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CR MET-809

‘Specimens of beryllium which had received an irradiation in
the Materials Testing Reactor up to an integrated fast flux of
loza‘nvt have been examined after énnéaiing at various témpefafufés o
above 1100°C., These annealing treatments have resulﬁed'iﬁ sigﬁifiognt
&éereases’in overall density of the beryllium specimens, the denéityA
decreaée being 0,8% and 20% after annealing for one hour at 600°C and

995°C respectively.

The quantity of neutron induced gases contained in the
beryllium has been determined to be approximately 23 cc of gas

22

per cc of beryllium for an integrated fast flux of 107 nvt,

Analysis of the gas shows that it is mainly Heho

The results of the investigation suggest that the neutron
induced gases will not be a sericus deterrent to the use of

beryllium in reactor applications at temperatures up to €00°C,



CR MET-809
THE SWELLING OF BERYLLIUM FROM NEUTRON-INDUCED GASES

I -~ INTRODUCTION

The properties of beryllium which lead to its projected use as
a fuel sheathing material in gas cooled power reactors have been dis=~
cussed in many publicatienso(l’z’Bﬂh) Apart from the low capture cross
section of beryllium for thermal neutrons it now seems established that,
at temperatures up to 600°C, the metal has sufficient strength, the
requiréd degree of compatibility with uranium oxide (compatibility
with uranium metal is still in doubt (5)) and exhibits satisfactory
corrosion resistance to dry carbon dioxide, However, sétisfactory
methods for producing wrought beryllium with good ductility in three
directions have not been developed. There is confidence;, however, that
the problem of fabrication will be overcome, and intensive development
work on beryllium fabrication is proceeding in several laboratories in
the United Kingdom and United States. Irradiation of beryllium sheathed
fuel elements 1s now underway in the United Kingdom(é)o

It has been recognized for some time that one possible deterrent

(7)

to the use of beryllium in reactor applications arises from the
production of gas, mainly Héug when beryllium is irradiated with fast
neutrons, This gas is formed from the (n,2n) and (n,a) capture

reactions on beryllium, the signifisant parts of the reaction chains

being:
(n,2n) Be? + n  ———> 398 + 2n
Be® e ZHeh
(n,a) Be? + n e 4 He6 + Heu

re® £, 116
Li6 + n(thermal) e Heh + HB
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The primary reaction in each chain requires neutron threshold energies ‘l'

of 2,70 and 0,71 mev respectively. Sufficient nuclear data is available
tokpermit an estimate of the quantity of gas which will be produced for
any given irradiation: details of the calculation are presented in
Appendix I, The quantity of gas formed may be as much as 2 cc per cc
of metal for an integrated fast fluxﬁ irradiation of 1021 nvt. No ex~-
perimental information on the amount of gas produced during irradiation
has been published, but beryllium used as a sheathing material can be
expected to receive irradiatigns equivalent to the above figure. When
uranium is irradiated it has been found that quantities of fission

product gases as high as 2 c¢¢ per cec of metal have a serious deleterious
effect on the mechanical propertises of the metal(s)g if the irradiation
has been carried out at temperatures of 600°C or higher, Although
beryliium 1s considerably stronger than uranium at these temperatures,

it is not possible to make a definite prediction of the effect that

this quantity of gas would have on the properties of beryllium., It

seemed therefore, at the start of the present investigation, that an
initial study of the effect of the neutron-induced gaéag on beryllium

should be undertaken.

Beryllium which had slready recsived a long irradiation at
temperatures below 100°C was available at Chalk River, whi@h made it

possible to approach the problem through annealing experiments on this

type of metal. Although such experiments could not be sxpected to give

a final answer to the technological problem, they would give some idea

of its magnitude, and furthermore would give the direction which the

high temperature irradiation experiments should take, .

# In this report "fast flux" will be taken to cover neutrons having
~energies above 1.0 mev.
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The present report describes the results of these annealing
experiments, and the correlation of the observed swelling with the

irradiation received by the beryllium.

II EXPERIMENTAL METHODS -
(a) Material

Irradiated beryllium available for study came from a shim rod
which had been used in the Materials Testing Reactor for an irradiation
of 31063 MWD, The beryllium had served as a functional component of
the reasctor, and there was no prior intent to use this particular
compoﬁent to investigate the irradiation behaviour of beryllium. The
beryllium(9> had been fabricated via the powder route, 200 mesh powder
being hot pressed at 1050°C in vacuo at 125 psi. The resultant metal
had a density in the range 1.8l - 1.85, and a2 BeC content of
approximately 1%, Room temperature mechanical properties of the
pre=irradiated metal are reported to be(g)g

