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ABSTRACT

This study consists of two parts. The first part is a develop-
ment of a more fundamental and quantitative understanding of the trans-

port of noble gas atoms through glasses and single-crystal Si and Ge.

Literature pertinent to gaseous permeation through these materials is

reviewed with respect to experimental data and explanations for the ob-
served permeations. A series of equations for the permeation coeffi-
cient is developed in terms of the solubility coefficient and diffusion
coefficient. The theory is further extended for Si and Ge to include
calculation of the activation energy for diffusion and solution. From
this resulting quantitative theory it is possible to explain the relation-
ship of glass modifiers to permeability, and the increase in density
with increasing amounts of glass modifiers up to about 10 mol percent,
and to identify the forces probably responsible for the observed activa-
tion energies for diffusion and solution.

The second part consists of an investigation of the effect of in-
duced stresses on permeation through normally impermeable high-
PUsiicy AlZO3 bodies. Stress?enhanced'permeat‘ion is found and related
to the microstructure of these bodies. Adsorption of helium on internal
surfaces of these bodies is also found as well as initial stress-free
permeability for specimens that later become impermeable. The per-
meability found is considered to be significantly different from that dis~

cussed for glass and single-crystal silicon and germanium.
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I. INTRODUCTION

In recent years the development of nuclear reactors as high-

‘temperature energy sources has necessitated incréasing use of refrac-

tory ceramic materials as structural members and fissile fuels. Glass-
containing fuel elements have also been contemplated. A portion of the
fission products generated by the fission ‘:})rocess are gaseous and radio-

active. Because of the high temperatures éxisting in reactors, evolu-

‘tion of such gases in confined spaces could cause high pressures and

biologically dangerous discharge of radioactivity:" Thus, permeation

~of gases through such materials is important.

Previous investigations of the evolution of noble gases from
crystalline uranium oxides, carbides, etc., have been by postirradiation
gaseous evolution experiments. The possibility exists that the gaseous
evolution process during reactor operation may differ from the one in-
vestigated in such experiments. The dynarnio 'stress-strain environ-
ment is signiﬁcantlmy differe'nt. .owing to the very large local stresses
and lattice disruptions that ex1st around fissioning atoms. Grain bound-
aries may be weaker reglons in the fuel matrix. Consequently, portions
of the grain- boundary surfaces may be separated momentarlly by such
stresses and gaseous evolution may be along such temporarlly opened
paths. Investlgatmn of both the permeatmn process. through glass and
single crystals, a.nd the effects of stress on permeation through brittle
polycrystalline ceramic materials will therefore be of theoretical and
practical value. _ _

_Because of the voompl.exrnature of polyphase-polycrystalline
ceramics in which one phase rnay vbve. a glass, it is necessary to con-
sider permveation through glass, through crystal lattice, and along
grs.in boundé,riés Therefore, Pa.rt I of this study establishes the nec-
essary theoretical background for permeatlon of gas through glass and
crystals. Follow1ng this part the passage of gas through polycrystalline

AlZO under cychc stresses is analyzed.



II. GAS PERMEATION THROUGH GLASS,
SINGLE-CRYSTAL SILICON, AND GERMANIUM

Published experimental data, previous analyses of these data,

and the resulting theories for passage of rare gas atoms through glass

<

are presented. ' The proposed theory is discussed, then compared to

- these available data. From this theory and its agreement with the avail-
ab‘le,vdaté, conclusions are drawn as to the location of gas atoms in glass,
Si, and Ge, the state of the‘gas.'atom; the effect of composition on this

state; and finally the mode of passage through the solids.

A. Mathematics of Flow of Gas Through Membranes |

Da.rcy' s lawl s-tates

F=KAPR , - (1)
where "F—v-‘fl'owl rate, >in cc gas at STP per sec,

K = permeatlon constant,’in cc gas at STP per atmos -unit
thlckness of membrane,
AP = pressure dlfferentlal across membrane,
A = conductlng area of membrane, ' '
‘4 ='thickness of membrane
It is pos51ble to relate K to a solubility coefficient and a diffusion co-
efficient if we make several simplifying assumptions. First, we assume
the concentration, C, follows Henry's law as
Cc=sP, B o (2)
where C = concentration of gas atoms per cc of solid,
o S = eollibil'ity coefficient, which is a constant of propor-
:in‘hality'dependent on temperatlire only,
P pressure of ga.s in equ111br1um with concentration, C,
of gas in solid. '

‘Second, we assume that the diffusion coeffic':ien‘t, D, is a constant

«;

independént of concentration and dependent onlyv on the temperature.
Third, we assume that the concentration at any point in the solid is an

equilibrium one. Fourth, we assume that the diffusion process is.the



rate-controlling process for passage of gas atoms through the membrane.
That is, adsorptlon and desorptlon at the surfaces do not control rate

"or concentration.  The flow rate may now be rewritten as

F.x' &8¢, ’Wher_e K' = E ) - N O (3a)
A AL L8 S
or : I ‘
‘ N ’ b N . * . - -
J=K dc ; ' (3b)
o -dX : :
where J = flow per unit t1me unit area,

X = dlstance in dlrectlon of flow

_ The d1ffu51on coeff1c1ent 1s glven by Flcks‘ flrst law as

J=D dc , where D = diffusion coefficient. = T (4)

dx
. - 1 ' . . . o
Therefore, K or —ISE is equal to the diffusion coefficient as defined by

Flcks‘ flrst 1a.w | Thus, the perrneablllty coeff1c1ent is
K = Ds. : | o (5)

W1th this equatlon we have 1dent1f1ed the overall permeatlon
: coefflclent as belng in fact a product of two other more fundamental
constants, each of wh1ch is determlned by a dlfferent step in the over-~
all permeatlon process. The dlffu51on coeff1c1ent, D, depends on the
mechanism of gas atom transport through the glass structure. The
_solublllty coeff1c1ent, S, depends on the mechanlsm of solutlon of the
_gas atoms in the glass structure. _

A _ Study of Ficks' flI‘St and second laws as they pertain to permea—
tion shows that K can be found from the first law, i.e., steady-state
flow conditions, and that D may be found from the second law, i.e.,
from the flow-rate time dependence. Since both D and K .are_ known we
can then calculate S, the solubility coefficient.

Many equivalent solutions to Ficks' second law have been pre- . ..:
sented in the literature from time to time. 2-8 Each one lends itself
most readily to analysis of the data in a different way. To visualize
these alternative treatments it is necessary to consider the forms of

the experimental data. The experiment may be performed in two ways.



- .A given amount of gas may be introduced into a chamber on one side of '

... the membrane and the pressure rise in a known volume on the other

side of the membrane continuously recorded. Or the flow rate of the A
gas through the membrane may be continuously recorded by means of
A pressure sensors Oor a mass spectrometer :

The first method yields curves of the form given in Fig. 1. The
time lag is L = ——-PZ— , and is thoroughly covered by Ba.rrer.F

In the seécﬂond method curves of the form given in Fig. 2 are found.
Such a curve may be 1ntegra.ted graphically to obtain one like Fig. 1.
However, this is generally not done, since solution of Ficks' law gives
the equation for the curve of Fig. 2. Therefore, fitting a calculated
curve.to the experimental curve yields the value of D.

Three fitting methods have been presented in the 1iterature.4’ 6,8
The ~fir,st considers the slope at very shor.’c“times.6 A solution to the
time- dependent equation 1s found that simplifies for small times. A
second method considers times other than small ones and thus fits all
but the beginning portion of the curv_e.4 The third method considers.the
inflection po’int‘of the curve. 8 Experimental and calciulaited inflection
p01nts are matched to determine the diffusion coefficient.

A further experimental variation is to compare the diffusion
c”o'effic1ent found from the rise in flow rate with that calculated from
the decay in flow rate on instantanecus removal of He from the hlgh-
pressure side of the membrane.”’ A possible advantage of using the
decay scheme is that there is no stress applied to the membrane through
He pressure. This effect, how'ever,. should not be important for a pres-
sure of 1 to 2 atmospheres and a usual membrané thickness of approx

1 mm.
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Fig. 1. Amount of gas permeating a membrane as a function
of time.
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of time. :

Y

\

€«
"l



ia

B. Literature Review

1. Experimental Data for Glass

Data sufficiently co.rnplete and accurate to be used as a test for
a quantitative explanation of gas flow through glass are given in-TablesI
through III. Table I consists of a recompilation of the glass composi-
tions for the important published materials. Table II is a listing of the
best data available for He flow through these glasses. Table IIl is a
compilation of the same data for flow of Ne through these glasses.
Table IV is a summary of the data on flow o.f He through single-crystal
germanium and silicon.

All these data have been evaluated in.the form of
D =D exp(-AHL/RT), S=8§; exp( -AHS/RT), K=Kexp (-AH, /RT. (6)

The values for D, S, And K have been plotted vs 1/T on semilog paper
and straight lines drawn through the points. Figures 3, 4, and 5 are
plots of D, S, and K, respectively, from the data from Tables I, II, and
III. In the case of He diffusion through and solution in fused quartz,
Swets et a.l.3 consider the best least-mean-squares fit to be two curves.
All the other curves are best approximated by single straight lines.

These equations are, for He in fused quartz,

T =24°C to 300°C,

D= 3.04)( 10"4 exp< —'5580i»F§>T§al/g atom > , 1nh cmz/sec, (7a)
_  _680£60 cal/g atom . atoms

S = 199X1O exXp <— RT ), in m ’ (7b)

T = 300°C - 1034° C,

D=7.40X 10_4 exp<-6613i4%;al/g a.tom> , in cmz/sec, (8a)

_1174% 120 cal/g atom> ip 2toms (8b)

17
S =1.28X10 exp <_ RT - ’ cc-atm’
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Table I. Glass compositions’,
Y
' _Mole fraction :
Glass : glass . glass
' - former =~ modifier '
- type . - (SiOZ_+ B203 (NaZO,+ LiZO _other ,
+ PZOS) + KZO) .PbO Oxides Reference
Fused
iqs @
- silica . . . '
or 1.00 0.00 0.00 0.00 2,3,5,6,10
fused
quartz.
- Corning - ‘ ‘ ' SR Co :
: 77‘40b 0 0.94. - 0.05 0.00 . .0.01 2,4,6,8
Corning = . | _ .
7720 0,93 . -~ 0,04 . 0,02 0.01 6
- Corning - .
7056 0.90 ©0.08 10,00 0,02 6
’ Corﬁing' :
8160 0.74 0.12 0.08 0.06 6
a Vycor {7900} (z. 3% BZO3)»z 99% glass former + 1% other oxides, .
b ”

7740 = Pyrex.




Table II. Diffusion coefficients and solubility coefficients for He in glass,

2 D s K
Glass (cmz/sec) (atoms per cc) {atoms per cm-sec-atm)
type T(°K) (x107) x10"!7Ty x10711) Ref,
'5‘ Fused
silica 1307 610 1.935 118 w
1134 416 2.09 86.1
: 408
990 250 2,52 62.8
248
978 245 2,28 55,8
765 94,5 2,89 27,3
763 90.2 2,46 22,2 N
653 48,1 3.18 15.3 [ 3
557 19.5 3.55 6,92 :
464 7.28 4,12 3,00 \
421 3,73 4,72 1.76 i
385 2,15 ¢ 4,625 0.995 ;
351 1.06 5.02 0,532 i
297 0,239 6.32 0,151 /
{Amersil} 743 30,7
586 13.1
448 3.5 6
442 3.1
298 0.24
298 0.24
(GE) 758 34,7 N
606 13.0 J o
434 2.7
298 0,20
Corning Vycor 728 2,17
(7900) 723 1.85
673 1.28 l
573 0,608 5*
473 0.235
373 12,6 2,53 0,0415
299 0.61 L.21 0,0968
7740 765 140.0 1.24 17.3 6
583 18.0 1.02 3.9 } 6
472 5.4 2.26 0,12
7740 579 15.8 Av.
503 6.99 sol,
477 4,52 °1°§§f = o
405 1.41
360 0.463 .
300 0,0774 +58%
626 21.0 Av,
423 19 2,13; 4
422 1.8 std, '
356 0.44 dev, =
356 0,44 +48%
- 7740 296,3 0,0726 1,40 0,0101 8?
7720 665 22,0 2.69 5.91 } @
382 0,68 2,3 0,156
- 7056 675 17.0 1.59 2.7 } o
\ 2 388 0.31 1,05 0,32
8160 642 5.6 0.59 0.33 1 62
615 4.2 0.46 0,19 j

® Early-time approximation of D,

b Late-time approximation of D,
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Table III. Diffusion coefficients and solubility coefficients for Ne in glass (NeZO)

D s K
Glass (cmz/sgc) (atoms per cc) (atoms per cm-sec-atm)
type T(°K) (x107) x10717) (x10” 11 Ref,
Fused
silica 1257 © 21,3 1,178 2,51
(GE Type 204) 1255 ! 25,7 1.058 2.72
1233 22,0 1.323 2.91
1182 17.3 1.284 2,22
1182 17.2 1.290 2.22
1113 13.5 1.26 1,70
1111 12.4 1,52 1.89
1109 12.9 1.52 1.96
1105 12,0 1.59 1.91
1103 Co12.5 1.424 1.78 10%
961 5.89 1.47 0.868
910 4,33 1.56 0.677
908 7.30 S WY1 1.04
896 3.62 1.75 0.633
894 3,70 1.54 0.568
893 3.54 1.62 0.575
828 2.16 1.93 0.417
'803 3.71 . 1,676 0.607
713 0.73 ’ 2,32 0.169 J
Vycor "
(7900) 673 _ 0.0129
673 ) ' 0.0135
673 v 0,0129 52
723 0.60 CLel : 0.0242

723 0.0242

a Decay method for D,

b Early-time approximation of D,




‘Table IV. Diffusion and solubility coefficient for He permeation through Si and Ge.,11
Single Temperature D .S
crystal range
° 2
("K) (cm ¥/ sec) (atoms/cm3=~ sec-atm)
' 3 3
. _ -29X10 _ 14 -11X10
-3 -16x10° 15 ~13x10° cal/ g-mole,.
Ge 1068 - 1145 D= 6,1X10" exp(——f{—T———-) S = 1.4X10" "~ exp(——= RT )

_II_
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Fig. 3. Diffusion coefficient for helium in glass as a function
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of (temperature)‘l.
A. High-temperature Dy, pure SiO) (ref.3)
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Fig. 4. - Solubility coefficient for helium in glass as a function
of (temperature)™".
A. Correct value of this point, assuming diffusion
coefficients are nearly correct as shown by Fig. 3
and permeability coefficients are as shown by Fig. 5.
* Ref. 4, short-time approximation.

*% Ref. 4, late-time approximation on He delay.
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Fig. 5. Permeability coefficient for helium through glass
as a function of (temperature)'l. (Ref. 6 except where
noted.) '

A. K,, high temperature, pure SiO, (ref.3).
B. K, low temperature, pure S5iOp (ref. 3).
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10, 12

For Ne‘Z in fused quartz,

0

T = 440° C to 985° C,

‘ 2
B -4 11370 cal/g atom ) . cm
D=2.21X10 ~ exp <— BT ) in —— (9a)
s = 5.59x10%° expa/— 1950 cal/g atom).. in 21O (9b)
\ RT cc-atm

Figure 6 is a plot of further permeation data presented by
Alternose.,6 Figure 7 is a plot of the activation energies for permeation
against mole % glass former as given by Altemose for the glasses of
Fig. 6. From the straight line through these values an equation was
developed by Altemose for the activation energy for permeation as a
function of glass former. A value was also determined for the product,

139 in atoms ] (10)
cm-sec-atm

Ko=S,Dp = 9.8X 10

The activation energy is

AH, = -260 M + 30.8X10°, in cal/g-atom, (11)
3
i 13 260 M + 30.8X10° ), atoms
and K=9.8X10"" exp <—- RT >,1n T sec-atm ’ (12)

where M = mole % glass former. Owing apparently to typographical
errors, AHK was given by Altemose6 as 260 M + 30)(103, but his plot
gives -260 M + 3O°8><103. This latter equation is the one that agrees . .
with his experimental data. o

The effects of pressure on the flow rate were investigated by
Swets3’ 10 et al. for He and Ne in fused quartz and by McAfee for He in
Corning 7740 glass-8 Urry also investigated the pressure effect on a
similar system.l.3 Swets et al. find that for He the flow rate through
fused silica is proportional to px, where x=0.95+.02. McAfee finds
that x is greater than 1 for Pyrex (7740). In fact, when the glass mem-
brane is under tension near the breaking stress, x becomes much great-

er than 1. For compressive stresses x remains 1 for pressures to
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Fig. 6. Permeability coefficient for helium through glass
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pendence on glass-former content. (Data from ref. 6.) '
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approx 100 psi. Urry, on the other hand, finds x = 0.88. Again,

Frank et al. find, for Ne, x = 1 in tension over their pressure range

of a few atmospheres.

