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Introduction

Nonnetallic solids may be used in fusion reactors as tritium diffusion

barriers, insulators, structural components, or protective coatings to lower

plasma poisoning from first wall sputtering. The literature on hydrogen

permeation, diffusion, and solubility in metals is quite extensive but little

information exists on hydrogen transport or solubility in nonmetals. The

purpose of the present investigation is to determine hydrogen or tritium

permeabilities, diffusivities, and solubilities in nonmetallic solids of

potential interest to the CTR program. A considerable amount of information

has now been obtained on tritium diffusion-coefficients>in a variety of

nontnetallic solids but the permeability and solubility studies are in an

early stage.
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Techniques and Results x

I. Permeation Studies

The hydrogen permeation apparatus shown in Figure 1 has been built

and leak tested. It consists of a large reservoir containing a mixture of

inert gas, hydrogen and tritium -which is in contact vith a thin permeation

specimen. Gas permeating through the disk is swept into an ionization

.chamber and the tritium content is monitoring as a measure of the hydrogen

and tritium permeating through the disk. The tritium here is used only as

a tracer for the hydrogen permeating the specimen. A rapidly flowing gas

blanket surrounding the sample tube is intended to minimize the transport

of tritium to the ionization chamber by routes which bypass the permeation

specimen. Associated systems allow sampling of the gas for tritium content,

introduction of tritium through either tritiated water electrolysis or

heating of irradiated Id samples, and purification of the entrance gases

through cold trapping and oxygen gettering.

The principal problem to date has concerned difficulties in developing

a specimen bonding technique which remains leak-tight up to the planned

maximum temperatures of 1300C. Efforts to employ the ceramic-metal bonding

techniques involving interdiffusion of platinum metal vith ceramics which

have been reported by de Bruin^ have not been successful. The current

effort is in two directions, the use of high temperature Ti-Cr-V brazes
to)

developed by ORWL for specimen sealingv and the substitution of the single-

crystal permeation specimens with commercially available sintered ceramic

tubes for permeation studies of sintered specimens.

Even if suitable bonding techniques are developed, it is not clear

that the single-crystal permeation experiments will be successful as recent

diffusion results suggest that tritium breakthrough times may be excessively

long.

II. Tritium Diffusion Studies

A. Techniques

Tritium diffusion coefficients were measured by injecting tritium into

specimens through neutron transmutation of a surface blanket of Li-6 fluoride

or carbonate followed by measurement of the time rate of tritium release

during poctirradiation heating. Samples were heated in a hydrogen-helium or

pure helium sveep gas vhich hai been gettered with heated titanium and liquid



nitrogen. Released tritium was detected by an ion chamber placed downstream

of the sample. Release fractions were determined after increasing sample

temperatures to 1200C. at the conclusion of the run and assuming that all

tritium was thereby driven from the specimens. The requirement of measurable

release rates generally constrained the experiments to temperatures which

produced diffusion coefficients in the range 10" cm /sec to 10~"cm /sec.

Identical temperature ranges were therefore not employed for all specimens.

Figure 2 displays a typical preheat tritium profile and the diffusion

solution used to analyze results. All specimens were treated as uniform

slabs unless BET surface area measurements shoved a small effective particle

size. An equivalent sphere model using a particle radius consistent with

the surface measurements was then used to analyze results. Efforts were

made to obtain specimens of known high purity, density and characterization

but other less well characterized solids were also run to assess the vari-

ation in results. Table I summerizes the materials for which diffusion

measurements have been made.

B. Form of Released Tritium

A fraction of the released tritium coxild be removed from the sweep gas

by cold trapping. This condensed fraction could be extracted into an aqueous

phase and was presumably tritiated water. The percent of total released

tritium which could be trapped ranged from 70-80$ for powdered oxide

specimens to only 10-20$ for single crystal specimens. Adding hydrogen to

the sweep gas did not significantly alter the condensible fractions so the

tritiated water must come from the specimens and not be produced through

post-release exchange. Annealing specimens prior to tritium injection and

storing only in inert atmospheres produced only small reductions in the

condensible component. Condensation was principally observed with metal

oxides but could occur with other materials. For example, essentially all

of the tritium released from vapor deposited B-SiC could be removed by cold

trapping. However, ultrasonic cleaning of these specimens produced a marked

decrease in the condensible fraction.

Figure 3 shows the tritium diffusion coefficients measured for Al 0

powders with and without cold trapping. It is apparent that the tritiated

water is released at a somewhat faster rate than the non-condensible tritium

as consistently higher diffusion coefficients were observed without trapping.

