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‘:PERMEATION w FUSED SILICA
Joseph s. Masaryk and. Rlchard M Fulrath
'Inorgan1c Materlals Research D1v1s1on, Lawrence Radlatlon Laboratory,
- and Department of Materials Science’ and Englneerlng,
College of Engineering, University of Callfornla,'
Berkeley, Callfornla ;
ABSTRACT
Aprll l97l

The effect of hydroxyl 1on content and f1ct1ve temperature on the

'permeat1on,of hellum and hydrogen through fused 5111ca was studled, The

.permeatlng membrane cons1sted of tublng, .018 inches outside diameter

.~ with a 0028 in.: wall, wound in a 38 turn/ln. hellx. Specimens were

saturated w1th hydroxyl ions at lOOO and llOO°C in one atmosphere water
vapor. The permeatlon constant K, atoms/cmrsec-atm, of fused s111ca was
determlned after each treatment in a series of env1ronmental exposures

des1gned to change 1ndependently both the flctlve temperature and hydroxyl
1on content of the fused 3111ca.: | |

In the temperature range of 14°C to 530°C, 'the'activation energy

.'for the permeatlon of hellum through fused s111ca did not change sig-
n1f1cantly as a functlon of thermal or water treatment. The same was

- also. Observed for hydrogen in the range of 200 to 600°C. _

It was d1scovered that a carbon coatlng on the 5111ca had an effect

onvthevpermeatlon,of:helium. fThe coating decreased thevpermeation‘at

*The authors are respectively graduate student research ass1stant and
professor of ceramlc engineering, University of Callfornla, Berkeley,
California, 94720. This work was submltted in partlal fulflllment of

~ the M.S. degree
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room temperature:and increased the activation energy for the permeation
of helium through fused silica. 'Whén the coating was removed by high
temperature_oxidation, thé‘permeation’at room temperature was restored

to its original value.
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_ 5111ca mey contain from lO to 3000 ppnm of hydroxyl jons. Roberts
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“I. INTRODUCTION -

‘The unique physical and chemical properties of fused silica make it

an“intefesting‘material'to?study. Fused“silica's,optical transmittancy

and thermal shock resistance due to its low coeffic1ent of thermal ex-

pan51on enable it to be used as ‘an infrared heater envelope. Fused

5111ca s chemlcal*lnertness makes possible its use.ln chemical ware,

corrosion re31stant tubing and telescope mirror blanks.

Around the turn of the century 1t vas flrst noticed by Villardl

. that gasesvcan permeate glass readily at high temperatures; During the
first'hd'&ears*of the centﬁay'many publications followed, giving the
_ permeabillty, dlffu51v1ty and solubility of gases in fused silica and

_other’ 5111cate based glasses. As @ result fused 5111ca is w1de1y used

in“theﬁconstruction-of'standard leaks for calibratlon of.mass spectro—

T 2-1k ' '
. meters._ In recent years several investigations have used more

sophlstlcated methods and treatments in their analy51s of gas permeation

'_through fused silica.

it is a well'known'factﬂtnatvthe structure at room temperature of

1k

fused Silica depends on its fictive temperature. With one exception,

~the nrevious studies on helium and hydrogen permeation through fused

silica, permeation specimens were not characterized according to the

;'fictivthemperatureL

Recently it was noted that dlfferent fused 5111cas had dlfferent

'fbhydroxyl jon contents. Depending upon its method of manufacture, fused

15-17

" has now well establlshed that ”water" (OH) can be.lntroduced or removed

ffom,silica glass at high temperatures. At the temperatures used in the‘
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fébriéatioh of'a pérméétiné‘membréné.it égn'be:caicﬁiated that‘fhe entry
-aﬁd‘regoﬁaiﬁof%ﬁydroxyivions wbuld be féifij:rapid. it'is poééible.that
‘if the'mémbrane‘wefe‘hédé byvusing'an 6Xy—hydf6éen flame,'thé élaSs‘
could bécbﬁe éaturated with hydféxyl'ioﬁs. No attempt has been made in
the pféviSué'inQéstigatiQns to‘détefmiﬁé thé hydfox&l ion‘content of
the pérméﬁtiﬁg‘membran;. The only evidence that hjdroxyl ions may
éffect ?efﬁeation was put férth by-i.eel2 who stéﬁed that thevhydroxyl
content héd no effect.on hydrogéh pérmea£ion in fuéed silica. |