2. Explanations for Permeation Through Glass

a. C‘ompo sition~Dependent Explanations

Beginning with work by C. C. Van Voorhis14 in 1924, a series
of inves‘cigations6’ 12-19 of the relationship between glass structure and
permeability has been carried out. In the former work it was found
that increasing the fractional amounts of the '"acidic' oxides 5i0, and
BZOS increased the permeability at a given temperature. Increasing
amounts of the basic oxides NaZO, KZO’ BaQ, etc. decreased the per-
meabilities. But the neutral oxides such as PbO and A1203 had only
minor effects on the permeability. The other investigations substan-
tiated the general effect (given above), namély, that glass formers
gave high permeabilities, while glass modifiers reduced the permeabili-
ties. Norton in 1953 showed that there was a general smooth relation-
ship between the amount of glass former (SiOZ, PZOS’ and BZOB) by
weight and the log of the permeability. 20 Finally, in 1961, Altemose,
in an extensive series of glasses ranging from pure fused quartz to
approx 56% (by gram molecular weight) glass former, showed that there
was a nearly linear correlation between the gram molecular fraction
of glass former and the activation energy for permeation. The activa-
tion energy was a minimum for pure fused silica and increased linearly-
with decreasing conterit:of glass former.

The explanation offered by Altemose for this behavior was based
on the irregular glass lattice network of SiOZ tetrahedra proposed by
Zachariasen. The glass-forming oxides (network formers) form a net-
work with holes large enough for small gas molecules or atoms to pass
through. As glass modifiers are added they plug or block these open-
ings. Since holes are being biocked, Alterﬁose felt that the effective
size and number of modifier atoms are important rather than their
weight. Because Pb-h2 and Na+1 ions are nearly the same size, they

should be equally effective and thus only the numbers of each would be
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important in reducing permeation. Al’t‘:ernose6 therefore considered it
more reasonable to plot log permeation rate vs mole percent of glass

former than vs weight percent, as discussed by Norton.

b. Structural Explanations

McAfee considered diffusion of gas atoms to proceed along in-
ternal surfaces or internal voids,8 He termed such paths channels, to
distinguish this mass transport from true activated-lattice diffusion.
This conclusion was based on his experiments with stress-enhanced
diffusion in glass. For large tensile stresses greatly increased flow
rates were observed, but comparable compressive stresses produced
no corresponding decreased flow rates. Because of the sharp depend-
ence of the diffusion constant on elastic deformation of the glass, McAfee
considered flow to be along these channels for a considerable portion
of its travel.. However, he did not completely discount the concept of
diffusion as atoms squeezing their way in a random fashion between the
ions of the glass lattice, and assumed that this took place for a portion
of the diffusion path. His glass model for diffusion under stress thus
consisted. of randomly oriented submicroscopic flaws or voids separated
by narrow necks.

Alt«emose6 and Norton'20 both discussed permeation of gas atoms
through glass from the point of view of gas atoms passing through an
irregular lattice network of SiO2 tetrahedra. The gas atoms were con-
sidered to pass between the ions of the network.

Leiby and Chen5 (on the basis of their own results), P. W. ’

7,22-25 considered that the low-temperature

o >
Bridgman, 1 and others
permeation rates were much too high for linear dependence on the high-
temperature permeation rates on a semilog plot. They concluded that

K= BT 1/2 exp (- AHK/RT), and felt that the T 2 indicated a molecular

. streaming process through extremely small voids or channels of molec-

~ular cross section. By assuming a distribution of channel sizes they

reasoned that the number of channels undergoing molecular streaming
would depend on the average energy of the molecules. Therefore, the

total streaming rate would depend strongly on the average separation
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of wall potentials and on their profile. Thus, both an activation-energy
dependence and the T 1/2 dependence would be found. Leiby and Chen
felt that neither pure-activated-lattice diffusion alone nor grain-bound-
ary diffusion or molecular streaming alone could explain the experi-
mental behavior.

Swets et al. partially returned to the network theory of glass
structx.u'e.3 They pointéd out that the activation energy found experi-
mentally should be an average one, since the spaces between ions must
vary in size. They also found that two connecting straight lines of dif-
ferent slope on a semilog plot fitted their data better than a T 1/2 effect.
. Swets et al. based this conclusion on a least-squares analysis of their
experimental data. The connecting point was at approx 300° C. Their
" justification for the occurrence of such a change in slope was that crys-
talline forms of silica undergo phase transformations in the temperature
range 160° to 280°C. Curves of SiOZ birefringency vs temperature
also show inversions in this temperature range. They therefore felt
that some of these characteristics may be carried over into the glas/sy
state. Swets et al. pointed out3that the Zachariasen concept of a glass
network is partially invalidated by the experiments of Westman and
_Crowther26 and Prebus and M:'Lchener.27 These experiments indicated
that instead of a completely random network the glass may consist of
ordered regions of relatively uniform structure. This view of glé.ss'
structure is similar to the small-crystallite model for glass proposed
by Lebedev?‘8

In their discussion of neon isotope diffusion in fused quartz these
same authors suggested that the transition-state diffusion theory of
Wert and Zenerzg’ 30 might be applied to diffusion of gases through
fused quartz. No calculations were made, but the concept of a negative
entropy of activation for diffusion was considered. Such a negative en-
tropy arises from the fact that the temperature .coefficient of the shear
modulus of quartz is positive,v The implication is that the lattice be-
comes more rigid with increasing temperature.

Two explanations for this increase in rigidity were offered by

.. 3
Babcock, Barber, and Fajans3l and by Anderson and Bémmel. 2 The

e
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first explanation was that the fused quartz lattice consists of two co-
existing structures. One predominates at high temperatures and the
other predominates at low terﬁperatureso The high-temperature struc-
ture is more rigid than the low-temperature one. The increasing ri-
gidity with temperature is thus an apparent increase and not an actual
one, and is actually a manifestation of the change from the low-temper-
ature structure to the high-temperature one. The second explanation
assumed that the transition from the short-range order of the silica
tetrahedra to the long-range disorder of the lattice requires slight warp-
ing of the Si~-O bonds. The oxygen atoms may then have two equilibrium
positions between which they can oscillate. As the temperaturebincreases
the frequency of oscillation increases and the lattice becomes more
rigid. Low-temperature internal friction experiments tend to support
such an explanation for the increased lattice rigidity with rising temp-
erature.

In summary, the theories so far advanced to explain the mecha-
nism of gaseous flow through s.ilica have been almost entirely qualitative
in nature and have considered only the possible diffusion mechanisms.
They are generally based on Zachar’iasen“s33 and Warren' 534 network
theory of glass structure, or on the assumption of pores and c:ha.nnels35
within the glass, or on a combination of these two ideas. Network mod-
ifiers enter the network randomly to block holes and thus reduce the
number of available flow channels. Use of Zener and Wert's diffusion-
mechanism theory has been suggested but no calculations performed.

No one has considered a theoretical interpretation of the solubility co-
efficient as an aid to understanding the flow of gases through glass mem-

branes.

3. Permeation Through Silicon and Germanium

Reiss and Fuller considered the flow of He and atomic hydrogen
to be by interstitial movement of the atoms from one tetrahedral site
to a.nothen36 They applied the Wert-Zéner theory for the duffusion co-
efficient to the experimental data of reference 11. Their results for

D, are given in Table V along with the experimental values. The close
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Table V. Calculated and experimental diffusion coefficient.
Pré—exporiential term for H in Si, and He in Si and

in Ge (ref. 36).

Do” calc. D, exp
2 ° 2
(cm /sec) (cm®/sec)
H in Si 4,1><1o"5 9=4><10'3
He in Si 0.26x10" 1 1.1x107 1
3 -3

He in Ge 4.7X107 6.1X10

agreement between their calculated values and the experimental ones
lends support to their conclusions that these gas atoms occupy tetra-
hedral interstitial sites and diffuse interstitially.

Swalin calculated the activation energy for diffusion of £{, He,
and Li" in Si and Ge. 37 He rejected calculation of AHD from classi-
cal strain hypotheses by pointing out that the minimum radius for a hard
sphere to péss through the saddle point is significantly larger than the
radii of helium or hydrogen atoms. Thus there should be no geometric
barrier such as assumed by Anderson et al. in ths calculation of AHD
for diffusion of various ions and atoms in glas s.~ Atomic polarizability
does not seem . to be a determining factor, according to Swalin, as he

could find no consistent relationship between AH., and polarizability.

D
- However, Coulombic interactions between gas atoms and the host lattice
atoms did give calculated values for AHD that agree relatively well

with empirical ones. For Coulombic interactions AH_ was given by

D
o0
22,2 }: < >
AH_ = S (13)
D ., dij’ dl_]
J
where Zi = effective valence of the gas atom,
ZS = effective valence of the solvent ion, o
dij = distance between solvent ion j and gas atom 1
in interstitial s:Ltey
dijv = distance dij when gas atom is at saddle p01nt9
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D = macroscopic dielectric constant,
q = electronic charge.
Swalin's results are given in Table: VI :. along with: the: -

calculated ones. Values for the dielectric constant D were given as
16 and 12 for germanium and silicon, respectively. Zi a,nd.:Zs were
calculated by considering the electrons in the valence orbitals to have
a nucleus-screening coefficient of 04 and the deeper-lying ones to have
1.0.. Thus Si and Ge, with four valence electrons, have Zs = 2.4, and
He, with two valence glectrons, has Z, = 1.2. Atomic hydrggen has 0.6.
Since his calculated values agreed relatively well with the experimental
ones, Swalin considered Coulombic repulsion the predominant force in

determining the activation energy for diffusion.

C. Proposed Theory

In Section II-A, the permeability coefficient was identified as
the product of two other, more fundamental, coefficients. These are
diffusion and solubility. This implies that two different physical pro-
cesses essentially determine the magnitude and temperature dependence
of the permeability coefficient, K. The first-mentioned process, diffu-
sion, pertains to the passage of gas atoms through the glass or crystal-
line matrix. It depends on the mechanism of gas-atom transport from
one position in the matrix to another. The second-mentioned process,
solution, pertains to the connection between the gas-atom concentration
in the glass (or crystalline) matrix and in the adjoining gas phase. It
depends on the size and number of solutior{ sites as well as upon the
number of filled sites.

The permeability coefficient, K, may be written as

K

H

K, exp (- AHK/RT)

DS

1!

D, exp (—AHD/RT) S, exp (—AHS/RT). (14)
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Table VI. Experimental and calculated activation energies for

diffusion of H, Li+ and He atoms through Ge and Si (ref. 37).

Germanium Silicon

Gas atom AHDexp ref AHDcalc AHDexp ref N{Dca}c

H : 8.7 39 7.6 11.0 11 10.5
Lit 11.8 40 12.6 15.1 41 17.5
He 16,0 11 15.2 29.0 11 21.0

Table VII. Calculated and actual number of solution sites,

g in Ge and Si.
kg (calculated) Mg (calculated)
from Eq. (36) assuming tetrahedral
' solution sites
Si 2°7X1022 sites SXIOZZ sites
cc cc
Ge 1.5% 1023 sites 4.4% 1022 sites

ccC ccC
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~ In Part 1 below a theory for the solubility coefficient
S =S, exp (—AHS/RT) is developed that is valid for solution of gas atoms
in both crystals and glass. In Part 2 the Wert-Zener theory for D, is
presented. In Part 3 a theory for the activation energy for diffusion
and the enthalpy for solution of solute atoms with three degrees of vi-
bration only are developed. The equations developed or presented in
the three parfs are in principAle valid for perrheation of gases through

glass and crystalline solids.

1. Solubility Coefficient '

The concepts upon which development of an equation for the
solubility coefficient are based are drawn largely from theory developed

to explain gas adsorption in porous materials. The solubility constant is
S =5, exp(-AHg/RT). 4 (6)

From Appendix I we see that S, may be expressed as the concentra-
tion of gas atoms dissolved in the solid, C, and the entropy change

accompanying the solution process. Thus,
S =C exp (ASS/R) exp(—AHS/RT). ' . (15)

In Appendix I are presented the mathematical details of this develop-
ment. What is presented here is a summary and explanation of the
equations. Expressions rﬁay be written for ASS and AHS that vary
according to the model proposed for the state of the gas atom dissolved
in the solid. Each model gives a different temperature dependence to S.
By comparing the predicted shape with the experimental shape the correct
model or models may be selected. _

Consider AS_ first. ASS is the change in entropy between the

S
state of the atom in the gas and in the solid, and can be written as

ASS = —Str + SC + Sth for a monatomic gas, (16)
where ' C Str = total translational entropy of gas atom in
gas state,
S = partial molal configurational entropy due
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to gas atoms dissolving randomly on possible

sites,
§th = thermal entropy of gas atoms in the dissolved
state. |
Str may be expressed by the Sackur-Tetrode equation as
s, :R(ln[(V/N)e(Zﬁka/hZ)3/2] +3/2), (17)
where .V =volume enclosing N atoms,
m = atomic mass of atom,
¢ = Boltzmann constant,
- T = absolute temperature,
h = Planck's constant.

If we consider all the solution sites to be es sentially identical to one
another, we can calculate §C by means of the usual mixing equation,

9S /n

- s
S =—°C +RIn[-—2_E |, (18)
c 1 ,
on n' :
g : g
where 'S_(': = total entropy of‘mixing,
“ng = number of sites,

ng = number of gas atoms dissolved,

1
ng = moles of gas atoms.

The thermal entropy of the dissolved gas atom depends on the number

and kind of degrees of freedom it has in the solid. For each vibrational
43, 44

degree of freedom we have

S.p, = R {#/(exp (p)-1) - £n{l-exp(-p)] }, (19)
where VR hy/kT;

Yy = vibrational ffequeﬁcy for a quantized harmonic

oscillator.
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This assumes, of course, that the vibration can be described by the

harmonic oscillator model.

The dissolved gas atoms, however, may also retain translational

degrees-of freedom. 43,44 For an ideal two-dimensional gas the entropy
is
2,2/2 : '
SIS R(ln(AS/N)e(ZTrka/h ) +2/2), (20)
where AS =.area containing N gas atoms,
N = number of gas atoms contained in area-AS,

The remaining terms are the same as for the three-dimensional gas.

Again, for an ideal one-dimensional gas, the entropy becomes

S, . = R (4n(L/N)e(2mmkT/n2) Y2 + 1/2) | (21)

where the remaining terms are as described for the three-dimensional

case.

The actual entropy term is a combination of these expressions,
depending on how many degrees of freedom of translation and vibration

are assumed.

AHS is now treated in like manner. Its value is

AHS = HS - Hg, _ (22)

where I_{S = partial molal enthalpy in the dissolved state for

the gas atom,

.Hg = enthalpy in the gas state for the gas atom.
Fora perfect monatomic gas, \
H, = (3/2)RT + RT = (5/2) RT. (23)
HS varies according to the type and kind of degree of freedom
of the gas atom in the dissolved state. For a harmonic oscillator, we
have, per degree of freedom, 42
Hg = E = n[(1/2) by + hy/exp (hy/kT) - 1], (24)

where n = number of oscillators, and the other values are as above.