Yield Strength (0.2% offset) 23 = 25000 psi

Ultimate Strength 35 = 36000 psi

Elongation in 1" 1.L4%
The cresep propertiss of this pafti@ular beryllium are not available,
The shim rod received the greatest part of its irradiation in the
M.,T,R, shim rod position I-lli: the complete irradiation history is
presented in Appendix II., A drawing of the shim rod is shown in
Figure 1: the section numbered 5, close to the middle of the rod
length, was sent to Chalk River., During irradiation the intensity
of thermal neutron flux was guite uniform over any one horizontal
plane in the rod, and it is estimated that section 5 received a total

thermal neutron irradiation of 2.8 x 1022 nvtcilo)
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The intensity of fast neutron flux received at any point in
section 5 was affected by intensity gradients in the three mutually
perpen&icular directions defined by the vertical direction of the

reactor and the direction parallel to the long horizontal direction

of the reactor core, Of the three gradients, those in the two

directions specified above were sufficiently shallow to be unimportant
for the purposes of the present experimeﬂts(ll)o However, the gradient
in the third direction was quite siteep, mainly due to the moderating
properties of beryllium,. EVans(lz) has estimated that the fast flux
intensity dropped by a factor of 5 over the 2,838" thickness of the
shim rod in this direction, although the energy spectrum of the fast
flux would remain much the same throughout. A detalled drawing of the
secbion is shown in Pigure 2. The direction AB is parallel to the
vertical direction of the reactor core. AF is the direction of -
maximum fast flux gradient. Specimens for experimental study were cut
from the regions AB, PG, and ADE, The nominal value of integrated
fast flux for the side ABCD 1s 9.5 x 102t nvt, (13) and the section
FG will have received irradiation of one fifth of this value. These
flux values, however, are not known to an accuracy of better than
+20%, and they will hereafter be referred to as 1022 and 2 x 1621
respe@tivelyo

The complete section had a By activity of the order of 3000 r/hr ¢

on contact, and therefore experimental specimens were cut in the

metallurgy cave. The experimental specimens, each sbout one gram in

welght, exhibited a Py contact activity of approximately 2 r/hr, and
further experimental work with these specimens could proceed with ‘

shielding of less than one inch of lead. The beryllium proved to be




- 5w CR MET-809

extremely brittle, and most specimens obtained were rather irregular
in shape. The ease with which regular rectangular pieces could be
cut from unirradiated beryllium in the same cutoff facility confirmed
that the material underwent a significant embrittlement during
irradiation,

(b) Density Changes

Annealing was carried out in a dynamic vacuum system, at pressures

of approximately 10>

mn Hg. The sample tube was made from silica and
to overcome any reaction between this and the beryllium sample a
molybdenum tube was placed inside and this contained the sample during
annealing., The silica and molybdenum tubes were degassed prior to
moving the beryllium specimen into the molybdenum tube. This was

done without breaking the vacuum,by use of a magnetic pusher. At
lower temperature anneals, in the region of 600°C, the cubical
specimens of one gram weight exhibited weight gains of the order of
0.0001 grams after several hours annealing. At temperatures around
800°C the specimens lost a similar amount of weight, which could be
expected from the high vapor pressure of beryllium and some of the
Impurities contained in it. Prior to the initial annealing of any
one specimen, the beryllium was cleaned with a chemical polish based
on chromic acid, It was established that a further cleaning, following
each anneal; did not increase the reproducibility of the results. It
was also established that the chemical polish did not result in any

significant amount of hydrogen pidc up by the beryllium,



- b = CR MET-809

The density measurements were carried out by the hydrostatie ‘

method using a Mettler Grammatic balance with n-cetyl alcohol. The
~ alcohol density reported by Nallett(lh} was used in calculations, but
ﬁhe measurements were chéekad‘with an aluminum alloy of known absolute
density. The annealed specimens were placed in the alcohol in the as
-annealed condition, no attempt being made to fill in the surface
porosity. DBecause of this porosity, different times were required

for the immersed specimens to exhibit an equilibrium weight, from a

few hours for specimens which had undergone a density decreass of S%

to several days when the density decrease was of the order of 20%.

When the density decrease was below 5%, measurements on individual

specimens were reproducible to 20,1%

{c) Gas Analvysis

A determination of the quantity and type of gas contained in i
the irradiated beryllium was undertaken on specimens from the high

and low flux sides of the sesction, This analysis was divided into

two disbinct operations. The total gas evolved during vacuum fusion

was collected in an apparatus designed for thig particular experiment,

and the constituent analysis of the gas was carried out in standard

experimental systems. A schematic diagram of the gas collection system

is shown in PFigure 3. The essential operation consisted of melting the

beryllium in the furnace tube assembly, with the evolved gases being
contained inkths previously evacuated pyrex glass system., The

berylliuwm was allowed to resclidify, and the gas pressure measured

in the system of known volums. These operations determined the
absolute gquantity of gas liberated from the beryllium, and specimens .
of the gas could then be placed in the two transfer flasks attached to

