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PERMEATION OF MONATOMIC GASES THROUGH ALUMINUM OXIDE 

Richard Hugh Edwards 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, College of Engineering, 

University of California~ Berkeley, California 

August 25, 1966 

ABSTRACT 

Permeation studies of helium and argon through corr@ercial alun1ina 

bodies were made. Permeation occurred through thin diamond ground 

cylindrical sections. Flow rates through the specimen were measured 

by a residual gas analyzer. Heliwn and argon pressures of 380 to 1010 

mm Hg over temperatures from 783 to 1539°C were used for specimens 

containing 99.5 and 94 weight percent Al203. Permeation constants and 

activation energies ~ere calculated. 

Helium permeation constants up to 1.4 x 1011 and 8.1 x 109 atoms/ 

sec em atm and average activation energies of 13.6 ± 2.3 and 13 ± 1.7 

Kcal/mole were found for the 94 and 99.5% alumina ceramics, respectively. 

No argon flow through the specimens was detected at pressures up to 1010 

mm Hg. The limit of detectability of the apparatus. fixes K values 

for argon permeation at less than 2 x 109 atoms/sec em atm in the 

temperature range studied. Helium diffusion along continuous glassy 

paths was thought to be responsible for flow through both alumina bodies. 
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I. INTRODUCTION 

In recent years the number of applications calling for ceramic 

materials to be used at high temperatures under vacuum or controlled 

atmospheric conditions has increased. Alumina is used as an envelope for 

high power electronic tubes which must operate at elevated temperatures. 

Here the ceramic body must maintain its strength under pressure dif­

ferentials at temperature and prevent gases from entering the inside 

of the tube. Use of a translucent alumina envelope impermeable to 

sodium vapors has enabled engineers to produce a sodium vapor bulb 

which operates at substantially higher temperatures than a normal fila­

ment bulb. This has led to large increases in total light output and 

efficiency of operation: 

Knowledge of the degree and mechanism of permeation of gases 

through these mat~rials is necessary, yet to date little work has been 

done in this area. 

From a practical standpoint, measurements of the permeability of 

various commercial ceramic bodies at high temperatures are needed to 

permit use of the materials available now at their maximum capabilities. 

On the other hand, fundamental studies of the mechanisms and effects 

of impurities and grain size must also be made. Once the fundamental 

rate controlling factors for permeation are known and understood, new 

materials may be produced with any desired permeation characteristics. 

It is the lack of information on permeation rates through allli~ina 

materials which prompted this study. The objective of the investigation 

was to determine the permeation characteristics of different commercial 
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grades of almnina using helium and argon as the gaseous species. From 

calculations of the activation energies, an attempt was made to deduce 

the mechanism of flow through the body. 
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II. LITERATURE SURVEY 

Few studies have been made on the permeation of gases through 

alumina. Roberts, et a1. 1 •2 investigated permeation of oxygen, nitrogen 

and argon through extruded alumina tubes at temperatures of 1500 to 

1700°C. Little argon and nitrogen permeation was observed. Kinetics 

of the oxygen permeation indicated a solid state diffusion process. 

These tubes, studied by microscopic techniQues, showed formation of a 

dense skin-like layer at the outside of the tube and considerable 

connected porosity in the remainder of the body. 3 It is believed the 

skin formation may be related to preferred orientation imparted to the 

platey alumina particles during forming by slip casting or extrusion.
4 

Work has been done to suggest that volatilization of impurities 

also has a large effect on the permeation characteristics of aluminaJ 

and mullite materials. In the case of mullite, loss or migration of the 

glassy phase from the hot zone at temperatures above 1600°C caused 

formation of a dense mullite layer which lowered the observed permeation 

rates. 5 Deterioration--the sudden loss of impermeability after tens 

of hours at high temperatures resulting from the formation of channels 

through the body--may be caused by the loss of impurities in alumina 

bodies. In a 99.3% Al203 body, loss of silica was observed with 

4 formation of -channels along so-called three grain edges. Deterioration 

has also been associated with loss of ·'-Al20 3 , or in another experiment 

"th . 1 . d . 6 
Wl lron, ca Clum, an magneslum. 

Most penneation rates measured at temperatures used in the studies 

1-6 by Roberts and his co-workers are transient permeation rates. Tubes 

apparently impermeable at first lose impenneability to gaseous species 
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with time. At those very high temperatures (>1600°C) drastic changes 

are continually occurring in the microstructures. Microstructural 

changes in turn control the permeation rates. In many cases true steaJy 

permeation has never been reached and cannot be reached since deterioru-

tion and failure occur first. 

Volk7 has studied the permeation of oxygen through polycrystalline 

and single crystal alumina at temperatures about 1700°C. No oxygen 

permeation through the single crystal material to within 10°C of its 

melting point was detected. As-received polycrystalline tubes exhibited 

erratic and non-reproducible behavior. Samples reached constant re-

producible values after heat treatments of 4 to 6 hours at 1830 to 

1915°C which would help ·stabilize the microstructure. The effects of 

up to 6% closed porosity on permeation rates was found to be negligi~~e. 

Activation energie~ of 105 to 135 Kcal/mole were found for oxygen 

permeation. 

8 Campbell investigated helium diffusion through polycrystalline 

and single crystal alumina at low temperatures (25-900°C). He reports 

flow occurred over the entire temperature range. Diffusion coefficients 

of 10~7 cm2/sec to l0-10 cm2 /sec, varying inversely with the density 

of the. body, and an activation energy of 3.0 Kcal/mole were found for 

the polycrystalline alumina. 

Campbell's results were not substantiated by Stansfield9 who found 

no permeation of helium through polycrystalline alumina smnples at 

temperatures to 900°C. 10 
Rose, however, found permeation occurring 

at temperatures between 1000 and 1500°C. Permeation coefficient~; in 

the 109 atoms/sec em atm range and activation energies of about 13 



-5-

Kcal/mole were reported. Permeation rates decreased with successive 

heat treatments and an increase in activation energy was suspected. No 

obvious microstructural changes in the tested specimens were seen. 