The translational protion of the enthalpy is
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Hy~ x (1/2) RT +PVierm, a C(25)

. where x = number of translational degrees o_f freedorh.a‘ Substitution of
these equations for tvhe'entx"opjr. and enthalpy:cha;nges allo;xrs calculation
of what the solubility coefficient should be for each combinaﬁiovﬁ of trans-
lation and vibration. _.
Equations for the solubilityA constant are derived in Appendix I
for four different models of the state of the dis solved gas atom.
These models are: v R
1. Dissolved gas atom _has three &egrees of vibration.
2. bDiséoylved gaé atom has two degrees of vibration plus one
degree of translation. - - |
3. Dissolved gas atom has one degree of vibration plus two
degrees of translation.
4. Dissolved gas atom has three degrees of translation and
no degrees of vibration.
The equations for the solubility coefficient for these models are:

1. Three degrees vibration:

. ’3 '
s - Ny T'5/2Po exp(hy/2kT) '(ns'ng . cc(STP)gas
np k(Zrnk,/hZ)3/2 »_exp(hy/k,T)—l ny cc solid-atm
. ' ’ ' (26a)
—5/2 3
P, T | ]
or n_=Plag-n ) _ exp(hy/2kT) |, gas atoms (,.,
g ' g k(ZTrrnk/hZ)3/Z .\exp(hy/kT)—lJ cc solid

2. Two degrees vibration pllis one degree translation:

: -2 R 2
.. ng :<nS-ng>(LS> T PO' ; eXP(hY/ZkT)—! i cc gas (STP)
n, P n, N k(ank/hZ)” ~exp(h\(/kT)—I_ll © cc solid-atm
(27a)
. -2 r 2
L P, T i
'S 0 'exp(hy/2kT | gas atoms (27D)

or n =P(nS-n ) > :
g : N  k(2mmk/h )exp(-hy/k‘T)-l," cc solid
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3. One degree vibration plus two degrees translation:

. n n.-n \/A P, r-3/2 'Texp(hy/ZkT ]
s=—8 =[S g} S\ __ — :
an 'nl N/ k Z'rrrnk/hZ 1/2 ; exp hy/kT -1 i
A\ p.or.-3/2 [exp(hy/2kT
‘Ag\ PT. | exp(hy
or n ( g™n ) i .
g\ N/ k(2mmk/h)1/2 | exp(hy/kT)-1" |
4. Three degrees tfansla’cion plus no degree vibration:
n v
5-_.28 / S\,
n1P \ N/
| Al \/ ,
or n_= P(n -n )
g

»N \k/

2. Pre-exponential Term, Dy, of Diffusion Coefficient

Wert and Zener

tion for Dg:

29, 30, 36, 45

0T

Dy = g)\z JAHD/ZNmXZ exp(-AHD —aiQ/GoR) ;

1

témperature dependence of modulus of rigidity,

modulus of rigidity at 0° K (extrapolated value),
Avogadro's number,

mass of diffusing atom,

mean diétance between jump sites,

1/6 X number of paths leading out of an interstice

net distance moved in diffusion direction per jump

distance between jump sites

(28a)

(28Db)

(29a)

(29b)

have developed a theoretical equa-

(30)

)
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This equation is unique in its general accuracy for interstitial diffusion
in semiconductors and rneta,ls-4
To apply this equation to glass requires assumption of values
for N and g, since all other factors are known or directly determinable.
v

These values are determined by the location of the diffusion atoms in

the crystalline lattice.

3. Prediction of Activation - Energy for Diffusion and Solution in

Silicon and Germanium

If Eq. (24) in Section II-B-2 given by vaalin37 for the activation
energy for diffusion is correct, the activation energy for solution should
be closely related to this same Coulombic interaction. The enthalpy of
a gas atom with three vibrational degrees of freedom in an interstitial
site should be the negative term in Eg. (24). From this value the net
change in enthalpy on solution of the gas atom in the interstitial site may
be calculated and finally the overall activation energy for permeation .
détermined: |

Calculation of H, by

S
2

z:7 S
.4.q 1
H. = _J_J__Z — (31)
S D - di -

', i J )

where the symbols have the same meaning as in Eq. (24), and with
Swalin's values used for the constants, gives HS = é,pprox 273X 103
cal/g atom for Ge. Subtraction of the enthalpy for gas atoms in the
gaseous state gives values for AHS that ar.e an order of magnitude too
large. Therefore, some other repulsive force must be responsible for
energies of diffusion and solution. The agreement between calculated
and experimental values found by Swalin must be fortuitous.

Consider the repulsive interaction between atoms and ions.

.. 47 . .
Seitz gives Born and Mayer's repulsive term between ions as
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where € = repulsive energy between a pair of ions or atomis,

/

zZ. Z.
a = constant = b Kl + = J exp[(.ri+ rj)/p !,

i

nj n
- T :'distance between ions,
p = constant = 0,345><10—8 cm,
Zi = valence of ion i,
Zj = valence of ion j,
» n, = number of valence electrons in outer shells of ionsvi,
nJ. = number of valence electrons in outer shells of ions j,
r., r. = ionic radii of ions i and j, respectively.

If we consider e(ri+ rj)/p a constant and part of b, and assume

Z‘i = number of electrons in the outer filled or partially filled
shell of solvent atom,
ZJ. = number of electrons in the outer filled or partially filled
shell of diffusing atom or ion,
n, nj = possible number of electrons in the outer shells of the
solvent and diffusing atoms (8 or 2), '
then / Zi Zj \\\ < \'2‘ ,
AHp = Agb Kl‘f —t . Z lexp (-x_/p)]- \ lexp(-r/p)]; (33)
i = b=t
2
[% 2y
HS is also HS =A b Kl +ATi o [exp('-rm/p )] - (34)
m=1

The summations refer to the summation of repulsive forces about the
diffusing atom at the saddle point, n, and the interstitial point, m.
A, is IAvogadro's number. Instead of summing over the nearest 55
neighbors as in Swalin's treatment, one need here cbnsider only the
first two nearest neighbors, as the atoms farther away make no sig-

nificant contribution. For Si and Ge the constant b may be evaluated
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by determining it from AHD for one gaseous element in Si or Ge and

then using this value in all subsequent calculations.

D. Application of Proposed Theory to Analysis of Experimental Data

1. Glass
a. Solubility Coefficient

To determine the two unknowns, vy and Ny in the derived sol-
ubility equations for fused silica, it is necessary to use both the solu-
bility data for He in fused qua.rtz3 and for Ne in fused quartz. 10 Figure
8 is a plot of solubility vs 1/T for these two gases in fused silica. al-
though Swets et al.  fitted their data for Ne by S= S, exp (-AHS/RT), it
can be fitted equally well by a curve of slope T-l. Such a curve corre-
sponds to the Ne atom's retaining three translational degrees of freedom.
The slope of the curve for He, on the other hand, is not constant and is
less negative than for Ne. T_his means that the He atoms must have
less than three translational degrees of freedom. It is apparent from
Fig. 8, however, that the curve plotted for a dissolved atom having one
degree of vibrational and two degrees of translational freedom does not
have a steep enough slope even though its general shape is correct.
Therefore ‘the sté.te of He atoms dissolved in fused quartz is a mixture
of the two states. One state is the dissolved atom with one degree of
vibration and two of translation. The other state is the dissolved atom
with three degreés of translation. To calculate vy, ngs and the volume

per site from the data for He and Ne, it is necessary to assume first

n = n

and assume second ’

S = (x)S (1-x)-

total (1 vib+2 tr) TS(3tr)

That is, the total solubility curve can be represented by a combination
"of the solubility curves for the two pure states. By extrapolating the
curves for He4 and NeZO back to the point where they cross, the highest

temperature is found at which all the dissolved He atoms can exist with
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Fig. 8. Solubility coefficient for helium and nepn-20 in
fused quartz as a function of (temperature) .

MU-28533
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¢

one degree of vibration and two degrees of translation. This is a re-
sult of the second assumption. The temperature is 167° K. Using Eq.
{29) for three degrees of translation and this temperature gives

v
(nS -n ) S - ZXIO-Z cc site space per cc glass volume.

g N

4

For a minimum size of site, such as in Fig. 9, (ns-ﬂng)z 4% 1020 holes c..
Asn_ T~ 1017, n
g S

reduce this number. It is interesting to note that there are on the order

is 4X 1020 noles /cc. Larger holes would of necessity

of 1022 SiOZ molecules per cc of glass. This means that at most there
is only 1 hole for approximately 25.O'SiOZ molecules in fused silica.

Substitution of this nS value into Eq. (28) for one degree of
vibration + two degrees of translation allows calculation of y, the vibra-
tion frequency. This frequency for He in fused silica is y= 7X 1011sec_1,
Such a frequency is in keeping with a hole that is large in comparison -
with the He atom (approx 2 12. in diameter), and is of the order found
for He atoms adsorbed on gr’aphite,44’ 48

Solution of He in the remaining glasses under consideration may
now be explained. Figure 10 is a sh'emilog\\plot' of the proposed solubility
equations for y = 1X 101‘2 sec_’1 and ng = 45(&020 sites/cc. We see that
there is a very dramatic change in the slope of the ‘solubility curves.
The slope changes from a positive one for three degrees of translation
to less positive slope for transformation of one degree of translation to
vibration. On transformation of two degrees of translation to vibration
and retention of one degree of translation, the slope becomes 0. Finally
on transformation of all three degrees of translation to vibration, the
slope is negative.

If we compare this behavior with the behavior of the solubility
curves of Fig. 4, we find the same phenomena. . As more and more glass
modifier is added to SiOZ, the slopes change from positive through O
to negative. The proposed theory thus appears to predict this experi-
mentally observed behavior.

From the curves in Fig. 4 it is apparent that the slopes become

progressively more negative with increasing glass-modifier content.
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Fig. 9. Model of gas-atom solute site for fused 5i0,.
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Again this may be explained by an increase in the vibration frequency

vy from a minimum value of approx 7X 1011 sec—1 in fused quartz to

values greater than 1013 sec-l. "Table VIII lists the vibration frequen-
cies for SiOZ§ 7740, 7720, 7056, 8160, Si, and Ge for the proposed
models, calculated from the slopes of the solubility curves of Fig.,\4

and the summary data for Si and Ge.

Table VIII. Calculated vibration frequencies-la.nd number

of vibration degrees of freedom.

Glass Degrees of

tvoe vibratory

yp . freedom Frequency
510, ] 0.7%X10%% sec™!
7740 2 0.7 to 1X101% sec™!
7720 _ 3 0.1 to 0,7><1o12 sec'l
7056 3 9% 102 gec™!
8160 3 3.3%x101 sec™t
Si 3 1><1014 sec_l
Ge 3 1.,4><1014 sec'1

b. Diffusion C oefficienf

Complete comparison of the Wert-Zener equation for Dy with

experimental data is limited to fused quartz.

For»SiO‘2 g—-,(I}.—/Go, N\, and g must be determined. The \ was
o)
assumed to be the Si-O bond distance in fused silica of 1.60A. 34 The

average number of equivalent diffusion paths per jump site was taken
as four. This value corresponds to a tetrahedral arrangement of jump
sites about any one site. For fused silica,,1 G,=4-3X 106 psi and

'?r(I‘}— = +4.88 X 102 psi/°K. A test of this diffusion equation is not only the

f
agreement in experimental and calculated values of D, but also whether
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or not the calculated and empiricdl values of ASD agree in sign and
-are similar in magnitude. Table IX gives the calculated and experi-
mental values for D, for SiOZ.and the calculated and empirical values
for ASDO

A less complete but nevertheless valuable comparison may be
made for the other glasses. Complete calculations are limited by the
lack of shear-modulus data for these glasses. However, a comparison
was made by using the Wert-Zener formula and determining what the
empirical entropy term should be for equivalence of experiment and
calculation. Table X is a.tabulation of the calculated and empirical
values for ASD° ~The range for all these glasses is from -2 to -4 en-
tropy wunits. All the entropy values are negative, which suggests that
the tre_rn_perature coefficient of the modulus of rigidity for all the glasses
considered here is positive. This is certainly the case for fused silica
and some of the other high—silica glasses-49 Though the data are in-
- complete it is clear that this equation, as suggested by Swets et al. ,10
adequately applies to glasses as well as crystalline solids for at least
diffusion of rare gas atoms. |

The effect of glass composition on diffusion may be seen from
Fig. 11. A straight line can be drawn without great error through the
activation energies for diffusion. The slope of this curve is just one-
half the slope of the empirical equation given byAltemose for the per-
meability activation energy. This means that glass modifiers affect

equally the solubility and the diffusion processes in glass.

2. Silicon and Germanium

Application of Eq. (26), for the solubilityvcoeffinc“:lient' for solute
gas atoms with three degreés of vibration, to the data of Table IV yields
the vibration frequencies.giv_en in Tablé VIII. Calculation of the number
of solute sites by using Eq. (26) and these frequencies yields the values
given in Table VII. These Valueé are compared‘ in Table VIVI to the cal-

- culated number of tetrahedral interstitial sites in 5i and Ge. The agree-

ment is satisfactory.
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Table IX. Calculated and experimental Dy and ASD for

helium diffusion in fused silica.

Temperature Calculated Experimental Calculated D,
range
(°C) Experimental D0
-3 crnZ -4 cm2
24 to 300 1.8 10 3.04X10 5.9
sec sec
Do 3 cm? 4 cm®
300 to 1034 2.0x1077 &2 7.4x107F &2 2.7
sec sec
Calculated Empirical Calculated ASD
Empirical ASp
24 to 300 -0.62 eu -3.55 eu 0.18
ASD
300 to 1034 -0.74 eu -1.95 eu 0.38

Table X. Experimental AHK and AHD, calculated ASD,
and empirical ASD for helium permeation through

several glasses.

Glass % Gl}ass former AHK AHDexp AHSexp CLZ.SiP Emiisgcal
(eu)
SiO2 100 4900 5580 - 680 ~0.62 . -3.55
5439 6613 -1174 -0.74 -1.95
7740 94 6400 6500 - 100 -2.06
7720 93 6770 6200 + 468 -4.13
7056 90 7930 7240 + 940 -3.85

8160 4 10500 8780 +1460 -2.66
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The theory of Wert-Zener for the diffusion coefficient appears
adequate to explain the diffusion coefficients for hydrogen and helium.
It is now necessary to determine whether Eq. (33) holds satisfactorily
for the activation énergies both for diffusion and for solution. To per-
form such calculations it is necessary to evaluate b; b was determined
by setting AHDexp = AHD:c.é.l for hydrogen monatomic diffusion iﬁ
germanium. .. This value of b was then used in all subsequent calcula-
tions. . The calculated and experimental values are given in Table XI.
Values for hydrogen diffusion agree closely with those found experi-
mentally. Helium does not agree as satisfactorily as does hydrogen.
The activation energy for diffusion is underestimated, whereas that
for solution is overestimated. But their values are of the proper order
of magnitudé and their sum, the activation energy for permeation,
agrees very well with experimental values. »

If instead of using the same . constant b for He and H, one cal-
culated a new one for He in the same way as b was calculated previously
and also considers p to change with the kind of diffusing atom, then the
activation energies both for diffusion and for solution can be made to
agree more closely with the:experimental ones. The p wused for He
was taken as the p in the repulsive term for repulsive forces between
two He atorns.,47 Conclusiéns that may be drawn from this semi-em-~
pirical treatment of activation energies are: -

1. Repulsive forces between solvent atoms and solute atoms
are the primary contributors to the energies associated with solution
and transport of H and He atoms and Lit ions in-Si and Ge.

2. Coulombic and Van der Waals forces are secondary contrib-
utors to the total energies found.

3. Because the electronic sta,;ce of the constituents is much the
same in glass as for Si and Ge, it is probable that repulsive forces be-
tween solvent atoms or ions and rare gas atoms also constitute the
primary contributor to the permeation energies found for glasses. The
influence of glass n‘lpdiﬁers may be felt in two ways. The first way

would be in narrowing the hole through which the diffusing atoms pass.
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Table XI. Calculated and experimental AH, ﬁs, ms, and AHK for H, Li+, and He

atom permeation through Geand Si.

