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Introduction

Nonmetallic sclids may be used in fusion reactors as tritium diffusion

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

plasma poisoning from first wall sputtering. The literature on hydrogen:

permeation, diffusion, eand 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.ccefficients:in a veriety of

nonmetallic solids but the permeability and solubility studies are in an

early stage.
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Techniques and Results ’ N

I. Permeation Studies
The hydrogen permeetion 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 with & thin permeation
specimen. Gas permeating through the disk is swept into an ionization
.chamber and the tritium content is monitoring as & measure of the hydrogen
and tritium permeating through the disk. The tritium here is used only as
& 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 6Li samples, and purification of the entrance gases
through cold trapping and oxygen gettering.

The prinecipal problem to date has concerned difficulties in developing
a specimen bonding technique which remains leak-tight up to the planned
rmaximum temperatures of 1300C. Efforts to employ the ceramic-metal bonding
techniques involving interdiffusion of platinum metal with ceramics which
have been reported by de Bruin(l) have not been successful. The current
effort is in two directions, the use of high temperature Ti-Cr-V brazes
developed by ORNL for specimen sealing(e) 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 mecasurement of the time rate of tritium release

during postirradiation heating. Samplcs were heated in a hydrogen-helium or
pure helium svecp gas which had been getlered with heated titanium and liquid




nitrogen. Released tritium was detected by an ion chamber placed downstream
ot 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 lo'lscma/sec to 10'9cm2/sec.
Jdentical 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
slebs unless BET surface area measurements sﬁgwed 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 obilain 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 could 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 10-2C% for single crysital specimens. Adding hydrogen o
the sweep gas did not significantly alter the condensible fractions so the
tritiated vater 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 componént. Condensation was principally observed with metel
oxides but could occur with other materiels. For example, essentially all
of the tritium released from vapor deposited B8-SiC could be removed by cold
trapping. MHowever, ultrasonic cleaning of these specimens produced & marked
decrease in the condensible fraction.

Figure 3 'shows the tritium diffusion coefficients measured for A1203
povders with and without cold {irapping. It is apparent that the tritiated

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

as consistently higher diffusion coefficicrits were observed without irapping.

However, the difference is not large and was even smaller in & similar siudy
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carried out with Be0 powders. Since the variation in D produced by cold -
trapping is similar to the uncertuinty between successive mepsurements, no
differcntiation between condensible and noncondensible tritium hes been
made in the general determinution of diffusion coefficients.

The most likely explanation for the results is that some fraction of
the diffusing tritium encounters water neer the surface end exchenges 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
relecase end not the releage ratc of the wuter.

C. Impurity Effects
Some differences in measured diffusion coefficients for the seme

material were too great to explein through accelerated diffusion slong grain

boundaries and presumably reflect jmpurity effects. One illustration is
Figure I which plols measured diffusion coefficients for single erystel
A1203, sintered A1203 end Lucalox. The D's for sintered A1203 are somewhat
ebove those for the single crystal material which is consistent with rapid
tritiuwn movement along incoherent grain voundaries or pores in the sintered
solid. Hovever the D's for Luculox (99.8% A1203, 0.2% Mg0) erc epproximetcly
four orders of magnitude higher than the values for undoped A1203. Thic
effect is not explaineble in terms of grain boundary efiecis since the
nominal Jucelox grain size of 30 pm was roughly 1.5 times the recoil renge
of the tritium atoms. Kitazawa and Coble 3 have observed a similar
inerease in defect diffusion rates for MgO-doped versus undoped A1203 and &
nunber of exemples of impurity accelerated diffusion cecour in the literature
for ceramics(h'7).

A second example appears in Figure S where higher iritium diffusion
coefficients ere observed for Al-doped, hol-pressed, eand single-crysial
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 is conceivable thet the lower set of points are
anomzlous and the tritium diffusion is ceontrolled by unrecognized trapping
effeels. This seems unlikely since the relesse curves were classical end

shoved no evidence of tritium irapping.