Studt11 investigated stress-enhanced helium permeation through 

high alumina bodies at room temperature. Helium bursts were seen during 

the application of stress to the permeation membrane. It was thought 

that stress-enhanced flow was occurring through interconnected pores. 

12 In later work Atallah found that diamond erinding could form 

microcracks to a depth of at least 0.005 inches in a permeation section. 

These could be healed by heating the specimen to a temperature dependent 

on the composition and previous processing of the body. It is most 

probable that the bursting phenomenon observed by Studt was the result 

of flow through microcracks induced during the grinding of his specimens. 

Fryer and Roberts13 have studied alumina materials subjected to 

axial tensile stresses at high temperatures (l400-1600°C) where micro-

structural changes and creep phenomena might be expected to play a 

large role in determining the permeation characteristics. Samples 

originally impermeable to helium at a given temperature showed time 

dependent leakage that was highly sensitive to the applied stress. 

Leakage was also dependent on the amount of extension at a given stress. 

Flow was probably through channels 1 to 5 microns in diameter which 

developed in the material during extensive deformation. 

The work in this investigation ~ollows that of Rose. 10 The 

detection system was modified to allow monitoring of all gaseous species. 

Both helium and argon were used as the permeating species through tubes 

of two different alumina compositions. 
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III. EXP8RIMEN'J'AL PROCEDURE 

A. Specimens 

1. Specimen Shape and Composition 

Tubes 15 in. long, 3/4 in o.d. and 5/16 in. i.d. with a collar at 

one end 1-1/8 in. o.d. by 1 in. long were fabricated by isostatic 

pressing and high temperature sintering in air. The dimensions of the 

as-received tubes are shown in Fig. l(a). Tubes containing nominal 

* alumina contents of 99.5 and 94% were made by the supplier. Alwnina 

rods of the same two compositions l-1/8 in. o.d. by 8 in. long were 

also supplied. 

The the~al history and physical properties of .the as-received 

tubes are given in Table I. A semi-quantitative emission spectra-

graphic analysis was made on each composition. These results are g;L\ren 

in Table II. 

Tube# 

1 

2 

Table I. Thermal history and physical properties of 

as-received specimen tubes 

Nominal Al203. 
content 

(%) 

94 

99.5 

Firing temp 
(OC) 

1650 

1765 

Firing time 
(hrs.) 

3 

3 

Apparent 
density 

(g/cc) 

3.66 

3.85 

Apparent 
porosity 

(%) 

8.1 

3.4 

-=-====== 

* Western Gold and Platinum Company, Belmont, California 
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Table II. Spectrographic analysis o;:' materials, 

Compound 

MgO 

CaO 

Si02 

Fe2o3 

Bz03 

MnO 

Ga2o3 

CuO 

Ti02 

Ci2o3 

BaO 

Na2o 

ZnO 

Zr02 

NiO 

vo 

Alz03 

by weight percent 

==========·=·-·"'------

( c!.a') Nominal alumina cont,?nt ,, 
94 99.5 

o.l+5 0.4 

0.5 0.03 

4. 0.25 

0.2 0.08 

0.02 0.03 

0.002 <0.001 

0.02 0.02 

0.003 0.001. 

0.05 0.01 

0.004 <0.001 

0.001 0.002 

<0.1 <0.1 

<0.1 <0.1 

<0.005 <0.005 

<0.003 <0.003 

<0.003 <0.003 

>94.5 >99.0 

; 
' 
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2. Production of Permeation Section. 

When performing permeation experiments it is important to have a 

permeation section which is both uniform in thickness and well defined 

in area. It is difficult to produce a tube with a uniform wall thick­

ness in the as-fired condition. By diamond-grinding both the internal 

and external surfaces of the tube, however, a section of desired area 

and thickness can be produced. 

A diamond wheel was used to grind both the i.d. and o.d. surfaces 

of the tubes· to produce a permeation section 2 in. long wj_th a wall 

thickness of approximately 0.035 inches. The wall thickness of the 

remaining portions of the tube is about an order of magnitude greater 

than that of the section. 

Internal diamond grinding must or' necessity be done near one end 

of the tube, thus .placing the section near that end. 

To facilitate testing of the specimen, it is necessary to seal 

the end of the tube near the section. The sealing was done by vacuum 

hot-pressing an alumina plug of the srune composition onto that end. 

The plugs were ground from the alumina rods made by the supplier. A 

layer of fine alumina powder was placed between the plug and the tube 

and this was densified to produce a nearly pore free, fine-grained seal. 

The dimensions and s-ection configuration of the ground tube may 

be seen in Fig. l(b). The 45° angle seen in Fig. l(b) was used to 

prevent large shearing forces from a~ting on the alumina body. The 

angle was also diamond ground to provide a uniform die contact area 

during the hot-pressing operation. 
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The dimensions of t:1'.' ground permeation sections for each of the 

specimen tubes are gi veit :in Table III. 

Table III. Dimens:ir)ns of ground permeatio.t~ sections 

·========--=·== -· ======= 
Spec. # 

l 

2 

Compo­
sition 

(%Al 203) 

94 

99.5 

Inside 
radius, a 

(em) 

0.477 

0.479 

Outside 
radius ,b 

(em) 

0.571 

3. Hot-pressing of Specimen and Plug. 

Length,l Wall 
(em) thick-

ness,t 
(em x 102 ) 

5.08 9.21 

5.08 9.27 

Area,A 
(2nal cm 2 ) 

15.24 

15.28 

Alumina components were first successfully hot-pressed together by 

. 14 
Budworth et al. who sealed alumina tubes at l700°C and 1000 psi. Jn 

this investigation the plug and tube were joined in a manner similar to 

10 
that used by Rose who vacuum hot-pressed alumina components together 

at l300-l350°C with a pressure of 600 psi held for 70-80 min. Using this 

techniQue, Rose avoided the large amount of grain growth noted by 

Budworth and the original grain structure in the permeation section of 

his specimens was retained. 

Prior to hot-pressing, the plug and the end of the tube were lapped 

with six micron diamond paste to insure an intimate contact between 

the components. 