Germanium Silicon
Diff. AHDexp Ref. AHDcalc AHDexp Ref. AHDcalc
Atom
H 8.7 39 8.7 11.8 11 11.0
it 11.8 40 11 15.1 . 41 14,7
He 16.0 11 11 29 11 14,7
Hsexp Ref. scalc sexp Ref. Hscalc
H #7.9 11 17.9 24.3 b 24.5
Li+ no data available
He ®18.6 11 22.4 8.3 11 30.7
a —_ o )
= M +5/2RT T = 1200°C for Si
sexp sexp °
: T = 860 C for Ge
b
sexp = Qexp ref, 11 ~ AI_IDexp ref, 39 +5/2RT
s Ref. A M Ref., A
sexp scalc sexp scalc
H 12,3 11 12.3 17 c 17.2
it no data
He 13 11 " 16.8 11 11 23.4
AHKexp Ref, AHKcalc AHKexp Ref, AHKcalc
H 21 11 21 28 11 29
Lt
He 27.7 40 11 .38.1

29 11

Units are kcal/g atom.

a, b, c

sexp

= Qexp ref. 11

- AHDexp ref, 39°

Note: Hs and Aﬁs for hydrogen exclude

enthalpy for transformation of H, to H.
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This would increase the repulsive-energy terms. The second way would
be in disturbingthe electron distribution about the ions in the glass.
This would cause Coulombic interactions to become more important in

glasses as the glass-modifier content becomes larger.

E. Glass Structure Based on Solubility-Diffusion Model

The correspondence of the proposed fheory of gaseous perm-
eability with available experimental data suggests a model for glass
structure that is similar to a polycrystalline one. It is proposed that
the glass body consists of groups of silica tetrahedra packed in a dense
arrangement separated from other similar groups by grain-like bound-
ary regions. In effect the glass is envisioned as a grouping of crystal-
lites of say five~- or sevenfold symmetry50 connected to other crystal-
lites at tetrahedral corners or connected by bridges of closely matched
tetrahedra. The resulting structure may be loosely described as a
very fine-grained body. Most of the increase in void volume on going
from crystalline silica to fused silica would bé concentrated in the
formation of. these grain-boundary-like regions. The total volume in
model void sites is approx 0.02 cc per cc glass volume, or about 2%.
The volume increase on transformation from quartz crystal to glass is
about 15%; for cristobalite it is only about 2 to 5%. A portion of the
discrepancy between the figures is due to the difference between model
site shape and real shape. However, a considerable portion of the
difference will be in what may be termed closed voids if the suggested
structure is indeed correct. In other words, connections between non-
repeatable symmetry crystallites may be like Mot‘t'islandSS'1 of good
fit with a hole in the island.

Flow will then be along these grain-boundary-like regions and
not through the void?, in the tetrahedra-composed crystallites. It is
reasonable not to expect diffusion through such holes, since He diffu-
sion through quartz crystals is at least 10-3 of the flow through fused

15,52

quartz at several hundred degrees centigrade. Also, it is known

that the distances between Si+4 and O ions remain nearly the same in
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fused quartz as in crystalline quartz. From a geometrical point of
view the hole sizes in the various crysté.lline forms of silica are
large enough to accommodate He atoms, yet they do not.

The hole radius—that is, the diameter of the largest hard
sphere that can be accommodated in the cyrstalline silica form-is
given by R. B. Langston (of the University of California Department
of Mineral Technology) as 3.412. for B-tridymite, 2,65& for B-cristo-
balite, and 2,02; for B-quartz. The hole sizes in Si and Ge are even
larger, yet both heat of solution and heat of diffusion are positive and
large. Thus the holes available in the glass structure must be signif- -
icantly larger than those in the crystalline forms even though there
is very little change in the interatomic spacings. Since the volume
change on fusion is also relatively large, the void increase cannot be
distributed uniformly throughout the glass body but must be concen-
trated in small regions of the body.

Supporting the existence of microscopic voids is the work of
P. W. Bridgmanp21 who found that the compressibility of silica in-
creases with increasing pressure up to approx 350 atm, after which
it acts like other amorphous structures. Bridgman's explanation for
such phenomena was that there were lenticular cavities in SiOZ which
were squeezed flatter and flatter. Ordinary glasses show similar
behavior in that permanent density changes amounting to several per-
cent can be produced with pressure.8 Both Vycor and fused silica
were compressed by Bridgman,21 who found the threshold for perm-
anent compaction was nearly the same. The Si-O bond distances
determined by x-ray diffraction on samples of density nearly equal
to crystalline quartz (approx 10% increase in glass density) were
nearly identical to those for uncompacted glass.

Such a model allows explanation of the "'stuffing' of silica
with glass modifiers. The modifiers first fill the holes in the islands
of good fit and the microscopic voids of the grain-boundary-like re-
gion. This filling allows an increase in bulk density with very little
change in the Si-O, Si-Si, and O-O distances. It also results in a

reduction in size of sites. Eventually there will have to be a break
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in the bulk-density curve, as all the voids large enough to accept
modifiers will be filled. . The density will then follow a more normal
curve for physical mixing of two materials.  Such behavior is ob-
served in silicate glasses, with the break coming near a void volume
limit of 10%. ,

The change in degrees of freedom may be explained by invok-
ing a Lennard-Jones model of the potential energy between two atoms.
Figure 12 shows schematically the change of the potential well shape
with decrease ' in i hole size; 12(a) is the Lennard-Jones '"6-12" po-
tential well shape; 12_'(b) is superposzition of two 6-12 potentials at a
distance such that a gas atom is held on one wall or the other.. As
the sides contract the hole assumes a more nearly parabolic poten-
tial well shape of ever steepening sides, as in Figs. 12(c) and (d).
For the harmonic-oscillator model this meahs an increasing frequen-
cy of vibration. For He in glass; 12(b) must be the picture of the
cross section of lens-like voids. The plane of the lens would appear
much like 12(c). The motion then would be described as translation
in two dimensions along the surface of the lens and vibration in one
dimension perpendicular to the surface of the lens. If the lens were
squéezed intora cylinder by adding glass modifier there would be trans-
lation in one dimension along the cylinder axis but vibration in two
dimensions perpendicular to the axis. Finally further constriction:
along the cylinder axis would give vibration in all three directions.

Diffusion in the glass matrix is accomplished by jumping frorn
one vt_o another of these holes. Bulk diffusion equations apply, since
the conducting volume is nearly constant independent of composition,
crystallite! regions are nearly impermeable to diffusion compared
with the grain-boundary-like boundaries, and the size of the cfrystal-
lite is limited by symmetry. The potential barrier to diffusion is the
potential barrier between solution sites. The effective jump distance
is then the distance across this ba-.rrievvr and not the distance between
solution sites. As the barrier influences both diffusion and solution,
both should be affected in about the same way by glass-modifier con-

tent. This again is found to be experimentally correct.
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Fig. 12. Schematic representation of potential wells for
gas atoms in solution sites for different separation

distances of site walls.
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In summary, the glass-structure concept that agrees most
satisfactorily with gaseous permeability and the prévious data con-
cermng bond distances, hole sizes, and glass densities is one that
assumes crystalhtes of nontranslatable symmetry connected to one
‘another by bondlng at tetrahedral corners, the volume between Crys-
tallites being largely void. The whole collectlon of crystallltes thus
makes up a k1nd of "fine-grained polycrystalhne structure. in which
the crystallltes act as grains and the high- vo1d-volume regions be-

tween act as grain boundaries.
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IIT. STRESS-ENHANCED GASEOUS PERMEATION OF Al,O, BODIES

Stress-enhanced gaseous permeatidn of‘ high-alumina bodies
is shown to occur. The dependencé of the observed.enha.ncéd helium
flow rate on loading rate, magnitude of streSs; specimen prior history;
specimen fabrication, and specimen microstructure are investigated.
From this investigation a process is postulated for stress-enhanced

gaseous permeation through polyérystalline ceramic bodies.

A. Literature Review

There is no previously published direct experimental evidence '
“of recoverable permeation change with stress for normally imper-
meable crystalline ceramic materials. Evidence does exist for non-
recoverable change with tempera.ture.12 A theory has been developed
for lattice diffusion that considers the effect of static strains.
According to this theory the activation energy for diffusion is reduced
for tensile stresses and increased for compressive ones. Girifalco -
and Grimes show that some experimental data may be explained in
this way. However, no usable theory for transient stresses is de-
veloped. ‘

Helium permeationthrough polycrystalline and single-crystal
high-purity alumina has been investiga,ted.54 No studies have been
made of the influence of porosity within the alumina body on its per- -
meability characteristics. However, a related s_tudy has bee_n made
of the relationship between open and closed porosity in Bed by a
permeation methodc55 In this study it was found that open porosity
disappeared at about 95% of theoretical density. O'Neill et al. also
found that the amount of closed porosity remained essentially con-
stant at approx 5% for greater total pbrosity. .Again, these studies

were done under stress-free conditions.
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B. Experim.ental Procedure

Effects of stress on gaseous flow through commercial high-
alumina bodies were investigated by méc’ﬁani'cally inducing in them
static and transient stresses. The specimens were manufactured in
the form of thin flat disks, 3 in. in diameter and 1/8 in. thick. The
loading apparatus was designed so that these specimens were stressed
as concentrically loaded fixed-edge fi'gid diaphragms.

Detection of gaseous flow through the specimens was accom-
plished by means of 2 mass spectrometer whose output was contin-
uously recorded. Continuous monitoring of the flow through the
specimens allowed observation of any rapid flow changes that might
accompany transient stress conditions as well as flow under static
stress conditions. Helium gas was used in all the experiments, which

were conducted at room temperature.
1. Specimens

a. Composition and Physical Properties

Four commercially prepared high-alumina materials were
selected for study. Three of these materials were 'manufa,ctured by
one firm, and the fourth material by a second firm. Pertinent phys-
ical properties of these four different high-alumina materials are
given in Table XII. The specimens were manufactured in the form
of disks 1/8 in. thick by 3 in. in diameter. All these bodies were

impermeable to helium under stress-freee conditions.

b. Specimen Preparation

Because these disks were to be tested in the form of a rigid
diaphragm, it was necessary to eliminate the effects of the center
plane being at 0" stress. This problem was solved by grinding
blind holes in the fabricated disks. Three blind-hole arrangements
and two grinding methods were used. Figure 13 15 a schematic repre-
sentation of the blind-hole placements. The placements are drawn in
chronological order of use. Hole placement was varied to take ad-

vantagé of various loading methods. The first blind-hole arrangemernt
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Table XII. Physical properties of investigated high-alumina bodies.

"Material No. 1 No. 2 No. 3 No. 4

Bulk ) : :

' .70 3.76 3.8 3.98
density (g/cc) 3.7 9 | 9
Bulk ,

‘ . ol 5.6 2.4 0.3-0.
porosity (%) _ 7 , 0.4
Open (%) 0.00 0.00 0.00 0.00
‘porosity v : ‘ .

Flexural . .
strength (psi) , 64,000 46,000 | 62,000 55,000 min
A1203 . : ' ‘
content (%) 95 97.6 99.5 - 99.9+
E (psi) - - - .56.1X 108

M - . - - 0,205
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Fig. 13. Schematic indication of locations of blind holes
in fabricated specimens, and load distribution.
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was used with center-point or ram loading. The last two were used
with ring loading. Two hole sizes were used--1/4 in.. and 1/8 in.
diameter. Membrane thicknesses varied from 0.3 mm to 1 mm.

Ultrasonic impact and diamond drill grinding methods were
used to form the biind holes. These two methods were employed to
investigate the influence of blind hole preparation on gas flow through
the membranes. A seconci consideration was that the only published
data on flow of helium through single-crystal and polycrystalline

alumina were for ultrasonic-impact~ground specimens”

c. Microstructure

Metallographic studies were made on all four specimen bodies.
All but two specimens.were polished on a diamond lap, then etched
~ with orthophosphoric acid for 3 min at temperatures between 190
and 240° C. For material>No. 4 the etching time was increased to
5 min. One specimen was differentially polished with Linde A pol-
ishing alumina for electron transmission photomicrographs. Both
photomigrographs and low-magnification electron-transmission
micrographs of shadowed replicas were taken. Figures 14 through
18 are photomicrographs of materials Nos. 1,2,3, and 4, respectively.

Grain size in the bodies is given in Table XIII. Average grain
size for these bodies varied from 3 to 10 p for the 95%—purity body
to 30 to 40 p for No. 4. '

Porosity in materials 1 and 2 appeared as pores at junctions
of three grain boundaries and as pores surrounded by sintered grains.
The latter pores were as large as or larger than the average grain
size. Porosity was not found in the form of tiny pores distributed
along grain boundaries. In material 2 some intergranular porosity
was found. In Material 3 the porosity was divided about equally be-
tween intragranular and intergranular porosity. In material No. 4
the slight porosity was almost entirely localized at three grain- .
boundary junctions. |

Photomicrographs were made of cross sections of the mem-

brane, membrane surface, cross section of the disks, and disk
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Fig. 14. Photomicrographs of material No. 1,
showing grain and pore structure.

255 X

910X

ZN=-3393
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ZN=-3394

Fig. 15. Photomicrographs of material No. 1,
showing second-phase location.
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250X

ZN-3395

Fig. 16. Photomicrograph of material No. 2,
showing grain and pore structure.
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ZN-3396

Fig. 17. Photomicrographs of material No. 3,
showing grain and pore structure.
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Fig. 18. Photomicrographs of material No. 4,
showing grain and pore structure.
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Table XIII. Average grain sizes for alumina materials investigated,

Body

Grain

size

()
3to 5 Porosity at three boundary junctures
10X 30

to Acicular: platelets generally with one
30X70 unbonded boundary
20 Some 60 p
20 to 40 Duplex grain structure .; approximately

25%of grains > 100 p diameéter
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surface. No skin effect or other change in structure dependent on

distance from surface or other position within the body was found.
2. Equipment

a. Loading Arrangement

The disk specimens were mounted as clamped-edge dia-
phragms and were loaded concentrically. A schematic of the cross
section of the disk and loading arrangement is shown in Fig. 19.
There were three vacuum chambers, numbered 1,2, and 3. Helium
was introduced into chamber 2. Chamber 3 was connected to the
" mass spectrometer, and chamber 1 was added to reduce the likeli-
hood that the test gas would leak out of chamber 2 through the O-
ring seal and then into chamber 3 through its O-ring seal.

The loading arrangement shown is for ram loading. Brass
bellows sealed. the chambers from one another and from the atmos-
phere. Loads were applied to the rams by means of diaphragm
cylinders actuated by air pressure. . Air pressure applied to the
diaphragm cylinders was controlled by a pressure regulator. ILoads

available with the diaphragm cylinders employed were 0 to 1600 lb.

b. Cycling Arrangement

Reversal of loading direction, which reversed the stress
distribution in the disk, was accomplished by means of time switches
and solenoid Valves on the pressure lines leading to the diaphragm
cylinders. A schematic diagram of the cycling arrangement is
shown in Fig. 20. Part (a) represents the arrangement of pressure
lines, and part (b) represents the electrical connec_tions between
tilmer and solenoid valves. The lengths of time for load application
from either direction were set independently on the timer. Each of
these time intervals was variable from 15 sec to 15 min. Thus a
complete cycle interval was available from 30 sec to 30 min.

The rate of loading after load direction had been reversed
was varied by use of a needle valve between the solenoid valves and

the pressure regulator. Usable times for complete reversal of load
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Fig. 19. Schematic representation of disk-stressing
device.
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Fig. 20. Schematic representation of
(a) loading apparatus,
(b) loading control apparatus.
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direction were on.the order of 1/10 sec to several seconds. Load
change by manually varying the pressure regulator setting extended
this time to several minutes. The effect of rate of change of stress

was investigated by these arrangements.