the system for transportation to the constituent analysis systems,
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In practice, the beryllium specimen was placed in the specimen
storage tube, and the system evacuated and partially degassed., The
degassing vacuum was provided by an BEdwards F203 diffusion pump, which
enabled a vacuum of better than lOmS mm Hg to be obtained during
degassing procedures. When necessary, pertinent volumes of the vaduum
system could then be obtained through use of helium from the calibration
flask, the volume of the latter being known from a calibration using
distilled water., TFollowing this operation, the degassing was continued.
Because comparitively large amounts of gas {several cc at N,T.P.) were
eventually removed from individual beryllium specimens, a virtual leak
of a few micronsg per hour could be tolerated; hence greased stopcocks

could be used in the system and rather simple degassing procedures

were followed for the pyrex portions of the system,

The beryllium was melted by induction heating, using the beryllium
as its own susceptor. The furnace tube assembly consisted of two
alumina crucibles, one inside the other and separated at their bases
by alumina beads, and contained in a silica tube, Beryllium melts at
128l4°C and, in the gas remocval, temperatures of at least 1350°C were
attained. It was not possible thereforse to degass the crucible assembly
at temperatures as high as those which the inner crucible would
eventually reach during melting. The degassing procedure followed was
to use an electrical tube furnace over the gilica tube, maintaining
the temperature at 1050°C for at least one hour at the degassing vacuum.
This method obviously provided an effective degass of the silica tube
and probably of the outer crucible: subsequent analysis of the gases
collected during the melting confirmed that the degassing procedure was

effective for the inner ecrucible as well, at least for the purposes of

this experiment,
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When degassing was completed, the beryllium specimen was moved

with a magnetic pusher from the storage tube into the inner crucible.

In melting, the beryllium was brought to the melting point rather slowly
{over a periocd of ten minutes) to avoid any spattering of metal from

an explosive disintegration of the specimen, It was observed that the
major portion of the gas was given off by the time the specimen had
reached the temperature of 1200°C, but small additional amouhts of gas

were released as the specimen temperature went above 1300°C. On cooling

and remelting of the specimen, no Turther quantitises of gas were released,

The problem of determining the quantities of inert gases in
metals has been discussed in some detail by Churchman et 31(15>3 and
their conclusions suggest that the most likely source of error in the
experiments described above would be a failnre to remove all the gas
from the metal, The gas removal would be fa@ilitated by using as high
a temperature as possible: this factor had to be balanced against the
éesirability of keeping temperatures low to reduce the chances of a
spill involving the rather dangerous beryllium vapour., For this latter
reason, the molten metal was not taken above 1&09°G at any time., As

one test of removal efficiency, one specimen was maeintained at 1350°C
for approximately 10 minutes, during which period a significant amount
of the beryllium specimen was evaporated from the crucible and con-

- densed on the silica and attached pyrex., No further gas, however, was
given off during this prolonged heating. As an additional expedient,

g mercury diffusion pump was built inﬁo the system as shown in Figure 3%
When the major part of the gas had bsen placed in a transfer flask,

operation of the mercury diffusion pump would reduce the pressure in

the furnace tube to 1@“5 mm Hg., On remelting the beryllium at this
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pressure, no significant quantity of gas was obtained,

The total volume of the collection system was approximately
2000 e¢ec. Pressure buildups in the system during gas removal were of
the order of 5 mm Hg, and hence pressures were conveniently measured
with a dibutyl phthalate manometer. The density value accepted for
the dibutyl phthalate was 1,041 gm/em at 25.7°C, a value recently
determined at NoPeLc(lé)g although on a different batch of liguid,
Ambient temperatures in the region of the collection system were measured

with a N.,B.S. calibrated mercury-in-glass thermometer,

The important part of the constituent analysis was a confirmation
that the collected gas‘was mainly Heug whereas a second part of the
analysis, less important from the point of view of the swelling problem,
was &a determination of the 3333 H%, and Hg content of the gas. Two
analytical methods were avallablegl)a mass spectrographic method for
Eeug HeBQ Hzg 05, Hég and to a lesser degree of accuracy for Hgg 002
and CO and (2) a chemical method for CO0p, N5, 0o, hydrogen isotopes,
and helium isotopes. An accurate determination of the Hg content would
have required a counting method, but apparatus suitable for the
counting of gaseous ﬁg was not avallable at Chalk River and this part

2
of the analysis has not been completed. In addition, Hy, if present,

would not have been detected by the analytical methods used.

