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ABSTRACT
A mass spectrometer was used to measure helium permeation through the
walls o{, tubes made of pyrex glass, fused silica, refractory mullite, and hig'h-
alumi‘néi ceramics, Application of tensile strains near the breaking point gave an
1nstaﬁtd;xeo'ua and reversible increase in steady-state helium petinea-fion-, on the
order of 1%. The strain depéndaixce of the pérmeation in Pyrex, fused silica, and

mullite could be expressed as

K, = K exp[Me¢/RT],

where K‘E and K vai'le the strained and unstrained permeability coefficient, respec-
tively, M is the strain coefficient of the activation energy of permeation, ¢ is the
total etrain, and R and T are respectively the universal gas constant and absolute
temperature, The observed strain dependence of permeation in these materials was
similar and presumably due to uniaxial strain in the glassy phase witﬁ a resultant
decrease in the activation energy of helium permeation. The high-purity alumina
showed no detectable helium permeation in the stressed or unatréssed state within

the temperature range investigated,
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| I. INTRODUCTION

Recent developments in nuclear technology have included the use of. refractory
ceramic materiale as fuel and structural members in reactors, 1 Ceramic materials
are also used as vacuum tight envelopes in many electronic dpolicatlons. It is there-
fore important to know the permeability of the ceramic to gases, Usually permeability
is determioed experimentally as a function of temperature, Hotvever.‘ mechanical and
thermal stresses are often imposed on ceramic cotnpbnenta during use, In metals
elastic strain can cause considerable change in the self-diffusion coefﬁoient. 2
Therefore, it is possible that the distortion of a ceramic by elastic strain may pro-
duce significant changes inthe gaseous permeation rate, A study of the stress
..die,pendencé as well as the temperature dependence of gaseous permeation through
ceramic materials would provide a useful and a rﬁore thor-ougil understanding of these
materials, | |

The study presented here made use of a maas apectrometer to measure the

temperature and stress dependence of the steady-atate permeation rate of helium

through several ceramic materials.

1. PERMEABILITY COEFFICIENT |
For the case of the steady-state isothermal permeation of helium through a

\

membrane, the amount (q) per unit time (t) permoating a membrane is given by3

tg KA AP ' : | () |
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where '
! TP (atom
K = permeability coefficient P
A = avea of the membrane { ‘cma)'

OHP = gaa_preasure difference acvons the 'mem_b_rane (atm),

- f = thickneos of the membrane {em), |
For a given membrane through which a géo is prermeating it {a evident that a change
in the permeabllity coefficient, I, will result in a change hl the permeation rate,
qft. Therefore, the dependence of ¥ uimﬁn' temp:ara,tm'e and strain is an important
coneidexation,

A. Temperature Dependence

In glasses and polycrystalline ceramic materials noz'mal_ly considered
“vacuum tight K usually has an exponential dependence on temperature represcnted

by

K =¥, e:xpo(&ilc/'l?,’r'). : ‘ (2)
whére
g = -c':n'natanlt (atém/secacm),
AL, = activation energy of pexnima.tidn (cél/mo‘le),
R = gas conatant  (cal/deg-mole),
| T = abaolute temporature (°K).

[ §3 AHK is independent of temperaturé. a plot of logarithm of K aga‘.imst reciprocal
temperature yielda. a straight line with a slope propoxftional to A |
The permeability coefficient K is defined by
K = D3, ()
where |
D = diffusion coefiicient C {em/sec),

S = golubility coeificient (atoms/ce).
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Nornially, within experimental errors,
o D= D, exp(-2H,/RT) and § = §, exp(-2H/RT), (4)
where ‘
. AHD = activation energy of diffusion {cal/mole),
| AHg = heat of solution ~ (cal/mole),
D, "= constant (sz/aec).»’
S¢ = constant (atoms/cec).
It follows, then, o
K = Ko exp[- (AH, + AHG)/RT], . (5)
where
Ko = (Do)(So).