C. Flow-Rate Measurement

A helium leak detector was used to measure the gas flow
through disksa :A Consolidated Electrodynamics (CEC) leak detector,
Model 24-120, was used. All gas passing.through the disk passed
through the leak detect01\~. Output of thé instrument was recorded on
a stripchart relcordér. A Weston recorder, Model 6701, Type 1,

was errip10yéd for this purpose.

3. Test Procedure

After a test specimen was placed in the loading device, valves
1l and 2 were opened to the forepump and o0il diffusion pump and cham-
bers 1 and 2 pumped down to 1 to 2X 10-6 mm of Hg and maintained
at this pressure for 12 or more hours. To begin a run valves No. 1
were closed and helium admitted. Load magnitude and cycle were
selected and applied as required. Mass-spectrometer readings
were then recorded continu'éuslyu

Some experiments were performed by putting NZ gas at 1 atm
in chamber 2 rather than maintaining a vacuum in it. This was tried
in order to reduce the load on the connecting bolts caused by the
helium in the chamber and to reduce the amount of helium flow through
the O-ring seals.

The actual cycle employed in the experiments reported here
consisted of application of the load in a given direction for a fixed
time period, then automatic release of the load for a fixed but not
necessarily identical period of time. These time periods were set
independently of each other. The resulting cycle was repeated

automatically as long as desired.



4. Calibration of Equipment

a. Pressure Regulator

The pressure regulator was calibrated in terms. of '(a‘)‘pres«-
sure at the diaphragm cylinders and (b} micrometer setting. Calibra-
tion was performed with SR4_ strain gages on an aluminum specimen
which was previously calibrated in terms of total load on the specimen
vs strain. Strain was measured directly with a Baldwin SR4 strain-
gage indicator and converted to load, P, from the calibration curves
of the aluminum strain gage device. In Appendix JI the data are tab-

ulated in Table XV and plotted in Fig. 33.

b. Mass Spectrometer

The mass spectrometer was calibrated by use of a helium source
of known flow rate. The background for the mass spectrometer was
determined and then the helium source was vented to the mass spectrom-
eter and allowed to reach steady state. Flow rate is given in the form
of cc helium gas (at standard pressure and 26.1° C) per second. Sen-
sitivity is given in the form of this flow rate per percent of recorder
full scale with the mass spectrometer on its most sensitive setting.

These calculations are given in Appendix III.

C. Outer-Fiber Stresses in Disks

1. Stress Calculations

Stresses induced in the membranes of the blind holes by applica-
tion of load P were calculated by assuming that the test specimens in
the loading device were clamped-edge rigid diaphragms. Three load
distributions were investigated. First, a load distributed uniformly
over the diaphragm surface was considered. This corresponds to the
stress induced by test gas pressure. Second; a point load acting along
the diaphragm axis was considered. Third, a load distributed uniformly
in a ring concentric with ‘the'diaphragm axis was considered. Schematics
of loading model and equations that were used for radial and tangential

outer-fiber stresses are given in Appendix IV.
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2. Stress-Strain Measurements

Strain measurements on specimen 1-4 with a 1/4-in. -diameter
blind hole in the center were undertaken to test the applicability of
the stress equations and accuracy of the calculated stresses. Three
SR4 (Baldwin) foil-type strain gages were attached to the disk. One
was on the surface of the membrane at the bottom of the hole. A
second was attached to the opposite surface of the membrane. The
third was attached to the disk surface near the edge of the blind-hole
opening and within the ring loading radius. Load was applied by the
ring arrangement. Plots of strain vs load for all three gages are
given in Part F, Appendix IV. '

To convert the experimentally determined strains into outer-
fiber stresses, it was necessary to determine E, the elastic modulus,
and p Poisson's ratio. These calculations are given in Part D of
Appendix IV. The elastic modulus was calculated by an empirical
formula given by Knu.dsen56 which takes into account the porosity
dependency of E. Spriggs presented a similar empirical fornmila,5
but Knudsen's formula appears more accurate for high—alurnina‘
bodies of the type used in this investigation. Poisson's ratio was
also calculated from an empirical formula relating p to porositya

With these constants and the biaxial stress-strain relation-
ship, stresses were calculated from the experimental strains. These
stresses were compared with the ones calculated from the derived
stress formulas. These stresses are compiled in Table XVIII of -
Part E, Appendix IV. Agreement between experimental and theo-
retical stresses is satisfactory for tensile stressestbut:is unsatis-
factory for compressive ones. -Apparently in compression the 1/4-
in. -diameter thin membrane (approx 40 mils) acts like a diaphragm
compressed by a load acting radially along its circumference. The
result is that the membrane acquires a 0 stress plane and the stress
reverses in sign from one surface of the membrane to the other.

On the basis of the above results, four 1/8-in. -diameter

blind holes were substituted for the one larger 1/4-in. -diameter
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blind hole. Strain measurements were not made on this configura-
tion, but flow measurements made with the configuration strongly
suggest that stress, both in conipi‘essidn and in tension, is adequately

described by the.derived equations..

'D. Experimental Results

The observed stress-enhanced flow rates are first grouped
according to the kind of applied stress--compressive or tensile.
Then within these groups the flow rates are further grouped by mate-
-rial beginning with matérial No. 1. Finally, f01; each specimen of ..
' each material the flow rates are arranged chfonologically.”

" From the general pattern of flow-rate dependence on stress,
loading rate, prior history of the specimen, and microstructure
disclosed by this grouping of the experimental data, three different
but related phenomena are found. First, initié.l permeabilify was
found for material No. 1. Second, changing stresses could induce
momentary permeability in both materials 1 and 2. Third, the
magnitude of both the initial and stress-induced permeabilities de-
creased with time.

Dimensions of the membranes for each of the specimens are
given in Table XIV. Helium flow data for each of the speéimens are
given in Table XIX through XXXIV in Appendix V. These data are

tabulated in the form of
cc He gas (at standard pressure at 79° F)

atrhosphere'He pressure difference - c.rn2 conducting area- sec
Specimen material is denoted by the first number, while the second
number denotes the particular specimen of that material, and the
third (final) number denotes the experimental series performed on

the particular specimen..

1. Membranes under Compression ...

Four specimens of material No. 1 and two of material No.4
were investigated. Three of the specimens of material No. 1 and

one of the specimens of material No. 4 contained four 1/8-in.-
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Table XIV. Membrane thickness and surface alrie,aw f-_'or_r.

Alumina specimens investigated.

Specimen Membrane Membrane No, of Total mem- Grinding
thickness diameter membranes brane area method
(mm) (mm) (sz)
1-2 0.8 5.0 1 0.19 Ultrasonic
: impact
grinding
i-5 0.5 3.0 4 0.28 Diamond +
lapping
1-6 1.0 3.0 4 0.28 Diamond +
' lapping
1-7 -0.5 3,0 4 0.28 Diamond +
: lapping
1-8 1.0 3.0 4 +0.28 Diamond +
_ lapping
1-9 0.8 3.0 4 .0.28 Diamond +
lapping
1-10 ;: 0.3 3.0 4 0.28 Diamond +
lapping
2-9 0.5 3.0 4 0.28 Diamond +
‘lapping
2-8 1.0 3,0 4 0.28 Diamond +
lapping
3-7 0.5 3.0 4 0.28 Diamond +
lapping
4-2 0.8 5.0 1 0.19 Ultrasonic
' impact
grinding:
4-3 1.0 3.0 4 0.28 Diamond
drill +
' lapping
4-5 0.5 3.0 4 - .0.28 Diamond
drill +

lapping
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diameter blind holes each. One specimen of material No. 1 and one
of material No. 4 each contained one 1/4-in. -diameter blind hole.
Table XIX consists of flow-rate data for specimens 1-2, 1-6, 1-7,
and 1-9 of material No. 1, and Tables XX .and XXI consist of flow-
rate data for specimens 4-2 and 4-3 of material No. 4. Membrane
thicknesses are given in Table XIV.

No flow was detected through membranes of materials No. 1
and No. 4 for application or release of cyclic compressive stresses
for ring-loaded specimens with four 1/8-in. -diameter holes. Com-
pressive stress-induced flow was observed for specimen 1-2 on
cyclic release of compressive stresses. Ring loading was used in
this case, but the arrangement was one 1/4-in. -diameter blind hole
instead of four.1/8-in. -diameter blind holes. Flow-rate data for
" this specimen may be best plotted against magnitude of released
stress. Such a plot is given in Fig. 21. No flow for either release
or application of cyclic compressive stresses was detected through
the specimen of material No. 4 that contained the one 1/4-in. -diam-
eter blind hole.

Three specimens of material No. 3 were tested earlier. They
gave no indication of permeability change with stress. However,
these disks contained four 1/4-in. -diameter blind holes and were
stressed through center-point loading. Actual stresses were thus

uncertain. For this reason they are not listed.

2. Membranes in Tension

a. Material No. 1

Six specimens of material Noo 1 were investigated. Helium
flow-rate data for specimens 1-2,1-5, 1-7, 1-8, 1-9, and 1-10 are
presented in Tables XXIIthrough XXVIII in the Appendix. Data from
these tables are plotted in Figs. 21 through 30. Specimens 1-7-3
and 1-7-4 were run consecutively without removal of disk 1-7 from
the test apparatus. The other series for this and the other specimens
of material 1 were run after cleaning and oven-drying between series.

Specimen 1-2 contained one 1/4-in. -diameter blind hole. The other
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Fig. 21. Peak flow rate as a function of released stress.
(Data from Tables XIX, XXIII.)
Specimen 1-2: release of compressive stress, ], A
Specimen 1-5: release of tensile stress, O.
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Fig. 23. Peak flow rate under applied tensile stress (TS)
as a function of cycle for specimen 1-7-3.
(Data from Table XXV.)
Applied TS=2500 psi; av load rate = (1.7 to 3)X 105 psi/min.
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Fig. 24. Peak flow rate for applied and released tensile
stress {TS.) as a function of cycle for specimen1-7-3
(Data from Table XXV.)

O O applied TS.
H----- O released TS.
TS: Cycles 1-23, 2500 psi; 5

av load rate = (1.7 to 3.4) X 10° psi/min;
Cycles 24-25, 4100 psi;

av load rate = (3.3 to 6.6)X 10° psi/min.
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Fig. 26. Flow rate for applied and released tensile stress (TS)
as a function of cycle for specimen 1-7-3. ’
(Data from Table XXV .)
a----- [ released TS.

O O applied TS. .
(a) and (c) TS=5800 psi; load rate = (4.9 to 9.8)X 10° psi/min.
(b) TS=4.1X103 psi; stress rate=4.1X 103 psi/min.
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Fig. 27. Flow rate for applied and released tensile stress (TS)
as a function of cycle for specimen 1-7-3.
(Data from Table XXV.)
J----- [0 released TS.
O ——O applied TS.
(a) (Repeated from Fig. 26) TS=5700 psi;
av load rate = (4.9 to 7.8)X 10° psi/min.
b) TS =7600 psi; av load rate = (6.8 to 13.6)X10° psi/min.
¢) TS=7600 psi; av load rate =6.2X 10% psi/min.
d) TS=4.1X103 psi; av load rate=(3.3 to 6.6) X 10° psi/min.
e) 2 min load, 2 min no load; TS =6000 psi;
av load rate=(4.9 to 9.8)X 105 psi/min.
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Fig. 28. Peak flow rate for applied and released tensile stress

(TS) as a function of cycle for specimen 1-7-4.
(Data from Table XXV .)
O O applied TS.
(Jemm- {1 released TS.
Cycle time: (a) through (d), 2 min load, 2 min no load;
(e) 0.33 min load, 0.66 min no load.
(a) and (c) TS=7600 psi; av load rate = (6.8 to 13.6)X 105
psi/min.
(b) TS =7600 psi; av load rate= 8.4 X 10% psi/min.
(d) and (e) TS =9200 psi, av load rate = (8.4 to 16.8)X 10°
psi/min.
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Fig. 29. Peak flow rate for applied and released tensile stress

(TS) as a function of cycle for specimen 1-9-1.
(Data from Table XXVII.)
O O applied TS.
Cemmm - T] released TS.
2 min load, 2 min no load.
TS: first 34 cycles: 2600 psi;

av load rate = (1.8 to 3.6)X10° psi/min;

next 14 cycles: 4300 psi;
av load rate = (3.5 to 7.0)X 10° psi/min.
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Fig. 30. Peak flow rate for applied and released tensile stress
(TS) as a function of cycle for specimen 1-9-1.
(Data from Table XXVII.)

O——) applied-TS.
O-ee-- ] released TS.
2 min load, 2 min no load.
(a) TS=5700 psi;

av load rate=(5.2 to 10.4) X 10° psi/min.
(b) TS=7200 psi;

av load rate = (6.8 to 13.6)X 10° psi/min.
(c) TS=7600 psi;

av load rate = (6.8 to 13.6)X 102 psi/min.
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five specimens contained four 1/8-in. -diameter blind holes each.
Membrane thicknesses for these specimens are given in Table XIV
along with total membrane surface area. All specimens were ring
loaded.

No flow was observed for specimen 1-2. This specimen con-
tained one 1/4-in. -diameter blind hole and did exhibit compressive
stress-induced flow similar to specimen 1-2, but for release of
tensile stress rather than for release of compressive:.stress. These
flow-rate data were best plotted against magnitude of stress, and
are given in Fig. 21. Specimen 1-7 exhibited stress;enhanced flow
rates that were best plotted against cycle. Specimens 1-9 and 1-10
also exhibited similar stress-enhanced flow rates. Stress-enhanced
flow-rate data for 1-% were best plotted against cycle, and are given
in Figs. 23 through 27. The flow-rate data for 1-10 consisted of two
effects. Initially stress release or application :;Lcted to momentarily

‘increase the envelope width for rapidly fluctuating flow rates. After
approximately one-half hour the rapid fluctuations ceaséd. Tensile
stress release and application then caused momentary flow to occur,
very similar to that found for specimens 1-7 and 1-9. No stress-

enhanced flow rates were detected for specimen 1-8.

b. Material No. 2

Two specimens of material No. 2 were investigated. Peak
flow rates for tensile stresses for specimens Zv~9 and 2-8 are given
in Tables XXX and XXXI, respectively. Data for specimen 2-9 are
plotted as Fig. 31. Membrane thicknesses are given_ir;Tablé XIV.
Both specimens contained four 1/8-in. -diameter blind holes and
were ring loaded. No change in flow rate under tensile stresses was

detected for 2-8.

c. Material No. 3

No flow-rate dependence on tensile stress was detected for
specimen 3-7. Data for this specimen are given in Table XXXII.

This specimen contained four 1/8-in. -diameter holes and was ring
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Fig. 31. Peak flow rate for applied tensile stress (TS) as
a function of cycle for specimen 2-9-1.
(Data from Table XXX.)
2 min load, 2 min no load. 5
TS=2500 psi; load rate = (0.7 to 1.4)X 10 psi/min.
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loaded. Three other specimens of material 3 were tested earlier.
They also gave no indication of permeability change with stress.
However, tilese disks had four 1/4—in, blind holes each and were
stressed through ceﬁter—point loading. Actual stresses were thus

uncertain. For this reason they are not listed.

d. Material No. 4

" Two specimens of material No. 4 were investigated. Peak-
flow-rate data for specimens 4-2 and 4-5 are given in Tables XXXIII
and XXXIV. Specimen 4-2 contained one 1/4-in. -diameter blind hole
and 4-5 contained four 1/8-in. -diameter blind holes. Both were
ring loaded. No flow-rate dependence on stress was detected for

any of these specimens.

3. Membranes Free of Stress

Maximum flow rates observed under no externally applied load on
initial contact of the specimen with 1 atmosphere of helium are given
in Table XXIX. Flow rate as a function of time for specimen 1-7 for
these same conditions is given in Table XXIV (a). Initial permeability
was shown only by material No. 1. The other three materials were
impermeable under these conditions. Figure 22 is a plot of the flow-
rate data of Table XXIV (a) as a function of time. Figure 31 is a plot
of the maximum flow rates as a function of membrane thickness for

material No. 1. Membranes 1 mm thick or thicker showed no initial

permeability.