The'pﬁrPOSé of this study Qas to invéstigate the effects of fictive.
vtemperatﬁfevaﬁd hydroxyl ion cphtent on.thé permeation of helium and
hydrbgén:thrdﬁgh fuseﬁ silica. A monatomic and aiafdmic gas ﬁeré used
in ofdéfito éiucidate whether the cheﬁical aéfivity éf the permeating
gdé“coﬁid ailbw ihtéracﬁionvwith hydroxyl ibhsﬁin thé fused silica.

Activation energies for the permeation of helium and hydrogen through

" fused Silica were calculated as a function of the two vériables,.hydroxyl

ion contént and fictive temperature.

II. EXPERIMENTAL PROCEDURE_

(1) Specimens

N : * -
Permeation specimens were fabricated by drawing down Amersil fused

 éili¢a tubihgyﬁo a size approximately 0.018 in; outside diameter ana»
wi,th'.a._wvall thickness of 0.0028 in. The very fine tubing was wound on a
_mgndfeirdufing_thevdrawing process‘tb form & helix one ih.-invdiémeter
ﬁith approximatély 38 tﬁrns pervin. length. This permeatioﬁvmembrane .

provided a very large surface area to thickness ratio in & small volume

"*Cléar"fused quarti tubing, Amersilslnc.;.Hiilside) N;J.”'.‘




_3- . UCRL-18393-Rev

necessary'for permeation studies. A support tube of fused silica which
had aﬁhqﬁtside diameter of 8 mm and a wall of 3—1/2 mm was chosen be-
cause 1ts total permeétiori :‘Ln. the hot zone would be less than l% that
permeating the helix. |

‘ Qné end of the pérmeation coil was insefted in a fused silica'sup—
pért tﬁbe:énd sealed with a bead af sealing gléss; The other end of the

coil was sealed by flame fusion, Fig. 1. ‘The permeating gas surrounding

- the hélix'would permeafe through the éoil and exit to the residual gas

analyzer (mass spectrometer) via the support tube. A cage of fused

silica was built around the helix to protect it during handling.

(2) Permeation Apparatus

A}moiybdehum‘wound alumina (A1,03) core was heated electrically in
the vacuum furnace, Fig. 2. A fused silica profection tube was located
inside .tﬁe Aleg'core. " The pérmeatioh assembly was inserted in the
protecfioﬁ tube, Fié. 3..‘This’fused silica'sample cavity wés used to
prevénﬂ impgrities'from transporting from the protection tube to the
permeétion section and causing devitrification at high temperatures.
Earlj é#periments using an alumina protection tube resulted in the fused
silica‘pérmeation specimen devitrifying when the temperature was above

1000°C. The temperature was measured by inserting a Pt-Pt 10% Rh

.thermocouple near the helix. The temperature of the furnace was con-

trolled to * 1%.

.The inside of the permeation membrane was kept under a vacuum of
approxiﬁately 1 x 10’6 torr by the turbo molecular pumping system. The
preséﬁ:e on the outside of the sample was varied éo that flow rates

through the permcation membrane could be measured. The sample cavity
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was evacuated to 1 x 10-»3 torr and then the permeating gésvwould bé
’iﬁtréduged from a'surge‘tank. The pressufe of the gas wés measured by
gages’iq the;line. "A vent in the line was oﬁened to éihausﬂ excess gas
into the atmosphere so that the gas ﬁreséure on‘the outside of the
saﬁple wbuid‘be at atmbspheric.pressure.- The volume of the surge tank
and gaéiline:was large ehoﬁgh to insure a constant pressure gradient
durinéjé_pérmégtion experimeht.