In the dif}fusion of helium through glass there is essentially hard<sphere
{interaction of atoms, 4 Diffuniqg helium atoms can be pictured as squeezing between
barriers in the glass network h; passing from one solution site to another. The
activation energy of diffusion is the thermal energy the helium atom must have to
pass through the constrictions between solution sites, il‘-he activation energy o!“
solution ia the energy taken up or lost by the helium atom as it paaseé from the state
of a free gas atom to a state of solution on the surface of a solid.

B, Strain Dependence -

Carman has generalized that for diffusion of rare gases in glass, values of
the permeability coefficient afford & fairly good relative measure of the diffusion

5

coefficient, © For instance, there is a difference of several orders of magnitude

between the permeability coefficlents for helium and neon diffusion in vycor glass,
whereas the solubility for those two gases differs by only a factor of .two. 6
From Eq. (3) it is apparent that the change in permea.biiity coefficlent would
te due to a change in the diffusion coefficient. Tha larger size of the neon |
atom evidently decreases the value of the diffusion coefficient, A simlilar

phenomenon is observed for diffusion of ixelium in various glasses ‘da the
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constriction between solution sites are plugged with alkali and alkaline earth oxlde'a.3'7
- Therefore, it can Le assumed that for rare gas diffusion in glass only the
diffueion and permeability coefficients will be changed significantly if the constrlctlona
between golution sites are dilated by teneile strain, Using the precedmg}ass.umptmn anda

~theory dealing with diffusion in strained gystems developed by Girifalco and Grimes,
one can obtain the expres aions
K_= K exp(Mc/RT). B o (e)
where | B
K ¢ * permeability coefficient measured for. diffus-io‘n: ina ntfqiﬁed
material, | |
K = permeabluty coefficient measured for di ffusion in an unstrained
material, | ,
M = a constant which is & function of (8¢/8c), where ¢ io the

potential energy of the syatem. and

¢ = total strain imposed on a asystem,
The total strain for the case of uniaxial tensile stress in a homogeneouu

isotropic system can be expreseed as

¢ =(1-2p) 04/E, | (7
where | “
= Poissorls ratio,
op = uniaxial tensile streas, and
'E = Young's modulus at the témperature of interest,

Comparison of Eq's. (2) and {6) shows that M is esaehtially a strain coefficient of
the activation energy of permeation., Furthermore, from Eq. (6) it follows that
In (KG/K) = Me/RT. (8)
If Eq. (6) is valid for a given syatem and K(_,, and K are measured at several tem-
peratures and strains, a plot of In K e/K against e/ T would yleld a straight line

having a slope equal to M/R and passing through the origin,
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111, EXPEI%IMENTAL PROCEDURE

The temperature and tensile~strain dependénu of helium permeation of
several ceramic materials was studied by ‘uéa of the speaimena. apparatus, and
procedure as described below, | |
A. Specimens

The specimens' coinpoition and ph‘yaicalv properties are g‘ivén in Tables I
and 1I. An x-ray-diffraction study of the mullite materials showed n.ullite and
alumina present in the material designated mullite 1 but only .mullite in mullite 2,
Figure ] shows photomicrographs of the mullite and alumina materiale,

The specimeﬁa were obtained commercially as 9-in, -long tubes of about
0.5 in, o.d. By use of a lathe and a diamond saw, a 0.5-in,-long reduced aectiqh
was ground into the middle of each of four specimens of mullite 1 and two of alumina
2, In two additional specimens of mullite 1 there was a slightly different modification
consisﬁing of two 1/8-in, -long reduced sections at the middle of the tube 1/4 in. apart
(the tube between being of the original diameter), The different modifications of
mullite 1 specimens were used to deeer‘mine if the stress concentration at the fillets
influenced the data. The wall thicknesses of the specimens are given in Table 1,
B. Apparatus |
| Tha apparatus consisted of a resistance-heated vacuum furnace, a loading
device. and a mass spectrometer., A s-hematic diagram of the éixtir_e_ apparatus is
shown in Fig, 2 and a photograph of the asasembled furnace ahd loading device in
Fig. 3. | ‘

