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RECENT EXPERIMENTAL PESULTS O SCLUTICLS COF
DEUTERIUNM IN LITHILUX

H.R. Ihle ané¢ C.H. wu .

Institut fiir Chemie der Kernforschungsanlage Jiilich GrkH
Institut 1: Nuklearchemie
D-5170 Jilich, FRG

ABSTPRACT

The existence of a number of stable
molecules containing lithium and hydrogen
isotopes in the saturateé vapocr over dilute
solutions of hydrogen isotopes in lithium
causes an uncxpactedly high density of
hydrogen isotopes in the vapcr at high
temperature.

An evaluation of the partial pressures
of the gas species Li, Li,, I:iP, LizD, LiDj
and D; over sclutions of feuterium in
litiiium measureé in the temperature range
770-970 K, and extrapolation to higher
temperatures,; leads to the conclusion that
the ratio of tire atom fraction of deuterium
in the gas to its atom fraction in the
liquid exceeds unity above @«1240 K; this
ratio is independent of the deuterium atom
fraction in the liquid at low concentrations.

Therefore the thermndynamic suppcsition that
hydrogen isotopes can b2 separated from
lithium by fractional distillation even at
extremely low concentration exists. A direct
verification of this phenomenon was made bty
Rayleigh distillation of Li-D solutions in
the temperature range 970-1600 K. These
measurements yield also the ratio of the
deuterium ateom fraction in the gas to that
in the liquid and are in good agreement with
the data obtained by extrapolation of partial
pressures. The enrichment and depletion of
deuterium in dependence on the number of
theoretical plates of a distillation column
at total reflux is calculated using our
results.
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INTRODUCTION

Experimental measurements of Sieverts constants for
hydrogen isotopes in liquid lithium at low concentrations
are required for calculations on CTR-concepts using liquid
lithium as blanket material. The Sieverts constant, KSDzv
for solutions of deuterium ir liquid lithium which contaired
between 1 and 100 ppm deuterium1 was determined mass spectro-
metricilly between about 770 and 970 K.

Durii.g these measurements we attempted to cbserve,
basides Dz, glso LiD, which has been investigated by optical
spectroscopy , and triatomic molecules in the system Li-D,
which were predicted to be stable by ab initio calculations>’?,
Thermodynamically one is lead to expect that the saturated
vapor over solutions cof deuterium in lithium contains the
molecules with one deuterium atom in high relative density,
if the deuterium concentration in the liquid is low and the
temperature is highs.

EXPERIMENTAL

The techniques used to measure the partial pressures

have been described in detail pteviously"s.

RESULTS

Fig. 1 shows as an example the resultirng partial pres-
sures measured by mass spectrometry as a function of tempera-
ture at a deuterium concentration of 10 ppm.

The existence of stable LiD' with a binding energy of
0.14 eV was proved by mass spectromettys. It was found that
pLizD and ppip rise much more steeply with temperature than
does Pp,- The dependence of the partial pressures cn the
concentration of deuterium in the liquid phase at 773 K is



it

1600 1200 1000 800 TI%)

Partial Pressures vs 10%/T
-2 at Xp = 10ppm in Li-D System

-10 -
A4 -
\\s
J o\
NN,
-18 -~ ‘\o

-26 T T T T T ) ¥ J v
05 07 09 110 130

Fig. 1 Partial pressures of D, LiD and
LiyD as function of temperature at an atcm
fraction x = 10 ppm



shown in Fig. 2. It is seen that the deuterium pressure
varies proportionally with the square of the concentration

D

XD.

%., whereas Piip and pLizp vary directly proporticnal with
Combination of the results of these measurcments leads

172

to temperature functions of Sieverts constant,KsD?= Poy /xD.
where Xp is the atom fraction of deuterium in the ligquid;
the solubility constants for the other deuterium containing
molecules were defined correspondingly. The temperature
dependence of these gas-liquid equilibria is best charac-~
terized by the respective heats of vaporization of the ob-

servad molecules.

They are shown in Tabie 1.

Table 1. Enthalpy of Vaporization of Gas-species cver
Dilute Sclutions of Deuterium in Lithium

Enthalpy of Vaporization ¥olecule
AH: 873kcal
. .

37.2 + 1. Li
48.0 ¢ 1.4 Li2
72.0 * 2.5 Lig
44.5 *+ 2 LiD
58.5 * 2.5 Li,D
39.0 & 0.2 L102
25.0 * 0.2 D2

L12D has the

terium-containing

highest heat of vaporization of all the deu-
molecules investigated. Li3 has been observed

as a new lithium polymer vapor species. LiD2 vas discovered
very recently. The dissociation energies of molecules in the
Li-D system, deduced from gas equilibria, are shown in

Table 2. The experimer.tel atomization energies are higher

than those predicted™’

3 4. Owing to the high vapor pressure
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Table 2. Reaction Enthalpies and Atcmizaticn Enercies of Gas-
species in the System Lithium - Deuterium

Reaction Enthalpy |AtomizationiMolecule
Energy
c (o}

;HO,Kcal Do,Kcal
Liz(g): 2Li (g} 23.5:0.2 25.5-0.2 Li2
2Liz(g)= Li3(g)+Li(g) 10.7:0.2 4C.2:0.32 Li3
3Li(1) = Li3(g) 73.C:0.4 42.5-0.2
Li(l)s Li(c) 38.5:0.1
Li, (g)+D, (g} = 2LiD(g) 15.5:0.7 | 57+3:0.9 LiD
Li, Di{g)+Lil(g) s LiD(g)+Li (g} |11.5:C.5 | 94.0:1.0 Li,D
Li,D(g)+Li,(g) S LiD{g)+Li, (g} |21.5:0-5 | 9£.8:1.C

12 123 LiD

LiD2(9)+Li(g)= 2LiD(g)

.
Ui
LS

of lithium, these measurements were restricted to temperatures
below 1000 K. The instrumental sensitivity made possible the
detection of a partial rressure of 10-11 Torr within the
Knudsen cell in the preserce ¢£f a large excess of iithium
vapcr. The evaluation of the eguilibrium constants for the
gas-liguid equilibria involved lead to an expression for the
ratio of the atom fraction of deuterium ir the gas to that in
the liquid, which is found tc be greater tuan unity at tempe-
ratures abuove »1240 K by extrapolation of the results obtained
experimentally.

To verify this finding, Rayleigh distillation experiments
were carried out up to the beiling point of lithium (=1600K f .
The results proved that the expected high deuterium density
in the saturated vapor exists. These experiments were conducted
in the vacuum chamber cf the mass spectrometer, which was also
used for the partial pressure measurements (Fig. 3).

4 known amount of dilute solutions of deuterium in lithium
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was distilled coff, while the shutter was kept closed. Fiom

the change ir concentration before and after distillatiocn,
measurzd by the known r-elation between partial pressure and
compositior, one calculates the ratio of the atom fracticn of
deuterium in the jas to that in the ligquid: R = xD,gas/xD,liquid.
The Rayleigh distillation results, compared with calcula-

tions from extrapolated vapor pressures, are shown in Fig. 4.

The evaluation of R from vapor pressures was carried out

using the relation

’t * 2
hLizn *Kpip * 2K5r2'xD,1
R =X /x = 2 (1)
D,g’ °D,1 P, * 2p. .
1 'Lalz

KEiZD = Pri,p/*p,:

Krin = Prip’*p,1

Xsp, = pégz/xn,l

Trte other symnbols have their usual meaning. Note that for
xD’l<<1, R becomes independent of xp,1° Hence at high tem-
peratures R exceeds unity, regardless cf how low the concen-
tration cf deuteriuwm in t.e liguid might be.

Table 3 shcws the variation of composition of the liguid
xD’r ané of the partial pressures pi,with the number of theo-
retical plates N in a distillation column calculated from our
results assuming "ideal"” solutions. By operation at total
reflux at ~1100 °C with a feed concentraticn Xy 1 = 10°%, a
few thecretical plates would lead to an increase cf *p,1 and
the partial pressures by several orders of magnitude. In
tkis calculation the term 2K§2'xD,1 in eguation 1 has Leen
neglected,

It is concluded that depletion o©f deuteriwn in the
liquid phase by distillation is thermodynamically possible.
The kinetics of the gas-ligquid exchange will of covrse play
an important role in a possible practical applicat.cn for the
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Table 3. Deuterium Atom Fracticn xD 1 and Partial Pressures
(4

in Dependence on the Number of Theoretical Plates ¥

T = 1373 K; x5 ; (Feed) = 1 - 1076
N Xp,1 (M pLiZD(N) Prip (™ Pp, (V)
ENRICHMENT
o 1.00 - 107 2.26 - 1077 8.65 - 108 4.19 - 107"
1 2,07 - 10"% 4.67 - 1077 1.79 - 10”7 1.79 - 1071C
2 2.28 - 10 9.56 - 1077 3.70 - 107 7.67 - 10 ©
3 8.85 -10°% 2.00c10% 7.66 - 107 3.29 - 107°
4 1.83 - 1072 4.14 - 10°% 1.59 - 10® 1.41 - 1078
5 3.81-10>° 8.60-10° 3.30-10% 6,00 - 1078
6 7.96 - 10 1.80 *+ 10°° 6.88 - 10 2.66 - 107’
7 1.68 - 1003 3.79 - 107> 1.45 - 107> 1.18 - 10°°
8 3.63-10% 8.20-107° 3.14-10° 5.52+ 107°
9 8.23-10% 1.8 - 10°% 7.12 - 107 2.88 - 107°
100 2.08 - 103 4.69 - 10°% 1.80 - 10% 1.81 - 1074
DEPLETION

o 1.00° 107% 2.26 - 1077 8.65 - 1078 4.19 - 107V}
-1 4.84 - 1077 1.09 + 1077 4.18 - 1078 9.81 - 10712
-2 2.34 - 107 s5.28-10"% 2.02-10% 2.29 - 10712
-3 1.13 - 1077 2.56 - 1008 9,70 - 1072 5.37 - 10713
4 5.47 - 1078 1,24 -107% 4,72 - 1072 1.26 - 10713
5 2.65 - 1078 5,98 - 107% 2.290 - 10°? 2.94 . 10714
-6 1.28-10"% 2.89 - 107 1.11 - 102 6.88 - 10°1°

removal of tritium frem lithium.

The =xperimental results reported are for the system
lithium-deuterium. The corresponding tritium-pressures should
be slightly higher.
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ABSTRACT

The ltiteraturc on cryogenic hvdrogen isotopes fron
4.2 to 25 K is reviewed for triple points, vapor pressures,
liquid viscosities, surface tensions, and liguid and solid
densities. Data are extrapolated 1o vield values for b1,
Empirical equations are given for all iscotopes for cach
property. At the estimated i9.71 K triple point of 1:] D1
in D5-DT-T> solution, the estizated properties are: -aper
pressure, 19 420 Fa (1345. Torr); viscosity 530 - 1IN Pyes;
surface tension 4.23 ¢ I0-3 N/m; liguid density, D.0ddn -
100 mol/m3 (224 Kg/m3); solid deasity, 0,031 « 1A =p] =3
(256 Kg/m3); and shriphage upon freezing, -13 voli. 1At
4.2 K, estimated values are: vapor pressure, 2.3 - In-
(1.8 x 10:13 Torr) and solid density, 2.433 » 100 o} /=
{267 Kg'm2).

1

[

T

INTRODUCTION

Controlled thermonuclear fusion as a source of energy has been a
dream for the past generation. There is considerahle activity in the
magnetic confinement a2nd laser-induced approiches to thi. goal. BRoth
require heavy hydrogen DT, as fuel. 1o aid c¢ryvogenic engincers, we
reviewed the literature of DT for triple point temperature, vipor
pressure, density, viscosity, and surface tension for the liquid and
solid phases aleng the saturation line, from 1.2 to 25 K. We extrapolated
the known data to estimate values for DT and T, wherever gaps in knowledge

-

appear. The data given are strictly for norma’ (nj H, and P, and for

L]
This work was performed under the auspices of the U.S. Energy Rescarch
and Development Administration, under Contract No. W-7405-Eng-48.
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Normal hvdrogen contains the rotational encergy character:
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SATURATED VAPOR PRESSURES

Of great practical import.ace are the vapor pressures along the
saturated (equi'libriumj solid vo vapor and liquid to vapor phase boundaries.
We use the NBS recommended vapor pressures.S wiich include H,, HD, D,, and

.o0-12 . . . - .
T, We refined these Jdata in a recent revxcwl3 and replotted thenm using

the Clausius-Clapevron equation, altered for a perfect gas.14 For the solid,

we assuie a latent heat of sublimation L that is linear with temperature:
L = R(A + BT} {1

where R is the gas constant (8.314 J/mol*K), A and B are constants, and T
is the temperature. Insertion into the Clausius-Clapevron equation yields
a form attributed to both Kirchoff and Rankine:

InP = - % + BInT + C, e

where P is the saturated vapor pressure and C is a new constant that deter-
mines the units of pressure. Equation (2) also closely describes the
liquid, although it is more empirical because the heats of vaporization do
not follow the form of Eq. (1)}). Using Eqs. (1) and (2), we calculate the
latent heats from O K to the solid and iiquid at the triple points. All
constants are given in Tabie 2, and derived latent heats are given in
Table 3. The error of aur vapor pressure estimates must surely be large

compared to solution irregularities. Hence, we use the T vapor pressure

Table 2. Vapor pressures of hydrogen isotopes, Fa (Torrj.
(Estimates are underlined.)

Fmpirical formula: InP = - % + BInT + C
Solid-vapor constants Liquid-vapor constants
Isotone A B C, Pa (Torr) A B C, Pa (Torr)
nh 98.63 1.982 10.72 (5.832) 89.00 1.680 10.83 (5.937)
HD 109.2 2.840 8.023 (3.130) 112.4 1.412  12.23 (7.335)
o 137.1  2.378 10.11 (5.217) 137.1 1.067 13.95 (9.058)
Ol 151.5 2.349 10.56 (5.667) 155.8 0.6712 15.77 (10.88)

T 156.4 2.333 10.50 (5.610) 166.0 0.6416 16.09 (11.20)
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Table 3. Triple-peint latent heats of hydrogen isotopes, J/mol.
(ELstimates are underlined.)

a
tmpiricsl formula: L = R(A + BT)

Isotope Sublimation Fusion Vaporization
nH | 1050 115 935
HD 1300 170 1155
nD 1510 204 1306
DT leds 240 1405
T 1700 219 1490

>
P4

a . . . . <
Fo~ use with solid and triple point liquii. Gas constant R §.314 J/mel-k.

to approximate the D_-DT-T, mixture. At 3.2 K, the vapor pressure of DT
- - - -12
is calculated to be only 2.4 « 10 10 Pa (1.8 < 10 12 Torv).

LIQUID VISCOSITY

The liquid viscosity estimates are bused on H,, HD, and D, datals-l'
which we recently reviewed.18 Viscosities were plotted for temperature
vs molecular weight. The isothermal curves were linear, and extrapolations
were carried out for DT and TZ’ with the liquid viscosity n expressed by

the empirical equation

= —7%5° (3)

where T is the temperature and An is a constant given in Table 4 for the
isotopes. As liquid hydrogen is cooled to the triple point, the viscosity
rises more steeply in the iast one or two degrees than expressed by Ea. (3).
The actual values at the triple points (Table 4) are 3 to 5% higher than
those calculated from Eq. (3).



Tabie 3. Viscusity, surface tension, and Jencities ot hvdrogen sotopes.
st1tes are underlined

.o
Propere. L ST . . [ Y . . .. . A
Cigeed st . . . .
- . .
e ¥
B . .
~olil lensily AR v o - [T P . . .
. 4




Combiming binury H-D solutions reduces the viscosity belcw that

eapected from o regular solution of the two constituents.

the muximum decrease in regularity for a 1:1 mixture of liquid ¥ -D,
is -11.5%. This decrease falls with the difference in molecular weights:

-7.07 tfor Ho-HD and -3.1% for HE-D,. By extrapolation we estimate

masaum viscosity decreases of -T.0, -3.8, and -3.i% fer D,-T,, D,-DT,
- - -

and Dbi-1.. However, the actual mixture is estimated to contain about 3:4:3
D-bI-T ) respectively, for a chemically equilibrated solution of i:1 D-T
- N . 4,19

at the triple point of 19.71 K, Although it is difficult to estimate
the regularity decrease for a ternary soiution of almost equal parts, we
estinate decreases of -5 to -10% for D,-DT-T,. Using the -5% value, we
calculate a liquid viscosity of 550 » 107" Pa-s at the 1:1 D-T triple

point of apout 19.71K-.

LIQUID-VAPOR SURFACE TENSION

Surface tension measurement lave been taken on liquid H,, HD, and

s PR -
D,“O 22 8
plotted vs molecular weight are again almost linear and allow ready extrap-

olation to the DT and T, estimates. We employ the empirical equation for

. 1 . -
and have been recently reviewed. The isothermal surface tensions

surface tension y;

y=1 -BT, ()

where the AY and BY are given for the isotopes in Table 4.

The surface tension of binary H-D solutions also shows a lower actual

21,23

value than that expected for a regular solution. For equimolar

solutions, the maximum surface tension decreases from regularity are -3.8,

-2.7, and -1.5% for HZ-DZ, H2-HD, and HD-DZ.
weight differences, we estimate -2.3, -1.3, and -1.0% for DZ-TZ, DZ-DT,

and DT-TZ. For the ternary DZ-D‘T-T2 solution, this decrease could be -2

to -5% below regularity. Employing the -2% we estimate a triple-point
surface tension of 4,23 x 10'3 N/m for liquid DZ-DT-T2 at 19.71 K.

Considering the molecular



=i
e
b e

LIQULID DENSTTY
National Burcau of standards recomiended LJIU#S-J 1nclde measgre -
12,315,252
S, Hb, B

Estimates for DT are interpolated trom isothermal molecular aeight plofs,

. . . 1
ments of H and | which me recently reviewed.

The liquid Jdensity - o 25k is estimated by the enpirical for-ala:
i y
.‘rl = ,\L - BL =, i

where T is the temperature and the constants< V. and ﬁl ite as listed in
i -

Table 4. Volume changes upon combining binary <elutiens of the hvdrogens

. . 273
have been studied, but the results are contradictory, and we do not
attempt to estimate the deviation from reguliarity.  1he estizated lagend

density of 19.71 K D,-DT-T, is 0.04d6 - 10" mal'=” (229 sag'="y.

SQLTDL DEASTTY

Some demsities for i, HD, and B, have besn =easured by »ull
6,31 - . o . . e
’ More data are available on ¢, D, D, and I, by x-rav,
32-35 .0, - 3w
we have summarized these Jdat:

methods.
neutron, and electron Jiffractiovn.

36 . - . . . .
recently” with the empirical expression for solid density . .:

. ]
= - )
OS .-\S BSI . i3]

where Ag and BS are constants given in Table 3. The T” forn is Jdictated by
a few 10 to 11 K D7 points, which could be high. The H | data can aiso be
represented by the.Tz form of £q. (5). Insufficient da;n exist for the
other isotopes. Equation {(5) is applicable to both the usua! hexagonal-
close-packed structure and te the face-centered-cubic structure that forms
below 4 K. The errors inherent in the available density data are larger
than the volume change of the crystallographic transition.36 There are no
solid solution demsity data, and no estimates of deviations from reguiarity
are possible. For solid D,-DT-T, of about 3:4:3 composition, the estimated

13.71 K density is 0.051 x 106 mol/m> {256 Kg/m™). At 4.2 K it is not

[

possible to estimate the chemical equilibrium so we employ the molecular
DT estimate of 0.053 x 106 mol/m3 (267 Kg/ms).
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Considerable <hrinkage occurs upon freezing. For H,, HD, and "2.
1t s -lbee, 2115, and -11.0 vnlﬂ.sn For DT and T, we estimate -135 and
=14, respectively.  These larger values for bl and 7, result from a
single I, density point measured at 3.2 K and are theresore open to
speculation.  Nevertheless, considershle physical distortion is expected

s digurd D o-DT-1 ) freezes.
SIMPLE DROPIET LEXAMPLES

o illustrate the uses of the preceding data, we estimate sorme values
tor a few prop:rtics of a D -PT-T, droplet. We first directly compare the
torces of surface tension a;d gra;ity for a droplet falling in free space.
e solve for the droplet radius a:

[3 +F -,

a=\'3$' (T
where y is the surface tension, oL is the liquid density, g is the accelera-
tion due to gravity; and F is the ratio of gravitaticnal to surface tension
forces. If F is 0.01, the radius is 170 um; for F = 1 with considerable
expected distortion, the radius is 1700 um. The stability of the drops
may be surprising, even with a smail surface tension, but the liquid demsity
is also low. Thus, the expected droplet radius for liquid DT is about haif

that calculated for water, which has a surface tension 12 times as great.

The oscillations of the DT droplet may also be calculated. The

frequency of the second-order dumbbeli oscillation f2 is38

1 8
- & [2% ®
DLa

. . . . . 38
and the time constant for damping the oscillation is>

2
a
t2=gT ) (9)
For triple-point liquid DT with a 170-um-radius droplet, the oscillatior

frequency is 880 Hz with a damping time of only 24 ms.
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ABSTRAMT

A composite of experimental elo=Ds phase~diaprar Zyt.
at the three-phase line is assembled from the Tizer

The phnqv diagram is 2 smooth cipar shape without g cul.
point, indicating complete miscibility of figuild uni -olil

p’:;:sc%. Additicnal data is wused to estizmite the Do-T 0
Mo-0T, and DT-Tr binary phase diarrams.  These ave as-omileld

if
n'?-‘BT“ I 2 'ﬂ:{l‘bc i

CY.L‘ mical -~ BIHEY

There is great current interest in contrclled hodrogen fusion v
magnetic confinement, electron beams, or iaser implosion.

s
ignites at the lowest temperature is D-T7. This is actuallv
1Y

thie three compounds, D,-D7-T,, brought to cherical eguilibri

another by beta particle catalvsis. Since hvdrogen fus, o2 maw he

carried out with liquid or solid fuel peliici~, it is of Interest
consider the Dv—DT—T, phace diagram. Yo part of it hus heen reasured,

wxcept for certain measurements on pure D, and 1. Most werk has heen
done on the binarv combinations of H #Dh, and D,, and tlis will term

rhe nucleus for our estimates.



ibe hvdropens soliditvy to a hexsponal-close-packed form upon freez-
e triple-point terperatures of interest to us herc are: eh,,

13.50 #¢ i, 16,60 Vb | 18,71 K, 0T, estimated as 19.71 ¥; and eT,,

*
2 2
26.00 FUFETTT 4 Tist of other pertinent phvsical properties is given in
3
P

4 corpanion paper to this one.

Dhe wvaper pressures unsed in caliulations for this paper are derived

from 8¢ eguation. in the companion report. We have considered the
2]
=diaerar belbavior dn preliminary fore” as woell as possible infrared

HYDROGFR PHASE DIAGRAMS

[y
-

Work onoed-lv solutions has shown otal miscibilizv with the molar

aent values,

2

voluras boine withig. 1T of the linearlwy added pure-comp

. . . 5-7 . Coens . .
.o, the o lutiens are regular. Farle Soviet work claimed to observe
Phase separation in the solid phase. lLater Sov:i:et and American

solid state but left open the

resevarch onnd tetal o v
16-13

question of pos<ible ph

predict corplete solid Ddscivility, at least te liguid-heliur
14-1¢
temperatares.

The ol =D phase diasprasm 2as been stuedled by thermal methods in four

scurces,  Three previde dats on the liguid=-solid lines but fail to
1i-13

andalvre the vapoer above. The fourth study centers on the three-—

rhase region, where ¥ -0 selutions exist sirultaneouslv in solid,

\
Tiquid, and vapor forms.17 1his werk confirms the exlstence of the

three-phase line as well as providing vopor pressures and vay or composi-

tions. lowever, none of these sources provides Jdata on the compositions

*Normil hvidrogen (nH,) contains the molecular reotational energy character-
istic of room tempeFature equilibrium. For H» and D>, this is
metastabls trapped on quenchin: to low temperatures. Eguilibrium
hydrogen (eH>) passesses the equilibrium ratational energv at anv
temperature, to te specified, other than room temperature. LUpon
cooling, catalvsts are required to quicklv equilibrate H- and D>. HD
and DT equilibrate quick]v due to transitions allowed bv mrlecular
asvmmetrv. DT and To also equilibrate quicklv due to beta particle
catalvsis. (4
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of the corresponding liquild and solid phases. Hence, we must assurme the
data of the first three sources to be three-phase data in order to
construct the composite eHz-D2 phase diagram showm in Fig. 1. The phase-
diagram surface is a smooth cigar shape, without eutectic points, of
vapor, liquid, and solid lines. The liquid line is slightly above the
straight reference line comnneciing the triple points of the two pure
components. The ends of the "cigars" are closed at these triple points.
The validity of the composite data of Fig. 1 mav be checked bv
calculating vapor compositions through the vapor pressures. The Soviet
researchers find a maximur deviatien from solution regularityv at
17.90 K (about 53 mole 7 DZ) wirere the mea=ured 18.9-kPa (141.8-Torr)

17,18

vapor pressure is 57 higher than the calculated value. We shall

extend this calculation bv use of our sclid-and-liquid vapor-pressure

formula for H, and D,,.*3 The calculated mole fraction of D, in the

2
Voo
vapor phase, hz, is

xLpk
Ny = -2t (1a)
2 olpb + alpt a
117 T2tz
based cn the liquid phase, or
v X7
Ny T S, 5.8 (15)
NJP] + NoP)

based on thc solid phase, where N is the mole fracticn and P the vapor
pressure ol the pure component. The superscripts, V, L, and S refer to
vapor, liquid, and solid phases; the subscripts 1 and 2 refer to the
lighter and heavier isotopic species. For D2’ P; is an extrzpolation of
the liquid vapor pressure equation below the triple point. For H2. Pf
is an extrapolation of the solid vapor pressure equation atove the

triple point. Using our vapor pressures and the liquid and solid

*The vapor pressure formula is strictly derived for nH2 but should be
indistinguishable within error for eHz.
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Fig. 1. Experimental data for the threcz-phase eHZ-D, system.



compositions of Fig. 1, we use ¥Fg. {1) to calculate wvapor cocpositions.
These compositions, shown in Table 1, compare favorablv with the actual
experimental data. We mav feel secure that the data of Fig. 1 represents
the three-phase line of el -D; to a few percent.

The binarv liquid-solid phase diagprams for H,~HD and HDP-D, have alseo
been measured.ll These form "cigars" chat are ruch more slond;r than the
one for eHZ-Dz. The liquid lire is indistinguishable from the straight
reference line joining the triple points. WKe may, therefore, derive
isothermal liquid compositions from this line, and then use the liquid
portion of £q. (1) to calculate the approximate vapor limes. This pro-
cedure may also be used for the binarv svstems DZ-TZ. DZ-DT, and DT-Tz.
even though no experimental data is available.

The results of these calculations are summarized in Table 2. The
origin is the 50-50 mixture point lving on the straight reference lines
between triple points. (This is shown as point 0 in Fig. 1). An
isothermal line is drawn through this origin, whicl intersects the wvapor
and solid lires at points V and S in Fig. 1. The derived points, V and
S, in mole percents for the various binary components, are listed for
the vapor and solid lines in Table 2. These lines mav, therefore, be
reconstructed by placing a curve from triple point to triple point through
this single calculated reference point. The error in the use of a single
reference point for verv thin phase-diagram "cigars" cannot be large,

compared to the uncertainties of the estimates themselves.

Table 1. Comparison of three-phase compositions of eHz—D2 vapor.

Dy in vapor - mole %

Calculated
Temperature Experimental Eq. (la) Eq. (1b)
(X) (Fig. 1) (Liquid) (Solid)
16 15 13 15
17 30 28 33

18 58 56 64




Table U0 Width of the binary bvdropen-shase-diagr s “oipars” tor

three=ploase equiiibrium festirmates in parentiese -y,
Median triple pouint

temperature, ’
¥ [ba. (2)]) Lapeer e did

H =D, 16.26 C. 302 180157 6
Bk 15.20 0. 184 ¢ 307 55
K
HD- 1 17.66 9.120 (357 ; 34
. . - b e =T
-1, 19.67 0.097 (36 (573
DL-DT 19.21 3.652 (127 (59%)
nr-7 20.17 0.045 (237) 395

a - . s i s
Vapor pressure calculation [Fq. (1)) from experimental liquid éata
[Fig. 1].

b,. . : . . . :
Vapor pressure calrulation using straight lines between triple points.

C.. - . -
Extrapolations of experimental data using 7.

We must firally estimate the reference peints for the solid lines
for DZ-TZ, DZ-DT, and DT-TZ. We note that the "cigars" thin considerablv
as the relative molecular-weight differences otr relative triple-point
differences of the pure components decrease. The reference peints so
far calculated seem to best fit the function, T,

Hh-h
Tl + T2
2
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where T1 is the triple point of the pure lighter component and T2 the
triple point of the heavier. We then extrapolate the solid line reference
points to the various binary species as a function of 7. This data is

also listed in Table 2.

THE TERNARY PHASE DIAGRAM

The binary data mayvy now be assembled to vield an estimate of the

D,-DT-T, phase diagram in the three~phase region. This is shown in

Fgg. 2.2 The diagram is a triangular prism, with a pure component at each
edge. The mole percent is plotted along each side of the prism; temper-
ature is plotted vertically. A binarv phase diagram lies on each side of
th2 prism, closed at the triple point temperatures at each edge of the
prism. The straight lines comnnecting the triple points in the binary
phase diagrams may now be exiended to form a reference plane in the
three-component phase diagram. The reference plane is tilted, because

it is connected to the three different triple points. The vapor, liquid,
and solid lines of the binary diagrams now become curved surfaces in tke
ternary diagran. The liquid surface will lie slightly above the reference
plane and be bowed upward. Within errcr, however, we may take the
reference plane to reprasent the liquid surffce. The vapor surface lies
above the reference plane an¢ the solid surface below. Both planes may
have considerable curvature, upward and downward, respectively. This
curvature cannot be accurately estimated in our simple model and will
require experimental measurement.

Let us simplify the problem by considering D-T liquid of 50—50
composition. This is the liquid line shown in Fig. 3. 1It runs from the
DT triple point of 19.71 K to the 50-50 DZ—T2 triple point estimated at
about the same temperature (19.67 K iz Table 2). Although this line is
bowed upward above the reference plane, we may study its essential
behavior by considering the line to be located in a 19.7-K isotkermal
cut across the phase diagram. Such a cut is shown in Fig. 3.

Within che 19.7-K-isothermal cut, we may apply the estimation
procedures previously used tc obtain vapor lines. The key is the DZ—T2

binary phase diagram, where the 19.7-K vapor line intersects at 36 mole %
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Fig. 3 The 19.7-K-isothermal cut of the DZ—DT—T2 phase diagram.

T2 and the sclid line at 57% Tz. This means that the "cigars" for the
three-phase DZ-DT-T2 mixture will be closed at the pure DT end but will
be open at the DZ-T2 end. We now calculate the mole percent vapor com-
positions using the liquid term of Eq. (1) expanded to three components.
The result, plotted in Fig. 3, amounts to virtually a straight line
across the 19.7 K isothermal cut. We cannot define Eq. (2) for three
components and therefore indicate the solid line bty a straight line.

We need still another means of locating ourselves in the ternary
phase diagram. We, therefore, consider the chemical equilibration of the

reaction

, + T, w 20T (3)
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to take place in a time rapid compared to our experiments. The kinetics
of this reaction have never becn measured but tritium workers feel that
minutes or tens of minutes is the order c¢f magnitude for equilibration
time. In Eq. (3), we assume a moles of D2 and b moles of TZ being
initially mixed, with 2x moles NT existing at equilibrium. The equilib-
riuvm constant is K, which is 4.00 at high, i.e., room, temperatures and

3,19 The actual value of pressure for

is estimated to be 1.80 at 19.7 K.
the vapor phase calculation of Eq. {3) does not matter, since the same
number of moles appear on either side. WYe have the formzo

4x2

(a-x) (b - x)

(%)

The mole fractions at chemical eguilibrium are:

. a-x
D,: (a n b) 2
2x
DT: (a e b) (6)
-, b - x
T2' (a + b) N

where

- (a+b)K-/(a+b)2KZ+16abK 8
x 2(K - 4) (8)

Using Fqs. (5) through (8), we calculate the 19.7 K chemical equilibrium
which is shown as a line in Fig. 3 and a surface in Fig. 2. This line
intersects the vapor, 50-50 liquid, and solid lines at points v, L, and
S, respectively. The arc VLS is the tie-line across the phase diagram.
The compositions at thesce three points are listed in Table 3. These are
approximate, since the actual vapor and solid lines curve in the three-
dimensional phase diagram. Also, deviations of the vapor pressure from

true additivity will modify the caiculations based on Eq. (1).



V-5l

Table 3. Predicted equiiibriua compositions at triple-phase
point, starting witii 50-50 liquid D-T.

Mole 2

Species Vapor Liquid Solid
D2 39 30 27
Py 39 40 39
'I‘2 22 30 34
100 100 100

D 58 ¢ 50 4o
T 42 50 54

Point L' in Fig. 3 represents the room temperature chemical
equilibrium constant. Should chemical equiiibration take longer than
expected, a series of nonequilibrium tie~lines could exist in the region
LL' of Fig. 3.

It is evident that considerable ruvom for experimental work on the
Dz-DT-T2 phase diagram exists. The vapor pressures of the mixture at
known compositions and temperatures should be measured, probably by mass
spectroscopy. The compositions of the liquid and solid in equilibrium
with the vapor should be measured. We suggest the use of infrared
spectroscopy for this purposa. Although of low intensity, an induced
molecular moment exists, and fundamental vibration-rotation resonances
at 3.0-4.5 um are expected for a 0.1-0.5 mm thickness of liquid or solid
Dz-DT-Tz. Since hydrogen remains diatomic to the lowest temperatures,
and vibrational frequencies are modified by the molecular weights, the
three components are expected to show infrared absorptions at s'ightly
different frequencies. This has never been reasured for tritiated
hydrogen. We have, therefore, calculated the infrared spectrum of
eD,,-DT-eT, at 19.7 K.4 This spectrum is snown in Fig. 4. A three-peak

2 2
spectrum exists for each compcnent (with the peaks indicating amcunts of
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rotational energy; i.e., ortho~para species). 1In practice, corparison of
the peak areas with suitable standards would allow quantitative analvsis
of the components of the liquid and solid states.

Also of extreme interest are the chemical-equilibrium constants and
reaction rates for Eq. (3) in all phases about the three-phase repion.
Again, infrared spectroscopy appears most suitable fer the task of liquid

and solid analysis.

Wavelength — um
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1 i ¥ A ]
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Fig. 4 Calculated fundamental infrared vibration-rotaticn
spectrum for eDz-D‘T--e.T2 at 19.7 K.
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THE URANIUM-TRITIUM S¥STzZM -

R. S. Tarlscn

Monsantoc Research Coxrporation, Mound Laborator<

The thernmodynamics of the uranium-tristium
system were determined sver the pressure range 57
2 x 10-* to 20 atm from experimental conmposition-
pressure-temperature data. doth enthalp. and ¢ o
were shown to vaery slightly with compositicn v analy-
sis of wvan't Hcff plots fcr the U-D svs 2 th
U-T system. The evolutiocn of
latcice of @ fully tritiatea -~
studied over a pericd of sev:r

r1'

relative proportion of helium-3 an r um in the

evolved gas from an aged UT; sample was Jetcrminex

at several temperatures Tme descrptiocn ani akz-

sorpticon characteristics 22 a tyzical 2ranmiucm-

tritium storage ked have besn studied and chservel

for several years.

Hound Laboratory has had an intimate inve with
the science a:td technology of preparing, handiinc, ani deter-
mining the fundamental properties of metal hydrides, Zlzuter-

ides, and tritides for a nunmber
we have determined the thermnc
Pd-ag~T, V-T, and U-T. ©One cf

materials is uranium, because

retrieve, store, and dispense

't
Q
1
t
B
™
it
1
'

tritide is commoniy used at Mouné Labor

hendling gas racks where it performs ths functions

those of storage and purification of a tritium-contalining cas
stream. Figure 1 is a diagram of a tritium-tandling 3as recx
intended for studizs of metal hydrides cver ¢ prossure range
of about 109 atm, from 10-% te 10% atm. A U-bed, a vessel

containing uranium tritide, is an essent:al part Y such a
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Fi1gure 2 15 a photouraph cof this ra k. 1t is located

inless st-el fume hood 6 ft wide which has an ai1rs flow
cess of 230 linear ft/min with one door open. Tvype 34
leoss steel 1s the material of constructicn in the U-te
n the doubly contained hicgh pressur: verssel in the ver
ube furnace. This material has nerformed satisfactor:i
mperatures up to 700°C and at lower tenreratures up to
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in the high pressure porticon -f the rack and do not leak
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13.081te is also true. & HIP microcontrol valve permits
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ing gas from the svystenm at 123,000 psi and raising t
m

on the other side of the valve to 100 unm
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cllowinc which the valve <an be closed laak tight
at. This operation is retncatable many times but g
> not reliable at low snressures; that 1s, at perhna
Euilt today would of course

ani under. A new rac

k
anclesed. H2ating the exposs i U-ked shown, which

acrty of about 60 liters, to ~ycle the contained

¢ about 1 mole would releazse about 50 Ci.

Figure is cited to indicate the losces that would
3t double containment by simple diffusion alone.
~Lient temperature, diffusinn proceeds rapidly

tiat a storaege tank once used to contaln tritium

vy Canuinue to o contaminate ©old taces contalned

noafter numerous puraes. such « tank can easily

“ri*r1um to contained hydrogen or -2.5 ,.Ci/ml of
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hydrogen at STP. It should be remerpered that 40 hr/wk of
exposure to 1800 uCi/m3 of tritium (gas}) or 5 ‘uCi/m3 of HTO is

equivalent to an adsorbed dose of 5 rem/yr.

The problem is the presence of helium-3 decay product in
the tritium. A static system for separation of helium-3 from
tritium will fail or, in other words, be of low efficiency in
its ability to separate the isotopes because of "blanketing”
of the gas-solid boundary by helium-3. Whether the boundary
is palladium or uranium is relatively insignificant when the
relative thermodynamic properties of the two materials are
taken into consideration. The rate of generation of heiium-3
in tritium is such that, after 10 davs, 0.3% of the gas mix-
ture is helium-3, yet this seemingly insignificant amount
results in almost unsurmountable rroblems in static purifi-
cation systems. Therefore, a dynamic purificetion system is
imperative. Such a system should include, in addition to the
palladium or uranium membrane, a s}orage vessel to permit a
substantial volume of material to be handled and a rotary
vare blower. A valveless punmp such as a blower has the abilitv
to operate at pressures down to any level of vacuum desired,
whereas a valved pump will cease pumping when the sycten
pressure drops below that required to open the valves. In
the operation of the U-bed, introduction of impure tritium
is periodically halted to allow the U-bed to absord all the
tritium in the loop:; then the helium~3 is pumped off to the
stack after passing through one or more scavenger U-beds to

absorb any residual tritium. The cycle is then repeated.

Helium=-3 buildup in the lattice of uranium tritide also
contributes to the problem. Pure tritium is obtained from a
U-bed by repeatedly cycling the system in such a manner é&s
to desorb a substantial fraction of the tritium and helium-3
into a large volume, allowing the U-bed to cool, then re-

absorbing the tritium, leaving the helium in the gas phase



to be pumped off. It is helpful in such a procedure to dis-
card the first small aliguot of helium-rich gaz.* Helium is
desorbed from a U-bed at lower temperatures than tritium
since it tends to accumulate in bubbles in the lattice, in
contrast to tritium which occcupies definite lattice sites.

A sccond method by which es.entially pure tritium can be
obtained is to record the maximum temperature to which the
U~-bed is raised during the purification cycles; and then
during the final desorption cycles of pure gas, the U-bed is
heated to a temperature several degrees beclow the previcus
maximum. While I realize that tritium fuel for CTR machines
can tolerate some helium contaminant, the foregoing is to

be taken as advice.

Investigation of the properties of uranium tritide at
Mound Laboratory has revealed som2 of the characteristics
of helium release from a uranium tritide lattice. As men-
tioned, helium exists primarily as bubbles in the lattice, a
topic to be fully described in the following talkx by k. C.
Bowman and A. Attalla of Mound Laboratcry. Heating a
uranium tritide lattice does not remove all the trapped
helium-3. Furthermore, undisturbed uranium tritide slowly
evolves helium-~3 at a rate far less than the generation rate.
Figure 3 is a plot of the helium release from uranium tritide
with time. These data were obtainecd at Mound Laboratory by
R. C. Bowman and €. J. Uiedenheft. This material was new
uranium tritide wnich did not have a previocus history of
exposure to tritium and/or high temperature for any sub-
stantial length of time. It has a surface area of approxi=-
mately 0.4 m:/q. A simila- experiment was conducted cn

uranium used in connection with studies of the thermodynanics

*As an example, during the 5th cycle (purification) helium-3 =
5.8% in initial 0.019 liter: 0.05% in following 0.75 liter
(out of 20 liters total desorbed gas).
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of vee Lranidan tritade syster {estinated to have a surface
area LE 1 L-2.00 0 /). AU the bLeginmans of thls experirment,

the Laijh purity sample of uraniva* I usgcd had erxperioence? &

total of ariroximatse ly T2 hr of exposure to tritium at tempoiras

tures f 450-60, 0, thee firsr hul{ of the exnpooare Leins at
a T/U ratic 0f L.l or lece; the second half of thne exncsures
te, tritium bpeing at a T/U ratio of 2.B5 or greater. It czan

be rostulated that lJeposi<ion of neliuam-3 1ntn a uraniem

lattice at high temporature wounld have created more Zanase
thar. such defosition at r-om temperature. 2f course, it can
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23°C and strirned of
follow, @ Ly thor ugn rurj;ing with deuterium and a second
gdeavting to 70L°C to rerove the deuterium, and followed final
by ioadirg of tritium to @ composition of UT:ee.. This mater:
was ailowed to stand for 104 days at room temperature; the
evolved helium-3 overnroessure was then measured and the zas
sami:le analyvzed Ly Tass spectrohetry. it was puYe helium~3
and ropresented 3.4t of all the helium-3 korn in the lattice
t

Thaes aelium-! avergas was jumped off and the da

were subseguiently obtained which acrees w

data point. Tt carn be concluded that a danaaed uraniunm latte
cannot be completely annealed at temreratures kelew 707°° ° an

that the pre-induced lattirce defocts substantiizlly in-re::o

the rate of helium release Jrom uranium tritide,.

“

*analysis (prm) Fe, 20; ~i, 25; Mn, 5; Mg, 12; ¥i, ~13J: Ai,
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One other observation which may be of interest is that
absorption of tritium dynamically on a U-ked proceeds smoothly
and i.itially with great velocity generating substantial heat.
Ob-riously tne absorption of tritium eventually becomes self-
limiting because of the ewothermic nature of the reaction.
Absorption ceases when an equilibrium temperatuvre is reached,
that is, equilibrium with reference to the composition-
precs.re-temgerature plot of the uranium-critium system.

This temperature is about 400°C urnder normal conditions of
about 1 atm tritium pressure. Emergerncy cooling is not
really necessary because of this, as a runaway reaction is
not possible; however, evolved heat must be removed to pro-

mote continued absorption. The observaticn I am referring to

"

nere is that

3]

ter the composition of the U-bked has reached
about T/U = 1.5, the absorption rate seemningly slows down.
In other words, it is more difficult to absorb tritium on a
half-filled U-bed than on an empty U-bed. This is contrary
to the C-P-T plot which indicates a plateau or twc-phase
region of great width, from about UTg31 to UT:z299., which
implies no change in equilibrium pressure over that range.
I believe this problem is related to the diffusion coefficient
of tritium in the grain of uranium-uranicem tritide in that
after the grain of uranium it partly saturated, diffusion
into the depth of the drain becomes the controlling factor
in preventing rapid absorption of tritium into the uranium

lattice.

Thus, a doubly contazinec¢ U-bed, which has provisions for
both circulation of gas through the bed and sufficient cool-
ing capability to remove the heat of reaction and which is
operated with some consideration of the relative properties
of helium-3 and tritium in the lattice, has been found at
Mound Laboratory to be one of the more useful devices for

handling and storing tritium.
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The thermodvnamic properties of the uvranium-tritium sys-
tem were investigated over a pressure range of 10% atm from
119-572°¢C. The apparatus and material used wesre identical
to those which were later used for the helium-3 release experi-
ments, and exposure of the uranium metal tc helium-3 damage
at high tenmperature recurred during thic experiment. Initially
slices of high-purity uranium metal were deuterided anéd de-
gassed until the massive metal was reduced to & fine powder.
After al]l the deuterium had been removed py evacuating the
system at 700°C at pressures in the nicrometer region, the
system was purged once with a small amount of tritium which

was removed by the same method used to remove the deuterium.

A predetermined amount of tritium was now added tgc the
uranium powder doubly ccntained in the high pressure reactor,
and compositior-pressure-tsmperature (CPT) points were ob-
tained (Figure 4) by cvcling the temperature up and then down
stepwise, then recording the pressure and the temperature
after they remained at egquilibrium for 20-30 min. Equilibr:umn
as here defined implies temperature and pressure changes no
greater than *0.5°C and :0.2% of observed pressure for the
period mentioned. All values for pressure are for desorption.
Van't Hoff plots of 1000/T° as a function of 109 pressure
were then constructed at compositions of UTz295, UTgoo4. and
by extrapolation UTg.oop. It will be noticed that the iso-
therms are not flat but are at loweyr pressures and are closer
together at the high composition end of “ne plot. When van't
Hoff plots of 1000/T°K as a funrction of 1log P are const*ructed
(Figure 5), it will be noticed that the lines represcenting
the three different compositions while straight are not crite
paralliel. No amount of redrawing sufficed to rerder the
lines parallel. The conclusion is that 4H and As  ary witih

composition for the uranium-tritium system.
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To test this conclusion, an experiment was performed
on the uranium after all the tritium was removed, whereby
the system was deuterated to form (D3 (Figure 6), and van't
Hoff data were gained directly by lowering the composition
stepwise to one of several values, which were then calculated.
Next all valves were closed and the system was cycied up andé
down twice obtaining seven temperature-pressure equilibrium
points during each cycle. When these data had been obtained,
the composition was lowered to the next vaiue and the cycles
were repeated. All data were corrected for hot and cold
volume and for small changes in composition caused by trans-
fer of gas from solid to gaseous phase. 1In addition., the
outer chamber of the doubly enclosed reactor was filled with
argon, and this gas was periodically analyzed by mass spec-
trometry. &any deuterium buildup was noted and appropriate
corrections were made. Van't Hoff plects constructed directiy
from these data were fitted to the equation log P atm =
(-A/T°K) + B, and AH and AS values were calculated from these
constants and plotted as shown. 1In most cases the second
set of data from each temperature cycle at any composition
was slightly lower in value than the first set of data and
these values were chosen to avoid any problems that might have
been related to the uranium deuteride "remembering' a previous
corposition by not having relaxed completely to the new D/U
ratio. It will be observed that AH and AS are at their
highest when the D/U ratio is relatively low and when there
is a high degree of disorde: in the uranium lattice coupled
with a plethora of sites capable of accepting a deuaterium
atom. Conversely, values of AH and AS are lowest when the
lattice is almost completely converted to B-phase uranium
deuteride at which point the amount of disorder created by
the introduction of a2 new deuterium atom would bhe lowest,
and the ccmpetition for bonding sites (the AH value) would
be at the highest level. It will be observed therefore that

AH and AS in both uranium tritide and uranium deuteride are
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M, 1. Malinowski P. R. Coronado
Sandia Laboratories, Livermore, C\
ABSTRACT

ke i

The releasc of “He from coarse (0.6 m“/g) stoichiometric
uranium tritide has been measured as a function of time up to
a tritide age of 1200 days. Less than 2% release occurs
until approximately 280_davs, after which the release increases
dramatically, with the 3He release rate approaching gencration
rate after 1000 davs. This release is particle-size dependent
and can be fitted with good results with a semi-empirical
model which assumes diffusive movement out of the solid after
the initial hold-up period.

INTRODUCTION

Thermal decomposition of uranium tritide is commonly used as a
safe, convenient means of supplving high-purity tritium for lakcratory
applicaticns. One of the manv factors which could influence the
purity of the delivered gas is the release of 3He from the tritide
lattice during either thermal decomposition of the uranium bed or
during lomg term storage of the tritide at room temperatures. It
seems appropriate, therefore, to accurately measure the helium
release from UT; as a function of time. In addition to provicding
useful information directly applicable to the operational performance
of uranium beds stored under tritium overpressures, these release
experiments would also resuit in data which would 2id in an atomistic
understanding of 3He release from metal tritides, an area in which

5
experimental and theoretical werk is now actively being pursued.l""3

The experiments described in this paper were performed on fully
stoichiometric UTS' The tritium lost through decay has been continu-
ally replenished with gaseous tritium to maintain a constant tritium/
metal atom ratio in the solid. The release behavior of sub-stoichiometr-
uranium tritide should be considerably different from that of fully

stoichiometric UTg.

V=53



IXPERIMINTAL PROCEINING S
iritide Preparation

Fach uranium tritide =ample is formed in-situ in @ spocial
container by the direct reaction of hivh purity uraniwcn retal with
ag® pure tritiwn gas. A shown in Vigure i, the tritide is located
in a gold-pluted container with a volume of approximatelv 35 Cu.
Attached to this volwre is a small "hack-to-back™ valve arrangerent,
which .: used to sample the tritim overpressure gas, 2 procedure

descrihei below.

The primary container volume, sarpling volurme, wraniuw: tritide
sarple mass, amd amount of overpressure cas are sized such that there
will be sufficient tritium in the overpressure gas 1o maintain

steichioretry in the tritide for = 3 vears.

Prior to tritiding of the metai, the gold-plated "priman™
container is outgassed at ~ 600°C for 24 hours : 10 torr con an icn-
pumped svsten.  Then electropolished uranium chunks are placed into the
primary container, the contatner is sealed to the two volve manifold,
and the entire assembly is evacuated and leak-checked. The container
and uranium chunks are outgassed together at - J00°C until a pressue
of 107" torr is achieved on the ion-purped cutgassing ranifold. The
sample is valved off, ccoled down, and moved to a different manifold

for tritiding.