E. Discussion

Changing stress levels cause the normally impermeable disks
of material No. 1 to become temporarily permeable. This is shown
in Figs. 21 and 23 through 30. To a lesser extent changing stress
levels also cause disks of material No. 2 to become permeable. This
is shown by Fig 31. Changing stress levels do not cause materials
No. 3 or 4 to become permeable--at least within the limits of sen-

sitivity of the instruments used in these experiments.
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Initial permeability to helium was observed for material
No. 1. The magnitude of this permeability to heliufn is shown by
Fig. 22. Specimens 1-7 and 1-9 both showed this. Whether or not
specifnen 1-2 or specimen 1-5 was also initially permeable is un-
known, as the initial test conditions for them precluded ‘gaining such
information. The magnitude of this effect is strongly dependent on
the thickness of the membrane, as shown by Fig. 32. A pronounced
feature of this initial permeability is its decay with time under es-
sentially zero stress conditions. This decrease in the initial perme-
ability is shown by Fig. 22. No such initial permeability was observed
for material No. 2 even though.: its permeability was dependent on
stress. Once the initial permeability disappeared, recleaning and
drying the disk in an oven did not bring back this initial permeability.

Two different types of stress dependence on permeability
were found for material No. 1. The first stress dependence is shown
by Fig. 21. The éffect of stress on permeability shown by this plot
is completely reversible. A given change in stress from the un-
stressed state results in a given flow of helium (a fixed peak height
for a given stress change). Maximum Va.ria,tion:in peak height for
a specific stress change lies between 10 and 15 percent. The peak
flow rate is essentially linearly dependent on the stress change until
stresses near the fracture value are reached.

The second kind of permeability stress dependence is shown
by Fig. 23,24, and 32. The peak flow rates decrease with time and
in some cases cease until the magnitude of the cyclic stress is in-
creased. These two related phenomena of peak flow rate decline,
and subsequenf increase in flow rate with increased stress are shown
by Fig. 27. '

The last basic aspect of change of gaseous permeability with
stress is its dependence on rate of stress application. Figures 23
and 24 compare peak flow rates for release and for application of
tensile stress. In these figures it is shown that peak flow rates are
caused by application of tensile stress. In this case the loading rate

is about (3.3 to 6.6) X 105 psi/min. Stress release has almost no
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effect. Figures 25 and 26, on the other hand, show Just the opposite
dependence on stress. In Flg 25 the ten511e stress appllcat1on rate
has been reduced to about 4. l><10 p51/m1n, which is an order of
_magnltude less than the rate in Fig. 24. Peak flow rates now are
caused by the release of the tensile stress rather than by its apphca—
tion. Figure 26 shows this same phenomenon. In add1t1on, a return
to dependence of peak flow rate on application of ten51le stress as -
stress application rate is increased is indicated by the latter portion
of Fig. 26. |

The latter portions of Figs.,‘ 29 and 30 show a somewhat
changed peak- flow- rate dependence on stress change Peak flow
rates are found in tensile stress release, and flow is stopped or
decreased by tensﬂe stress application. ‘

No spec1mens with membranes as thlck as or thicker than
‘l mm were permeable under stressed or unstressed condltlons, with-
in the limits of sensitivity of these experiments.

- Material No. 2 was permeable under tensile stress conditions
but was not initially permeable under no-load conditions. The decay
in peak flow rate under cyclic stress conditions was significantly
greater for material No. 2 than for material No. 1, as shown by
comparison of Figs. 23 and 24 with Fig. 31. _ |

Th.ese Varied phenomena may be explained by consider_ing the
| rnicrostructures of these ceramic bodies, the theory Vdeveloped
above for activated gaseous permeation through membranes, and
| some of the concepts dex;eloped to explain interactions between
gases and porous materials. | ]

First consider the microstructures of the.se four materials
as shown by thel:phot'o_micrographs' Figs. 14 through 18. Material
No. 1 clearly contains a considerable amount of porosity. The pore
size is as large as or larger than the crystai érains. Figure 15
shows. that the second phase of this material is a softer substance,
probably a glassy phase. Comparison of Figs. 14 and 15 shows that
the body is cornposed of clusters of partially sintered and glassy

bonded grains with grain-size or larger pores between these clusters.
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Even at 5600 times megnification the porosity observed within these
clusters seemed always to be at grain—boundary' j‘unctidnsror é,long a
. grain boundary. No porosity was found within the graiﬁs; "Considerable
possibility thus exists for these large pores to be connected together
over distances relatively large in comparison with the grain size,. so
' that a maximum amount of porosity is therefore available for gaseous
' permeation. The calculated porosity content is 7.2%, ‘as shown by
Table XII. If reference 20 also holds for A1203, as much a's. 2.2% of
thls porosity is "open'' porosity. '

Material No. 2 has a structure 51m11ar to that of material No. 1.
' Consider Fig.’ 16. Comparison of this figure with Fig. 14 shows that
- for both materials the porosity is primarily intergranulé.r rather than
intragranular. However, some of the porosity of material No. 2 is con-
tained within the grains. The gre.in size of material No. 2 is about three
times asvlavrge as material No. 1 in terms of linear dimensions. Size
of the pores is about the same for both materials. The largest pores
seem somewhat smaller than the average grain ‘si*ze. of material No. 2.
More of the bonding between grains in this material éppears to be grain-
to-grain contact rather than second- -glassy-phase bondlng " Porosity is
about 5.6%. ' '

The microstructure of material No. 3 differs significéntly from
‘that of the first two materials. Comparison of Fig. 17 with Figs. 14
and 16 shows that as much as half the porosity of this material lies
Within‘gfai‘ns‘;" The remaining portion lies alohg grain boundaries.
These pore's.a're generally considerably smaller than the grain size of
the material. Average grain size is somewhat smaller than that of
material No. 2. 'Almost all grains appear to be in continuous close con-
tact with adJo1n1ng grains. This is in marked contrast'to the first two
materials, in which many of the grain boundarles are in contact with
pores rather than other gralns Grain size and por051ty are, respec-
tlvely, 20 p and 2 4% | '

Material No. 4 is a polycrystalline A1203 ‘body of alinost theo-

retical density. The grains are as large as in any of the other three
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bodies. The small amount of porosity that does exist appears to be
entirely confined to grain-boundary junctions. Porosity is about 0.3%
and grain diameter about 20 to 40 microns. .. ‘

The scope of microstructures presented for the four materials
is thus one that passes from a material in which most grains are in con-
tact with pores of grain diameter or larger to one in which a few grains
are in contact with pores, of diameter an order of magnitude smaller.
Possibilities for connecting several pores together decrease:in like
manner.

From the theory developed above for gaseous permeation of
glass, Si, and Ge, large increases in flow rate would necessitate un-
reasonable decreases in activation energies for solution and diffusion.

-8 cc(STP) would require a room-

A typical peak flow rate of 20X 10
temperature diffusion coefficient of 10°2 to 1071 cmz/sec to satisfy the
rapid time rise. The stress-free diffusion coefficient must be less
than 10_7 cmz/sec to satisfy the fact that the sensitivity of the mass
spectrometer allows detection of diffusion coefficients of this order of
magnitude. The ratio of these two diffusion coefficients would then be
the ratio of the peak flow rate to the steady-state stress-free flow rate.
Such a ratio is equivalent to about 82 kcal per g atom decrease in the
activation energy for diffusion. This value is greater than the stress-
free activation energy of 3.0 kcal per g atom reported by Ca]mpbell.,54
Even:though it is questionable that the data in reference 54 are correct,
there is another more serious objection. That is, that materials No. 3
and No. 4 do not show such an effect. All materials are essentially
AlZO3. They all have the same crystalline structure. Therefore, all
these materials must exhibit very similar characteristics if the flow
process is to be through the lattice. These materials do not exhibit
the same peak-flow-rate characteristics. Only the two most porous
materials show stress-enhanced permeation behavior. A third and
final objection is that the initial flow rate for material No. 1 is not

linearly dependent on membrane thickness, as is required by permea-

tion theory.
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Change in microstructure is the major physical characteristic
that distinguishes these materials from one .another. The impdrtant
feature of this microstructure change is the amount and distribution of
porosity within each of the bodies. It is clear from the discussion of
the photomicrographs and flow-rate phenomena glven above that the
pores must be at least tenuously connected with one another over con-
siderable distances for material No. 1. To a lesser extent this must
also be true for material No. 2. Such a conclusion is no longer reason-
able fcr material No. 3. Not only is total porosity less than one-half
~ that of material No. 2, but also a considerable portion of it is isolated
within grains. For material No. 4 the porosity content is ’extremely
small, and it is in the form of small pores widely spaced from one
another with little possibility for connection between them. The latter
two materials therefore have little capability for gaseous flow along
porosity paths. '

The experii’nental data show that no flow occurs through materials
Nos. 3. and 4. These have no connected porosity paths. Stress-de-
pendent flow occurs through materials Nos. 1 and 2. These do have
some connected porosity. Therefore, at room temperature flow must
occur along these connected porosity paths. The initial permeability
of material No. 1 is direct evidence of this.. The extreme dependence
of the peak initial flow rate on membrane thlckness is further evidence
that these paths exist and are of finite length.

The stress dependence of the flow rates may now be explained.
Cross sectione vof many of these paths must of necessity approach di-
mensions of atomic helium. These paths are formed by discontinuous
bonding between grains. When the load is applied rapidly, it acts at
these points of contact between grains. Stresses are concentrated at
these points as also are the strains. Enhanced flow then occﬁrs when
these contact poihts are tensilely strained and the ci‘oss_ sections en-
larged. Once grains are extensively bonded to one another, as in ma-
terials Nos. 3 and 4, stresses and strains can no longer be concentrated
in the regions of connections between pores. Rapidly applied or released

stresses can no longer cause flow through the membranes.
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The decay of stress-dependent flow rate with time observed for
materials 1 and 2 fnay be exp'la.ined as a capillary condensation phenom-
gnon.4,2’ 58-63 The adsorption or condensation is undoubtedly a physical
adsorption and nof chemisorption. This condensation must be on the
surfaces of the pores and at constrictions in the connecting paths be-
tween pores. It is reasonable to assume that once a stable distribution
. of adsorbed atoms has been achieved, change of stress conditions in
the form of higher tensile stresses or more rapid loading rates will
disturb the previously stable helium atom distribution and cause flow
until a ‘neiw stable configuration is reached. _

An important objection to this discussion of connected porosity
is the possibility that cracks are nucleated in the membranes as a re-
sult of forming the blind hole. One -a\ttempt at determining if this was
a possibility was use of the alternative blind-hole -forming methods of
diamond drilling and ultrasonic-impact grinding. Nov difference between
the behavior of membranes formed.by these methods wés detected. a
second supporting reason for discarding this possibility is that a crack,

.once it begins to grow under stress, will continue to flow under ever
decreasing Stresées-64 In some of the specimens testéd both pre-exist-
ing cracks and crack-nucleation sites existed. Their behavior under
stress was in accordance with the Griffith flaw theory discusséd in
‘reference 64. On the other hand, the observed behavior of peak flow
rates when stress is applied and the decay of the magnitudé of these
. peaks with time are just the opposite of the obsérved flow-rate behavior
through these known cracks. Because variation of the grinding methods
had no discernible effect on flow rates, and because flow rates for known
cracks differed frqmvthat.reported and discussea, any supposition of

permeability induced through crack formation must be discarded.
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IV. SUMMARY AND CONC LUSIONS

In the section on gas permeation through glass matriées", single-
crystal germanium, and silicon, it was shown that a thermodynamic
treatment of solution of He and Ne in glass; coupled with a previously
developed theory for activated diffusion, adequately explained and pre-
dicted gaseous pe‘rfneation through glasses. It was further shown that
this theory, when applied to He flow through Si and Ge, adequately ex-
plained the experimental data. The theory for gaseous permeation was
then further developed to explain and vpredict the activation énergies for
diffusion, solution, and permeation for Si and Ge. In principle, this
treatment also may be applied to calculation of these same energies
for gaseous flow through glasses.” The primary source for the ener-
gies of the gaseous atoms in the solid matrix was found to be in the
repulsive forces between atoms and ions.

In the section on-stress-enhanced gaseous permeation through
A1203 bodies, stress dependence of the gaseous permeability of A1203
materials was investigated. Materials that were normally impermeable
under no stress or under - static stress conditions were found to be-
come permeablebunder rapidly varying conditions of induced stress.
This pe"rmeabilit’:y‘ stress dependence was shown to be a function of the
microstructure of the material.: About 5% porosity was found necessary
for stress-enhanced porosity-dependent permeé.bility. The porosity
was found to be interconnected over distances of several hundred
microns. The flow was determined to be only through these inter-
connected pores. It was also found that helium was adsorbed within
the materials on the pore surfaces and along their interconnections.
Capillary condensation was postulated as the cause for the decay with

time of the helium flow rates through the A1203 materials.
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APPENDIX 1

Determination of Equations for Solubility Coefficient

A. Starting equations

1. AGS = RTInP.

2. 7 C=PS,
where S = solubility coefficient,
P = pressure,

C = concentration of gas atoms in solid.

- 3. AGS:AHS —T&SS°

4. s =s, e AHg/RT

"B. S, in terms of starting equations

From D= et 2Gg/RT _ +AHG/RT - TAS/RT

S=C/P
S = 5, e "AHg/RT
we obtain Sy= C eASS/R s

s-c eASS/R e—AHS/RT’

where C and AS both refer to the same solid-solution concentration .
and the gas standard state of one atmosphere and the temperature:

at which C is measured.

C. S for three degrees of vibration in dissolved state

L ASg = =S +5.* Sy

el (=]

9]
It

£
2



-9]-

, : \ 3/2
- an{<z> 53$¥I> }+ 2 g,
N, h 2
S n_ -n_’
§ = R,en(_u , :
c n
g :
where n_ = number of gas atoms dissolved per unit volume

of solid solution, assuming random distri-

bution of sites and gas atoms.

5. -3r|BY /(BY ) gy (1. o hW/RT)
th kT KT _1
i : l 3/2 n -n
ASg = -R £n<-Y @g) + -2-}( RI'n(S——g>+
S - n
N, h g
, |
Rr| 3By hy -J£n<l—eJW/Kﬂ}
L kT / \ekT-1/
- [ f/v\ (2mmkr \3/2 -hy/kT 3/ g
= R -fn — —Z l-e —_— +
L N AN h™ ' n_-n

1 5, 3hy hy/kT )]
R[ Z+k_T <e —1~ .

Il
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3. Solubility coefficient:
n
From c=—E& ,

)|

where - n, = atom density of gas at STP.
n
e ol
s = ¢ AS/R _-AH/RT,
. | 3/2, |
s = ?ﬁ:n_gexp {_1n[l(ﬁ> / <l_e_hy/kT\3/ %g 11+
Pn ny N h ) K?'S_n‘g/_i

1
shy /[ ny/xT \ sl 3hv . 3hv/[ hv/KT \- 5&
+?_T__/<e —1> "'2—} eXp {—{Tk—,r— +—k-T/<e —:D—,%}y

. ' 3
s (27 ) G
- <l’ (ank 3/2 3/ <i-ej—ll>3
N> n? > " kT,

v _ kT
N P’
e_! 2kT ng- ng\ :
we have 3/2 hY - }<P0)
T &T 1/
> l-e
2KT - |
and (ng=mn_)(P,) '
_ hy. 5 g

where P = gas pressure at which ng is measured.
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D. S for two degrees of translation + one degree, of vibration

1. AS.: . : » '
° » N3y

From St = R[fn Xe<\2_11m_2kT__> }4- 2] ,
t N h | 2

Wl
il
2]
=
B
s
197
1]
jo]
Q
N

N AN /. 2/2 , y by r by
and §th R[ln{< ;) e C:§T> }+—2—}+R[—3/<ekT—l>—ﬁn<l-ekT>

“
2 AHS.
From H = =~ RT,
g 2
= _ hy hy RTY
and g = n{z (hy/kT_l)}_l-z(' >fRT
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3. Sol’ubil"it.}"’ coefficients: - B S SO L S PR

Ag -3/2 hy
= P - P
ng ; (ns ng)( 0) ank 1/2 h_Y
k kT
hZ e 1

wn
-
H
H
~
| nema—
=~
=
——
TN
Z <
~—
m.
/;\
[\
w'g
N&
~—
W
~
oo
——
N oW
——
[}
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C 3. 'So‘lubility coefficients

n,-n_\ @LJ/N)T hy/2kT :
( frsn) Bl (v Y

n1 /) Tk (2mmk/h2) \ PY/KT

(Lg/N)T ™ |
: (P,)

[ Bv/fxT >

‘n. = P(n. -n ) — - :
- K(2mmk/n?\ PV KT )
' .

o 'F. Three dégrees_ of translation

g

| , 3/2
st»=,R[zn Yie 2““;”) }+3J
* R\ h 2
: _ ng-n o
S =R£n< 'S‘ . g>
C n

1. A5y

2 AH'S:
H = =~ RT
g
— 5
Hs = 5 RT
AHS= 0



3.