' The flow of gas'through the fﬁéed $ili§a-membrane‘was measured on
a Veeéo GA-4 Residual Gas Analyzer. The gas analyzer was mounted on a
stéinless étéel tank which was kept at avpressure of 1 x lO"6 tdrr by
the turbo molecular pump.

Thé éﬁalyzer recorded the‘fléw on a 3-decade 1ogarithmic recoraer.

Fl&w'rétes from'fhé sampie were converted into abSOlutg Qaiues in afoms/ :

sec by caelibrating the analyzer with a standard leak.

(3) 'Saturdfion and Desaturation Apparatus
.'Figﬁre i illustratés'the apparatué used to éstablish given fictive

‘tempefatUres.and hydroxyl ion contents. Thé Kanthal woﬁnd-alumina core’
furnace was used to keep the permeating specimeﬁs at vérious teméeratﬁfes.
The iséthermal bath kept the lower half,of the saturafion aésembly above
100°C so that water would not condense on ité wails. The water vapor |
‘pressure vas controlled by varying the femperature'of.the hot plateiahd‘
véé monitqrédvon a cémpound gage. For‘desaturatién the water was removed
frém theildwer finger and the syétém was run under a vacuum Of 1 # 1073
‘torr. 'fﬁe oil in thé isothermal bath was used to keep the'ball joinf

"o" ring cool in this case.

-~
“~
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.l_'Ib order to determine tﬁe "water" or hydroxyivcontentbin the sample
disﬁé}of fﬁséd silica from the same source.as that used for'the per-
méétiopfSPecimens ah&‘appfoximately the same thickhess of the permeation
séctio@ Qeré made. Two disks ﬁére included with thevpermeation specimen
in theiﬁréétment apparatus. One of these disks was analyzed on a double
béam.Béékﬁan IR~k infrared spectrometer at 2.7 microns after each treat-
ment.?“ﬁefhefingtoﬁ and Jéck'slaitechnique was used in ca;culation of
ﬁhe “wﬁﬁér" content. In order to correiaté the density Qersus fictive
temperature ‘and OH content of the glass sample, a piece of the other
disk wés bfoken off after each treatment. The dénsitj of these pieces
was thén measured using a density gradient column which contained a
mixﬁurevéf cafbon‘tgtrachloridé'and‘bromoform. The density column was
standafdiiéd by'ﬁsing a set of.calihratién floaﬁs provided by thelﬁanu~

facturer.

(4) ‘Test Procedure
' 5

Affer‘the vacuunm furnace was pumped to a pressure of 1 x 107 torr

it was back-filled with argon to provide bettervheat transfer. Ali runs

began_étfthe lowest temperature. The permeation helix, support tube

and stainiess steel tank were evacuated to approximately 1 x 10_6 torr.