Tritiding of the sample is performed by a conventional Sicverts'
technique. High purity { ~ 99%) T, is supplied to the gas rack fror
a thoroughly scrubbed uranium bed.~ Normally the uraniunm is heated 1o
approximately 200°C to initially accelerate the (ritiding process. s
soon as the tritium is absorbed, the sample heating i~ Jiscontinued ard
the reaction is alleowed to go to completion. This method of tritiding
uranium typically produces Ut with a surface area/mass ratio of . o.n
mZ/g, as determined by B.E.T. surface area determinations. 7Iritium-
to-metal atom ratios of 2.55 -~ 3.05 are typically achieved, and the
total gas uptake of the sample is known to an accuracy of ~ + 29,

X-rav measurcrments on deuterides prepared this way indicated E-UT.s is



7¢ Hydriding Mmifold
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Figure 1. Typical Uranium Tritide Sample Container.
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formed with no a-UT being produced.4

After the tritiding of a sample is completed, an overpressure of
~ 800 torr of T, is left over the sample. Since the eguilibrium
averpressure of GTS at room temperature is 4.\(10.6 torr,5 this gas
phase tritium will presumably repiace any tritium lost in the lattice
due to decay and, hence, maintain the stoichiometry of the tritide.
Then, the sample is valved off, the sampling volume (see Fig. 1} is
evacuated, 11l valves are closed and capped, and for safety reasons,
a secondary container is mounted around the primary contairer and

the entire assembly is stored at ambient temperatures.

Gas Samplings

The composition and total pressure cof the cverpressure gas in the
primary container are periodically measured by withdrawing samples of
gas. This is done by the "back-to-back' valving on the primary container.
An accurate determination of this sampling volume is necessary to
compute the total gas withdrawn during each sampling; therefore, this
volume, typically ~ 1 cc, is measured on each sample container to
accuracies of ~ * 0,005 cc or a separate system prior to assembly
of the manifold to the primary container.

The data from thesc gas samplings are used tcgether with the Jata
obtaired at the time of tritide fabrications (viz. sample mass, mass
of tritium in the solid and overpressure)} in mass balance calculations.
The 3He release and tritium-to-metal atom ratio of a tritide result

from these computations.

EXPERTMENTAL RESULTS

The helium release from six separate uranium tritide sawmples is
shown in Figure 2. In Figure 3 are plotted the tritium-to-metal atcm
ratios for the same samples. Note that the different symbols refer to
the different sample numbers.
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several anteresting observations regarding the hel ium release
{~howm in tig, 23 can bhe made: (1) less than 27 helium release occurs
mtil <ample ages of between 259 to 306 davs; (2j after the initial
deday in heliun release, the release abruptly increases; and {3) the
onset of accelerated release in samples 3, 5, 6, 16 occurs at a slightly
Liter age 290 davs vs. 250 davs - than in samples 17 and 18. As
indicated in Figure 3, to within experimental accuracies, the stoichio-

retries of the samples arce being maintained.

DISCUSSION

Ihe first of the observations above ro be addressed is (3), the
fact that the heliun release data frem all the samples seem to cluster
into two distinct groups, namely saeples 4, 5, 6, and 16, and samples
17 and 18.  The probably cause for the difference in release behavior
between these groups is the method of preparation. All sarples in
the first croup inos. 1, 3, b, 16) were prepared as described above,
that 1s, were tritided at ~ 200°C. The samples in the second group
(nos. 17 and 181, however, were tritided at lower initial temperatures
eof  100°C, The lower the tritiding temperature, the more brittle the
uranius/uranum tritide is, resulting in a finer {smaller particle
size) wrs powder. Therefore, it is likelv that sarples 17 and 18 have
a finer particle size than the l!T3 of the other samples. The 1ikli-
hood of this passibility is supported by the data shown in Figure 4.
The helium relcase data from UT; produced by repeated deuteriding
and outgassing prior to tritidiﬁg is shown compared to the zmoothed
data from Figure 3. This deuteriding/outgassing procedure is known
to produce ury with particle sizes smaller than is obtainable by a
“single-shot” tritiding of uranium chunks. It seems likelg, therefore,
that the UT; particle size does have a profound effect on “He release,
with fincly powdeved uranium releasing earlier than coarser uranium.
These results are corrohorated by similar experiments underway at
Mound Lahoratory  and at Los Alamos Scientific Lahorator_v.b

An estimate of the ranges of approximate particle sizes of the
!Flg for which the data shown in Figures 2 and 4 were taken can be made
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from B.i'.T. surface area data taken on UT3 fabricated using differ-
1 prv-trvutmont<.b Single-pass material, forred by uirectly tritid-
ing urannes chunks, has a specif.c surface area of - 0.6 mZ/g, while
ll’l3 formed atter two to three dcutcriding/outgassing pretreatments has
a specific ares of typically . 3.2 m™/g. Assuming that the uranium
tritide ix in the form of cqui-sized spheres, these specific arcas

correspond to particle sizes of ~ 1 um and ~ 0.2 1m, respectively.

The other characteristic of the helium release, namely the hold-
up period followed by accelerated release is, at this time, not
well understood.  The presently proposed explanations for this
behavior involve cither percolation theory or the nucleation and
growth of huhhles.l’:’3’9 ne strong particle size dependence of
helium relcase mentioned above, tczether with recent MR results
by Bowmun: indicating the motion of e prior to accelerated release

would =cem to favor the bubble explanation over percelative arguments.

Inert cas bubble formation, girowth, rupturing and subsequent gas
release have been both extensively studiel with implantation methods
and modeled thcorcticall_\'.]n Unfortumately, at present, 7o UT;
samples have been examined by scanning electron microicopy to determine

. . . . - D
if this growth and rupturing mechanism dominates the “He release process.

The release of heliwm from bubbles would occur after the bubbiles
reach a prain or particle hound:lr}'.]l Once this boundary is reached,
rapid release of ¢as from the pubble by, for example, grain poundary
diffusion, might be possible. In fact, an empirical fit to thc data
of Figure 2 after accelerated release can be made using a simple

]
diffusion-controlled modcl.]"

This "diffusion” model asswunes chat the rritiae pariicies cun be
. . P * - -
approximited by infinite slabs™ all of thicknesses 21 , with constant
. 3 . .
peneration rates of “He/velume. The helium concentration on the slab's

%
The results for diffusion from spheres is identical within a
geometrical factor of order unity.



surface is assumed to be zero. For this geometrv and boundary
conditions, the diffusion equation can b2 solved for the total
helium in the slab.13 The result

My | -
9% T 2. 32001
M (1) = s9z.1 -3 S —— exp (-="(m+1)°8t) (1
1 e RS P |
where
t = tritide age measured from the time of accelerated release, t

M = original T, mass,

a =T, decay constant,

w
"

p/a2%, vith

t..e diffusion constant of 3He, and

o
n

[

£ = the slab thickness.

The total mass of tritium (M(t)) retained by the tritide as a function

of time is therefore

M(t) = SH{t) +'5%a t for t > te (2

acc’ C

The “He release, F(t), is defined as
Total 5He mass generated - Total 3He mass retained
Total 3
\ -
M(t) (3)

F(t) =
He mass generated

F(t)

i
ot
'

I

Equation (3) has becn fitted to the data by a least mean squares
method. The resuit for the first sampie group (nos. 4, 5, 6, and 16)
is shown in Figure 5. The fit to the samples in the seccnd group
is similai. The fitting parameters used for both groups are listed
in Table 1. One could take the derived value of B, ™ 8x10~°

assuming a value of 22 % 1 um, calculate the effective "diffusion con-
17

seec‘l and,
- 2 .. .

stant'" to be ~ 8x10 cm“/s. However, this diffusion constant may not

bear any direct cerrespondence to tho actual diffusion constant of

“He in UYS for two reasons. First, the fits described above have no

atomistic foundations and, second, the effective diffusion length (2)

acc
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mav be related to cuintities other than particie <ite, suh a~ grain
<ize. These semi-empirical fits seem te he useful, however, for
predicting the amounts of He released by the tritide for tirme- after
accelerated release. Fits made with “He data Jgp to 7 s Jin~ have
suecessfully predicted the release at 1200 davs,

Table 1. Parameters for the Semi-tmpirical tit to "He Release Data

sarple Mos. Fitting raraneters
t,. RIS VA Ty
acc X
(davs: {sec '}
- - -9
4, 5, v, lo 261 L2IaIn
-~ - - -9
17, 18 251 8.05x10 -

1f ore uses the curve fit to the data to calculate the normalized

»

3 3 i .
release rate of “He {rom UT; {release rate of "He divided by the

]

feneratien rate), one obtains the curve shown in Figure 6. 3
. ., 3, . .
evident that after ™ 1900 davs, "He is

It

eing released from the solid
at generation rate. However, up until this age, heliurm has accarmilated
in thg lattice. Figure 7 shows the ratio of helium atems to tritium
atoms  in the Iattice, and the iimiting amoun®s of heliwn in the tritide
are evident.

As described above, this semi-cmpirical model does not have a
firm atomistic foundation. For a nicroscopic description of “He
release to be complete, the cffects of temperature, grain and particle

size, lattice strains, bubble growth and surface oxides must be included.

QERRARY
The measurcement of helium release from cearse UT; reveals a
hold-up time foliowed by a period of accelerated release.  The release
1s particle-size dependent, and can he fit to a semi-empirical theory

S —
A constant amount, =ince stoichiometry is maintained in these sampies.
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with good resuits.  Additional experimental and theoretical work is
necessary hefore an atomistic understanding of the release precess

will be achicved.

ACKNOBLEDGIMENTS

Thanks go to R. Stump of Lawrence Livermore Laberatory for
poerforming valuable mass spectrometer work, to M. C. Nichels of
sandia Laberatories Livermore for X-ray measurements, to Mound
Laboritory for B.I.T. mecasurements, and to K. L. Wilson for

valuwible conversations.

RIFERFNCES
oo W, L Carp and #L T, Weaver, to be published in Phys. Rev. B.

2. RO C. Bowman, fr., and AL AL Attala unpublished results and the
Procecdings of this Conference.

3. W, D, Wilson and M. I. Baskes, unpablished results.

R. N. R, sulford, F. H. Illinger, W. H. Zachariasen, .J. Amer.
Cheri, Soc, 76, 297 (18953,

5.0 00 1o Northrup, Jr., J. Phvs, Chem 79, 726 (10751,

t. This pretreatnent was first used by D. Larsen, LASL, and
Conden, ot al, at ORNL.

- R. ¢. Bowaan, .Jr., and K. TFoster, unpublished results.

8. Ro Alire, unpublished results.

a, ko L. wilson, Sandia Laboratories Livermore, private communication.

oo See, for example, Walter Rauer and W. D. Wilson, "Helium Migration
in “etal<," in the Proceedings of the 1971 Intermational Conference
on Radiation-Induced Voids in Metals.

1. W oWilson and €. L. Risson, private commnication.

120 MO Malinow ki and W, DL Wilson, unpublished results.

arslaw and J. C. Jaecger, "Conduction of ifeat in Solids,'

S,
153411, O¢ford thhiversity Press {New York, 1959),



STUDIES OF HELIUM DISTRIBUTICN IN METAL TRITIDIS

R. C. 3owman, Jr.
A. Attalla

Monsanto Research Corporation, Mound Laboratory

ABSTRACT

The distributicn of helium (’He) in LiT, TiT:.
and UT:, which are regarded as representative metal
tritides, was investigated using pulse nucilear
magnetic resonance (NMR) techniques. Analyses of
the NMR lineshapes and nuclear relaxation times indi-
cate the ’He atoms are trapped in .icroscopic cas
bubbles for each triticle. The effects of concen-
tration and temperature on the "He distributions were
investigated as weli.

INTRODUCTION

Since the first 3Jeneration of Controlled Thermonuciecar
Reactors (CTR! {s based upon deuterium-trivium (DT) fusion.
metal tritides are certain to be involwed. Whether metal

tritides are used intentionally as fuel materilal, traitiun

Sstorage agents, and tritium getters or are accidentally formed

by chemical reactions between tritium gas and various struc-
tural rateriais, their physical characteristics will be

important criteria in CTR designs. Althocugh many progferties

of the metal tritides can be predicted from the available data

on corresponding hydrides or deuterides, the effects of the
transmutation of tritium into helium {*He) cannot be readily
established from the behavior of hydridec cor deuterides.
Besides the possibility of extensive radiation damage to the
metal tritide lattice from tritium decay, the nresence of
large quantities of *He in the DT fuel would bhe detrimcntal

to obtaining and sustaining the fusion reaction. Hence, the
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Table 1. Summary of Information Obtained "sing Pulse WMER

NMR-Parameter Synbol Type 3f Information
Imitial FID Armplitude -- Spin Conceutration
Extragolated Echo Amplitude -- Stin Toncentration
Freguency Shifts Ao ¥night, Chemical, etc.
Linewideth TS Local and EZxtermnal

Frelds
Spin-spin kelaxation Time Tom Homogeneous Spin
Interactions
Spin-lattice Relaxation Time T, Srin Dynanics
the local environment. When the nwclel are situzted in
ri1gid lattice posjitions, the relaxation times cgey
T,g =~ T = Tm ~v Ty {2)

where T,4 18 the dipoiay spin-spin relaxation tine which can
be calculated using the van Viesk? fcermalism :f the lattice
povritions ars known. On the other hand, the molecular motion
in macroscopic Juanticies of ga. 23verases the dipolar int
acrtions to zero and ylelds

Tyg ~«T* « Tapm  T1. (3)
The differcences 1n the nuclear relaxdticn times are dramatic
with T; and T,, increasing by 2 to 4 orders of magnitude.
However, there are also two possibilities for relaxation times

to have the intermediate behavicr

T,q < T% 7 T,p <T,. (43
If the diffusion rate in a scolid is suffjicient, the
rejaxation times obey either Eg. (3) or Eg. (4) dependinqu on

the mobiltities of the diffusing species and the strength of
the dipolar interactions. If the dimensions of gas bubbles
are sufficiently small (i.e., <1000A), collisions with wall
surfaces will dominatell the relaxation rates and tend tc re-~
duce T% and T,y relative to T;. Careful analyses of the NMR

data can distinguish between wall relaxations in microscopic



gas bubbles and bulk diffusion in solid particles. For He

the same general considerations are valid with the possible

addition of spin exchange effocts accurring at low tempera-

tures and high densities. Un.ortunistely, complications can

ovcur in metallic materials whi-h maxe the analyses sonewhat

less than straightforwavrd. ZIZxamples of sone of these conmpli-
1

©
cations for e in the netal tritides will be discussea sater.

EXPYRIMENTAL DETAILS

The metal tritides were zrepared by direct reactions
between high purity metals and tritium gas. Sanples suitable
for NMR measurements were loaded intoc 9 ma o.2. pyrex tubes
which were evacuated and sealed. A Bruker variable freguency
B-¥XR 3235 spectrometcr was used for both the spin counts and
r laxation time measurements. Recause the He resonance
signals were generally weak and often reguired large receiver
bandwidths due to short decay times, extensive signal averag-
ing was usually necessary. The signals were digitized by a
Ziomation B1l20 transient recorder and stored in the menory of

a Niconlet 12074 signal averagev for signal-to-ncisc enhancenent

o
tr

an x5 line subtraction. The spin standards were protons in

20/0:z0 solutions containing small guantities of Mnll: to

<

=

shorten T). Relative sensitivity cerrections were nade be-
tween the He and proten counts. The accuracy of the spin
counts is ‘10-20% depending upon ccncentrations and r

Times. All NMP measurements were performed at room temperature

which usually varied between 19-22°C.

RESULTSE AND DISCUSS:iON

3 . .

Representative pulse NMR spectra for “He ¢ LIT, TiT; ..

and UT3i are presented in Figure 1. The LiT FID with 1ts long
exponential decay is exactly as predicted for atorms in cas

bubbles. Although T% for TiT; » is an order of magnitude
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short-»r, it is still consistent with 'se atoms s gas bubbles

since the calculated T,4q for ’He atoms in cctahedral inter-
stitials is -15 us. The ’He lineshare for UT; is Gaussian

and T%* nearly equals the predicted T3 value of ~10 us.
Recent analysis12 of the magnetic field dependence of the UT3
lineshape as well as very 1lcng T,;m values (see Table 2) indi-
cates the short T% is causeqa by magnetic field gradicats
arising13 f:-om the paramagretic UT; rowder and the ’He atoms
are trapped in gas bubkles in this mater’al as well. The
nuclear relaxzation times for .amples maintained at room
temperature for approximately 2-3 vears are given in Table 2.
In each case, the 3He relaxation times are seen to ckey the
general relations of Eg. (4). This behavior alsc indicates
that 3He atoms are being trapped in microscopic bhubbles in
each metal tritide. Analiysis of the relaxation times for 3He
diffusion in the solid leacds to large effective Z2iffusion
corstants which would be inconsistent with the high 3He con-
tent found. In other words, if the helium mckility in the
metal tritide lattice was sufficient to yield the relaxation
times in Table 2, the heliim atoms should be reaching particle
surfaces in short times. S.nce the helium is expected to
escape the lattice at these surfaces, the net ‘He content in
the lattice would be very small. However, at least B0-90%

of the helium generated in these tritides has been observed.
Hence, the relaxaticn times in Table 2 inlicate the He atoms
are trapped in gas bubbles sufficiently small that surface
relaxation at the bubble wall. reduces T, relative to T;.
Sirce the relaxation mechanisms for 3He spins in pure gas are
very ineffective, the predicted T; is 210" sec for macroscopic
quantities of gas. Howe'er, interactions with conduction elec~-
trons or paramagnetic imp.rities at the bubble wall can greatly
reduce T, to the values 1in Table 2. 15 expected, the magni-
tudes of T, are very dependent on the host metal tritide and
follow the trend of decreasing as the predicted susceptibility

increases from LiT to UT;.
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Table 3. The Effects of Age and Storage Temperature
ou the ‘He Relaxaticn Times in LiT. Resonance Fre-
quency 1 45.7 MHz.

Age Storage Temperature Tom T3

{days) (°C) {ms) {s)

184 213 15 €.5
346 23 33 7.8
5712 23 (3¢ i%.0
r28 23 160 16.7
346 35 100 2.7
S73 75 140 2.2
345 1906 382 22.4
541 1co ~500 24.3

until the stresses on the I1iT lattice incduced by the expanc-
ing bubbles causes a mechanical failure and the buil.le rupn-
tures. The e¢lastic properties of th= LiT lattice are
temjerature dependent and should greatly affect the dis-
tributions of the helium bubble dimensions for different
temperatur2s., Unfortunately, this situation fecr LivT is
complicatea by the presence7'14 of large {(i.e., ~5-15 atom
peroent) guantities of molecular tritium (also trappei? in the
gas bubbles; . which was produced by the radiolv.is effects
of the beta-clectrons. Yowever, the general distribution of
helium in LiT is well represcn®*ed by the present gqualitative
model. Crude estimates of the helium bubble sizes can be
obtained by comparing the e and molecular tritium relava-
tion times for LiT with the results of Scuers et 21.%% sor
molecular protium in gamma irradiated LiH. Souers et al.
found 2 di=stinct correlarion between the protcn relaxation
times and the average gas bubblie dimensions. If t:re cac
bubbles in LiT consist of a mixture of molecular tr:-.:m and

helium atoms and if the tritium data for LIiT correspond to
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the protium data in LiH (which is expected since both nuclei
have spin quantum number 1/2 and their magnetic moments differ
by only ~7%), the average bubble size after ~1 year are
estimated to be ~50 A for room temperature and ~500 % for
100°cC. Naturally, a distribution of bubble size is expected

and a better estimate is not possible from the present data.

The retention of helium in UT, at room temperature is
shown in Figure 3. Here, the closed symbols represent the
helium contents obtained by pressure-volume-temperature mass-
spectrometry analysis of the gases released during thermal
decomposition to ~1000°C. The results of the ‘He spin counts
correspond to the ope:' symbols. The spin counts yield helium
contents which are ~10% lower than the thermal analvses. It
seems very unlikely this discrepancy is due to the presence
of 'He atoms being individually dispersed in the UT3 lattice
since no contributions to the NMR relaxations that obey Eq.
(2) have yet been found. Two other explanations are: 1)
the 7/2 and 7 pulse widths are not much shorter than T; -
which permits a partial reduction in the measured magnetiza-
tion (i.e., signal amplitudes} - and 2) systematic errors may
be occurring from the use of the proton standards although
no apparent difficulties were found during previous :studies16
on LiT. Nevertheless, both techniques indicate that nearly
all the helium generated from tritium decay is retained by
the UT3 lattice for ~700 days. After this time significant
amounts of the helium are being released as free gas until,
after 1200 days, cnly 75% of the helium formed in the UT3 is
still retained. During recent measurements12 of the ‘He
relaxation times in UT3; samples kept at room temperature, T,y
2:1 7; were found to increase by a factor of 10 and 3, respec-
tively, for sample ages between 100 and 1000 days. These
tesults can be used to interpret the release ¢f helium from
UlTs o fellows: The helium atoms form small gas bubbles which

can expand by trapping additional atoms. This process continues
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in a random fashion yielding a distribution of bubble sizes
where the average bubble size iicreases. Ultimately, a gas
bubble reaches a critical dimensicn or pressure and will
rupture releasing the helium contents of that Lubble. As
the UT3 ages, more bubbles approach the critical conditions.
The criteria for bubble bursting is unknown but probably
depends upon the strength of the UT3 lattice and the particle
or grain sizes (i.e., gas bubbles formed near a surface should
burst at lower pressures than bubbles in the interior of the
particle). Preliminary NMR data for UT3 samples kept at
eievated temperatures suggest the helium bubble sizes are not
very temperature dependent, which is very different from LiT.
However, trapped molecular tritium has not been observed in
UTz, and its absence may influence bubble growth processes
since the helium atoms must form their own trapping sites in
UTsz.

In very recent work, Weaver and Camp17 studied the dis-~
tributicn of helium in sumples of TiTi1.4 and TiTi1,k 7 using NMR
technigues. They c¢oncluded that helium is trapped in gas
bubbles in old TiTyx {i.e., ages >1 year), but helium atoms
occupy octahedral interstitials in young TiTy crystals.
Weaver and Camp propose a percolative mechanism for the forma-
tion of gas bubbles from the interstitials. The results in
Table 2 for a 3-year old sample o6f TiTi.» are certainly con-
sistent with helium atoms in gas bubbles. 1In order to deter-
mine whether the percolation model of Weaver and Camp or a
bubble growing model analogous to the UT3 example described
abowve is a better physical description of ‘He retention in
TiTy, additional TiT:1.9 samples were prepared approximately
seven months ago. These samples are being kept at room
temperature, 75°C, and 100°C. Unfortunately, not encugh data
are currently available to firmly establish either model.

Studies in this area are being continued.



CONCLUSIONS

The present studies indicate that pulse NMR is a valuable
method for evaluating the distributions of helium atoms in
metal tritides. The nuclear relaxation times for three repre-

tative metal tritides, LiT, TiT; . 7., and UT;, indicate that

sen
helium stoms are trapped in microscopic bubbles - at least,
in samples ~2~3 years old. Although the present studies

indicate the helium bubble sizes depend upon both temperature
and age, additional work is required before guantitative
descriptions are possible. Nevertheless, NMR can be used to
characterize the helium distribution in metal tritides with

CTKR applications. The main limitations of NMR are lack of
sensitivity Ji.e., ~5 x 102° spins are required for cv«ntita-
tive measurements) and complications for bulk powder magnetiza-

tion effects.
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3He RELEASE CHARACTERISTICS OF METAL TRITIDES
ARD SCANDIUM-TRITIUM SOLID SOLUTTONS®

W. G. Perkins, W. J. Kass and L. C. Beavis

Sandia Laboratories, Albuquerque, New Mexico 87115

ABSTRACT

Tritide. of such metals as scandium, titanium, and erbium
are useful materials for determining the effects of helium
accumulation in metallic solids, for example, CTR first wall
materials. Such effects include lattice strain and grass
deformation, as reported elsewhere, which are related to 3ne
retention and ultimate release. Long term gas release studies
have indicated that, during the early life of a metal ditritide,
a large fraction of the 3He is retained in the solid. At more
advanced ages {2-4 years, depending on the parent metal), the
3He release rate becomes comparable to the generation rate.
Statistical analysis of the data indicates that the acceleration
in JHe release rate depends on azcumulate: 3He concentration
rather than strictly on agz. 3He outgassing results are
presented for thin fiilms of ScT2, TiT2, and ErT2, and the
critical 3He concentrations are discussed in terms of a
percoiation model. Phase transformations which occur on tri-
tide formation cast some doubt on the validity of extrapolating
results obtained for metal tritides to predictions regarding
the accumylation of helium in mezals. Scandium {s unique
among the early transition and rare-earth metals in that the
metal extibits a very high room temperature tritiurs solubility
{T/S¢=0.4) with no phase transformaticn. lndeed, even the
Jattice parameters of the hcp scandium lattice are only
minimally changed by tritium solution, and we have succeeded
in obtaining single crystyl ScTp 3 samples in two crystal-
lographic orientations. Using a very sensitive technique,
we have measured 3He emission from both these samples, as
weil as from fine-grained thin film scandium-tritium solid
solution samples (Scrg.3-0.4). The fine-grained film samples
release 3He at 2-3% of the genera%ion rate, while the emissjon
rate from the single-crystal samples 1s ~ 0.08% of the gener-
ation rate, indicating a strong grain size effect.

*This work was supported by the U. S. Energy Research and
Development Administration.
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INTRODUCTION

The early transition metals and rare-earth metals form dihydrides
which are quite stable at room temperature and even at mildly elevated
temperatures.I Indeed, for ErHy (0.5 < x < 1.8), even at 700 K (427°C),
the decomposition pressure is only 0.13 mPa (1 x 10-6 Torr).2 Because
of this stability and the fact that the hydrides behave electronically
like meta1s,2 the ditritides are attractive vehicles for the study of
helium accumulation effects in metallic systems. Indeed, Hickman3 has
recently suggested the use of tritium decay to accumulate 3He in niobium
as an alternative to helium-ion implantation. Significant concentrations
of 3He may be retained in metal tritide samples, as is indicated by the
work of Rodin and Surenyants4 on titanium tritides.

One purpose of the present paper is to present our results on the
3He release and retention characteristics of ditritides of scandium,
titanjum, and erbium. However, we also w#ill present some initial data
on the 3He release and retention characteristics of scandium-tritium
solid solutions. It should be noted tiat formation of the metal di-
tritide involves a phase transformatics froii the hcp metal lattice to
the CaFp-type hydride lattice, and that the phase transformation may
cast some doubt on the application of hydride results to predictions of
the behavior of high concentrations of helium in the parent metals. On
the other hand, hcp scandium can accommodate sclid solutions of tritium
up to concentrations of T/Sc = 0.4, with no change in crystal symmetry
and little chanye in lattice parameter.5 Thus, 3He release and retention
experiments performed on scandium-tritium solid solutions may be more
representative of the behavicr of the helium-implanted metal.

EXPERIMENTAL

We have measured the 3He release from metal tritides by two tech-
niques. In the older, "static” technique, a film (v 2 um thickness) of
the desired tritide was deposited on a substrate (generally molybdenum)
and then sealed 1n an evacuated, baked (725 K} glass bulb which was
equipped with an extended range Pirani gauge. Selected bulb-gauge
combinations were calibrated at a series of known 3He pressures ranging
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from 1.3 mPa to 13 Pa (1 x 105 - 1 x 10-1 Torr).6 Recalibrations and
bulb gas analysis have indicated that all the gauges used over a seven-
year period have given reproducible e pressure readings, within + 10%,
for the pressure range indicated. Compositions of the tritide films

were inferred from gas and metal analysis of companion film samples which
were prepared simultaneously with the actual samples. The quantity of
3He released from eack film was inferred from perfodic pressure measure-
ments (at ~ 30-day intervals). The glass bulbs were also equipped with
breakseals which allowed mass spectral analysis of the bulb contents.
Except in rare cases, the gas was found to be > 99% 3he.

More recently, we have performed "dynamic" gas release measurements
in an all-metal ultrahigh vacuum system. In this system, various
tritium-containing samples are contained in small chambers {~ 15 cm3)
which are separated from the main vacuum system by solenoid-actuated
valves. The rate of 3He release may be determined either by measuring
gas accumulation during a fixed hold period or by measuring the steady
3He flow rate into the dynamically pumped system. Flow rate and quan-
tity measurements are made using a UTI 100B residual gas analyzer which
is calibrated for 3He by measurement of flow through a standard ieak.
Full details of the technique will be published elsewhere.

RESULTS
Static Technique

There are a varfety of ways to present the results of the measure-
ments, either in terms of 3He release or retention. In the static case,
we infer the quantity of 3He retained in the tritide by calculating
the quantity generated and measuring the quantity released. Ir the case
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of the dynamic measurements, we determine thé 3He release rate. Figure 1
shows the 3He retention of titanium ditritide samples as a function of
sample age. Actually, the data are normalized for tritium quarntity by
plotting the retained 3He-to-Ti atomic ratio. For these data, we note
tha. the titanium tritide retains neariy all the 3He generated out to

v 1100 days age, at which time the release rate changes rapidly from

a very small value to values oscillating about the generation rate. It
is as though the 3He retention saturates at some critical concentration,
which is of the order

3ye{retained)/Ti = 0.32.

It is interesting that Rodin and Suren_yants4 found sim{lar behavicr fur
TiTy,5 samples, but that they found the 3He release rate to increase
sharply only for ages > 1500 days. This apparent discrepancy carn be

explained by postulatingy that the acceleration in 3He release rate is
concentration dependent rather than time dependent. The 3He concen-

tration calculated at 1500 days for TiTy g is
3He(generated)/Ti = 0.31,

in good agreement with our data. Rodin and Surenyants obtzined their
data in a slightly differcat manner than ours. In their technique, a
tritide sample of given age and known 1nitial composition was sealed

in an evacuated bulb for a fixed period of time (6 to 45 days), after
which tie gaseous 3i4e was determined by mass spectrometry. Division of
the 3He quantity releas2d by the quantity generated during the storage
period then yields a good approximation of the normaiized release rate
(which would be defined exactly as the ratic of the release rate to the
generation rate). Our data can be compared very well with those of
Rodin and Surenyants, provided we plot normalized He release rate as a
function of 3He concentration gererated in the tritide, as shown in

Fig. 2.

From Fig. 3, we note that erbium tritide exhibits the same general
behavior as does titanium tritide, with the exception that the saturation
3He concentration is somewhat Jower. A piot of normalized 3Ke release
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Fig. 1. Concentration of 3He retained in titanium tritide as a function
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if the 3He were completely retained in the aging tritide.
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rate vs. 3He concentration (Fig. 4) indicates that the critical concen-
tration for accelerated SHe release 1s

3He(generated)/Er * 0.25.

Finally, similar plots for scandium tritides (Figs. 5 and 6) indicate
that this material exhibits the same general retention and release pat-
tern, except that the sharp increase in release rate occurs somewhat

earlier yet, at
3He (generat~4)/Sc ~ 0.20.

It should be noted from Figs. 2, 4, and 6 that, after critical 3He con-
centration is achieved, the normalized release rate appears to vary
widely from month to month, with the release rate ranging from 0.5 to §
times the generation rate. The long-term average (v one year) reiease
rate, however, is nearly equal to the generation rate.

Dynamic Technigue

We have used the dynamic technique to measure 34e release from
scandium ditritide and from scandium=-tritium solid solution samples.
The ditritide sample exhibits behavior similar to that observed for the
static samples, and it will not be discussed further here. The scandium-
tritium solid solution samples are rather interesting, however, because
they represent the possibility of injectirig significant quantities of
3He into the metal lattice without phase transformation. Indeed, using
single crystals of scandium as starting material, it has been possible
to obtain ScTp. 3 samples which still exhibit x-ray diffraction patterns
characteristic of the hep Sc single crystal.

Normalized 3He release rates for the ScTy.3 single crystals and for
a polycrystalline ScTp.2 thin film are shown in Fig. 7. The large dif-
ference between the release rate for the film and that for the single
crystals may result in part from relative grain size eifects.
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Mechanical Behavior

A1l the thirn film samples used in this study eventually exhibited
some mechanical damage, which usually became apparent well after rapid
34e release had begun. The damage observed ranged from the appearance
of small fiaked areas up to nearly complete flaking of the film from
its substrate. The behavior was very similar to tnat reported earlier
by Beavis and Mig]ionico,8 which they concluded must result from the
agglomeration of 3He into bubbles from which it is subsequently released
due to mechanical failure of the material,

DISCUSSION

It appears that, during the early life of a metal ditritide, the
3He generated via tritium decay is effectively immobile. Farnum® used
x-ray diffraction data to conclude that the 3He was immobilized in the
octahedral interstitial site of the Cafgp-type ditritide lattice. More
recently, Weaver and Camp]0 have used NMR spectra to study 3He in young
(v 1 year old) and aged (~ 8 vears old) titanium tritide samples. For
the young tritide, their results suggest that the 3He occupies an
octahedral site whose immediate environment is highly strained. For the
old tritide, however, they find the majority of the retained 3He in gas
bubbles. Thus, at some point in the life of the aging tritide, a dra-

matic transformation occurs.

It has been pointed out by Wilson, Bisson, and Amos,]] and by Weaver
and Camp]O that phenomena which occur sharply at a given critical con-
centration can often be described in terms of a percolation mode1.12
That is, as the concentration of randomly-distributed, immobilized 3He
atoms grows, the probability of the occurrence of near neighbor 3He
interaction also increases. A connected cluster of nearest neighbors
3He atoms first appears with nonzero probability at a concentration of
3He/Metal © 0.2. By the time 3He/Metal reaches 0.32, percolation theory
indicates that nearly every 34e atom in the solid will be centained in a
connected cluzater.i2 It is interesting to note that our range of crit-
ical concentrations (for the onset of rapid 3he release) almost exactly
spans the mathematical concentration range inferred from percolation
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theory. Using the percolation theory as a mathematical guide, we may
summarize the JHe release characteristics of a metal tritide as follows.

1. During the early life of the sample, the vast majority (> 99%)
of the 3He generated is retained. Only those 34e atoms genar-
ated near a grain surface are released.

2. As the critical concentration is reached the internal 3He
atoms become more mobile as a result, perhaps of cooperative
stirain eﬂ“ects,]0 or of a concentration-dependent diffusion
coefricient.1l Some of the 3He is released directly from the
solid, while some remains in the lattice and some accumulates
in bubbles. It is probably the random rupture of such bubbles
that accounts for the large month-to-month variation in the
normalized 3He re. ase rate for aged tritide samples.

Many factors which may have bearing on the retention and release
of 3He from metal tritides remain unknown. Before one can unequivocally
identify the mechanisms involved 1n the aging of these materials, it will
be necessary to quantify the effects of temperature, grain size, and

surface chemistry.
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TRITIUM EFFECTS IN AUSTENITIC STEELS*
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ABSTRACT

Conditions of tritium absorption and helium build-in simu-
lating those expected in long service in a fusion reactor had
little effect on the ductility of Types 304L and 309S austenitic
stainless steels. Long (25 to 50 years) exposures of prospective
component and structural materials to reactor conditions were
simulated in short-duration tests by matching tritium concentration
gradients in test samples at time of testing with those expected
in reactor service, without regard to time required to obtain
desired tritium concentrations. Tritium effects on ductility of
304L samples were not significantly different from those caused by
protium or deuterium. Surface finish and metallurgical condition
can influence the tritium concentration gradient by increasing
diffusivity and solubility and by trapping tritium at extraordinary
sites. Build-in of %He in concentrations as great as 0.14 cc/cc
of metal caused no significant ductility losses except when tensile
tests or postexposure anneals were conducted at temperaturas high
enough to cause helium agglomerztion. The lack of significant
He-induced effects at near ambient temperatures agrees with results
of ion bombardment studies made by other investigators.

INTRCDUCTION

During design of tritium handling facilities for fusion reactors
the potential for tritium permeation from containment systems, tritium
embrittlement of structural components, and effects of tritium-decay
helium must be understood. Absorption is a necessary step in the em-
brittlement precess.  Absorption, in turn, depends on both temperature

and duration of exposure. Under ideal conditions the quantity

+ This paper was prepared in connection with work under Contract
No. AT(07-2)-1 with the U. S. Energy Research and Development
Administration., By acceptance of this paper, the publisher
and/or recipient acknowledges the ll. S. Government's right to
retain a nonexclusive, royalty-free license in and to any copy-
right covering this paper, along with the right to reproduce
and to authorize others to reproduce all or part of the copy-

righted paper.
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of tritium absorbed by a material is determined by the solubility and
diffusivity ot tritium in the material. These quantities are, in the-
ory, relatively simple functions of exposure conditions. Thus, with
proper control, the cffects of long-term exposures may be simulated by
tests of <hort duration. Such simulations are necessary to predict long-
time compatibility of potential structural materials with the tritium
enviromments expected for fusion reactor applications. Hydrogen trans-
port in most structural materials is, however, complicated by surface
eftfects, reversible trapping, and chemical reactions; these phenomena
have significant effects on the validity cf exposure similations. This
report describes an approach to exposure simulation and, by using austen-
1t1c stainless stecels as an example, illustratec several difficulties in

establishing the requirements for reasonable simulation.

SIMULATION TECHNIQUES

One approach to exposure simulation is to match tritium concentra-
tion gradients in experimental and service systems. For example, a
service exposure (assuming a permeation experiment) of T, seconds to
tritium pressure pg At a temperature TS gives a concentration gradient

defined by

Q0
CX = ;%-+ ;g-gga(sgiﬁﬂi) (sin D%i) (exp - Dstsnzﬂ/l) (1)

where €y is the concentration at a distance X from the exposed surface,
v is the thickness of the foil, C is the tritium solubility under ex-
posure conditions, and Dy is the tritium diffusivity in the service
system.  Solubility of hydrogen at pressure, p, is independent of time
and is expressed by

. . 3

C = Cy p2 exp(-AH /RT) (2)
where SH. is the activation energy of solution of the gas,and Cj is
a constant for the system. Thus, one requirement for matching concen-
tration pradients is that

AH T, -T
1/2 in <£§-> = -Tfi ( —%?7;i>
"L L's

R SO P ST YO vy
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where P and TL

the laboratory tests. A second requirement for matching concentra-

tion gradients is that

where DL is diffusivity in the laboratory simulation.
D =D, exp(-AHD/RT)
where Do is a constant, this requirement becomes

wf2)- S0 ()
tL R TLTS

Comparison of Egs. (3) and (6) shows that assignment of one exposure

are the tritium pressure and exposure temperature for

Since

H

(5)

{6)

parameter for the laboratory simulation fixes the other two parameters.

For example, with activation energies (in cal mol'l) for tritium Jdif-
fusion (AHD) and solution (AHC) of 12,400 ond 1,400, respectively, in
Type 304L stainless steel,? a ten-year service exposure at 300°K to

0.1-MPa tritium can be simulated by a three-month laborazory test made

at 361.6°K in 0.045-MPa gas. This type of exposure assumes that the
effects to be simulated depend on the tritifim concentration at the
time of testing but are not affected by the time required to obtain
the desired concentration., Clearly this is not the case if tritium-
decay helium is of concern. The quantity of helium developed within

a material by decay of absorbed tritium during time t can be repre-

sented by

t
[He] =f £(C,D,t) (1" )dt
[o]

where C and D are the solubility and diffusivity under the exposure
conditions and A = 1.82 x 107 %s”!, the radioactive decay constant for
tritium. Analysis of Eq. (7) for several sample configurations and
exposure conditions indicates that matching of helium concentrations

throughout a material is not generally feasible unless exposure con-

)

ditions are such that tritium concentration remains constunt with time

and that the time at scerdy stute is very much greater than the time



Iv=1:1

to attain steady state. Under these conditions helium concentra-
tions in the laboratory and service systems, Cs and CL’ can be

matched by exposures which give

~ . ';\ts) - (]- -)\tL)
LS (1 e = CL l-e

for a laboratory exposure of t. It should be emphasized that helium
concentrations cannot be simulated for transient exposure conditions
where tritium concentration gradients vary with time.

The simulation techniques described above have been used to
study the effects of tritium exposure and helium build-in on the me-
chanical properties of austenitic steels. The remainder of the paper

emphasizes those studies.

EFFECTS OF TRITIUM

The effects of hydrogen con the mechanicel properties of austen-
itic stainless steels have been widely studied’ '® and results gen-
erally show that "austenitic steels as a class perform fairly well,"®
However, hydrogen-induced losses in strength and ductility are often
observed. These losses have been attributed to localized accumula-
tions of high hydrogen concentrations. Although varicus mechanisms
have been proposed to explain how these localized accumulations lead
to embritt!ement (see References 6, 8, 9, and 13 for example), there
is little reason to expect that the effects of tritium per se should
differ significantly from these of deuterium or protium. This was
confirmed by testing several tubular Type 304L specimens (see Refer-
ence 10 for description of this type of specimen) to failure in 69-
MPa helium, protium, and tritium after exposure to the test gas at
elevated temperatures., Exposure to the hydrogen isotopes reduced the
ductility (Table 1) and caused surface cracks to form during plastic
deformation. These effects have been extensively studied for samples
exposed to protium and the present results indicate that tritium

effects are not significantly different.

(8)



Table 1. Effect of Test Environment on Tensile Properties
of Type 304L Stainless Steel*

Exposure Conditions Tensile Properties
Gas  Tempgrature, T;?i’ Oy, MN/m? SupeA /Mo plong,
He 425 32 270 560 58
Ha 425 32 320 180 19
Tz 425 32 300 190 22
iy 425 8 200 1990 26
Tz 425 8 250 190 22

2111 tensile tubes tested at room temperature with ©9-MPa gas;
data reported are averages cf at least two samples.
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The agreement between the effects of exposure to different hydro-
gen isotopes was further confirmed with charged samples tested in air
a2t room temperature, Foil specimens (0.025 cm thick) were charged to
saturation at 343°K in 69-MPa deuterium and tritium. This exposure re-
duced the elongation-to-fracture by approximately 50% in both cases.
Other studies with tritium-charged tensile bars tested in air also
showed losses in strength and ductility equivalent to those for com-
parably charged samples exposed in hydrogen (Table 2). This equiva-
lency indicates the validity of using hydrogen test results to predict

tritium effects (excluding those of build-iu of decay helium) on me-

chanical properties.
EFFECTS OF SPECIMEN CONDITION ON TRITIUM ABSORPTION

Tests of sampies with various surface finishes and metallurgical
conditions indicate potential difficulties in using short-term expos-
ures to simulate long-term service behavior of any of the three hydro-
gen isotopes with austenitic steels. Tritium absorption studies?®
have shown that surface finish and cold work influence the tritium
concentration gradient which develops during exposure of Type 304L
stainless steel. Cold work increases the apparent diffusivity; both
cold work and surface finish affect apparent solubility (Fig. 1}. The
tritium concentration gradients shown in Fig. 1(a) indicate variations
in diffusivity from 2.9 x 10-'? cm®sec™! (Curve C;) to 4.1 x 10-'!
cm?sec™! (Curve Cg) and in apparent solubility from 0.9 (Curve C,) to
0.21 cc(gas)/cc(metal), Corresponding values of diffusivity (D) and

solubility (C) for the actual exposure conditions are

_ 4,7 x10”3 - _ -12 .2 .
D = 7S exp(-12,900/RT) =1 x 10 cm®/sec )]
and
C=1.28 pé exp(-1400/RT) = 1.6 cc(gas)/cc(metzl) 10)

These variations between measured and calcuiated values are caused by
surface control of tritium absorption, short-circuit diffusion, and
tritium trapping at extraordinary sites? and although the causes of
the variations are known, the effects of these phenomena are difficult
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Table 2. Effect of Hydrogen (Tritium) Exposure on Tensile
Properties of Type 304L Stainiess Steel?

Strength, MN/m? Ductility
Exposure Yield Ultimate % Red. 1n Area ¢ blong.
None 215 610 77 73
Hydrogen 220 530 32 33
Tritium 217 530 31 34

%Data averages for at least three specimens.
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to include in exposurse simulation techniques. Therefore, any attempt
to simulate long-term exposure by short-term tests should include
both careful contrel of exposurc and specimen conditions to minimize
the effects of surfaces,and analysis to account for potential effects
of trapping and short-circuit diffusion. A simple technique to mini-
mize surface effects in austenitic steels is described in Reference
17, and Reference 18 presents a computer technique to analyze simul-
tancous diffusion and trapping.

EFFECTS OF HELIUM BUILD-IN

Tests of Types 309S and 304L stainless steels indicate that ‘He
formed in the metal by tritium decay does not seriously reduce the
ductility of thesc steels at ambient temperature. Foil specimens
(0.025 om thick) were exposed to 47.5-MPa tritium at 343°K for 17
months; helium build-in was estimated at C.14 cc (3He)/cc(metalj.
Subsequent tests at room temperature (Table 3) indicated that the
exposure increased the yield strength, but had little effect con the
ductility of the 309S specimens, although the ductility of Type 304L
was lowered, Microvoid coalescence (Fig. 2) was the primary fracture
mode, and there was no cvidence of helium bubbles even after a 21-day
anneal at 425°K (Fig. 3). Reference to Eqs. (8) and (luv) indicates
that 1if surface effects on tritium absorption are eliminated, the
17-month exposure at 343°K is equivalent to the exposures shown in
Fig. 4. Equivalency is based on the assumption th:” effects of

tritium decay depend on the quantity of *He developed in the lattice.

Tests of samples charged with tritium-helium showed that the
above assumption is not valid at elevated temperatures. Gas bubbles
formed on dislocation networks [Fig.5(a)] and grain boundaries formed
[Fig.5(b)] during 0.5-hour anneals at 1273°K. Further, a tensile
test at 973°K showed that the helium, which had built in during
the charging, agglomerated during the test, causing the fracture
mode to change from ductile rupture to intergranular separation
(Fig. 6) and reducing the strength and ductility of both 308S aud

304L stainless steels. Thesc observations agree with the results
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Table 3. Tensile Properties of Types 3085 and 30:4L
Stainless Steels Containing Hydrogen and Helium

Test Temperature, Exposure Strength, MN/m‘ Elongation,
Ailoy °K Before Test Yield Ultimate 5
309584 300 None 241 Gl 57
300 None 255 old 59
300 None 234 e 53
3004 2 ARTY o1 a7
300 . 303 bl4 43
3007 0 305 62"
3008 i 37w 655 15
3002 g 380 662 53
973 None 131 303 25
973 None 131 280 20
9738 d 227 234 1
973¢ d - 138 0.1
304L4 300 None 3241 T3l 50
300 None 331 37T 49
3008 o 100 737 32
3002 c 400 ! 28
3007 a 100 737 50
300 d 434 744 29
3007 d 434 744 26
973 None 152 220 33
973 None 152 255 29
973¢ d 193 200 1
973e d 165 179 2

Foil specimens (0.0254 cm x 0.381 cm x 2.54 cm gauge) tested in
air at 0.01 cm/cm per minute.

Specimens contained tritium and helium-3.

e. Specimens contained 2.2 cc hydrogen isotopes and 0.040 cc helium
isotopes per cc metal,

d. Specimens contained 0.14 cc hydrogen isotopes and 0.14 cc hzliur

isotopes per cc metal.

e. Specimens of type held 1/2 —our at 973°K to permit lelium to
agglomerate and to drive off hydrogen before testing.
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Effect of Tritium Exposure on Fracture Topography of Austenite
Steels. Samples exposed in tritium for 17 months, then tested
to fracture at room temperature.
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a) Bubbles at dislocation nodes

b) Bubbles at grain boundaries
and dislocations

Figure 5. Helium Bubble Formation at dislocations of
Grain Boundaries on Sample Annealed at 1273°K
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a) 304L unexposed

¢) 3095, unexposed b) 3095, ~0.14 cc °He

Fig. 6. Effect of ®He Buildin on Fracture Topography of Austenitic
Steels Tested at Y73°K
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of studies of helium embrittlement of ion-bombarded Type 304 stain-
less steel.'® The lack of significant effects at ncar-ambient tem-
peratures also agrees with the ion-bombardment studies which showed

no effects of irradiation at temperatures below 923°K. Thesc results
indicate that the wealth of data on helium effects available from
various irradiation studies is, to a first approximation, applicable
to helium effects resulting from buildin of *He from tritium decay.
This conclusion, coupled with the cquivalency curves shown in Fig. 41,
indicates that helium build-in should have little or no effect on the
mechanical properties of austenitic stainless steel components exposed

to >0.1-MPa tritium at “300°K within a 25 to 50-year design lifetime,
CONCLUSIONS

The effects of tritium absorption and subsequent helium build-in
on the tensile properties of Types 304L and 3095 austenitic stainless
steel show that long exposures to tritium such as those expected in a
fusion reactor should have no serious effects on structural integrity
of these materials. The effects of hydrogen are similar to those of
tritium and effects of tritium-daughter helium are similar to the re-
sults predicted from a-ion bombardment studies. These similarities
indicate that the large volume of hydrogen and helium data available
from other studies may be applicable tc fusion rzactor problems.
However, difficulties in applving short-time test results to pre-
dictions of long-time compatibility arise primarily tecause gas
trapping, metal surface effects, and short-circuit gas diffusion

influence exposure simulation pardmeters.



ry

10.

11.

12.

13.

14,

15.

~115

REFERENCES

M. R. Louthan, Jr., G. R. Caskey, Jr., J. A. Donovan, and D. E.
Rawl, Jr., Mater. Sci. Eng. 10, 357 (1972},

M. R. Louthan, Jr., J. A. Uenovan, and G. k. Caskey, Jr., Nucl,
Technol. 26, 192 (1975).

W. T. Chandler and R. J. Walter, '"Hydrogen-Environment Embrittle-
ment of Metals and Its Control" in Proceedings of the Hydrogein
Economy Miami Energy (THEME) Conference, spunsored by The Schaol
of Engineering and Environmental Design, University of Miami,
Coral Gables, ¥larida, March 1974, S6-S17,

J. P, Fidelle, K. Bernardi, R. Broudeur, C. Roux, and M, Rapin,

"bisk Pressure Testing of Hydrogen Environment Eambrittlement."
ASTM STP 543, p. 221, American Society for Testing and Materials,

Philadelphia (1974).

A. W, Thompson, "High Pressure Hydrogen' to be published in Hand-
book of Stainless Steels. McGraw Hill Handbook Series, editzad

by D. Peckner and I. M. Bernstein.

M. R. Louthan, Jr., J. A. Donovan, and D. E., Rawl, Jr., Corrosion
29, 108 (1973).

B. C. Odegard and A. J. West, 'On the Thermo-Mechanical Behavior
and Hydrogen Compatibility of 22-13-5 Stainless Steel." To be
published in Mater. Sci. Eng.