Solubility coefficient:
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-APPENDIX II.

Calibration of Pressure Regulator

Table XV, Micrometer and air pressure settings

for strain-gage-determined-applied loads

Load Micrometer sefting B Gage reading

(1b) (in.) (psi)
0.000 0.530 ‘ 0.0
* 110 0.512 6.0
180 0.504 8.8
20 0.523 2.0
64 0.517 4.0
118 0.511 6.0
164 0.506 8.0
176 0.504 8.8

0.515 5

0.500 10

0.486 15

0.472 20

0.459 25

0.445 30

These data are plotted in Fig. 33,
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700 ' T T | T T T
eoor . - / e
500} / o

400} / -

load (ib)
N

300} -/ o

Applied

200} : , -

100 1

0 ] ] ] ] | |
0 5 10 15 20 25 30

Regulated pressure gage reading (psiq)
L | | | | | |
0530 0515 0500 0486 0469 0459 0445
Micrometer setting

MU-28523

Fig. 33. Load applied to specimen as a function of
regulated pressure and micrometer setting.
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APPENDIX III.

Calibration of Helium Leak Detector

-7 o
Helium-calibrated leak rate: 7’6X10] cc gas (at | ?.tm, 9" E)

- sec
June 7, 1962:
Strip chart recorder reading 28 div on X100 scale
-Background - 3 div
25 div on X100 scale
7.6x10" " 3.04x10" % gas (at 1 atm, 79°F)

2.5X103 ~ sec - div

July 31, 1962:
Strip chart recorder reading 55 div on X50 scale
-Background - 3 div
52 div on X50 scale

_ 2.91X10_10cc gas (at 1 atm, 79°F)
- sec - div ,

7,.6><1o‘7

5. 2x5x101°

. e 1 n-10 cc
Helium leak detector sensitivity = 3,0X10 see-d
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APPENDIX IV,

Calculation of Stress in Outer Fibers of Disks

A, Stress Caused by Gas Pressures (Theoretical)

1. Loading model:

see Fig. 34a.
2. Equations (from reference 65):
6M
g = - :
"max h2
(0] = - _6&
1:m'a.x . h2

M_ =_qu[ a_z(l + 1) - ?2(3 + w1

= [.az(l +p) - (1 + 3 wl;

M= 16
3 a.2 1'2
o =z L [Qep- S 06+m]
max h a
Uniformly
> 5 loaded
3 ga T clamped-
o, =- 3 [(1 4 p) - ‘7(1+3H)] edge disk. *
max h a :

B. Stress Caused by Ring Loading (Theoretical)

1. Model:
see Fig. 34b.

2. Equations (from reference 65):

a, General:
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Gas at pressure
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—ET
|
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TISINSRY -
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\
NNYNN N NN\

N

MU.28451

Fig. 34. Loading models for theoretical stress calculations.



b.

C.

-102 -

4+ (3 +p)+ (p-1) -7
r

6Mr
O'r = —Zz
max h
6Mt
g = -7
tma.x h
o
dw  p dw
Mr—-D<7. +'I___r‘>s
dr ,
1 dw dzw
M = - D<r &t :;z)
Inside the ring:
. . - 2
P 2 2 b (2 4+4r ) -b)
w = T—wD[(b +r )dn—+ —7 )
2a
f 2 2
- P b a -b b pa -b
i L a a
2 2 / 2 2
_ P b a~ -b ' -b
. = - 8_1T [an <z)+<_“2—> + 2P~£n<-—>+|¢ ——'—2""'_'>J 9
i a a
3 P b b 2
_ =0 =- z -——z-[zin<§>+ 1 -(-) J(l +1)
i i Th
max max
Outside the ring:
2 2
P 2 2 b
v [ S et ()]
P T p? NEANE
Mr = - &% -(1+p)|;1+ —Z—ZEn gj\
0 a

}
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' 2
P J ., b : r

. . b2
+ {1 +3u) + (1 ‘H)—Z}
r

‘ o . >
3p b a
o = - .-(l-u;.p)<1+ + 2in —
r, 41Th'2' [ :Z. T
max
bZ
+ (3 +p) + (n - 1)——2—:'*
T
2
3p
o = - -(l+u)<1+ +21n—>
to 4mh® [ 2’ g
max 2
‘ b,
: o +(1+3u)+(1-u)—2]*
r

Stress Caused by Center Loading (Theoretical}

1. Model:
see Fig. 34c.

2. Equations (from reference 65):

For any point not very close to load P,

6M

(02 = - = r )
rma.x h2
6M

o, = - =
max h

Q
2}
n
]
NV
=
|*u '”-’“NI*U
P
[
+
<
ey
o
R
~
[}
—
=,l,
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D. . Calculation of Elastic Modulus and Poisson's Ratio for

Al 203

Bodies

1., Elastic Modulus

a. General Equations (from reference 56):

E_. = 4102 kilobars
[E, Theoretical= 59.23X106psi] ,

0

b=-.3.95,

P= Fractional pore volume of body.

b. E a1 (given in following table)

= 59.4x10° psi

Table XVI. Calculated elastic moduli for materials investigated

ale
b

No. 1 No, 2 Neo. 3 No., 4
Pbulk 3.70 g/cc 3.76 - 3.89
pbulk/po 0.928 0.944 0.976
P 0.072 0.056 0.024 0.003-

> 0.004
bP 0.2844 0.2210 0.0948
e PP 0.7525 0.8017 0.9097
E 44.7x10° 47.6 54.0 . 57.62
cal

“Values given in Ref, 56:

Py = 3.9879/cc
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2, Poisson's Ratio

1. Equation (reference: Knudsen 56)
w=0.26 - P(0.30)

2. Calculated Values

‘Table XVII. Calculated Poisson's ratio for materials investigated

No. 1 No. 2 " No. 3 No. 4
P 0.072 0.056 0.024 0.003-
0.004
0.3 P 0.0216 1 0.0168 - 0.0072 0.0009-
; 0.0012
m 0.2384 0.2432 0.2528 0.26-
cal 26

E. Strain Measurements and Corresponding Stresses

1. Material 1-4 -
2, Equipment and Gage Location
a. Strain Gages
Baldwin SR4 FP
Foil gages
b. Strain Gage Indicator _
 Baldwin SR, strain gage indicator

c. Strain Gage Location

See Fig. 35(a) for side view and 35(b) for to>p view of strain

gage locations.
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(b)

‘MU-28452

Fig. 35. Locations of strain gages 1,2, and 3 for
specimen 1-4.
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3. Strain Measurements vs Load
a.. Ring Loading 1-4
See Figs. 36,37 and 38 for strain measurements for strain
gages 1,2, 3,
b. Uniform Pressure Loading
For.a uniform pressure of 14,7 psia gage No. 1
measured ~13 pin, /in, and gage No. 2 measured

-23 pin, /in,
4, Comparison of Calculated and Apparent Stresses
The equation for the apparent stress is given by

Ee

o = T (biaxial stress),

Comparison of stresses calculated by this equation by
using the measured strains with stresses calculated by

the theoretical equations is given in Table XVIIL
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Fig. 36.
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Strain gage
No. |
-4

/ Top loading
Bottom
joading

Tension

] ] | ] | ] | | ) I

20 40 60 80 100 120 140 160 180 200
Strain (u)

MU-28524

Strain-gage measurements, gage No. 1.

Lioading from top and bottom.

Ne)

Run No. 1.
Run No. 2.
Run No. 3.
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1

]

Top

1 L [ 1 I [ I L T

Strain gage No. 2

1-4

Bottom

Tension
| | ] 1 | I !

Fig. 37. '
Loading from top and bottom.

o, [F:
O, []:

Strain (u)

Strain measurements, gage No. 2.

Run No. 1
Run No. 2

MU-28525
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0460 Top s .
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MU-28526
Fig. 38. Strain measurements, gage No. 3. Loading
from top and bottom.
O ,[J: Run No. 1
0O ,1!: Run No. 2
g Run No. 3
: Run No. 4



Table XVIII. Comparison of calculated and apparent stresses

Ring load, P = 300 1b

Uniform load, q = 14.7 psia

Gage Load o o .
point direction Strain(e) app calc Strain oapp calc
(o)1) bottom 105 *ilTn 6160 psi 5970 - - -
Y top 30 1760 psi  -5970  -1340 764 psi -418 psi
()2} bottom 97 5700 psi 5970 - - -
T top -4 -235 psi  -5970  -23 -1350 -1350 psi \
(o ')(3) bottom 44 2580 psi 2985 - - - i
T top 8.0 468 psi  -2985 - - -
(- = compression; + = tension)
p

Values calculated by assuming orapp = 0rcal

at gage point (2) for uniform loading in order to

calculate a; a was then substituted. into the equations for ring loading to calculate ring-loaded

stresses, Constants used were
m = 0.238, a = 1,405 in.,
h = 0,133 in., P= 300 1b.,

q = 1.405 in., E= 44,7)(106 psi.
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APPENDIX V. ‘ |
Flow-rate dé._ta. for materials No. 1 through No. 4, aafranged in
Tables XIX through XXXIV. o



Table XIX. Observed peak flow rates for application of cyclic compressive stresses
material No. 1,

Cycle time: 2 min. load, 2 min. no load.
Time to reach maximum load: 0,005 to 0,01 min,

(Flow rates given in cc/cmz-sec X 10_9)
Part A
Specimen 1-6-1 Specimen 1-7-2 Specimen 1-9-2

Stress No. of Av. peak Stress No. of Av. peak Stress No. of Av, peak

(psi) cycles flow rates (psi) cycles flow rates (psi) cycles flow rates
2,200 35 0 2,700 4 0 2,500 29 0
3,000 3 0 4,300 2 0 4,100 10 0
4,100 3 0 5,100 3 0 5,900 4 0
5,900 3 0 6,000 5 0 7,500 11 0
7,500 7 0 7.600 7 0 9,200 3 0
9,200 4 0
11,000 7 0

—ell-




Table XIX. Observed peak flow rates for application of cyclic compressive stresses material No. 1, (Continued)

Part B
Specimen 1-2-19

Specimen 1-2-20

Specimen 1-2-21

Stress: 6000
Peak flow rates

Stress: 4300psi
Peak flow rates

Stress: 7800 psi
Peak flow rates

Stress: 9300 psi
Peak flow rates

Stress: 1000 psia
Peak flow rates

Stress: 11000 psi
Peak flow rates

Stress: 12000 psi Stress: 12800 psib Stress: 13000+ psi
Peak flow rates Peak flow rates Peak flow rates

for for for for for for for
Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released
stress stress stress stress stress stress stress stress stress stress stress stress stress stress stress stress stress stress
-0.8 - 3.9 0.0 7.9 0,0 1.8 0.0 13.0 0.0 16.0 0,0 18.2 0.0 22,9 3.9 35.6 Specimen
. 47.5 broke
13,0 . 3.2 0.0 7.9 0.0 11.0 0.0 17.0 0.0 - 15.0 0.0 20.6 0.0 18,2
0.0 4,7 0.0 7.9 0.0 11,0 0.0 17.0 0.0 ? 0.0 14,2 0.0 19.8
2.4 3.2 0.0 7.1 0.0 9.5 0.0 17.0 0.0 22,1 0.0 22,1
0.0 3.9 0.0 8.7 0,0 10.0 0.0 16.0 0.0. 19.8 0.0 20.6
0.0 3.9 0.0 7.9 0.0 9.5 Every 5th cycle 0.0 19.0 0,0 19.0
. recorded
0.0 2.4 0.0 7.1 0.0 9.5 0.0 19.0 i
(=
0,0 3.2 0,0 6.3 0.0 9.5 —
0.0 3.2 0.0 5.5 15N
0.0 3.2 Every 5th cycle !

recorded

& Every 5th cycle recorded

b Manually applied load. Time to reach maximum load was 0.2 min,




Table XX . Observed peak flow rates for application of cyclic compres-~
sive stresses, Material No. 4. Cycle time: 2 min load, 2 min no load,
Time to reach maximum load: 0,005to 0.01 min, (Flow rates given in

2

cc/cmz—sec X 10~

Specimen 4-2-36

Stress No, of Av, peak

Y , flow
(psi) _cycles rates
2200 7 0
3200 20 0
4100 18 0
5900 3 0
7500 2 0
9200 5 0
11000 2 0
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Table XXI ., Observed peak flow rates for application of cyclic com-
pressive stresses. Material No. 4. Cycle time: 2 min load; 2 min
no load. Time to reach maximum load: 0,005 to 0.01 min, {(Flow

rates given in cc/cmz—sec X 10_9;)

Specimen 4-3-1

Stress No, of Av, peak
flow
(psi) cycles rates
4200 2 0.0
6000 2 0.0
7600 2 0.0
9200 2 0.0
11000 2 0.0
12000 2 0.0
12800 2 0.0

Cycle time changed to 15 min load, 2 min no load

13500 2 0.0
14600 1 0.0

Cycle time returned to 2 min load, 2 min no load

14900 2 - 0,0
16000 ' 3 0.0
17000 i 0.0

17900 Fractured
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- Table XXII.. Observed peak flow rates for application of cyclic ten-
sile stresses, Material No. 1. Cycle time: 2 min load, 2 min no

load. Time to reach maximum lcad: 0.005 min to 0,01 min.

Specimen 1-2-18

Stress No. of Av, peak flow rates

{psi) cycles for
Applied Released
stress stress
1,3X10;?
4300 7 cc/em™-sec  -0.6
5000 4 0.8 -0.8
6000 8 0.8 ~-0.8
6700 7 0.8 -0.8
7600 30 0.8 -0.8
8300 7 - 0.8 -0.8

8800 ' 9 0.8 -0.8




Table XXIII. Observed peak flow rates for application of cyclic tensile stresses, Material No. 1, Cycle time: 2 min load,
2 min no load. Time to reach maximum load: 0, 005 min to 0.01 min,

Specimen 1-5-6 Specimen 1-5-3 Specimen 1-5-7
Stress: 4100 psi Stress: 2200 psi Stress: 6000 psi Stress: 8100 psi Stress: 6000 psi Stress: 7600 psi Stress: 9200 Stress: 1100
Peak flow rates Peak flow rates Peak flow rates Peak flow rates Peak Tlow rates Peak flow rates Peak flow rates Peak flow rates
for for for for for for for for
Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released
stress stress stress stress stress stress stress stress stress stress stress stress stress stress stress stress
5,7\(13-9 4.5><12'9 3,6x1079 7.1x10° % 10x10. 9 10,7%1077
0.0 0.0 9 0.0 0.0 0.0 c¢/em-sec 0,0 cc/cm”-sec 0.0 cc/cmz-sec -0.7 cc/em™sec -0,7 ccfem®-sec -0,7 cofem-sec
2.1x10" -1.4x10°7 2,7x19"
0.0 cc/em®-sec 0.0 0.0  cclem®-sec 5,7 ce/emsec 4,3 -0.7 3.6 -0.7 5.7 -0.7 7.8 0.0 9.3
0.0 3.6 0.0 0.0 -0.7 6.4 1.1 3.7 -0.7 3.6 -0.7 5.7 -0.7 7.1 -0.7 9.3
-0.7 3.6 0.0 0.0 -1.5 5.7 1.1 4.3 -0.7 3.6 -0.7 5.7 -0.7 7.8 -0.7 9.3
-0.7 4.3 0.0 0.0 -0.7 4,3 1.1 4,8 -0.7 5.0 -0,7 7.8 -0.7 8.6
-0.7 4.3 0.0 0.0 -0.7 5.7 -0.7 5.7 0.0 7.1 -0.7 8.6
-0.7 4.3 -0.7 5.7 -0.7 5.0 0.0 7.1
0.0 3.6 -0,7 5.7 . -0.7 5.0 -0,7 7.1
-0.7 3.6 -0.7 5.7 -0.7 5.0 -0,7 7.1
-0.7 2.8 -0,7 4.9 -0.7 5.0 -0.7 7.1
-0.7 5.7
-0.7 4.9
-0.7 5.3
-0.7 5.3
-0.7 5.3
-0.7 5.3

811~
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Table XXIV(A). Observed flow rate with time for initial contact of helium -
at one atmosphere with specimen 1-7-1 under no applied load helium

dried by passage through a liquid nitrogen cold trap.