Linde A alumina powder was washed several times with isopropyl 

alcohol and a slip containing about l part Linde A and 9 parts isopropyl 

alcohol by volume was prepared. 'rhe isopropyl alcohol treatment was 

found to aid in the densif:i.cation process at temperature . 15 
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The plug was placed in a small Petri dish. The prepared slip was 

then poured over the plug until the top was just covered. The plug was 

removed from the dish after approximately 30 minutes when the majority 

of the alumina particles had settled out of suspension. The coa:ting 

thickness at that time was roughly 0.040 inches. 

After at least six hours of c..i.r drying at room temperature, the 

alumina layer on that part of the plug not in contact with the specimen 
' 

surface during pressing was removed. The coated plug was then ready 

for loading in the die. 

The die was bored from a single piece of molybdenum. Using the 

configuration shown in Fig. 2 the only force directly on the permeation 

section during hot-pressing is the weight of the tube itself. Once the 

powder surface is mated with the end of the tube in the die it is ' 

extremely importapt that the integrity of the joint is not disturbed 

before the pressing operation begins. 

The vacuum hot-press used has been described elsewhere by Rossi. 15 

It is capable of temperatures to 1550°C and pressures of 10,000 psi. 

The die assembly was mounted in the press and the press was 

evacuated to 10-4mm Hg or lower. An initial pressure of 1000 psi 

was applied to the powder surface and released. This was done to 

consolidate the layer and force out any extra powder present. 

The 99.5% Al203 specimen was heated to 1350-1365°C over a period 

of two hours under an applied pressure of 200 psi. At temperature, a 

pressure of 850-900 psi was applied and held for two hours. The pressure 

was then reduced to about 300 psi, after which the specimens w,-!re 

cooled to room temperature. 
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Fig. 2. Hot-press die assembly I.Jith plug and tube L. jJl: .. cc:. 
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Using the preceding temperature-pressure schedule with the 94% 

Al203 tube, severe deformation occurred. The specimen deformed ut that 

point where the i.d. portion of the 45° molybdenu~ shoulder contacted 

the alumina surface. Deformation started after approximately 45 minutes 

at pressure and temperature (see Fig. 3). Deformation was prevented 

and leak tight seals obtaineci with the 94% Al203 specimens if the 

pressure was reduced to 600 psi, the temperature reduced to l350°C and 

the pressing time increased to 2 hours and 45 minutes. 

After hot-pressing, all specimens were heated in an oxidizinr; 

atmosphere to a high temperature to heal any microcracks formed during 

the diamond grinding process. Specimens of 99.5% Al203 were heated to 

l500°C for four hours; 94% Al203 sa.r.J.ples to l450°C for four hours. 

A helium leak detector was used to check the fired specimens at.~ 

room temperature f~r leaks. Specimens were also leak tested at tempera­

ture with the residual gas analyzer prior to prolonged testing. 

B. Apparatus 

A schematic representation of the apparatus is given in Fig. 4. 

1. Furnace Arrangement. 

An alumina protection tube containing the permeation specimen 

(see Fig. 5) was mounted in a vacuum furnace with a hot zone of approxi­

mately four inches in length. 

The temperature of the permeation section was measured by a 

Pt.-Pt 10% Rh. thermocouple within the specimen tube midway along the 

section. The temperature variation along the two-inch length of the 

section was approximately 20° at l500°C. 
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2. Gas Pressurizing System 

The pressure inside the specimen was varied by evacuating the 

S'J~>tem to 30 in. Hg and introducing helium or argon through a regulator­

valve combination (see Fig. 4). Pressure in the system was measured 

with pressure-vacuum·gages mounted in the line. 

Once the desired pressure was obtained, the valve between the gas 

supply tank and the surge tank was closed. The volume of the surge 

tank was large enough so that gas flow through the section would not 

decrease the line pressure. Should a tube failure occur, only the 

surge tank volume would be introduced into the detection system. 

3. Flow Detection System 

The flow rates through the section were measured with a Veeco GA-4 

residual gas analyzer (R.G~A.). The R.G.A. was mounted on a stainless' 

steel tank connecte.d directly to a turbomolecular pump. The vacuum 

system also pumped on the space between the specimen and the alun1ina 

protection tube. Gas permeating through the section into the protection 

tube is drawn into the tank where it is monitored by the R.G.A. The 

analyzer output is displayed as a trace on a 3-decade linear recorder. 

Standardization of the analyzer was accomplished by introduction 

of helium or argon sources of known leak rate into the system. 

Sensitivity was calculated in terms of atoms per second per division. 

Accuracy of the standard leaks was supposedly within ± 10% of the rate 

quoted by the suppliers. 
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C. Test Procedure 

l. General Procedure. 

All specimens were hea.ted to the maximum test tem:pero.ture under 

vacuum and held for at least 12 hours to outgas the system. Runs were 

begu..'1 at the highest temperature with subsequent reduction in tempera­

ture for each new data :point. 

Gas :pressures were increased in successive runs on each tube. 

All helium runs were made first, followed by the argon tests. 

2. Helium Procedure. 

Runs using helium :pressures of 380, 760, and 1010 r.~ Hg were 

made. Tests were made over temperature ranGes of l300-800°C and 

l525-850°C for the 94 and 99-5% Al 2o3 specimens, respectively. 

Elapsed time between introduction of the gas into the system and: 

measurement of the helium :peak height (mass to charge ratio = 4) and 

background to either side of the helium :peak was equal to, or longer 

than, the length of time for flow through the section to come to a 

constant value. This required 12 to 24 hours, de:pendin,:; on the te;;,plcra­

ture, and the composition of the tube. 

After helium :peak height and bacl<:ground readings were taken, the 

valve from the analyzer tank to the saniple chamber was closed. 'I'i1e 

standard leak was then admitted to the tank and a sensitivity calibru.tion 

was made. The standard leak was kept at one temperature during all 

calibrations since the leak rate varies with temperature. 

After standardization, the valve to the sample was reopened and. the 

temperature was lowered. h11en enough time had elapsed for the fJov rate 

to become constant once again (6.5-8 hrs.), new readings and calibrations 
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were made. 