A. W. Thompson, Hydrogen in Metals, p. 91, ASM, Metals Park, Ohio (1974).

M. R. Louthan, Jr., Hydrogen in Metals, p. 53, ASM, Metals Park, Ohic
(1974).

R. M. Vennett and G. S. Ansell, Trans Amer. Soc. Metals 60, 242
(1967). -

R. M. Vennett and G. S. Ansell, Trans. Amer. Soc. Metals 62, 1007
(1969). -

R. B. Benson, Hydrogen in Metals, p. 183, ASM, Metal Park, Chio
(1974). ~

%. B. Benson, Jr., R. K. Dann, and L.W. Roberts, Jr., Trans. AIME
242, 2199 (1968).

R. R. Vandervoort, Metals Eng. Quart. 12, 10 (1972).

M. R. Louthan, Jr., D. E. Rawl, Jr., J. A. Donovan, and W. G.
Holmes, Trans. ANS 21, 158 (1975).



IV-116

16. J. A. Donovan, "Sorption of Tritium by Nickel During Plastic De-
formation.'" To be published in Metallurgical Transactions.
17. M. R. Louthan, Jr. and R. G. Derrick, to be published in Corros. Sci.

18. G. R. (Caskey, Jr. and W. L. Pillinger, Met. Trans. 6A, 467
(1975).

19. D. Kramer, H. R. Brayen, £. G. Rhodes,and A. G. Part, J. Nucl.
Mater. 25, 121 (1968)



HYDROGEN EFFECTS IN ALUMINUM ALLOYS"
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ABSTRACT

The permeability of six commercial aluminum alloys
to deuterium and tritium was determined by several
techniques. Surface films inhibited permeation under most
conditions; however, contact with lithium deuteride during
the tests minimized the surface effects. Under these con-

ditions

¢p,= 1-9 % 1072 2xp(-22,400/RT) cc(NTP)atm"’

sec lem™?

The six alloys were also tested before, during, and after
exposure to high pressure hydrogen, and no hydrogen-induced
effects on the tensile properties were observed.

* The information contained in this article was developed during
the course of work under Contract No., AT(07-2)-1 with the U, S,
Energy Research and Developwent Administration.
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INTRODUCTION

Aluminum and its alloyvs are generally considered immunc to em-
brittlement by exposure tc gaseous hydrogen. The tensile properties
of many aluminum alloys are not noticeably affected by testing in
69-MPa hydrogen;'’? quantitative fracture mechanics data on 2219
aluminum show that the stress intensities at crack arrest are the same
in 34.5-MPa hydrogen and helium;® measurements of fatigue crack growth
rate in dry hydrogen and argon show no ayvdrogen-induced enhancement of
crack growth rates;" disk rupture tests of 7075 aluminum indicate little
or no sensitivity to hydrogen embrittlement.® However, correcsion studies, ®
investigations of blistering,7 and studies with cathodically charged
alloys® have provided evidence indicating that when sufficient hydrogen

is absorbed, hydrogen embrittlement will result.

Hyvdrogen absorption by aluminum alloys exposed to gaseous hyvdrogen
environments is probably severely restricted by a surfacc oxide film.
Early measurements showed that the permeability constant for hyvdrogen
in aluminum varied by four hundred fold,depending on surface treatment .’
Differences in surfaces also must contribute to the wide spread in re-
por~ed values for the permeation activation energy (“26 to V10 kcal
mole-l)lo and activation energy for diffusion (“9.2 to "33.5 kcal
mole ').1!»'? Because the potential for embrittlement of aluminum
allovs is apparently related to hvdrogen absorption, the nature of the
surface may also be impa>rtant in embrittlement considerations.

Aluminuwn is a candidate structural materiual in 4 minimum-activity
concept for fusion reactor blankets.!® This concept requires that the

alloy selected have reasonable strength at elevated temperatures and be
compatible with low-pressure tritium from both a strength and permeation
standpoint. Savannah River Laboratory has investiguted the *H-A1 system
from both c¢f these standpoints for several years. This paper summarizes

the results of those studies.
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DISCUSSION
Permeation

The permeability of aluminum alloys to deuterium and tritium was de-

termined with several types of specimens. The majority of the deuterium

data was obtained with foil specimens using tcchniques previously
described for austenitic stainless steels.!" Measurements with type 3003
aluminum showed that the apparent permeability of aluminum tc deuterium
was increased when lithium deuteride was in contact with the deuterium
side of the permeation specimen (Fig. 1). Least squares analysis of
the permeation data indicated that contact with LiD increased the perme-
ability coefficient and decreased the activation energy. This effect has
been reported for austenitic steels and is attributed to removal of
surface oxide films through reaction of the film with the lithium deute-
ride powder.'® In the present case, however, the reaction

Al,03(s) + 6LiH(s) = 3Li,0(s) + 2A1(s) + 3H2(g)

is not likely to occur since AG ~ + 73,000 cal mole~! for hydrogen
at 0.1 MPa. However, most air-formed vxide films on aluminum allovs

are hydrated, and £G° is negative for a reaction of the type
aAl203°H20 + LiH » aAl.03 + LiOH + H»

Thus, contact with lithium deuteride could z2ffect the characteristics

of surface films and thus the permeability to deuterium as was found

by Cockran.?

The permeability of aluminum alloys 5086, 5083, and 7039 (compo-
sition:s in Table 1) to deuterium was in agreement with the 3003 data

(Fig. 2) and is represented by

by, = 1.9 % 10’2exp(-22,400/RT)cc(NTP)atm'%sec"1cm'1 (12
2

Thus, small differences in alloy composition did not significantly affect
permeability at temperatures as low as V500°K, when lithium deuteride was
in the permeation cell. This observation is in agreement with Cockran's

results for 1100, 5050, and 8001 alloys.
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Table 1. Aluminum Alloy Compositions

Alioy Nominal Composition, wt %

3003 0.6Si-0.7Fe-0.12Cu-1.2Mn-0.1Zn, balance Al
5083 5.408i-0,40Fe-0.10Cu-0.65Mn-0.2Zn, balance Al
5086 0.405i-0.50Fe-0.10Cu-0.45Mn-0.2Zn, balance Al
7039 0.308i-0.40Fe-0.10Cu-0.25Mn-4.0Zn, balance Al
2011 0.408i-0.7Fe~5.5Cu-0.4Bi-0.4Pb, balance Al
2024 0.508i-0.5Fe-4,4Cu-0.6Mn-1.5Mg, balance Al
6061 0.60Si-0.7Fe-0.27Cu-1.0Mg-0.2Cr, balance Al

6063 0.4051-0.35Fe~0.10Cu-0.10Mn-0.7Mg, balance Al
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The data shown in Fig, 2 also indicate that cold work does not
atfect the permeability to deuterium.  Several of the 3003 and the 5083
Al specimens used to obtain the data were initially in a cold-worked
condition. These specimens recrystallized during the high-temperature
permeation experiments. However, recrystallization had no effect on
permeation.  Duplicate measurements before and after recrystallization
were nearly identical, and no changes in slope or discontinuities in the
Richardson-Arrhenius plot are noted at either the recovery or recrystal-
lization temperatures. Thi< indicates that dislocation networks, grain
boundaries, and other such defects do not provide high permeability paths.
The lack of grein boundary effects is apparently in contrast to the auto-
radiographic results of Haynie and Boyd.'® Their studies indicate that
hvdrogen is present in higher concen*rations at grain boundaries than
within the grains of stressed Al-In-Mg alloy. However, the permeation
specimens used in the present studv were not stressed significantly
during test; thus the resuvlt may be interpreted as indicating the impor-
tance of stress in rromoting grain boundary segregation of hydrogen (and

perhaps stress-corrosion cracking) in aluminum alloys.

Another series of permeation measurements for 7039 aluminum with
both tritium and deuterium at lower temperature (to 400°K) was made
with tubular samples as shown in Fig. 3. These samples did not con-
tain lithium deuteride because of the potential for deuterium-tritium
exchange during measurements with tritium. The deuterium permeability
for the same samples was in agreement with the tritium data when
corrected for isotope effects using the inverse square root of mass
correction, Fig. 4. As shown on the figure, these data are in reason-
able agreement with the measurements on 3003 aluminum foils without LiD

given in Fig. 1. The permeability data for both alloys are described

reasonably well by the expression

3
o = 2 exp(-35,700/RT) cc(NTP)atm™ cm™'sec™’ 2)
vim

This equation predicts room-temperature permeabilities 10-° to

10" of those from Eq. (1) for specimens in contact with lithium deute-
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ride. As previousiy described, it is assumed that a surface oxide was
present on all the samples tested, regardless of the presence oi lithium
deuteride. It is tempting to conclude that values for ¢, and AH¢ for
aluminum are irrelevant'® and that permeabiiity equations primarily de-
scribe only the effects of the surface films. Published solubility and
diffusivity measurements tend to confirm this conclusion; diffusion
activation energies between 9.7 and 33.5 kcal mole ' have been
repozted:“lz’”’19 and activation energies for hydrogen solution vary
between 9.5 and 16.3 kcal mole '.'821%>20 cCopbination of these values

yields permeation activation energies between 18.5 and 49.8 kcal mole '.

Evaluation of the available data, however, indicates that apparent
differences in activation energy (and diffusivity and solubility con-
stants) are emphasized because studies have often been confined to a
narrow temperature range. Most of the solubility data are in reasonable
agreement and fall within a factor of two of the solubility equation

proposed by Eichenauer!® in 1968 for 99.999% aluminum:

C = 3.43 p!'iexp(ls,100/RT)cc(NTP)cm'3 (3)
where C is the solubility of hydrogen at pressure p and temperature T.
The highest reported values for hydrogen diffusion were those of
Eichenauer, Hattenback, and Pebler.!! Least squares fit of their data

gave a diffusivity D,

D = 0.011 exp(-9,200/RT)cm®sec”? (4)
The highest reported values of D were selected because surface effects
decrease the apparent diffusivity, so the highest value should represent

minimum surface effects. Combination of Eqs. (3) and (4) yields

¢H2 = 3.7 x 1072 exp(-24,300/RT) (5)
for permeability ¢H2, which is in reasonable agreement with Eq. (1).
These results indicate that diffusion-controifled permeability is
represented by Eq. (1) and that Eqs. (3) and (4) provide reasonable
estimates of the solubility and diffusivity of hydrogen in aluminum.

The apparent lack of significant surface effects on hydrogen perme-

ability through the alloys in contact with lithium deuteride indicates
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that the surface oxide is highly defected and that the defects are high
permeability paths. Measured tritium diffusion coefficients in single
crystal and polycrystalline Al,03%! show that the activation energy for
hydrogen diffusion is significantly less for polycrystailine samples and
that the diffusivity increases with decreasing grain size. These data
support the contention that an air-grown oxide film on a commercial alu-
minumr alloy forms a permeation barrier. Expasure at that barrier to LiD
dehydrates the oxide ana could create a significant number of high-perme-
ability paths. Such paths would be expected if removal of the water of
hydration either lowered the density or caused cracking and/or spalling
of the typical air-grown film. Thus, hydrogen permeation experiments in
the absence of techniques to dehydrate the Al,03*H,0 would be under
surface control and low permeabilities would be observed [Eq. (2)].
Contact with lithium deuteride would dehydrate the film, create high-
oermeability paths, and permit diffusion-controlled permeation to be

measuread.

Mechanical Properties

The mechanical properties of a wide group of aluminum alloys were
not affected either by exposure to or testing in gaseous hydrogen.
Foil-type specimens (0.025 cm thick) of annealed 3003 aluminum were
tested in room air at 223 to 383°K after exposure to 69-MPa deuterium gas
at 343°K for 28 hours (sufficient time to saturate the alloy). Half of
the specimens were simply exposed to the deuterium gas; half were in con-
tact with lithium deuteride during the exposurc. Neither exposure signif-
icantly affected the mechanical properties (Table 2). Good compatibility
with hydrogen was confirmed for six other aluminum allovs (2011, 2024,
5086, 0061, 6063, and 7039) which were tested at 300°K in room air, 69-MPa
hydrogen, and 69-MPa helium (Table 3). These results, coupled with the
favorable results of long-time exposure tests with 7039 aluminum (Table
4) provide an excellent justification for use of aluminum-base alloys in
hydrogen service. Other studies with annealed 1100 aluminum showed that
long-time exposure to tritium and the resulting build in of tritium-decay

helium had no adverse effects on the mechanical properties (Table 5).
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Table 2. Effects of Dueterium Exposure on Annealed 3003 Aluminum

Test Strength, MPa
Exposure Temperature, °K Yield Ultimate Elongation, %
383 30.3 81.4 35
343 29.6 91.7 32
None 303 42.7 111.7 20
263 39.3 110.3 32
223 42.7 111.7 35
383 34.5 77.2 33
343 39.3 86.2 31
Dy Gas< 303 42,7 97.9 23
263 32.4 100.7 31
223 48.9 106.2 27
383 42.1 83.4 3z
Lid + D, 343 38.6 92.4 31
gas® 303 10.0 95.1 2.
263 38.6 99.3 26
223 47.6 107.6 27

a. 69 MPa pressure deuterium gas for 28 hours.
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Table 3. Hydrogen Lffects on Aluminum Alloys
Test Strength, MPa Ductility, ,
Alloy Environment Yield Ultimate Red, in Area, ¥ Elong., %
2011 0.1-MPa 269 338 48 17
69-MPa He 227 296 57 15
69-MPa H; 220 296 58 7
2024 0.1-MPa Air 358 489 33 15
69-MPa He 324 441 36 19
69-MPa H; 310 427 35 18
5086 0.1-mPa Air 193 303 49 18
69-MPa He 151 248 55 20
69-MPa H; 138 248 57 21
6061 0.1-MPa Air 179 234 75 14
69-MPa He 131 179 82 15
69-MPa H, 138 186 82 14
6063 0.1-MPa Air 214 241 62 i3
69-MPa He 158 153 83 15
69-MPa H; 158 200 84 15
7039 0.1-MPa Air 152 179 80 14
69-MPa He 124 138 85 14
695-MPa H: 117 138 86 14
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Table 4. Effect of Prolonged Hydrogen Exposure
on the Tensile Properties of 7039 Aluminum

Ductiliry,
Condition Iy, MPa Oult,MPa Red. in Area, % Elong., %
Unexposed 303 379 44 13
Exposed? 310 372 45 14

a. Exposed 524 days to 69-MPa Hz at 343°K; data averages of at lzast
three samples.

Table 5, Effects of Tritium Exposure on the Mechanical Properties
of 1100 Aluminum at 300°K

% Elongation

Exposure Oy, MPa Oult.MPa in 2.54 cm
None 34 20 32
None 49 99 33
69 MPa for 34 96 36
38 days 41 96 39
at 343°K 34 96 34
69 MPa 41 90 29
for 510 days 41 90 33

at 343°K 41 90 30
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CONCLUSION

The combined results of the mechanical property and hydrogen-trans-
port data show that aluminum alloys should be considered when potential
applications require both mechanical compatibility with hydrcgen isotopes
and low hydrogen permeation rates. Eqs. (1) and (2), respectively,
provide estimates of the permeability of aluminum alloys to hydrogen

isotcpes under conditions of diffusion and surface control.
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The enclosed specimen chamber oot reguired that the
fesign of the SEM be sach that it could be interfaced with a
lovebox by vibration damping techniques and that it not be
casil - contaminated. In addition, all parts of the chambor

needed to bhe accessikle for cleaning or sealing off for removal

s dorectors for maintenance and repair.

The “EXN's of only two manufacturcrs, AMR and ETEC, wore

connidered as they were the onlvy ones eguioped with column
iineyr htubes. The ETEC instrument was chosen because its column

liner tube was continuous and the chamber was more accessible

RGNS

for 1 aning and decontamination.

A rubber boot interface concept was designed four coupling

1

the front side of the specimen chamber to the back side of a

C.

and a specialiy shortoned glovebox was purchascd to

tiovebox,

'nable o nerson of average size to reach to thne back of the

mi~roscoye chamber through the glove ports. The box was 12
in. dreep and the chamber was 9 in. deep. ETEC changed 1ts
tandard instrument to meet oilr mating needs and designed

.
e c1al 1selation valves for the ~olumn and qgun. Port wovers

1lso wore designed by ETEC. These adaprtations now allow
cvoentrance to the chamber to be Lilock.d from the glovebox
atmo Lthere for repalr and maintenance withonut ojpeninag the

jlovebox atmosphere to the room.
Thee appearance of the boxline installation 1s shown in

Figuare 1. A fumehood for introducing samples into a vacuum

assboex i shown iIn the back of the room. The passbox opens
intH tio alovebox which contains @ circulating dry argon atmos-
rhere warified by an individual Dri-train system. In addition,
the tmosr here 1n circulated through a scparate catalytic de-

X oun1t owhich o is useod to remove tritium gas oand keep the con-

tamination level o a minimum. A vedatrol 2 ressure control
Them ool o e soon. This system maintaing the desired

tlawvedhoe oo snare by adnitting ooure argon or oxhausting to the
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Fig. 1. Appearance of the SEM Glovebox Installation
from the Front.

Effluent Recovery System as reguired. The overhead pipes
lead to the Dri-train system in the adjacent room and to the
house argon, chill water, and Efflucent Recovery System lines.

A Kanné monitor is located above the hood opening.

Figure 2 shows the back of the glovebox with the electron
optical column and the rubber boot interface. The system is

monitored by a Panametrics moisture analyzer and a Delphi

oxXxygen analyzer. An ORTEC energy dispersive x-ray analyzer
is shown in the forecground. The microscope chamber is mounted
on a table top supported by hydraulic vibration dampers. The

operating consoles for the SEM and the ORTEC are shown in
Figure 3.

The spocimen chamber door is shown in Figure 4 through
the glovebox window. The stage controls shown can all be
operated remotely at the main console. These five different

motions are X, Y, 2, tile, and rotate. The specimen stage is
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View from Behind the Glovebox Showing the
Chamber to Glovebox Inter-

X-ray Analyzer.

Fig. 2.
Electron Optical Column,

face and Energy Dispersive

the SEM and the

The Opecrating Console for
X-ray Analyzer.

Fig. 3.
ORTEC Encrgy Dispersive



Fig. 4. View of the Specimen Chamber Dcoor; the Stage
Controls Shown Have All Becn Remotized.

affixed to the door as shown in Figure 5. With the door open
the chamber is cempty except for analyzers and can be readily
cleaned or decontaminated. The stage door 1s remcvable for
changing types of stages or to bag out if decontamination

or repair is necessary.

In a nearby laboratory a vacuum coating unit is also en-
closed in a glovebox. A rapid access passbox is available at
the rear of the glovebox for small samples only. Entry for

larcer samples or supplies is threc boxes removed.

Samples from the evaporator or sample preparation box
are transferred using the container shown in Figure 6. This
is a common calorimeter can to which a flat Lucite plate 1is
attached with epoxy so that i1t sits upright. Pin-type SEM
sample stubs are placed in the holes of a half-cylinder cut

from aluminum rod. This assembly fits inside the can which
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5. View cf the Specimen Stage and Chamnber.

ainer for Moving Samples from

Fig. 6. A sample Cont
he SEM Glovebox.

the 3ample preparation Box to t



is cloesed with an O-ring sealed cap. The sample container
iz double-bagged out for transfer to the SEM passbox.

The operational procedure~ and glovebox atmosphoeres ware

first checked on pyrophoric nonradioactive samples, finely
divided LiH. The powder was mounted using a techniguc¢ ob-

tained from T. Gregory (formerly at LASL) on similar material.

The powder was sprinkled on a sample stub which previously
had been covered with double-~-faced tape and heavily ccated by
vapor deposition of gold. The appearance of the particle
distribution is shown in Figure 7A. The appearance at higher
magnification (5000X) is shown in Figure 7B. This material was
investigated at magnifications up to 20,000X, uncoated, with

no apparent charging in a 20 kV beam and no apparent reaction

with the atmosphere.

th

radiczctive

ITnitial investigarinns of emall guantities o
material were then initiated by examining lithium hydride con-
taining approximately 1 mol % tritium. This was examined with
only & carbon coating, and no differences were observed be-
tween this and the cold material. Typical photomicrographs
are shown in Figures 8A and 8B. Saﬁbles of lithium and
uranium hydrides containing approximately 30-50 mol % tritium

were then examined. These materials were then removed from

the SEM glovebox, and the equipment was surveyed for radio-
activity. Wipes of 100 counts/min were obtained from the gun
anode; however, no counts were obtained on the grid cap or
the column liner tube. A single wipe covering 1/3 tc 1/2 of
the surface area of the glovebox interior counted 10,000
counts/min, and a cold sample, left open during the examina-
tion of the hot material, wiped 2000 counts/min. A cold

sample examined after removal of all hot material was found to

wipe less than 50 counts/rin after examination.



Howing sample Distribution

Fig. 7. Ultrafine Lid Fowdor :
Yoy Magnitication (B).

(A) and an A.sjlomerate at i



(B)

Fig. 8. Liti Containinag Approximuately 1 mol » Trit..v, €73
Mesh Material at Low Magnification (A} and High Maanyi-
fication (B).



Samples of uranium tritide were then preparced and a
photomicrograph of the reaction product is shown in Figure
9. This material appears to have formed in lavers Jduc to
columnar growth of the tritide grains from the metal with
subsequent spalling and cracking of the layers due to stresses
arising from volume change. After spalling the reaction pro-

ceeds with the freshly exposed metal.

In summary, an SEM facility for investivating radimactive,
pyrophoric materials is currently in operation at Mound Labora-
tory. This facility has many applications in the study of
tritium-contaminated materials. There is a limitation in
the amount of tritiated material that can be examined because
of the high background of secondary electrons from the “-radia-
tion of the sample itself. This limit has not yet been deter-
mined quantitativély; however in practice, when this phenomenon

is understood, compensations in technigues can be made. An ion

Fig. 9. Uranium Tritide.
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mass analyzer attachment for this instrument has been pur-
chased and is scheduled for installation in the near future.

This will make possible analysis for masses from 1 to 300

amu.



REACTION RATES AND ELBCTRICAL RESISTIVITIES OF

THE HYDROGEN ISOTOPES WITH, AND THEIR SCLUBILITIES

IN, LIQUID LITHIUM,

R, J. Pulham P, P, Adams P, Hubberstey

G, Parry Anne E, Thunder

Chemistry Department, University of Nottingham, England. L

Y

ABSTRACT

The rate of reaction, k, of hydrogen and of deuterium
with liquid lithium have been determined up to precsures of
20kNm™2 and at temperatures between 230 and 270°C, The
reaction is first order with an apparent activation enerzy
of 52,8 and 55,2 kJmol~! for hydrogen and deuterium, respectively,
The deuterium isotope effect, ky/kp, decreases from 2,95 at
23C to 2,83 at 270°C, Tritium is predicted to react even
more slovxly than deuterium, The freezing point of lithium
is Aepressed by 0.082 and 0.075°C, respectively, by dissolved
hydride and deuteride giving eutectics at 0,016 mol#H and
0.012 mol%D in the metal-salt phase diagrams. The de-
pression and eutectic concentration are expected to be less
for tritium. The increase in the resgistivity of liquid
lithium caused by dissolved hydrogen isotopes is linear
and relatively large, 5x10-80m (mol%H or D)~'. The
solubility of lithium hydride and deuteride were determined
from the marked change in resistivity on saturation, The
liquidus of the mestal-salt phase diagrum rises steeply from
the eutectic point to meet the two-immiscible liquid region.
At the lithium-rich end, hydride is more soluble than
deuteride; the solubilities are given by
log (mol®H) = 3.523 - 2308/T 523 & T & 775K
log (mol#D) = 4,321 - 2873/T suc< T<&£ 72K
Tritium is expected to be less scluble than deuterium, The
partial molar enthalpies of solution are L4.2 and 55.0 kJmol™!
for hydrogen and deuterium, respectively. These wvalues are
used to calculate the solvation enthalpies of the isotope

anions in the metal.
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INTRODUCTION

The chemical and physical properties of ligquid 2ithium are of
current interest due to the possible use of the metal as a combined
tritium breeder and heat transf'er medium. Although the lithium-
tritium system remains largely unexplored, the reactions of the more
easily haniled isotopes, hydrogen and deuterium, can be used to
delineate the probable relationshipa of tritium with the metal. Thus
kinetics, snd recistivities, together with phase and thermochemical
propertiea for the lighter isotopes are not only cf intrinsic intereat

but also indicate the prcbable behaviour of tritium in these areas,

EXPERTMENTAL

The multipurpose apparatus is chown in Rig. 4. For kinetic ”
work the apparatus (stainless steel, AIST 325, ¢cmprised the cylindrical
reservoir A (100 mn long, 70 mm diam.), dc. elsctromagnetic pump Py
and thermocouple well T1. It was charged with solid lithium (10g,
99,987) under argon and mounted in an air oven so that the neck B
protruded through an aperature for sttachment to a vacuum frame, The
transition from steel to glass was made througlf th> aeal X, The argon
was r!‘!plﬂa:;;;y hydrogen (99.98%) which reacted with the jet of liquid
metal issuing from the pump., The reactions were sufficiently siow
up to 300°C that the decrease in isotope pressure could be followed
manometrically. Starting pressures were near 20 KNe~2, Experirents
were performed alternately with hydrogen and deuterium (99.50%) using
the same metal at 229, 252 and 268°C; these were augmented by separate
experiments with deuterium at 280 and 297¢C.

For thermal analysis, the reservoir was narrower (254 mm long,
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Pig, 1. Arvaratus for the determination cf kinetics, freezing point

depression, resistivity amd solubility.



38 mm diam.) and, prior to use, the licuid metal was gettered with
yttrium sponge (5¢, 99.9") which was suspended by a chain © from a
winding device S. This assembly was mounted above the seal M, After
purification at LCO0°C, the getter was isolated in the well W which was
sealed by a chamfered 1id D, or comrletely removed, Succegsaive
volumes (ca $107um at STP) of hydrogen were admitted which reacted
rapidly at L00°C, The pump P4 was used to ensure homogeneity of
the solution which was cooled a* 10° h™', This slow rate gave
reproducible freezing arrests which were measured using a chromel-
alumel thermocourle in T4 and a vernier potentiometer.

For resistivity measurements, the reservoir A (4100 mm long,
50 mm diam.) was equipped with a steel capillary loop (1.5 mm id.,
350 mm long). Thie was bridged by two circular discs near thermo-
couples T2 and T3 between which the resistance R was measured. The
liguid was initially gettered as befcre and hydrogen or deuterium wae
added to the metal in amall vclumes (ca 10me} at STP) at constant
selescted temperatures, Reaction cccurred to form the aalts LiH and
LiD which dissoived in the metal, Resistivities were calculated from
the resistance and the dimensione of the capillary ueing the fcrmula

; 1
for concuoctors in parailel,

KINETICS
In the reactions (eq. (1)) of liquid lithium with the isotopes
Li(1) + #Xp(g) = LiX(s) (1)
X>(X = H or D), pressures of gas fell smoothly with time as shown
in Fig. 2 where log P is plotted against t. Linear relationships

were obtained for both isotopes as expected for first order iinetica
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fig, 2. Pressure changes in the reactions of liquid lithium with
hydrogen and deuterium,
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according tc eq. (2).
-dF/dt = kP or InP = k.t + 1%, (2)

The rate constant, k , was derived from the slopes amd increased with
increasing temperature according to eq. > as shown in Fig. 3.

kg = pe BT o Tnk, = 1nA - E'/31 (3)
The present experiments were inailequate (three) to assess the slope for
hydrogen. This was established, therefore, in Fig. 3 from previous
data.2 The apparent activation energy, Ez, for the resactions of
hydrogen and deuterium as given by the gradiente were 52,8 and 55.2
kJmol-1, respectively, Hydrogen reacted nearly three times faster
than deuterium under identical conditions; the deuterium isotope effect,
kp/kp, was 2,95, 2,92, 2,88, 2,85 and 2,83 at 250, 2.0, 250, 260 and
270°C, respectively. More than half of the isotope effect can be
accounted for by the difference in Ei. The ratio, however, is only
half that predicted were the difference in zero point energies of the
isotopes solely responsible, Thus eq. (L) gives kH/kD = 5,93,

E

oD ~ EoH
RT
where T = 503, Eoﬁ = 25,9, ard EoD = 18.4 kJ.5 Cases where the
isctepe effect is less than expected are aften attributed to a
procesz in which & new bond is formed simultanecusly as the old bord
is broken leading to a difference in zero point energy of the activated
complex which cancels in part the difference in zero point energy of
4
the reactants, This is shown in Fig. L. The tritium isotope
effect, ky/kp, predicted from eq. (&) at 230°C ia 13,0. Assuming

that this is reduced by half as found for deuterium, kp values would
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Fig. 3. Effect of temperature on the rates of reaction of hydrogen
and deuterium with liquid 1ithium.
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in the ratio 6.5:2,9:1 for the reaction of hydrogen, deuterium and

tritium, respectively, with lithium.

DEPRESSION O% FREEZING FPOINT

The pure metal melted at 180,50°C but this was depressed by
0.08(2) and 0.07(5) by dissolved hydride and deuteride, respectively,
as shown in Fig. 5. The hypoeutectic liguidus and eutectic horizontal
were derived from three separate experiments with hydrogen and one with
deuterium, The eutectic poin%s occurred at 0,016 mol7H and 0.012
mol%D, and the steep hyperesutectic liquidus shown is an interpolation
between this point and the solubilities determined by resistivivy
(see later). The hypereutectic liguidus and also the hypoeutectic
horizontal could not be detected by thermal analysis. The solid
solubility of LiX(X = H or D) in Li was estimated from the ideal
solution equaticn.5 Following the direction set by these igotopes,
we expect tritium to depress the freezing point by ca. 0.07°C, and
the solid and liquid solubility of the tritide to be alightly less
than for deuterium, The eutectic point is of practical value in
connection with purification of the metal by filtration and shows that
isotope concentration can not be reduced below that at the respective
eutectic by this method. Similarly it followsg that isotope enrichment
by cooling the hypoeutectic solution should give concentrations no

richer than that at the regpective eutectic.

RESISTIVITY AND SOLUBILITY
The electrical resistivity of liguid lithium increased linearly

with increasing concentration of hydride as shown in the upper part of
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Fig, 6 at 411, 499 and 525°C. In each casez the resistivity levelled
when the soiution beceme saturated, Further hydrogen merely produced
increasing amounts of solid hydride, The unit increase in resistivity
Ap/x (x = mol¥H) was relatively large, ca. 5X1O°80m (molﬂi)-1, though
smaller than for nitrogen, 7X1O'80m(mol%)'1.6 A mlight temperature
dependence was observed i,e, at 240 and 540°C the values were 4,25X1078
and 5.35X1 O"BQm(mol’Ai)-1, respectively, The technological aspect of
these results is that the electrical conductance and hence the thermal
conductance of lithium diminishes considerably with increasing hydride
concentration; the resistivity, however, constitutes a sensitive
method, albeit nonselective, of monitoring the hydride concentration,
Although 8p/x was virtually the same for hydrogen and deuterium

(and presumably for tritium also), the solubility of the isotopes
differed, This is shown in the lower part of ®ig, 6 where the liquidus
(derived from the resistivity changes above) is shown for the Li-LiH
and Li-LiD systems, The liquidus rose smoothly from the eutectic point
in each case but hydrogen was more soluble than deuterium. In the
case of hydrogen, the liquidus extrapolates from 555°C to meet the
values of Messer7 which cowmence at 62.°C,  Subazequently a two-liquid
region occurs which, at the monotectic temperature 685°C, extends from
19,0 to 49.5 mol%'H.6 The present solubilities are summrised by eq., (5)
and eq. (6).

log (mol#H) = 3.523 - 2308/p 523<& T< 775K (5)

log (mol?D) = L.329 - 2873/p 5L9< T < 72K (6)

The =0lubility of tritium is expected to be slightly less than for

deuterinm,
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Fig, 6. Resistivity and solubility of LiX in lithium,
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SCIVATION ENTHALFY
The solubility provides a value of the partial molar enthalpy of
solution, H(soln), of the isotope with respect to the precipitating
phase.6 The solution may be considered to consist of anions, X,
solvated by eations, in a matrix of cations and free electrons. The
relation ship of H(scln) with the other terms in the solution process

is then shown by the cycle,

. Iyl H{soln) + -
Li(e) + 32X, (g) — LiX(s) == Li'(soln) + X'(soln)

s l 3D l 4 A

Li(g) x{(g) Ui Ug

Lo

Lilg) + X7(g)

Using this fonic concept, the solvation enthalpy, Uy, for the components
of LiX is analogous to the lattice enthalpy, Uy, and H(soln) is gererally
a small positive difference between these two large negative terms. The
overall solution enthalpy change (AH®+ H(soln)) is negative and
therefore both isotopes dissolve., Similarly for other salts. Valuea
of Us calculated from the cycle for LiH, LiD, Li,C and LigN are given

in the Table,

Table, Selvation enthalpies (kJ mol-1) forr
solutes in liquid lithium

Solute H(soln) U, Uy
Deuterium 55.0 -860 ~413
Hydrogei 4y, 2 -87L 427
Oxygen 52.5 -2856 ~1999

Nitrogen 39.2 ~4817 -34,60
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The individual solvation enthalpy of the anion, Ux’ can be extricated
from 11 by the approximation Uy = U, + T + S - ¢ where ¢ is the work
function of 111:1'1.'£um.8 Values of Ux so derived are included in the
Table, As might he expected, IJx becomes more negative with increasing
charge on the anion. The isotope effect suggests that deuterium is
less strongly solvated than hydrogen; presumably the soivation enthalpy
is even less negative for tritium.

The authors thank the U.K.A.E.A, (Harwell and Culham) ard S.R.C.

for maintenance grants, (P,F.A.) and(G.P., A.E,T.), respectively,
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TECHNIQUES FC: {(TUDYING INYTHOGEN AN T
ICN BACKSCATTERIIG AND IUCLALR MICRD.AILLYUIU*

Robert 4. Langley

Sandis Laboratories, #lbuguerque, New Mexico ¢ /114

ABSTRACT

The technigues of ion bacxkscatterin., and nuclear micro-
analysis as tools for studying :ydrogen and helium isctopes
in solid materials are discussed and compared. The adven-
tager, disadvantages and limitations of each of these tech-
niques arée explorcd. Exzerimental results obtained using
the two technigues are analyced to obtsin information on
concentration-versus-depth profiles for tiese iilen. otoms
in heavy atom csubstrates.

INTRODUCTION

The characterization of solids implanted er diffused with hydrogen
and/or helium impurities is of concern to a variety of fields. Light
atom impurities do not readily leond themselves to ion backscattering
studies of concentration-versus-depth because of their low mass and
atomic number. The difficulty of such measurements 1s aggravated by
the fact that the elemental Rutherford cross section varies as the sguare
of the impurity atomic number, and by the low energy of the backscattered
ion which often results in superposition of the impurity end substrate
spectra. TIn many cases nuclear reactions exist which overcome these
problems and may be used to study various phenomena associated with
light atom impurities. Many of the nuclear reactions us:d in nuclear
microanalysis have been summarized and reviewed in previous articles.

Of particular interest are the properties of hydrogen isotopes (I and T)

*This work was supported hy the United States Energy Fesearch and
Development Aurinistration, ERDA.
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zna the helium isotopec (3He and *He) in both metals and insulators for
fusion teennology end other ctudles.
B i3 4 . o : ~ a -
In this peper the use of nuclear resctions to study D and “"He in
5011id materisls and the use of ion backscattering to study D, T, “He and

“He will be diccussed. These two techniques will be described in detail,

and tlc advantages, disadvantzges and 1imitations of esrh will be
explained. Experiments which have been performed to date will also be
reviewed.

NUCLEAR MICROANALYSIS

uclear reactions may be used to determine deuterium and 3He con-
centrstion-versus-depth profiles in the near-surface region of solids.

ol
Pronko and Fronko~ explored the use of D[aHe,p34He reection for deuterium

and “He profiling., The cross section for this reaction® is shown in

Figz. 1. They detect the total reaction yield as the peak in the reac-

tion cross szction is swept through the depth of the sample by verying

the incident beam energy. They suggest ~ 3000 4 as the ultimate reso-

P

. 'y o . - ° s .
lution of this method for profiling 2He, &nd ~ 600 & as resolution in
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Fig. 1. Cross section vs energy for the reaction “He(d,p)*He taken
from Ref. 3 with representative error bars indicated.
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Fig. 2. Emitted *He energy vs incident He energy at various
laboratory emission angles for the reaction ®He(d,p)*He.

experimental geometry for a particular measurement o .2 must consider
angle of beam incidence and angle of observation relstive to the target
surface, incident ion enersy, probing depth desired, and depth resoiution
desired. A tradeoff muzt be made between depth resolution snd probing
depth, i.e., increased deplia resolution requires large energy loss/unit
depth while incressed prubing depth requires smsll energy loss/unit
depth. Better depth resolution is obtained at the forward scatterin
angles, but at these angles one must decrease the counting rate to evoid
pulse pileup from Rutherford scattering of tl.e incident beam into th
detector. For backward detection geometries the depth resoluilion is
decreased, but the datas may be accumulated at a much higher rate. The
angular acceptance of the detector aslso determines to a certain extent
the energy resolution (end therefore the depth resolution of the system.
For a silicon surface bharrier detector of ~ 10 keV resolution angular
acceptance must be of the order of %°,at forward scattering angles, while
in the backwsrd directions it may increased considerably without loss of

depth resolution.
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In general, nuclear reaction cross sections are smaller then Ruther-
ford scattering cross sections so0 that a considerablie fluence of the
probing beam may be implanted during the anslysis, particulerly if many
spectra ares taken at the same target spot. This may affect the results

of the experiments, e.g., blistering and exfoliation.

This technique was applied to multilayer deuterided films to test
its depth resclving capability. Camples consisted of a molybdenum sub-
strate with an erbium deuteride film of thickness G.411 x 10'° molecules/
em® [~ 1500 £) overlaid with a chromium film of 1.49 x 10'% atoms/cn®
{~ 1L00 i) overlaid with an additional erbium deuteride film of 0.312 x
10'® molecules/cm® (~ 1000 £). Figure 3 shows a spectrum taken for this
sample for normal He incidence and an observation angle of 170°. The
3He beckscattering spectrum is shown at energies less than B00 keV and
the layer thicknesses can be determined from this portion of the spectrum.
The position of backscattered ®He ions from surface Er is indicated by s
vertical bar and the Cr and Mo edges are evident at lower ene-gies.

Above 1.7 MeV is shown the *He spectrum clearly indicating the double~

peaxed deuterium distribution arising from the two ErD, lsyers. The

.tv NSRS
’ﬂnmm f 2 ¥ N\
n’ne “!t L } ‘
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e iy

1 1, Cr €0, Mo
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ix i

\ tr N . st
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g 5 1

ENEHGY (Mevt

Ying

Fig. 3. Backscattering and nuclear reaction yields for 8C0 keV SHe
beam incident on multilayered ErD, target. Observation engle
is 170°. The target is composed of & Mo substrate overlaid
with 0.411 x 1O'®ErD, molecules/cm®, cverlaid with 1.49 x 10'®
Cr atoms/em®, overlaid with 0.212 x 10'® ErD, molecules/cm®.
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enerry of the e particles coming from the surfece is indicszted by & ver-
tical bar on the inset spectrum. The *He perticles coming from below the

surfare have higher energy due to the kinetics of the resction (sea Fig. 2\

from the seme semple utilizing & forward angle geometry

L. The angle of incidence 40 the surface was 20° &nd

an
ti.c “lie emission engle with respect to the incident directions was 7C°.
The incident ener:y was 1.2 MeV and the beckscattered “He spectrum is
shown below this energy. Duz to the scattering geometry the two ercium
deuteride layers ere not resolved in the “He part of the spectrum. The
*He spectrum is shown sround 4 MeV. Again e double peak ccrresponding

to tie deuterium in tre two layers is resolved. In this case the energy
of the "He ducresses ss the “He penetrstes further into the sample so
that lower cnercies correspond to decper depths. The resolution obtsined

o . . . ~ 1 - . 1 -
for from minimum Leceause of the lack of angular resoluticn (~ :°) in

tle detection system..

Mc
SuBSTRATE

———

3 1% 70
ENERGY (Mey:

Fig. L. Backscattering and nuclear reaction yields for 1.2 MeV ®He beam
incident on same target as in Fig. 3. Observation angle is 70°.
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For films which are thick (> 1Lum) the profile of duuterium concer-
tration versus depth can be obtained by teking spectra at succcssively
higher °lle energies. The profiling region is that whcre the "He beam is
slowed down to the viecinity of the maximum of the cross section. Probing
depths and achievable depth resolutions in erbium are indicated in
Table 1. This table gives calculated results for the depth at which the
n erbium s a function

b

peakx of the cross section ~ oC0 keV is reasched

of incident ®He energy and the limitation on the depth rosolution due to
L

straggling of the beam.

An analytical technique to raduce yield-versus-energy spectra to an

impurity-concentration vs depth Lus teen developed and applies to Lot
-

elastic end inelastic reactions.’

Us it, the depth distribution

im'
l.e observed data., This analytical

-
profiles are obtained directly from t

technique will be discussed more fully later.

TABLE 1

®He Initisl Mean Depth to LSpresd in

___LEnergy reach «0G keV Deptr
(MeV) (£) (£)
1.6 26,000 116k
1.k 20,350 X0
1.2 1h,950 (5k
1.0 9,500 Los
0.8 L,Es5 173
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ION BACKUCATTERING

kecently the use of lon tacwscateering to observe deuterium end
neldum in thin films on thics substrates has bteen successfully
accomplished.' Usins the tecrnigue degcribed In Eef. 7, the elastice
scatterin vross section for protons on deuterium st 17C° (lab) Was

messured. The elustlie cesttering ~ross gection was found to be approxi-

-

matoly 140 times preater trun ile utherforé cross section &t =z MeV and

approximately P00 times greater at .o MeV with enhancement increasing
linearly witi energy. In additiorn 1t was Tound thet for protons incident
on *le the clastic cross secction is increascd over the Futherford cross
section by a factor of spproximately ~i( at :.& MeV. Freviously ion
backecattering has been used to observe deuterium and helium in thin

4

free-stunding films., Th

e remalnder of tris cection contains & :iscus-
sion of the rensitivity of the esperimentul setup to proton backscatter-
ine from “H, "H, “He and “He; results of sz measurement of tne elastic

1

seattoring croes sectlon for “H(p,») " ; and a demonstration of the tech-

5

h
t
=
[=5
ot

b=

-

In order to bLe sble to optimice dept) resolution and sensiti
the tar.-et chambor mmust allow verlation of ceortein parameters. These
variables include the anple or incidence of the ion team on the sample
and the scatterin: angle. Ty increasin,. tle angle of incidence with
respect to the normal of tle itarpet surisce, it is possible to incresse

both depth resolut’on wni sousitivity but multliple scettering end streg-
glins will limit the resolution for too smsll an an;)u.b Scettering
angles between 19C ena 17%° are generally desireble. 4s the scattering
cross section depends strongly on srattering angle In this region
(generally increasing with incressing angle) precise measu
scattering angle is required for szbeolute messurement of the impurity
concentretion., Elsstic scebterin: cross sections of interest hsve not
been previously messured at tilo larser scuttering angles needed for the

sensitivity and depth resolution reguired for most experiments.

Figure 5 shows the elastic scattering cross section for protons on

deuterium from 2.0 to 2.8 MeV at a center-of-mess scattering angle of

: G , . - . .
165°, The cross section is rather large and decreases linesrly with

increasing eneryy The enhaencement (elestic cross section/Rutherford

Ayt
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T, 3,
Tig, o
— . >y
enhanecement for DLp.pJL; pcm = 165°,
crosg section) increasss with increasing energy. Figure ¢ shows the

sare lnformaticn for protoncs elastically scattered fiom tritium st a

center-of-mass scattering angle of 1&&.7“.9 The eneryy range covered

75 b0 3.5 MeV.  The elastic cross section decreases monotonically

+
v
.
N

+ith incoreasing energy and again the enhancement Increases almost linearly

witl inereasing cnerpy. The results for scattering of protons from “He

R - . . 10 o
at & center-of-uass scatterins angle of 14¢° are shown in Fig. 7. The
alastic scattering cross section has e broad pess with the maximum st
about *.75 MeV., The enhancement monotonically increases with increasing

v - . <1 .
igure & shows the results for protons on "lle at a center-of-
o L1 . .
e The scettering cross section 2as a
canter at ahout Z.. MeV. The enLancement

monotonically to 2.27 eV and thereafter decreases slowly with

incressing energy.
For comparison, sensitivity vs ensrgy is shown in Fig. 2 for these

four 1icht obtom ivpuritics in an erbiam host for a lab scattering angle

of 1(¢". lansitivity is defined here as the ratio of the backscattered
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proton yield from the low wmass constituent to that from the nesvier host
material which would be observed in the region of the specirum of proton
backscattering from the low mass constituent in a target with atomic
concentiration ratio of 1:1 for the two species, This quantity is thus
related to directly observable results in an ion backscattering experi-
uent, and determines the sensitivity for detection of the low-mass con-
stituents. Figure 9 shows that the sensitivity increases monotonically
with increasing energy. The curves have essentially the same slope for
deuterium, tritium end 4He, but for “He the sensitivity increases much
faster with increasing energy than the others. Depth resolution is
increased as the incident particle energy 1s decreased since the stopping
cross sections (which determine the depth resolution) increase with de-
creasing energy. Therefore a tradeoff must be made between sensifivity
and depth resolution. Cne inherent problem with this technigue is that
the energy of protons backscattersd from tritium end *He is essentially
the same since their masses are nearly the same. Wherever there is tri-
tium there is also “He due to the radioactive decay of the tritium.
Sensitivity for the two appears to be sbout the same between -3 MeV,
but the sensitivity for “He is increasing at e much more rapid rate than
Tor the tritium at energies zbove 3 MeV. In general the sensitivity
does nct vary much for different substrates. btut increéses slightly with
increasing scattering angle.

Boekscattering has been used/to measure the elastic scstiering cross
section for protons on deuterium.” Erbium deuteride films of thicknesses
~ 8000 £ were vrepared by depesition of erbium on various substrates.
After deposition films were in situ hydrated by equsing them to a deuter-
ium atmosphere of 5 Torr To terminate the hydration procedure the cham-
ber was pumped free of deuterium before the substrate temperature was
returnred to room temperature. This procedure precludes formation of
erbium trideuteride. A typical backscattering spectrum is shown in
Fig. 10. The elastic scattering cross section was determined by measur-
ing the area under the deuterium peak and the area under the erbium pesk,
assuming that elastic scattering of protons from erbium is Rutherford,

and independently measuring the loading ratio. Loading ratic is defined
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as the atomic ratio of deuterium content to erbium content in the target,

i.e., [D1/(Er].
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Fig. 10. Energy spectrum of 2.8 MeV protons backscattered from a
vacuum~deposited Er film sbout 8000 k thick. The Er film
was deuterided to [D]/[Er] = 1.96. The energy edges for Er,
Fe and U are indicated.

Rutherford scattering is considered valid for & s> 1, where
a = 272z/137 8.12 For protons incident on erbium between 2.0 and 2.8 MeV
a = 14 while fcr protons incident on deuterium in the same energy range @
= 0.k,50 that one can legitimately assume that the elastic scattering cross
sections for protons from erbium is Rutherford, but not from deuterium.
In determining the cross section it was necessary to account for the
difference in the solid angles subtended in the center-of-mass system by
the solid state detector for protons scattered from erbium and deuterium.
The results for the elastic scattering cross section and the enhancement
are shown in Fig. 5. The error associated with this measurement is * 2%
for the cross section and < 0.5% Por the energy.

The technigue was also demonstrated on specially-prepared multi-

layered deuteride films. Tiese are the same substrates which were

described for use in the nuclear reaction measurements. The spectrum
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for ¢ .& MeV protons backscattered from this multilayered film is shown

in Fig. 11. /7t energies around 2.0 MeVY the two Er peaks are

o s
not completely resolved. The Mo substrate edge zppears at 2.55 MeV with

the Cr edge around 2.5 MeV. The well-scparated deuterium pesks are seen
wth resolution for .his particular spectrum wes

near 0.3 MeV, The dep
-] -
about 60C L in the region of the deuterium peaks. If one cools tie
. . 8 s -
detector the resolution could be decreased to sbout 400 L. It is noted

{ e

from the spectrum that the depth resolution for D is improved over the

ct

for Er because of differences in the stopping cross section for protous
after scattering from the two Iilm components. This is tecause the
stopping cross section is increasing with decressing ernergy in this

energy range and those protons backscattered from deuterium have ensrgies

much less than those backscatterea from erbium,
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An implantation of 2 x 10*7 He atoms/em® was made in en erbium di-
deuteride film on a kovar substrate at an energy of 50 keV. One can
easily detect the implanted halium as is shown in ihe spectrum in Fig. 12.
The mean projected range of the helium is lSOQ ﬁ. From spectra of this
tvpe the enhancement factor can be estimated.b However, since it is
difficult to asccurmtely messure the amount of implanted hellium and its

niformity in tha substrate, a precise value of ihe elsstic scattering

£

cross section erhancement over Rutherford cannot be obtained.
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Fig. 12. Energy spectrum for 2.5 MeV protons on an *He implanted
deuteride film.

ANALYSIC TECHNIQUE

The analytlcal technligue usad to reduce yield vs energy spectra to
impurity concentration vs depth is described in detail elsewhere.
Previous technigues for data reduction have consisted of ccleulating an
expected spectra from an assumed distribution and comparing thai with
the observed distribution,13 or by a direct mathematical approach in

which a reference spectrum and the spectrum to be analyzed are compared

1l .
to give a concentraticn ve. 5epth.*’ This latter calculational method

has only bzen implemented for elastic coll:isions and yequires & rererence

e

t

spectrum. The present techniqus avoids these limitatvions.
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The only experimental parameter which remains the same throughout a
spectrum is the energy per channel. As the stopping cross sections for
both the incomiug 2nd outgoing particles are functions of energy, the
thickness layer associated with each energy channel will change accordg-
ingly and is defined as a depth channel. &n ite}ative procedure was
used to derive a general formula for the yleld for scattering within
the nth depth channel. A complete cdescriptinn and derivation of this
formula is given in Ref. 5. Concenuration vs depth of D atoms calculated
by this technigue are given in Fig. 13 for the spectra shown in Fig. 1G.
It shiould be pointed out that the unalytical technigue is not limited to
elastic scatiering, but may be used with nuclear microanslysis measura-
ments involving inelastic séattering and nuclear reactions. The snslysis

does not account for straggling e’fects or multiple scattering effects.