D. Surface Absorvtion Effects

Moot tritium release curves were classical and guve values of D




consictent with single volues for the diffusion activation erergy. Releusme
retes were unaffected by hydrogoen concentrntions in the fiow gns so the
caleulated values of U ere belicved to repregent diffusion contralled release
from the specismens. Table II sumzarizes the mcasured values for the expression:

De DBQ'Q!RT

for all specimens studies to date which dehaved clnssically. Also included
arc the staninrd deviations ond temperature ranges for nach zaterial.,

Boron carbide was included as o materisl of study principally beceusc of the
potentinl intercst in transmutation induced tritium diffusion in nhc reactor
control rods rather than os o result of any anticipated usc in fucion
regctors.

One raterinl, pyrolytic cerbon, did exhibit releasce behavior which
appears 1o reflect cbsorption controlled rather than diffusion contralled
processes. Samples of LTI pyrolytic cardbon which were similar to the cliatings
used on HIGR reactor fucls were cbtained on inert era rubsirates fram Genersl
Atomice Co. Tritium relense roates from these specinens incroased when
hydrogen vos edded to the flow gas Lo give widely different sppevent dfiffunion
cocflicionts for n hydrogen free and a high-hpdvogen swoeop ene (Figure G).

It vas furthor chserved from the tritiws consentration profiles within the
sprefmoens thut pll of the relepsed itritium wos coming from the tep 25 pm of
the epecimsn with very little migration of the deoper tritium, The profiles
verce detormingd by chemicnlly removing layers from ansenled speeimons snd
peasuring the t-itius within eusch lsyer. Opon pore strusture in LTI contings
is roported in the litorstuce 8 5o it seoms likely that the high rolense
rote produccd by hydrogen sNCed (RS VLS 6 cohsoguense of feavioreted tritium
exchunge on pore surfuces rather than ¢ bulk prosess,. This interpretation
is supported by cxporiments In which pyrolytic curbon spocimens were oxposed
to gascous tritius and Lhen secticned. The tritius was oboerved o ponetrate
only 2% pu into the specinzus.

laminar specimens of pyrolytic enrbos praduced maracdly lower opparent
diffucion ecefficients which were unnffected by hydrogen in the sueep guns.
Yuluen of D jafcrred from profile measuresments were consistent with the
vulues cbtanined from relesce experimenic. These values ayre thercfore tenta-
tively considered s diffucion cocfficients and are included fn Tuble I1X.

It J8 recognived, however, that u nolerial os complex an pyrolytic ctrion



could exhibit strikingly differcnt trunsport properties with different
morphologics and to even interpret resulis in terms of diffusicn processes
may be ineppropriate.

It is of interest tc note thet tritium diffusion coefficients
determined from silicon-doped pyrolytic cerbon correspond elmost exactly
‘ with the values Tor vepor deposited SIC ruther then the lower undoped
pyrolytic carbon (Figure 7). FElectron-microprobe scans were run to
determine if high 81 concentrations existed near the surface but only
uniform distributicns were observed. No explanetion is offered for this
pocsitly coincideninl agreemont belween Si-doped pyrolytic cerbon and SiC.

III. Solubility Studics

Experiments cre being cerried out to estimate hydrogen solubilities
in ceramics. In the event that persmeation velues prove difficult to obtain
experimentally, the product of diffusivity and solubility will provide an
estivate of permesbility whare grain boundary effects sre neglected.

From the known diffusion coefficients, the time required for the
cquilibration of & solid of known dimensions with an externsl hydrogen
blanket can be celculsted. Specimens of alumina have been equilibrated in
floving deuteriuvm-nrgon streams at eicvaiced temperetures for time pericds
longer ihnn the caleuletied cquilibration times. The specimens have then
been hented in o vacuum furance atilached to & residusl ges analyzer on &

preprogramsed isochronsl annenling temperature rchedule. Weighed T1D2
povders huve been used as standards to relate the RGA signel to released
deuteriun. Only preliminary vesults heve been obiained to date but they
sugpest thot bydrogen solubilities in A1203 eye quite low.