The furnace could be evacuated to - l()"4 mm Hg or filled with 1 atmospher
of helium. The heating coil had a constant-temperature zone of abput 0.5 in. for most
operatihg temperatures. Power was supplied through a voltage stabilizer and a
manually controlled auto transformer. The temperature was measured by a

Pt/Pt-10%Rh thermocouple at the center of the conatant-temperature"'\zone and touchin;g

the inside wall of the specimen,
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Essentially uniaxial tensile atree;s was induced in the apecimens because of
the ball and socket relationship of the grips and the pressure plates, The load on
the a‘pecitﬁé‘h was varied by control of the air pbeaéure in the diaphragm cyﬁf‘xdéf.

The mass spectrometer was a Consolidated Electrodynamics Corp. helium’
‘1eak detector, model 24120, .C;anginuouul-xhoniﬁbr'iﬁg',' of the helium 'p"éf&iﬂl.pi*‘efpéﬁté
inside t‘he specimen allowed meaaurement of the trénsian& and aseédy-at#te pet -
mea.tioﬁ at various temperatures and stress ievels. The miags apectz‘-émeter Wam
C. Procedure ' o |

' Techniquee for employment of the riads 9§ectrometer far permeation studiee )

bave been diacusaed elaewhere 3, 7 The temperatu-re dependence of the helium per-
meation rate through unste eased mullite 1 was determined in four apecimena with a
‘thin-wail reduced section at the center, The specimens were placed conaecutively
in the apparatus with the reduced section in the constant-temperature mane of tha
furnace, ' With the furnace evacuated. a steady atate of specimen temper&ture and
mass spectrometer background was obtained; then the furnace was fliled with _1
aﬁnospheré of pure helium, The temperatuse was maintained within ¢ 5°C by ad-
justing the auto transf@z'ﬁer. After a short time ‘inter'val the mass spectrometer
~output would start to rise, Usually in less than an hour the output would cease to
rise; steady-étate permeation through the reduced section had been achieved, I'?‘r_om
the d‘ifference between steady-state readings and from a caiibrat_lon curvé for the
r}zau apectrometer. the permeation rate of helium could be determined. This technique
was used at various temperatures between 500 and lOOO‘C. |

Shortly after steady-state permeation through the reduced Bection had been
achieved, a very slow increase in permeation rate would begin, which continued
until a second steady state was reached in 12 to 18 hours. The second increase in
permeation rate '(ugually about 5% of the total) was due to permeation through the

thick«walled portion of the specimen,
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The tensile-stress dependence of permeation was atudied, at various tem-
peratures. in one apecimen each of mullite 1 and Pyrex and two specimens each of
the other four materiale / &e unmodified configuration, In addition, two specimens
of mullite 1 with a 0,5-in, reduced section and two with two 1/8-in, reduced sections
were also tested, | |

With all specimeng the technique described previously was used to obtain final
steady-state permeation, In the mullite and glasses the second ateady-afate flow of
helium through the tube wall was achieved in .about 18 hours,

After steady-state permeation had been attained, a tensile load was rapidly
applied to the specimen., The masn spectrometer output immediately increased to a
new steady-state level, indicating a greater helium flow in the etressed condition,"
Removal of the load resulted in an equal decrease in flow rate, One-minute loading
cycles were repeated from 12 to 15 times at each load setting and the average values
of the flow rate in the stressed and unstreseed conditions were calculated, Several
dif:teren_t loads were applied at various temperatures between 214 and 347*C for the
Pyrex and {used silica and between 553 and 939°C for fhe mullite, Tests were conducted
on the alumina 2, similar to those deacﬂbed for the mullite and glass specimens, at
_ ﬁemperatures between 25 and 963°C, Tests of alumina 1 were conducted as for alumina
2, but were limited to 'tem'peré.tures below 300°C because of ita greater wall thicknese
and thermal conductivity, which resulted in high temper;.turea at ihe silicon rubber
O-ring seals between the tube and the furnace,