2.8 MeV #' BACKSCATTERING ANALYSIS
APPROXIMATE DEPTH (microns)
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Fig. 13. D concentration vs depth for the spectrum of Fig. 1. Trese
data are obtained by the celculational method explainred in

the text.
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HYDROGEN I1SOTOPE PERMEATION IN ELASTOMERIC MATERIALS

R. H. Steinmevyer
J. D. Braun

Monsanto Research Corporation, Mound Laboratory

ABSTRALT

The permeabilities of elastomeric and polymeric
materials to hydrogen isotopes were measured at room
temperature. The technique for measuring permea-
tion rates is based on the following constant-volune
method: a fixed pressure of gas is applied to one
side of the specimen to be studied and the permeabil-
ity constant is determined from the observed rate of
pressure increase in an initially evacuated volume
on the other side of the specimen. Permeability
constants for nydrogen, decterium, and tritium were
measured for Mylar, Teflcn, Kapton, Saran, Buna-¥,
and latex rubber. Results were compared witl. litera-
ture values for hydrogen and deuterium where avail-
able and showed excellent agreement.

Application of existing tritium technology to fusion
reaccors requires careful evaluation of a variety of materials
commonly used in containment systems with respect to tritium
permeation and stability in a radiation environment. One
class of materials of great importance in the fabrication
and assembly of any tritium containment system is elastomers.
There are many types required in assembling even simple sys-
tems: for example glovebcox gauntlets of various types of
rubber, gasket materials of a variety of elastomeric mate-
rials, sealing tapes of Teflon, plastic films for trash stor-
nge, and plastic tents required for maintenance. Figure 1
shows a typical inert-atmosphere glovebov system in a labora-
tory where the effects of tritium on mechanical properties of
materials are measured. The extensive use of elastomers

is evident in this photograph.

V=175



‘ d "
wb LR

Fig. 1. Photograph of Typical Glovebox System Showing Extensive Use of
Elastomeric Materialy,
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onc 0of solution of the Gas Mmolecules An he surface of

the material, follewved Ly diffusion throujh the elastonder
to the other side where the gas cvaporates. he guantity
of dissclved gas in the elastonmer is proportional to the

prenzurs, following Heary's law (3 = kRy), while Fick's law,

.

4 . . .
- , applied tc the actual frocess of diffusicn.
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b
de dx

On this assumption the guantity of permeating gas, g, :s

b

determined by ¢ = Dhallp,;-p:)/dlt where

D = diffusiviey,

= solubility,

A = area cf the nenbrane,

d = thickness of the nmembrane,

p1 and P2= pressures on both sides of the membrane, and
t = time.

-3
i
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The techniqgue used for measuring permeation ia this
exjrrimental work was based on the constant-volume =method.
In *h1s metlod a fixed jressure nof gas is applied to one side

the increase in pressure

G

npecimen to be studied, ar

[
o~
-~
I

-
-

from the permeation of the gas intc an initially evacuated
narber, neparated from the fixed pressure side by the sgpeci-
Me., 1. meangred,  The permcaliility constant ¢ carn then tbe
dJeterminced from the ocbscerved rate of pressure increase ang

atiher rametsrs related to the termeability apparatus and

e
[

tie specifen according to the following relationship:

Cpr vy (d) 273

S Ty () (A (T

Wit e

ST 3 essure 1ncreasc,
U= titue interwal o0f measurcenment,

i ¢ fixed gasn jressure arplied to one side of speciman,
Vo= voluyme of initially evacuated chamber,

i s thickness of specinmen,

A " exposed area of specimen, and

= average temperature of the volunme.

The apparatus used to determine ¢ is similar in principle
to that used by several previous investigators sucsr. as van
Ancrongen! and consists of the following major components:

() a permeation cell, (2} a manifold to supply gas and vacuunm
service, and (3) a pressure sensor to measure pressure change.
The permeability cell (Figure 2) was a high-pressur2 menbrane
filter holder (Millipore Filter Corp.). The speciten to be
studied, consisting of a thin disc cut to fit the cell, was
mounted so that a scal was formed separating the apparatus

into two chambers. The chamber volumes were calibrated by

PVT determinations.
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Inlet Tubing

Hold<down Bolls (6)

Top Assembly

Qwing Seals g
Specimen W Specimen Support Screens

o -

(R |
)

oo Bottom Assembly

1
Outlet Tubing

Fig. 2 Fermeaticn Cell.

Figure 3 shows the complete permeability apraratus
located within an inert-atmosphere glovebox line, and Figure
4 shows a schematic drawing of the apparatus. A permcation
experiment was conducted by initially evacuating both secc-
tions of the apparatus, isolating the sections from each
other and the pumping system, and introducing the hydrogen
isotope ianto the largest volume which is the fixed pressure
side {Velume A), usually at 1 atm. The elastomer specimen
was supported in the cell on a screen to prevent rupture
due to the pressure differential between the two volumes.
The ircr-oase in pressure in the smaller volume (Volume B)

was measured as a function of time.
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A capacitance manometer (Baratren Instrament oep ol

tos

was used to detect the rressure increasce :n the sntalier volume
(Volume B). The pressure was continucusly piotted - a strig
chart recorder providing a permarent recoré of yre. . .re~time
data and permitting immediate determination of siealdv-state
permeation. The permeation apparatus wWas Corstracted =6 that
the ratio between Volume A and Volume B was lara. encuagh to
prevent a significant pressure drop in Volume & during the
course of a permeation determination. Temperature Jduring the
exreriments was ambient, averaging 24.8°C - 1°0. The arcrura-
cies in determining the volumes of the Frermeation agiaratys
and the pressure in the smaller volume (Volume B) were - .3
and : C.13% respectively. The specimen thickness was Jdeter-
mined by checking several locations w:ith a rcaliier micrometer.
An average of . hese determinations was then computed. In
general, the variation in nmeasurements on a ¢iven specimen

was B8-10% because of irregularities in the nmater:ial az well

as its resiliency. This measurement, being the least accurate,

limited the overall accuracy of the experimental determinaticas.

The hydrogen isotope rermeabilities of a number of readaly
available elastomeric and polymeric materials were measured
and compared with values obtained from litcrature scurces
{(where available). These expcrimental results and the litera-
ture ~omparisons are shown in Table 1. The &greement was
good in most cases. The largest deviation occurred for very
thin specimens where inaccuracies in thickness measurcnments
or uncertainties as to the exact nature of the particular
specimen was greatest. The permecation ratios of H/D/T as
shown in the table do not follow the ratio of the sqguare
root of the mass as many isotope~effect results on other
diffusion studies have. In the case of elastomers, the
size of the molecules may have more significance in explain-

ing the permeation ratios. 1In any case this points up the
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need for direct exrerimental measurement of the permeation

of tritium through materials rather than predictions based on

theoretical assumptionsc.
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ABSTRACT

ave  teveloped a methed to measure the depth

croecsde c aritaun implanted or absorbed in materials.
v teotee gnalvzed is bombarded with a pulcsed

i1t roam oand the energy of neutroas produced by the
RN vooactien ie measured by the time-of-flight
“veoeor . From thie neutron energy che depth in the

i © tae I oatoms may be inferred. A sensitivity
T I I or gre.*er is possiblz. The technique
i~ on=terirective and may be used with thick or radio-
orin. nost materials.  Samples up to 20 um in thickness

‘

profiled with resolution limited hy straggling of
v crtoen tean for depths zreater than 1 wm. Deuterium
: i has been demonstrated using tie D{d,n}
ftv technique has been used to observe the
Dol < un implanation spike of T produced by a
<o it bean stopping at a depth of 3 um in"11 ;m

tv Loers of Ti and Tid. The presence of H in the
i fattiye 1s ubserved to inhibit the diffusion of T
dhroer ot lattice. Fffects of the total hydrogen
cowentrati on (B + T) being forced above stochiometry
1t the impluanatieon site are suggested by the shapes of
. tlanation spikes.
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The processes o tritiw. ditiu om0 ooy on Lo tope induced
embrittl=pent pose severe radic i o 0 Ll Loivr sl prchlens for

fusion reaczor designers. O toos o ae o whiion w0 T o0 lewdloped to
study the depti profiles o3 Tore o 0 00 0 Trotar o1 ler IR Mot
neutron generatoers has applao o T, e o tond tor the study
of thesv processes.  Wnile 1o oo Lot E it Been made on
tritium and deuterium implanted o t:t oy 1oL . coper. tne technique

may be used with any solid sazple.

To assav the tritium contunt 1 . s
pulsed proton heam of Tixed «neroo, Teow e 10 el o neuwlrons

produced by the T(p,n) reaction i tooiive et or Ll

measured by time-of~flight (T

cross section and Rinematics tin 1o Present in

slow the surface

the sample may be calcuiated i o functin 7 0

St nl, :opulscy Jdevteron beanm

>f the sample. 1o assza; for

is used and the neulren speciras e DT oo Teewction is measured.

In the initial measurement i, tihe 70 visr o tritium implanted in
empty and hvdrogen filled lavers .t tizasium {0071 1.7-1.3:1) and in
copper was observed. Relaxation o0 .. innd nation spikes in titanium
shows the effects of the presence of avdr-gen i the previously filled
samples. The profiles of tritirn roiaiiei i copner are consistent
with the low solubility cf bydrocen in cpuer, @ ocogeest Lhe presence

of a surface barrier retardias triti v o trapping of tritimm

L]
-
,-r

on tne suriace.

Sensitivity of 6.1 at. was ohrimed In trese eeasurements. This
can be realily improved to [ ppr.. {ur the proton energy used, resolu-—
tion below 1 .m is limited by str:cotine and j< bettor than that which
can be chtained with light ion bhacitscatior weihods. Because the tech-
nique is uwon-destructive and allows prorlle- to he made rapidly, it

allows the observation of the time historey of tritium diffusion in

materials.
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SAMPLE PREPARATION

The titanium and titanium hydride host materials were prepared by
the Isotopes Division of Oak Ridge National Laboratory. Titanium
layers of nominal thickness 4.7 mg/cm2 (11 uym) were rapor deposited on
1 mm thick copper backings. Half of the szmples thus prepared were
then loaded to near stoichiometry {2:1 hydrogen to titanium ratio) by
heating in a hydrogen atmosphere. A loading ratio of 1.7 - 1.8:1 for
these samples is inferred from the tritium concentration measured in

similarly prepared samples containing tritium.

Tritium and deuterium implanations were performed with a 400 keV
beam from the Lawrence Livermore Laboratory ICT accelerator. To coatrol
sample heating, the beam current was limited to 10 uA and the sanmples
were cooled with an air jet during implanation. Total quantities of
tritium or deuterium implanted were calculated from the total charge
deposited on each sample. Implanation doses were 4 x 1016, 4 x 1017,
and 8 x 1017 ions on a 30 mm2 beam spot. Since range straggling for
these ions is v 0.2 um, the highest duses should have produced tritium
or deuterium concentrations exceeding the stoichiometric concentration
(particularly for the TiH samples) at the end of the ion range. We
were particularly interested in cbserving differences in the implanation
profiles between the hydrogen loaded samples and in the pure titanium

samples.
NEUTRON SPECTROMETRY

Neutron spectra from proton and deuteron bombardment of the
samples were measured one month and seven months after implanation.
Samples were stored at room temperature between measurements. The
University of Oregon 5 MeV Van de Graaff accelerator and time-of-
flight spectrometer were used for the measurements. The proton (or
deuteron) beam from that accelerator is pulsed by sweeping the beam
past an aperture in the high voltage terminal, and is bunched to
produce a burst width of »~ 1.2 nsec FWHM at the target. The neutron

detector for these measurements was a NE218 liquid scintillator*



Iv-13)

1i.4 cm dia x 2.5 cm thick mounted on an RCA 4522 photomultiplier tube*.
The detector was 10.3 m from the target at 0° with respect to the
direction of the incident beam. Detector bias was set to accept pulses

larger than those from 410 keV recoil protons in the scintillator.

Time intervals were measured with a time-to-amplitude converter
followed by an analog to digital converter. Time-of-flight spectra
were stored with an on-line PDP-7 computer. For each target, data
were collected until a preset amount of charge - typically 400 3:C -
had been delivered to the target. As time averaged beam current was
A~ 2 pA during the spectrum measurements, measurement time was typically
3.5 minutes for each sample. Proton beam energy for the profiling
ceasurements was 2.3 MeV. Typical spectra have been shown in previcus

publications.l’

DEPTH RESOLUTION

Processes which cause 'ncertainty in or broaden the energy spread
of the incident ion beam or of the outgoing neutrons limit the depth
resolution obtained. There are three coatributions to the overall
resolution: the energy spread of the ion beam {rom the accelerator,
the increase in energy spread of this be : with depth due to straggling,

and the energy resolution of the neutron spectrometer.

These energy uncertainties were evaluated and wer2 converted tc
depth resolution usiuz the values of dE/dx for protons in titanium
tabulated by Janni.3 The individual contributions to depth resolution,
and the overall depth resolution obtained by quadratic combinaticn are
shown in Fig. 1. One sees from Fig. 1 that for the present proton
energy (2.3 MeV) the resolution is dominated by straggling at depths
greater than 1 ym. At such depths, resolution of this technique exceeds
that which can be obtained by light ion backscattering as the straggling
of the backscattered ion contributes additional energy spread, hence
depth uncertainty. Figure 2 shows depth resolution for deuterium pro-

filing in titanium using the D(d,n) reaction with the same spectrometer.



DEPTH RESOLUTION (pm)

o

o
(3]

! __—
— OVERALL ]
L —
i -
b / —_ "‘.'
, rd
- o |
L/ fs. ECTOMETER RESOLUTION ]
/

7—-—- e mr = - amE e e @ wm— e e .\_-h“‘“!“‘ﬂ.—-i ........
r X INCIDENT BEAM SPREAD =1
[ Y 1 I [ 1 [ 1 1
| 2 3 a 5 6 7 8 9

DEPTH IN Ti (um)

Fig, 11 Resolution vs depth curve for tritium in titanium, The
calculations are for an Incident proton energy of 2.3 MeV,
fiight path of 10 m, and spectrometer time resolution of
1.5 ny.



DEPTH RESOLUTION (pm)

O
>

o
2

o
>

o
w

O
N

o

A | ] | 1) 1) L 1 \ ¥
OVERALL RESOLUTION
- f .
= X o — _— -:
\ —
X -
TS = T\STRAGGLING
X — -
i :>~1 -
~ X
//// -~‘?r‘ \\\\‘a‘
g /’/’ ~ X.~\\‘\~ i
/ \\SPECTROMETER T~
/ RESOLUTION ~—
/ LN
C
// INCIDENT BEAM SPREAD
L.
[ _v/— |
o e Y ]
1 [l 1 [ [ { [l [ [}
| 2 3 4 5 6 7 8 9
DEPTH IN Ti (um)
Fig. 2: Resolution vs depth curve for deuterium in titanium,

Spectrometer parameters are the same as Flg. 1. Incident
deuteron energy is 1.5 MeV,



ANALYSIS - DATA TRANSFORMATION

The neutron energy spectrum from a thick target may be expressed

in absolute form as:

S(E ) = fﬂi&ﬂjiz _ a(8) _ EEE neutrons L
n Mo 3 dE  proton MeV sr

where 0(8) is the differential reaction cross section for protons of
energy EP, and e is the compound stopping cross section per reactive
atom in the target.2 All quantities except ¢ are characteristic of

the nuclear reaction while € is characteristic of the atomic composition

of the target.

The apparent stopping cross section per tritium atez is the com-

pound stopping cross section given by:

P i il
"

where n. and n, are number densities of tritium and host atoms respec-
tively, and ET and ey are the corresponding atomic stopping cross
sections. The stopping cross sections are known to several percent
for most elements. If the host substance consists of several differ-
ent types of atoms one should replace ey by a summ2tion over all

constituents of the host.

In order to obtain the tritium content, the ratio of the neutron
spectrum from the sample to that calculated for a pure tritiun target

is determined. From Eqs. (1) and (2) then one obtains:

Su(En) nEp
— = (3)
SpBp)  Mpep * myey
The atomic percentage of tritium is then:
-1
(x) S.(E ) €
100 x — I 2100 f14 |2 T (%)
n.(x) + ng(x) S,(E) €4



V=14

This expression does not depend explicitly on nuclear reaction para-
meters since they cancel in the ratio given by Eq. (3). 1In order to
evaluate Eq. (4), ST(En) must be calculated from Eq. (1), and Su(En)
must be obtained from the experimental spectrum by correcting it for
detector efficiency and other experimental parameters.

When Eq. (4) is evaluated at a neutron energy En’ the concentration

is determined at a specific depth x in the sample. This depth is:

x = - I————l——— To g (5)
mep + nu€u dEn n
We do not evaluate Egs. (4) and (5) directly but approximate them nurer-
ically. A depth increment is arbitrarily chosen and the correspondiag
neutron flight time interval is calculated assuming pure host material.
The average tritium concentration is determired for this interval. This
first order tritium content is then added to the host material to calcu-
late revised flight time intervals. The procadure is iterated until
self-consistency is achieved. We start at the front surface of the
target and step through it by the chosen depth increment. The number
density of host atoms is held constant for the calculations presented
here. As titanium expands when hydrided, this latter assumption intro-
duces a 7-107 uncertainty in the depth scale. A more sophisticated
approach such as keeping the number density of atoms constant or main-
taining constant total atomic volume would reduce this uncertainty.
In this experiment, the maximum possible error from this source is less

than other errors and has thus been neglected.
RESULTS

The profile of tritium absorbed in a 0.35 ;m thick titanium layer on
copper is shown in Fig. 3. This thin target was used for calibration
purposes to check resolution. When the calculated resolution is combined
with the target thickness, the apparent thickness should be 06.45 pm.

This result is in good agreement with the measured width of 0.48 um

determined frem Fig. 3.
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Depth profiles resulting from implaration doses of 4 x 10°? tritons
in titanium and titanium hydride are shown in Fig. 4. This dose corres—~
ponds to a loading of 9 at. 7 (in empty titanium) if all the tritium
stays at the implanation site. Depth profiles frcm implanation doses
of 4 x 10! tritons (50 at. %) and 8 x 1017 tritons (67 at. 7) in both
titanium and titanium hydride are shown in Figs. 5 and 6. Scveral
interesting trends are apparent depending upon dose and whether or not
the titanium is filled with hvdrogen. First, in no case is the implant-
ion peak centered about the nominai 3.7 um range of the tritons. Rather,
the peak of the distribution is about 2.7 pm below the front surface.
This displacement may result from radiation enhanced diffusion and
trapping or simple beam heating effects during tritium implapation.
At the lower doses (9 at. 7 and 50 at. 7) the tritium has diffused well
beyond the implanaticn peak in the titanium samples, producing second-
ary peaks at a depth of abour 9 um. For the same doses in the titanium
hydride there has been much less diffusion to deevper in the target.
Virtually all diffusion of tritium appears to have occurred during or
shortly after implanation as no significant changes in the profiles
occurred during the six month interval between the two sets of measure-

ments.

At the largest dose (67 at. 7 in empty titanium) the results are
somewhat different. Surprisingly, there is less diffusion bhevond the
ion range in the empty titanium sample than at lower dose. However,
the implanation spike in the empty sample is higher and narrower than
that in the hydrogen filled sample. Aiso, in the hydrogen filled sample,
there is .ow significant displacement cof tritium to greater depths in
the sample. Both these effects suggest that diffusion is enhanced as
the lattice nears the stoichiometric hydrogen content. This is consis-
tent with the FWHM of the implanation peak being greater at A7 at. 7
dose than at 50 at. % dose in both empty (1.4 ym vs. 1 um) and hydrogen
filled (2.4 ym vs. 1.4 um) samples. Results obtained by profiling

deuterium implanted in similar substrates were the same.
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Finally, the absolute tritium content de-ermined by this technigue
is qualitatively correct, i.e., the amouat of tritium calculated by
integrating these depth profiles and multiplying by the area of the
beam spot is within 10% of that calculated by integrating the beas
~urrent. As no special effort was made to ensure uniformity of the
tritium beam across the spot during implanation, this agreement is

quite satisfactory.

For comparison, the depth profile resulting from implanation of
4L x 1017 ions in copper is shown in Fig. 7. This profile should be
compared with those of Fig. 5. Only ~ 20% of the tritium remz2ins in
the sample. A clear surface peak is obvious, suggesting a barrier

retarding tritium release or some surface trapping.
CONCLUS IO

The resules obtained to date demoastrzte that the time-of-flight
profiling methed is & powerful technique for the study of tritium and
deuterium diffusion in solid hosts. The somewhat zonfusing results of
the present observation of tritium diffusion ia empty and hydrogen
filled titanium suggest that an experiment with better contrels is
required, nowewver. le plan to load tritium in samples held at liquid
nitrogen temperature and then observe the behavior of the implanation
spikes as the sample temperature is increased. Such an experiment

would decouple beam-induced and temperature-induced transport processes.

The sensitivity and resolution of this profiling technique can be
further improved. Examination of Fig. 4 shows that a sensitivity of
0.1 2t. 7 was obtained in the present experiments with only a proton
charge of 0.4 aC - a 3.5 minute run at 2 pA average beam current. If
the time resolution of the spectrometer were reduced to below 1 ns and
the neutron flight path shortened until spectrometer resolution was
A 707 of the beam straggling limit, then a sensitivity of lO-A at. 7
or 1 ppm could be obtaincd with the same resolution but would require
an hour long run. The effects of the amount cf hydrogen injected into

the sample by the proton beam might not be negligible, however.
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Improvements in resolutionr depend upon selecting operating para-
meters to optimize resolution at the depth region of interest and
reducing spectrome.er resolving time. In particular, to assay near
the froat surface of a material a much lower proton energy is preferred.
This reduces the neutren energy, increases the time-of-flight, and

reduces the limitation imposed by spectrometer resolution.
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CHARACTLRISTICS GF  SORB-AC  NOK-EVAPORABLE GETTER
CARTRIUGLS AND THEIR PCTENTIAL USE IN FUSION REACTORS
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ABSTRACT

The possible use of non-evaporable getter pumps and SORB-AC
cartridges in the problems related to the storage and cycling of
the hydrogen isotopes, deuterium and tritium, as well as those
connected with nuclear fusion reactor experiments is reported.
The structural characteristics of traditional and non-magnetic
getter pumps and cartridges are described. Their use and
characteristics in the high and ultra-high vacuum range are
reviewed. The characterization is extended to the pressure range
10-2 - 10’4 torr for hydrogen and its isotopes so as to cover the
application fields of present interest. Typical applications are
illustrated as examples of the ability of these pumps to store,
purify and recycle hydrogen and its isotopes. The gperating conditions
of the pumps in these different applications are linked to the
reversible sorption capacity of hydrcgen which depends on the hydrogen
equilibrium pressure in the gas phase and the temperature of the
getter material. The influence of gaseous impurities, for example CO,
on the gettering characteristics for hydrogen are also considered.



INTRODUCTION

The use of hydrogen and its isotopes is a characteristic of all
experimental devices which aim at controlled ruclear fusion as a
source of power. [n most previous experiments, and in some beirg
planned at present, mainly hydrogen and to a lesser extent deuterium
have been used since they have enabied the simulation of the recessary
experimental operating conditions without the use of the more exgensive
radioactive tritium. However, in the near future the use of tritium
will undoubtly become more common since, as the new generation of
machines devoted *5 these studies tends lowards the break-even ppint,
the use of tritium-deuterium mixtures becomes ever more necessary. I+e
safe handling and recovery of tritium is tnerefore of parampunt
importance since it cannot be discharged into the ambient but must ce
recovered and recycied.

The problems of tritium handling are also present in numerous other
industrial applications such as, for example, the precduction of high
energy neutrons by deuterium and tritium impact or metaliic targets
(1, 2).

Another very important problem encountzred in magnetic confinement
plasma machines is that of reducing :the presence of impurities to a
minimum. Such impurities can increase the energy loss by radiation,
decrease the fuel density and increase th2 diffusion rates of the
plasma. Permissible impurity levels of the order of 10'2 are reported
for light ions (02 for examE;e) while for heavy ions the permissible
level is of the order of 10 = (3, 4).

Up till now the methods of pumping these experimental machines have
been based on the use of sputter-ion pumps, sublimation pumps, mercury
or oil diffusion pumps, and more recently, turbomolecular pumps. To
produce high localized pumping speeds use has also been made of
titanium or other getter films deposited on large panels which in some
cases have been cooled to liquid nitrogen temperatures. The use of
liquid helium cryopumps has also been reported.



Fresent storsge and recyCing tectoiques for tritium and Ceutersiur
mave use of materdals sucn 25 uranium, yttrium and erbium (3, €, 7).
These taterials, at switable cperating temperatures, form 3Gl
solution, ing/or hydrides characterized Uy low equilibriuT pressures.
intredasie; the equilibriym pressure Ly raising the temperiture tre
"traopped” deuterium and tritium are released.

Tne avuve techniques may, however, Present some drawtachs inelivir;
tecnnical, practical, economic and safety considerations. roCng trese
drasbacks is tne irreversible accumulation of radigsactive —aterial ir
tre widely dispersed large areas of titanium films used for pumpirg.
Witn tritium storage there are difficulties in attaining righ sorpticr
rates without incurring risks linked with the pyrophoric rature ¢f tre
storage medium.

A new versatile technigue for pumpirg, purifying ang storing
nydrcgen and its isotopes in the large controlied nuciear fusign
machires 1s now presented. This technigue is tased cn the use of
SURE-AT type nor-evaporatle getter cartridges which could overceme

must of tre problems now encountered.

LESCRIPTION oF SOR8-AC CARTRIDGES

SORE-AL type nun-evaporable getter cartridg2s have been incustrially
available for a number uf years. Tney have found uses in traditional
vacuum applications and in tne getter field {8, 9, 10, 11). The special
properties of these devices make them particularly suitable for
substituting or integrating presently used methods of pumpirg,
purifying and storing hydrogen and its isotopes in the above merntioned
applications (12).

I () figure 1 is shown a typical SORB-AC cartridge pump wi*- 2 . .umary
of its fundamental characteristics. These pumps are baseg .r ““e use ¢f
a non - evaporable getter material which is 3 binary all:- =



CARTRIDGE HEIGHT

FLANGE

MAXIMUM
POWER
TO
REACH

DIAMETER
WEIGHT

DIAMETER

200°C
400°C
60G°C
750°C

12.7 cm
9.6 cm
16 kg

8

60
300
1000
1800 W

€ € €

Fig. 1. Typical C500 SORB-AC cartridge pump and a
summary of its fundamental characteristics.
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84% zirconium and 16% aluminium (13). The Zr-Al alloy*in pcwder form
is coated on a continuous metal strip, which is then precut and
pleated in concertina fashion to form hollow cylinders which are

used to make up tha cartridges. The base material on which the non-
evagorable getter alloy is coated may be pure iron or an amagnetic
45% Ni-Cu alloy. These cartridges, as shown in figure 1, are mountez
on suitable flanges which also carry a special radiation type heating
element immersed in the cartridge body. The heater's function is to
activate the cartridge by raising its temperature tc 700 - 750°C
under vacuum for aobcut 10 - 15 minutes. This treatment removes
superficial oxide and nitride layers from the surface by diffusing
them into the bulk. This layer protects the buik of the getter
material during air exposure, its removal makes the cartridge active.
The radiation heater is also used to maintain the cartridge at
preselecte ~ working temperatures.

The pump cartridge elements, shown in figure 1, may be mounted
nude inside the vacuum chamber which i3 be pumped or they may be
mounted in a suitable housing attached to the vacuum chamber itself.

The main advantages which may derive from the use of SORB-AC
cartridges in machines designed for studying nuclear fusion processes
may be summarized as follows:

1. Absence of large getter film deposition surfaces which have to be
cooled by iiquid nitrogen or hydrogen.

2. Possibility of concentrating in smali volumes, instead of on large
surfaces, high specific speeds and capacities tfor hydrcgen and
its isotopes.

3. Possibility of siting close to the plasma area with ng danger of
gas release due to plasma interaction with ga2tter material.

* Commercially available from SAES Getters S.p.A., Milan, Italy
under the tradename St10%



4. Passibility of pumping hydrogen and its isotopes even at rocm
temperature thus preseniing notable fail safe features.

5. Possibility of regeneration by heating thus making it possible
to transfer the previously pumped species {hydrogen and its
isotopes) from one part of the system to another or even awa)
from the system.

6. Possibility of physically cdefining a point where ail radioactive
material is located.

7. Wide pressure range of practical use, from 15710

torr to a few

torr.

SORB-AC CARTRIDGE CHARACTERISTICS IN THE UHV AND HY PRESSURE RANGE

0 and 1676 torr, the pumping

In the range of pressures between 107!
speed for all active gases is independent of the pressure at which
pumping occurs. This property, for hydrogen, is illustrated in figure
2. In the same figure the pumping speed for hydrogen of a sputter-ion
pump is also given (14).

The pumping characteristics for SCRB-AC cartridges in the high
vacuum range are shown in figures 3 and 4 for carbon monoxide and
hydrogen respectively. The method of presentation of these results
is the one usually employed in the getter field (15). The pumping speed
(Vitres per second} is reported as a function of the quantity of gas
previously sorbed (torr litres) at a constant pumping pressure. The
curves depict the behaviour of the speed in relationship with the
amourit of getter material used up.

The sorption process which controls the pumping of hydrogen is
different from that which controls the pumping of other gases such
as nitrogen, oxygen, carbon monoxide and carbon dioxide. In this
latter case stable chemical compounds (nitrides, oxides, carbides)
are formed, whereas for hydrogen a solid solution is obtained. The
concentration of hydrogen in solution depends on the operational
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temperature of the material and on the partial pressure of hydrogen
in the gas phase.

The relationship governing the hydrogen equilibrium pressure,
concentration and temperature for the Zr-Al ailoy used (16} is

Log P = 4.4 + log qz - Zggg

where

-
[]

the pressure in torr
q = the concentration in torr litre/g of getter material

—
"

the absolute temperature in degre:s Kelvin.

SORB-AC CARTRIDGE CHARACTERISTICS AT HIGHER PRESSURES

The behaviour of the SORB-AC cartridges at pressures higher than
those previously reported are also of particular interest in
experiments studying the feasibility of controlled nuclear fusion
and in the recycling of hydrogen isotopes. This behaviour has been
studied for hydrogen or a €500 certridge. The designation C500 is
given to the type of cartridge used in SORB-AC getter pumps which
have a nominal pumping speed of 500 litre per sec for carbon menoxide.
The pumping speed for the nude cartridje can be considerably hicker
than the pump rating and also demends upon the gas being pumped.

The results obtained for hydrogen cver the pressure range 10'6
to 107} torr are reported in figure 5. It will be noted that the
pumping speed remains constant up to a pressure of 5 x 10'3 torr.

It falls to 40% of the plateau value at pressures . the crder of

2 x 10'2 torr. The dependance of the pumping characteristics for
hydrogen, at 10'4 torr, and at different temperatures are illustrated
in figure 6. The pumping speed values at the different temperatures
and the equilibrium capacity vaiue at 400°C are summarized in Table 1.
The capacity values reported at 200°C and 25°C are not, as will be
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Table 1. Pumping characteristics for H, of a C500
cartridge.

PUMPING CARACTERISTICS FOR H,
OF A GP 500 SORB-AC PUMP

TEMPERATURE 25 °C 200 ¢C | 400 °C

PUMPING SPEED
(1/s)

1500 2000 2000

CAPACITY
(Torr 1)

8000 8000 4000

=T
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described later, those corresponding to equilibrium values but those
which must not be exceeded if embrittlement problems are to be avoided.

The experimentally determined relationship between equilibrium
pressure, temperature and hydrogen concentration given in equation 1,
has been applied to describe the situation for a €500 cartridge. These
results are shown in figure 7. The ranges of temperature and pressure
reported are those of practical interest in the present context. The
theoretical limiting hydrogen concentration is about 20000 litre torr
in the case considered. However, as shown in this figure and reported
in Table 1 we suggest a maximum concentration of only 8000 1itre torr.
This practical limit is set to enable safe hydrogen cycling. If this
1imit is exceeced danger of embrittlement of the alloy coating, with
resulting particle loss, becomes serious.

Regeneration of a cartridge, saturated with hydrogen, may be obtained
by raising its temperature and by remgving the evolved hydrogen by
means of a suitable vacuum line. An example of such 3 regeneration
cycle for a C500 cartridge may be illustrated with reference to
figure 8. In this case, &s previously reported, the cartridge when
working at 400°C and at a pressure of 10‘4 torr is saturated at about
4000 litre torr of hydrogen {point A). To regenerate the cartridge its
temperature is raised to 700°C thus raising the system pressure to
about 107} torr (point 8). I¥, while the cartridge is maintained at -
this temperature, the hydrogen evolved is removed by another pumping
system, it is possible to reduce the hydroger concentration in the
cartridge by moving along the 700°C isotherm down to 2 concentration
leve! which is only 10% of the initial value (point C}. At this point
by removing the vacuum line and reducing the temperature to 400°C
again the equilibrium hydrogen pressure bacomes of the order of 30'6
torr (point D). At this point the cartridge may be considered as
being restored to its original condition.

In principle it is possible to cycle the cartridges over wider
limits than those illustrated in figure 8. However, it must be borne
in mind that lower temperatures (below about 300°C) and higher
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concentrations slow down the diffusion processes appreciably thus
making it impractical to reacir equilibrium conditions within reascnable
times.

ISOTOPE EFFECTS

All the experimental) data presented has been with reference to
hydrogen. However, from a theoretical point of view of the data can
also be used for the hydrcgen isotopes.

If it is assumed that the sticking probabilities are the same for
the various isotopes, then the isotope effect on the pumping speed
can be calculated from the mass effect on the number of molecules
striking unit area; i.e.

' 1
{ My, V72
%2 ) = 1.41 and
\ MR, |
. "Hz2
, 1
Me, V2
P12 ) = 1.73
.\ MHZ /

The pumping speed (L3 T'] L'Z) can be transformed to instantaneous

mass throughput (MT’I L'Z) when the speed is assumed to remain
constant during the sorption time.

In Table 2 the appropiate correction factors which have been
evaluated (02 and T,) and experimentally observed (D,) are reported
(17). The parameters are referred to the arbitrarily given value of
100 for hydrogen.



Table 2. Isotope effect factors to obtain the rumping

characteristics for D2 and T2 from those of H2.

(units M T ' C?)

ISOTOPE H, D, T,
EFFECT (%)
CALC. | OBSER.] CALC.
PUMP
PUM 'NGa ?1”'_5250 00| 71| s6!| 58
(units L T L°)
FMASS THROUGHPUT| oo | a0 | 412 | 173




[y-zil

INFLUENCE OF IMPURITIES

A1l the experimertal data reported up to now has beer obtained using
spectroscopically pure hydrogen. In order to have some indication as to
the possible influence of impurities present in actual experimental
conditions a study has been undertaken using contaminated hydrogen.
Preliminary tests have been carried out using hydrogen contaminated
with about 1. of nitrogen or carbon monoxide or oxygen. From this work
it has been possible to determine that nitrogen has practically no
adverse effects while oxygenated gases have appreciable adverse
effects. As an exampie of this negative influence the pumping speed
of a C500 cartridge at a temperature of 300°C is shown in figure 9 as
a function of the hydrogen quantity sorbed when using both pure hydrogen
and hydrogen with 1: of carbon monoxide as an impurity. The negative
influence is more pronounced as the quantity of hydrogen pumped
increases. Nevertheless useful practical resuits are still possibie.

It has also been determined that at a fixed impurity level the
poisoning influence of the impurities increasec as the temperature
decreases. It is therefore suggested thatwith high impurity levels
the cartridge should be operated at temperatures greater than 200 -
250°C. This will increase the rate of diffusion of the poisoning
species away from the surface of the non-evaporable getter material.

In the case of low impurity levels (10'3 or lower) it may be assumed
that hydrogen will be pumped effectively, even at room temperature,

a3s long as the cartridge temperature is periodically raised to 300 -
400°C tc diffuse away accumulated surface impurities.

EXAMPLES OF VARIQUS APPLICATIONS
The number of possible applications of the SORB-AC non-evaporable

getter cartridges in fields linked with hydrogen and its isotopes
are numerous. Therefore, a few examples are given to illustrate the
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versatility oi these devices.

a) Hydrogen recovery and recycling. In this application the cartridges
are part of a closed system and act as fore-pumps for traditional
pumps which cannot discharge their gas load to the atmosphere. The
cartridges can be mounted in valved canisters. Once saturated they
may be used as in situ hydrogen sources or they may be transported
to areas where their gas load may be recovered.

b) Hydrogen pumping in TOKOMAK divertor sections. The outer unstable
fringes of the plasma are magnetically removed frum the plasma core
and are then directed onto suitable collectors. Th: beam reflected
from the collectors must be trapped with high efficiency in order
to avoid its return into the plasma area causing p2rturbations.

c) Intermediate storage of hydrogen previously pumped at high speed
during the dynamic conditions of plasma discharge. With this technique
it is possible to mointain the plasma free from impurities since it
is continuously regenerated by the introduction of pure hydrogen.

d) Purification of hydrogen in static conditions just before plasma
discharge. This is achieved by maintaining the cartridge at a
suitably high temperature so that the hydrogen pressure is in
equilibrium with the solid soluticn but the other impurities are
removed with high efficiency.

In this application the cartridges can be immersed in the plasma
machine and removed just prior to the discharge.

e) Pumping and purification of hydrogen in neutral beam injectors in
which differential high speed pumping is necessary thus minimizing
gas flow from the injector into the torus in addition to pumping
gas from the torus after each shot.
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A SECONDARY CONTAINMENT SYSTEM FOR A
HIGH TRITIUM RESEARCH CRYOSTAT

R. T. Tsugaw:, D. Fearon, P. C. Souers,
R. G. Hickman, and P. E. Roberts®

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

A 4.2- to 300~K liquid helium cryostat has been constructed
for cryogenic samplas of D-T containing wp to & x 1014 dis/s
(10,000 Ci) of tritium radiocactivity. The cryostat is enclosed
in a secondary box, which acts as the ultimate container in
case of a tritium release. Dry argon is flushed through the
box, and the bex atmosphere is monitored for tritlum, oxygen,
and water vapor. A rupture disk and abort tank protect the box
atmosphere in case the sample cell breaks. 1f tritium breaks
into the box, a powdered uranium getter trap reduces the 4 x
1014 dis/s (10,000 C1) to 4 x 109 dis/s (0.1 Ci) in 24 h. A
backup palladium-zeolite getter system goes into operation if
an overabundance of oxygen contaminates the uranium getter.

INTRODUCTIOCN

There is considerable interest in coatrolled hydrogen fusion by
lasers, electron beams, or magnetic confinement. The fusion fuel igniting
at the lowest temperature is the three-component heavy hydrogen mixture,
Dz-DT-TZ, commonly referred to as D-T. Because D-T can be used in liquid
or solid form, the physical properties at cryogenic temperatures become

of extreme interest.

*
This work was perforiied under the auspices nf the U.S. Energy Research
& Development Administration.
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In companiois articles we reported on the nhase diagram and other

\ . 1,2
phvsical properties expected for D-T. *" To measure some of these

propert ies, we constructed a liquid helium research cryestat designed

LA
to held up te 4 < 101* dis/s (10,000 Ci) tririum, which is equivalent

to unlv 7.% ~ 1()_6 m3 of liquid D-T. Most of our design and construction

O
efTort went into the tritiunm containment system. This system is built in
accordance with modern "zero release" standards, which have been adopted
for protcection of personnel and the environment. The method used is
secondary contzinment, in which the entire experimental apparatus is
housed in 2 gastight box. Although chances of a rupture in the cryostat

are slight, anv leaked tritium is again contained by the box.
THE D-T CRYOSTAT SYSTEXM

The crvostat svstem is composed of the crvostat itself, liquid helium
transfer lines, D-T gis pressure bottles and input lines, a rupture
disk and abort tank, a quadrupole mass spectrometer, 2 helium leak

detector, and two pumps.

The crvostat is a commercial, liquid helium unit {Air Prcducts*)
modificd for tritium use by replacing all elastomer O-rings by metal
(tritium radiation degrades elastomers). 1t is ; small wpit (1.5 W at
4.2 K, 8 W at 20 K), regquiring no liquid nitrogen and containing only

X 10-6 m3 liquid helium at any time. This liquid can evaporate into

"~

a large exhaust volume that passes out of the box. Therefore, no helium

enters the box atmosphere: the entire path of the -helium is gastight.

6 Pa (15-8 Torr) vacuum, provided

The crvostat is insulated by a 1.3 x 107
3

by a 0.175 m™ /s oil diffusien pump (with mechanical roughing pump).

During assembly, lecks mav be monitored by a helium leak detector

-10 -12

(Varian), sensitive to 1.3 x 10 Pa (10 Torr) air, on the vacuum

line.

x
Reterence te a company or product name does not imply approval or

recommendation of the product by the University of California or the
U.S. Fnergy Rescarch & Development Administration to the exclusion of
others that may be suitable.



The Z x 10-6 mJ liguid belium rrservoir is inside a ¢4 block,
wrappnd with heater wire to vield continuous temperatures from 4.2 to
300 K. he sample cell is attached to the cold block bv a C-suaped
copper connector. Varnish (General Electric 7031) is wsed for good
thermal contact. A germanium temperdature seasor, calibrated with liguid
helium and the vapor pressure cf D is glued 1o the sample cell.

s

A stainless steel tube (2.18-mm o.d., 2.67-om i.4.) runs the lenpth of
the cryostat to tre sample cell and is pinned to the cold block to reduce

thermal loss. This tube carries the U~T gas from an input pressure

bottie and also removes the D-T ro a small uranium gerter irap cutside
the (ontainment box., The D-T vapor mav be analvzed dv a quadrupole mass

~14 . . N . - :
(10 "7 Torr} N.,. The crvostat has been tested bv rhe successiul freezing

spectrometer (Uthe Technology Intornaticnal), sensitive to 1.3 + 10 Pa

[S9]

of D,

The sample cell can conzain up to 3 = 10 m~ liguid or solid D-T.
3 b4 <

ottle, totals

=
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'y
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o
o
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Y
o

This amount, combined with that in the lines a
14 . : . . - )
4 x 10 dis/s (10,000 Ci). Also, the thermal capacity o. the crvostat
1

is small to avoid large amounts of crvegenic liguid that =might vaporize.

Nevertheless, (he possibility of a suiden breakage of even this sna
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sample cell must ve recognized. Th

experiments with glass sample tubes and viewports.

If the sample cell breaks, the tritium is contzined in the crvostat
vacuum jacket, because the vacuum jump to this space is closed off before
loading the D-T. However, the pressure buildep in the vacuur space of
the cryostat could reach 1 MPa {i50 psi). To prevent the blowing out
of optical windows or gaskets (and the tritium entering the box), a
protective disk ruptures at 3.5 x 10 Pa (5 psij over armospheric

. 3 .
pressure, and the gas passes into a 0.04-m7 avort tank. Hence, the

secondary tritium containment system is not reguired in thi- case.
THE TRITIUM CONTAINMENT SYSTEM

The main component of the tritium containment svisrem (shown

schematically in Fig. 1) is the argorn flush hox, inside of wh,od

the crvostat and the t-itivm recovers <quipment. A dryv argon
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i= raintained in the bex to avold conversion of tritiue 1o 1he more

daneerous tritites water and to avewd contamination o1 othe tritiun

recovers <vsten. 8o large assertment of roepitors and o coatroedl vsives

are o interfced with the box. Thy compleled containrent swsten, ineluding

the enclosed crvostat, Is shown in Fig., 2.
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The tritium concentration in the svstem is ron‘tored by an
ionization chamber in the argon outlet pipe. The iorization charber is
an all-metai unit, bakeable to 450°C, designed especially for low-level
tritium work.3 Its lowest sensitivity is about 7.4 x 107 dis/r"s
(2 uCi/2). The control system may be set to operate at activity levels
as low as 4 x 1010 dis/s (1 Ci) in the entire box (1.9 x 1010 disfs or
50 uCi/2 in the ionization chamber). If the box radiocactivity rises
above this value, the conrtrol system closes the argon inlet and argon
exhaust, opens the uranium getter, and starts the getter circulating
pump. As a final precaution, the laboratory containing the cryostat
systen is continuously monitored by a building system alarm set teo

trigger at only 1.9 x 106 dis/m3-s (50 uCi/mB).

Water vapor and oxygen must be kept low for several reasons. First,
tritium mav exchange with hydrogen in water to form tritiated water,
which is readily absorbed into the human bodv and, therefore, is about
a thousand times as dangerous as tritium gas. Second, both water and
oxygen wili react with the uranium getter trap to form UOZ’ which cannot
be removed by heating. This takes potential tritium-absorbing capacity
from the getter. Last, the uranium powder of the getter is pyrophoric
in the presence of large quantities of oxygen. For these reasons, the
water vapor in the box is monitored to ! ppm by ac impedance changes
across an ﬂlz()3 disk (Panametrics). The oxvgen is monitored to 1 ppo
(proprietary method, Teledyne). The systems give alarms at concentrations

of 5 (water) and 10 (oxygen) ppm.

If the bex fills with tritium becavse of a cell rupture, the
}adioactivity will be removed by the uranium getter trap. This getter,
shown schematically in Fig. 3, is the most advanced design to date.l"5
A metal bellows pump of 0.1&2-m3/min capacity circulates the box
atmosphere through the getter. The getter assembly is basically two
concentric cylinders. The innmer cylinder holds six trays of “activated"
uranium, activated by reacting uranium chips to hvdride and then thermally
decomposing the compound. The result is a uranium powder of micrometer

size and large surface area. The uranium powder is nrevented from
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spilling out by 5-um stainless steel frits through which the box atmosphere
is passed. The outer cylindrical can serves to further enclose the

uranium and also permits maintenance of an expected 3.5 x 10& Pa (5 psi)
pressure differential acruvss cthe uranium beds. The uranfum reacts with
hvdrogen at room temperature. Four band heaters surround the cuter
cxrlinder and can heat the uranium hydride to 400°C. At this point,

the hvdride decomposes, and the tritium may be collected in a sepavate
vessel,

The getter contains 1.5 kg of uranium, and only 1.75% of its capacity
14

will be needed to hold 4 x 10~ dis/s (10,000 Ti) of tritiem.

The gettering times for % x lﬂl!4 dis/s (10,000 Ci) tritium are
estimated to be: after 4 h, 4 ¥ 1012 dis/s (100 Ci): after 8 h, & x 1010
dis/s; (1 Ci), 2nd after 24 h, 4 X 109 dis/s (0.1 <i}. The getter can,
therefore, remove 99.99Y7 of the total tritium in am accident of maximum

size.

Finallv, provision is made for a backup system for the uranium getter
trap. Should the B~T gas from an accident be mixed with excess oxygen
from a leak, a portable palladium~zeolite molecular sieve may be attached
to the bux. The paliadium causes the tritiun and oxvgen to form water

that is retained on the zeolite in a form not easily recoverable.
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ANALYSES AXND HYDROGEN-ISOTOPE-7 RANSPORT
CALCULATIONS OF CURRENT AND FUTURE DESIGNS
OF THE LLL ROTATING-TARGET KNEUTRON SOURCE#*

S. A. Steward, R. Nickerson, and K. Booth

Lawrence Liveerre Latoratory

ABSTRACT

Analvses of the present titanium-tvitide RTNS tarpets
are presented. These resuits include the hvdrogen-isotope
content of new and used targets, metallography, scanning
electron microscopy, and hvdrogen-isotope-diffusien caicula-
tions using a heat-flow finite-difference computer code.
These latter calculations indicate rhat a cocbhination of
long target life and high neutren output is optimized when
the rate of hydrogen isotope evolution from the target
balances the deposition rate from the beam. Auger spectra
show that carbon and oxygen species are present in the bulk
and on the surface.

INTRODUCTION
Description and Function of the Neutron .ocurce

The Rotating-Target Neutron Scurce {RTNS) has been described in
detail previously.l-a The current target design is shown in Fig. 1.
The target itself is a 9" concave water-cooled Amzirc** gish roated with
titanium tritide. A 15-mA deuteron beam accelerated to 430 keV impinges
on this target, which rotates at 1100 rpm and produces a l4-MeV neutron-
source strength preater than 3 - 101215.1 for approximately 100 hr of

intermittent operation.

*Jork performed under the auspices of the U.S. Energyv Research &
Development Administration, s:der contract No. W~7305-Eng-48.

**Reference to a company or product name deoes not implv approval or
recommendation of the product by the Universitv of California or che
U.S. Energy Research & Development Administration to the exclusion of
others that may be suitable.
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Fig. 1 Sketch of the rotating-target neutron scurce (RTNS) target
section.

A high-intensity l4-MeV-neutron source i{s desirable especially for
materials research in fusion-reactor technology and also in biomedical

. _ . -2
applications. Currently, fluences of approximately 10 co  have been

achieved in 60 hr of experimental time on the LLL-RINS.

Purpose for Studving Target Performance
2 -2
It has been projected that neutron fluences of 10 cc  may be

needed to adequatelv predict some radiation eifects that would arise in
an operating £TR reactcr. The realization of such experimental condi-
tions is stixl many vears awav; however, the LLL RTNS is the most intense
source ci l4-MeV neutrons currently availahle. Therefore, it will be the
premier instrument for radiation-effect studies in the near {uture.

A program to upgrade the RTNS design for the proposed new fzo:: . has

been undertaken, so that a ten-fold increase in the neutron-szurce



strength may be obtained, thus vielding greater possible fluences. This

effort is in three areas:

@ Ion source, accelerator, and beam transport.
® Mechanical design of the rotating tvarget.

® Target materials arnd fabrication.

The latter category is the one to which this paper is devoted.

EVALUCATION OF PRESENT TARGETS

The present titanium tritide targets, produced at Oak Ridge National
Laboratory, lose half their neutron output in 30 - 100 hr of normal
operation. The initial neutron output at the same operating conditions
varies greatly between targets. Although considerabie research with
neutron generators emploving metal tritides tas been previcusly reported,
most of it has dealt with units whose neutron output and useful operating
life were considerably smaller than that demanded from the LLL RTNS.
Also, their environments in use were much more controlled than is now
possible with the Livermore instrument.

A program is being undertaken at the Laboratorv to determine what
parameters affect target life and neutron output. At present, three used
targets have been analyzed, in addition to three small coupons that were
especially prepared at Oak Ridge that were never bormbarded with deuterons.
Using these data, which are reporced here as background inforwation, we
are initiating a program In which considerable data for each target will
be collected in the next year. Besides a coupon for later analysis at
LLL, production data will be provided for targets received fr-om Qak
Ridge. This will include substrate bakeout times and temperatures,
vacuum conditions, and tritium absorption pressures and times. RTNS
operational data for each target, such as target position, speed, bean
-urrent, and tritium release, will also be logged for comparison with the
phvsic .., chemical, and metallographic measurements thai weive obtained on
each .sed target and the aforementioned coupons. The techniques outlined
»111 tell us the condition of the new and used targ=ts and how the

RTNS speration has altered them.
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Metallography

Small samples are punched from the coupcns and targets without
contact between the punch and the surface to be studied. A laboratory
diamond saw is being investigated as an altemative cutting instrument.
These samples are vertically encased in epoxy and then polished making it
possible tc study thie target cross-sectlions under an optical microscope.
These examinations provide information concerning tritide adhesionm,

sputtering, cracking, and substrate crystallization.