In an attempt to obtain a blank value for the gas determination
a specimen of Brush reactor grade beryllium was treated in a manner
identical to the irradiated specimens. The gas obtained was less than
0.03 ee/cc, an insignificant quantity compared to the gas collected

from the irradisted metal,



(a) Metallography
| Two specimens of the irradiated beryllium were examined by

metallographic technigues. The specimens were mounted and mechanically

polished in a shielded dry box, etched in a solatioﬁ of 1/2% HF in |

alcohol, and photomicrographs werektak@n with a Vickers projection

microscope,

111 RESULTS

(a) Density Changes

Detailed results of the annealing experiments are given in
Table I, All anneals were essentially isothermal, but since the
specimens were removed from the furnace for density measurements at
the times shown in the table the results for the long term amnneals
represent a certain amount of thermal cycling. BExcept for the two
Acases noted in the table, a new specimen #as used at each distinct <
temperature, the same specimen being used for all amneals at any one
temperature. A plot of the density decrease observed for the first
hour of anneal at each of several temperatures, and for each of the
high and low flux sidesg of the beryllium section, is presented in
Figure li, The ordinates in the plot, as well as the density decreases
tabulated in Table I, represent the éecrease in density as a percentage
of the density determined for the as-cut specimens. The wvariation of

density decrease with time at 595°C is presented in Figure 5.

{b) Gas Analysis .

Five different specimens of the as=¢ut beryllium have been

analyzed for neubtron induced gases, three of these specimens coming

from the high flux side of the specimens, The total gas content ‘

cobtained from each of the specimens, in cc gas per cc metal, along with
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TABLE I
BEFFECT OF ANNFEALING TREATMENT ON DENSITY OF IRRADIATED BERYLLIUM

Temperaturegl) in °C
o Lho 595 730 790 890 995
58
gl 42
fry
;3@ g oy O > uh © g <l @ g o © gt@ g 8 ©
@ © w o > e o B 0 o B 0 o & By 0 o o ® £ P 0
o & 43 of @ 2 @ 42 el @ 42 o 43 ai @ 2o 43 oed Q) 43 4 opd - G P o1 43 o @ 4300
Tey 4 @ et B N ® B wf @ o B ot @ o e B i B g B 43 @ B ol D
£t i 08 ok m 1 g el w s ol 0 & @ erd n & 6§ ol ol @ ~ @ o n &
gé’%ﬁ” & % gg® | 8% g%ﬁ“‘ § & g%g“ 5 o ggﬁ* 28 ggﬁ* 8 o
wg aa gﬁ aa zmg aA m§ aa O < ﬁg, © < AR
nvt hrs . % hrs, % hrs o % hrs. % hrs. % hrs, %
1.0 | wmil 1.0 | 0.76 1.0 | 1.25 | 1.0 | 5.5 | 1.0 15,1 | 1.0 |20.1
’2;35 0087 2&5 1@02 205 1706w
6.5 0.98 6.5 18.2
13,0 | 1,09 3 13 18.1
Lk 1.25 230 23,1
g2 1.31
230 1.46
570 1,52
810 1.64
1121 1.7k
1601 1.82
21 1.0 0.11 1.0 0.50 1.0 " 130 1o0ﬂﬁ 9.58
ZX 10 205 0012 295 O¢79

Temperature given to nearest 5°C,

Specimen used which had previously been annealed at LLO°C.
New specimen.

Specimen used which had previously been annealed at 595°C

I g, R g

£ N b
S S S S
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the mass specbrographie analysis of the gas, is presented in Table IT.
The calculated gas contents given in the last column represent thev
amounts of gas present affter irradiation and a storage period of three
years., Only four gases, H@ﬁg'ﬁe39 Hé and Hi are shown in the analysis;
05, Np, CO0» and CO were not present in significant quantities. The
values given for the Hegg He> and H% content are probably accurate,
relative to each other, to at least 1+10% for individual specimens of
collected gas, bubt the values given for Eg content could, on the basis
of the mass spectrometer calibration alone;, be in error by a factor of 2.
However, for specimens A and B chemical analysis confirmed that the
collected gas was of the order of 90% helium isotopes and gave a value

for hydrogen isotopes content eonsigteﬁt with the tabulated wvalues,

There is some confidence therefore that the Hg analysis may be as good

as *20% for individual specimens of gas. The presence of Hé in the -
collected gas was confirmed by a counting monitor; any ng? present

would be included in the Heg content.

{c) Metallography

‘Two photomicrographs of the irradiated beryllium, for metal in
the as received condition and after annealing to\a density decreass of
14.2% respectively, are presented in Figure 6, This beryllium was
taken from the high flux side of the sectlon., The black particles in
the as-received sample are thought to be beryllium oxide and are largely ’
distribﬁted at the grain boundaries., The large black areas at the
grain boundaries in the anneéied sample are holes and it is worth noting
that some grains in this sample were stained and contained very fine
black dots., It is possible that these black dots represent very fine ‘l’
holes,