However, the difference is not large and was even smaller in a similar study



carried out with BeO powders. Since the variation in D produced by cold

trapping is similar to the uncertainty between successive measurements, no

differentiation between condensible and noncondensiblc tritium has been

made in the general determination of diffusion coefficients.

OTie most likely explanation for the results is that some fraction of

the diffusing tritium encounters water near the surface and exchanges with

the hydrogen prior to release of the water. Diffusion to the point of

exchange is therefore the primary rate limiting step for the tritium

release and not the release rate of the water.

C. Impurity Effects

Some differences in measured diffusion coefficients for the same

material vere too great to explain through accelerated diffusion along grain

boundaries and presumably reflect impurity effects. One illustration is

Figure 'i which plots measured diffusion coefficients for single crystal

AlpO,, sintered Alg0- and Lucalox. The D's for sintered AlgO, are somewhat

above those for the single crystal material which is consistent with rapid

tritium movement along incoherent grain boundaries or pores in the sintered

solid. However the D'e for Lucalox (99.8? Al^O-, 0.2$ MsO) arc approximately

four orders of magnitude higher than the values for undoped Al^O*. This

effect is not explainable- in terms of grain boundary effects since the

nominal Lucalox grain size of 30 urn was roughly 1.5 timer, the recoil range

of the tritium atoms. Kilazsva and Coble* ' have observed a similar

increase in defect diffusion rates for MgO-doped versus undoped Al_0- and a

number of examples of impurity accelerated diffusion occur in the literature

for ceramics' '" .

A second example appears in Figure 5 vhere higher tritium diffusion

coefficients are observed for Al-doped, hot-pressed, and single-crystal

SiC than with undoped material. Again, grain boundary effects cannot

explain the disparity since single-crystal specimens comprise one set of

the higher data. It in conceivable that the lower set of points are

anomalous and tlie tritium diffusion is cor.trolled by unrecognized trapping

effects. This seems unlikely since the release curves vere classical end

showed no evidence of tritium trapping.

P. Surface Absorption Effects

Moot tritium release curws vere classical nnd gave values of I)



consistent vith single values for the diffusion activation energy. Helense

rotes vere unaffected by hydro/ten concentrations In the flow gas so the

calculated values of B ere believed to represent diffusion controlled release

frocs the specisrens. Table II susssariae* the measured values for the expression;

for a l l specimens studies to date which behaved classically. Also included

arc the standard deviations and tessperature ranges for ftach seaterial.

Boron carbide vas included as a eateriel of ctudy principally because of the

potential interest in transmutation induced tritiisjs diffusion in B̂ C reactor

control rods rather than as a result of any anticipated use in fusion

reactors.

One laaterial, pyrolytic carbon, did exhibit release behavior which

appears to reflect absorption controlled rather than diffusion controlled

processes* Saespleis of LTI pyrolytie carbon which were sieilcr to the coatings

used on ffTGR reactor fuels were obtained en inert ^̂ CL substrates frem General

Atomics Co. Tritius release* rates fresj these speclsc-ns increased vbt>«

hydrogen vas edded to the* flow gjas to give widely different apparent diffusion

coefficients for ft hydrogen free urd a high-i«ydro^en sveej* fjac (Kieure 6).

I t was further observed fr&& Mat tritium concentration profiles within tlse

spt-ci '̂.-ns that a l l of the released tr i t ius vas costing, frcs} the top g> ^ of

the specimen with vcr^ l i t t l e migration of ih<- deept-r trltiust. The profiles

vere dctcrtsined by chemically rcsKnving layers from sn«f:alcd speeise'r.s and

BeRsuring the t«*itiua vithin «och Isycr. Ojwn pore structure in Iffl coatings

is reported in the- literature* ' co i t eecss likely that the high release

rate produced by hydrogen sveep gass VBS a consequence of ctecelcr&Ud tritJwa

cxchanQ,e on pore fiurfticec rather than a bulk process. I^ia interpretation

is supported by experis«nts in vhich pyrelytic carbon speci^.*r.s were exposed

to gaseous tritjusa end then sectioned• The tritium was observed to penetrate

only 85 && into the spccit&ena.

leissinar cpcciRt-fss of pyrolytic carboft prsduced toirkedly lover apparent

diffusion coefficients; which were unaffected by hydrogen in the sweep £5ts.