A solenoid safety valve was'placed between the sample and the tank con-

taining the gas analyzer in order to protect the gas analyzer in the

case of failure of the permeation section. This valve.was set such that,
: : 3

if the pressure on the inside of the permeation coil rose above 1 x 10

torr, the gas analyzer would shut off and the valve would close. The
. 4

sample éavity'was pumped down to about l-xle*_ torr by a roughing pump.
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Sthénithe'temperature was staﬁle, one atmosphere 6f helium or.hydro-
gén wés intréduped into tﬂe cavity. The siémoidal‘inérease in the flow
raté:was.ﬁonitored on the recorder of the‘residuél gés analyzer. When
ﬁhé_flow reached’é steady state value it was récorded and yséd in the
célculétionvof’thé permeation constant. In'the case of heliumjthe
sampie égvity #as then evacuated and the temperaturé was increased to a
new stéble yélué. This pfocésé was répeated'seven times.between pgele) i} |
température.agd 53660. For hydrégen the gés pressure was maintained in
theﬁéaﬁple ca&ityfwhile the'temperature ﬁaé raised. ‘This was done ﬁe-‘
_causé Qf the longer times to reach equilibrium. 'The‘flov rate was
measure¢’a£.seVen intervals between approximately 200 aﬁd 600°C. A
iiquidiniﬁrogen cold fiﬁger, which was inserted in the gas anaiyzer
taﬁk, ﬁas used ﬁo freeze condensable gaseé. ‘Wiﬁhout the cold finger
there was an uﬁréaébh&bly high hydrogen background which made measure-
ménts'impdssible.

In order to obtain absolute values; calihration of the residual gas
analyzer was done befofe and after every f16W'rate determination by |
shutting off the sample from the tank and intrédﬁéing the standard leak.

The output of the gas analyzer could be recorded in two different
- wWays. The résidual gaé analyﬁervcould be sef on the helium or hydrogen
peak‘maxiﬁum; masé‘té charge ratio equal‘to L or>é respectively,nof the
' pegk céuld be scanned.by sweeping back and fortﬁ over it. It was found
" that the scanning technique was prefe:able‘for_two fgasons.. Firéﬁ, it
is posSible that the gas analyzer cquld“drift off the peak after long
pe%iods_bf time‘and sécondly? by scaﬁning, chéﬁges in thé4background‘

.could'be.monit¢réd. The écanning was accomplished by impressing a ramp

-
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function;on.the-accelerating voltage'of'the gas‘analyzer.

III. - EXPERIMENTAL RESULTS -

’2(1) Hellum Permeatlon

The?permeation constants as a function of temperature were calcu-

lated by usiné Darcy's law

e T €1

where F

=rflow rate, in'atoms/sec'
l'K‘= nerneation constant,'in atOms/cm-sec?atm;
.,ﬁAPaeﬂéressure differentialkacross memhrane, in atmosnheres
- A= effectire_nermeatlng area of membrane, in'cm'2 .
’l{i'thickness of menbrane,‘in cm | |

'“A computer program.was used to determlne the semllog plots of the

ulog permeat1on constant K versus l/T°K Flg. 5. The 11ne of best fit

for the p01nts was calculated by u51ng a least squares flt with a con-

_ fidence level of 95%. The actlvation energy was then determ;ned from
~the slope of this line (Arrhenius plot). A comparison of ‘the permeation
" constants at approximately‘room temperature with thermal treatment is

.'given in’Tablevl.

The permeabilities and activationvenergies for the different;thermal

ftreatments lie w1th1n a“narrow range. Therefore; heliuﬁ*perneationh
‘a'through fused 31llca 1s not 51gn1f1cantly affected by hydroxyl content

'or flctlve temperature in the range studled. ~Invest1gatlons currently

Uunder way u51ng a dlfferent furnace arrangement have‘grven approxlmately AR

' the same results, Table II.
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It wés discovered that if the'permeafion séecimen was coated with
carbon; the pérmeétion at room temperature decreased.with increasing
carbon éqating, Table III. The coating was developed by heating thé
sampie £n the_pefmeation appafatus to 950°C éndvholding in vacuum. This
pfoduced a uniform coating probébly due to thermal éracking of hydro-
carboﬁs'én the siiica. The éoating fhiékness increased with time at
tempefaturél‘ The actual thickness_was nof ﬁeasured,.Fig; 6. In order

to remove the coating the sample was heated in air .to 950°C.