Chemical Analysis

Several g'mched discs are heated in vacuo in a mass spectrometer to
determine the quantities of each hydrogen isotope species present; i.e.,
H2, HD, DZ’ HT, DT, and TZ'
acid and the total amount of titanium in each disc is determined by atomic

These degassed sanples are then dissolved in

absorption spectroscopy. From these two measurements the initizal and

final gas-to-metal ratios may be calculated.

Surface Analyses

Scanning Electron Microscopy (SEM) is employed to determine the
surface characteristics of the targets before and after their use on the
RTNS. In addition, the energy-dispersive accesscry was utilized to
determine whether there were any metallic impurities in upper layers of
the bulk material.

Our Laboratory's Auger Eleciron Spectroscopy (AES) capability allows
the study of light elements, except hydrogen, that may be present on the
surface. Also, an Electron Spectroscopy for Chemical Analysis (ESCA)
spectrometer exists and may be employed to study elemental v:ileace states
at the surface. WNeither AES nor ESCA can currently be used with tritiated

samples, however, b¢ :ause of the need to avoid radioactive contamination.
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CURRENT STUDIES Of NEW TARGET MATERIALS

In cooperation with the General Electric Neutron Devices (GEND)
Department, we have initiated a program to evaluate other binary nmetal
tritides; e.g., scandium, erbium, and yttrium. Small, internally cooled
targets coated with these tritides will be placed on the RINS in a
pulsed mode and compared for neutron strength and projectcd life. Gas-
to-metal ratios, Auger, and SEM studies for each target are carried out
at CEND. Similar measurements will be made after the RINS irradiations.

Also, hydrogen absorption measurements of certain titaaium alloys

are being undertaken to determine their suitability as target materials.

FUTURE STUDIES OF NEW TARGET MATERIALS

Consideration will also be given to multilayered or composite films
sfter sufficient information has bteen gathered from studies of the
present titanium tritide targets and other candidate tritides. Such
targei concepts are not new. A patent describing a target consisting of
a very stable tritide; e.g., erblum or scandium, on top of a less stable
one; e.g., titanium, was published in 1973.5 This target in principle
would transfer tritium from the less stable tritide reservoir into the
upper tritide reaction zone on heating, thus replenishing the depleted
tritinm.

Researchers at the NASA Lewis Research Center recently descrited a
multilayered target, shown in Fig. 2, that consists of a copper substrate
aud layers of palladium, titanium, titanium oxide or nitride.6 Such a
design would flood the titanium layer with the unreacted deuterons and
then drain the exces: into the palladium and volds. The oxide or nitride
barriers will supposedly prevent hydrogen isotope diffusion into or from
the titanium tritide target layer. HKowever, it has been shown that

titanium cxide may not serve as an effective diffusion barrier.
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6th layer
(TiN or Ticz)

5th layer
(Titanium tritide)

4th layer
(TiN or Ti02)

3rd layer
(Titanium) )

2nd layer
(Palladium)

1st layer
copper
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Fig. 2 NASA design of a2 multilayerea tritide target.

PRELIMINARY EXPERIMENTAL RESULTS

Metallograpghy

A photograph of a typical target after approximately i0U hr use is
shown in Fig. 3. The concentric rings are caused by the deuteron beam.
A fresh target has similar features and color, but without rings.

The metallographic cross section in Fiz. 4 a) is Iypical of a fresh
target. The tritide layer fcllows the substrate con:iour quite well, and
the adhesion seems good. There was a cracking problem with one specimen,
but this may have been a result of damage during sample preparation. In
another case, poor adhesion to tha substrate was observed.

Figure 4 b) is ¢ similar cross section for a used target. The surface
has teen noticeably flattened by deuteron bombardment. Fragments pro-
duced by this bomhardment are also apparent. Approximately 25% of the

titanium tritide was removed by the beam during the life of the target,

Figs. 4 a) and b).
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‘etallopraphic cross sections, X 300: a} new target, b}
used target showing sputtering caused bv deuteron bean.

FElectren Microscopy

A SEM view of 2 new target surface is shewn in Fig. 3a). This target
“as cne ¢f several special targets mentioned earlier. Although these are
not actuallv coupons made sinultaneocusly with RTINS targets, the similarity
in processing should make them representative cf new targets. The
surface 1s reasonabiv flat, except for a nurber of linear ridges, which
are probablv reproductions of the substrate surface.

The surface of a bombarded target is shown in Fig. 3 b). Note the
considerable difference in comparison with the new surface. The sputter-
ing of rhe deuteron beam has produced a crater effect, and tritide
particles can also be seen. These mav be the same as seen in the
previously described cross sectiens. It was formerly thought that the
inner perimeter of the tarpet was not bombarded by the beam, but in every
case studied thus far, some sputtering is evident, although not to the

same extent as is encountered further towards the outside edge.



Fig. 5 Scanning electron nmicroscope
target, illustrating surface sputterirs.




The enerpv-dinperaive capability of the SFY was used tu deternine

the reetallic corposition o the near-surface repfon. Ne ceta] other than

titanium wis detected.

“urface Analvsis
A0 AuURer speclrun was tacen on @ osmall hvdrided tak Ridpe tarpet.
Since the available Auper spectroreter was not in a tritive-handling

arca, no tritided specimens could be exanined. The surfare information
o

e,

ohtained from the small targets should pive us an indication the

actual target surface pricr to deuteron borbardrent.

A reproduction of the Auvger spectrun* of the target as received is
seen in Fig. 6 a). The sample initially had a deep blve coler, which
srirmulated the interest in studving its surface. Slight traces of
sulphur ard chlorine were found, in addition to some copper. AaAs expected,
numerous titanium peaks exist, although the carbon and oxvgen peaks
predorinate. The chemical composition ot these chemisorbed species
canxnot be deduced from Auper spectra.

The sample was subsequentlv ion borbarded in argon at 10 =Pa
(8 - 10-5 Torr) for one hour. The sputtering removed about 60 nr: of
material, changing the bluve color back to the characteristic hvdride
grav. O0n exposure to air the blue color returned within 1 min., indicat-
ing that oxygen chemisorption was the probable cause. Such occurrences
have not been rnoticed on the larper RTNS targets, however. Possibly the
blue color is that of titanium sesquioxide, or interference produced by
some other oxide laver. An FESCA studv may resolve this uncertainty.

Figure 6 b) is the luper spactrum of the specimen after argon
sputtering. The spectrum of the sputtered sample was taken with a beam
current three times greater than with the initizal run. This will
normallv produce a signal approximatelv three times greater with the
same surface concentration. Normalizing to the titanium signal, the
carbon peak decreases by a factor of four and the oxygen peaks by three.

The sulfur, chlorine, and copper peaks have disappeared. Two other

*These spectra were kindly provided by C. Colmenares of this Laboratory.
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signals previously interpreted as characteristic of carbide8 and oxide9
aniong have appeared, however. These carbide and oxide peaks mav be due
to diffusion of zdsorbed atoms during hydriding or to entrapment of

residual gas and pump oil during titanium evaporation.

Hydrogen Isotopic Content in Targets

The computed gas-to-metal ratics and errors for each target studied
are listed in Table 1. Although the number of targets we have examined
is still small, certain consistent findings may be stated with regard to

deuterium and tritium content.

1. If the small targets we have exanined are representative of a
new 9-in. one, the tritium loading is high. The -ritiuo-to-titaniun ratios

are 1.8-2.C.

2. There is a 10-20% loss of tritium by therrmai degassing, in

additior to the losses due to beam sputtering.

Table 1. Experimental hydrogen-{sctcpe-to-metal ratios

for new and used targets.

T/Ti D/Ti
T/TL Bombardment Bormbardment

Target
No. New Light Heavy Light Heavy

1.76 £ 0.16

1

2 1.81 + 0.08

3 2.02 * 0.02

4 1.17 £ 0.12 1.04 * 0.11 0.107 * 0.910 0.244 = 0.02
5 1.74 £+ 0.11 1.35 * 0,08 0.128 + 0.003 0.223 *+ 0.12
6 1.84 £ 0.0 1.55 * G.93 90.032 + 0.003 0.221 * 0.012




T el
3. The deuteron beam strikes the inner porticn of the target, releas-
ing some tritium. This confirms the evidence for sputtering seemn in the

SEM photographs.

4. A significant quantityv of deuterium is irplanted in the target.

The amount depends upon the length of the bombardrment.

In the future, when operational data have been gathered for each
target studied, it may be possible to dotermine the relative influence of
gettering acticn, diffusion and ion implantation on the hydrogen~isotope

content of various regions on the target.

HYDROGEN-TSOTOPE-TRANSFORT CALCULATIONSIO

The similarities between the mathematics of thermal conducrivity and
diffusion are well known. A finite~difference code, TRUMP, can be used

to solve the familiar differentizl equation:

2
oCSp g% =k i;% 1)
where T = absolute temperature
t = tine
o = density
Csp = specific heat

k = thermal conductivity

x = distance.

This code can handle other aspacts of heat transfer; e.g., heat-
generation sources, heat losses through surfaces and layers of different

materials. By comparing Eq. (i) with Fick's second law for diifusion

aC 3°C
TS5 @
ox

i

where n diffusion coefficient

corcentration
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it can be seen that TRUMP may be applied to mass transport problems. In
general, and the layered rotating target in particular.

Initially, two extreme cases of target operation were studied. The
results of those calculations are given in Table 2.

For the high-power-density case, the high heating causes :he gas
relecase rate to dominate over deposition. Actual operation at such levels
would cause rapid tritium loss and unacceptably short target life.

For operation at lower power density the deuterium deposition rate is
greater than the temperature-dependent tritium loss. The target life is
thus determined by the rate at which deuterium replaces tritium as the
hydrogen-isotope content of the titanium aspproaches stoichivmetry.

In order to determine the optimum opcrating conditions of targets
planned for the new RTNS, TRUMP calculations were periormed for a Z8 cm
diameter target rotating at 576 rad/s (5500 rpm). 1Initially heat flow
calculations were employed to obtain time-temperature data at various
beam sizes and power. These results are plotted in Fig. 7. Using these
results, mass deposition and loss rates were determined and are shown in

Fig. 8. It is obvious that the mass flow of deuterium and tritium out of

Table 2. Parameters of twoc extreme cacses of RINS operation.

Case 1 Case 11
Linear target veloci.y (cm'sl) 115 51
Power (kW) 6 6
Beam density at FWHM (kW°cm-2) 21 8s
Max. surface temp (K) 582 1223
D deposition (ng/cycle) 6.502 2.38
D + T release (ng/cycle) 0.138 320
Ratio of deposition-to-release 3.64 0.0074

(ri/ro)
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Fig. 7 Power-temperature results from heat-flow calculaticus.

the target is much more sensitive to beam power than is the deposition
rate of deuterium into the target.

In Table 3, beam powers are given for the selected beam proriles at
mass-flow ratios of 0.5, 1, and 2. A separate study indicated that for
a 20-cm-diam target rotating at 576 rad/s (5500 rpm) and being bombarded
at 0.05 ng/cycle, the tritium content would drup by 50% (the target half
life); (a) in 35 br with Zri =T, (b) in 85 hr with LA and (c) in
242 hr whken ry = 2 L This information, ccupled with the data in
Table 3, shows that increasing the input power by ™ 12% raises the front
surface temperature enough to decrease the target half iife by a2 factor
of about 2.5. This results in an integrated neutron outpvt loss of
approximately 55% of the output at Iy =T, Decreasing the input power
by v 12% lowers the front face temperature and tripies the target half life
for an integrated neutron output gain of 1647. This increase in total

neutron output occurs at the expense of neutron source stiength, however.
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Table 3. Beam powers at selected beaw profiles and gas exchange rates.
T £

Beam Profile Beam Tower (KW)

PRI r, = r 2r. = r r. = 2r

(mm) i o i o i -
5 16 18 14
7.5 42 45 37

10 56 62 49

13 101 112 89

20 166 180 146

In conclusion, adjusting the operaring parameters te balance the
input of deuterons from the beam against the corbined losses of deuterium
and tritium from sputtering and thermal depgassing (ri = ro) gives an
vptimum combination of neutron scurce strength and target life. A large
deviation from this condition imposes severe penalties in either lifetime

or intensitv.

SITMARY
The theoretical and experimental studies presented in this report

show several important features of tarpets as thev relate te the LLL

RINS operation. These are:

® Deuteron-beam bombardment causes sipnificant sputtering of the

titanium tritide layer.

® Thermal heating from the beam degasses tritium from the remaining

tritide.

® Carbon and oxygen species occur in the bulk and on the surface of
the tritide layer.

® Theoretical calculations indicate that operation of tha RTINS so
that the deuteron bombardment rate equals the deuterium and tritium out-
gassing rate (ri = ro) permits both long target life and high neutron

strength.
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CHROMATOGRAPHIC MEASUREMENT OF 150
IMPURITIES IXN PURIFIED
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Monsanto Research Corporation, Mourd Laboratorvy

ABSTRACT

A cryogenic gas chromatograph is described that
was constructed for dedicated analvsis of permanent
Jas and hydrogen isoteoric impurities —n tritium
and deuterium~-tritium mixtures. The coperating charac-
teristics of this instrument and som2 resul.. z2re
presented in order to introduce Ggas chromatagraphy
2s an analytical technicae for rotential apgplica-
tion to CTR technology situations that reculre accur-
ate measurement of parts per rillion anzd higher
levels of isotopic and gpermanent s i iti
tritium, deuterium, or mix*ures o the isotopes.
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INTRCOUCTIC

The use of gas chromatography for guaiitatively separat-
ing hydrogen isotopes has been previcusly demonstrated by
several investigators,1'2'3 and a brief descriprion of its
use as a guantitative methcoé has also been published.d
Chromatography has proven over the rast two decades to be a
sensitive, accurate, and low-cost arnalvytical tool, but even
with its demonstrated capability of separating hydrogan iso-
topes it has not been full:- ceveloped and exploi=ed ac a
means of assay for these isotopes, and mass spectrometry re-
mains the principal method for hydrogen isntopic analysis.
A5 a technical objective, this pupev will describe a cryo-
genic gas chromatograph (G.C.) that we have developed and
used for over two yeeres at Mound Laboratory for the deter-

mination of low-level hydrogen isotopic and permanent gas

—— —_
V=25



mixtures

[
£
+ 19

nas

cust
h
relatively

t
L[4
a
ecovery
o
tenperature
t

are not easily

o] I I TR VY R ~ W
L I oo (o] & [~
[T 4 M) K3 - [ I - Q W ]
ARSI O £ h I Moy M ]
o [N by [¥ R ) §4 [i} + Q [ii] o i ja]
o " 6] Q O] by I & ® >
3 N e [ T S R amom I8
3 U] e 5] jal 2 0 ti J M @ e (%]
Ki v [ voon I mox o
e - AR i) Bl £ - ] '3 R -
IR B Y 3 [HE S oem
N fes o) O R D 2] h [6] Ead ol 4]
& n L] o ke ¥} [ EH
~ - [ %] 4 0 i 9
e i i AL £ g
. - e W o i 0 e o
. i Bl yan -1 + e ]
. X ! Yl v +d H i ot o4
. M o] Q el " - . : . - + +
ot 38 i L. o : . < o
K T i i i + " e L v
e .t [ ' . 1 -4 4
. « ol O ) . o] -~ o . ot
! N b 2 o - . . ‘. 4 Iy
« B “3 [ KN wa N [ “i N B N o i ~ 8]
. o m . ) . o P e > o
. ' ) o . \ o . . .
- £ - voow . ! . R - . N
. ” +J n Rl . - e HA . .t Pl [
i B v -t 1 B J - » ..
- b +! M $! i v u 4 N
. t L 1 i b . " * ot h X
. . . " . - . . .l 3
. . i G . - . * r! ! N B
‘ 1 - 1 . . Xl Y -
- . o . . : .. . . . - .
' 2 . . s o
N - . .
. . . + Iy "
. .
> . A N had .
N ’ N 4 . . c » b

=]
rrom

regulatory

at the
cced

one column,
e

{fluent

-

an ore being
1srosal »f the

&4

this
nstrument

bac<flow

is
s

LS

iow
the lcw-volunm
of
he
he i
sai

<

C

i
tins
the

2tes t

W
MR

regalre.

1.
PSS

aur
I3

vaco

1t low
[N TR
QX

SR AN



Avxiliory
somple
inlet Gas sampling
valve No, 1

High vacuum
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Detector side 1
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FPig. 1. Gas Chromatography Flow Diagram.
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A photograph of the basic instrument is shown in Figure
2, and this portion is located inside a glovebox for secondary
containment of the tritium being determined. Not shown in
the photograph are the two columns which are coiled together
and placed inside a 7 cm i.d. vacuum dewar; the coils are
located in a controlled ventilation area below the glovebox
to isolate them from the thermistor detector. This isolation
is necessary since the coils are chilled in ligquid nitrogen
for the isotopic analysis and the 1local temperature variatiors
would affect the detector stability if their proximity was
close; also affected would be the sample pressure in the gas
sampling volume which is measured by a 0-8C0 mm Grabenstein
transducer. Minor daily temperature variations of the sample
volume and detector are accounted for in the calculation of
results. The detector in this unit is a Carle microthermistor
thermal conductivity devicz in which the ocutput voltage is

integrated by a Hewlett Packard 5500 integrator.

Some of the experimental requirements for the operation
of the chromatograph are shown in Table 1. It is apparent
from this table that the isotopic and permanent gas separa-
tions are necessariiy two individual experiments. Neon is
used as the carrier gas for the isotopic separation in order
to increase the sensitivity of the detector, and the more
commonly used helium-4 is the carrier gas for the permanent
gas separation. The column parameters d, e, and £ in Table 1
are identical in order to maintain a roughly equivalent flow

rate through both sides of the detector.

Virtually all of the tubing used in the instrument is
stainless steel with the exception of the columns which are
copper. The control valves are Nupro BW and H series bellows
valves, and all fittings are either mechanical (Cajon VCR or

Swagelok) or welded. Brazing is not acceptable because large






Table 1. Chromatographic Materials and
Operating Conditions

Permanent Gas Isotope
Separation Separation

a) Carrier Gas *He Ke
b) Flow Rate (Est.) 50-60 cm?/min 40-45 cm?/min
c) Column Temperature 23°C -196°C
d)} Column Length 3.5 meters 3.5 meters
e) Column Diameter 2 mm i.d. 2 mm i.d.
£) Coiumn Packing 807105 Molecular 80/100 Alumina

Sieves 5A

amounts of moisture and impurities are retained in and arcund
the solder joint, and these impurities are a major source of
protium that can lead to undesirable exchange with the iso-

topes contained in the brazed lires.

RESULTS AND DISCUSSION

Three examples will be given of isotopic analyses per-
formed by the chromatograph. Figure 3 is a reproduction of
an actual chromatogram of the isotopic impurities in a
“purified” tritium sample (isotopic purity = 99.5%). The
vertical peak height scale is logarithmic in order to main-
tain all peaks on the recerder scale, and thus the peak areas
do not correspond directly to relative composition. Very
little helium-3 is retained by the alumina packing and it
elutes guickly, whereas the HT and DT impurities and the
tritium are eluted in the order of their molecular weights.
No deuterium nor hydrogen is observed in highly purified

tritium because the isotopic exchange equilibria, (1) and (2},
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2.6 at 300°cC
3.8 at 300°C

[}

(l) Hz+ T, = 2HT Keq

1]

{2) pz+ T; = 2DT Keg
favoer the formation of the mixed isotopes HT and DT and the
concentrations of hydrouen and deuterium are below their
limits of detectability. The unsymmctric peak shape of
tritium provides cvidence that the distribution coefficients
of the isotopes are nonlineac with respect to concentration,
and indeed retention times do decrease when sample volunmes

are increased.

A seccond exanmple of isotopic impurities is the deter-
mination of HD and HT in a standard gas mixture of deuterium
and tritium plus the exchange product DT. The HD and HT are
present due to exchange of protium in vessel walls and pro-
cess lines, and the presence and growth of protium into D-T
gases is a problem unless ecuipment and container surfaces are
trcated by various "conditioning” technigues. 1In Figure 4
tne HD and KT impurities are seen to be well separated from
the massive principal component peaxs, deuterium, DT, and
tritium. The vertical scale in Figure 4 is again logarithmic,
and the impurity peaks represent 550 ppm and 400 ppm of HD and
HT, respectively. That the adsorption isotherms are non-
lincar is again demonstrated by the shapes »f the principal
mixture components. A tvpical analysis takes about 20 min

to complete.

The third example illustrates not only the use of the
G.C. technigue for low-level determinations of HED and HT, but
also the protium ingrowth problem mentioned previously.
Ffiqure 5 shows a series of HD + HT measurements in . standard
gas {1% DT in ncon) stored in a $5-304 container. The range
of the concentration sums, 100 to 500 ppm, shows the low
levels attainable with the thermal conductivity detector,
and the steedy increase of the impurities over time graphically
illustrates the exchange problem associated with storing even

low concentrations of Isotopic gases.
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The accuracy of this instrumental technique is difficult
to assess in its most useful rarge, i.e., 50 to 2000 gppm,
principally because of the Aifficulties in atteapting to
prepare accurate, stable isotopic standards in this low range.
However, comparative studies of gas chromatography and =:ass
spectrometry results for common samples have been perforwmed,
and satisfactory agreement cover a wide range of compositions
has been obtained as shown in one experiment (Table 2). The
good agreement of two different analytical techniques is
powerful evidence of the basic accuracy of each method. all
comparative data have showr G.C. results to fall within the 20

precision limits of the respective mass spectrometry results.

Table 2. Comparison of Results of N; and
HD Determination in D2 by Two Instrumental Methods

Mass Gas
Spectronmetry Chromatography
HD 0.728% 0.715%
N2 565 ppm 474 ppm
Number of
Measuremen%s 15 duplicate 1l triplicate

The precision, or relative standard deviation, of the
G.C. methods was studied by a propagation of error calcu-
lation technique and by analysis of variance experiments.
These statistical methods showed the precision to be con-
centration dependent: at 100 ppm the relative standard
deviation is approximately 10%, and the error falls to about
3% at the 1000 ppm level aznd 2% at the 2000 ppm component
concentration. Between-day variability is larger than within-

day variability as a contributor to precision error.
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In conclusion, gas chromatography has proven to be
valuable as a means for determining lo“level isotopic and
permanent gas impurities in tritium and deuterium gases and
mixtures. The analytical concepts and instrumentation are
not complicated or unduly expensive, and the technique is
amenable to automation or cperation by a technician. Also
suitable system design and sampling variations would allow
total composition determinations if desired. This reliable
analytical method should be seriously considered by CTR
researchers as a viable tool for the assay of tritium and

isotopic mixtures ¢-ntaining tritium.
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HYDROGEN ISOTOPE SEPARATION SYSTEM FOR
THE TOKAMAK EXPERIMENTAL POWER REACTOR

W. R, Wilkes

Monsanto Research Corporation, Mound Laborztory
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ABSTRACT

An isotopic separation system for processing
the Zuel in the Tokamak Experimental Power Reactor
is described. Two cryogenic distillation columns
are used in sequence to recover 82% of the hydrogen
from a fuel mixture originally containing equal
parts of deuterium and tritium with a 1% hydrogen
impurity. The hydregen thus removed contains less
than 1/2% tritium, which wmay be recovered in a sepa-
rate system designed for that purpose. It is
assumed that separation of the deuterium and the
tritium is not required. A total tritium inventory
of approximately 38,000 Ci (3.8 g) is projected.

Conceptual designs for a Tckamak Exrerimental Power
Reactor (TEPR) are currently being developed at Argonne, Oak
Ridge, and Generai Atomics. As these designs progress, we
are able to obtain a better idea of the required tritium
handling systems for TEPR. As a result of this improved
knowledge, for example, it is now possible to describe a
possible hydrogen isctope scparaticn system for TEPR which is
considerably smaller and has less inventory of tritium than

did an earlier desiqn.1

In the earlier cdesign, the nature of the separation
system was dictated by a Acsire to separate a 50-50 D-T mix-~
ture containing 1% hydrogen into deiterium and tritium streams
of at least 90% purity, while simultaneously reducing the
hydrogen concentration to a level of 0.1% or less. The puri-
fied streams were then used as feed material for neutral beam

IV-266



injectors which regquire isotopically "pure” material tc
operate efficiently. The resulting cystem consisted of threco
distillation columns operating ncay 25 ¥ with a combined

[
tritium inventory of approximately 65 g (6 x 107 Ci).

The current system is based upon a very different set
of criteria. Again, the feed matevial to the isctone senara-
tion system is a 50-50 D-T mixture with a 1t hydrogen impurity,
whereas the quantity of material to be processed, 3,307 g/dav,
is 67% more than the earlier value. This time, however, it

is assumed that deuterium and tritium may be fed into the

n the form of cold gsas. For

IS

rlasma as a mixture, probably

u

e
s made to separate deuterium

(Y

this reason, then, no attempt
and tritium; it is merely necessary to reduce the hvdrogen
concentration of the D=-T mixture te a value which will not
significantly degrade the plasma, and to strip most of the
tritium from the hydrogen thus recovered. A value of 0[.25%
is chosen here for the hvdrogen concentration cof the purified
D-T mixture, and 1% tritium is allowed in the extracted hv-

2
drogen. ©

Because of the high temperature in“the plasma, the D-T
mixture, once nonhydrogen impurities have been removed, will
consist of the six molecular forms of hydrogen in a high
temperature equilibrium distribution. The high temperature
equilibrium molecular concentrations, Xy , Xupr Xy, etc.,
are given by equations of the type )

a

)’!H2 = h-

Xpr = 2ht,
where h, 4, and t are the atomic fractions of hydrogen,
deuterium, and tritium respectively.3 With the assum2d atomic
concentrations, the molecular concentrations are Hy, 0.01%;
AD, 0.99%; HT, 0.99%; D2, 24.5%; DT, 49.0%; and T2, 24.5s. In
a cryogenic distillation system it is assumed that the molecu-
lar concentrations do not change significantly in the length of

time (minutes) required to process the mixture. This is a
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conservative assumption; if it is incorrect, the approach to

lower temperature coHncentration values will improve the separa-
tion process.

In principle, one could design a distillation column to
remove all the Hz and HD, and half the HT from the fuel mix-
ture. This would :mmediately reduce the atomic conca2ntration
of the hydrcgen in the fuel to 0.25%. However, kecause of the
presence of BT, twc more columns and a molecular eguilibrium
stage would be reguired to reccver the tritium from this
waste.?2 A variation on this is to remove all the H>, 49D,
and HT in the first cciumn, and then pass this mixtuxre throagh
an equilibrator to get new molecular conceatrations. This new
mixture is approximately half hydrogen and one quarter each
deuterium and tritium. As a result, the equilibrated mixture
would contain about 25% each of Hz, HD, and HT, with the re-~
mainder being D2, DT, and T2. By separating tre Hz and HD
from this mixture in a second column, 75t¢t of the hydrogen is
recovered, along with (in principle) an arbitrarily smail

amount of tritium.

In either case, however, the need to make a sharp split
between adjacent components of the original iixture requires
the use of a column with many Separation stages and a high
reflux ratio. Both factors lead directly co a large inventory
of tritium. A studv of the initial columr for one of the
above systems, for example, reveals that it is as large as the
corresponding column described in Feference 1. This difficulty
can be avoided if one is willing to waste some deutarium -
or at least defer its recovery to a later part of the svstem.
By withdrawing about half the D2 from the first column aleong
with the lighter components, one obtains a mixture that is
mostly deuterium;:; hvdrogen and tritium are on the order of 10%
each, As a result of the large deuterium component, most of
the hydrogen will combine with the deuterium as HD and most

of the tritium will form DT, thereby simplifying the H - T
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separation in a second column. By using a six component,
multistuge computer simulationd of a distillation column, I
have determined the characteristics of a cryogenic distilla-

tion system which will perform the required separation.

The first column in the system operates with an overhead
withdrawal rate of 15% of the feed rate. The reflux ratio
is 15, and a total of 30 stages are used. With a feed rate
of 3000 g/day, a reboiler heat input of 22.5 W is reguired

to achieve the desired reflux.

The overhead from this cclumn contains 95.4% of the hydro-
gen from the feed. Because of the large guantity of Dz re-
covered, however, the hydrogen is only about 6% 3f the mix-
ture. The deuterium comprises 84% and :he tritium‘IOi of the
total. After the equilibrium molecular concentrations have
been achieved for this mixture, 90% of the hydrogen is either
in the form of Hz or HD, and only 10% is in HT. This mixture
is then separated in a second column, which operates with
an overhead recovery of 10.5% of the feed rate. The column
also consists of 390 stages and requires a reboiler power of
5.3 W. The overhead product is 51.7% H, 47.8% D, and only
0.425% T. The bottom product from both columns is combined
and returned to the fuel cycle. The hydrogen concentration in
the return streanm is reduced to 0.2%. The characteristics of

the process stream:s are summarized in Table 1.

Both columns operate at 1G00 torr pressure, with the
result that the temperature ranges from about 23 K at the
condenser to about 25 K at the reboiier. Thke pressure is
not critical; however, higher pressures involve a ygreater
risk of tritium loss, and although slightly subatmospheric
pressures may be safer, pressures helow about 500 torr are

precluded by the possibility of freezing the T:z.



Table 1. Percentage Molecular and Atomic Concentrations

Flow
Rate
(m moles/
Ho HD HT Do DT To H D T sec)
Fuel "“Ash" 0.01 0.99 0.99 24.5 49,0 24.5 1 49.5 49.5 6.9
Col. 1 Overhead 0.067 6.56 6.03 73.1 14.0 0.26 6.4 83.3 10.3 1.04
Col. 2 Feed 0.405 10.6 1.31 69.5 17.2 1.06 6.4 83.3 10.3 1.04
Waste 3.85 94.9 0,855 0.388 0.002 10"5 51.7 47.8 0.425% 0.11
Purified Fuel 10'6 0.10 0.27 24.3 50.3 25.0 G.1l8 49.5 50.3 6.8

0L2-AT
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The inventcry required to operate the two columns may
be estimated readily. A column cross section of 0.2 cm?
is required to support the vapor flow of 1 W of reboiler
power in a packed column, and a liguid holdup of about 18%°
of the packed volume has been observed. Each stage of separa-
tion reguires on the order of 1l.6~cm column length,5 so that
the volume of the first column is 206 cm’ and that of the
second is 50 cm’. From a stage-by-stage concentration map
provided by the simulation code, the average tritium concen-
trations in the two columns were found to be 37% and 5.4%,
respectively. With an additional 10% added to account for
the rebeiler wolumes, the total tritium inventory is less
than 40,090 Ci. Several characteristics of the two columns
are summarized in Table 2. A schematic of the distillation

is shown ina Figure 1.

The effectiveness of carrying a large Dz component along
in the first column overhead may be seen in the small column
size and in the flexibility of the system. The tritium in-
ventory of this svstem is 20 times less than for the one
described earlier!, and the flexibility is shown by the fact
that chanrnging the first column overhead fraction by 50%, from

0.15 to 5.12, had little effect on the overall results.

Table 2. Column Parameters

Boiler T

Column Keflux Power Diameter Length Inventory
No. Ratio (W) {cm) (cm) (ci)

1 16 22.5 2.4 48 3.6 x 10"

2 50 5.3 1.4 48 2.5 x 10°
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Deuterium is removed from the fuel at a rate egqual to
the hydrogen removal (4.7 moles/day), and about 2300 Ci/day
of tritium are lost as well. These are not disposed of, but
rather are sent to a different isotope sSeparation systemnm
which is designed to recover small amounts {(-1%} of tritium

from hydrogen. This system will be treated in a iater repocrt.
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EXPERIMENTAL MEASUREMENTS OF THE PERMEATION OF
HYDROGEN ISOTOPES I3 LITHIUM FILLED NIOBIUM CELLS

B HJ Goodall & M McCracken and G £ Austin

BuratomUHAEA Assaciation for Fusion Research
Culliam Laboratory, Abingdon, Oxon, OX14 3DE, UK

ABSTRACT

Lithium filled nicbiue ceils heove been hested in vacua st
temperatures in the range 300 to 900°C. By measuring the
flow of deuterium inte the cell it has heen possible to
nake estimates of the vate of permeation of deuterium in
the niobium well, After initial fast diffusion into the
capsule the rate of perseation becsmes very much slower
than that deterpined by diffusion in the bulk niobium
indicating that a second, slower, rate process is involwved.
Yeasurements of the rate of deuterium permeation out of

the cell have been made for a number of different cell
geometries and & range of temperatures. The results indicate
that the slov rate process, whichk is dominant at low con-
centrations, is the desorption step from the metal to the
gis phase.
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INTRODUCTION

The use of liquid lithium as the breeding material for fusion reactor
blankets has the advantage of a high breeding ratio and the possibility
of using the lithium simultaneously as both breeding material and as

the coolant. Its disadvantages sre the possibility of chemical incompat-
ibility with some structural materials and the possil:le difficulties

of extracting tritium from the liquid metal. A number of previous
studies have been made cof the lithium-hydrogen system with a view to
estimating the conditions required for tricium extraction(l'z'a"'s).
The results f{rom various laboratories for the partial pressure of
deuterium vagour sbove lithiumdeuterium solutions are in good agreement
with each other and now extend down to atomic concentration of less than
1 p.p.n.(é). In addition it has been shown by Ihie using & Knudsen cell
technique that there are significant fractions of other species in
particular LiD and Lizb which are of particular importance at low
soncentrations. The present experimental studies have concentrated on
the dynamics of the interaction in particular the permeation rates of
deuterium into and out of the lithium filled niobium cell. The measure-
zents have been made at lower deuterium concentrations than previous

investigations,

EXPERIMENTAL

The apparatus has been described in detail in a previous p.per(z)and is

essentially unaltered. A nicbium cell is heated in an evacuated silica
tube by an r.f. generator. The partial pressure of the constituents of
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the vacuum system are monitored with a mass spectrometer. The niobium
cells have been made both by pressing from Nb sheet and by machining
from solid bar. In each case a cap is pressed on and electron beam
welded in position after filling with lithium. A significant number of
capsules have failed during experiments while being heated in the temp-—
erature range 700-900°C. In every case the failure was at or near the
weld and resulted in release of lithium into the vacuum system. Cell
life has varied from a few hours to over 1000 hours and the life appears
to depend on weld quality, The weld failure of niobium in lithium has
been reported elsewhere(G). We have not investigated this effect in

detail but we feel that it may be a significant problem which should

receive attention.

PERMEATION INTO THE CELL

Measurements of the permeation into the cell were made by introducing a
known pressure of deuterium into the vacuum system and observing the
change of pressure with time as the deuterium diifused through the
niobium into the cell., The concentration of deuterium in the lithium
was initially negligible. In this case since the thickness d of the
capsule is small compared with the total surface area A it is reasoanable
to assume plane parallel geometry and it can thus simply be shown that

the pressure P should vary with time - according to

b K
o (1)

where Po is the initial pressure, R’ the permeation rate and V the system
volume. Typical results are shown in Fig. 1 and frum the initial slope
the permeation rate K can be obtained. Measurements have been made from
900°C to 30000 and the variation of the permeation constant with temp-

erature is shown in Fig. 2. Previous results for the permeation of

hydrogen through niobium have been reviewed by Stickney(7>. The few
measurements which have been made show a discontinuity between the two

sets of results, the results due to Steigerwald(s)having a much higher
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Fig. 1. The change in the external deuterium pressure as the gas

permeates into a cylindrical, lithium filled niobium cell. Cell wall
thickness 0.91mm.
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activation energy than those made at high temperature. Our results for
deuterium agree within a factor of 2 over the whole temperature range with
the evaluation due to Stickney for hydrogen, and confirm his suggestion
that Steigerwald's measurements were affected by surface impurities.

The difference mzy be partially accounted for by the expected lower
permeztion rate of deuterium relative to hydrogen but can in fact be
accounted for by the estimated experimental error. The permeation rate

was found to vary inversely with the thickness of the sample as expected.
These measurements relating to gas permeation into the sample are carried
out at relatively high pressure in the raage 1.0-10-1 torr. Levin and
Stickney's measurements of diffusion of hydrogen through a thin

niobium membrane,(g)had results which were different in different pressure
ranges. At pressures of less than 10-2 torr the permeation rate was
dependent on the square root of the pressure whereas at higher pressures
the dependence was close to linear. This was attributed at least partially
to the fact that the concentration of hydrogen in niobium exceeded that

at which it forms an ideal dilute sclution and therefore the p! relation
would not be expected to apply. However, it was not possible to explain
results comnletely as being due to this effect and it was thought probable

that the results were also influenced by the preSence of surface impurities.
PERMEATION OUT OF THE CELL

The measurements of deuterium into the cell can be simply analysed at
short times, which correspond to high pressures. At longer times the
pressure deviates from the relationship given in Eqn. 1. It was argued
previously(z)that this was due to the finite concentration of deuterium
built up in the lithium and that in turn this implies a relatively slow
rate of diffusion into the bulk of the lithium, Measurements were there-
fore made of the rate of diffusion out of the cell starting from a known
concentration. An analysis of this situation assuming spherical geometry
has been given previously. However, the experimental results did not
agree very well with the form of the theoretical curves and it had to

be assumed that the diffusion coefficient was concentration dependent.
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Moreover the diffusion coefficients derived were very low compared ever
with the self diffusion of liquid metals such as Na and K(lo)(no data is

availatle for lithium), and were therefore suspect.

To attempt to resolve the difficulty other measuiements have been made on
a range of capsules of various geometries and containing varying thick-
nesses of lithium. In each experiment 2 known amount of deuterium was
introduced into the system and allowed to diffuse into the lithium. It
has previocusly been shown that > 99% of the deuterium goes into the
iithium., Sufficient time was allowed for the system to reach equilibrium
(typically 1 hour) after which the partial pressure of the deuterium
could be measured and checked against previous measurements for a given
concentration. The system was then evacuated so that deutzvium diffused
out of the capsule for a given time. The concentration remaining in

the capsule was then estimated by a further static measurement of the
partial pressure of deuterium in equilibrium with the solution. Th=
concentration was measured as a function of evacuation time. Results
are shown in Fig. 3 for one cylindrical and two annular capsules. The
annular capsules had a thickress of lithium of 1 mm and 2 pm. The
cylindrical capsule had an outside diamater of 15 mm. All the results

follow an empirical relation of the form
c(t) = At"  exp(~Q/RT) (2)

where n is a constant close to -1, The t~mperature dependence is shown

in Fig. 4. The value of G is 35 * 5 Kcal/mole for all the results

obtained so far.

Experiments at much higher initial concentrations were alsc carried out
with cylindrical and annular capsules which indicated a more complex
behaviour, Fig. 5. Initially the slope n was about -1.5, but appears
to decrease to a value nearer -i,0 at a concentration below 100 p.p.m.,

corresponding to pressures < 10-4 torr. The fact that the curves which

were started at low concentration, (2000p.p.m., Fig. 3) have a slope
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of -1.0 at higher concentrations than those in Fig. 4 is probably due to
the fact that the curve must bend over to approach the initial concent-

ration of 2000p.p.m. at short times,
DISCUSSION

One feature is clearly evident, that the rate of change of concentration
is almost independent of the thickness of the lithium, whereas if
diffusion in the lithium were the rate determining step then it would

be expected that the diffusion rate would be dependent on the square

of thickness. Another feature becomes clear when these results are
compared with the theoretical calculation based on a diffusion model of
the dependence of concentration on time, Calculations for three geomet-
ries, spherical,(z) infinite cylinder and p:ane parallel plates,(lo)

are shown in Fig. 6. The form of the curves is strikingly different

to that obtained experimentally. There is some doubt about the best
geometrical approximation to the short cylinder used experimentally;

it is expected to fall somewhere between the infinite cylinder and the
sphere but is likely to be closer to the sphere. The annular cylinder is
expected to be a good approximation to a plane parallel plate geometry,
In any case the shape of the curves for all geometries is similar and
markedly different to the experimental results. These two features -
the independence of results on the thickness of the lithium cell and the
curves are fairly conclusive evidence that our previous assumption(z)
is incorrect, i.e. the slow rate of release is not determined by
diffusion of deuterium in lithium. However the experimental results
are consistent with those obtained earlier and it is evident that the
rate of release of deuterium from the cell is very much slower than
expected on the basis of extrapolating higher pressure data on the
permeation rate of deuterium through niobium., The system is a very
good small scale model of a cell of a fusion reactor breeding blanket.
It is therefore important to understand what the rate determining step

is and what the consequences are for the extraction of tritium from the
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Fig. 6. Theoretical calculations of deuterium concentration in

lithium assuming that diffusion in the lithium is the rate determining
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slab (11 geometry is assumed for various values of diffusion co-
efficient, stated in em~2 s~
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reactor blanket.

The system has two bulk diffusion steps and two boundary steps in the

sequence
(a) (b) (c) (d)
20(Li) | 2H(Li) | 2H(ND) 2H(Nb) Hy
Bulk Wall Inner wall Outer wall (gas)

We have dismissed the bulk diffusion through the niobium, step.(c), on
the grounds thay it is much too rapid and the bulk diffusion through
the lithium, step (a), on the several grounds discussed above. That
leaves as possibilities only the boundary step from H(Li) -+ H(Nb) at
the inner wall (b), or 2H(Nb) -+ Hp(gas) at the outer wall (d). If the
transfer from H(Li) -+ H(Nb) were the rate determining step then

dCrLi

e ¢ O

i.e, logC o t

which the data does mot follow. However if the step from the 2H(Nb) -+
Hz(gas) were the rate determining step then the rate of change of

concentration will be proportional to the square of the concentration
. i _ 2 - Q.
i.e. at kA C° exp(- gb)

(3}

. . - Co
from which we obtain C T3 T, KAt exp(0/RD

where Q is the activation energy associated with the step, T is the
absolute temperature, t is time, A is the surface area and k is an

unknown rate constant.

Equation (3) has a form which is in good agreement with the data. The
concentration starts from an initial value C, at time t = o, and then

becomes inversely proportional to time at long times. Atz long times
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equation (3) reduces to the form obtained 2mpirically, equation (2),

and concentration is exponentially dependent on inverse temperature

as shown in Fig. 4.

Since the rate of this boundary step is proportiomal to C2 whereas all
other steps depend on C, it is clear that as we go to higher concent-
rations the rate at the outer boundary step will increase more rapidly
than the others and at some concentration it will no longer b2z tiie
rate determining step. The results obtained by starting from higher
concentrations seem to confirm this, with the region having a slope

n = -1 only being the rate determining step at concentrations below

100p.p.m.

One difficulty remains with this interpretation: According to equation
(3) the time required to reach a given conceatration should be inversely
proportional to the surface area A. The ratio of the total surface

area of the annular to the cylindrical capsules is about a factor 4
while from Fig. 3 the ratio of times is less than a factor 2, On the
other hand the two annular capsules whose surface areas differ by less
than 17 have a ratio of about 1.5 in the time taken to reach a given

concentration. No explanation for this surprising result has yet been

found.

The question also arises as to what the rate determining step is at
higher concentrations if it is no longer the 2H(Xb) + Hy(gas) boundary
step. It can readily be shown still to be too slew to be explained by
bulk diffusion either in niobium or lithium. In the case of liquid
lithium there are no results available for self diffus%ggj However
assuming that self diffusion is the same as for sodium then a
diffusion coefficient of 3 x IO-L cm2 s_l is obtained at 700°C. The
calculated dependence of concentration on time for this diffusion co-
efficient, shown in Fig. 5, is obviously some orders of magnitude
faster than the experimentally observed values shown in Fig.3. By

a process of elimination one is tempted to conclude that the H(Li) -+
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H(Nb) boundary step is responsible, but as yet we have no positive

evidence in favour of this.

CONCLUSIONS

The results of the in-diffusion experiment have confirmed the assess-
ment due to Stickney that hydrogen diffusion in niobium has a low

activation energy and that there is no abrupt transition in activation

energy.

In the experiments on out-diffusion a substantial body of data has been
obtained on the permeation of deuterium out of lithium filled niobium
cells over the rage of concentrations from 5 to 20,000p.p.m. The

rates of permeation are much lower than expected on the basis of extra-
polation of the permeation of deuterium in niobium at higher concent~
rations. Moreover, our previous hypothesis that the slow rate was due
to diffusion in the lithium being the rate limiting step has now been
disproved. The experimental results are in general consistent with

the rate determining step at concentrations below 100p.p.m. being due

to the desorption step from the niobium metal to the gas phase,

Assuming that the permeation of tritium in this system will be very
similar to deuterium, the slow permeation rate at low concentrations

is a factor which must be taken into account in the design of systems
for the extraction of tritium from the lithium breeding blanket of a
fusion reactor. A time of the order of 10 hours is required to reduce
the concentration from 2,000p.p.m. to 20p.p.m. at 800°C, and a time of
about 4 hours at 900°C. It is thus likely that temperatures of greater
than 900°C will be required for the operation of the extraction system.
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ON THE RECOVERY OF TRITIUM BY PERMEATION FROM
LIQUID LITHIUM THROUGH NIOBIUM

H. Weichselgartner J. Perchermeier
[ ..— . \)
Max-Planck-Institut fiir Plasmaphysik A
G‘3&¢k\N«JQJJ
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ABSTRACT

Among the suggested tritium extraction processes those
which deal with the permeation processes through niobium
membranes are most attractivé. In most cases they regivire
large membrane areas and efficient removal of tritium on the
downstream side of the membrane. To avoid these large membranes
a fluidized bed assembly was set up and investigated under the
aspect of T~removal. The permeating T will be bonded onto the
solid phase of the fluidized bed and so the partial pressure
will be reduced to a minimum. In the first stage, liquid
lithium was doped with hydrogen at temperatures up to 700 C.
The permeation area in this stage was formed by a niobium pot
which was flushed with high-purity helium. The permeated
hydrogen was measured with a highly sensitive gas-chromatograph
with a He ionizations detector system. A resolution of about
10 ppb hydrogen could be attained by a special procedure. To
eliminate the influence of a hydrogen background, mainly
produced by the stainless steel vacuum vessel, deuterium was
introduced into the liquid lithium for the second stage of
the experiments. At the same time Nb-pot was replaced by a
Nb-membrane in order to avoid weldings. In the investigated
temperature range, the measured H and D permeation-rates allow
the conclusion, that it will be advantage to keep the
temperature of the molten Li relatively low. In this paper
experimental data are presented and discussed.

IV=290
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INTRODUCTION

The tritium inventory in the blanket of a fusion reactor
depends on several parameters. One of them is the effective-
ness of the separation process. There are some factors which
make it desirable to keep the tritium concentration in the
li<hium at a low level:

- so that the fusion reactor will show a net breeding gain

- so that the niobium structure will not become embrittled

- so that the tritium leakage to the atmosphere will not
constitute a serious hazard.

Therefore, it seems necessary to separate the tritium continu-

ously and entirely.

The requirement of a minimum tritium inventory is
complicated by the tremendous capacity of lithium to retain
tritium relative to most other materials.

After all, liquid lithium is a leading candidate for
the breeding medium in DT reactor concepts, so that the
problem of T-recovery from lithium deserves special attention.

Johnson' and Fraasz’3 first suggested methods of T-
recovery, and somewhat later Maroni? and Watson5 showed that
processes based on gas sparging, distillation, evaporation or
mechanically pumped permeable diaphragms are not likely to
reduce the tritium concentration in a lithium blanket below
a level of about 10 ppm. Maroni is of the opinion that solid-
hydrogen gettering has a chance, but that its usefulness has
yet to be proved.
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A FLUIDIZED-BED ASSEMBLY

Since 1972 we have been pursuing the idea of using a
fluidized-bed assembly to separate and recover tritium from
liquid lithium6. We believe that this method constitutes a
real separation process which is coupled with neither special
cooling processes nor special blanket arrangements or

geometries7.

This process consists of three steps: the first involves
permeation, i.e. the conversion of the tritium into a new
component of the fusion reactor which has to fulfill the
following tasks:

it must assimilate the tritium by chemical reaction,

2, it has to prevent back-diffusion and undesired
permeations,

3. it must be able to transfer the tritium into an external

recovery system.

I think that these requirements might be realized in a
fluidized-bed assembly.

The second part of the procedure consists of the
absorption of'permeated tritium by the solid phase of the bed.
This is achieved by means of a chemical element or compound
which is capable of absorbing relatively large amounts of
tritium under the prevailing temperature conditions.

The third step is the transfer of the chemically bonded
tritium from the fluidized bed to the T-separation unit
outside the reactor. If, with an appropriate design of imperme-
able wall next to the shielding and thermal insulation, the
tritium can be prevented from diffusion further, the system
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will also meet the requirement of preventing undesired loss

through permeation.

A scheme of the fluidized-bed arrangement in the reactor

is shown in Fig. 1.

What materials must the compcnents be made of in order
to meet the requirements? On the basis of current material data
and the analogy between hydrogen and tritium, the following can
be stated: The tritium~permeation wall can be made of niobium,

palladium or nickel,

The solid phase of the bed can be made of titanium
(at 600°C, 100 g Ti is bonded to 23 litres of hydrogen or
tritium to form hydride/tritide), metallic Ce, Zr, Th, and V,
uranium compounds, U0, or metallic uranium

Titanium powder seems favourable because the Ti-hydride
decomposes into its elements simply by being heated to above

900°cC.

EXPERIMENTAL SET-UP - FIRST STAGE

I should now like to describe the experimental set-up
which we built last year to investigate experimentally the
permeation of hydrogen and deuterium from liquid lithium
through a niobium diaphragm, and which should enable us to
do the same with tritium somewhat later.

Figure 2 shows the basic layout of our first apparatus:
An isothermal oven operated with Na (max. operating

temperature 800 - 900°C) contains a stainless-steel vessel

which can hold about 100 g of lithium This vessel is sealed
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with a solid cover flange which has several lead-throughs:

- a tube reaching to the bottom of the vessel for filling in
the liquefied lithium. This tube is connected by a small
self-sealing flange and a stainless-steel Gachot bellows
valve to a lithium supply vessel through which the pre-
purified lithium can be filtered into the main vessel.

