such an effect. 
There are several instances cited in the literature 
where such an enhancement has been suggested 
13,16,17). 

9. The Release of Gas 

Much of the gas generated within a few 

microns of a truly free 
which does not have an ~~'J~'V~L'''-:,: 

which the recoiling atom can 
always be released by recoil, 
sheets this will normally be a 
Some gas from near the surface 
but once the gas has 
there will be no such release 
itself drifts to a free surface, 
be governed by the surface 
and the other factors already 
already been said there will be 
release, both due to the 
boundary joining and due to 
grains joining. It is only in these 
that large amounts of gas will be 
any process which restricts the 
fine precipitates which anchor 
should also reduce the gas 
direct consequence of the 
inert gases, and their behaviour is 
from soluble gases, like 

OAGI0000609 00010 



REACTOR MATERIALS 145 

and gas release for various 
suggests that the underlying 
are valid, and in particular 

gases do not diffuse atomically 
ble to another and that the 

mainly by migrating bodily 
by a diffusion process. This 

........... ... that the particular inert 
.. .. not of vital importance (as it 

involving solution in the 
.. .. that for a particular solid 
..•.•••. infer from experiments using 

behaviour with another. 
that the most effective 

. swelling is to prevent the 
bubbles nucleated on a fine 

by reducing the surface 
(perhaps by poisoning the 

••• .::!.U.lHl,ue:s). However, the intro
cipitates on a fine scale 
Appendix III) is perhaps 

to reduce the swelling 
effectiveness adds support 

for the model. This 
that the bubbles do not 

tested against existing 
.. also it suggests detailed 

.... .. test\3d in more sophisti-

it is hoped that this 
experiments so that 
tested and improved 

of swelling and 
practical importance 

Appendix I 

I n'adiation at high temperatures 

It has been implicitly assumed that the solid 
contains a constant amount of gas m. Thus 
the model described only applies to conditions 
where a solid is heated after irradiation. 
Numerical comparisons between the model and 
reality have therefore always been made using 
the results of post-irradiation annealing experi
ments. This has been done because it is experi
mentally easier to control the conditions in 
such experiments than in the more complex 
ones involving heating during irradiation. How
ever, we shall now briefly consider this latter 
case. For simplicity we shall assume that the 
gas is produced at a constant rate of m atoms! 
cm3 . sec while the solid is at a constant temper
ature T. Equation 2 then becomes 

8n 
Tyr2 n=rhtkT 

where t is the irradiation (and therefore the 
annealing) time. 

Essentially eqs. (1) and (3) remain unaltered 
and we arrive at the following equation: 

1 4ny DsF ao4 

n2 = 3 rh (kT)2 In t. (8) 

We obtain from eq. (2) 

3rhDs Fao4 
1'4 = t2 ln t 

16ny 
(9) 

assuming that at each temperature the bubbles 
nucleate on a scale fine enough for appreciable 
coarsening to occur. There may be temperatures 
where this is not valid. 

It should be noted that for a constant dose 
rate the number of bubbles n is dependent· only 
upon the square root of the inverse logarithm 
of the irradiation time, and thus varies little 
during the irradiation. 

The equation for swelling becomes 

Ll V 3t (m)2. V = 4nt kT ao y 4 (D; FIn t)t t'1.. (10) 
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These equations are more difficult to test 
because for each experiment a separate sample 
is normally used, and variations in the solid 
itself are not easily excluded from the results. 
It will be noticed if eqs. (7) and (10) are com
pared that for the same gas content mt (i.e. for 
the same dose) the swelling for post-irradiation 
annealing at the irradiation temperature and 
for the irradiation time, differ only in the term 
(In t)t from those obtained on irradiating at 
temperature. 'rhere are already indications that 
such results are similar and if it is true, future 
experiments can be much simplified by concen
trating upon those of the post-irradiation 
annealing type. 