(2) Hydrogen Permeation

The method uséd in calculating the pefmeation constant was the
same method as for helium. Table IV shows the comparison of permeation
constants with.thermalvtreatment. |

The permeability and activation energy for pefmeation 6f‘hydrogen
through-fused silica are apparently less effectédvby fhermal treatment
than‘thése of helium. Hydrogen permeation in fﬁsed silica is not sig-
nificantly affécted'by hydroxyl cbntent or fictive temperature in the
rahgerstﬁdied;

Iv. DISCUSSIQN
The bermeation constants for helium determined in this study agree

fairly well with those reported in the'liﬁeraturé. ‘The actual values’

determined in this study at room temperature are about 2/3 those obtained

by Swets et al.7 Swets et al. reported an activation energy for per-
megtion 6f 4900 calories while thatvobtéined in this wofk was apﬁroxi;
mately 5100. The differences in the loﬁ temperatureb permeation con-
stants would explain the higher‘AH vaiués obiained from this spudy{h

Thé-earlier literature dataz_l«'L report activation energies‘fbr permeation
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<

of hellum in- the range of 5600 calor1es. These larger Values of”

'act1vat10n energy for permeatlon may be the result of dlfferent experl-

mental technlques of»the flow rate determlnatlon; The valueS'ln this

study agreed more closelydwith those.obtadned'in'other mass‘spectrof

metric'studies asbuould be expected.

“'Bééaasé ofvthe;experimental difficulties.obserVed in the hydrogen

:permeation'studies'more confidence is placed on_the_results_obtained

,Vithfhelium; vAlthough no significant changes in the'permeation'constant,'

K, of helium or in activation energy for permestion were observed, there
is a definite trend indicated in the permeation constant. As shown in

Fig; 7,“if the permeation’constant for helium at 1k to lS°C asvgiven'

| in’ Table I is plotted agalnst the room temperature den51ty,(there‘
rappears to be a‘dlrect relatlonshlp of decreas1ng hellum permeatlon

v‘w1th decreas1ng denslty . This would 1nd1cate that elther the'flctlve
.temperature or hydroxyl 1on content whlch both affect the den51ty of

"-fused s1llca19 are related to the permeatlon characterlstlcs It is

apparent, hoWever, that-much more precise measurements ‘of the permeation

'constant are necessary to fully SUbstantiate this-observation. . The same -

_ trend is 1nd1cated in the actlvatlon energy in that the h1ghest actlva-

t1on energy was observed on the lowest denstly fused 51llca tested

lh'v

In the range studled, the permeatlon constant of hydrogen as Ha

: through fused 51llca was 1n good agreement w1th the data reported by

11~ 12

f'Lee et al. o The‘actlvatlon energles_for‘hydrogen_permeatlon ‘ob~

- tained in this study were significantly lower5than'thoSe determined in

Lee's massvspectrometric studies. Lee's work included the'temperature v“"'
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range pf 300>to 1000°C, while in this study the perméability was re-
cordéd:ih'the'200 fo 600°C range. Recent work by Weaver et al.zo shows
that'tﬂeré is‘a break in the temperature versus diffusivity éurve at
approximately 800°C. In the case of gaseé which do not react with glass,
the permesbility is equal to the diffusivity times the solubility.
Therefore,.a change in diffusivity'should proportionally affect’pér-
meaﬁility.. Weaver shows that the activdtion'energybfor hydrogen diffu-
sion is about five times greater above 800°C than below. Since Lee's
datd.éévéfed thevéntire range of 300 to 1000°C, this.could explain why
his aétivation energy of ebout 9000 calories is 10% higher thén the
8200 oﬁtaihéd in this study. No changé in permeability with hydroxyl-
contenﬁ or fictive temperature was dbserved in this hydrogen permeatidn
study in agreement with Lee's observations.

V. SUMMARY AND CONCLUSION. .

‘Theueffect of hydroxyl content and fictive temperature on the per-
meation of'heiium and hyarogen through fused silica was studied. Per-
meation membranes of fused silica were both.saturéted and desaturatéd :
with "water"'at 1000° and 1100°C. It was observed that the permeation
of helium and hjdfogen is ﬁirtually independent of hydroxyl content and
'fictive femperatufe.