- an electrical level indicator

- and, finally, two Nb tubes (8 mm in dia., wall thickness
0.2 mm) which can be moved by means of spring bellows, and
which are welded into a Nb vessel with a surface of approx.
35 cm?. The spring bellows allows this Nb-vessel, which
constitutes the actual permeation wall to be dipped in the
liquid lithium to the required depth. The hydrogen
permeating into the vessel through the wall (also 0.2 mm
thick) can now be removed by a He-carrier gas flow which
we set so that it served simultaneously as the carrier gas
flow of the gas chromafograph with which we recorded the

hydrogen.

The stainless-steel vessel with all its lead-throughs
is placed in an insulating vacuum vessel which, in turn, is
surrounded by a baking oven which is kept at 200°C to ensure
that solid lithium is not deposited anywhere.

QUANTITATIVE DETERMINATION

For quantitative determination of the hydrogen and
deuterium we use a gas chromatograph with a He ionization
detector. The separation column (100 cm long) is packed with
molecular sieve and is kept at liquid-nitiogen temperature.
Normally this allows determination of a few 10 parts per
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million hydrogen, besides other gases such as Ne, N,, co,
and the like. By means of extremely fine purification of the
carrier gas, exclusive use of diffusicn-free valves and metal
gaskets, and, in particular, effective back flushing of the
dosing system and the ionization detector with purified
helium it was possible to reduce the sensitivity to 2 parts
per ppb billion and determine as little .as 10 ppb in a
reproducible manner. For calibration we used test gas
cylinders in the region of 10 ppm and an electrolytic cell
in the region of 10 ppb. Figure 3 shows typical calibration
curves in which you can see the peaks due to deuterium, HD

and hydrogen.

PURIFICATION AND FILLING OF LITHIUM INTO THE VESSEL

The available iithium was 99.92 % pure; it was in the

form of wire immersed in paraffin oil.

For purification we used a glove-box operated with post-
purified helium as protective gas. First we cleaned the Li
wire in cyclohexane and evaporated the solvent. We then melted
the Li in batches of 50 g and skimmed off the oxide and
nitride crusts floating in the melt. The pre~cleaned lithium
was poured into stainless-steel vessels through stainless-
steel sieves. To fill the batch vessel, which was then flanged
to the apparatus, we did the very same and used, in addition,
a getter bath, which cleared the protective gas atmosphere of
0, and N, residues. This gettering process was checked with a
gas chromatograph. Not until the getter bath showed a bright
reflecting surface over a long period and the air peaks of
the gas chromatogram remained constant was the batch vessel
filled. It was then immediately connected to the apparatus
while being flushed with protective gas and the liquid lithium
was filtered through the sintered stainless-steel batch with
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an excess pressure of ~ 3 atm into the stainless~-steel vessel.
When the electrical level indicator acted the bellows valve
was closed. The weight of Li was found to be 80 g.

The lithium then had to be doped with hydrogen or
deuterium. We chose the solid cruapcunds LiH and LiD and filled
the apparatus for example with 28,56 mg LiD, which is equi-
valent to 200 ppm DZ'

This procedure was applied in the glove-box, too.

MEASURING RESULTS

The results obtained with this first apparatus were
described in more detail in a previous publications; just let
me summarize these at this point:

1. As the apparatus contained hydrogen from the outset (as a
result of welding and owing to SS-structure material) we
had to start with a level of about 500 ppm H, (we intended

to start with 100 ppm).

2. For all measurements the He carrier gas flow was kept at
60 ml He/min. (The apparent hydrogen production rate, i.e.
the quantity of hydrogen which can be detected in =l per
min in the He carrier gas flow, depends, of course, on the
He flow rate. In Fig. 4 this relation is shown for a con-
stant Li temperature of 700° C. In the top curve you see
the results of the measuring series made in the first 24
hours after filling in the lithium; the bottom curve gives
the relation after about 100 hours. The hydrogen inventory
(Nb structure, lithium and stainless-steel spring bellows)
dropped to about 400 ppm in this time.
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Moreover, the two curves are rather identical in shape, the
peak probably being due to diffusion effects of the
hydrogen in the streaming helium.

Beyond a flow rate of 60 ml He/min the apparent H, rate no
longer appreciably increases; we therefore chose ;his
heiium flow rate for all subsequent measurements).

3. Irrespective of the Li temperature, the measured hydrogen
concentrations in He were practically constant.

4, If the Nb tubes passing through the gas volume above the
Li melt are additionally heated, large quantities of
hydrogen are found in the He.

4

We therefore concluded that it will be of advantage to
keep the temperature of the Li melt relatively low and merely
additionally heat the diaphragm above the melt (see Fig. §5).

It is unsatisfactory that this conclusion results in
only one test series which was not repeatable at all:

After a total of 295 hours of operation, 160 of them at
700° C, the niobium structure was destroyed by corrosion,
mainly at the welding seams. We were therefore unable to
repeat this series of measurements.

EXPERIMENTAL SET-UP / SECOND STAGE

Therefore, we improved the experimental arrangement in
the following respects:

1. To avoid the influence of the high hydrogen background of
the SS-structure, we doped the lithium with D, instead
of H,. In a similar manner, we used the solid compound LiD

Camaats .



which we intreduced to the Li-vessel after filling it

with molten Li in the glove-box,

The Nb-pot was replaced with a Nb-membrane 0.2 mm thick.
We thus have rno welding scams which could correde.

The next figure (6) shows the cntire arrangement.

There is no free space above the mclten Li, and it is not
possible to check our guess that a substamtial amount of
the permecaved hydrogen could have escaped directly {from
the gas volume into the He through the Nb tubes. This
obvious disadvantage is, however, outweighed by the
advantages afforded by the clear layout of the Li melt,
the Nd diaphragms and the transport gas volume. There are
no longer any hidden corners nor should there be Li zones
of different temperatures, and so I assume that the
measuring results will be more readily reproducible.

A technical difficulty is created insealing the Xb
diaphragms with the base flange of the lithium vessel.
Figure 7 shows the three Xb permeation devices we have

usced up till now:

4.1 The Nb vessel with the welded Nb tubes from the first
experiment

4.2 The new Nb diaphragms with two soft-iron gaskets
secured by the base {lange, and

4.3 A directly sealed Nb diaphragm.

“According tc Beskorcvainyg technical soft-iron melted

in vacuum should only show inter-crystalline corrosion
phenomena after 500 hours at 600° C (as compared with 18/8
steel, which shows only limited stability treated +ita
liquid Li after 6 days at 300° C). To come to the point, we
had certain difficulties here, i.e, liquid Li was able to
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escape in the region of the base flange. Originally, we
assured that the soft-ivon gaskets were corroded so that the
Li could enter the gas volume, where it then blocked the He
lines with the result that the test series had to be dis-~

continucd.

An exact investigation then revealed, howcver, that the
0.2 mm diaphragm had been clearly penetrated by Li without
suffering mechanical damage.

The next figures (8.a ~ ¢) show results of metailo-
graphic investigations performed by H. Hﬁglsperger’o:

Fig. 8.a; Intercrystalline corrosion of soft-iron
gasket caused by Li, starting at the edge after approx. 24
hours at 700° C. Structure in the core as yet unaffected
(ferrite).

Fig. 8.b: Nb sheet prior to incorporation in the
experimental apparatus. Grain boyndary formation after
etching for 5 min.

Fig. 8.c: Strong cracking of grain boundaries already
after 10 s of et-hing by sensitization of the grain boundaries
after Li action of approx. 24 hours at £ 700° C. Possibly also
splitting of the grain boundaries by H,0 vapour pressure (total

expositions-time 337 h at 500 - 700° C).

In 1973 D.L. Smith and K. Natesan11 reported that
niobium containing 200 ppm oxygen is rapidly penetrated by
lithium above 60C° C, whereas niobium containing <100 ppm
oxygen is highly resistant to attack by lithium under similar

conditions.
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Fig. 9 The New Li-Vessel, made of Nimonic
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In the version described last we therefore not only
dispensed with the soft-iron seals but also used Nb sheet with
not more than 100 ppm 0,. Since, furthermore, it cannot be
ruled out that the yield point of SS 304 (4301) is exceeded at
high temperatures, we have now made both the Li vessel and the
two flanges and screws from Nimonic 75. This alloy, which
contains mainly Ni, has a yield point of 6.2 = 36 kp/mm2 at
room temperature and even 6.3 kp/mmZ at 900° C {see Table 1).

DEUTERIUM PERMEATION IN THE TEMPERATURE RANGE 300 - 800°C

In this last section some deuterium output curves arve
shown, which are registrated at dependency of rising
temperature on the one hand, and various He-carrier gas flows
on the other. These curves are based on more than 120 single
measurements with the gas chromatograph.

The resulting gas chromatogram shows three peaks: the
first after a retention time of 350 s corresponds tec hydrogen,
the second after 480 s to HD, and the third is due to D,
after a retention time of 660 s. For quantitative determination
we had to evaluate the second and the third peaks.

We measured during several heating and cooling cycles in
temperature steps of about 20% C. Most of the points were
measured twice or three times to compensate spontaneous
deviations due to electronic instabilitirs.

Figure 11 shows the permeation rate over the flow rate.
As already mentioned, the quantity of deuterium measured
increases with increasing flow rate of the carrier gas.
Figure 12 shows the permeated deuterium depending on the
applied temperature. This curve stems from the investigations
with the first Nb diaphragm, containing about 200 ppm oxygen.
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Table 1. Composition of Nimonic 75

Ni

Cr

Fe

Ti

70 - 75 %

18 - 21

max. 5.0

0.2 - 0.6

Mn

Si

Cu

0.08 - 0.15

max 1.0

max.1.0

max 0.5
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At a temperature of about 600° C the curve becomes insteady
and we record 2 breaking point. In his fundamental work,
Webb12 shows this in a family of curves, too, but without
special comment. R.L. Levin and R.E. Stichney13 measured the
temperature dependence of the permeation rate of hydrogen
through niobium, too. Figure 4 in their paper presents a
family of curves showing all breaking points in a temperature
region from about 400 to 620° C. The authors draw the con-
clusion that the permeation of H through Nb is strongly
affected by surface impurities.

I think that our curve might be interpreted in terms of
the oxygen content of the niobium used, especially because
we did not record this breaking'point in repeating these
permeation measurements with a new Nb diaphragm containing

only 100 ppm 02.

The results of these measurements are shown in Fig. 13.
The measuring points constituting this curve were recorded
within 24 hours of one another. We may assume that during
this time the Dz-concentratlon in the molten Li remained
constant because the maximum D, transpcert rate through the
Nb.diaphragm was only 3 x 10'5 ml per hour. From a temperature
of about 725° C we recorded a rapid decrease in measured D2
coming through the Nb via transport He.

For the carrier gas flow of 60 ml Helium applied, this
tremendous decrease is a fact we can only make some attempts

at interpretation:

1. Although the measuring points form a point of inflection,
we call it a breaking point, too, and assume that surface
effects, contamination and so on are responsible. So w=
have the similar case as in the curve shown earlier;
only the temperature dependence is different.
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On the other hand, it seems to be clear that the major
part of the D, might have disappeared through the walls
of the Li~containing vessel owing to a high permeability
of Ni for H, and D2 at high temperatures. Since nimonic
consists of > 70 % Ni, this attempt could be valid. As
the surface of the nimonic-vessel is much greater than
the surface of the Nb-diaphragm, the measured permeation

rate was found to decrease.

As hydrogen absorption in Nb is an endothermic process,
the solubility of hydrogen in Nb increases with decreasing
temperature. This is valid at temperatures below ~175° ¢
and-H2 pressures above ~ 1 x 10'1 Torr. Since the H-Nb
system does not behave as an ideal dilute solution in

the concentration ranges of the available data, it is
difficult to make reliable extrapolations to lower
concentrations. S1:ickney1‘4 made a comparison of experi-
mental data, which do not overlap very well. So we can-
not draw comparisons with investigations earlier made.

But we can follow Vblklls, who suggested that the
permeation of H through Nb may be estimated from the
equation P = SV S Where SV is the solubility constant
and Dg is the diffusion constant. According to the known
equation
1
J, = P, (P, -P
H H 1H,

the activation energy for permeation EPHZiS negative, and
therefore the predicted permeation rate decreases with

increasing tempera.ure.

Since we completed this series of measurements by a
serie in which we kept the temperature constant at 600,
650, 700, 740 and 800° C and increased the He carrier gas
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flow from 60 ml/min up to 1000 ml/min, we recorded,

that the breaking point becomes softer. In Fig. 14 this
family of curves is shown. When we transfer the points

of measurements of the 800%-curve corresponding to

higher carrier gas-fluxes, for instance 500 ml/min, the
breaking point disappears and we get a steadily increasing
output of D,.

Therefore, we assume, that the breaking point is not due
to effects in the Nb~diaphragm but due to solubility of
D2 in the nimonic structure.

CONCLUSION

My purpose has been to report an experiment making a
contribution to the recovery of T from liquid Li. Particularly
the usefulness of a fluidized-bed arrangement should be '
examined; in this respect only a first step has been taken
since we worked with hydrogen and deuterium and since we were
able to show that we can transport a sufficiently large amount
of deuterium from 1liquid Li by a permeation process and can
regulate this by three different possibilities:

1. with increasing carrier gas flow (limitations given here
by arrangement geometries)
2. with increasing temperature (limitations given here by
material technology; ~ 620° C, Nimonic ~ 725° C)
3. With process variations, which have not yet been under-
taken
3.1 vacuum extraction
3.2 in applying getter material particles to the carrier
gas in order to reduce the D, partial pressure at
the downstream side and at the same time have a
transport medium for the permeated H isotope.
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Besides the experimental data,

a)

b)

c)

d)

we gained some experience in handling and purifying liquid
lithium;

we found a practicable way of mounting a Nb-diaphragm
without using gaskets;

we investigated some materials with respect to the attack
of liquid Li and,

last but not least, we improved the sensitivity of a
normally operating gas chromatograph, so that we can
determine H and its isotopes in concentrations of about

10’9.

The sum of these experiences and the experimental results

will enable us to design and construct the next apparatus.
Then we intend to introduce T in order to reach the smaller
concentration range of 1 ppm because the sensitivity of our
determination method will then not be sufficient.
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TRITIUM PERMEATION THROUGF STEAM GENERATOR MATERIALS*

J. T. Bell J. D. Redman
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ABSTRACT

A model for tritium permeation through metals with
oxide coatings is developed. The development includes
considerations of permeation through clean non-oxidized
metals, through metals with perfect oxide coatings, and
through metals that have defective oxide coatings. The
mathematical model includes a film quality factor whick
represents the quality of the film with respect to covering
the surface of the metal. A set of curves of tritium flux
vs tritium driving pressure calculated with this model
shows how a film and the film quality factor will affect
the pressure dependence of permeation through a coated

metal.

INTRODUCTION

The production of tritium in nuclear power plants (fission and fusion)
and the necessary containment of tritium in these facilities demands that
we understand the mechanisms of tritium transport through construction
materials. Tritium, as T2 or as HT, easily permeates metals at high
temperatures, and thus can escape from the primary containment into the
secondary portions of a power plant. The tritium that escapes from the
cuore and coolant areas can be trapped in a secondary containment medium.
However, the tritium that escapes from the coolent through the steam

generator material into the steam s stem must be considered lost to the

*
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environment since it is impractical to remove the tritium from the water.
Therefore, the permeation of tritium through steam generator materials

must be minimized.

Previous experimental studiesl-S have shown that the oxide coating
formed by the steam oxidation of certain metals and alloys markedly retards
permeation of hydrogen isotopes through the oxide-coated metal or alloy.

It is possible, therefore, that the oxide film formed in an actual steam
generator system would provide the necessary retardation of tritium
permeation.6 Experimental work at high steam pressures is not yet in
progress, but we are studying tritium permeation through steam generator
materials at sub-stmosphere steam pressures. Concurrent with experiments,5
we are developing a descriptive model for tritium permeation through
oxide-coated alloys. The purpose of the present work has been to develop
a model for hydrogen isotope permeation through metaels that have one side
coated with a material through which the transport of hycdrogen is directly
dependent on the pressure of hydrogen. Testing of the model with experi-
mental deta can only be accomplished in the future after a considerable

bulk of datae is available.
DEVELOPMENT OF THE MODEL

The steady-state permestion flux, JM’ of hydrogen through unoxidized

metals is given as follows with consistent and commonly used units:

JM = Eﬁ (Péfz - Pife) cc(STP)-cm‘g-sec-l, (1)
where D [cmg-sec-l] is the diffusivity of hydrogen in the metal, K [ce
(STP)-cm-3"torr-l/2] is the solubility constant for the metal, P, {torr]
and Pl [torr] are the upstream and downstream pressures, and x [em] is
the metal thickness. The application of Eq. (1) to hydrogen permeation
at low driving pressures has been frequently guestioned in the literature.
However, Strehlow and Savage showed that Eq. (1) adequately represented
data for hydrogen permeation through nickel over a pressure range from

<10"3 to 750 torr.. Both K and D are generally accepted as exponential
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functions of temperature; thus, the general expression for permeation

flux through an unoxidized metal is:

DK
Iy = ;’( 2 [exp(-E/KT)] (P;/‘2 - Pi/‘?) (2)

where Do and Ko are pre-exponential constants, E is the energy of acti-
vation for permeation (the sum of the enthalpy of solution for gas in

the metal and the energy of activation for diffusion), K is the gas
constant and T "°K] is the temperature. This equation differs from

that of Richardson, Nicol, and ParnellT only in thet s term containing
Tl/2 is not present. This term was incorporated in that earlier work
because of a kinetic theory argument which may not apply to permeation.
[Equation (2) is presented here for generzl information and is not further

considered in this work.]

In considering tritium permeation, the role of isotopie dilution with
protium must be included in a functional description. This subject was
addressed in an earlier paper,5 in which it was shown that the primary
consideration is the hydrogen isolope equilibria. Assuming equilibrium

between tritium and protium according to the reaction:

1/2 H2 +1/2 T2 = HT,

we have
P
_ HT
(P Pp )
2 "2
or
P
1/2 _ 1l HT
o % 372 (1)
2 P PH
2

where Kp is the equilibrium constant for the reaction as wri.._en adove.
When an expression for permeation of tritium in the presence of protium
through an unoxidized metal is desired, Eq. (14) may be used for P? and/or

Pl in Eq. (1) or Eq. (2).
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The above equations are generally applied to the permeation of
hydrogen isotopes through clean metals. The situation becomes more
complex for permeation of hydrogen through an oxidized metel, and several

additional factors need to be considered. These are:

(1) Oxides generelly have lower permesbilities than metsls;

(2) The oxide may exist on one or two surfaces of the metal;

(3) The oxide may be increasing in thickness by an oxidation or
corrosion process, thereby decreasing the permeation rate;

(L) The oxide may have defects which permit non-uniform concen-
trations of hydrogen to exist in the metal with consequent

channeling of hydrogen through the metal.

Corrosion is itself a complex function of the cxidation potential of

the system and the detailed kineties involve numerous diffusion processes.
The role of the oxidation potential in permeation was discussed by
Strehlow and Savage14 who expressed the oxidation potential for the steam
oxidation of a metal as the H2O/H2 ratio. Although the oxidation poten-
tizl in the gas phase may be contrciled by the H20/H2 ratio, the rate of
oxidation is unot necessarily controlled by this ratio. In fact, many
alloys contain metals that, in small quantities or as powders, are easily
oxidized; however, in bulk form cxide films may be produced on these
alloys by slow kinetics because of a low rate of diffusion of the metal
atoms through the bulk metal and the oxide to the surface. Furthermore,
the rates of diffusion of H2 and H20 through the oxide are different, and
the oxidation potential at the metal-oxide interface will be different
from that at the oxide surface. The present model will consider hydrogen

permeation through metals with oxide coatings in simplified manner; future

models will be more complicated.

In steam generators designed for n»clear power plants, the construc-
tion material is in contact with steam on one side and an environment of
lower oxidation potential on the opposite side. Consequently, we will
consider the case of hydrogen permeation through a metal wit.. only one
surface oxidized, We assumed that the hydrogen permeated from the oxide
surface to the opposite and oxide-free metal surface as indicated in Fig.

1. t should be noted, however, that the development of the model does
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Fig. 1. Model for Permeation of Hydrogen Through Metals with
Perfect Oxide Coatings. The flux through the sample depends on the
total resistance of the sample, which mey be considered as the re-
sistance of the oxide in series with that of the metal.
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not depend on the direction of flow; thus, the following arguments would
apply to the flow in either direction. The permeation through a coated
sample will depend on the characteristics of the two mate;;als; but, at
steady-state conditions the flux through the oxide will be equal to that

through the metal, regardless of the direction of flow.

Hydrogen permeates through most oxides as molecular HE’ and the

equation for the flux, Jo, through the oxide has been given as

S
J = 163 (P3 - P2), {5}

where F is a proportionality constant similar to a diffusion constant,

P, and P, are the respective upstream and downstream H2 pressures and

3 2
Y{t) is a function describing %he time dependent thickness of the oxide.
(Note that the downstream pressure for the oxide is the upstream pressure
for the metal.) The kinetics for the formation of »n ~xide film on a

9

metal is often a parabelic function of time,” such that

(&)

where m is a proportionality constant and t is time. TFor this case, the

flux through the oxide mey be rewritten as”
- Pl {7

[Other functions for Y(t) could be substituted into Eq. (5} without
changing the course for the model.] For péfmeation through the oxide-
coated metrl, the flux through the oxide equals that for the metal, and
Egs. (1) and (7) may be combined to give

1]

DK (,1/2 _1/2, _ K
[p° - "1 = 2375 (P3 - B,), (8)

where P3 is the driving pressure at the oxide surface, P2 is the pressure

at the metal-oxide interface, and Pl is the pressure at the metal sw-face

{(Fig. 1). Since Eq. (8) is quadratic with respect to Pilz, a solution is

/2 1/2\y1/2
1/2 DKt/ 2 K | 2 DK ¢/ Pi/z e .
P2 = - =+ 1/2 (—r— ot + U4 P3+—- . . {9)
2xK K x K x
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The product, DK, mey be determined for the metal without the oxide
coaring, and a value for K' would be determined for the oxide in a
separate experiment. The calculated value for P2 would be used in Eg.
{1) or (7) to calculate the permeation fiux through the oxide-coated
sample.

The above equations could be used to describe permeation through
a sample of metal with a perfect oxide ecoating; i.e., one that has no
cracks, holes, ete. However, the surface oxidaticn of most metals will
produce oxide coatings with imperfections, and in power-plant steam
generstors there may be physical changes in the oxide, such that some
of the hydrogen can diffuse through the metal essentially independent of
the oxide. 1In this case, the total flux is the sum of that hydrogen which
diffuses through the oxide and then through the metal and that hydrogen
which passes through the imperfections and diffuses only through the
metal. The differences in fiux through a sample with a perfact oxide
coating and a sample with a defective oxide coating can be visualized by
comparing Fig. 1 and Fig. 2. These two figures also show the resistances
of the samples to aydrogen permeation, indicating the similarity of
hydrogen permeation and electrical conductivity. Using this analogy, one
deduces that the total flux, Jt’ for permeat.ion through a samule with a
defective coating is equal to the sum of the fluxes for the perfect
portion of the sample, JM' or Jo', and the flux for the defective portion

of the sample, J_; i.e.,

D

= 1 = '
Jt JM +JD Jg +JD. (10)

Expressions for the flow of a gas from a metal through an oxide

coating with cracks, holes, etc., have been given by Strehlow and Savage9

in the general form,

3y = ?’(3%)- (p;/2 - Pilz), (11)

where f£{d) is related to the size, geometry and spaciné of the imperfec-
tions in the oxide. The direction of the flux has no effect on the form
of Eq. {11). Regardless of the mathematicel character of f£(d), the
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Fig. 2. Model for Permeation of Hydrogen Through Metals with
Defective Oxide Coatings. The flux depends on the total resistance
of the sample which is considered as the resistance of the defective
portion parallel tc that of the ?erfect portion of the sample. 1In
the text, g = DK/x and h = K' /t3/°,



Iv-325

quality of the oxide film may be expressed as the flux that passes through
the defective portions ot the sample relative to the flux for the sample
with no oxide fiim. Then f{d) in Eg. (11) may be replaced with a film

gquality factor, M_l, and Eq. (11) becomes

. _ 4 DK 1/2 1/2
Jp =M< (P3 - B ). (12)

For a sample with large voids in the oxide film or with large areas of
unoxidized metal, M is the fraction of the surface that is not oxidized
or covered. For a film with pores of circular cross=-section and witin the

sizes and spacings of the defects small compared to the metal thickness,

_ 8x (
M= 2 {13)

where a is the average radius of the defects, and £ is the average half-

distance between the defects.lO

Likewise, the flux through the perfect oxide portion will be

. DK (p1/2 1/2
Iy -(1-1\4)x (P2 - P ) (1)
or
Jo (1 -M -;—/- (P3 - P2). (15)

Then the sum of Eq. (12) with (14) and with (15) are respectively

_ DK (1/2 _ 1/2 1/2 _ 1/2
Iy = (1 -M) e (P2 )+ M X (p Py ), (16)
and
= ._fi_ pL/2 _ 1/2
= (1 - M) 17 (P-P)+M (3 P 7). (1in)

The relation between the total flux and the driving pressure, P3, 5s
obvious from Eq. (17). A good oxide film with M > 0 will cause the total
flux to be first-power dependent on P3, and a poor oxide film (M » 1) will

not affect the conventional half-power dependence on the driving pressure.

It is difficult to visualize the changes in Jt for intermediate

values of M. We have assumed values for K /tl/2 and for DK/x, and cal-

culated Jt as functions of M and P3 when Pl = 0. Plots of flux vs P3
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are siown in Fig. 3 for five values of M. Values of M apparoently need
1o be <0.3 {the surface more than T0% covered) For an nxide to signifi-
cantiy change the flux. The most common effect of suriface oxiliation
will be to change the pressure relationship on Tlux from a syiare-root
dependence to a relationship that incluces z square-~rooi depenience for
nigh pressures, a first-power dependence at intermediate pressures, and
a square~root dependence at low pressures. Furthermore, there will be
some wide range of pressures where the Tlux will be dependent on the
pressure to a power between 0.5 ana 1.0.

This model feor the permeation of hydropen through stenm generator

materials will ve extended and tested in the future. In orier to nake

the model more apvlicable, a better cerinition of the kinetic term ¥(%)
] cts of continucus oxidation is

necessary. Further definition of ihe Iilm quality factor to better

describe the chemical and phvsical integrity of cxide coatings is also

are that the effects

requir=1. For nnow, the mos

of oxide coatings to impede tritiwn permeation can be dererrined, and

that the physical guality of the oxide ceatine will be very sipuificant.
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BARRIER CONCEPTS FOR FUSION REACTORS*
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ABSTRACT

On going experimental studies at ANL aimed at the
development of methods to reduce tritium migratien in
fusion reactor systems currently include (1) work on
the development of multilayered metal composites and
impurity-~coated refractory metals as barriers to tritium
permeation in elevated temperature (>300°C) structures
and (2) investigations of the kineties of tritium trapping
reactions in inert gas purge streams under conditions
that emulate fusion reactor environments. Significant
results obtained thus far are (1) demonstration of >50-
fold reductions in the hydrogen permeability of stainless
steel structures by using stainless steel-clad composites
containing an intermediate layer of a selected copper
alloy and (2) verification that surface-oxide coatings
lead to >100-fold reductions in the hydrogen permeability
of vanadium, but that severe oxygen penetration and
embrittlement of the vanadium occur at temperatures in
the range from 300 to 800°C and under conditions of
extremely low oxygen potential. Other considerations
pertaining to the large-scale use of metal composites
in fusion reactors are discussed, and progress in efforts
to demonstrate the fabricability of metal composites
is reviewed. Also presented are results of studles of the
efficiencies of (1) Cu0 and CuO-MnO,; beds in converting
HT to HTO and (2) magnesium metal beds in converting HTO

to HT,

*  Work performed under the auspices of the U.S. Energy
Research and Development Administration.
** Undergraduate research program participant from Michigan

State University.
1  Undergraduate research program, participant from Illinois

Institute of Technology.
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INTRODUCTION

An experimental program is in progress at ANL to evaluate various
concepts for improving tritium containment and control in fusion reactor
systems. The methods that have been or are currently being studied
include (1) multilayered metal laminates containing at least one layer
of material with a relatively low hydrogen permeability (2) hydrogen—~
impermeable impurity coatings on metal surfaces, and (3) inert gas
purge streams with tritium trapping capabilities. The principal objec~-
tive of this effort is to contribute to the development of a more
advanced technology for preventing tritium migration (by leakage,
permeation, etc.) in experimental fusion devices and fusion power
reactors. The following sections contain capsule summaries of recent

progress in each of the areas of study outlined above.

HYDROGEN PERMEATION CHARACTERISTICS AND MECHANICAL
BEHAVIOR OF MULTILAYERED METAL LAMINATES
The objective of this portion of the ANL tritium barrier develop-
ment work is to prepare and characterize multilayered laminates in
which a material with a relatively low nydrogen permeability (e.g.,
selected copper or beryllium alloys, aluminum) is sandwiched between
layers of the kinds of structural metals currenily considered to have
application in fusion technology (e.g., refractory metal alloys,
stainless steels). These multilayered materials are expected to be
useful in the construction of (1) steam genarator tubing and other
heat-transfer/energy conversion system components; (2) liners for the
blanket~shield interface; and (3) ductwork and other hardware for the
transport, processing, and storage of tritium. An added advantage of
the use of composite or multiplex materials is that compatibility
problems associated with the interfacing of blanket, primary coolant,
and secondary working fluids can be ameliorated by selecting (for the
exterior layers of the multiplex) metals that are compatible with the
fluid being contacted. For example, a liquid lithium circuit could
be interfaced with a high pressure helium loop as follows: 1lithium
to Nb-1%Zr/barrier layer/304~SS to helium.
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Experimental Procedure For Hydrogen Permeatlon Studies

The 316-~5S5{0.5mm)/Cu(1.0mm)/316-$S(0,5mm), 304-SS(0.25mm)/Nb(C.27mm),
and 304-55(0.25mm) /Cu(0.42mm) /Nb(0.19mm) bonded metal laminates were
obtained on a special order from Texas Imstruments Incorporated,
Artleboro, Massachusetts. (The numbers in parentheses indicate the
individual layer thicknesses.) Each laminate was in sheet form and
was used essentially as received. The individual studies of 304~ and
316-SS were carried out on sheet materlal that conformed to ASME Speci-
fication SA-240. The pure copper was the Electrolytic Tough Pitch Grade,
99,94% Cu. The "aluminum bronze" (Cu-10 wt % Al - 4 wt % Fe) was
obtalned from Copper and Brass Sales, Inc. without specifications. The
hydrogen gas, ultra~high purity grade (99.99+%), obtained from Air
Products and Chemicals, Inc., was passed through a silver-palladium
thimble at 300°C prior to use.

Circular membranes were assembled for the hydrogen permeation
studies as shown in Fig. 1. The membrane seal-weld indicated in Fig. 1
was made in vacuo with an electron beam welder and was helium leak
tested prior to use. Each membrane assembly was enclosed in a quartz
jacket and placed in a clam-shell type Marshall furnace. A dry helium
purge was maintained inside the jacket in order to avoid excessive
oxidation of the seal-weld and to reduce the possibility of having
any hydrogen permeate through the tubing on the downstream (low hydrogen
pressure) side of the membrane.

The area of each membrane was determined by opening the membrane
assembly (with a lathe) and taking an average value of several measure-
ments of the diameter of the seal-weld, as measured with a moving-stage
microscope. The thickness of each membrane was determined from a
photomicrographic measurement made on a mounted sample of the as-
received material. The areas and thicknesses of the membranes
studied are listed in Table 1.

The hydrogen vermeation apparatus consisted of {1) a pvrex vacuum
system with a 1liquid nitrogen trapped mercury diffusion pump and
mechanical forepump (ultimate vacuum <1075 Torr), (2) an all-metal

hydrogen pressure control (HPC) system, and (3) a Toepler pump to
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Table 1. Areas and Thicknesses of the Metallic
Membranes on Which Hydrogen Permeation
Measurements Were Made

Total

Thickness Area

Membrane (mm) (cm?)
316-8S/Cu/316-SS 1.85 6.40
304-5S/Nb 0.53 6.22
304-SS /Cu/Nb 0.86 6.16
304-5S 0.61 5.89
316-Ss 1.52 5.04
Copper 0.86 5.93
Aluminum Bronze® 0.67 4.34

a
Copper - 10 wt % Al - 4 wt % Fe

collect the permeating gas. Constant upstream pressures of purified
hydrogen were maintained in the‘HPC system by using a capacitance
manometer (MKS Baratron Model 170-M) as a null-meter which in turn
operated a solenoid valve. Hydrogen, that had passed through the
silver-palladium thimble, was adritted {(by the solenoid valve) to

a fine metering valve which in turn controlled the rate of entry of
hydrogen into the upstream portion of the system. The hydrogen
pressure on the downstream side of the membrane was maintained at
<10~! Torr by the Toepler pump.

At each temperature and upstream hydrogen pressure for which a
measurement was made, equilibrium (steady-state) flow was established
by overnight pumping on the downstream side of the membrane. Rate
studies were initiated by simultaneously starting a chronometer and
redirecting the downstream hydrogen flow to the Toepler pump via
a thfee—way stopcock. The gas collected by the Toepler pump was
forced into a calibrated volume held at a measured, reasonably
constant temperature. The amount of gas collected by the Toei:ler
pump was determined at random time intervals (over roughly an
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eight-hour period) by measuring the gas pressure in the calibrated
volume. Pressure readings were taken by cathetometer measurements

of the height of a mercury column connected to the Toepler pump. Plots
of gas volume (STP) collected versus time yielded reasonably straight
lines that extrapolated close to the origin. Jeriodic mass spectro-
metric and gas chromatographic analyses of the gas collected by the
Toepler pump revealed that hydrogen constituted >99% of the gas volume
in all cases. In most cases, the major impurity was methane (100

volume ppm).

Hydrogzen Permeabilities of Selected Metal Laminates

Hydrogen permeability data for the materials listed in Table 1
were reported in two earlier publicaticns.!?? Preliminary analyses of
these permeation data were made on the basis that the hydrogen flow
through each material was controlled by bulk diffusion (as given by
Fick's law) and that the solubility of hydrogen in each material was
proportional to the square root of thé hydrogen pressure. The result-
ing expression for the permeation rata, R, (as developed for example

by Webb3 and Stickney*) 1s given in equation 1

R= &+ A(P)D.5 ()}

where
o= ¢ exp(-Qp/RT). (2)

In these expressions ¢ is the iIntrinsic hydrogen permeability of the
material, A(P)?-5 1s the difference of the square roots of the upstream
and downstream hydrogen pressures, and T 1s the Kelvin temperature.
Values of ¢ for a given temperature and pressure are determined from

the measured hydrogen throughput rate, F, as follows:
o= [F « XI/[A + A(P)0.5] (3)

where X and A are respectively the thickness and area of the membrane.
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Values of the preaxponential term ¢° and the activation energy Qp
(in equation 2) obtained by least-squares-refinement of the ¢-T data

sets collected for each material, are given in Table 2.

Table 2. Values of ¢° and Qp Derived From Hydrogen
Permeation Data for the Indicated Materials

%°, Qp
Material cc (STP) *mm/cm? *hr-atm0+5 Calories/Mole
316-85-/Cu/316-SS 3,162 23,566
304-SS/Nb 10,230 27,013
304-SS/Cu/Nb 9,736 21,332
304-85 2,259 17,223
316-SS 1.149 15,605
Copper 11,920 21,451

The data from which the results in Table 2 were derived were
collected over the range from 10 to 600 Torr (upstream hydrogen
pressure) and 400 to B00°C. It is probably not advisable to use
these results for computations at very low hydrogen pressures
(<<1 Torr) where effects due to unreduced surface impurities may
be expected to dominate the permeation process.® (Studies of the
hydrogen permeabilities of the materials in Table 1 and of related
materials at driving pressures considerably below 1 Torr are currently
in progress in our laboratory.)

In recent months an attewpt has been made to glve further
refinement to the permeation dcta presented in references 1 and 2.
To determine more accurateiy the exact power dependence on pressure,
sets of permeation data collected at constant temperature were plotted
as a function of upstream hydrogen pressure in the log-log fashion
recommended by Strehlow and Savage.5 This plot (shown in Fig. 2)
gives pressure dependencies that range from 0.44 to 0.61 for the
materials listed in Table 1, indicating that the previous assumption
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of a half power dependencel'2 represents a reasonably accurate portrayal
of the permeation behavior. Although the deviations from an exact

0.5 power dependence could well be ascribed to experimentsl uncertainty
in most cases, we have found that linear plots of permeation rate

vs (hydrogen pressure)N do extrapolate to the origin (see Fig. 3) if
the correct value of N from Fig. 2 is used for each material but do

not extrapolate to the origin 1f N = 0.5 1s used.

An additional fianding from our studies of multilayered metal
laminates has been that the layers of a laminate act as a series of
resistors to hydrogen flow such that the calculated permesbility of
the laminate (based on the permeabilities of the individual layers)
is well within a factor of two of the measured permeability.}s2
Alternative use of permeation expressionz btased on pressure to the
0.5 power or on pressure to the specific power determined from Fig. 2
has no significant effect on this finding. In other studies carried
out by electron microprobe techniques we have demonstrated that large
scale hydrogen throughput [in escess of 8cc(STP)/cm?] has no measurable
effect on the integrity of the metailurgical interfaces in the bonded

metal laminates studied thus far.®

Development of Barrier Layer Materials for Multiplex #Metal Structures

The preceding section contained a summary of the potential
applicability of multiplex metal composites as barriers to tritium
migration (by permeation) through fusion reactor construction materials
that are subject to operation at elevated temperature (>300°C)., Im
this section, we discuss the results of experimental studies to identify
and characterize materials that would be suitabie for use as the barrier
layer in stainless steel-clad multiplexes., Initial studies have
focused on copper and its alloys because (1) thelr relevant physical
and mechanical properties (particularly thermal expansion coefficients)
are well matched with those of stainless steels insofar as compcoaite
preparation and high temperature integrity are concerned, and (2) a
substantial industrial technology base for the preparation of both
metaliurgically~ and mechanically-bonded copper/stainless steel compos-—

ites appears to exist.
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Hydrogen permeation data obtained for pure copper and the copper-
aluminum-iron alloy (from reference?) are shown in Fig. 4 together with
the least~squares refined permeatioa curves (solid lines) derived using
equation 2. Also shown in Fig. & are the permeability curves
for these same materials obtained by other investigators.7'1° In the
case of pure copper, the agreement with the results of Belyakov and
Zvezdinl?® and Perkins and Begea17 1s very good. The work of Smithells
and Ransley? dates back to 1935, and the apparent discrepancy may be a
reflection of the purity of the samples used in theilr studies. The
curve representing the results of Ehrmann et aZ.,8 was extrapolated
from the temperature region of their data (170 to 240°C). Also, there
was some uncertainty in the conversion of the permeability units used
by Ehrmann et al., to the units that we normally use. 1In the case of
the copper-aluminum-iron alloy, there 1s a sizeable disparity between
our data and the data of Belyakov and Zvezdin. We are of the opinion
that the reduced permeability of this alloy (compared to the permeability
of pure copper) 1s due te formation of an extremely stable bimetallic
impurity coating on the alloy's surface. If this is indeed the case,
and 1f the extent of formation of this coating is dependent on impurity
potentials in the environment surrounding the alloy prior to or during
permeation neasurements, then the disparity between our work and that
of Belyakov and Zvezdin may be attributable to differences in back-
ground impurity levels and/or prior sample history. However, it
should also be noted that the permeation rates measured in our study of
this alloy are near the background levels of our gas collection apparatus
(Toepler pump), which may have biased our reédings in the direction of
being too high. 1In order to cilrcumvent this problem in future work, we
have constructed an all-metal hydrogen permeation apparatus capable of
measuring permeation rates that are orders of magnitude lower than those
measurable with the Toepler pump.

Beczuse the hydrogen permeability of pure copper is only a factor
of fiom 2 to 5 lower than that of most conventional stainless steels at

elevated temperatures (>400°C), its potential value as a tritium-barrier
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layer in stainless steel-clad composites 1s low. However, the copper-
aluminum-iron alloy would be very attractive for use as a barrier layer,
if its permeability can be kept at least as low as our results in Fig. 4
indicate. For example, at 600°C, the hydrogen permeability of a
304-SS/Cu-Al-Fe alloy/304-SS composite (with all three layers having

the same thickness) would be 50 times lower than the permeability of

an equally thick layer of 304-SS (based on our data for the copper-
aluminum-iron alloy and for 304-SS).

Work is currently in progress to prepare a series of metallur-
gically~bonded 304-55/Cu-Al-Fe alloy/304-SS composites in which the
304-SS and Cu-Al-Fe alloy are subjected to a variety of surface pretreat-
ments prior te bonding. The hydrogen permeatiom characteristics of

these composites will then be examined.

Fabrication Efforts on Multiplex Materials

During the past year, an effort has been undertaken to investigate
the prospects for preparing multiplex metal laminates In seamless tube
form and jolning sections of these laminates by various welding proce-
dures. The ANL Materials Scilence Division prepared a mechanically-
bonded 304-5S/Cu/304-SS composite in seamless tube form by drawing
concentric cylindrical billets of 304-SS and copper into intimate contact
with one another. Sections of thils composite tubing were then joined
contiguously (layer to corresponding laver) to form a linear joint as
shown in Fig. 5. The joint was fabricated by sequentially electron beam
welding (with controlled penetration) all the seams formed by (1) the
interior 304-SS layer, (2) the copper half-cylindrical inserts, and
(3) the outer 304~SS half-cylindrical inserts. X-rays of the eantire
welded zone showed no evidence of weld imperfection. In actual opera-
tion, this linear joint could be given additional support by surrounding
the weld region with a cylindrical 304-SS collar.

Tests of the integrity of the linear joint followed by sectioning
to determine the weld penetration depths are planned. Future work will

also include an attempt to contiguously T-weld two sections of composite

seamless tubing.
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HYDROGEN PERMEATION CHARACTERISTICS OF VANADIUM

Prior studies conducted in our laboratory by Heinrich et qZ.!l
showed that relatively high hydrogen permeation rates could be achieved
in the 450 to 550°C range and at 1 atm upstream hydrogen pressure for
vanadium samples which had been hydrogen fired (activated) at 850°C
Just prior to permeation measurements. In order to maintain these
high rates, Heinrich et «l., indicated that it was necessary to periodi-
cally re-fire (reactivate) the samples in hydrogen. The hydrogen
permeation curve obtained from thelr data is shown as a dashed line in
Fig. 6. More recently, we have completed a series of studies in which
an attempt was made to determine the mechanisms involved in activating
&nd deactivating the hydrogen permeability of vanadium., Results of
permeation rate measurements and ion microprobe analyses for several
.vanadium membranes, examined during the course of these studies, are

summarized below.

Hydrogen Permeation Studies

The experiment.al configuration and procedures used in the studies
of vanadium were the same as those described in the preceeding experi-
menial section for the measurements on composite materials. Because
of problems associated with flooding of the gas collection equipment
(Toepler pump) it was not possible to measure hydrogen throughputs
corresponding to permeabilitles greater than 10 cc(STP)'mm/cm2'hr'atm1/2;
therefore, the high rates achieved by Heinrich et al., for activated
vanadium were not substantiated in our work. We did observe, however,
that at temperatures above 850°C the hydrogen permeability of a newly
mounted vanadium membrane was considerably greater than the upper
limit collection rate of our apparatus. In one experimental run an
0.5~mm-thick membrane (MARZ Grade Vanadium) was activated according
to the procedure of Heinrich et al.ll and subjected to sixty days of
hydrogen permeation at temperatures between 400 and 850°C, upstream
hydrogen pressures between 5 and 200 Torr, and a dowstream hydrogen
pressure of <10-! Torr. The hydrogen permeability of this membrane
was measured at periodic intervals and was found to drop monotonically
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with time. Because of this steady (day-to-day) drop in rate it was
not possible to make an accurzte determination of the pressure dependence;
hence, for the sake of ccmparison with the data of Heinrich et al., a
half-power dependence was assumed.

Some of the results from this sixty day experiment are summarized
in Fig. 6. During the first two weeks the rate of decrease of permea-
bility was extremely rapid. Selected results from the third, sixth, and
eighth weeks, shown in Fig. 6, give evidence of the continuing decrease
in permeability and indicate a leveling off of the permeation rate in
the latter stages of the run (after the fiftieth day). The overall
decrease in permeability compared to the data of Heinrich et aql. (assuming

they are correct) is roughly five orders of magnitude.

Microprobe Studies

Previously published results obtained from ion microprobe mass
analyzer (IMMA) scans of activated and deactivated vanadium samples12
showed that the major impurity element on the surface of deactivated
vanadium (which was not present in significant amounts on activated
samples) was oxygen. More extensive IMMA studies than those reported
previously have been carried out to obtain a better understanding of
the behavior of oxygen on vanadium surfaces at elevated temperatures.
The experimental methods used in these sfadies were the same as those
reported in reference 12. Oxygen to vanadium (0/V) ratios as a function
of depth into the sample are given in Fig. 7 for four different treat-
ments. The relative oxygen level was determined by ratioing the
160% and 5!V (0.24% natural abundance) mass peaks. These 0/V ratio
data were calibrated using IMMA data for the as-received MARZ grade
material (indicated by diamonds in Fig. 7) and the analytically deter-
mined oxygen content of the as-received material (v150 wppm). (The
uncertainty in the 0/V ratios given in Fig. 7 is estimated to be around
+ 50%.) With the exception of the data for the as-received vanadium,
all other IMMA results in Fig. 7 were obtained on samples that were
treated in our permeation apparatus for comparable time periods (1500
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hours) at temperatures in the range from 350 to 850°C. Data collected
for a sample that was inadvertently exposed to atmospheric oxygen levels
at an elevated temperature (“500°C) for a short period of time are
indicated by circles in Fig. 7. This sample is believed to be the one
subjected to heaviest oxidation during its treatment, and the results

in Fig. 7 appear to reflect this belief.

Efforts to characterize the source of the occasional humps in the
0/V versus depth curves were not overly successful. The humps were not
observed with any consistency for a given surface and the depth at which
their maxima occurred varied from sample to sample and from location to
location on a given sample. Since the results in Fig. 7 do indicate
that the oxygen distribution profile within the vanadium used for these
studies is, for the most part, relatively smooth, the humps are taken
as evidence for the formation (to scme extent) of oxide-rich clusters
or occlusions. Attempts 1o correlate these humps with the presence of
other impurity species detected by the IMMA scans were largely incon-
clusive.

Whereas the hydrogen permeability of activated vanadium (as measured
by Heinrich et ai.l!) is comparable to that of palladium and the silver-
palladium alloys commonly used as hydrogen filters,!3 the permeability
of the impurity conated vanadium observed in our study actually falls
well below the range of permeabilities exhibited by most conventional
unoxidized stainless steels,5»1%,15 Although the data in Fig., 6 do
reflect the achievement of a relatively steady permeation rate after
fifty days oi study, this rate (the solid line in Fig. 6) is undoubtedly
fixed by the intrinsic oxygen potential in our apparatus. That being
the case, any use of the data in Fig. 6 to predict the hydrogen permea-

bility of vanadium should be made discriminately.

Conclusions from the Vanadium Studies

Based upon the results of this investigation and on a cursory
examination of thermodynamic property data for the appropriate materials,
several conclusions can be drawn regarding the ultimate utility of
vanadium in fusion reactors. Results of the studies of oxygen concentra-

tion profiles (Fig. 7) show that even in a relatively clean environment,
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build-up of oxygen at the vanadium surfaces and significant oxygen
penetration into the bulk metal occur readily. Imn order to avoid
severe oxygen penetration, the oxygen potential in fusion reactor
coolant circuits employing liquid sodium, liquid potassium, or high
pressure helium would probably have to be controlled at levels
corresponding to O, partial pressures <10~30 Torr.16’17v Consequently,
the interfacing of vanadium with liquid sodium or potassium and the
containment of high pressure helium streams with vanadium at elevated
temperatures will present considerable difficulty.lealB In .additica,
for vanadium-structured fusion reactor designs which employ helium
as a coolant, the low oxygen potentials required to preserve the
integrity of the vanadium, would compromise the beneficial effects on
tritium containment and trapping that result from having ppm levels of 0p
present in the helium.!®

In liquid lithium blanketed fusion reactors with vanadium support
structures, oxygen potentials in the lithium will be much lower than
these which would lead to oxldation of the vanadium.2? (This is a
consequence of the fact that the thermodynamic stability of lithium
oxide is considerably greater than the stability of any of the oxides
of vanadium.20) While oxygen penetration of vanadium i1s not expected
to occur in liquid lithium systems, the low oxygen potential created by
the lithium environment will preclude the formation of an oxide layer
at the lithium-vanadium interface. This being the case, the hydrogen
permeation characteristics of the vanadium support structure In contact
with lithium could approach those of the activated aaterial shown in
Fig. 6, unless the opposing surface of the vanadium is seéled by an
oxidz layer. Maintenance of an oxide layer on one surface of vanadium
without incurring destructive penetration of the bulk metal, will
undoubtedly require a carefully controlled oxygen potential. Duplex
tubing or other multi-metal configurations in which the interior vanadium
surface (the surface between layers of the multiplex) is mildly oxidized,
cvould provide a means of utilizing oxide layers 6n vanadium to reduce

hydrogen, deuterium, or tritium permeation rates.?!
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TRITIUM TRAPPING KINETICS IN INERT GAS STREAMS

This effort is directed toward studies of the kinetics of chemical
trapping reactions involving tritium in inert gas streams (e.g., helium,
argon, nitroggn). Specific gas stream environments that have practical
applications in fusion devices and reactors include (1) high-pressure
helium streams used as coolant circuits for power reactor blankeis,

(2) low-pressure inert gas streams used in conjunction with either

double containment jackets for isolated reactor components or whole~room
atmosphere purges, and (3) the mainsiream fuel cycle for D-T fueled
devices or reactors. With regard to the behavior of tritium in helium
coolant circuits and in inert gas purge streams, significant advantage

in terms of overall tuitium containment can be gained by converting the
tritium present in these streams to T»0 or THO and then sorbing,
desiccating, or otherwise fixing the T,0 or HTO in a medium that is
suitable for (1) tritium regeneration and reinsertion into the mainstream
fuel cycle or (2) consolidation of low-level tritiated wastes in prepara-
tion for long-term burial.

