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J. Harding Owen, Dun.can Randall

Savannah River Laboratory
E. I. du Pont de Nemours and Co.,

Ailanm Cridh £ 14
ATKEN, SOUTN uardiina 29801

_reaction
Tritium might be bred by the SLi(m, a)T,in a solid lithium alloy or compound in the
blanket of a controlled thermonuclear reactor to avoid problems associated with
molten lithium or lithium compounds. Li-Al and LiAl0, systems containing hydrogen,
deuterium, or tritium were studied 10-15 years ago at the Savannah River Laboratory.
This paper describes measurements of (1) the distribution of tritium and helium
throughout both & and B phases of irradiated Li-Al alloy, (2) the migration rate of |
tritium to the B phase during moderate heating, (3) equilibrium pressures as func-
tions of temperature of Hz, Dz, or Tz in contact with lithium hydrides + aluminum,
Li-Al alloy, or irradiated Li-Al alloy, (4) the equilibrium constant for the re-
action LiH + Al =+ LiAl + 1/2 H2 as a function of temperature, and (5) extraction
rates of tritium from irradiated LiAl0, targets at elevated temperatures.
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EQUILIBRIUM AND KINETIC STUDIES OF SYSTEMS OF HYDROGEN
TSQTQPES, LITHIUM HYDRIDES, ALUMINUM, AND LiA1Q,

- J. Harding Owen, Duncan Randall

INTRODUCTION

Tritium might be bred by the ®Li(n,a)T reaction in a solid lithium
alloy or compound in the blankef of.; coﬁtrolled thermonuclear reéctor
(CTR) to avoid problems associéted with the uée of molten lithium oé a
molten lithium compound. Lithium-aluminum and lithium aluminate systems
containing hydrogen, deutefium, or tritium were studiéd 10 to 15 years
agé at the Savannah River L: l 7 '
tained higher concentrations of hydrogen isotopes (1 to 80 em® per em® of

alloyﬁthan would be expected in a low-inventory blanket,' the data are

applicable to CTR-oriented research.

Measurements at SRL have included:

1. Distribution of tritium and helium between the

alpha and beta phases of irradiated Li-Al alloy.
2. Kinetics of tritium migration in the alloy.

3. Equilibrium conditions for the reaction between

aluminum and LiH, LiD, or LiT.

4., Extraction rates of tritium from irradiated LiAlQ,.

DISTRIBUTION OF TRITIUM AND HELIUM IN Li-Al1 ALLOY
In the 1.2, 3.2, and 7.4 wt % Li alloys of lithium and aluminum studied

at SRL, an intermetallic compound, LiAl, is dispersed as a separate £ phase

* Work done by L. H. Meyer, M. 0. Fulda, D. W. Tharin, Jr., and A. A, Kishbaugh.
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in a dilute-solid solution of Li in Al, the « phase.- Figure 1 shows that
at irradiétion temperatures of ~100°C, the solubility of Li in Al is low,
so that praﬁtically all of the Li is in the B phase. But because the recoil
range of tritons (45 x 10™* cm in the B phase, %30 x 10 * cm‘in the o phase)
is large coﬁpared to the size of the B-phase particles (radius 6.5 x 10" cm)
and the distance between the particles (V5 X 10°% cm), the Aewly formed
tritium is distributed throughout both o and B phases, depending in part on
the relative volume of the B fhase (24% for 3.5 wt % Li alloy, 47% for 7.4
wt % alloy). On the other hand, helium rémains predominantly in the a-phase
near B-phaée particles;.because the helium recoil range is about equal to
the average distance betwéen the particles.

Moderate ﬁeat treatment (150° to 375°C) promotes migratioh of both
tritium ahd helium, Tritium is concentrated in the B phase, which acts as a
sink for tritium because of the réaction

LiAl + T » LiT + Al,
Helium tends to collect in gas pockets in the o phase, in close proximity
to the R-phase particles where most of it was formed.

Distribution of tritium and helium, before and after heat treatment,
was determined by sequential'dissolution of small chips of alloy machined

£ian
1l

. ,
m an irradia About 15 to 20

were firct oy
L* ) W ke dkwd W g

ng w
for ~1 min, which dissolved much of the B phase:
2LiAl + 2 CH30H -+ 2 LiOCHs + 2A1 + H2

LiT + CH,0H » LiOCH3 + HT
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Both gas and liquid phases were analyzed for tritium, then the liquid was
évaporated and the residue analyzed for lithium and aluminum. The undissolved i P
residue from the methanol treatment (mostly the aluminum-rich o phase) was then |
totally dissolved in 6N HCl, and both gas and liquid phases were analyzed,
Table I summarizes results of 13 separate tests.