After readings were completed at the lowest temperature, the test 

pressure was increased. The te~peratare was once again raised to tl1e 

maximum and the entire procedure of constant flow rate, rc~adin::;, and 

calibration was repeated. 

The output of the R.G.A. was recorded in either of two ways. In 

the first, the R.G.A. was set on the heli"t.Lu peak maximum. Checks 1vere 

made to make sure the maximum peak height was being recorded. Drift 

in background on both sides of the helium peak was also checked and 

recorded. Both checks were made just prior to the final measurement. 

Secondly, the output could be displayed as a continuous series of 

peaks. By impressing a·ramp function voltage onto the ion analyzer 

section of the R.G.A. it was possible to slowly sweep back and forth: 

over the gas peak.. Thus, a series of peak height and background points 

was obtained, from which the appropriate data could be taken. 

2. Argon Procedure. 

The 99.5% Al203 specimen was tested at argon pressures of 510 ~n 

Hg, 760 mm Hg, and 1010 mm Hg at temperatures of 1475°C and 12511 °C; 

There were large changes in testing procedure for the argon runs 

due to the argon content in the air. With heli"t.L"TI, the peak height at 

mass to charge ratio (m/e) = 4 would reduce to the overall background 

rate if no helium was permeating through the sample and the valve to 

the standard leak was closed. With argon, however, there was a definite 

background peak at m/e"= 40 (the argcn peak) fror:J. the spec:I.mcn chcu~be:r 
' . 

and the analyzer tank. This peak apparently was due to t'r1e argon 



content in air at the pressure~> obtc:.L1eu ·oy tl-:e v::J.cuwn syst<::m, uEti to 

outgusing of tne analyzer tank. Sl~ .. ;~ht air le(ikat;e did occur throuch 

the rubber "O"-rings sealing t!Je S}Jecimen in the envelo:;_;e tube. 'I'he 

background peak at m/ e = 40 chanced slightly with -cin;e and varied with 

the temperature of the speci:rr',en. 

Once argon was admitted to the inside of tJ-,c :;;;eciJ:Jcn, one could 

not be sure whether t.be peak height at m/e = 40 mea.sured vas arcon back­

ground or argon background plus srnne flow rate through the tube. Thus 

only one background measurement could be made--just'prior to the intro­

duction of the argon into the specimen. 

'I'he 99.5% Al203 specimen was he(;, ted in vacuum for 60 hrs. at 

l472°C to reduce the helium content in the section and measure the 

variation of the background peak (specimen tube + analyzer tank) at · 

m/e = 40. An argoo pressure of 510 TI@ Hg was admitted. The peak was 

monitored for 46 hrs. At that time final peak height readings of the 

tube + tank, leak + tank, and tank alone were taken. The argon pressure 

was raised to 760 rr~ Hg. After 26 hrs., another set of readings was 

taken. This was repeated once again for 1010 mm Hg of argon. 

The specimen was then put under vacuum at l475°C for 60 hrs. 'l'he 

temperature was lowered to 1253°C where once ag~in the tube + tanl'- bad;:­

grounu variation at m/e = 40 was monitored for 40 hours. Argon pressures 

of 510, 760, and 1010 mm Hg were again successively iritroc]uced and the 

same three peak heights measured, each time after 24 hrs. at temperature .. 

The 94% Al203 specimen was testeci in the sarr.e way except only one 

temperature (1277°C) and one pressure (760 mm Hg) vras u:::ea. 
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D. Micros,:o:_jc Ex::udnations 

Polished sections were made of the as-received materials but no 

attempt was made at a detailed microstructure study. Sections were cut 

from the materials with a diamond saw and mour;ted in clear casting resin. 

The surface was recut with the sm.,r after mounting. The sections were 

ground on a 50 micron bonded diamond lap. Polishing was done by 30 

micron diamond paste followed with a water slurry of Linde A al1..L"llina. 

Etching was done in hot ( l90-~?l0°C) orthophosphoric acid for 2-6 minutes. 

A gold film was vapor deposited on the polished surfaces to eliminate 

internal reflections. 

Particle size ranges of 3-110, and 15-80 microns were found in the 

94 and 99.5% Al203 as-received materials~ respectively (Figs. 6 and 7). 

The glassy phase was clearly visible in the 94% Al20 3 material. It 

could not be determined microscopically whether the glass was a complete 

matrix material for the alumina particles, or whether it occurred as 

discrete pockets of glass. In the 99.5% Al 20 3 material, discret~ 

impurity-phase areas could be seen. 

Polished sections of the materials after testing were not availu.-blc 

for study. 
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ZN-5897 

Fig. 6. Photomicrographs of as -received 94o/o Al2 o
3 

material 

(a) before etching and (b) after etching . 
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Fig. 7. Photomicrograph of as -received 99. 5o/o Al 2o 3 mate rial 

after etching. 
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IV. EXPF:R1Mfi:NTA L RRSULTS 

A. Helium Pe::cmeation Constants 

The permeation constar-,t, K, in ...:.nits Oj~ ato:r,G/scc em atm, wa:.:; 

calculated using the n:ethocl outlineO. in Ap:Jendi:;.;: I. 'l'i-1e flow rutc ciuLu 

and the calculated permeo:tion constants for each specimen are tabulated 

in 'rable.s V aad VI, Appe1Hiix II. Se:;,i:.,_oe; plots oi' the permeation con­

stant versus l/T(°K- 1 ) are presented in Figs. 8 and 9. A comparison 

of the permeation constants at 760 J:..:<i Hg helium pressure for the ti-ro 

materials is shown in Fig. 10. 

The K values for specimen #1 are at least 15 times hicher than for 

the higher alumina content material. The decrease of K with temperature 

appears approximately the sarr:e for (Joth tubes. 

B. Heli1w Activation Energies 

Activation en~rgies for the permeation of heli~~ through altwina 

were calculated by a linear regression of ln K on l/T(°K- 1 ). A con­

fidence limit of 95% was used. The resulting activation energies are 

listed in Table IV. The average activation energies are 13.6 ± 2.3, and 

13 ± 1.7 Kcal/mole for the 94 and 99.5% Al203 specimens, respectively. 