TABIE TIT
GAS CONTENT OF TRRADIATED BERYILIUM

EXPERIMBNTATL THEORETICAL
Irradiation fast 2 x 10°% !i 1022 1022
flux nvt '
Specimen No, A B C D B
Total Gas Content ) . -
ec/ce 5.2 5.5 23.5 2l 18.5 23.2
THEORETICAL
MASS SPECTROGRAPHIC ANAIYSIS IN % ANATYSTIS
Gas ?
gl
Helt 91,3 9343 91,0 92,8 - 9647
Heg’ 108 108 108 108 b 009
1 )
H2 1.1 202 001 003 = 002’
3
Hz 598 207 701 Sol = 992

m'gz =

60Q=~IEN YD



IV DISCUSSION

(a) Annealing Results

The important features of the density changes given in Table IT

are illustrated by the graphs shown in Figures 4 and 5., The plot of
the swelling observed in the first hours of anneal, Figure li, shows that
below some temperature, about 500°C, no swelling occurs for amounts of

gas up to 20 cc/ec. A similar behaviour is exhibited by uranium after

irradiation and subsequent annealing. As would be expected, the
beryllium containing the larger amount of gas underwent a significantly
greater swelling. The measurements for the high flux material were
taken to a temperature at which the expected turnover of the swelling
~temperature curve was cbserved; at some value of density decrease
interconnected porosity would permit escape of the bubble forming gas

and increasing temperature of anneal would result in very little further

&

decrease in density. In the annealing experiments a detectable amount

of gas was released at 800°C.

The rfailure to obtain a saturation expansion for long annealing
times at any temperature below 900°C was a rather unexpected result.
From the results of the post-irradiation annealing of uranium it would
have been predicted that ﬁhe swelling of beryllium at temperatures
around 600°C should stop after less than 2l hours of annealing. The
observed behaviour of beryllium is illustrated in Figure 5; at 595°C

the high flux material 1s still swelling after 1500 hours of annealing. -

A preliminary metallographic examination of the irradiated

beryllium has indicated some characteristics of the voids causing the

swelling. The structure of the as-received irradiated metal ,

shown in Figure 6, is typical of beryllium containing 1% Be©



fabricated by powder methods. The oxide particles, in general, trace
out grain boundaries in the metal. The large black areas in the
microstructure of the annealed specimen were, at least when the specimen
polishing was completed, holes in the body of the metal., It appears
certain that these holes were pockets of gas causing the swelling of
the annealed beryllium, and their location at grain boundaries is
strongly suggestive that nucleation of gas pockets took place at oxide
particles, However, the volume of the large holes shown in Figure 6
accounts for no more than half of the swelling observed for the specimen.
It is seen that smaller holes are occurring in the interior volume of
some graing and it is assumed that many small voids, not resolved by
the optical microscope, gilve rise to the swelling not accounted for
by the larger holes., All of the holes observed are roughly spherical
in shape, and no cracks were detected. It seems, therefore, that the
beryllium had sufficient isotropic ductility to accommodate the 1L4%
swelling.,

' The most advanced attempt to correlate the volume change produced
by inert gas bubbles in a metal with the mechanical properties is due
to EMderby£17) It is postulated that for the case of annealing following
irradiation, the swelling will take place in two stages. The first
stage is an immediate expansion against elastic and plastic stresses;
thereafter a second stage swelling takes place due to creep. For
uranium swelling at 600°C, Bnderby has calculated that the initial
swelling is by far the greater in shori term laboratory tests, i.e.,
the magnitude of the time-dependent portion over the first few

hundred hours is small in comparison. It has already been seen that
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this is not an adequate description of the behaviour of M,T.R.
beryllium. The expression governing the initial expansion, as

developed by Enderby, can be written as:

(X“EB) }“n% : % ;Nu%?” 4 9 0.0 96 G .0 0.0 066 (1)

where x is the fractional volume increase, N is the gas content in moles
per cc metal, B is the second virial coefficient of the gas in question,
R is the gas constant, T is the annealing temperature, and Y is the
~yield strength of the metal at the annealing temperature., This
expression only holds provided that

xz 33X avooosscsnos (2)

2B

where E is the Young's modulus of the metal at the énnealing temperature,
Equation (1) does nof take into account surface tension forces which
would make the calculated volume change smaller. Furthermore, the
expression does not predict all of the swelling observed for uranium

(18)

annealed at 600°C, and at 800°C the surface tension is the

determining factor resisting swelling in uranium. One major difficulty
in using equation (1) is obbtaining the correct value to use for the

yield strength. PFor beryllium, the room temperature value of Y, after

22

an irradiation of 2.6 x 10 nvt (neutron energy » 100 ev), has been

reported to be somewhat greater than 47,800 psi(19>a At 600°C un=-

irradiated beryllium retains about 1/3 of its room temperature yield

{

strengﬁhg“EOB or Y for the irradiated case might be 16,000 psi at
o i 6 o (21)

600°C, For unirradiated beryllium, B=235 x 10 psi at 600°C,

&

-l
» 3Y, 7 x 10
> 2B

-
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or for swellings above 0.07% equation (1)} should be valid. TUsing
Y = 16000 psi, gas content = 20 cc/ee, T = 595°C (B868°K) and 9.82 cm3

/mol as the second virial coefficient for helium(22)

egquation (1)

gives a calculated swelling of 3.5%. From Figure 5 it is seenthat

this value, although of the right order, is clearly too high for the
initial swelling. It appears, therefore, that the Enderby theory con-
taing too many simplifying assumptions to give an accurate representation

of the swelling phenomenon.