Time (min) 0.0 1.5 2.0 2,5 5,0 10,0 15.0
ccX10

Flow rate (-2 . .) 0.0 850 870.0 790.0 250.0- 53.0 32.0

Time (min) o 20,0 25.0 30.0 34.5 40.0 45.0 47.5
ccX10

Flow rate(_ 2°_ ) 32.0 26,0 0.0 26.0 0.0 0.0 22.0

Time {min) 54.0 57.0 70,0 80.0 90.0 107.0 110.0 <t<105
ccX10

Flow rate(_ 3 ..} 22,0 21,0 19.0 17.0 15,0 17.0 0.0 0.0

Table XXIV(B). Observed peak flow rates for application of cyclic tensile stresses

immediately after cessation of flow shown by Table XVII for specimen 1-7-1,

Cycle time: 2 min load Cycle time: 1min load Cycle time: 15 sec load
2 min no load 1 min no load . 15 sec no load

Time to reach max, load: Time to reach max.load: - Time to reach max, load:

0.005 to 0,01 min 0,005 to 0,01 min 0.005 to 0,01 min
Stress No., of Av, peak Stress No, of Av, peak Stress No, of Av, peak
(psi) cycles flow rates {psi) cycles flow rates (psi) cycles flow rates
1250 3 0 3600 5 0 7600 2
2700 3 0 9400 4
4300 3 0
6000 3 0
6900 3 0
7600 4 0
8400 17 0
9400 4 0




Table XXV.
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Observed peak flow rates for application of cyclic tensile stresscs. Material No, 1.

{Flow rates given in cc/cm”- sec X 107),

Specimen 1-7-3.

Cycle time: 2 min load, 2 min no load,

Time to reach

Time to reach

Time to reach max.

Time to reach max. load: 0.005to  Time to reOa.%hS max. load: max, loads ez Joad:” Time to reach max. load: 0,07 min load: 0,005 5
Stress: 2500 psi Stress: 4100 psi Stress: 4100 psi Stress: 4100 psi Stress: 5800 psi Stress: 4100 psi Stress: 5800 psi
eak Tlow rates eak {low rates  Peak llow rates eak flow rates sk flow Tates 23 ow rates Peik flow rates
for for for for for or for
Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released
stress stress stress stress stress stress stress stress Stress stress stress stress stress stress
0.0 0.0 52.4 30.0 19.3 16.1 +3.2 5.4 27.3 13.4 50,8 0.0 39.6 0.0 2.7 62.1 -0.5 13.4 7.0 22.5
0.0 0.0 55.1 17.1 23.0 10.2 -2.7 0.0 22.0 -19.3 33.2 4.3 0.0 10.7 11.2  64.8 40,7 16.1 40.2 5.4
91.0 -19.3 20.9 12.3 0.0 8.0 0.0 24,1 31,0 0.0 0.0 10.7 -L1 69.6 17.1 2.7 41.2 4.3
39.1 4.8 21.4 9.6 -3.2 1Lé 1.1 4.3 58.5 -12.8 0.0 10.7 5.4 0.0 -2.1 9.1 2.7 3.7
16.6 0.0 14,5 13,9 0.0 13.4 55.1 -10.7 0.0 55.6
25.2 3.7 -2.7 11.8 0.0 30.5 ' 33.2 -12.3 12.8 0.0
17,1 0.0 9.6 10.2 -2,7 3.7 2.1 42.3 0.0 62.1
17.7 4.8 -3.2 13.9 +4.8 0.0 2.1 45.5 0.0 60,0
10.7 0.0 -2.1 30.5 0.0 0.0 0.0 17.7 8.0 18.2
12.9 0.0 -2.7 1.6 0.0 48.7 0.0 26.8 8.0 19.2
10.2 0.0 +1.1 11.8 0.0 0.0 0.0 19.8 4.8 16.6
13,9 3.2 -2.7 0.0 0.0 0.0 0.0 3L.6 -1 32,1
10.2 0.0 0.0 10.2 0.0 33.2 0.0 43.4 1.6 28.4
10.7 0.0 -3.2 9.1 0.0 0.0 63.1 32.1 3.2 -13.4
14,5 0.0 0.0 39.6 0.0 0.0 5.4 31,6 -1,6 40.2
0.0 0.0 -3.2 22,0 -1 15.0 -1.1 51.8
3.2 7.5 0.0 38.4 59.4 39.1 -1.1 20,9
3.2 3.2 +1.6 0.0 -1.6 47,7 -1.6 42.8
4.3 -1.1 0.0 35.3 0.0 51.8 54.0 3.2
6.4 4.8 0.0 41.7 0.0 55.1 16,0 41.8
3.2 -2,7 0.0 0.0 2.1 0.0 -1.1 32,7
3.2 -2.7 0.0 45.5 8.6 39.0 -1.6 20.3
1.6 0.0 0.0 53.5 0.0 56.7 -1.6 45.5
Time to reach max. Time to reach Time to reach Time to reach Time to reach . Time to reach Time to reach Time to reach
load: 0,005 to 0.01 max. load: max, load:™ max. load: max. load: max. load: max. load: max. load:
min 0.1 min. 0.005 to 0.01min 0,005t0 0,01 min 0,005t00,01min 0,08 min 0.005t0 0.01min 0,005 to 0,0] min
Stress: 7600 psi Stress: 7600 psi  Stress: 4300psi = Stress: 6000 psi Stress; 7600psi Stress: 7600 psi Stress: 7600 psi Stress; 9200 psi
Peak flow rates eak Ilow rates Peak flow rates Peak flow rates Peak flow rates Peak flow rates Peak flow rates Peak flow rates
for for for for for for for for
Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released
stress stress stress  stross stress  stress stress  stress stress stresa stress  stress stress stress stress  stress
129.6 -41.1 0.0 10,7 0.0 0.0 242.0 -13.9 27.8 0.0 25,7 0.0 0.0 0.0 16.1 0.0 0.0 4.8
127,0 -32.1 0.0 3.7 0.0 0.0 161,0 -21.4 0,0 0.0 68.0 0.0 0.0 0.0 36.4 0.0 219 0.0
107.0 -29.4 180,0 0.0 0.0 0.0 0.0 0,0 0.0 0.0 25.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
50.8 0.0 53,5 -16.1 0.0 0.0 22.5 0.0 0.0 0.0 13.9 0.0 24.1 0.0
37.4 15.0 0.0 0.0 0.0 0.0 0.0 0.0 20,9 0,0
30,5 0.0 21.4 0.0 0.0 0.0 21.4 0.0
28.4 0.0 18.2 0.0
0.0 0,0 17.1 0,0
27.8 0.0 0.0 0.0
28.9 0.0 0.0 0.0
23.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
36.0 0.0 0.0 0.0
0.0 0.0 17.7 0.0
0.0 0.0 20.9 0.0
0.0 0.0 L1 0.0
0.0 0.0 18.7 0,0
34.2 0.0 17.1 0.0
0.0 0.0 0.0 0.0
b 0.0 0.0 19.8 0.0
0.0 0.0 0.0 0.0
0.0 0.0
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Table XXVI.., Observed peak flow rates for application of cyclic ten-
sile stresses, Material No. 1. Cycle time: 2 min load, 2 min no

load, Time to reach maximum load: 0,005 to 0,01 min,

Specimen 1-8-1

Stress No. of Av, peak

(psi) cycles flow rate
1000 6 0
2500 4 0
4100 3 0
6000 3 0
7700 4 0
9200 3 0
11000 5 0

No load foer 15hrs., He still

in
4300 4 0
6000 5 0
7700 3 0
9200 2 0
11000 4 0
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Table XXVIL Observed peak flow rates for application of cyclic tensile stresses. ‘Material No. 1.’
Time to reach maximum load: 0.005 to 0.01 min,

Cycle time: 2 min load, 2 min no lgad,
(Flow rates given cc/cm

- secX10%).

Specimen 1-9-1.

Stress: 2600 psi
Peak flow rates

for

Applied Released

Stress: 4300 psi

Stress: 5700 psi

Stress: 7200 psi

Stress: 7600 psi

Peak flow rates

Peak flow rates

for

Applied Released Applied Released

for

Peak flow rates

Peak flow rates

for

for

Applied Released Applied Released

gtress stress stress stress stress stress stress stress stress _stress
33.7 1.6 4.8 0.0 0.0 9.1 0.0 5.4 0.0 8.0 0.0 23.6
13.4 9.6 0.0 0.0 -3.7 8.0 -1.6 9.6 -3.2 8.6 -2.1 24,1
12,8 8.0 0.0 0.0 -2.7 8.0 0.0 50,0 -3.7 8.6 0.0 9.6
47.1 -26.8 9.6 -4.3 4.3 8.6 -3.7 18.2 -3,2 3.7 ~2,1 8.0
16.1 5.4 9.1 0.0 -3.2 9.1 -4,3 32.1 -3.2 6.4 107 + 107 +
off scale
14.4 3.7 2.7 -2.7 -4.3 10,2 4,3 316 -3.2 21,4 off scale 0,0
18.7 -10.7 0.0 0.0 '-8.6 5.9 -4.3 7.5 +0.5 12,8 0.0 0.0
5.4 5.4 0.0 0.0 -3.7 5.9 -4.3 6.9 0.0 0.0
4.8 8.5 0.0 0.0 -3.2 8.6 -2,1 3.7 0.0 0.0
3.2 3.7 0.0 0.0 -5.4 9.1 0.0 5.4 0.0 0.0
2,7 10.2 - 0.0 0.0 -4.8 9.1 0.0 10.2 0.0 0.0
3.7 10,7 -6.9 9.1 -5.9 9.1
1.6 4.8 -3.7 8.6 -4.3 3.7
-4.3 9.6 ~2,7 7.5 -
-4.8 6.9
- 3.2 8.6
-3.2 3.2
-4.8 0.0
0.0 13.4
5.4 0.0
7.5 0.0
6.9 0.0




Table XXVIII.Observed peak flow rates for application of cyclic tensile stresses, Material No, 1,
2 min-lcad, 2 min no load. Time to reach maximum load: 0.005 to 0.01 min.,
Specimen 1-10-1. (Flow rates

Cycle time:
(Load applied during flow rate delay 15 min after He inlet’)
Stress: 7600 psi

given .in cc/cm” - secx10%;)
Stress: 1200 psi  Stress: 1900 psi Stress: 2600 psi Stress: 4300 psi  Stress: 6000 psi
Peak flow rates Peak flow rates Peak flow rates Peak flow rates Peak flow rates Peak flow rates
for for for for : for for

Applied Released Applied Released Applied Released Applied Released Applied Released Applied Released

stress stress stress stress stress stress stress stress stress stress stress stress

+2.7 +2.7 +5.4 +5.4 42,0 0.0 2.7 0.0 0.0 27.8 29.4 0.0 '5

+1.6 +£1.6 +1,6 1,1 0.0 0.0 0.0 -1.6 3,7 5,40 -1.6+ broke v

+1,6 +1.6 +1,1 +1,1 0.0 0.0 0.0 +5,4 0.0 0.0
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Table XXIX. Observed maximum flow rate for initial contact of

helium at 1 atmosphere with specjmens und%r no applied

load. (Flow rates given in cc/cm”~-secX1077).

i Membrane Peakyabovve Tirﬁe to reach max. flow
Specimen thickness ‘background ‘rate from He inlet
1-10-1 0.3 mm 107+ {off scale} 0.2 to 0.3 min
1-7-1 0.5 mm 884 0.3 min
1-9-1 0.8 mm 13.4 0.05 min
1-8-1 1.0 mm 0 10 min before load

' applied
2-8-1 1.0 mm 0 32 min before load

: applied
2-9-1 . - 0,5 mm - - .- -0 . IE min before load
applied
3-7 0.5 mm 0 20 min before load
applied
4-3 1.0 mm 0 2 min before load
applied
4-5 0.5 mm 0 85 min before load

applied
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Table XXX . Observed peak flow rates for application of cyclic
tensile stresses. Material No, 2, Cycle time: 2 min load,
2 min no load, ' Time to reach maximum load: 0,005 to

0.01 min, (Flow rates given in cc/cm2=sec>< 10m9~)

Specimen 2-9-1

St : 2500 psi ’
ress 500 psi Specimen fractured

Peak flow rates

for : on application of stress
Applied Released of 4100 psi
stress stress
750.0 107.0 3.7 -1.6
166.0 -43.0 4.8 -1.6
58.4 -17.1 2,1 -2.7
31.6 -6.4 5.9 0.0
23.0 -7.5 2.1 +0.5
17,7 . -3.,74 5.4 -3,2
15,0 -3.2 0.0 0.0

9.1 2,7




-126-

Table XXXI, Observed peak flow rates for application of cyclic
tensile stresses, Material No, 2,” Cycle time: 2 min load,
- 2 min no load. Time to réach maximum load: 0.005 to

0,01 min, (Flow rates given cc/cﬁizasec‘ X 10“951

Specimeén 72~8-11A _

. Stress "No, of - Av, peak

{psi) cycles flow rates -
2700 3 0.0
4300 3 0.0
6000 4 0.0
7600 5 0.0
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Table XXXII. Observed peak flow rates for application of
cyclic tensile stresses, Material No. 3, Cycle time: 2 min
load, 2 min no load., - Time to reach maximum load: 0,005

to 0.01 min. (Flow rates given in cq/qm2=sec‘X10f().)a

Specimen 3-7-1

Stress No. of  Av. peak

(psi) cycles flow rates
2600 2 0.0
4300 2 0.0
6000 2 0.0
8000 2 0.0
9500 2 0.0

11000 broke 0.0




-128-

Table XXXIII, Observed peak flow rates for appiicaﬁon o'lfvc':yclic
» tensile stresses. Material No, 4," Cycle time: 2 min load,
2 min no load. Time to reach maximum load: 0,005 to

9

0.01 min, (Flow rates given in cc/cmzmseCXION )

Specimen 4-2-36

Stress No. of Av, peak

(psi) cycles flow rates
4200 3 0
- 6000 24 0
7600 0
9200 0
11000 8 0
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Table XXXIV. Observed peak flow rates for application of
cyclic tensile stresses. Material No. 4. Cycle time:
. 2 min load, 2 min no load. Time to reach maximum
load: 0.005 to 0.01 min., (Flow rates given in
cc/cmé -sec X 10772, ‘ ‘

Specimen 4-5-1

Stress No, of Av., peak

(psi) cycles flow rates
4200 6 0.0
6000 40 0.0
7600 0.0
9400 - 0.0
11,000 35 0.0
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