Within the confidence limits listed, there is no difference in tLe 

activation energies calculated for the 94 and 99.5% Al203 speciM:ns. 



-2)-

3~, ------------------~--------,---------r-------~ 

-2 
1-
<l: 
I 

.. -c!: 
0 
1-

2 

8 

<( 6 -
.. 

1-
z 
<( 4 
1-
CJ) 
z 
0 
(.) 

z 
0 
...... 
<( 

w 
:1E 
a:: 
w 
a. 

2 

SPECIMEN 
I 

X 380 mm Hg HELIUM 

0 760 r':1m Hg HELIUM 

.6 10!0 mrn Hg HELIUM 

X 

10 10 ~------~------~------~------~----~~ 
. 5.0 6.0 7.0 8.0 9.0 10.0 

. IOlT (oK-1) 

• Fig. 8. Temperature dependence of the permeation constan~c 



-26-

1010 

~ 8 SPECIMEN 2 

6~ 
I 

~ 
I 

......... 
~ 
I-
<( 4 

I 

~ 
u 
I 
u 
w 
(J) 
........ 
(J) 

~ 
0 

~ 2!--
~ 

~ 

I-
z 
<( 

I-
(J) 

z 
0 

109 u 
z 
0 
1- 8 
<( 

w 
~ 
0::: 6 X w 
0... X 380 mm Hg HELtl.JM \ 0 760 mm Hg HELIUM 

4 A 1010 mm Hg HELIUM 

5.0 6.0 9.0 10.0 

Fig. 9. Temperature cle})endence Oj' t!1e permeation constant 



-27-

6. 
66 

6. 
6. 

-:2: 6 
~ 6 
<! 

I 

~ 
(...) 

I 

(...) 6. w 
(J) 
....... 760 mm Hg HELIUM (/) 
..,.-
2:. 
0 6. SPEC. I 
~ X SPEC. 2 - 8 
~ .. 6 
1-
z X <! 4 1-
(J) X 
z 
0 

X 
(...) X 
z 2 
0 X 
1-
<! w 

109 :'2: 
a: 
w 8 X 
a. 

6 X 

4 

2 ~------~--------~------~--------~------~ 
5.0 6.0 7.0 8.0 9.0 10.0 

104 ( 0 ,,(-1) ' f -,- I' 
I 

Fig. 10. Comparison of the 1)ermeation constar,ts for 

Specimens 1 und 2 at 760 mrn Hg. helium ]:,~·c::sm'e. 



-28-

Table IV. Activation energies :or heliwa permeation 

Composition Pressure Activation T::nt.0r~~y 

Spec # (% Al 203) ( ]'' ;l4Li. Eg) (Kcal) 

l 94 380 13 ± 1.8 

760 13 ± 1.5 

1010 15 ± 3.5 

2 99.5 380 15 ± 2.0 

760 12 ± 1.5 

1010 12 ± 1.5 

C. Argon Permeation Runs 

To be significant, it was judged that a peak height reading must 

be at least twice as large as the argon background variation with tim<= 

of the tank plus specimen tube chamber. In no case during the argon 

runs with either specimen were any significant data points found. The 

data recorded for the experiments are tabulated in Table VII, Appendix 

II. 

A lower limit of K detectabili ty was calculated fran; the require-

ments for a significant reading and the R.G.A. argon sensitivity. The 

minimum K which could be measured in these experiments was found to be 

rv2 x 109 atoms/sec em atm. Thus, the permeation constant for argon in 

the 94 and 99.5% Al20 3 specimens must' beless than 2 x 109 atoms/sec em 

atm in the temperature range used. 
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V. DISCUSSION 

The permeation constants, K, for the 99.5% Al203 material agree to 

10 
within a factor of 3 with the results of Rose who used similar 

material but a different gas altalyzing syster;1. 'rhe calculated activation 

energies are also in agreement. The 99.5% Al203 tubesused in this 

study and those used by Rose are from the same manufacturer but from 

different lots ordered 2 years apart. Frequently different cer~~ic 

tubes of the same composition exhibit non-reproducible permeation 

behavior. 7 The fact that these results agree indicates that the manu-

facturer is maintaining close control of the processing of this body, 

which all producers of ceramics must do if reliable, reproducible 

products are to be obtained. 

Helium is known to permeate through glasses at high rates in com-.~ 

. . th . : t ll. t . l 16 It ld b t .. parlson Wl. lnorgGLnl.c crys a J.ne ma erl.a . wou e expec eu 

from consideration of glass content ,alone that specimen l would show 

the highest permeation rate at a giveL cemperature if glassy phase 

paths exist through the body. Permeation rates 15 times that of the 

other body were observed. 

If diffusion through a glassy phase is rate c6ntrolling, then the 

activation energy for the permeation process should correspond with t,hc~ 

permeation activation energies reported for helimn through glass. Ar1 

average activation energy of 13.6 ± 2.3 was found for the 94% alumina 

. . th" d N t 17 . A-t lB h t d" .. t" spcclmen ln l.S stu y. or on anc. .1 emose aves u·led permea J.on 

of helium through commercial glass corr.pos~ tions. ~ach has found act iva-

t:i.on energies for helium perml:ation up to 12. l~ Kcal/mole, which arc in 

reasonable agreement with the values obtained in this experiment. 
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Besides helium diffusio:< throu;:;h g}_assy paths, another diffu:.;ion 

mechanism is possible .. This is diffusion along true alumina-alumina 

grain boundaries. No reli~blc activation energy data for either dif-

fu:>ion or permeation of heliur:1 alan;; alumina crain bour.daries is ;wail-

able. Helium diffusion throug':'1 polycrystalline metals, however, has 

been studied. Diffusion activation energies of 39 and. 36.5 Kcal/n:ole 

have been found for magnesium19 and alwninum, 20 respectively. 'l'he 

activation energy for permeation is the swn of the activation energie"; 

for diffusion and solution. Therefore, the activation energy for per­

meation through the metals woul.d be higher than those given for diffusion. 