(b) Gas Analysis

A summary of all experimental results df the gas analysis, and
of the results calculated in Appendix I from the irradiation data and
nuclear constants, is presented in Table II. The primary object of
the gas analysis was to complete the correlation between irradiation
and swelling of the ilrradiated beryllium, confirming that the swelling
is due mainly to the Helt arising from the (n,2n) reaction., In assessing
the extent to which this object hasrbeen achieved, it is necessary

to start with the analysis applicable to the (n,a) reaction,

Although the quantity observed for any one of the gases H%s
Egg and H@B should serve to estimate the validity of the calculation
for the (n,a) reaction, it clearly would be desirable to have a check
from more than one of the gases. However, only the quantity of HeB
is available for this check. As previously stated, the main
uncertainty in the constituent analysis of the collected gases arises
from the possible error in the value quoted for the Eg content, This
fact alone removes much of the value of the H% analysis for purposes
of drawing quantitative conclusions, but in addition it can be ssen

from the resulbts in Table IT that the wvalues obtained for Hg content
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varied quite widely among ﬁhekspeeimens used., A wide variation in

H% content was also observed, and although the results indicate that

the low flux side had a higher Hé

the total number of specimens used was too small to establish this

content than the high flux side,

(23)

- pattern with much degree of certainty. In this connection, Barnes
has reported that specimens of irradiated beryllium cut from a different
section of the same shim rod exhibited a wide variation in Hé contento 
The amount of Hl contained in the beryllium prior to irradiation is

2
not known, nor is the rate of diffusion of H% {or Hz) in beryllium known,
No pertinent conclusions, therefore, can be drawn from the Hé analyses,
except to note that the average H% content of the beryllium specimens
examined is much greater than can be accounted for by the (n,a) reaction.

3

Por each of the specimens, the content of He” was found to be present
in the same quantity relative %o Ebho Its value of 1.8% indicates
that the values calculated from the (n,a) reaction might be low by a

factor of 2, in whiech case the calculated Hg content should be L.4%.

This latter value 1s in reasonable agreement with the mass
spectrographic analysis and, if accepted, means that about 15 cec of
the experimentally determined gquantity of Heh remains to be accounted
for by the (n,2n) reaction, The agreement bstween experimental and
theoretical results for the (n,2n) reaction, therefore, is quite
satisfactory, From the data now available, it is not possible to
account for the apparent discrepancy between claculated and experimental
yields of the (n,a) reaction, One source of Eg would be lithium
impurity in the fabricated beryllium, but an impossibly high content of

3.7 atomic percent would be required., If the error arises from the
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irradiation data, then the method of calculation for the (n,2n)
reaction is wrong even though giving the correct result., It would
seem more likely that the use of, or the data used for the (n,a)

regetion is incorrect.

The total gas quantity obtained from the high flux side was
about four times that obtained from the low flux side, as compareé
to the estimated ratio of five for the integrated irradiation. Both
the finite size ‘of the beryllium specimens, and the presence of
larger quantities of hydrogen in the gas from the low flux side, would
tend to méke the experimentally determined ratios lower than the true
value and the agreement is, in any event, as good as could be hoped
from the irradiation data.

{(e) Technological Implications

In attempting to predict the extent of the deleterious effect of
the neutron induced helium on beryllium when used as a fuel sheathing
material, two main difficulties arise, Firstly, no experimental
infofmaﬁion is available on the effect of voids on the mechanical
properties of the metal; intuitively it might seem that 1% void
could be ascommodated without serious results. Secondly, it is
necessary to conslder that, at least in the case of uranium, the
amount of swelling which occurs during irradistion at an elevated
temperature can be up to ten times as large as the swelling observed
for the metal irradiated at some comparatively low temperatures and
subsequently glven a post irradiation annealing treatment at the
same elevated temperature£8) Within these limitations, and realizing
that the irradiation received by the sheath for a given fuel burnup

is dependent on the fuel element geometry, some rough predictions are
possible.



= 20 = CR MET-809

When a Calder Hall type fuel element is taken to a burnup of

3000 MWD/T, then a portion of the sheath will have received an
21

irradiation of about 1.2 x 107" nvt integrated neutron flux of virgin

(24)

fission neutrons. From the point of wview of quantity of neutron

induced gas, this irradiation is equivalent to one twelfth of the

M.T.R, fast flux irradiation of 1022 nvt., Or, considering a heavy

water moderated gas cooled reactor, with beryllium sheathed uranium

oxide fuel elements, taken to & burnup of 10,000 MWD/T, the sheath would

receive an integrated fast flux of about 2 x 1021 nvto(ZS) This
agssumes that the fuel elements afa numerous enough and closely enoughv
spaced so that fuel, sheathing, coolant and moderator can be con=-
sidered mixed uniformly within an equivalent fﬁel cylinder., The
swelling behaviour of M.T.R. beryllium at 600°C, as presented in
Figure 5, suggests that these irra&iations could be completed at

600°C without exceeding the arbitrary limit of 1% swelling.