Values of D inferred frca profile KcuaurcKents were consistent vith the

values obtained frost release ©xperisx-'ntc. These values fire therefore tenta-

tively considered BE diffusion coefficients and isrc included in Table 11.

I t iv rccof/t 1 sed, however, that a n&U-rial as eoxpUx &« oyrolytic carbon



could exhibit strikingly different transport properties with different

etorphologies and to even interpret results in terras of diffusion processes

say be inappropriate.

It ie of interest tc note that tritium diffusion coefficients

determined from silicon-doped pyrolytic carbon correspond almost exactly

vith the values for vapor deposited SiC rather than the lower undoped

pyrolytic carbon (Figure 7). Eleetron-raicroprobe scans were run to

determine if high Si concentrations existed near the surface but only

uniform distributions were observed. Ho explanation is offered for this

possibly coincidental agreement between Si-doped pyrolytic carbon and SiC.

III. Solubility Studies

Expcrie&nts ere being carried out to estimate hydrogen solubilities

in ccraisics. In the event that penseation values prove difficult to obtain

experimentally, ths* product of diffusivity and solubility will provide an

estimate- of permeability where grain boundary effects are neglected.

Vroa the known diffusion coefficients, the tiae required for the

equilibration of a solid of known dimensions with an external hydrogen

blanket can be calculated. Specimens of alumina have been equilibrated in

flowing deuteriusi-ftrgon streans at elevated temperatures for tine periods

longer than the calculated equilibration times. The specimens have then

been honied in a vacuusa furnace attached to a residual gas analyser on a

prepro&r&Rsaed isochronal annealing temperature rchedule. Weighed TiD,,

povders; have been used as standards to relate the RGA signal to released

deuterium. Only preliminary results have been obtained to date but they

suggest that hydrogen solubilities in Alg0, are quite low.

IV. Ion Implantation Studies

The appeurar.ee of condcnciblc fiti-an in the flow gas may reflect hot

atom reactions which result from the energetic introduction of tritium into

the r.pecjtr.c:nr.. Specimens of single crystal Al-O- are being irradiated with

Z KBV deuterons in the enrapus van de Graaff accelerator to partj.clc i'luences

in excess of those employed in the tritium injection experiments. The

specitcunn will then be heated and the mass distribution of released deuterium

determined with the* KGA. These experiments will hopefully identify the

r.pocic-c containing the injected deuterium which are released during



heating. A comparison of the release spectra for injected specimens vith

those simply heated in flowing deuterium should help clarify if hot atom

reactions are .Involved in the formation of condensible compounds.



Discussion
The previous vork on hydrogen diffusion in nonmetallic-i is so meager

(9)

that fev comparisons with previous vork can be made. Roberts and Roberts

reported data for hydrogen diffusion in single crystal or-AlgO- which fall

about an order of magnitude below the present results when extrapolated

from the IUOO-I63OC. range of measurement. This agreement appears satis-

factory considering the extrapolation involved. '

Scott and Wassell^10' studied tritium release from irradiated BeO

single crystals. Their activation energy and diffusion coefficients ere in

substantial agreement with the present work. ' They also observed that some

tritium was released from BeO powders as water vapor which is in agreement

vith the present work on BeO powders.

A number of measurements of hydrogen diffusion in glasses have been

made which typically exhibit activation energies of 8-13 kcal/mole* ,

well below the 30.2 kcal/mole observed for SCB glass. However, the more

highly doped glasses typically have higher activation energies. Matzke has

observed activation energies of 1*2-52 kcal/nole for tritium diffusion in
(12)ion-injected glasses.v ' The SCB glass in the present study was originally

developed as a hydrogen barrier for S!iAP ZrH reactors. A permeation

activation energy of 30 kcal/mcle was measured by AI* which agrees well

with the diffusion activation energy. Since hydrogen solubility in glasses

is not a strong function of temperature, permeation and diffusion activation

energies could be similar.

No information has been found on hydrogen transport in other materials

employed in the present study.

Tritium diffusion coefficients and activation energies for the materials

studied are quite different from the values associated with hydrogen diffusion

in metals. At a reference temperature of 600C, the D's associated with

refractory metals are typically 6-10 orders of magnitude larger than the D's

measured here. Diffusion activation energies for hydrogen in metals are

typically 9-15 kcal/mole in contrast to 30-6^ kcal/mole for ceramics. These

disparities suggest that tritium diffusion in ceramics is more complex than

in metals and that hydrogen bonding effects and even compound formation,

molecular diffusion^ or complex defect migration may play a role in hydrogen

transport in nonn/rtallics.