Since these permeation activation energies would surely be greater than 

40 Kcal/mole, it seems unl.ikely that permeation through Alz0 3 along true 

alumina-alumina grain boundaries would have as low an activation ene1:gy 

as 13 Kcal/mole. Jt would appear then that the most probable mechanism 

for helium permeation is diffusion through a continuous glassy phase. 

An average activation energy of 13 ± 1. 7 Kcal/mole was foun<i for the 

specimen 2, 99.5% Alz03; Here again, diffusion through some glassy 

path must be considered the most probable permeation mechanism, as the 

activation energies are in agreement with such a prediction. One cannot 

say such a glassy layer exists on the basis of photomicrographs of these 

samples; however, it is possible that a continuous glassy or amorphous 

layer is still present in the body. Kingery21 has specul'ated. that such 

a thin glassy layer exists in ceramic compositions of the purity used 

in this experiment (>99%). 'l'his microstructural distribution o.i: phases 

cannot be detected by current microstructural analysis techniques. 
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The approximate amourit and composition of the glassy phase which 

exists in the fired body can be determined. If one assumes eQuilibrium 

is attained at the firing temperature and the liQuid phase present forms 

a glass on cooling with some exosolution of the primary phase, the 

necessary information can be obtained frOJ:J. the appropriate phase diagrrun. 

Us in,\! co:r:1posi tion data frorrl the spectrogra1~hic analysis, the glass 

composition of the 99.5% Al203 specimen was calculu.ted to be 26, 14 and 

60 weight percent· Si02, MgO, and Al 20 3 , respectively. Th<.:: liQui<i 

portion was 1.15 weight percent of the body. Assuming the liQuid on 

cooling to a glass would be 85% of the theoretical crystalline density, 

the glass content would be l. 6% by volume. This amount of glass should 

be enough to form continuous glassy paths through the body. 

The 94% Al203 body contains 3 ::1aj or impuri t ies--Si02 , MgO, and 

CaO. No quaternarY. phase diagrams in the area of interest are available, 

but the ternary diagr~s for Al203 and Si02 with the two RO compound~ 

are very similar. Reasqnable information can be obtained by consulting 

both diagrams, first considering the RO impurity to be all CaO, and then 

all MgO. The range of composition found was 40-44% Si02, 44-49% AJ203, 

and 11-12% (CaMg)O. The glass content on cooling was calculated to be 

12-13 volume percent of the body. 

The apparent glass compositions of both bodies contain very low 

amounts of silica, the glass-forming oxide present. Altemose18 and 

17 Norton found a relationship between the amount of c;lass-former and 

the activation energy for heli.wn permeation. 'I'he lower the amount of 

glaGs-former }Jrcsent, the higher the activation eneq.~y. From Norton's 

results, using glasses conto.inini~ as little as 22 vrcight percent gla:..;s-
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formers~ one would expect cui activation en,~rgy of ap}woxi:nate1y :u 

Kcal/mole for both compositions used in this study. An extrapolation 

of Altemose's data predicts higher activation energies, 17 ana ::-~2 Kcal/ 

mole for the 94 and 99.5% I\:-:. 2o3 bodies, respectively. However, his du.ta 

only extends to compositions containing greater than 55 weight percent 

glass-former. The maximum activu..tion energy he reported was 12.4 

Kcal/mole. 

Although the activation energies for helium permeation through 

specimens l and 2 are similar, the apparent diffusion coefficient u.t 

a given temperature through the 99.5 specimen is considerably sr;:aller 

than that for the 94% Al 20 3 sample. 

The apparent diffusion coefficient is inversely proportional to the 

22; 
lag time. After introduction of the gas into the specimen tube, sQme 

time elapses before gas flow is detected. The flow rate increases 

slowly at first and then reaches a constant rate of increase. Finally 

the rate of increase falls and a constant flow rate is reached. The 

lag time is defined as the time where the extrapolation of the constant 

rate of increase portion of the curve of flow rate vs. time intersects 

the time axis. The lag time for the 94% Al203 specimen was 42 r;,:i.nutes 

at 1300°C~ while for the 99.5% Al 20 3 tube it was nearly 5 hours at 

1500°C. Thus, with new tubes of a given thickness at a given tcmpcr<..ture, 

the 99.5% Al203 material would appear impermeable to heliwn for a much 

greater length of time than the 94% material. 

The argon permeation experiments demonstrate the extreme dependence 

of the size of the permeating specie on lJermeation through alwr,:i na 

ceramics. The minimum, detectabili ty of the residual [;O.S ana.lyzcr 
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differed by approximately one orucr of 11:!.1.gni tude for heliu.'il and argon. 

The minimum heliurn detecta.l!Ld.ty vias a'Jproxir:::;.tely LJ x 10 10 o.to::.s ncr 
~. ~ 

sec. flowing through the system; for argon this value was 3.5 x 10 11 

atoms per sec. Helium was observed to flow through the 9l>/~ aL1m:i.na 

ceramic at a maximum rate of 3 x 10 13 ator11s I'''"r sec. at 1275°C under a 

pressure difference of 1010 r::rn of Hg. At approximately the sa;;te 

temperature and a pressure of 760 ::i.m 1!g of argon, no detectable flow 

was observed. Therefore, the argon permeation rate is at least 100 

times less than the rate for helium. The radius of the helium and 
0 0 

argon atoms are given as 0. 93A and 1. 5i•A respectively. Similar helium-

argon size effects have been found in permeation through glasses. 

Norton16 reported changes between helium and argon permeation constants 

by a factor of greater than 2 x 107 atoms/sec em atm in silica glass_; 

Similar.changes ill; the permeation rates through the alumina materials 

would have resulted in values of K in the 104 atoms/sec em atm range, 

or roughly a factor of 105 lower than the limit of detectability in 

this system. 