Since swelling is less if the gas goes into many small voids
rather than into fewer larger ones, it has been speculated that
swelling could be reduced by providing a large number of nuclei for
void formationo(ls) On these grounds, it would be advantageous to
have beryllium oxide present in a finely dispersed form, rather than
as larger particles such as it is in M,T.R, beryllium, However, for
some time yet the constitution and structure of the beryllium used
for sheathing applications must be determined only by considerations

of obtaining maximum ductility of the metal,
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APPENDIX T

PRODUCTION OF NEUTRON INDUCED GASES IN BERYLLIUM

A 1listing of the nuclear reactions which occur when beryllium is
placed in the internal radiation field éf a normal reactor has been

(1)

presented by Bvans. Six different reactions are listed in which HelL
is an end product, Hl and EB also resulting from one reaction each,

Of these reactions, the (n,2n) and (n,a) are the most important from
the viewpoint of total gas production. It can be shown that a third
reaction, the (y,n), is relatively unimportant and that the three other
reactions, resulting from recoil protons from the cooling water, produce
no significant quantities of gas., Estimates of ths quantity of neutron-
induced gases to be expected from the (n,2n) and (n,a) reactions have
been presented in publications by each of Stehn(z)g Evans(l)g and
Redding and Barnes(z)c In the period of time since these above
caleculations appéared new nuclear data has become available, and it now

4

seems that all estimates of the quantity of He" were low. The most
comprehensive survey of the nsutron-induced gas production is that due
to Bvans and the res-evaluation given here will, in general, follow

that presentation.

The amount of gas produced in a metal by neubtron irradiation,
for any reaction which forms Q atoms of moncatomic gas per capture,
is given by:-

gas in cec per cec metal = 2,24 Q lﬁhﬁfﬁ‘§°§ cosssoans (1)
whereif igs the density of the metal, A is thﬁ atomlc weight, ¥ is the

integrated flux of all energies, f is the fraction of F which lies in

the energy range above the threshold energy of the reacticn,ETg (if
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a charged particle is emitted then ET is replaced (h) with a higher

energy EEFF)’ and ¥ is an average cross sectlion for neutron energies
above ET;(OP'EEFF); The product ¥ G is an approximation to the exact
‘expression /’

)f(e)b{e) de cesnerriraaes (2D
o | |

where P{e) and o{e) are the neutron energy spectrum and reaction cross
séctions respectively as functions of energy. Although in any arbitrary
calculation values for F and f(e) can be assumed, it must be realized
that all cmrrent measurements Qf these quantities (in reactors) have

errors of the order of 20% associated with them.

In the (n,2n) reaction

8

569 +n == Be” 4+ 2n
: Bed sy oHelt
the half life of Beg is insignificantly short, and only the primary

reaction needs to be considered in calculation of He}‘L produced. The

mogt recent‘determinationﬁg) of E@ and ole) for this reaction was

obtained using an experimental facility which had considerable improve-

ments over any used in previous measurements of fthese quantities, This

data will be used in the pr@seﬂt caiculatiamg and no weight givén'to
previocus results. The energy E% is ﬁhen clearly defined as 2.70 mev.

The choice of T is rather an arbitrary operation, but 600 mb seems, from

the published data, to be the most reasonable estimate, If F is taken
as having the energy spectrum of virgin fission neutrons; but with a

{)@36(6)0 Then for Q@ = 2 and an

low energy cutoff at 1.0 mev, then T =

2z nvt,equation (1} gives 19.8 ecc/ce of Heu. .

integrated fast flux of 10
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In the {(n,a} reaction

Beg + n ma%rﬁaé 4 Ee& sevcoccoo L(A)
et £, 14 vesecosss (B)
Lié+n —s B> + Helt vovacoacs (C)
mg% He~ cocoooseo (D)

He3+n m«aﬂl%’}i?’ socooocce (B)

6

In this chain,reaction (&) requif@s fast neutrons. The decay of He™ to

Lié has a 0,82 sec half life, and hence need not be considered further.