Loading times varying from 0,1 second to 15 minutes were used to utudy the
loading-rate dependence of the permeation rate, Specimens uouaily failed in tension
at the center of the furnace at stress levels of about 3000 psi for glass, 6000 psi for
~ mullite, and 12,000 psi for alumina, |
~ After a specimen had failed the wall thickness was measured with a ball microx;n-
" eter and the cross-sectional area calculated, Stress levels were calculated by dividing

load by the cross-sectional area,
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IV. RESULTS
The data obtained for helium diffusion through the four unstressed specimens
of mullite 1, each containi‘ng a reduced section, is r-abreéexited in Fig. 4 sae a 'plét: of
InK against 10, 000/ T. From the slope of a line drawn tnrough the data points an
activation energy of 8550 cal/mole was calculated,
The data obtained from teats of apecimens of mullite 1 and 2 without reduced
sections is répresented in Fig. §as a plot of In Fr/lf against ¢/T, The same
' pa,,ramei:er-l were used to .répres_ent data -6ﬁtained from t»assf_'a of specimens of mullite
- | wh'ich }md a reduced nection, Pyrex and fused silica as shown in Fig 6. The linear
relationahips shown in Figs. 5 and 6 indicate the validity of Eq. (6) for helium per -
meation of the materials tested. The maximum strains. applied caused increases in
the permeation rate on the order of 19,
The calculation of the permeability coefficients of Figs.4, 5, and 6 were
'carried out with the assumption that most of the helium passed through the portion of
the specimen at maximum temperature as (ndicated by the thermocouple‘ Strain {¢)
in the specimens was calculated by using the temperature dependence of Young's
.} modulus for the materials as shown in Fig. 1l 7
No loading-rate dependence was found in any opecimen, The effect of the
stress concentration at the fillets of the reduced section of mullite 1 specimens was
negligible, : »
No helium permeation of the alumina materials was detected under any of the
experimental conditions, | |
V. DISCUSSION
The linearity of the data of Fig. 4 indicates that an activated permeation process
was dominant, Finding a noﬂine#r' T;/ 2 dependence of permeation rate supported the
conclusion that there was no significant contribution from Knudsen flow through cracks
and other ch_annels.s Diffusion in polycrystalline ceramic materials occurs pre-

dominantly | in the: boundary_fhat usually exists between grains, 12 It is reaaona'ble,«
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therefore, to assume that permeation of helium through the polycrystalline mullite
occurred primarily by way of the continuous glassy phase and the closed porosity,

Alte.moae has developed an empirical relationship between the activation
energy of pormeation of helium rmd‘ the amount of glass-forming compounds in a

glass, 7 The expression is written as

AH,, = « 260m + 30%10° cal/mole, (9)

K
where m {8 the amount of glass former in mole %,

The activation energy of permeation of helium thiough mullite 1 was deter-
mined to be 85_50 cal/mole, and from Eq. (9), m was found to aqual 82.5 mole %
'glasn former, Within the uncertainty of the measurementa involved it is réﬁnonuble
that the glaosy phase of mullite 1 may have had a glass~former content of that magnitud
in the form of 5102.. Therefore, the rate~determining step in the permeation process
waa probably diffusion through the glassy rmatrix,

The activation energy of helium permeation in mullite 2 was not determined,

- but qualitative observations at various temperatures indicated that an activated per-
‘meation process was occurring, Furtixermore. the permeability coefficient, K, of
mullite 2 was smaller than that of mullife 1. This was indicated by a much smaller
helium flow rate per unit thickness through mullite 2 than mullite 1 at a given tem-
perature, A higher activation energy in mullite z» may contribute to the findings;
however, the most reasonable explanation is that because of the well-developed
erystalline phase, as shown in g, 1, the effective path length for diffusion through
the glassy phase is much longer in mullite 2 than in mullite 1, |