VI. SUiviTv'iARY AND COI\CLUSIONS 

Permeation studies of helium and argon ti';rough commercia.]. poly­

crystalline alumina bodies were rn:.Lde. Perm,,:ation occurred throU£;11 thin 

diwnond ground cylindrical sections approximately 0.035 inches thick 

and 0.375 inches in diameter. Flow rates were measured by a residual 

gas analyzer. The analyzer was standardized by introducing a calibrated 

leak into the system. 

Helium pressures of 380 to 1010 nun Hg over temperatures from 783 

to 1539°C were used for specimens containing 94 and 99.5 weight percent 

Alz03. Calculated helium permeation constants up to 1.4 x 1011 :.:;.nd 

8.1 x 109 atoms/sec em atm and average activation energies for helium 

permeation of 13.6 t 2.3· and 13 ± 1.7 Kca1/mole were found for the 

94 and 99.5% Alz03 specimens, respectively. 

The most prob~ble flow mechanism for helium permeation through 

the 94 and 99.5% Alz03 materials used in this study is diffusion through 

continuous glassy phase paths in the body. This is based on activatioq 

energy comparisons for helium permeation through glasses. 

Permeation was found to be dependent on the size of the permeat:i.ng 

gas specie. No argon flow through either alumina co:nposition was 

detected at argon pressures to 1010 nun Hg and temperatures to lL+75°C. 

-~ The limit of detectability of the apparatus fixes K values for argon 

permeation at less than 2 x 109 atoms/sec em atm in the temperature 

range studied. 
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Appendix I. Method of Detcn:ii.nation 

of Permeation Constant, K. 

The permeation constant, K (atoms/sec em atm), relates the stcud;y· 

state gas flow rate, q (atoms/sec), thiclmess, t(cm), and area, A(cm2 ) 

of the sample, and pressure differential, bP (atm) across the specimen 

as given in the equation 

A q = K- (t::.P) 
t 

With cyclindrical specimens, the most realistic area to use in 

1 ul t . ' th ff t. A r k-ll - b R lO ·· ca c a 1.ons l.S e e · ec 1. ve area, 1---. , as used. y ose ana 
, l.nKJ. · 

. L. 
Stansfield,9 where 

A = Inside area of permeation section, cm2 

k = Inside radius/outside radius of section 

The steady state flow rate through the membrane is measured by tne 

residual gas analyzer. The relationship between the flow rate, q, and 

the R.G.A. output is given by 

q = hs' 

where h =residual gas analyzer output (div.) 

s' =sensitivity of residual gas analyzer (atoms/sec. div.) 

The permeation coefficient, K, is thus obtained from the R.G.A. 

output by using the equation 

hs 't 

K =[A(~~)] t::.P 

where all symbols have their previous meaning. 
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Ap:pendix II. ExJ;crimental Data and Calculated 
Permeation Constants. 

Table V. Helium permeation data and permeat::_on constants for 
specimen 1, 94% Alz03. 

Pressure 
(mm Hg) 

380 

760 

1010 

1301 
1238 
1170 
1131 
1065 
1016 

962 
918 
853 
797 

1302 

1286 
1237 
1191 
1129 
1082 
1019 

964 
867 
809' 

1275 
1190 
1119 
1064 

996 
923 
856 
783 

R.G.A. 
peak 

height,h 
( div. ) 

9.2 
6.5 
5.6 
3.5 
2.7 
2.2 
1.8 
1.4 
1.1 
0.96 

'8.8 

15.26 
13.54 
11.70 

9.51 
8.12 
6.45 
5.29 
3.50 
2.63 

25.25 
18.89 
14.77 
12.80 

9.88 
7.42 
5.65 
4.01 

- ----------- ··-------------=-·=·=-=· =====-===••e·--=---=, 

R.G.t". 
sensitivity,s' 

(citoms/ sec. div.) 

xlo- 12 

l. 250 
1.178 
1.169 
1.21+3 
1.233 
1.1119 
1.243 
1.253 
1.253 
1.264 
1.289 

1.247 
1.260 
1.292 
1.253 
1.267 
1.243 
1.274 
1.240 
1.253 

1.167 
1.297 
1.200 
1.185 
1.176 
1.185 
1.164 
1.152 

Flow 
rate,q_ 
(atoms/ 
sec.) 

xl0- 12 

11.5 
7.66 
6.55 
4.35 
3.33 
2.53 
2.24 
1. 75 
1. 38 
1.21 

11.3 

19.0 
17.1 
15.1 
11.9 
10.3 

8.02 
6.74 
4.34 
3.29 

29.5 
22.5 
17.7 
15.2 
11.6 

8.79 
6.58 
4.62 

Permeation 
co:1st[:cnt, K 

( <i.t u1:: f> / 

sec. ci:1 atm) 

xlO - 10 

1l.1 
9.2 
7.9 
5.2 
4.0 
3.0 
2.7 
0 -, 
"-•-'-

11.5 
10.3 

9.13 
7.20 
6.21 
4.811 
4.07 
2.62 
1.99 

13.4 
10.2 

8.05 
6.89 
5.213 
3.99 
2.99 
2.10 
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Table VI. Helium permcat:ior:. data ar:d. 
permeation constants for specimen 2, 99.5% Al203 

. -==-.:::"~==..:==:~ 

R.G.A. R.G.A. Flow Pern;e:::.t ior; 
peak sensitivity rG.te,q cons Lc1r1"L, K 

Pressure Temp. height atoms/sec.div. ( ator.1s/ (atoms/ 
(rr..m. HG) (Oc) ( di v.) xl0- 12 sec.) sec. em atm.) 

xl0- 12 x::_o- 9 

380 1524 0. 51 1.089 5.55 o.2 
1394 0.37 1.087 4.02 )_~. 5 
1274 0.29 l.OE:l4 3.14 3.5 
1195 0.23 1.066 2.45 2.7 
1095 0.16 1.061 l. 70 1.9 

968 0.09 1.037 0.933 l.O 
895 0.08 1.066 0.853 0.95 
834 0.05 1.057 0.528 0.59 

760 1508 0.77 1.049 8.08 4.5 
1382 0.62 1.023 6.35 3.5 
1276 0. 50 1.064 5.32 2.9 ' ' 

0.38 1.069 4.18 
. 