6

has a rather

6

Reaction (C) proceeds with thermal neutrons and although Li
high capture cross section of 950 barns the burnup half 1life of Li~ must
be given some attention, H3 decays to He3 with a half 1life of 12.6

3

years, but the capfure cross section of He” to thermal neutrons of
5400 barns means that very little He® remains in the beryllium while it
is subjected to reactor thermal fluxes. HeB buildup in the beryllium
will only occur, therefore, after the metal has been removed from the
reactor,

It is generally accepted that the most reliable determination
ofkﬁ% and o{e) for the reaction 1s that of Stelson and Campbellﬁ(7)
from which E% is 0,71 mev., Again, assignment of & value to ¢ is some=-
what a matter of personal choice; 80 mb has been selected for the
present calculation, From Hughes<h)3 EEFF is Znal‘mevg giving T as
O.li. On these assumptionsg reaction (A) results in a gas production
of 1.5 so/ce Heh for the integrated fast flux of 1022 nvt, Caleculation
of the yield from (C) requires a knowledge of both the thermal flux
intensity and time of irradiation, EWansil) states that the burnup

half 1ife of Lié in the M,T.R. thermal flux is 90 days, and since the

beryllium used in the present experimental work had been irradiated
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for a period of 1000 daysgrsome 82% of the Li6 would have been converted

3
to Eeh and H”. The gas quantities are 1,2 and 0.6 cc/cc respectively.

The results of the previous and present calculations are presented
in Table IA. All results taken from other publications have been

normalized tc common irradiation conditions as well as the assumptions

(8)

stated in those caleulations allow. Rvans has since recalculated

the gas quantities on the basis of the later nuclear data, and is now
essentially in agreement with the present caleculstion. The differences
betweeﬁ the values of Redding and Barnes and the present caleculation
are due to use of different nuclear data in the case of the (n,2n)
reaction, and assignment of a different value éf o for the (n,a) reaction.
In addition, Redding and Barnes appear to have assumed complete burnup
of Li6@

At the time of removal from the reactor, the gas from the (n,a)
reaction contained in the beryllium irradiated to 1922 nvt integrated
fast flux has been calculated as 2.7 cc/cc Eeh and 0.6 cc/cc Hég
However, in the mass spectrographic analysis of the gas removed from
the irradiated beryllium, quantities of H@B and Hi were detected, The
1

following estimate of the amounts of H@Qg Hé and Bé which could be

expected is based on the irradiation and nuclear data given earlier.

The beryllium used in the present work was removed from the

reactor almost exactly 3 years before the gas analysis was carried out,

Over that time, the 0.6 ce of Hg would have decayed to 0.5 cc Hg, with

the resultant production of 0.2 cc HeB, 0f the total calculated

quantity of gas, 23 cc, Hg and H@B form 2.2 and 0.9% respectively. .
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o

Production of H wresults from the reactions (D)} and (E)

3

given above, The number of H" atoms formed is just the number of He

g & o 3 k3
atoms involved in the (n,p) reaction on He , and since the burnup of

3

He” is effectively complete, the number of Hl atoms finally resolves

into the number of HB atoms which decay during the period of irradiation
(in the presence of a thermal neutron flux). With the assumption
that the neutron fluxes were constant during the irradiation pericd,
and using the approximsation that Hej burnup is instantaneoﬁ$9 the
2

expression for the number of 7 atoms which have decayed during the

irradiation tims becomes:

30 \ 2
No. H” atoms = ?KH K, {imgmm w ot e L = 1 exp(wﬁzt}
L2 AL NE N Al
. L3 st { ‘L)

6
where Kmris the rate of procduction of Li~ via the rveactions (A) and (B},

3

EH is the decay constant of s an&,kﬁ is the burnup constant, equivalent

to a decay constant, for Liée The above expression gives 0.05 cc sz

which iz 0.2% of the total gas quantity., This is the meximum quantity

L ,
of H, which can appear in the irradiated beryllium, since in fact most

1 1.5
H stoms will go to form H Hj molecules, However, the total number of

: bor of 1
H atoms produced can only reduce the number of 5 molecules formed by

ddition, the gqguantity of H$H39 which will appear in the mass

4

o

=

o

spectrographic analysis as mass L along with He

4

percentage of the He present,

o is not a significant



TABLE TA

NEUTRON INDUCED GAS YIRIDS IN BERYLLIUM

Gas Produced for 7 g22nvt Fast Flux |

Reference |Reaction | Threshold Effective Capture; Helium| Tritium | Total gas
Bnergy Mev | BEnergy Mev | Cross Volume | Volume Production
: Section| ec/ec | cc/ce ce/ec
mb

Stehn'?) 1.8% 200
0,71 < 50

Evamgii} 1“6?, 100
i C}&)S?l

Reading 1.8
and (5

Barnes 0,71

2,70
0.71

Present
Work

60Q=-L@ 4D
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IRRADIATION HISTORY OF SHIM ROD = 68

P@s‘it‘icn Dates MWD
L=kl 31/3/52 to 19/11/53 12,168
L-22 19/11/53 to 17/1/5L 1,548
Lelihy 17/1/5L4 to 22/8/55 12,799
L=l6 22/8/55 to 27/8/56 L,548

31,063
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Pig. 6 a 1000 x

As received

Fig. 6 b 1000 x
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at 700° C. Density decrease 14.2%

FIGURE 6. PHOTOMICROGRAPH OF M.T.R. BERYLLIUM
IRRADTATED TO 1022 NVT FAST FLUX