The activation energies of helium permeation in fused silica and Pyrex
glass are reported to be much lower than that measured for mullite 1.7 The lower
activation energy and the absence of a relatively impermeable crystalline phaaa

caused the helium permeation rates through the glasses at lower temperatures to be

comparable to those in munitke at much higher temperatures,
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There i8 a linear relationabip between duta points at any one temperature
(Fig. 5), but none vbetwocn points for different temmpoeratures, Thia situation was
caused by errors introduced in measurements and assumptions made, However,
the errors were systematic and the linearity of datn at one temparature supports
the conclusion that the permeation rate does have an exponential dependence on strains,
Data points obtained at different teruperatures had two raajor sourdes \o,f _
scatter, First, the temperature gradient was different at each if\dicatod temparature,
Since only the Indicated temperature at the center of the specimen was used in cale |
culations, scatter of data from tests at different temyaeraturée resulted, Secondly,
the Young's modulus temperature dependance obtained £r6m the literature was a i'atiieii*
crude appfoximatlon because the mullite material veed for the modulus determination.
probably differed in micrdstrueture and commiponition _from materials used in our ’work:
The Young's modulus changes rapidly {n the temperature range of the experiments on "
the mullite ’xﬁﬁt’eri&io. rsb: that auauﬁxpﬁidn of an incorrect temperature dependence
would result in discrepancies between data talien at diffurent tc:vnfx‘qse'a'x‘:‘;_turéiai
The first source of scatter was reduced by using specimens of mullite } with
a reduced section ’thé"t could be held witi’ziﬁ + 10°C of the indicated temperature, Signi-
ficant stress levels existed only in the reduced section, The second source of scatter
waa reduced by the assumption of a hypothetieal ternperature dependeénce of Youngs
modulus slightly different from but reasonably close to that repoftad'b'y Wachtman
as shown in Fig, 7. 9 These reductions in scatter produced a more linear correlation
of data for mullite 1 at different téfxizpefatui-éé as shown in Fig, 6.
the data points for mullite 1, DPyrex, and fused silica, The validity of Eq. (6) was
indicated by the linearity of the data. The M/ values obtained from the slopes were
6.54X 10.4 *K for mullite 1, '1.66')(104 for Pyrex, and 1, 29)(104 for fused silica,
Figure 5 shows tlx similarity of strain dependence of helium permeation of both

mullite 1 and 2, Therefore, to a first approximation, the M/R value in those materials
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was assumed to be essentially the rsame. |

The relatively small teu-x'pe'ratum interval used in tests of Pyrex and fused
silica resulted in much less aca{tter of data than obtained from mullite without
reduced gections, The M/R v'a'iu.es of the four widely different materials tested
differed by only a factor of about 4, This fact sugpeats that the .eff'ect meanured stems
from a common mechanism,  Since the glassy structure is the only common com-
ponent in the materials, the observed strain dependence of permeation rate may
reagonably be attributed to strain in the glass structure,

The values of-'M/ K obtained in this work and values reported for diffusion in _
aeveral_(;ther ma{:eria-ls‘ under compresaive strain are shown 1n Tabia III. The
repor?é'.d‘ M/R values for diffusion by greatly different mechanisme .égree within
two orders of magnitude and bracket the values obtained in this investigation, Since
change in interatomic forces by induced strain is a reasonable explanation for the
observed strain dependence of diffusion in the other aystems, it seems reasonable
from the discussion above that thé 's'amé may be true for helium d_i‘-ffuaion in glass,

The mechanism envisioned for helium permeation in the glassy phases wae
successive jumps of the heliu’xh’ atoim from ohe site of low ;po'te’n‘ﬁél energy to another
through constrictions formed bir strongly bonded lons where atomic interaction was

makimum, 37

A tensile strain induced in the glass would rveéult in an overall in-
crease in the distance between bonded fons and would decrease ihter'ﬁction with the
~ helium atom, The‘x-eforé, the activation energy of permeation would be reduced,
No deterioration of the materials after repeated cycie'ﬂ of high stress levels
was detected; the data obtained were independent of the strain history of the spec-

imen, Furthermore, no loading-rate dependence of psrmeation was detected in any

of tha ma/,l';‘erials.
/‘;