1191 2.3 
1071 0.26 1.098 2.78 1.5 

926 0.14 1.031 1.44 0.80 
867 0.09 1.089 0.980 0.54 

1010 1539 1.33 1.461 19.4 8.1 
1451 1.03 1.457 15.0 6.2 
1361 0.91 1.633 14.9 6.1 
1256 0.67 1.652 11.1 4.6 
1149 0.42 1. 714 7.20 3.0 
1031 0.22 1.753 3.86 1.6 



Spec # 

2 

2 

l 

-39-

Table VII. Peak heigtt data for argor. 
permeation runs 

R.G.A. 12eak 
Til;ce Background. 

Temp. Pressure at variation 
oc (nun Hg) te:-:·~.p. tank & tube 

(hrs) 

1472 40 21.6-22.6 
1473 510 46 
1473 760 26 
1475 1010 24 

1253 40 21. 9-·22. 7 
1253 510 1+4 
1254 760 24 
1254 1010 24 

1283 4o 32.5-33.6 
1277 760 24 

heip:ht ( '.; ) u ... v. 
rrank & L -u Ot.~ 

after pt. .. :~}'~.;,,_; at ion 
run 

21.7 
22.7 
22.6 

22.6 
21.9 
22.1 

32.5 



-40-

1. D. Hayes, D. W. Budworth, and J. P. Roberts, "Selective Permeation 

of Gases t:r.rough Dense Sillterccl Alw,1ina.," Trans. Brit. Cerani. Soc., 

Go, (7), 494-504 (1961). 

2. D. Hayes, D. W. Budworth, and J. P. Roberts, "Permeability of 

Sintered Alumina Materials to Gases at High Temperatures," Trans. 

Brit. Ceram. Soc., 6~, [6], 507-523 (1963). 

3. G. M. Fryer, D. W. Budworth, and J. P. Roberts, "The Influence of 

Microstructure on the Permeability of Sintered Alumina Materials 

to Gases at High Temperatures," Trans. Brit. Ceram. Soc., 62, 

·(6), 525-536 (1963). 

4. J. P. Roberts, "Microstructural Considerations in Gas Permeation," 

Ceramic Microstructures, Chapter 25, J. Wiley and Sons (in press).~· 

5. E. W. Roberts ~:J,nd J. P. Roberts, "The Mechanism of Permeability 

of Ceramics to Gases," U.K.A.E.A. Agreement No. 13/5/165/1394. 

Progress Report No. 7 (1 July-31 December 1964). 

6. A. K. Dhavale and J. P. Roberts, !!Formation of Connected Porosity 

in Dense Oxide Ceramics after Prolonged Heating at High Temperature," 

Ceramics Division, Houldsworth School of Applied Science, University 

of Leeds, Progress Report No. 5 (1 January 1965-30 June 1965). 

7. H. F. Volk and F. W. Meszanos, "Oxygen Permeation through Alumina; 

Influence of Microstructure and Purity," Ceramic Microstructures, 

Chapter 33, J. Wiley and Sons (in press). 

8. W. B. Campbell, "Diffusion Ra.te and Activation EnergJ' of Helium 

through SJ.ngle Crystal ami. Po.lyCi'JGtd..lline Alumina," (M.S. The:;:i:~), 

Geor&~iu Institute of 'redwology, 1960. 



I"" 
- 1Ll-

9. 0. M. Stansfield, "The Influc::::ce of Tensile Stress on G:::c::~.:o;J:> 

l'ermeation in Glassy-State and Corr.plex Cera .. 'nic s," (tv!. S. 7Lc::;i::), 

UCI\L-10755, Apr:il 19G3. 

10. R. E. Rose, "Perrneati.on of Gases through Alumina," (M.S. 'l'hesis), 

UCRL-16017, April 1965. 

ll. P. L. Studt, "Mechanism of Gaseous Permeation through Gli.:.:>~;, Single-

Crystal Silicon, Gerr..anium; and Stress-Enhanced Gaseous Pc·n:,eation 

through Alumina Bodies, 11 (Ph.D. Thesis), UCRL-10466, Spetcmber 1962. 

12. A. E. Atallah, "Effect of Stress on Permeation through Alumina 

Membranes," (M.S. Thesis), UCRL-11355, April 1964. 

13. G. M. Fryer and J. P. Hoberts, "Development of Gas-Permeability in 

Sintered Alumina during Tensile Creep," Science of Ceruuics, 

(Academic Press for the British and Netherlands Ceramic Societ,les) ·, 

Vol. 3 (in Ere~s). 

14. D. W. Budworth, E. W. Roberts, and W. D. Scott, "Joining of Alumina 

Components by Hot-Pressing, 11 Trans. Brit. Ceram. Soc., 62 [10], 

949-954 (1963). 

15. R. C. Rossi, "The Kinetics and Mechanism of Final Stage Densification 

in the Vacuum Hot-Pressing of Fine-Grained Aluminum Oxide," 

(Ph.D. Thesis), UCRL-11564, July 1964. 

16. F. J. Norton, "Permeation of Gases through Solids," J. App. Phys., 

28, (l) 34-39 (1957). 

17. F. J. Norton, 11Helium Diffusion Through Glass," J. Am. Ceram. Soc., 

36 90-96 ( 1953) . 

18. V. 0. Altemose, "Helium Diffuuion through Glass," J. App. p;,J::., 

32 ( 7)' 1309-1316 ( 1961). 



19. H. R. Glyde and K. I. Muyne, "Helium and Ar.::;on Di .. :.'f·u.sion in 

;.;~J.gnesimr,," Phil. ~lag., 12 (119) 919-938 (1965) . 

.. . R. Clyde and K. I. l•:uyne, "Eclium Diffusion in 

?hil. I>1ag. , 12 ( 119) 997-10011 ( 1965) . 

2l. H. D. Kint;cry, Introduction to Cer·:.L'llics, J. Wiley & S-:>:1s, ~\ew York 

Press, London ( 191+1) , p. l+l8. 

' 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

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

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

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