.fhe activﬁfion energy of 5100 calories/mole for heliumvpefmeatiénA
" 'was in clése agreement with current literafure values. The hydrogén
permeation activétion energy of 8200 calories/mole is.éﬁproximately 10% -
lower fhan that of 9000 calories/mole, recently reported in the litera-
fure. The'High literature value can be accounted for because it ié ex-

_tended through a transition point Wheré the activation energy for
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diffusion is increased five fold.

- It was.discbvered-that a thin carbon coating on fhe‘permeation

-membfane'cduld reduce the helium permeation by a factor of two at room

temperature. The carbon coating increased the activation energy for
helium permeation from 5100 to 5400 calories/mole.
-It'is concluded that the ﬁethod‘of manufacture of fused silica does

nét significantly affect its permeation characteristics ‘above room

temperature for hydrogen'or-heiium.
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Treatmeﬁt :

T°C

' Permeation :
Constant

" Atoms

cm—-sec-atm

Activation
. Energy -

A'H ‘calories

" mole

wt”% OH

’ Density
| grams

T ee

©*.,0002

As reeeived '

Desaturated
:1100°C

Saturated .

- 1100°C

vDeéaturated

1000°C .-

Saturated
1000°C

1L

1Y

1

15

. 15.

8.25 x 10°

8.20 x 10%

6.95 x 10°

7.35 x 10°

' 6.30 x 10%

33.5

5115.0°

I+

 5095.6

5120. 4

+

15107.5

I+

5215.5

58.6
+53.3
31

6905 :

.0097

.0105

186

L0193

106

2:2049 -

2.2029

- 2,2011

2.2013

© 2.2006




Table II. .

-;6-

Permeation of He

UCRL-18392-Rev

Treatment

 mog

Permeation’

constant

As received

- Desaturated

1200°¢

Saturated
lQOO°C

16°C

16°C

- 16°C

7.43 x 10°?

6.48 x 10°

6.31 x 102

5100.8

L984.8

5187.1

+

I+

1 88.31
47.43

55.20
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' Teble III. Effect of Carbon on Silica

17—

" UCRI~18392-Rev .

ToC

. Permeation
constant .

cin—~Ss

Ki(“' atoms )
ec-atm -

: Activation
. energy =
l(c&lOries)
mole

. Total time
" unger
" wacuum .
at 950°C

16

18

7.80

3.83

3.35
740

X ng
x 10%
x 1lo0*

x 10°

15030.h * 90.4 :
520,14 £ 100.7 -

54T0.1 * 137.3 -

5133.6 + 69.1

0 hours.
.36-hours
75'hoursv

" Air for 1 hr.




BT

1000°C

8U98.7

200.2

-~18- UCRL-18392-Rev
Table IV. Permeation of Hj
Permeation Activation Density
- Constant Energy ‘grams
- Treatment T°C cm-sec-atm mole wt % OH % .0002
As received 188 3.45 x 10° 826L.1 £ 92.8 .0097 2.2049
Desaturated : ' .
1100°C 196 3.57 x 10°  823L4.L + 73,5 .0105 -~ 2.2029
‘Saturated , : o |
© 1100°C 196 3.65 x 10°  821Lk.5 + 131.8  .186 2.2011
Saturated , . '
1000°C. 194 3.57 x 10% 8282.3 % 151.0 .106 2.2006
Desaturated . e : .
195 '3.59 x 10° * .0193 2.2013

‘s



Figure

Figuré
‘ Figure
 Figure

.Figure.

Figﬁre

Figure.
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FIGURE CAPTIONS

Fused silica permeation assembly.

Y

Permeation apparatus.
‘Sample cavity.
- Baturation and desaturation apparatus. . .

"Helium permeation through fused silica.

Helium permeation through fused silica.

" Change in helium permeation through fused silica with

density at 1k to 15°C. -
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LOG PERMEATION CONSTANT, K (ATOMS/CM-SEC-ATM)
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- Fig. 6.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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