;chAfee studied the effect of tensile and compreasive strain on helium per-

meation of Pyrex glass at room temperature, 4 Tensile strains calculated as greater
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than 21074 caused a vary ;E:ﬁﬁ?ic:i incrense :'in permaation rate, At at:iﬂd .'faf.tr:'aiﬁé -
- near the brénldng‘ point the permeation rate in.c::.cméti rapidly after an;incubmtio‘nv
* timfe of M'veral-' hours, Mechfoo couc‘ludrav;‘l that ;ni"l%micrms‘corié':fl:aiw-a"’m the glass
p1 opugjated whcm 3traimd pnnt a m'itical point 'md becarhe paa-conductingr patiw.
howevor. he did not rule out tlm poscibility of per meation by an activation p:oreas
uthrough thc;- gl-aaa structuve for at least part of the waythrough thq membr._ane.
The maximum longitudinal stiding ob hmwd in mage J:l'\l'a ofi‘t_‘h‘ia “dtudy were
nornm.lly about 5‘:(10 ; howover, no increase in permeation rate ‘after the initial
'+ :change was ohserved even aftox- 20 minutea of static atrain. Qne posisible e~:’pl‘zmation
for this diffcrence from MeAfed s results is that although aubmicroscapic cracks do
exiot in the glassy. matcmiml tlﬂoix opera,tion as ,a.s --conductorqm depen._d__e_,nt- on the
P thic-kness o-f. the membrane, The wall thicknea_s of ﬁpeqimens-_iqihié wm-k wab about
eigrht timos that that used by l\wcAfee. ‘Cracks may have beeti opened
but the tortuoaity and chancc for cliscontinuity in the channels would have ‘been much
greater than in- Mr-Afee's aneclmens. I R T P

ot A Pm meation of helium conld ncst be detected in the alumina materia.ls ewm

St under a static stresa level of 12.000 psi at a tempnratuxe of 825°G Studt has ob~
SRR served burnta of heliuin | gaa pcrmeating thin membranea of alumina at roam tem-—
peratum upon rapid application r.md removal of: tnmile atress 13 Hio obaervations
Were paxtly e::plained by poetulating the exiatcnce of! cracks connecting closed
poroaity 'with the surfaces of the mcmbrane. Under transient conditlona of. streas
" the cracks C‘Were' openad andvheliumtﬂowe_-d through: After many cycles of stress,
~adsorption of helium atoms on tﬁe ch&nne.l;wéil_s; blocked further flow.,'and‘, caugsed
@t the’effect toe'-di'e'a.pp'ear.- T S | |
The negativ.e‘ ré_sults of this experiment, in _contraat with Studt's observations,
~ .may. have been due to @h_‘e use of thicker membranes and alumina materials of different

o mic_roatructure. _ . .
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VI. SUMMARY AND CONCLUSIONS |

The temperature and tensile strain dependence of permeation of helipm
through two types of glass and several ﬁolycryatal multiphase alumina and ﬁ}ullite
materials was measured, Helium permeation qf the glass and m\illite\ materials

| apparently occurred by an activated diffusion process through the glasey phase
in the strained and unstrained condition,

The permeation rates of helium through the mullite and giass materiale
showed similar expon‘é-ntlal temperature and strain dependence, The change in
permeation rate upon stress application was evidently due to expansion of the gl@u
network that was present in all the materials, This exﬁanaion reduced the activation
energy of permeation of helium, The decrease in activ.atiion energy caused the
helium permeation to increase rate on the ordex: of 1% when fenéil_e strains near
the breaking point were induced in the materials, |

All the effects measured were re?ernible. and neither load-rate dependence
nor deterioration of the specimen/}‘uhder repeated application of tenaile loads was
detected, ‘ |

No permeation of helium through two{high-purity aiumim; materials was

detected in either the streseed or unstressed condition,
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Table 1. TPPhysical properties of specimens,