The low measured diffusion coefficients for nonmetallics suggest that

they may be effective tritium barriers in CTR systems. The equilibrium



transport of any diffusing species through successive layers of homogeneous

materials is, usually complicated by effects at the interfaces; however,

vithin a given region the concentration gradient is uniform and known from

a straightforward application of Fields first law. If we assume that a

tritium diffusion barrier consists of a thin layer of ceramic bonded to a

metal substrate, a simple expression for the equilibrium permeation rate

with the coating to the rate without the coating can be obtained if the

tritium concentration is assumed to be uniform across the interface and zero

at the exit face. Figure 8 illustrates this condition and gives values for

the ratio of permeation rates for an assumed coating thickness of 0.1 tea, a

substrate thickness of 2 mm, and a temperature of 600C. The metal diffusion

coefficients were selected from the review paper by Stickneyv while the

coating diffi-?Jn coefficients were taken from Table II. It is apparent

that all coatings produce a pronounced decrease in the equilibrium perme-

ation rate which ranges from 2 orders of magnitude to 17 orders of magnitude.

Ths coatings divide into three general groups with pyrolytic carbon as the

most effective; Al-O,; BeO, end SIC in the next group; and Yo0_, iAicalox,

Yttralox and SC3 glass as the least effective barriers.

This simple model neglects any accelerated diffusion between grains

which could greatly increase permeation rates in real coatings. It further

neglects interface partition effects vhich would likely increase the

effectiveness of coatings. The model does indicate that nonmetallics have

the potential for being effective tritium barriers if suitable methods can

be devised for applying coatings and for miniraizinc grain boturhry transport

effects.

Conclusion

The low tritium diffusion coefficients in nomaetallic solids suggest

that they may prove to be effective tritium barriers in CTR systems. Tritium

or hydrogen permeation studies of coated specimens fabricated by various

available techniques would appear to be desirable.
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Table I - SPECIMEN PROPERTIES AKD SUPPLIERS

Material

Lucalox

BeO Sint.

BeO (S.C./2'

SiC ( S . C . ) ^ Al-doped

c*-SiC(2)

8-SiC<2>

Yttralox

SCB Glass

Y2°3
SiC - Al-Doped
(Hot-Pressed)

PyC Lam.

Si-Doped
PyC

Al g0 3 ( S . C . ) ^

Composition

A1..O, (99.8%), N£0 (0.2%),

ME (0.2%, Si (0.32%),
BET area 0.11 m /g.

linpurities <.05%'1^

Al (0.6%)

Al (50 ppm) trace 6

Impurities <.05%

V > 3 (89%), ThO2 (10%), Nd2

SiO2 (46.1%), BaO (31-3%),

TiO2 (12.5%), Cr2O3 (1.0%),

V > 3 (99-99%)

Al (2.0%), Pe (0.3%)

Si (UO w/o)

Supplier

Si (trace) General Electric

Brush Wellnan

Rockwell Int.

Carborundum

Carborundum

R. Davis - KCSU

,0- (1%) General Electric

Alp0- (8.3%)

Eu_0, (0.8%) Atomics Int.
c 3

Ceradyne

Norton

General Atonic

Genei"al Atomic

lianford Devel. Lab

Linde Corp.

* 'Impurity levels determined by microprobe analyses

^2\s.C.) = Single Crystal



Table I I : Suiracary of Measured Diffusion Coefficients

Material
(S. C. - single

crystal)

A12O3 S.C.

AlgO- sintered

BeO S.C.

BeO sintered

Lucalox

a - SiC S.C.

(\ - SiC S.C.

Al-doped
a - SiC S.C.

Al-doped hot-
pressed a - SiC

SCB glass

Y-0, hot-pressed

Yttralox

laminar pyrolytic
Carbon

P - Vapor deposited

Si-doped pyrolytic
Carbon

Boron Carbide

Number
of

points

9

7

14

11

15

12

10

8

11

10

8

6

10

SiC 8

13

14

D0
o

(cm /sec)

3.26

7.35 x 10"2

1.11 x 10"2

7.00 x 10"2

39-8

1.09 x 1O"2

28.q

4.04 x 10

0.904

2.95 X 10"1*

0.431

3-87

3.3 x 10 2

1.6

1.1 x 10"3

1.1 x 10"6

(cm /sec)