IV. Jon Impluntaiion Stiudics

The appezrance of condensible tritium in the flow gas may reflect hot
atom reactions which resclt from the energetic introduction of tritiwii into
the speeimens. Specimens of single crystal A1203 are being irradiated with
2 FeV deulerons in the campus van de Graaff acceleralor to particle f'luences

in excess of those cmployed in the tritium injection experiments. The
speeimens will then be heated and the mass distribution of released devuterium
determined with the RGA.  These oxperiments will hopefully identify the

chenlenl species containing the injected deuterium which are released during




heating. A comparison of the release spectra for injected specimens with
those simply heated in flowing deuterium should help clarify if het atom
reactions are involved in the formation of condensible compounds.




Discussion

The previous work on hydrogen diffusion in nonmetellics is so meager
that few comparisons with previous work can be made. Roberts and Roberts(g)
reported data for hydrogen diffusion in single crystal OPA1203 which fall
about an order of magnitude telow the present results when extrapolated
from the 1400-1630C. range of measurement. This agreement appears satis-
factory considering the extrapolation involved. '

Scott and wassell(lo) studied tritium release from irradiated BeO
single crystals. Their aclivation energy and diffusion coefficients ere in
substantial agreement with the present work. ~ They also observed that some
tritium was released from BeQ powders &s water vapor which 1s in agreement
with 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(ll),
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 42-52 kcal/mole for tritium diffusion in
ion-injected glasses.(le) The SCB gless in the present study wes originelly
developed as a hydrogen barrier for SMAP ZrH reactors. A permeation
activation energy of 30 kcai/mcle was measured by AI(13) which agrees vell
with the diffusion asctivation energy. Since hyirogen solubility in glasses
is notl a strong function of temperature, permeation end diffusion activation
energies could be similar.

No information has been found on hydrogen transport in other materials
employed ian the present studj.

Tritium diffusion coefficients znd activation energies for the materials
studied are quite different from the values associatled with hydrogen diffusion
in metals. At a reference tempersture 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 keal/mole in contrast to 30-64 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
transyort in nonnmotallies.

The low measured diffusion coefficients for nonmetallics suggest ihat

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



transport of any diffusing species through successive layers of homogeneous
materials is usually complicataed by effects at the interfaces; however,
within & given region the concentration gradient is uniform and known from
& straightforward application of Ficﬂk first law. If we assume that a
tritium aiffusion barrier consists of a thin leyer 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 io be uniform across the interface and zero
at the exit face. Figure 8 illustrates this condition and gives values for
the ratio of permeetion rates for an assumed'coating thickness of 0.1 mm, a
substrate thickness of 2 mm, and & temperature of 600C. The metal diffusion
coefficients were selected from thg review paper by Stickney(lu) while the
coanting diffy-%sn coefficients were teken from Teble II. It is apparent
that all coatings produce a pronounced decrease in the equilibrium perme-
etion rate which ranges from 2 orders of magnitude to 17 orders of magnitude.
The coatings divide into three generel groups with pyrolytic carbon as tie
most effective; A1203; BeO, end SiC in the next group; &nd YBO » Iuecalox,
Yttralox and SCB glass as the least effective barriers.

This simple model neglects any esccelerated diffusion between grains
which could greatly increase permeation rates im resl coetings. It further
neglects interface pertition effects which would likely incrense the
effcctiveness of couatings. 'fhne model doss indisete that nonmetallics have
the potential for being effective tritium barriers if suitable methods can
be devised for applying ccatings and for minimizing grain boundery transport

effects.

Conclusion
The low tritium diffusion coefficients in nommetellic solids suggest

that they may prove to be effective tritium barriers in CTR systems. Tritiunm
-or hydrogen permcation studies of cocated specimens fabricated by various

available technigucs would appear tu be dcsirable.
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Table I - SPECIMEN PROUPERTIES AND SUFPLIERS

Material
Lucalox

BeO Sint.

Beo (s.c.)(®)

sic (s.¢.)(®) a1-dopea
o-sic(?)

g-s1c(?)

Yttralox

SCB Glass

Y203

§iC - Al-Doped
{Hot-Pressed)
PyC lam.

Si~-Doped
PyC

B,C
A1,0, (s.c.)(@

ngpositggg
A1203 (99.8%), Mgo (0.2%), si (trace)

¥g (0.24, 51 (0,32%),
BET area 0.11 u“/g.