The chemical trapping requirements imposed by the needs of the
mainscream fuel purification and recycle system of a D-T fueled fusion
reactor are substantially different from those of the gaseous coolant
and purge circuits. During the course of passage through the plasma
chamber, the D-T fuel mixture will invariably pick up low levels of
uonmetallic impurities (e.g., O, N, and C). Since only a small fraction
(<5%) of the injected fuel actually undergoes fusion in a single burn
cycle, it is absolutely essential (for power reactors} to continuously
recycle the unburned D-T mixture. Because of the deleterious effects
of impurities on plasma energy balance and stability, the impurities
picked up during one burn cycis wust be removed prior to reinjection
of the recycled fuel mixture. It would be desirable to identify chemical
trapping media that can effectively remove these nonmetallic impurities
without simultaneously tying up a large quantity of tritium.

The objective of this effort is to evaluate the performance of
materials that might be suitable for the two types of chemical trapping

operations summarized above. As a beginning for these studies, a trapping
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kinetics apparatus was assembled, and a series of tests were performed

to evaluate (1) the efficiency of heated Cud/Mn0O, mixtures in converting
HT to HIO, (2) the efficiency of heated magnesium beds in converting HTO
to HT without simultaneously pumping the HT, and (3) the effectiveness of
selected water sorbing media.in trapping HTO from flowing inert gas purge
streams. The results of these various tritium trapping studies will be
used to gailn insight concerning the optimum size, configuration, and
flow parameters that should be applied to the design of equipment for
fuel conditioning and purge stream processing circuits of near term

experimental fusion devices and future fusion power reactuvrz.

Experimental Procedure

The apparatus developed for these studies is shown in Fig. 8. The
initial branch is designed to permit series testing of an oxidizer bed
(2.g9., Cu0/Mn0,) and a reducer bed (e.g., magnesium metal with provision
for by-passing ¢ either or both beds. The second branch is designed
to permit testing of various water sorbing or desiccating media and is
aiso fitted with a by-pass. Tritium from the carrier gas cylinder
(v1.7 pCifcec of HT in argon) is introduced to the pulse chamber with
both solenoid valve B and backup valve C closed. Pulses of the tritiated
carrier gas are delivered to the trapping circuit by closing valve 4,
opening valve C and triggering solenoid valve B. (After triggering of
a pulse, valve C is closed to guard against any low-level tritium leakage
across the seat of solenoid valve B.) Sclenoid valve B is contrclled
by an electronic pulser which opens the valve for a set length of time;
hence, uniform-sized pulses of the tritiated carrier gas should be
delivered with each triggering. (This uniformity of pulses was demon-—
strated experimentally.) Tritium counting is performed with a Johnston
Laboratories Model 955B Tritium Monitor.

The apparatus in Fig. 8 is set up for either once-through flow
studies using an inert sweep gas (valve D open, valve E closed, and
valve F open) or recycled-flow studies (valve D closed, valve E cpen,
and valve F closed). In this way, both instantaneous and long-term
performance of various conversion beds and water trapping media can

be investigated.
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Results of Once-Through Pulse-Flow Studies

In this series of experiments, the tritium pulses were swept once
through selected conversion bed and trap configurations and exhausted.’
The objective of the experiments was to test the effectiveness of a
particular bed and trap combination on tritium concentration in the
sweep gas, when tritium is admitted to the system in bursts. Prelimi-~
nary experiments showed that the tritium in the carrier gas is mostly
in the form HT when it leaves the pulse chamber and that a liquid
nitrogen cooled copper mesh trap effectively removes HTO from the sweep
gas but does not remove HT. Results of several different types of

pulse~flow studies are summarized below:

Effects of Flow Rate on Monitor Response

The effects of sweep gas flow rate and bed temperature on tritium
monitor response to single pulses of the tritiated carrier gas were
evaluated for a series of oxidizer bed/reducer bed/waier stripper
configurations. A set of data collected for the B/Mg/%, B/Mg/N, and
B/B/N; configuritions [B = by-pass, Mg = magnesium bed, No = liquid
nitrogen cold trap)] is given in Fig. 9. The results in Fig. 9 show that
the effect of flow rate on the integrated tritium signal is close to
linear in the 2 to 8 LPM range for all three configuratioas. (The inte~
grated tritium signal is obtained by measuring the area under the recorded
tritium count rate vs. time curves using a planimeter). Similar results
for configurations with Cuf and Cu0-MnO, oxidizer beds are currently
being evaluated. Linearity of the tritium monitor response during pulse-
flow operation is essential to the attainment of reasonably quantitative

results from reaction kinetics studies.

Performance of CuD and Cu0-MnOz Oxidizer Beds

In énother series of studies, we investigated the effects of particle
size and composition on the performance of Cu0-MnQ, mixtures used in
oxidizer beds. The performance characteristics evaluated were (1) effec-
tiveness in oxidizing HT to HTO, (2) magnitude and duration of tritium
hold-up in the bed, and (3) pressure drop in the bed. All experiments

were carried out (1) at a beé temperature of 600°C, (2) in the same bed
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container and apparatus configuration, and (3) at a sweep gas flow rate
of 2 LFM. The objective of this study was to identify a bed composition
and particle size range that gave high efficiency conversion of HT to
HTO, low pressure drop in the bed, and minimum tritium hold-up. Results
obtained for the compositions and particle sizes examined thus far are
summarized in Table 3. Generally speaking, roughly equal volume mixtures
of Cu0 and MnO, with particles in the size range -16 +42 mesh gave the
best performance, although hold-up was a problem to some extent in all

of the beds studied. Volume fractions >30% of -42 mesh material (either
Cu0 or MnO;) increased the pressure drop across the bed and led to greater
tritium hold-up (probably because of the increased surface area). Cu0
by itself was found to be relatively ineffective in converting the low
levels of HT in the sweep gas to HTO, regardless of particle size. HT

to HTO conversion efficiency increased with increasing quantities of
Mn0O,; however, increasing the volume percent of MnO, above 507 tended to
give increasingly larger tritium hold-up. Composition VII in Table 3

appears to be near optimum in terms of the objectives stated above.

Effects of Ho Addition to Sweep Gas

This series of experiments was conducted to determine the effects
of increased amounts of H, in sweep gas on Cu0-Mn0O, oxidizer beds
that showed relatively high tritium hold-up in the previous series of
experiments. Comparative runs were made with either helium or helium-
1% hydrogen as the sweep gas. Results of experiments with the CuO-
MnO,/B/B and CuO-MnO,/B/Ny configuratious are shown in Fig. 10. The
composition of the CuO-MnO, bed used for Test V in Table 3 was selected
for this study because of its relatively nigh tritium hold-up characteris-
tics. Curves A and A' in Fig. 10 show that the tritium hold-up is greatly
reduced by swamping the HT in the sweep gas with Hp. In a second experi-
ment, a pulse of the KT carrier gas was added to a helium swept stream
and, after sufficient equilibration time, the sweep gas was changed to
He-1% Hy. The results of this experiment {(curve B in Fig. 10) show that
the original pulse is cleared from the bed by the Hy-containing sweep

gas. Curves C and C' in Fig. 10 are a repeat of the sequence represented



Iv-355

Table 3. Summary of Studies of the Effect of Composition
ard Particle Size on the Performance of Cu0O-MnO»
Oxid izer Beds at 600°C and a Sweep Gas Flow Rate

of 2 LPM
Relative Performance
_ Particle HT to HTO Relative Relative
Composition Size Range Conversion Pressure Tritium
Test (Volume 7%) {Mesh) Efficiency Drop Hold-up
X 100% Cu0 ~42 low large moderate
I1 100% CuO ~32 +42 low low low
11 ggé S:gz :Zg +42 moderate modgrate moderate
7 9, - 2]
1V ;g; S:gz _Zg + 4z high moderate moderate
v Zgé g:gz :Zg 42 jntermediate’ moderate high
VI 60%Z Cu0 =32 +42
40% MnO, -16 +32 high Low Low
VII 50% CuC =32 +42 * i * *
50% MnO, -16 +32 high - low Low

t Not possible to determine because of high tritium hold-up.

*
Slight improvement over Test IV,

by curves A and A' except that the Cu0-MnO,/R/N; configuration is used.
These results demonstrate thét the HT to HIC comrversion efficiency of

the Cu0-MnO; bed is not grossly affected by the large excess of Hr., In

the near future, an attempt will be made to determine the lower limits

for Hy levels in the sweep gas that can effectively reduce tritium hold-up
in Cu0-MnO, beds. Incentives for this extension of the H,~swamping studies
are (1) the fact that 1% H, levels lead to rapid depletion of the active
material in the oxidizer bed, (2) the need to minimize insofar as possible
the magnitude of isotopic dilution of tritium from the standpoint of
subsequent tritium enrichment and recycle, and (3) a recent observation

that the efficiency of magnesium metal reducer beds is adversely affected

by the large excess of Hz in the sweep gas.
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Results of Recycle-Flow Studies

In this type of experiment the apparatus in Fig. 8 is filled to
ambient pressure with the sweep gas, set in the recycle configuration
with all beds and traps by-passed, and a pulse of tritium is introduced.
(Continuous circulation is provided by the circulation pump in the tritium
monitor.) Thercafter, the desired sequence of beds and traps are valved
into and out of the circuit. A typical series of experiments is shown
in Fig. 11 where a comparison is made of the performance of a magnesium
matal reducer bed st 300 and 550°C. 1In the all by-pass configuration
(B/B/B) the tritium monitor signal rapidly reaches a steady level. In-
sertion of the magnesium bed (B/Mg/B) has relatively little effect,
although we have often observed a slight increase in signal which may
be due to residual tritium from a prior pulse. Insertion of the nitrogen
trap (B/Mg/N;) always leads to a slight drop in signal because the
relatively large internal volume of the trap (compared to the piping)
causes a dilution of the tritium in the sweep gas. The plateau in this
latter configuration proves rhat most of the tritium is in the oxidized
form. Insértion of the Cu0-MnO, oxidizer bed (composition for Test VII
in Table 3) leads to two distinctly different effects. In curve A
where the magnesium bed is at 300°C, the tritium is rapidly removed
from the circuit as HTO indicating that the magnesium bed is not back-
reducing the HTO coming out of the oxidizer beé. In curve B where the
magnesium bed is at 550°C, it does effectively back-reduce the H4TO.

(The initial drop in the signal in Curve B, when the CuO-MnO,/Mg/N»
configuration is introduced, is believed to be due to hold-up of some
tritium by the oxidizer bed.) The respense to the final configuration
in curve B (Cu0-MnO,/B/N,) gives evidence that the oxidizer bed was

operating effectively prior to removal of the magnesium bed.
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PERMEATION OF HYDROGEN AT LOW PRESSURES THROUGH STAINLESS STEEL
AND IMPLICATIONS FOR TRITIUM CONTROL IN FUSION REACTOR SYSTEMS

Robert C. Axtmann, Ernest F. Joiinson and Christopher W. Kuehler

Department of Chemical Engineering
Princeton University ., 7}

ABSTRACT

New erperimental data on the permeation of hydrogen
through stainless steel indicate that at driving pressures
below 107“ torr, the permeation rate is linearly dependent
on the driving pressure. A possible consequence is that the
permeation rates of hydrogenic species in fusion reactor sys-
tems might be much lower than those reported in contemporary
conceptual design studies which assume that the rates are de-
pendent on the square root of the driving pressure. The im-
portant implications of these low permeation rates are: (1)
tritium losses to the environment may be more dependent on
ordinary leaks from equipment than on permeation to the steam
cycle; (2) recovery of tritium from breeding blankets via
permeation windows may be impracticable; and (3) recovery of
tritium from breeding blankets not dependent on permeation
windows may be simplified by the possibility of operating at
much higher average tritium concentrations in the blanket and

cooling systems.
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INTRODUCTTION

The permeation of hydrogen gas through metals has been studied for
many years, principally because of the deleterious effects on mechanical
properties of the metal. New interest in the area has been stimulated
by problems in fusion devices where tritium migration and holdup are im-

portant phenomena for both operational and environmental reasons.

These recent problems occur in temperature and pressure ragimes
that are not well-explored. The first wall aside, it is likely that much
of the structural hardware in fusion reactors will be fabricated from
stainless steels or other iron alloys. So far as we are aware, no re-
producible hydrogen permeation experiments on any stainless steel have

heretofore been reported for driving pressures less than about 0.1 torr.

The classical expression for describing the permeation of diatomic,

homonuclear molecules through a metal membrane is Richardson's Equation,

viz,
_P 1/2 1/2
J=3 (P1 - P, (D
where
1
P= Po exp(- > Ep/RT] (2)
and
J = trhe permeation rate,
P = the permeability,
P = a constant,
o
E_ = the activation energy for diffusion,

the gas constant,

= the atsolute temperature,

[~ TR = T v
H

= tha thickness of the metal,
P.,P = the pressures at upstream and downstream surfaces, re-

spectively.
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Experimental verifications of Equation (1) are sparse in the case
of iron or iron alloys. Chang and Bennettz, for example, found the ex-
ponenF of Pl to vary (with pressure) between 1/2 and 1; Phillips and
Dodge3 found only a weak dependence on d; Randall and Salumon reported
that a lengthy period of "activation'" was necessary before tritium perm-
eation through 347 stainless steel rose to a reproducible valuea; anc
Flint's measured hydrogen permeation rates through %47 stainless decreased

- 5
markedly over a period of 300 hours at a temperature of 600°C.

All of these anomalies suggest that at least in some circumstances,
diffusion through the metal is not the rate-limiting step in the overall

permeation process.

EXPERIMENTAL
Apparatus

Physical Description

In order to observe hydrogen permedtion under conditions at which
diffusion may not be rate limiting, the ultra-high vacuum apparatus de-
picted schematically in Figure 1 was constructed. Fabricated from 205
stainless stecel to minimize surface contamination, the system is all

metal.

The high pressure chamber (I) can be evacuated by a sputter-ion pump
rated at 11 liter-sec—l. The upstream pressure, Pl’ is measured with a
nude ionization gauge that has been calibrated for HZ' The low pressure
chamber (II) is pumped by a triode sputter-ion pump rated at 270 liter-
sec_l for H, and a titanium sublimation pump. The speed of the latter
is estimated, very conservatively, to be at least i0,000 liter-sec . A
second nude iovnization gauge permits total pressure measurements, Py, on

the downstream side of the membrane.

The permeation membrane assembly is shown in Figure 2. The membrane
was machined from an ingot of warm-rolled, 304 stainless steel to 5 mil
thickness and a diameter of two inches. This piece was welded to lengths
of stainless steel tubing which were, in turn, welded to water-cooled

vacuum flanges. Two baffiles in front of the membrane insured thermal
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equilibrium between the gas and the membrane surface. Before incorpora-
tion into the apparatus, the freshly machined membrane surface was de-

greased with acetone.

The temperature of the membrane is maintained by an external ensemble
of insulated heating elemeiits. A thermowell, drilled close to the mem-
brane's edge (cf. Fig. 2), allows temperature measurements with a chromel~
alumel thermocouple.

Baking at 200°C overnight brought the base pressure in chamber II

10 torr range while chamber I reached 1 x 10-9 torr. To main-

into the 10~
tain these vacua under no gas load requires activating the sublimator for

two minutes, once a day.

Method

To measure permeation rates, a conductance~limited orifice method
is utilized. 1In this technique, gas entering chamber II is pumped out
through a calibrated orifice by the high-speed pumping system. The flow
rate, Q, ianto the chamber is

vp, !
Q=337 (3)

where

U = the conductance of the orifice,
P2 = the pressure in chamber II,
S

= the pumping speed at the orifice.
The conductance of a circular orifice6 is given by

U= 62.5 an 12 (%)

where
A = the area (cmz).

m = the molecular weight of the gas,

F~r hvdrogen and our orifice (1.69 cm diameter), U = 100 liter-sec_l.
Sint 2 the pumping speed is >10,000 liter-sec.l, then from Equation (1)

Q= UPZ, i.e., the flow is definitely conductance~limited.
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Since it is possible that significant partial pressures of gases
other than hydrogen may be present, an ionization current proportional
to P2 is measured with a gquadrupole mass spectrometer. The proportional~
ity between spectromester ionization current at mass two and flow-rate
into chamber 11 was determined by admitting, in a separate experiment,

pure hydrogen to the chamber via 2 calibrated leak (cf. Fig. 1).

Hydrogen

Two sources of purified gas were used. Initially, research grade
hydrogen from Air Praducts Corp. was admitted directly into the evacuated
gas inlet system via a standard regulator valve. Later, Matheson UHP hy-
drogen was passed through a Matheson purification train (Models 64-1000
and 450) before entering the inlet system. Analyses of each gas, ob-
tained from the vendors, are given in Table I. The purified Matheson
gas that entered the permeation apparatus is expected to be of higher

purity than is indicated in the table.

The two samples of hydrogen gave identical results.

Procedure

prior to this experiment, the membrane assembly was held at ~700°C
for one week. Pressures of 10.8 torr on the high pressure side and 10"9
torr on the low pressure side could be maintained under these conditioms.
To insure that the membrane was free of leaks, 10-3 torr of helium was
admitted to chamber I with the mass spectrometer in chamber II set to

mass four. No increase in signal was observed.

P1 was controlled by adjusting both the variable leak valve through
wkich hydrogeu was admitted and by varying the conductance of a 1 1,2"
valve attached to the 11 lit:er:-sec‘-1 pump. In a typical run at a given
temperature, hydrogen was admitted to chamber I at the minimum value of
P1 desired, by opening the variable leak. The mass spectrometer current
rose and approached a steady-state with a period that ranged from one to
ten minutes, depending on the temperature. The difference between the
currents, with and without permearion, was taken to be proportional to
the permeation rate. Subsequent, higher values for Pl’ up to the maximum
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Table I. Hydrogen Analysis (ppm)

Air Products Matheson Ultra
Research Grade High Purity
(Actual) (Typical)
Acetylene <0.05
Argon <5
Carbon Dioxide <0.5 <1.0
Carbon Moroxide <1.0 <1.0
Helium 50
Hydrocarbons <0.2 8
Methane <0.5
Nitrogen <5 <1.0
Nitrous Oxide <0.1
Oxygen <0.5 <1.0

Water .82 5




allowable in the 11 liter-see™) fon pump, were obtained by opening the
leak further, closing off the pump more, or both. Pi was then lowered
through the same sequeace of values and the mass spectrometer readings
were confirmed.

RESULTS

Figure 3 displays the results of hvdrogen permeation measuremcnts
through 304 stainless stecl between 637°C and 709°C and driving pres-
sures from 2.0 x 10-4 to 1.6 x 10.2 torr. The experimental sequence in-
volved: three runs at temperatures which included the highest and the
lowest; a one week interval during which the sample was held at room
temperature under ultrahigh vacuum; and two runs at intermediate tem~-
peratures. When the data at single values of Pl from the five tempera-
ture runs were plotted versus reciprocal temperature, smooth curves re-
sulted. This circumstance argucs that no significant changes occured on
the menmbrane surfaces during the course of the experiment. Moreover,
datz from a run in which the pressure was raised at a given temperature

agreed well with those obtained when the pressure was lowered {cf. Proce-

dure secti a above).

Least squares fits were made of the five, single-temperature runs

" displayed in Fig. 3 to the empivical equation ’

J = b(l'l)“ (5)
where

J = the permeation rate.
All gave values of 0.980 < n < 1.017.

Budgetary constraints precluded in situ studies of the surface char-
acteristie of the stainless steel sample. Elseuhere7 we have marshalled
cvidence to support the thesis that, whatever the svrface contaminants
(primarily 0,5,P), their concentrations are those characteristic of 304
stainless steel in ultra-high vacuum at the temperature of our experi-
ments and that the surfaces cquilibrate rapidly.We did not observe either
the "activation" period observed by Randall and Salmon“ nor the "aging"
reported by Flint5 on 347 stainless steel, Both of the larter permeation
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studices were performed at driving pressurces in the torr range or above.

A more detalled account of the experimental design and procedures
is uvnilubiv’; a theoretical interpretation of the results will be of-
H
fered clsewhere .
DISCUSSTON
Although the results of any single, new experiment must be regarded
with cautfon, it is Instructive to cxamine the possible implications for
fusion reactor systems of the observed linear dependency of permeation

rates on driving pressures.

It is clear thar a lincar dependency would mean that the actual
perseatior. rates at very low driving pressures will be much lower than
would be sstimated from a dependency on the square-root of the driving
pressures.  Since certain fzportant features of conceptual designs for
fusion reactors are governed by cstimates of tritium permeation rates,
any major changes in thesc cvstimates would require major alterations to

the zonceptual designs.
Tritiom Lons to the Ruvirvument

Ffor most recent conceptual designs of fusion power reactor systems,
including those from Oak Ridgcq. Princetonlo, and wiscansinll, a control-
ling parameter has been the allowable loss to the environment. In these
designs the tritium concentrations in the coolant streams flowing to the
principal steam generators have been set at levels that would limit the
permeation of tritium into the steam to rates approximating the present
maximum allowable, tritium release rate to the environment. This design
restriction is based on the assumptions that tritium entering the steanm
cvcle would not be recoverable and uitimately would reach the environment
and that all other tritium relecases would be tightly controlled by sec-

ondary containment svstems.

Actually, the maximum allowable tritium loss to the environment is
only one of three constraints on tritium concentration levels in fusion
power machines. The others are the maximum allowable, overall tritium

inventory and the maximum tolerable concentration of hydrogenic species
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in the machine structures fixed by the tendency for hvdrogen to embrittle
metals at concentrations above a2 few hundred parts per billion. The for-
mer depends primarily onm the cost of tritium, witich for first generation
power machines would be very high, and the latter depends on the solubjil-
ity of hydrogen in the particular metals and its effect on metallurgical

properties, exacerbated in the casz of tritium by the decay to heliun.

In the Princeton Reference Design (PRD) the maximum tritium pres-
sure in the coolant belium flowing through the steam generators was set

-15
at 10

~4 -
10 ~ gm-day 1. For the same system the embrittlement coastraint would

atm to limit the permeation loss to the steam to approximately

. . . -7 ces
permit a concentration corresponding to approximately 10 ° atm tritium

pressure in the heliuﬂlyand the inventory constraint corresponds to about
10" arm. Thus the permeation constraint is the most stringeni of the
three applicable comstraints by many orders of magnitude. However, if
we assume the linear law for estimating the likely permeation rates and
then compute the allowable tritium pressure for the same tritium less
rate to the environment, we find that embrittlement becomes nearly
coequal in controlling importance. F¥From Hquition (1) the driviag

force for permeation, for a tritium driving pressure of 10—}5 atm, is
10-'15,2 or 0.32 x 10-7 zxtm]'/2
giving the same numerical value for the driving force unéder a Jigcar law

assumption would be 0.32 x 10 ° atm, only slightly less than the safe

. Ceteris parabis, the {(ritium pressure

pressure from the standpoint of wall embrittlement.

Smith has carried out this kind of calculation for the PRD in some-
what more conservative fashion by making use of data rclevant for each
form of the permeation rate equationslz. He also assumed, for both cases,
that the metal wall was stainless steel without any cladding to hinder
permeation. For the Richardson's law case, the total transfer of tritium

from the coolant helium to the steam cycle is given by

J= {(A/x) B (p)‘l/2 exp(-Ep/RT) 6)

where
a = metal surface area normal to the flux,

x = metal wall thickness,
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B = overall coeificient for permeation,

p = tritium pressure in the coolant helium,
Ep = activation energy for diffusion,

R = gas constant,

= absolute temperature.

In this equiation the effective pressure of molacular tritium in the
steam side of the heat exchangers is taken to be zero. Using data from
Maroni13 for all variables except J and p and assuming uniform tempera-
tures throughout a given heat exchanger and equal to the highest tempera-
ture in that exchanger, Smith estimated that the average tritium pressure
in the coolant helium sysiem should be held to a maximum of 2.3 x 10-17
atm to insure that the total permeation rate would not exceed 10-4 gm-

day-1 (ca, one curie-day-l).

Under the same assumption of negligible Jdownstream tritium pressure,
the linear law expression for the tritium transport from the coolant

helium to the steam system is given by

J = AK(p) exp(-Ea/RT) (¢

wheve
K = surface coefficient for permeation

E = activation energy for this permeatior process

and the other symbols have the same significance as before.

Smith usgd values for K and Ea from the experimental data of the
present study and summed A exp(-Ea/RT) over all the heat exchangers in
the same manner as for the Richardson's law case. This procedure gave
the result that an average pressure of tritium in the coolant helium of
2.3 x 10712
system of 10-4 g/day.

atm would be required for a permeation loss to the steam

The calculations for both cases were based on data for protium rather
than tritium since the isotopic effect at the relatively high temperatures
in the heat exchangers is likely to be small14 -- probably not greater

1/2

than the factor of (1/3) predicted from diffusion theory, which is in-

significant for this comparison.



Although there are considerable uncertainties in tie reliability of
these values of tritium pressures, it is apparent that tiw permeation
rates at very low driving pressures might be substantially lower than
would be anticipated from an application of the Richardson's law rate
expression. This conclusion is supported by the study of Briggsls who
analyzed the observed distribution of tritium in structurcvs in the molten
salt reactor experiment at Oak Ridge. The tritium concentrations there
corresponded to permeation rates tihree orders of magnitude Jower than
would be predicted by Equation (1), even though the principal seracation
pathways involved surfaces cleaned by the fluxing action of the molten

salt on the confining metals.

We conclude that the control of permeation losses of tritium to the
steam cycle is unlikely to be as critical an item for fusios power plants
as has been visualized heretofore. Ratber, the principal cavses of sri-
tium escape to the environment will be leakages through wall cracks,
pump seals, and the like; and releases during maintenance shutdowns. A
helpful feature here is that the stream pressures under normal operating
conditions will tend iv mitigate the tramsport losscs to the environment.
Thus cracks in the walls of the steam generators will result in the leak-
age of steam into the coolant stream rather than the reverse. Similariy,
cracks in the cooling tube walls in the reactor blanket would result in

leakage from the conlant into the breeder medium.
Implications for Tritium Recovery

First generation fusion power machines based on the D - T reaction
must be self-sufficient in tritivm, and, sin~e the ultimate breeding
ratios are likely to be small (because of the many constraints imposed on
typical breeder blankets), high yield and efficient recovery of the bred
tritium will be mandatory. 1If the permeation losses through structures
are much lower than earlier estimates have indicated, it will be possible
to operate fusion plants at much higher average tritium concentrations.
An immediate consequence is that tne recovery of tritium from the breeder
blanket should be correspondirgly simpler since the driving potential for

any recovery system will be greater and the amount of breeder material
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that must be processed and the size of processing equipment will be cor-

respondingly less for a given tritium production rate.

However, for recovery schemes based on the permeation of tritium
through membranes at low tritium pressures, the deleterious effects of
the linear law will tend to offset any advantage arising from possible
increases in the tritium pressure. TFor example, if the tritium pressure
were increased from 10-10 atm to 1()-8 atm, the driving potential for perm-
eation would similarly increase for the linear law. From Richardson's
law at the original pressure the driving potential would be 10.5 atmllz.
whereas for the linear law at the new pressure it would be 1()"8 atm, i.e.,
the permeation rate would actually be three orders of magnitude lower than

the rate estimated by Richardson’s law at the original pressure.

Watson has estimated the costs of metal permeation windows for the
Oak Ridge conceptual design to range from $100,900 to $500,000 for tritium

? to 107 ate respectively.16 These costs

pressures in lithium of 100
should be multiplied by about 10 to include ancillary equipment and in-
stallation under nuclear standards of construction. If the resulting
costs must be scaled up further by a factor of 1,000 to correct for the
effect of the linear permeation law, the final investment requirement

makes permeation an impracticable option.

We conclude that permeation processes fogy tritium recovery might be,
at best, only marginally feasible if tritium pressures in excess of 10

atm are intolerable.

For systems like the PRD where the tritium pressures in the coolant
helium do not influence the ease of recovery of tritium from the breeder
salt, the tritium concentrations in the coolant can be ailowed to rise
two or three orders of magnitude, and the scale of the mole sieve driers
for removing tritiated water from the helium and the related pumping re-
quirements would be correspondingly reduced. These items were relatively

modest in the original design17, hence the economic advantage would not

be great.
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For systems in which the breeding medium is a solid alloy or salt
(including metal oxides), with bred tritium diffusing from the solid in-
to the coolant or into an evacuated regiou, as in the Brooklkaven concep-
tual designls, the effect of the linear law would be to permit higher
tritium pressures in the coolant or evacuated region and correspondingly
easier recovery of the tritium. It is not clear, however, that the trans-
fer of bred tritium from the solid breeder to the evacuated regior will
occur at rates any faster than for permeation windows. The slow rate
dictated by the linear law surface effect for stainless steels at low
hydrogen pressures might reasonably be expected to cbtain for aluminum

alloys and solid compounds.
SUMMARY

The principal conclusions that emerge from this study are:
1. Permeation losses of tritium from coolant fleids iato the steam
system of fusion reactors are unlikely to contribute significantly to
the release of iritium tc the environment. Rather, the releases are
more likely to arise from leaks through cracks in structures and at seals,
from unavoidable releases during maintenance shutdowns, and from acciden-
tal releases.
2. An immediate consequence of the reduced permeation losses is that
it may prove practicable to maintain tritium concentrations at higher
average levels in the breeder blanket and in the coolant streams. Fur-
thermore, there may be no need to seek claddings to provide permeation
barriers on heat exchanger surfaces as nas been suggested for most con~
ceptual designs. Higher tritium concemtrations in the breeder system
shculd make the recovery of tritium easier and less expensive for re-
covery systems not dependent on permeation windows. However, permeation
windows may not be practicable for tritium recovery unless much higher
tritium concentrations are permissible.
3. The uncertainties involved in extrapolating availsble data on tri-
tiwm permeation rates and tritium solubilities in metals to the very low
concentracions thﬁt must obtain in fusion reactor systems are great. A
very high priority must be given, therefore, to experimental programs

aimed at eliminating the uncertainties.
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TRITIUM HOLDUP_DUE TO COéiINGS ON THE FIRST WALL OF
FUSION REACTORS

Harolyn K. Perkins
W.R. Bottoms and T.A. Pandolfi

School of Engineering and Applied Science
Princeton University ~ )

ABSTRACT

Coatings on vacuum vessels are expected to
affect the re-emission c¢f tritium implanted by
energetic bombardment from the plasma. Based
on experiments with the ST tokamak and the ATC
tokamak, the first plasma devices to use tritium
will probably have celikerate nr accidental
metallic films on their iaterior vacuum walls.
This paper presents the result of energy dis-
persive X-ray analysis and ion scattering spec-
tometry on samples taken from the ST tokamak
vacuum vessel; the stainless steel vessel has
acquired a molvbdenum~tungsten coating attributed
to the evaporation of the limiter and to getter-
ing experiments. Scannring electron micrographs
reveal a cauliflnyver-like appearance suggesting
nedular growth. Metallic coatings such as these
with low hydrogen diffusion coefficients would
present a barrier to the re-emission of tritium
implanted in the bulk material, beneath the thin
coating. Tritium holdup will depend omn the
mobility of hydrogen within the coating and sub-
strate as well as the frequency and duraticn of
plasma shots. These considerations are expected
to be more important for first generation tritium
machines, which could have short confinement
times and a high flux of tritium bombarding the
wall.
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INTRODUCTION

The first part of this paper presents evidence that the
late ST tokamak had a tungsten-molybdenum coating over part
of its stainless steel vacuum vessel whereas the second part
will speculate about how such coatings cculd affect tritium
holdup in future tokamaks. §ST-tolamakers are not at all
surprised that near the plasma-confining limiter the wall be-
came coated with tungsten and molybdenum. Figures 1 and 2
show pictures of limitern removed from the ST machine after
overheating via a plasma phenomenon called run-~away electroms.
Plasma conditions improved so much after a2 run~away-electron-
induced evaporation, that molybdenum rods were inserted in
the plasma to deliberately coat the wall providing a "getter"”
pump for impurities [1]. 1In ST's dying days, its walls were
coated with aluminum. Recent experiments on ATC have involved

coating interior walls with titanium {2].

e consider it quite possible that the walls of future
tokamaks may acquire coatings during their usz. If machine
plans include the use of tritium, it is important to recognize
that the holdup and re-emission of tritium implanted in the
vacuum wall during a D-T discharge will depend on the chemical

composition of the wall surface.

ANALYSIS OF THE ST VACUUM VESSEL

This section contains cata obtained by energy-dispersive
X-ray analysis on samples taken from the ST vacuum vessel,
which indicate major fractions of molybdenum and tungsten in
the first 10-4 ce thick region near the surface. (The inci-
dent 30 keV electron beam used im these studies excited X-rays
to a depth of about 10-.1‘L cm.) Following a discussion on the
variation in surface composition at different locatioms ia the
tokamak machine, depth profiles of these surfaces are pre-

sented. Ion scattering spectra or Auger electromn spectra
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which sample only the first few atomic layers of the surface,
were taken sequentizally while the surface was being eroded

by sputtering.

Figure 3 shows the plan view of the ST tokamak which
was dismantled last year after three years of operation.
Its toroidal vacuum vessel had a 109 cm major radius, a 15.8
cm minor radius, and was constructed from 305 stainless steel.
The sections that we analyzed, shown in Figure 4, came from
the inside and outside of the torus near B; the limiters
shown in Figures 1 and 2 were located at A, which wes 49 cm

away from B, measured on the outside of the torus.

The scales beneath the two strips in Figure 4 are used
to designate sample origin and the letter I or E to desig-
nate whether it was on the inside or the outside of the
toroidal vacuum vessel. Reference to Figure 4 shows that
samples at 119, 136, E8, and E18 had been taken prior to the
photograph. The left hand ends, I2 and El1, were located about
20 cm and 30 cm respectively from the limiter location A in
the ST vacuum vessel. Distance from the limiter increases

with increasing scale number.

Scanning elctron micrographs cf the plasma-facing sur-
face show a complex of overlapping spherical shapes (Figures
5 and 6). The cauliflower-like appearance oi the surface
resembles coatings that can result from radio frequency diode
sputtering [3]. Samples taken from the outside of the torus,
E locations, seemed to have a more complicated, nodular
appearance than those from the inside of the torus. The
surface cracks on sample 35 (E21) were not found on samples

taken from E17 and E22,.

Weighted surface compositions of samples from a number
of locations, as determined by energy dispersive X-ray anal-
ysis, are given in Table 1. These compositions were calcu-

lated by dividing the peak height for the HoLul 5 WMa,B8,



Iv-3ch

THOMPSON SCATTEMNG '
ano HROMATOR l VACUUM UV SPECTROMETER
1]

CERAMIC BREAX

TOROIDAL FiELD wNONGS “Q @ ‘ ﬁ MENMOCHROMATOR
W=7 p NEUTRON COUNTER
G Q | - Ox
DIAGNOSTIC PORT
‘ g
t
. )

\co»u SHELL
N S piaAMAGNETIC

anm - WAVE
HORIZONTAL AKD
2mm VEATICAL

Loor

S

LITHIUM FLUDRIDE

CHARGE EXCHANGE wiNoow

APPARATUS
TUNGSTEN LIMITER

—=A]

PUMP ——31
f . MONOCHROMATOR MOLY RAIL
LIMIVER

DIAMAGNETIC LOOP

MONOCHROMATOR -

Fig. 3. Plan view of ST tokamak.
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Fig. 4. Sections of the ST tokamak vacuum vessel, The
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upper section designated 1 was from the inside of the toroid-
al vessel. The lower section, designated E, was from the out-
side of the toroidal vessel. The number on the Scale beneath

each strip is ugsed to designate its location,
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Fig. 5. Scanning electron micregraphs of samples taken
from the lower strip shown in Figure 4. Sampie 25 came trom
E2, Sample 35 from E21, and 33R was the non-vacuum side of a
sample from E21.



'y

Fig. 6. Scanning electron micro
the ST vacuur, vessel located at E21.
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Table 1. Weighted Composition of the First 10-4c-
of the ST Tokamak Vacuum Wall @

Locationb
ZMo b4} £33
El - ES8 44 = ] 31 = 2 25 + 2
E21 36 £ 2 20 = 2 49 + 3
i1 - 19 17 *+ 4 13 ¢ 2 ¢t 8
144 24 16€ 59
a

These compositions should be taken only as relative
numbers since no corrections were made for variation
in compositior with depth which is important in
energy dispersive X-ray analysis. Also, it was not
possible to correct the composition for those elements
not readily detected by this technique, e.g., oxygen
and carbon.

See text and Figure 4 for notationm.

Only one spectrum taken.



and Fel(al’2 lines in the sample spectrum by the height found
in pure Mo, W, or 305 stainless steel. The spectra for the
pure Mo, W, and 305 stainless steel were obtained within a
thirty minute period with the same instrument settings and
same sensitivity. These normalized peak heights are assumed
to be proportional to the atomic fraction of Mo, W, or SS inmn
the sample. Percent compositionsare calculated by assuming
Mo, W, or SS are the only substances present in the surface.
Probably the two major contributors to errors in Table I are
composition changes with depth and ignored elements such as
oxygen and carbon. Typical spectra obtained are shown in

Figure 7.

By examining Table 1 one sees that the outside of the
torus has a thicker coating of Mo and W than the ianside. The

thickness decreases as one meves farther away from the limiter.

Figure 8 shows a depth profile of a sample from E2 using
ion scattering spectroscopy which samples only the first ~“aw
; of the surface. This confirms our earlier supposition
that the wail had & Mo and W coating. For this sample no
iron is seen in the first 400A and significantoauounts of iron

start to appear only after the removal of 1500A.

A depth profile to 800; of a sample from E21 using Auger
electron spectroscopy was used to calculate the compositions
listed in Table 2. Again the intensity is compared to in-
tensity from the pure metal or Mgl for 0. Oxygen was a major
impurity in the ST tokamak discharge which is consistent with
its presence through the first 800;. The surface was exposed
to atmospheric oxygen for a year prior to these measurements
and a machine shop environment for a number of days. The ex-
posure of these samples to machine shop environments insures
the presence of carbon on the outer surfaces and the sputter-
ing process used for depth profiling of the chemical compo-

sition can push the carbon into the 3uystrate. The distri-
bution of ca2rbon through the first 800A is therefore con-



w
le— Mo
ST 24
Fe
Mo
n
-
3
O
ST 32
ST 33 R
Cr Fe
Ni
I I = o J
0 100 200 300 400 500 600 700

CHANNEL NUNMBER (25 ev/CHANNEL )

Fig. 7. Typical X-ray energy dispersive spectra from
a ST tokamak interior surface. Sample ST 24 was located at
E2. sample ST 32 was located at E21, and sample ST 33R was
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sidered to be artifactual, Additional experiments will be

required to determine carbon distribution.

In summary the section of the ST vacuum vessel studied
showed W and Mo present in varying amounts. Depth piofiles
performed on samples taken from the outside of the torus
showed the metals in the near surface regions to be primar-
ily W ané Mo, Presumably these coatings were formed by
evaporation of W and Mo exposed to the plasma, most notably
the limiters. The electron micrographs show that the sur-
face of this reoating is a complicated overlapping of

spherical shapes.

Table 2. Cecuposition Using Auger Electrom
Spectroscopy of a Sample from E21

Depth from a
Surface Z¥o bA" %Fe ZSna %0 %C
-]
10A 4 33 8 4 4 47
[}
800A 11 55 8 3 3 20

a
The sputtering process employv2d in our experiments can
cause surface carbon to move weeper into the metal sur-

face region., See text.
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THE EFFECT OF COATINGS ON TRITIUM
TRANSPORT AND HOLDUP IN THE FIRST WALL

The bombardment o7 the plasma containing vacuum wall by
energetic tritium noutrals and ions results in a certain
fraction being implanted beneath the metal surface. Both
the average implantation depth and the fraction of implanted
ions increase with increasing energy [4,5]. McCracken and
Erents [6] have performed a series of studies on deuterium
re-emission from metals bombarded with energetic (7—36keV)D+
ions. Their initial papers proposed a diffusion model for
the re-emission of D from metals, such as Ni, Mo, W and SS
which react endothermically with D. Later studies have shown
the importance of traps, either produced during or prior to
irradiation, on the re-emission process. Other phenomenon

such as blistering and gas sputtering can also occur.

This section uses a simplified diffusion model for re-
emission to illustrate that coatings can change the quantity
of implanted tritium which eventually returns to the plasma.

The model follows.

A uniform coating of metal Ml with’ a thickness % has

been Jdeposited on the vacuum wall of metal “2 with a thick-
ness d. Tritium is eicher a) implanted in the coating at a

distance -¥X, or b) in the wall at a distance Xz (Figure 9).

1
The diffusion constant D, solubility S, and permeability P
for cach metal are constant. The following boundary con-

ditions on the concentration of tritium Cl(x,t) and Cz(x,t)

exist, Cl(x,O) - 0 x < 0
Cz(x,O) = Q x>0
C (-2,t) =0 (1)
Cz(d,t) = 0

El(x,t) - Eg(x,t) as x > 0

5 5,
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and a) Cl(-Xl,O) = Nlﬁ(x+xl)

or b) CZ(XZ’O) = Nzé(x-xz).

At t = © all the implanted tritium Nl or Nz will have
diffused out of the wall. The quantities of interest are the
fraction of the tritium implanted at xi (i = lor2) that
returns to the plasma F(-%, Xi) and the fraction that leaves
the wall at d F(d’xi)' Theilr ratio varies inversely as

the ratic of the permeation impedance I(x,Xi) of each path

F(d,xl) 1(-2,x1)

= (2)
F(-R,xl) I(d’xl)

For calculational purposes use is made of the analogy between
Ohms law and the permeation equztion [7]. The impedances to
the plasma and outside surfaces for implantation in tae coating

depend on distance divided Ly the corresponding permeability Pi

_ -1
I(-2,%) = (& = X))P]

(3)

-1 -1

I(d,Xl) = X P, + e, .
The fraction exiting at d is

-1
(% - X,)%,; (4)

s s s

RPl + sz

For implantation in the vacuum wall at x2 this fraction is

-1 ~1
EPl + X2P2

-1 -1
2P1 + sz

F(d,xz) - (5)

The linearity of F with xi means that one can sum (4) or {(5)

over a distribution of ranges to obtain F(d,X;). Now the

implicaticons of (4) and (5) will be examined.
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Tritium permeability varies over many orders of magni-
tude for materials such as stainless steel, W, and Mo (Table
3). The TFTR under design at Princeton Plasma Physics Labora-
tory will have a 0.80 cm thick wall (presumably stainless
steel) that faces the plasma.* The characteristic time for
diffusion through tkis wall! at room temperature is
a? 11 4
T = el 6 x 10" sec = 10 years.
Machine plans call for the use of tritium for about 4 years
(after 18 morths of experiments using only deuterium and
hydrogen); therefore, essentially noane of the implagted
tritium will escape the vessel during its lifetime. The
quantities F(d,xi) in this case are the fractions of ia-
planted tritium that will remain in the wall.
Without a coating (R = 0) equation (5) shows that

Xy
F(d’xz) = a_' -

With a coating of tungsten

20)

11

@~ X3¢ 6x10
2(6x102%)+d (20

1 )

2 (6:102°)+x2<10u)

r(d,x,) =
2" 2 6x10%%4aq10l?)

* The bellows section vhich is 0. cm thick is shielded from
the plasma by an extension of the 0.80 cm wall.

T The maximum bakeout temperature is 250°C but it probably
will not be baked out after tritium has been used; at 250°C
T = 1 year.
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Table 3. Tritfum Solubflity, Diffusivity, and Permeability

304 Stainless Steel? T = 300°X

S = 1.6 x 10 %exp( - 2329, 1.2 x 10”°

D= 1.8 x 10 %exp( - 12009 1.3 x 10712

P = 1.6 x 10° exp( - 18309, 9.1 x 10712
RT

Tungstenb

S = 8.2 x 10-3exp( - Z%%QQ) 3.5 x 1.0.20

D = 2.4 x 10 Jexp( - 2%%9) 7.3 x 10710

P=1.1x 102 exp( - !%%22) 1.7 x 1.0.-21

Molvbdenumb

S = 1.1 x 10-3exp( - QQQQ) 1.3 x 10-8
RT

D= 1.1 x lo-zexp( - 12100) 2.5 x 10-13

P = 5.4 x 100 exp( - 22399 1.5 x 10" 1%

Units S(atm-lIz), D(cmzsec-l), P(cc(STP)cn-lh-latn-llz)

a. Data for S from [8], D from [9], and P from [10].

b. Data from (11].
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Using the projected r.anges in Table 4 one finds that a lﬂ-gm
coating of W would result in 37 and 56% of the implanted
tritium remaining in the wall for an incident particle
energy of 0.5 keV and 10 keV respectively. This compares to

3%107%% to 1x107°% for uncoated stainless steel.

Table 4. Projected Range for Tritium Based on
Shigtt's Approximation?

Energy (keV) Range x 108 cm
Fe Mo W
0.5 30 30 30
1.0 50 50 50
10.0 900 700 500
2 Ref. [ 4}

A 200; layer of W would result in all the tritium im-
planted at a depth greater than 200; remaining in the wall.
The larger permeability comstant for Mo means that the
effects from Mo coatings would be several orders of magni-

tude less.

No discussion has been made about the energy distri-
buiicen and flux to the first wall. Even if our simplifi=d
model were correct, these gquantities will determine whether

a coacing causes appreciable holdup in the wall,

ine model proposed above can make only semi-quanti-
rati - = - tements about tritium holdup and transport in

.. reactor walls that have been coated during use. The
¢t ..ts of chemical contaminmation at the vacuum vessel

sunrf{ace and at internal surfaces will undoubtedly be



important. ihe reughness of the internal surface of the
coating and degree of coverage are important as well as
radiation damage. 1n the case of high fluxes in materials
with low hydroger so.ubility, such as tungsten, blistering
may occur. This discussion is designed only to identify
the nature of the problem and point out areas which must
be investigated before predictions of the magnitude of
tritium holdup are¢ possible. The model suggests that
tritium holdup could be minimized by having a cocating with

a very high permeabiiity for tritium, such as vanadium.
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PERMEATION OF TRITIUM AND DEUTERIUM THROUGH 21-6-9 STAINLESS STEEL*

K. A. Swansiger

Sandia Laboratories, Livermore, CA

ABSTRACT

Tritium and deuterium pemeabilities were measured for
anncaled 21Cr-6Ni-9%in stainless steel at hydrogen isotope
pressures of 1.3 to 13.3 kPa (10 to 100 torr) and sample
temperatures of 95 to 430°C. The effects of two surface
treatments were compared. The tritium permeability of a
sample w’h{ch had been sputter-cleaned then sputter-coated
with 200 A of palladium is given by:

1

4=9.9x10 > exp(-15760 calemol YRT)ce (STPIT gem esec hatn /2

The tritium permeability of a sample which had been passi-
vated using a common nitric acid - Nitradd treatment is
given by:

1

6=4.5 exp(-24500 cal-nol RT)cc(STP)T,»cri hsec hatn /2

This treatment, which is often used to clean stainless steel
prior to welding, creates a thin, stable oxide film.
Deuterium permeabilities were determined for two samples
which had received the same treatments as the tritium per-
meation samples. The activation energies for permeation were
the same (within experimental error) as for the corresponding
tritium samples.

*This work is supported by the U. S. Energy Resezrch and Development
Administration.
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PRI
INTROJUCTION

In a fusion reactor, the principal tritium flow path to the environ-
ment is through the liquid metal heat oxchangers to the steam systen
where tritium would be released to the environment as part of the blow-

down of the steam-water svstem.

Stainless steels are prime candidate materials for steam system con-
struction because of their relativelyv low cost, wise of fabrication, and
resistance to ccrrosion. C(alcuiations have shown that meeting the tritium
release limits now in effect for light water reactors may require some
means to reduce the permeability of the steels used in the steam s_vstcm.l'z
Since the introduction of a permeation barrier could affect cost of fab-
rication and probably operational lifetimc, it is important for the reactor
designer to have accurate vaiues ef tritium permeabilities for stainiess
steels with and without permcation barriers so that barriers can be com-
pared with each other and with other alternatives. This paper reports
deuterium and tritium permeabilities for 21-6-9 stainless steel with two
different surface treatments.

EXPERIMENTAL TEQINIQUES

Circular permeation specimens (approximately 0.092-mm thick, 18.3-mm
diameter) were machined from a sheot of annealed 21-6-9% stainless steel.
The foils were chemically cleaned using a solution of 20% Nitradd,** 30%
nitric acid in deminerzlized water. Auger analyses performed before and
after this treatment showed that the oxygen signal decreased and the
chromium signal increased as a result of the cleaning. The surface of
bright stainless steel is typically covered by a thin oxide layer less
than 150 } thick.3 Since the effects of oxide films on permeation are

*Nominal composition (in wt3%): Cr = 20.2, Ni = 6.3, Mn = 9.0, Si = 0.5,
balance Fe.

**Turco Products, Wilmington, CA
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variuhlc,?"4 an effort was made to minimize surface effects on certain of
the samples. To this end, several of the foils were sputter-cleaned,

then 200 } of palladium was sputter-deposited on both faces of the samples.
The palladium coating serves to protect the sputter-cleaned sample from
oxidation, which would sccur on unprotected stainless steel surfaces even
at room temperature. Since palladium itself is relatively unreactive and
since it is so highly pemeable to hydrogen isotopes compared to stainless
steel, this technique should allow the measurement of true bulk permeabil-
ities. Variations of this technique hav. been used by others with good

rcsults.s"6

Fach permeation specimen was placed between two 1-nm thick copper
gaskets, which in turn were sealed between two Varian mini-conflat fittings.
The assemb’v was bolted into the permeation apparatus and enclosed in a
76-mn diameter copper heat sink. Thermocouples to monitor sample temper-
ature were placed in contact with the edge of the specimen via holes
drilled through the heat sinks and Varian fittings. The heat sink was
surrounded by a heating blanket. Sample temperature was held constant to
within #0.3°C.

Deuterium and tritium permeation measurements were carried out in
separate all-metal ion-pumped vacuum systems. The time-lag (TL) permeation
method was used in the tritium system whereas a modified time lag (MTL)
method was used for the deuterium measurements. In both cases, a constant
hydrogen isotope pressure is maintained on the upstream side of the sample.
In the TL method, the permeating gas collects on the downstream side of
the sample in a closed volume. From the rate of buildup of this gas, the
diffusivity and permeability can be computed. In the MIL method, the
downstream volume is continuously pumped at a constant rate. This modi-
fication yields the time derivative of the time-lag data.

In the deuterium system a quadrupole mass spectrometer was used to
detect the permeating gas. Since the permeating deuterium can exchange
with other hydrogen-containing species, masses 3, 19, and 20 were scanned
in addition to mass 4. Permeation rates were determined by comparison
with calibrated orifice leaks. Before admission to the upstream side of
the system, deuterium was purified by permeation through a heated
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Pd-25 percent Ag tube. Deuterium pressure was held constant within
$0.013 kPa over the range 1.3 to 13.3 kPa (10 to 100 torr) by a servo-
controlled leak valve receiving feedback from a capacitance manometer.