B e e e o LRI 2o - TSI, T T N R
Specimen wall Physical properties
thickness (in.) o
‘Material as at the apl}&‘z)em cidled o&?’én Young'é Poissorls
received reduced density poroglty porosity modulus  ratio
section (g/cc) () _ at 25°C,
‘ (pts&b(’ll'().‘6 )
alumina 1 0.080 ~u- .17 6 0.0 sow e
alumina 2 0.060 0.030 3.69 6 0.0 ana nw
. , (b)
mullite 1 0.120 0.040 2.44 18 0.0 20,7 . 0.28
| - -(b) .
m\.‘nite Z 0.117 - e 2.74 13 0.0 20.7 0.25
| (c) {c)
fueed silica 0,041 e 2,21 0 0.0 16.6 0.17
o8 | (e) (c)
Pyrex glags 0,036 e 2,19 0 0.0 9.2 0.23

(Corning 7740)

. . 4

' S
(a) Determined by a Beckman air comparison pycnometer, analytical balance, and

mercury displacement volumeter.
(b) Reference 9,

(¢) Reference 10, '
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Table II. Compagition of gapecimens,

Chemical compoasition (Wt %)
(anaiyaia supplied by marufacturers)

;ifir'ial AIZQB SiOZ, ' Fe”Z.OJ Ti‘Ox NazO A Cu®® MgQO 33203
alumina 1 99.7 0.2 B B van eee o eea
alumina 2 95,2 4.0 0,2 “omw 0.1 0.2 0.3 owe
mullite 1 54 43 ¢ 3= > mee
muilti_a 2 58.9 36,5 0.9 1.2 L2 1.1 0.4 e
fused silica  www B100  ees  mee ewe wee des e
Pyrex glass 2,0 80.6  wms  aes 44  exe wee 11,9
(Corning 7740)

e e e e L e AR T S ey R g s e S e e i ety ke nmsnreegend




Table 1Il. Comparison of values of M/F for various solids,
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Material | Diffusing species Type of strain M/R
. — . (°K)
Mercury(liquid) mercury igsostatic 1,970
L A ‘ compression o
Gallium (liquid) C gallium {sastatic 1,970
' .- - compression _
Sodium sodium isostatic 10,130
| -compression
Fused silica helium uniaxial tension 12,900
Pyrex glaso helium uniaxial tension 156,600
(Corning 7740) : .
"~ Refractory mullite helium uniaxial tensile 65,400
Silver bromide silver isostatic 73,340
_ compression '
Lead lead isostatic 73,590

Reference

8
"

this work

this work

this work
8
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FIGURE LEGENDS

Fig. 1. Photomicrographs showing grain and pore structure of (a) alumina 1,
(b) alumina 2, (¢) mullite 1, and (d) mullite 2,
Flg., 2. Schematic representation of the épparatus for the permeationv study.
Fig. 3, Photograph of the loading device and furnace with a apeclmgn in place,
Fig. 4. Temperature dependence of the helium permeability c'oefﬁﬁient for mullite 1,
O before strain tests A after strain teats
Fig. 5. Logarithm of the fractional change in the helium permeability coefﬁciem
asa functlon.of strain and reciprocal temperature for mullite 1 and mullite 2.
| These data were obtained from tubes as received from the manufacturer,
thersfore no permeation area at a uniform temperature could be determined,
Fig. 6. Logarithm of the fractional change in the helium permeébility c&efficient
as a function of strain and reciprocal temperature,
O: mullite 13 A Pyrex glags; A: fused silica.
Fig., 7. Fractional change in Youhg'a modulus as a function of temperature for
several ceramic materials, _ ‘
i ms e e fused silica (Ref.} 11)
- e - we Pyrex glass (Ref, 11) -

e Mullite (Ref, 9) :
assumed for mullite 1 specimens with reduced sections

L X K B K R N
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ZN=-3726

Fig, 3.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission,'nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ' i

"As used in the above, '"person acfing on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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