" The higher density of the aluminum-rich o phase, compared to the 1lithium-
rich B phase, hinders diffusion of fritons. Therefore, as these dissdlution tests

show, the a phase of the 7.4 wt % Li alloy initially contains more tritium C$81%

of the total) than would be expected on the basis of its volume fraction in the

alloy (53%). After heat treatment, however, most of the tritium is contained in the

8 phase.f

These tests demonstrate that the helium content of the o phase, initially
70% to 90% of the total, is also diminished by heat treatment. The helium
data are less reliable than the tritium data, because large corrections wexe
required to allow for the solubility of helium in methanol and losses from

gas pockets opened during machining and heat treatment.

KINETICS OF TRITIUM MIGRATION IN Li-Al ALLOY

 The rate of migration of tritium to the f phase was measured by a
second series of tests with 1/4" i 1" wafers, all cut frqm the same {érmhaTéJ
Li-Al alloy slug, then heat-treated before chips were removed for sequentiai
dissolution and analysis. This technique reduces gas loss during heat treat-
ment, so that the results summarized.in Table 1I are probably-more accurate than

those for heat-treated chips in Table 1. Both sets of data are plotted in

Figure 2. : . !
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The linearity of log % tritium in the o phase vs heat treatment time for

7.4 wt % Li wafers (Figure 2) indicates that the migration of tritium from the

& to the B phase is apparently a first-order reaction. Values of the rate

constant k(mln "33} as a function of temperature were computed from half -times read

from these curves at 150°, 200°, and 300°C

From a plot of log k'vs /T

(°K), the activation energy was estimated to be 21 3 kcal/mole.

Metallographic examination indicated that f-phase particles in extruded

7.4 wt % Li alloy approximated right cylinders of average radius r = 6.5 x 10 *

cm, whose axes were aligned with the longitudinal axis of the slug, with an

average edge-to-edge distance of A5 x 107% cm between cylinders. Values

of the diffusivity D (cm?/sec) were calculated by inserting measured half-

[l

aw for diffusion into

ll-f

imes nto Fick's

Byt

of small radius:®

Table 111 summarizes these results.

and o

ut of infinite cylinders

;
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Plotting D vs 1/T (°K) and extrapolating té 1/T = 0 indicated D0 =
5.0 x 107" cmz/sec; The diffusivity of tritium in the o phase can therefore
be represented by D = 5.0 x 107" e-21°°°/RT, where R = 1.986 cal/mole °K.
Figure 3 shows that this diffusivity is much lower than fhe diffusivity

»
n

of hydrogenhaluminum.6

This difference may indicate that part of the
tritium has collected in'submicroscopic holes, reducing the actual concen-
tration of tritium in the ¢ phase to a much smaller qﬁantity with greatly
different specific constants. Sﬁch holes have been observed by electron
microscopy at SRL in irradiated alloys having ''gas volume rétios" (GVR =
cm?® of total gas/cm® of alloy) of 30, and in lower GVR alloys after moderate
heating. If this explanation isrtrue, mathematical analysis would be more
involved and would require cu 1avai
and distributi;n of molecular T,. In any case, the above analysis provides
at least an empirical correlation of the observed "apparent diffusivity™
with temperature.

Although the unexpectedly low '"apparent diffusivities" for tritium in
the o phase suggest caution when extrapolating frém one s}stem to another, -
the migration kinetics of tritium can be estimated for Li-Al alloys of

other compositions. For example, B-phase particles are much smaller and

more closely spaced 0&2 x 10 "cm) in 3.5 wt % Li alloy; Table IV lists

(
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EQUILIBRIUM CONDITIONS FOR THE EXTRACTION OF HYDROGEN ISOTOPES
The reaction between LiT and aluminum,
LiT + Al > LiAl + 1/2 T:

is the mechanism for the release of tritium when irradiated Li-Al alloy is heated.* _
Figure 4 shows that around 500°C, the equilibrium pressure of tritium for this
reaction is 300 to 600 times the pressure for the thermal. decomposition of

pure LiT,'" Table V summarizes SRL measurements of equilibrium pressures of

hydrogen, deuterium, and tritium as a function of temperatu?é._ . .
Figure 5 shows fﬁe épparafus for measuring eqﬁilibrium pressures of

hydrogen isotopes in contaét with equimolar mixtures of réacténts prepared

as fine powders.by thermal decompogition of lithium aluminﬁmrhydridesll

at 220°C, e.g., B ' .
LiAlH, - LiH + Al + 3/2 H,

L

Lithium hydrides and lithium alumiﬁum hydrides were identified by X-ray
diffraction. Qther samples included Li-Al alloy containing 1.2 or 3.2
wt % Li. |

The reaction mixture was maintained at a constant témperature;
equilibrium was assumed to have been attained after the pressure remained
constant for one hour. Equilibrium pressures were measured after both
increasing and decreasing the temperature to the desired level; agreemént
was good except at lower temperatures where re~gbsorption was so slow.that
equilibration was impractical. |

- Equilibrium constants for the reaction with hydrogen were calculated as

L .

follows:
K = aLiAl aH2 gt a tw e ShEe
I FAL Ee—==—=A
p e~

* Addition of lead has been found to reduce both Hz and Ty losses during
extraction from LiH or LiT, apparently by combining with condensing lithium
vapors at the cooler throat of the furnace, thereby preventing resorption of
} tbe hydrogen isotopes.’ Lead flux reduces the amount of tritium retained in
Li-Al alloy residues®and permits rapid gas evolution at 4490°C.?