Impurities <.05%(1)
AL (0.6%)

Al (50 ppm) trace O
Impurities <.057.‘(1)

Y,0; (89%), o, (10%), Na 0, (1%)

Supplier
General Electric

Brush Vellman

Rockwell Int.
Carborundum
Carborundum

R. Davis - NCSU

General Electric

510, (46.1%), Ba0O (31.3%), A1203 (8.3%)

Ti0, {12.5%}, Cr203 {(1.0%), Eu203 (9.8%) Atomics Iat.

¥,05 (99.99%)

A1 (2.0%), Fe (0.3%)

si (40 w/o)

Ceradyne

Norton
General Atomic

General Atomic

manford Devel. Lab.

Linde Corp.

(l)Impurity levels determined by microprobe esnalyses

(2)(8.0.) = Single Crystal




' Table II: Summary of Measured Diffusion Coefficients

Materit_zl Number Do Ds Da Q ¢ &} Temseralure

(s. C. - single of 2 2 5 -
crystal) points (em“/sec) {em®/sec) (en/see) (%eal/mole) (kcal/mole) rorce (Y0)

A1203 5.C. 9 3.26 9.86 1.68 57.2 2.4 €5C-2000
A1,0, sintered 1 7.35 x 1072 0.247 2.19 x 1072 42.8 2.5 §50-520
BeO S.C. 1k 1.1 x 1072 8.91 x107¢  1.39x 2073 52.5 b7 6501260
BeO sintered n 7.00 x 1072 0.4k5 1.10 x 1072 8.5 3.6 500550
Lucalox 15 39.8 357 L.43 L1.8 3.2 36S-57C
a - SiC S.C. 12 1.09 x 1002 2.92x 1072  4.05 x10°3  5k.g 2.5 763-1300
8 - S1C S.C. 10 28.¢ 172 4435 65.0 5.1 750-100C
Al-doped 8 4.ob x 107 3.80 x 16°3 k.29 x 10°° 34.0 L.2 %50-550
Q- Sic S.C.
Al-doped hot-
pressed « - SiC 1 0.904 6.68 0.1k7 48.2 3.5 5CC- 500
SCB glass 10 2.95 x 107 6.34 x 10" 1.37 x 107 130.2 1.2 350500
¥,0, hot-pressed 8 0.431 7.13 2.6 x 1072 39.1 4.3 +20- 620
Yttralox 6 3.87 32.2 0.LEL 25.5 3.1 35C-600
Laminar pyrolytic 10 3.3 x 10° 2.0 x 109 5t 98.% 5.7 1100-1450
Caxbon
f - Vapor deposited SiC 8 1.6 3.4 0.7 T3.6 2.0 800-~1300
Si-doped pyrolytie 13 1.1 x 1073 3.9 x 1073 3.1 x 107% 53.6 3.6 900-2400
Carbon
Boron Carbide b 1.l x 1076 3.3 x ].0'6 3.9 x 10”7 16.8 1.6 300-700
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Figwre 2 TRITIUM  INJECTION METHOD
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Figure 8 - Equilibrium Tritium Transport Through Non-Metallic Coztings

0 D
. Al 2| IF: _
T g' C, =C,
2\\\ e e0
|y —— 1y JC3 SYSTEM AT
' 2 EQUI LIBRIUM
METAL COATING ‘ THEN:
- |
R _ EQ.RELEASE RATE- COATING ) ( i )
R = EQ. RELEASE RATE ~NO COATING ( 5__,__) : ( X )

FOR T=600C X, =0.2em  Xp= Olcm

P R/

(— log R )
COATINGS . W Mo  Nb S.S.(Aust.)
Al, O 6-8 6-7 7-8 6-7 "
Be O o 7-9 7-9 8-10 7-9
Yo 0z | 4 4 S 4 '
SiC | 6~10 6-9 7-10 6-9

- LucaLox 3 2 3 2

YTTRALOX 3 3 4 3
SCB GLASS 5 5 6 5

Py C (LAM.) ST 16 17 16