The upstream side of the tritium system is similar to that of the
deuterium system, but it simultanecously feeds up to six permeation
samples, each with its own temperature controller and tritium detector.
Each of the tritium samples is close-coupled downstream to a specially
designed ionization chamber having no elastomeric compor.cnts.7 The ion-
ization chambers were filled with 700 torr of ultra-high purity helium-4
and were charged to +1000 V' OC. The current generated by tritium decay
in the chambers was measured by vibrating-reed electrometers. The chambers
were calibrated using standards containing known quantities of tritium.
All tritium measurements were made with an upstream tritium pressure of
1.3 kPa (10 torr).

RESULTS AND DISCUSSICN

Figure 1 is an Arrhenius plot showing tritium permeability as a
function of temperature for two samples of 21-6-9 stainless steel which
received different surface treatments. The permeability of sample Ci01,
which received the chemical cleaning described earlier, can be represented

by ¢ = 4.47 **73 exp(-24500 + 800 cal-mol 1/RT)cc(STPIT, cm - sec L-atm 12,

-.53
The limits represent precision, not accuracy. The permeability of sample
C202, which had been sputter-cleaned then sputter-coated with 200 X of
palladium, is (in the same units): ¢ = (9.913 + .0005) Jtl()'3 exp(-15755
+ 9/RT). The chemical cleaning resulted in a greatly reduced tritium
permeation rate in the temperature range of the measuraments. Extrapola-
tion of the data to room temperature indicate tritium permeation through
the chemically cleaned sample would be lower by a factor of 5700 than
through the palladium coated sample.

An indication of whether true bulk properties are being measured is
how well the time-dependent hydrogen flux compares with the theoretical
curve obtained by solution of Fick's second law
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with the experimentally defined boundary conditions. The diffusion coef-
ficient is represented by D, concentration by C, time by t, and distance
parallel to the direction of hydrogen flux by x. The dashed line in Fig. 2
is the thoretical curve (2 parameter fit, diffusivity and permeability
being varied) generated by a least squares fit to over 1400 experimenta:
points for sample C202 at 156°C (Pd-coated, T2 permmeation). The fit appears
to be very good and 1s not significantly improved by a model introducing two
more adjustable parameters. This 4-parameter model corresponds to simul-
taneous diffusion along two paralleil paths (e.g., nommiformn surface film
or bulk and grain boundary diffusion). Figure 3 shows a 2-parameter fit

for sample C401 (chemically-cleaned, T2 permeation). The fit is verv poor
and is greatly improved by use of the.d-parameter model as shown in Fig. 4.
Work is in progress to develop and verify models for such non-ideal cases

as represented by the chemically-cleaned samples.

Figure 5 is an Arrhenius plot showing deuterium permeability as a
function of temperature for two samples of 21-6-9 stainless steel which
received surface treatments identical te those received by samples C202
and Ci01 referred to earlier. Sample Al102 was sputter-cleaned and palladium
coated in the same apparatus and at the same time as sample C202. Sample
Al01 was likewise cleaned at the same time and in the same way as sample
C401. The deuterium measturements were made at upstream pressures of 1.3 to
13.3 kPa (10 to 100 torr). The deuterium permeabilities can be represented
by:

9 - = - -
A101 6 = 2.0 "7 exp(-27600 ¢ 6200 cal-mo1 L/iT)cc (STPID, vem Lesec Latn /2
3 -
A102 ¢ = (3.97 "2-%3) 1072 exp(-16280 + 740/RT) (same units)

-0.81

Permeation rate was found to vary linearily with the square root of
D2 pressure for the paliadium coated sample but not for the chemically
cleaned sample. This is an indication that permeation through sample A101
was not bulk-diffusion controlled and would account in part for the scatter
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Fig. 2. Tonization chamber current (proportional to total quantity
of tritium permeated) as a function of time for Id-coated 21-6-9 stain-
less steel at 156°C, 10-torr tritium pressure. The dashed line represent-
ing the best 2-parameter fit (diffusivity and permeability) is virtually
coincident with the solid linc connccting the data points.
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chemically-cleaned 21-6-9 stainless steel at 130°C, 10-torr tritium

preﬁsgre. Smooth curve is best 2-parameter fit by the least squares
method.
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in the data. least squares fits of the type shown in Figs. 2 through 4
were applied to the deuterium data.  They confirmed that pemeation
through the chemicallv-cleaned sample was not hulk-diffusion controlled

hecause the 2-parameter fits were invariably poor.

It is apparent from the Arrhenius plots that the permeability of A10}
(chemically cleaned sample in the deuterium system) when extrapolated to
the temperature range of C401 (chemically cleaned sample in the tritium
system) is lewer than would be expected. The most likely reason for tlkis
is sample-to-sample variability in the surfaces produced by the chemical-
cleaning process. As a demonstration of this variability, data were
obtained at two temperatures for a third chemically cleaned sampie in the
tritium system. Though the activation energy for permeatinn was about
the same as for samples Al0l and C401 (about 25 kcal/mol), the permeation
rate was 7 times lower than that of C461 at 100°C. This is small compared
to the factor of 300 difference at 100°C hetween sample C101 (chemically
cleaned) and sample C202 (Pd-coated) but is still much larger than experi-

mental error.

CONCLUSTONS

Tritium and deuterium permeation measurements on amnealed 21-6-9
stainless steel have shown that a simple chemical cleaning treatment can
reduce the tritium permeation rate by a factor of 300 at 100°C over that
of Pd-coated 21-6-9. FExtrapolation of the data to room temperature pre-
dicts a permeability reduction of 5700. Although the surface laver
created by the passivation treatment appears to be stable in hydrogen at
temperatures >400°C, the hign activation energy for permeation of the
passivated steel makes the permeability of the Pd-coated and passivated
steels ahout equal at the temperatures the steam system of a fusion
reactor is likely to operate.
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THE PERMEATION OF TRITIUM THROUGH ALUMINIUM 1N THE
TEMPERATURE RANGE OF 25 TO 250 ©C

H. Ihle, U. Kurz and G. Stécklin _at‘/

Institut fir Chemie der Kernforschungsanlage Jillich GmbH
Institut 1: Nuklearchemie
D-5170 Jiilich, FRG

ABSTRACT

Permeation of tritium through aluminium is
expected to be very low at ambient temperatures
due to the high endothermic heat of solution of
hydrogen in this metal.

In order to obtain experimental data for
its use as tritium-barrier, the permeation of T
at about 0.2 atm pressure through a 1 mm wall a%
an Al-capsule with an area of 100 cm?2 was measured
in the temperature range of 25 to 250 °C. Gas
flow counting was used for detection.

In the temperature range from 150 to 250 ¢
the permeation rate appears to be controlled by
bulk diffusion, since the measured heat of permea-
tion, Q@ = 29,400 kcal/mol, agrees well with the
heat of permeation of H, through Al calculated
from known diffusion ané solubility data, obtained
from measurements close to the melting point of Al.

Between 25 and = 150 ©C the observed permea-
tion of tritium through Al was higher than expec-
ted from calculations, possibly due to grain boun-
dary diffusion; however, it is still many orders
of magnitude lower than that through most common

metals.

INTRODULCTION

Permeation of hydrogen through most materials of construc-
tion, e.g. for large vacuum chambers or gas handling equipment
filled with tritium, is high enough to cause significant

Iv-hih
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leakage of tritium to the surroundings even at ambient tempera-
ture. Since parameters influencing the total release of tritium
like physical size, pressure, and temperature are usually

fixed by considerations other than minimization of tritium-
leakage, appropriate choice of wall materials of low hydrogen-
permeability can reduce the tritium release substantially.

A survey on hydrogen permeation rates through some metals
as a function of temperature is given in Fig. 1. The informa-
tion in this figure was obtaind from various con;pilations1'2

and should serve for illustration only.

It is seen that experimental data are generally limited
to permeation fluxes > 10‘5 - 10-6cc(STP)mm/cmz-h-atm1/2. The
widely differing slopes in the log ¢ vs. 103/T curves are
chiefly due to the large differences in the heats of solution
of hydrogen in various metals; the activation energy of
diffusion for hydrogen in metals is rather similar for all
metals and therefore has little influence on the large diffe-
rences in permeability expected in the extrapolated region at
low temperatures.

0f the more common metals, aluminium should have a parti-
cularly low permeability because of the high endothermic heat
of solution of hydrogen in this metal. To obtain experimental
data with respect to a possible use of aluminium as tritium-
barrier at relatively low temperatures, we carried out tritium
permeation experiments under conditions which allow the
measurement of very small fluxes of tritium.

EXPERIMENTAL

The apparatus used is shown in Fig. 2. The source for the
permeation experiments is a cylindrical, eiectron beam-welded
capsule of 100 cm3 volume, about 100 cm2 surface area and 1 mm
wall-thickness; the disks at both ends are 6 mm thick. The
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Fig. 2 Apparatus for measurement of tritium
permeation (for details cf. Experirentzl part)
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capsule contains 50 Ci of tritium, corresponding to a pressure
of about 0.2 atm at 25 °C, and is heated by a Mo wire heater.
The température was measured with several Pt~wires directly
welded onto the aluminium surface, whereby small temperature
gradients could be detected. A stream of argon entering the
space between the capsule and an outer containment, which also
consists of aluminium, mixes with the permeated tritium and is
lead to a gas proporticnal flow counter after admixture of
about 10 % methane.

In steady state, the permeation rate through the aluminium
wall is directly proportional to the product of the argon flow
and the concentration of tritium in the gas, which is measured
radiometrically. The smallest measured permeation rate was
1.3 - 10-1?'cc(STP)-mm/'cmz-h-atm”2 corresponding to a flux of
~ 103 T2 molecules/cmzsec at 1 atm pressure within the capsuile.
For the measurement of very small fluxes [¢ < 10.1zcc(STP) ~mm/
cmz-h-atm1/2], the gas flow was interrupted and the tritium
accumulated in the space surronding the capsule for about one
hour. We estimate that, by extension of the accumulation time
by a factor of 10 and the use of low level tritium-counting,
the limit of detection could be lowered to about 1C to 20 Tz-
molecules/cmzsec.

For the dependence of the permeation rate on the pressure
of tritium inside the capsule due to chanaing temperature,
the square rnot law was assumed to be yalid. which was ex-
perimentally verified in early work on the’bermeation of
hydrogen through aluminium at a temperature close to the melt-
ing point3 in the range of pressure used in our experiments.



RESULTS AND DISCUSSION

The measured permeability of tritium through aluminium is

shown in Fig. 3. The values cover a range of 106 in a region
of low fluxes, where no direct measurement was possible up till
now. Our results are directly compared which those obtained by
Cochranq, who also used aluminium with an untreated surface for
his measurements of the permeation of hydroger between 4002 and
600 ©C. His results and our own values for the tritium permea-
tion between 150 and 250 °C agree reasonably well with the
permeability calculated from solubility and diffusivity data
for hydrogen in aluminium based on the experimental results cf
Eichenauesr and Peblers.

It is therefore coancluded that in the range from 150 to
250 oC, lattice diffusion is the rate determing step in the
permeation prccess. The temperature dependence of the permea-
bility of aluminium to tritium in this rance car be expressed

by the follewing eguation:

- ‘nf\A: - - . ra
$ = (1.5 : 1.0)10%exp(~ 22z = 340) ce(sTP) *rm/em? sheatm '/ 2

Below 150 °C the measured permeation is higher than expec-
ted from values obtained at hicher temperature, which may be
due to grain boundary diffusion.

The results on tritium permeation were directly compared
with those obtained at higher temperatures with hydrogen
because the isotove effects on solubility and diffusivity in
aluminium are not known.

Surface phenomena, to which the low permeability of
aluminium was attributed in some earlier worke, do not appear
to have any significant influence on the results of this work,
which was carried out with untreated aluminium metal. It would
be interesting to obtain results on the influence of atomic
tritium by thes method described, e.g. from a discharge in the
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capsule as obtained at higher temperatures and discussed in
ref.4. The permeaticn rates should be much higher, but tne
effects of surface films and their catalytic activity on the
recombination of atomic hydrogen, or its reaction with adsorked
impurities or other components of the system, will depend on

temperature and cther parameters which are not known.

CONCLUSION

In the temperature range covered in this study, the per-
meation rate of tritium through aluminium is very low and
appears to be ccntrolled by lattice diffusion with some con-
tribution from grain boundary diffusion. The radiometric method
arplied is simple, and owing to its high dynamic renge and
sensitivity seems toc be well suited for further investigation
of diffusion barriers for tritium.

Our results suggest the use of aluminium for tritium
handling devices which are operated at relatively low tempera-
ture,and its use as a cladding layer at the outer surface of

vacuum tanks of plasma experiments with tritium.
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TRITIUM DIFFUSION IN CERAMIC CTR MATERIALS*

J. D. Fowler R. A. Causey

D. Chandra¥* T. S. Elleman
K. Verghese

North Carolina State University
Raleigh, North Carolina 27607

ABSTRACT

Gas relezse experiments have been used to measure
diffusional release of recoil-injected tritons from the
following materials: A120 (single crystal, sintered
and Mg0-doped), Be0 (single crystal and sintered),
alpha-SiC (single crystz2l, hot pressed, and Al-doped3,
beta~SiC (single crystal), Y,0,, Yttralox,*** and SCB
glass. Diffusion coefficients were obtained over five
ordezs of magnitude at temperatures between 320 C and
1400 C. In most cases, fractional release curves arz
indicative of classical diffusion, and Arrhenius plots for
a given material can be described by a comstant activation
energy. Characteristic activation energies varied from
30 to 70 kcal/mole. Isothermal diffusion coéfficients
increased by several orders of magnitude with the additiom
of small amounts of heterovalent impurities. Diffusion in
the 0.1 weight percent Mg0-doped alumina was five orders
of magnitude larger tham the single crystal alumina, and
similar enhanced diffusion was observed for Al~-doped SiC
over undoped SiC.

*Hork suppotted under ERDA Contract AT-(40-1)-4721

**Present address: Brookhaven National Laboratory
Upton, New York

*kkGeneral Electric Company
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TRTRODUCTION

Ceramic materials offer many advantages over metals for potential use
as first wall materials in controlled thermonuciear reactors (CIR's).
These advantages are the ability to withstand higher temperatures than the
metal systems, decreased plasma contamination that results from wall
erosion and cheap availability of material resources. Some of the current
designs of CIR's 1,2 propose to use ceramic materials in various parts of
the blanket regions as first wall materials and as insulator coatings on
metal components. The materials under consideration include silicon
carbide, silicon nitride, beryllium oxide, silica, alumina, and yttria.

Tritium permeation rate through ceramic layers in CTR blankets is an
important design consideration because of possible problems with enviroa-
mental release of tritium and with possible buildup of large tritium
inventory in the blanket components. Tritium diffusion data necessary
for these design calculations is curtentiy lacking. Except for 5102,
’1‘102 and Be0, few direct measurements of tritium diffusion coefficients

in ceramics have been reported in the literature.

In this paper, tritium diffusion coefficients for several ceramic
materials of interest for CIR systems are reported. These materials are
single crystals of A1203, Be0 and SiC, sintered Be0 and A1203, poly~
crystalline Y203, Lucalox, Yttralox, hot-pressed SiC, SCB glass and
pyrolytic carbon. The tritium concentrations and measurement temperatures
are believed to be in the range of application for CIR designs. The

experimental results for pyrolytic carbon are to be considered preliminmary.

EXPERIMENTAL METHODS

Tritium diffusion coefficlents for the different materials were
determined by release rate measurements of recoil injected tritium from
samples. Tritium injections were carried out by irradiation in the North
Carolina State University Pulstar reactor of samples surrounded by a thick
blanket (~16 mg/cmz) of 61.1 enriched L12003. The 6L1(n,u)sﬂ reaction
results in a linear tritium concentration profile in the sample with the
concentraticn going to zero at the maximum recoil range in the saample
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(between 20 and 35 pm in the ceramic materials considered in the paper).

Most of the samples were irradiated in a neutron flux of 1 x 1011 nlcnz-sec
for 30 minutes, resulting in a tritium recoil into the surface of 1 x 1014
atoms/cmz. The maximum tritium concentration ranged from 0.03 to 0.09 ppm

(wt.) for the different materials.

A gas release system (See Figure 1) was used for all release rate
measurements. Helium was purified by use of a titanium 02 getter and cold
trap and then mixed with hydrogen. The hydrogen addition was found
necessary to prevent anomilous and irreproducible release measurements.
These are believed to be due to tritium absorption on the mullite sample
tube. This helium-hydrogen mixture was then swept over the isothermally
heated sample and through an ion chamber. The current produced by the
tritium in the ion chamber was measured by an electrometer and converted to
digital output by an analog to frequency comverter. In some measurements,
the ion chamber was replaced by a proportional counter with a 90Z argon-

10% methane sweep gas. Data taken with both systems were in agreement.

As an aid in understanding diffusion results, it is generally desire
able to measure concentration profiles. For most ceramic materials,
however, sectioning techniques are quite difficult. Pyrolytic carbon is
one exception. Pyrolytic carbon coated microspheres were etched, 5 ym
at a time, using chromium trioxide and sulfuric acidj, and aliquots of
tritiated water were distilled from the polish solution and liquid
scintillation counted. Release measurements and profiles were also made
for pyrolytic carbon samples that were exposed to tritium gas. Gas
tagging was accomplished by sealing the samples in evacuated ampoules

containing irradiated LiAl0, powder, and heating the ampoules to drive the

2
tritium from the powder and into the carbon.

RESULTS
Method of Data Analysis

Experimental data were gathered from printouts of the electrometer
output at specific time intervals (usually 100 sec.). These counts were
proportional to the average tritium release during that interval. After
the subtraction of background readings, graphs were plotted of cumulative
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fractional release vs. (time)llz. For one~-dimensional diffusion from a
plane surface and small fractional releases ( <.20), the diffusion

coefficient can be determined from the slope of the graph by the relation

i
, £ 4 D)*
Slope = - N (;) [$3)

vt

where R is the rscoil range of tritium in the materia1.4 Recoil ranges
were calculated by the Bragg-Klee:man'rule5 using the measured 21 micrca

recoil range in niobium as a reference.

Except for some of the Lucalox results (see below), data analyzed by
this method gave unambiguous diffusion coefficients. Arrhenius plots
(In D vs. 1/T) were straight lines over the measured range of diffusion
coefficients. Least squares best-fit values of D, (cmzlsec) and
activation energy Q (kcal/mole) for the expression D = D0 exp(-Q/RT)

were determined from the data and are presented in Table 1.
Alpha-alumina and Lucalox

Single crystal samples of a~alumina were purchased from Union Carbide.
The samples were 1.0 cun x 0.5 cm x 0.1 cm with one of the large faces
polished at an orientation of approximately ten degrees with respect to the
basal plane. Release curves taken over the temperature range studied
(Table 1) were in agreement with standard classical diffusion solutioms.
The diffusion coefficients determined from the release curves are

presented in an Arrhenius plot in Figure 2.

Sintered polycrystalline samples of a-alumina with low impurity
levels (<50 ppm Mg0) and grain sizes of one to six microns were
fabricated locally and used in tritium release measurements. The
resulting data were analyzed as if the samples had one-dimensional slab
geometry. These results are also presented in Figure 2 and Table 1 and
are seen to be somewhat higher with a lower activation energy than the
single crystal data. If the e«treme case of grain boundaries as
instantaneously rapid diffusion paths is considered and a model based
on four micron diameter sphericai particles is applied? tie diffusion

coefficients listed would be reduced by a multiplicative rfactor of



TABLE 1. Measured tritium diffusion coefficients ~ lesst squares best-fit values for D = Doexp(-Q/RT).

o' s

0

upper limit on D, DE is lower limit on Dy, and 0(Q) is the standard deviation of the activation energy.

Material Nusber D o} D, Q o (Q) Temperpture
(S. €. = single of (2lzlnec) (gnzllec) (gnzllec) {kcal/mole) (kcal/mole) range (GC)

crystal) points
A1203 $.C. 9 3.26 9.86 1.08 $7.2 2.4 600-1000
A1203 sintered 7 7.35 » 10-2 0,247 2,19 x 10-2 43.8 2.5 600-900
Be0 S. C. 1 .11 x 2072 8,92 x20% 1.3 %1077 2.3 4.7 £50~1200
Bed sintered 1 7.00 x 1072 0.443 1,10 x 1072 48,8 2.6 500-950
Lucalox 15 39.8 357 4,43 41.8 3.2 360-570
a - SiC S. C. 1 1.09 x 1072 2,92 x107%  4.08x 1077 4.9 2.5 700-1300
# -~ SiC 5. C. 10 28.0 172 4.5% 65.0 4.} 750-1000
Al-doped 8 4,04 x 10-4 3.80 x 10-3 4.29 x 10-s 34.0 4.2 4%50~950
a - SiC §. €.
Al-doped hot~- 11 0.904 6.68 0,147 48.2 3.5 500~ 800
pressed a - S§iC
SCB glass 10 2,95 x 10-4 6.3 x lo'a 1.37 » 10’“ 30,2 1.2 350-800
¥,0, hot-pressed 8 0.431 7.13 2.6 x10°2 W 4.3 420-620
Yttralox 6 3.87 32,2 0,464 39,5 3.1 350-600

aay=AT
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5.03 2 13 7. This corrvection would place them about twe orders of
magnitude btelow the single crvstal data.

An—~lired ples of Lucalex were obtained .rom the Gemeral Electric

Compi.v. Analysis of the composition bv electron microprobe (Table 2)
revezls a small ancunt of MgQ impuritv, with some silica appearing near
griain boundaries. The nominal grain size was about 30 micrens, which is

i.3 ¢

[

mes the tritium recoil ramge, with free grain surfaces appearing

s1ightly rounded and smooth under the scanning electron microscope.

Anomalous diffusion was observed in all five Lucalox samples run at
temperatures below 45005. In these samples, fractional release was linear
with (t)l/Z for the first 1000 to 2000 seconds, after which the slope
sharplv iacreased to another linear relatiomship. This change in slope
occurred at total fractional releases of one 1o four percent. Diffusion
distances corresponding to the change in slope and calculated from the
formela X = Z(Dt)llz, ranged from 0.1 to 0.7 micron. Diffusion
ceefficients obtained from the initial slopes were smaller and had a
much higher activation energy (.63kcal/mole) than D's obtained from the
secend (£-1000 to 2000 sec) slope. The latter values for D agree well
wiili the extended Arrhenius expression obtzined at higher tewmperatures,

whi.ti I35 presented in Figure 2 and Table 1. The data for Lucalox show

0o

much iarger diffusicn coefficients than were observed in single crystal

"N

ar sintered alumina.

s order to investigate the possibi.ity of cencentration effects on

=3

tritium diffusion, vne sample of Lucalox was irradiated to onlv three

poereent ¢f the usual tritium concentration. The resulting diffusion

e v ictert fell within the measurement standard deviation of the other
“- -umples, Imdizating that r~o major tritium concentration effect

e.. o+t thiis level.
Bervllium Oxide
‘e crystal samples of bervllium oxide were provided by
Tarera.s” ~ul., Two of the samples had been sliced and etched
Lo sell to renove cutting mai:, and two were as-—-grown crystals

o 5 owm in diameter. Oue of the sliced samples was analyzed by the
p 3
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TABLE 11. Characterization of materials.

Material Composition or Impurities

Lucalox?’ € A1203, 99.8%; Mg0, 0.2%Z. Si, 0.5Z near grain
boundaries.

BeOb sintered Mg, 0.2Z%Z; si, 0.322.

BeO S. C.a’d no measurable impurities.

Al-doped o - SiC §.c.2?¢ Al, 0.6%.

Al-doped of $iC Al, 17.

hot-pressed’

a - sic®® small amcunt of oxygen.

g8 - sic? no measurable impurities.

Yeeralox?*© ¥,0,, 89%; ThO,, 10%; N0 , 1%.

SCB glass®*? $10,, 46.1%; Bad, 31.3%; ALD,, 8.3%; Ti0,,
12.5%; Cr203, 1.02; Eu203, 0.82.

aay electron microprobe

b

by supplier

csupplied by General Electric Company.
dsupplied by Rockwell Internaticnal.
esupplied by Carborundum.

fsupplied by The Norton Company.
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electron microprobe and no measurable impurities were found. The limit
of detectability ranges from 0.01 to 0.05 percent, depending on impurity
species, so this technique is suitable only for major impurity levels.
Diffusion results for single crystal and sintered BeQ are listed in
Table 1 and are shown in Figure 3.

Sintered samples of beryllium oxide were obtained from the Brush-
Wellman Company. €rain size was listed as 5 to 15 microns. Major
impurities as listed by the manufacturer are presented in Table 2 and
electron microprobe analysis gave similar impurity levels. Data for
these samples have been corrected for a specific surface area of
¢.11 m2 /g, determined by BET surface area measurement. Inspection of
Figure 3 and Table 1 reveals that the sintered specimens had higher
diffusion coefficients than the single crystals.

As with sintered alumina samples, the question of enhancement of
diffusion by rapid movement of tritium along grain boundaries arises.
Several of the sintered Be0 samples were quenched in liguid nitrogen
after irradiation but prior to diffusion measurements. The diffusion
coefficients taken from these samples were about an order of magnitude
higher than those obtained from unquenched samples. This was attributed
to enhanced diffusion along cracked grain boundaries and the data were
discarded. One fresh sample was annealed prior to irradiatiom in a
helium atmosphere at 1500°C for 12 hours. The diffusion result for this
sample was identical to results from unannealed sampies, indicating that
prior annealing has a negligible effect on the results.

Yttria and Yttralox

Samples of hot~pressed yttria fabricated froa powder of 9%9.99 percent
purity were cbtained from the Ceradyne Company. The quoted grain size
was 30 microns, which is somewhat larger than the recoil range of tritium
in yttria.

Yttralox, a material which is about 90 percent yttria, was obtained
from the General Electric Company. Composition, as listed by the supplier,
is shown in Table 2. The samples were optically clear, with specularly
reflecting surfaces. Tritium diffusion results, which are presented in
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Fig. 3. Arrhenius plot for tritium diffusion in single crystal
and sintered beryllia.



Figure 4 and Table 1. show a close similarity between vttria and Yttralox.
SC8 Glass

Samples of SCB glass approximately 85 microns thick ccated on
Hastelloy ~ substrates were supplied bty Atomics International. This
glass was developed as a hydrogen permeation barrier for the SNAP reactor
program. The composition is listed in Table 2, and the tritium release
results are presented in Figure 4 and Table 1. After anneals for several
hours above 820°C, the sample color changed from light green to black.
This color change ic apparently due to reduction of the TiO2 constituent

by the hydrogen component of the sweep gas.
Siiicon Carbide

Several samples of silicon carbide were obtained for this study, as
follows: (a) Single crystals of g~silicon carbide with flar surfaces
approximately O.Scm2 in area were obtained from Carborundum. These
samples were believed to he very pure, with the major impurity being
aluminue at about 50 ppm. (b) A iarge piece of as-grown g-silicon
carbicde with numerous single crystal pieces grown on the surface was
supplied from Carborundum. The single crystals, which had smooth
surfaces of the order of O.Scmz, were removed from the large piece by
fracturing. The stated purity was 99.0 percent, but electron microprobe
analysis yieldeu an oxygen impurity of several percent. Because of the
inefficiency «f the electron microprobe for detecting low atomic weight
elements, the exact amount of oxygen is not kr... .. (c) A large piece
of as-grown u-silicon carbide similar tc the ore just described bur
black instead of green was also obtained from Carborundum. This was
nominally listed as being 98.6 percent pure. The electrcn microprobe
analysis of a sample of this material showsed 0.6 percent aluminum
impurity. This material is subsequently referred to as aluminum~doped
single crystal silicon carbide. (d) Samples of hot-pressed a-silicon
carbide with 1.0 percent nominal aluminum impurity were cbtained from
the Norton Company. These samples will be referred to as aluminum-doped
hot-pressed silicon carbide. (e) Two different sets of small single

crystals of 8-silicon carbide were obtained locally. No history is avail-
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able for these samples. Electron microprobe analysis of these samples
showed no measurable impurities. It is estimated that the level of

detectability of impurities is 0.01 to 0.05 percent.

The results for the silicon carbides are presented in Figure 5 and
in Table 1. Surprisingly, types (a) and (b) (see above) gave identical
diffusion coefficients and are listed together as "S. C. a-silicon carbide.”
Similarly, results for both lots of 8~silicon carbide were idemtical, and
these are listed together. Over the temperature range measured, the
results for both of the Al-doped materials were in fairly close agreement,
but they are listed separately since least-squares values of Do and

activation energy differed somewhat for these two materials.

Pyrolytic Carbon

Initial research for pyrolytic carbon was concentrated on release
rate measurements for recoil injected pyrolytic carbor microspheres.
These samples, supplied by Gemeral Atomic Corporation, consisted of a
150 ym LTI pyrolytic carbon coating on a 550,y diameter ZrO2 substrate.
The coatings are similar to those used on coated fuel particles for
HTGR reactors. It was noticed that the tritium release rate was depen-~
dent on the partial pressure of hydrogen in the sweep gas, the release
rate increasing as the hydrogen partial pressure increased. Figure 6
shows two separate Arrhenius relatiomships for pyrclytic carbon, one for
experimental runs in pure helium, the other in a 10% hydrogen-90Z helium

atmosphere.

Chemical sectioning was used tc determine tritium profiles for
samples before and after annealing (See Figure 7). Profiles for samples
before annealing showed agreement between calculated and observed tritium
recoil ranges. The tritium profiles for recoil injected samples annealed
for different times and temperatures in the abscuce of hydrogen closely
resembled results expected from classical diffusion. Those annealed in
the presence of hydrogen at lower temperatures showed the outer region
to be depleted of tritium with the inner portion virtually undisturbed.
Profiles were also measured for samples that were impregnated with tritium

3
by exposure to 'HZ gas at different temperatures (see Figure 8). These
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profiles showed that tritium diffused rapidly inward at all temperatures
above 600°C to approximately 25 um wich only very slow penetration to
greater depth. The same experiment performed after the first 25 um

were removed from the particles gave similar results.
DISCUSSION

Diffusion coefficients measured in this study are smaller and
activation energies much larger than those usually observed for metals
at similar temperatures. Other measurements made or ceramics have

given similar results.g’10

Be0

Scott and Wassell9 measured activation energies of 49 to 60 kcal/moie
in single crystal and powdered samples of beryllia. Our results agree
substantially with their findings for single crystals but are about three
orders of magnitude larger than their results for powders. 1In their

. . 9
experiment tritium was produced by fast-neutron transmutation of “Be,

which involved irradiation fluences nearly 106 greater than in our work.

A possible explanation of the discrepancy which they found between
powders and single crystals is that in powders with radii of several
hundred lattice constants, tritium would likely diffuse out atomically,
whereas in bulk materials tritium atoms might combine to form molecules
before reaching the surface. A simple random walk calculation based on
the concentrations in our samples indicates that tritium atoms are likely
to come within first neighbor distances of other tritium atoms before
reaching the surface. Since molecular tritium would be influenced to a
much smaller extent by lattice electrostatic forces and chemical bonding
than the atomic form, the jump frequency might be increased, resulting in

a higher diffusion coefficient for the molecular species.

Scott and Wassell also found that during postirradiation anneal some
of the tritium left the samples as water vapor, contrary to our findings.
For some of our measurements with beryllia, single crystal alumina, and
alumina powder, a liquid nitrcgen cold trap was inserted between the sample
heating tube and the detector, but essentially no tritium was found to

be trapped in the cold trap.
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A BET surface area measurement was made on the sintered beryllia
used in our experiments, but the diffusion coeificients in sintered
samples were more than an order of magnitude higher than in single
crystals even after this correction was applied. This might be due to
rapid diffusion in the sintered samples or to an impurity effect (see
below) since the sintered samples contained greater amounts of impurities

than the single crystal specimens.

If fast diffusion does occur along grzin boundaries, a more accurate
description of release would be given by the uniform sphere model
discussed above. Using 4 sphere diameter of ten microns, which is the
average grain size in the sintered samples, the diffusion coefficients for
the sintered data listed in Figure 3 and Tabie 1 would be reduced by a
multiplicative factor of 6 x 10-2. This correction would place the

sintered and single crystal data in almost complete agreement.

A1,0,

Results for single crystal alumina fall about a factor of ten below
the results of Roberts and Roberts10 when extended to the temperatrure
range 1400 - 1630°c. Considering the large temperature extrapolatioa and
the fact that their sample purities were in the 99.5 to 99.9 percent
range, this agreement appears satisfactory. A comparison between the

results for A1203 and Lucalox is presented in a later section.

SCB Glass

Activation energies for hydrogen isotope diffusion measured in glasses
usually range from eight to thirteen kcal/mole, depending on conposition}l
The more highly doped glasses usually have higher activation energies.
Thes2 measurements often are taken from permeation studies and likely
involve molecular diffusion. Hatzke,lz on the other hand, obtained much
higher activation energies of 42 to 52 kcal/mole for ion~-injected tritium
using 40 keV ions to a dose of 4x1011 1ons/cm2. These unusually large
activation energies were attributed to the existence of radiation damage
during ion bombardment and the possibility of ionic or atomic diffusion

following ion bombardment.
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SCB glass was developed originally as a hydrogen barrier for SNAP
ZrH reactors. A permeation activation energy for hydrogen has been
measured as 30 kcal/nole7 vwhich agrees with our tritium diffusion activa-
tion energy. 1t has been found that hydrogen solubility is not a strong
function of temperature in glasses,11 and therefore permeation and

diffusion activation energies should be similar.

The high activation energy for this glass therefore does not appear
to reflect trapping eiffects which resulted from the energetic introduction

of the tritium atoms.
Pyrolytic Carbon

One possible explanation for the anomalous results for pyrolytic
carbon is that the microspheres have pores throughout the coatings with
a maximum pore length connecting with the surface of approximaieiy 25um.
Research performed at General Atomic Corporation13 on microscopic studies
of pyrolytic carbon appears to confirm this explanation. The existence
of these pores is supported by the data showing that 382 gas diffuses the
same distance inward regardless of the temperature. The rapid release of
“tritium from the outer region of the recoil injected samples in the
hydrogen-helium atmosphere is also consistent with this hypothesis as
hydrogen from the sweep gas may rapidly diffuse into the pores and release
tritium from the pore surfaces by isotope exchange. From the high
terperatures necessary (above 700°C) to obtain measureable tritium release
from the recoil injected samples in pure helium, it would appear that
tritium atoms become chemisorbed on the pore surfaces. High temperatures
were also necessary to release tritium in pure helium from samples that

were gas tagged by tritium gas.

It should be pointed out that the Arrhenius relationships in Figure 6
are based on classical diffusion models but may not represent true
diffusion coefficients for tritium in pyrolvtic carbon. However, it is a
cenvenlent way at present to compare tritium release rates wder the

different experimental conditions.
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Impurity Effects

One striking result of the present investigation has been the
apparent sensitivity of tritium diffusion coefficients to small amounts
of heterovalent impurities (alumina vs. Lucalox, siliccn carbide vs.
Al-doped silicon carbide}. A similar effect has been observed for defect
diffusion in alumina,ll"15 b
diffusion in rutile,17 cation self-diffusion in beryllia,18 and nickel

oron diffusion in silicon carbide,l6 hydrogen

in defective sp:l.nels.19 Several theoretical papers have been published
on the effects of impurities and charge-compensating defects on diffusion

properties.zo’ZI’22

That tritium diffusion exhibits such an effect is an indication that
tritium motion is associated at least partly with a lattice defect

mechanism in materials.

It should be emphasized that the enhanced diffusion observed in
Lucalox and doped silicon carbide cannot be due to rapid diffusion along
grain boundaries since the grain size in Lucalox is 1.5 times the tritium
recoil range, and some of the silicon carbide samples were large single

crystales.

The tritium itself represents an impurity in the lattice which covld
give rise to an impurity effect. However, in the concentrations used in
this study, tritium was not the major impurity in any of the materials.
Diffusion coefficients for Lucalox were not affected by lowering tritium
concentrations a factor of 30, so no H2 concentration effect on diffusion
appears to exist over this concentration range. Further evidence of no
concentration effect is given by long-time diffusion anneals which gave a
good fit to the expected behavior for concentration-independent diffusion

coefficients.4
Chemical Bondirg

A possible explanation for the high activation energies in ceramic
oxides might be the formation of hydroxyl groups by the recoiled tritium
atoms. This has been observed in IR absorption spectra of protcn and

deuteron-bombarded alumina.23 We have obtained IR absorption spectra of
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several alumina and beryllia samples with recoiled tritium (10
and some samples which had been annealed for several hours in the sweep
gas (90 percent helium~10 percent hydrogen). No hydroxyl formation has
yet been observed. However, detectability thresholds have not yet been
established, and the measurements will be continued at higher recoil

densities and annealing pressures.

The possibility of hydrogen reaction effects im silicon cazbide
cannot be neglected, as evidenced by the face that hydrogen etches silicon

carbide appreciably at temperatures near the highest used in this study.24

CONCLUSICONS

1. Except for PY(C and Lucalox, tritium release curves agree with
classical diffusion solutions Diffusion measurements in pyrolytic

carbon appear to be complicated by scrption processes on the carbon.

2. Results are in fair to good agreement with those of other

wor! .rs in those few cases where comparison is possible.

3. Tritium diffusion coefficients are considerably lower thanm in
metals at equivalent temperatures. Ceramic materials, therefore, appear
to be promising candidates for tritium barriers in CTR blankets.

4. Tritium diffusion activation energies, which are higher than the
values typically observed for metals, lie in the range 30-65 kcal/mole.

5. The addition of small amounts of heterovalent impurities appears
to significantly increase measured diffusion coefficients.

6. Diffusion release of tritium from single crystals is smaller than
release from sintered or hot-pressed materisls, implying some enhanced

mobility alnng grain teoundarics.

7. Tritium was not detected as water vapor in the release stream,
implying release as hydrogen gas and not the oxide.

8. At 700°C, diffusion coefficients for the materials used in this

study span a range of 6 orders of magnitude.



Iv-hho6

ACKNOWLEDGMENTS

The authors express appreciation to the following people who

furnished materiais for this project: §S. B. Austerman, Rockwell

International (single crystal beryllia); J. H. Walter, Atomics
International (SCB glass); C. Greskovich, General Electric (Lucalox and

Yttralox); R. Alliegro, Norton Company (Hot Pressed Silicon Carbide);
and J. L. Kaae, General Atomic Corpnratior (Pyrolytic Carbom).

9.
10.
11.
12.
13.
14.

15.
16.

17.

18.
19 .

20.
21.

REFERENCES

R. A. Krakowski et. al. ERDA Report No. LA-5336 (1974).

General Atomics Corp., Personal Communication.

J. Engelhard, Report No. JUL-752-RG (1971).

G. DiCela and H. Matzke, Nucl. Instr. and Meth. 57, 341 {1967).

R. Evans, The Atomic Nucleus, p. 652, McCraw-Hill, New York, 1955.
T. Lagerwall and K. E. Zimen, EURAEC Rept. No. 772 (1964%).

Personal communication with J. Walter, Atomics International.

Y. Adda and J. Philbert, La Diffusion dans les Solides, vol. 2,

pp. 1143-1203, Presses Universitaires de France, Paris, 1966.

K. T. Scott and L. L. Wassell, Proc. Brit. Ceram. Soc.7, 375 (1967).
E. W. Roberts and J. P. Roberts, Bull. Soc. Fr. Ceram. 77, 3 (1967).
R. Doremus, Glass Science, Chap. 8, John Wiley, New York, 1973.

Hj. Matzke, &. Naturforschg. 22a, 965 (1967).

J. L. Kaae, Carbon 13, 55 (1975).

T. P. Jones, R. L. Coble and C. J. Mogab, J. Am. Ceram.Soc. 52, 331
(1969).

K. Kitazawa and R. L. Coble, J. Am. Ceram. Soc. 57, 250 (1974).

E. N. Mokhov, S. K. Koprov, and Y. A. Vodakov, Sov. Phys.-S5.C. 13,
3120 (1972).

0. W. Johnson, S. H. Paek, and J. W. DeFord, J. Appl. Phys. 46, 1026
(1975).

S. B. Austerman, J. Nucl. Mat. 14, 248 (1964).

G. Yamaguchi, M. Nalsano, and M. Tosaki, Bull. Chem. Soc. Japan 42,
2801 (1969).

J. W. DeFord and 0. W. Johnson, J. Appl. Phys. 46, 1013 (1975).

M. D. Feit, J. L. Mitchell, and D. Lazarus, Phys. Rev. B8, 1715(1973).




22.
23.

24.

V=447

J. L. Mitchell and D. Lazarus, Phys. Rev. B 12, 734 (1975).

D. M. Gruen, R. B. Wright, R. L. McBeth, and I. Sheft, J. Chem. Phys.
62, 1192 (1975).

M. Xumagawa, H. Kuwabara, and §. Yamada,

Japan J. Appi. Phys. 8, 421
(1969).



AUTHOR INDEX

Abraham, M. M., I1-492
Adams, P. C., III-150

Adams, P. F., 111-270, 1v-144
Agarwal, S. C., I-150

Alire, R. M., I11-396
Alctenhein, F. X., II1-175
Amano, H., II11-253

Anderson, J. D., Iv-187
Anderson, J. t., I[I1I-394
Andresen, H., III-175
Attalla, A., IV-68
Atteridge, D. G., II-307
Auver, J., II-64, II-331
Austin, G. E., IV-274

Avci, H. 1., 1-437

Axtmann, R. C., IV-361
Bajaj, R., I~207

Baron, I. M., 1-207

Barosi, A., iV-203

Bartlett, A. F., I-122
Bates, J. F., I-519

Beavis, L. C., IV-83

Beeler, J. R., Jr., I-362
Beeler, M. F., I-362

Bell, J. T., II1-539, Iv-317
Bement, A. L., Jr., II-1, 1I-84
Bentley, J., [-297

Biersack, J. P., II-362
Bleiterg, M. L., 1-207
Bloom, E. E., I-Z59

Bohl, D. R,, IV-254

Booth, R., 1V-236

Borg, R. J., II-234

Bottoms, W. R., IV-379
Bowman, R. C., Jr., IV-68
Bradley, E. R., I-337

Braun, J. D., IV-176

Briggs, C. K., IV-12
8rimhall, J. L., I-73, 1-323, 1-337
Brooks, I. G., III-67

Brown, L, M., 1I-289
Bullough, R., I-230

Bunch, J. M., TI-498, II-517, II-331
Cacace, 7., I11-96

Campbell, A, B., I-382
Carlson, R. S., IV-36
Carstens, D.H.W., 11I-396
Caskey, G. R., Jr., IV-98, iV-117
Causey, R. A., IV-423
Chandra, D., IV-423

Charlot, L. A., II-307
Cnickering, R. W., 1I-207
Chen, Y., II~492

Choi, Y. H., II-1

Ctoyke, W. J., II-3;2

xXvii

Clerc, H., 1Il-316
Clinard, F. W., Jr., I1~-498
Clinton, S. D., 111-289, III-519
Calumbn, P., 1I11-129
Corenswit, E., I1-422
Coronado, P. R., IV-53
Cost, J. R., II-234
Danner, W., III-1I53
Darvas, J., I1I-1
Davis, J. C., Iv-187
Dexter, A. H., IV-117
Diamond, S., 1-207
Doran, D. G., I-532, II-18
Downs, G. L., IV-133
Easterly, C. E., ITI-5E
Echer, C. J., 1I~172
Ehrlich, X., II-289
Elleman, T. S., IV-423
Evans, J. d., I-122
Eyre, B. L., I-122, 1-297
Farrell, K., 1I-209
Fearon, D., IV-226
Fink, D., II-362
Fisher, P. W., III-289, III-519
Flanagan, T. M., II--531
Fleischer, L. R., II-372
Folkers, C. L., III-470
Fowler, J. D., IV-423
Fukaya, K., II-122
Garber, H. J., I1I-347
Garner, F. A., I-474, 1I-491
Garr, K. 2., I-312
Geballe, 7. 4., I1-422
Gerber, S. B., 1-93
Gilbert, E. K., I-474
Gildea, P. D., 1III-112
Giorgi, T. A., IV-203
Goland, A. N., I-417
Geodall, D.H.J., IV-274
Graves, N. J., 1-532
Gruber, J., III-175
Gould, T. H., Jr., II-387
Guggd., D., III-416
Guthrie, 6. L., I-491
Hall, B. 9., I-158, II-475
Hayns, M. R., I-230
Hendrick, P. L., II-84
Herschbach, K., 17-118
Hickman, R. G., 1I-234, 1V-12, IV-22,
IV-226
Holt, J. B., II-234, 11-280
Horfuchi, T., 1I-436
Hosmer, D. W., II-280
Houston, J. T., II-209
Hubberstey, P., 111-270, IV-144



et pon

xviii

Hudson, J. A,, II-72

Ihle, H., III1-416, 1V-1, 1v-4l4
Jacobs, D. G., III-58

Jang, H., I-106

Johnson, A. B,, Jr., 1I-307, III-32
Johnson, E. F., IV-361

Kabele, T. J., III-32

Kaletta, D., II-289

Kass, W. J., Iv-83

Katano. Y., II-122

Katoh, S., I1~436

Kawasaki, S., I11-507

Kayano, H., I-352

Kinard, C., IV-254

Kintner, E. E., I-1

Krapp, C. W., IV-S8

Kudo, H., III-253

Kuehler, C. W., 1V-361

Kulcinski, G. L., I-17, I-13C, I-437,

I1-38
Kurz, U., TV-414
Land, J. F., ITII-539
Langley, R. A., 1IV-138
Langley, S. C., I-395
Lefevre, H. W., 1v-187
Loomis, B. A., I-93
Loretto, M. #d., I-297
Lott, R. G., I-130
Louthan, M. R., Jr., IV-98, IV-117
Lutze, W., III-175
Lyles, R. L., I-191
Malinowski, M. £., IV-53
Maroni, V. A., IITF-458, IV-329
Matthias, B, T., II-422
Mayer, R. M., I-289
Maziasz, P. J., I-259
Mazey, D. J., 1-240
McCracken, G. M., Iv-2724
McDonell. W. R., II-387
McElrey, R. J., II-72
Merkle, K. L., I-191
Michel, D. J., II-84
Migge, H., II1I-175
Mitchell, J. B., II-172, II-492
Miyahara, A., II1I-507
Menjhu, Y., 1I-436
Moteff, J., 1-106, 1I-141
Mudge, L. K., III-32
Mueller, K., II-118
Muir, D. W., I1-517
Yarayan, J., 11-159
Neilson, R., Jr,, ITI-12%
Nelson, R. S., ¥-240, I1I-72
Neubert, A., III-416
Newkirk, L., I11-422
Nickerson, R., IV-236
Odette, G. R., 1-395

QOkada, T., 11-436
Olsen, P. A., 1II-77
Omar, A. M., 1-382
Owen, J. H., I11-433
Pandelfi, T. A., 1V=-379
Pard, A. G., 1-312

Parkin, D. M., I-417, II1-172, I1I-422

Parks, C. V., I-362

Parry, G., IV-144

Paxton, M. M., I-519

Pelto, R. H., I1V-329
Perchermeier, J., 1V-290
Perkins, H. K., IV-379
Perkins, W. G., 1V-32
Phillabaum, G. L., 1I1-148, I1I-150
Pieper, A. G., 11I-84, II-25G
Potter, D. I., I-158

Powell, J. R., I11-197
Pulham, R. J., I11-270, IV-144
Randall, D., I11-433

Ranken, W. A., 11-498

Rawl, D. E., Jr., IV-08
Redmarn, J. D., IV-317
Remark, J. F., II-307
Renner, T. A., IV-329
Reberto, J. B., TI-159
Roberts, P. E., IV-226
Robinsen, J. E., I-382
Robinson, M. T., 1I-492
Rosai, L., IV-203

Fnssell, K. C., II-1

Ryding, D. G., I-158

Sagués, A. A., 1I-64, 1I-331
Saltmarsh, M. J., 1I-159
Sato, T., III1-507
Schiffgens, J. 0., I-519, I-532
Schmidt, C. G., II-141
Schoenfelder, C. W., I11-462
Schwall, R. H., 11-422
Shiraishi, K., 11-122
Simonen, E. P., 1-323
Simons, R. L., 11~18
Singleton, M. F., 1II~470
Smidt, F. A., Jr., II-250

Smith, F. J., 1III-519, III-539, IV-317

Smith, H. V., Jr., I-130
Sread, C. L., 1T7-422

Souers, F. C., 1Iv-12, 1v-22, Iv-317
Spitznagel, J. A., II-372
Steinberg, M., III-129
Steinmeyer, R, H., IV-176
Steward, S. A., IV-236

St “~klin, G., II1-96, IV-414
St.and, J. A., I11-77
Strehlow, R. A., IV-317
Strong, A. B., III~67
Surratt, R. E.. 1I-84



xix

Swansiger, W. A., IV-401

Sweedler, A, R., II-422

Takahashi, H., I-352

Takeyama, T., I-352Z

Talbot, J. B., 11I1-289, II1-519,
III-539

Tanaka, K., 111-253

Taylor, A, 1-93, I-150, I-158

Taylor, C. W., III-148, III-150

Templeton, W. L., 1I1-77

Terry, E. A., 1-122

Thompson, D. A., I-382

Thunder, A. E., IV-144

Tsubakihara, H,, I11-436

Tsugawa, R. T., Iv-12, 1V-22, TY-226

Tsurutani, S., I1I-436

Tucker, P. A., IV-133

Ullmaier, H., 1I-403

Van Deventer, E. H., IV-329

Van Konynenburg, R, A., 11-172, 11-280,
11-492

van Lint, V.A.J., II-531

Valencia, F., 1I-422

Velecklis, 'E., II1I-458

Venus, G., I1I-316

Verghese, K., IV-423

Walker, R. S., I-382

Wallace, J., I-158

Warner, D. K., IV-254

Watson, J. S., II1-289, I1I-519

Weber, W. J., I-13C

Weichselgartner, H., IV-290

West, L. A., III-482

Westerman, R. E., I1-307

Wiedersich, H., II~-475

Wierdak, €. J., IV-329

Wiffen, F. W., 1-259, II-141, II-344

Wilkes, P., I-130

Wilkes, W. R., IV-266

Williams, T. M., I-122

Vire, G. L., I-474

Wirsing, E., III-232

Wiswall, R. H., 1I1-232

Wolfer, W. G., II-458

Wolfle, R., I1I-416

Wu, €. H., IV-1

Yokoya, N., 1-352

Yoo, M. H., I1-458

Young, J. R., II-38