Appendix II 

Calculations showing the influence 01 an external 
restraint upon swelling 

If a sample containing 3 cm3 of gas, measured 
at NTP per cm3 of solid, expands 6 % on 
heating to a temperature of 8100 C, while under 
no external pressure, the internal gas pressure 
must be 200 atmospheres, which, if y = 103 

ergs/cm2 , corresponds to a bubble radius of 
1000 A. If now at the same temperat,ure, an 
external pressure of 400 atmospheres (6000 psi) 
is applied, the bubbles will reduce in size and 
rapidly coarsen until they regain a size of 
approximately 1000 A, when the gas within 
them will be at a pressure of 600 atmospheres, 
and the volume it occupies will be 2 %. 
Reheating under zero pressure will allow the 
bubbles to enlarge, without migration, until the 
internal pressure reduces to balance the surface 
energy pressure 2yjr' where r' is the new radius. 
Because the number of bubbles does not change, 
the ratio of the new pressure (120 atmospheres) 
to the old pressure (600 atmospheres) is in the 
ratio of the old to new volumes. Thus the new 
bubble radius r' is 1700 A and the new volume 
increase 10 %. These values are very near those 
measured for the sample El of Churchman, 
Barnes and Cottrell 13). 

Appendix 

Effect of precipitates 

The model incorporates 
the solid is completely 
of ao, y, and Ds. This is, 
simplification; the detailed "'T,'f"ll'''X+' 

of the metal being very 
influence of grain size has 
Precipitates are known to pn'}t,T','" 

migration of the bubbles 7) 
influence swelling. 

Bubbles will become 
either they will nucleate 
nucleated on a finer scale will 
The attachment will depend 
in surface energy needed to 
from the precipitate. Thus the 
be greatest when they have 
surface with low surface P""''f'ffU 

around the precipitate 
adherence, as the bubble would 
some of the stress. 

If the driving force (F) is 
needed to detach the bubble 
generally be the case if UIE,lO()I1,LlOIlil,' 

driving force), t.hen t.he 
cannot reduce to much fewer 
of precipitates (except by a nW·<l.IF«" 

which does not depend upon 
bubbles). The number, of bu 
stabilised at a higher number if 
are anchored by one 
precipit.ates will be most eil'e 
if the precipitates lock the 
which the bubbles lie. In the 
of bubbles would be held hpj':uu'Pl'l 

particles but only if the stresses 
locat.ions were not. high. Such 
been observed in aluminium 01'",1-"""" 
bubbles and iron impurit.y 
cipit.ates 7). 

A modified, and much simpler, 
construct.ed for the situation 
of bubbles/cm3 is stabilized at 
which will be some factor times 
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TABLE 2 

percentage swelling at 5000 C for various helium contents in a solid containing a constant 

emB/em3 

0.36 

1.8 

3.6 

18 

36 

number of bubbles N 

N (bubbles/cm3) 

1014 

1013 

1012 

1015 

1014 

1013 

1016 

1015 

1014 

1016 

1015 

1014 

1017 

1016 

1015 

1020 

1019 

1018 

(11) 

(12) 

unless the 
the swelling is 
npr!.11r.1H'O to the 

m' N/m' 
atoms per r (A) (from fig. I) Ll V/V (%) 

bubble 

105 130 10 0.125 
106 400 20 0.25 
107 1200 100 1.25 

5 X 104 100 8 0.5 
5 X 105 300 20 1.25 
5 X 106 800 40 2.5 

104 60 7 0.87 
105 130 10 1.25 
106 400 20 2.5 

5 X 104 100 8 5.0 
5 X 105 300 20 12.5 
5 X 106 800 40 25 

104 60 7 8.7 
105 130 10 12.5 
106 400 20 25.0 

5 x 10 8 4 25 
5 X 102 18 4 25 
5 X 103 40 6 38 

bett~r swelling resistance than normal uranium. 
This treatment gives a fine precipitate. 

Table 2 gives some estimates, using fig. 1, of 
the swelling which will occur in a solid with 
various helium contents (expressed in atomsjcm3, 

in atomic percent and in cm3 of gas, measured 
at NTP, per cm3 of solid). Several values of 
N (the fixed number of bubbles) have been 
used. It can be seen, for instance, that by 
ensuring that the number of bubbles is greater 
than 1014, swellings greater than 25 % will not 
occur even with 5 x 1020 gas atoms/cm3 present. 
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