9-86

0.247

8.91 x 10"2

0.445

357

2.92 x 10"2

172

3.80 x 1G*"3

6.68

6.34 x lO*1*

7.13

32.2

2.0 x 103

3.4

3.9 x 10"3

3-3 x 10"6

Do
(era /sec)

1.08

2.19 x 10"2

1.39 x 10"3

1.10 x 10"2

4.43

4.05 X 10"3

4.55

4.29 x 1O"5

0.147

1.37 x iO"**

2.6 x 10"2

0.464

54

0.7

3.1 x 10"1*

3.9 x 10"7

Q

(kcal/:r.ole)

57.2

43.8

52.5

43.5

41.8

54.9

65.O

34.0

48.2

30.2

39.1

39.5

98.4

73-6

53.6

16.8

(kcal/cole)

2.4

2.5

4.7

3-6

3.2

2.5

4.1

4.2

3.5

1.2

4.3

3-1

5-7

2.0

3.6

1.6

A'C* »r. '̂  i? 1*;". X *U T c

rar.ee (°C)

60C-1000

650-1200

5OC-S5C

36C-57C

7CO-I300

750-lCOO

450-950

5CC-SCO

350-SCO

420-620

350-600

1100-1450

800-1300

900-1400

300-700



VACUUM

VENT

©

1. FLOW STABILIZERS
2. FLOW RATE METERS
5.C0NSTANT VOLUME H i CELU
4T1-O2 REMOVER
S.HOSKINS FURNACE
6. ELECTROLYTIC CSU,
7. VOLTAGE SOURCE
6.N2 COLO FINGERS
9. CONSTANT VOLUME RESERVOIR
10. GRAS SAMPLE
II.SAWPLE CrtAMSER
IS.FURNACE
!S. FURNACE CHAMBER
14. 3-WAY VALVE
15. TRITIUM COUNTER
IS. IONIZATIOM GAUGE

RG.t TRITIUM PERMEATION APPARATUS



Figure 2 TRITIUM INJECTION METHOD

>l6mg

C max .03 - .09 wt. ppm

no

SHORT- TIME

f( t )

f ( t )

Ro

D

t -

Ro v

DIFFUSION

Dt
IT

= fraction released

= range
s diffusion solution

= heating time

Ro
(20-35 jjm

SOLUTION

•

> *



T(*°C)

300

10 *-'-•

D(cni/see)

10
-18

A 23.3 kcal/
mole

200

—t—

O AJ-p°3 Povder
(Conaensibles not

trapped)

AlpO_ Powder
(Conaensibles

trapped)

o 31.4 kcal/
mole

O

1.2 1.4 1.6 1.8 2.0 2.2

103/T(°K)

Figure 3. Arrhenius plot for tritiun diffusion in alumina (Al 0^

1



T(°O

id*

Id"10

V | O
-.3J.

, id"-

600
H

500

x\

\
\

AIEO3 s a
- © - A l 2 0 3 sintered
-^.-LUCALOX

\<v\
\

^ACTIVATION ENERGIES

in Kca l / m o ! e

\

400

H h
.7 .8

V «,.,*

\

X \
y\

-M J 1 1.
1.0 !.! 12 1.3 IA 1.5 1.6

Figure h. Arrhenius plot for tritium diffusion in single crystal and sintered
alumina and Lucalox. . .



1,300

10

600 500

Af-doped <*-SiC &C.

S.C

.../$- SiC S.C.

Al - doped « -SiC
.Hoi-pressed

34.0T

^ACTIVATION ENERGIES

in Kca! / m 0 |e

\
\

\

.7 .8 1.0 1.1 L2 1.3

| 0 //T

f.4

Figure 5. Arrhenius plot for tritium diffusion in
crystals, aluminuta-dopod single crystal
doped hot-pressed ^-silicon carbide.

and B-silicon carbide single
carbide, and aluuinum-



TC°C )

10"

(0-10

10•-II

10"

io-13 J

10*r!4

1200 1000
i i

HELIUM SWEEP CAS

A

800 600

HYDROGEN* HELIUM
SWEEP CAS

« 10XI03

6 10 II

- Tritiim Piffustoti Cocfftctcncs In l'yroiytlc Carbon



10-9

1UCO°C 1200°C 1000°C 8oo°c 6oo°c

10'rial

10"

LTI - Helium and Hydrogen ELov

• 5 .8 •9 1.0 1.1 1.2 1-3

103/T(°K)

Figure J - TRITIUM DIFFUSION IN PYROLYTIC CARBON



Figure 8 - Equilibrium Tritium Transport Through Non-Metallic Coalings
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