*‘
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where a . equilibrium pressure (mm)/760 mm atmos '

H , and where

aLiﬁ = 1.00 was assumed because LiH exists as a separate phase in
the binary Al-Li system.

Several assumptions are possible for the determination of Ay

and aLiAl' First, aLiAl might be taken as unity, because it exists

as a separate B phase in the a-phase solid solution of Li and Al;

and a,. might be taken as 1 - a where a_. is the mole fraction

Al Li’ Li
of the Li that is dissolved in the o phase at saturation, as
computed from Figure 1, |

But Figure 6 shows fhat the equilibrium hydrogen pressure is
a function of the hydrogen content of the Li-Al system (i.e., the
GVR). Therefore it would be better to assume that at high GVR values,
so much Li is converted to-LiH that no LiAl exists as a separate B
phase and even the d.phase is not saturated with LiAl. Then the
number of moles of LiAl in the o phase is not detefmined by satura-
tion, but "is the number of moles of Li originally present less the
amount precipitated as LiH. At some intermediate GVR, all LiAl(B)
hasrjust been converted to LiH, and the o phasé ié just saturated
with LiAl., Finally, for all lower GVR's, the o phase is saturated
with LiAl, some LiAl js present in a separate B phase, and a small
amount of LiH has been precipitatea.

However, this formulation does not fit the ex?erimental data to§
well. First, the calculated equilibrium constants actually vary by

nearly #50%. Second, if the activity of LiAl remains constant as
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long as some LiAl is present as a separate phase (above the satura-

tion curve, Figure 1),

== H

the hydrogen pressure must also remain
constant: by the phase rule for 3 components (Li, Al, H) and 4
phases (LiAl + Al in o phase, LiAl in 8 phase, precipitated LiH;
and H; gas), degrees of freedom = C - P + 2 =3 - 4 + 2 =1, whicﬁ
requires that the hydrogen pressure be invariant at any given
temperatﬁre. This invariance is not observed even at the lowest
GVR vﬁlues (Figure 6).

Since greater and greater preséures are required to force
additional increments of hydrogen into the sample, regardless of
whether or not a separate LiAl phase is preésent, it appears that
LiAl behaves as if it were always dissolved in the o phase (then
C.— P+2=23-3+2 =2 degrees of freedom, temperature and

pressure variable). This could occur if the activity of the LiAl

.phase varied with the size of the LiAl grain. As the grains are

attacked by hydrogen, they become smaller and therefore "see" a

proportionally larger quantity of aluminum. Since it is difficult
for hydrogen to react with lithium when much aluminum is present,

aiAl decreases as LiAl grains become smaller.

LiA

Table VI shows equilibrium constants calculated according to this

last formulation., For example, in 1 cm?® of 3.2 wt % Li alloy

(density = 2.46 g/cm®) at 375°C,

-]

TA1 * Mar(o) 7 "LiAl(e)

- (2.46 g alloy)(0.96
98 g/m

0 3
26.98 g/mole

K

gAAl/gfalloy) = 0.0883

H A

= moles of free Al + Al in LiAl, in a phase
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total number of moles of Li

- £2.46 g alloy)(0.032 g Li/g alloy) _ o pi1
' 6.94 g/mole Li 0.0113

no

"Lial(e) T MLi T MLiH

a1 T on.

Then since aLiH = 1.00 and aﬂz

e GVR
Li 11200 cm®/g atom hydrogen

n,
LiAl(a)
[+

na1

"Li - (GVR/11200) _ 0.0113 - (GVR/11200)
.n Al 0.0883

LN
n
(=)

Al T Lial

{qiz’ atmos,

i

L1A1 r—h— 127 - GVR} ~— e v
a (862 + GVR PHz for 3.2 wt % Li alloy.

Similarly, for 1.Z wt % Li alloy, density = 2.58 g/cm?,

%Lial <

0.0945

1

0.00446

15l - (GVR/11200) _ 0.00446 - (GVR/11200)

: 00945
"0 0.00

S T
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Al T

~
f

a. .
_%LiAl 5— _ (50.0 - GVR) — o 1
aAl PHz = (1008 T GVR PH2 for 1.2 wt o-Ll alloy

It may seem inconsistent to assume that the LiH phase is
completely separate from the Li + LiAl matrix, whereas the LiAl
phase is considered to be dissolved. But LiH is chemically much
more like a salt than a metal and would not be expeCte& to
dissolve in aluminum. Furthermore, equilibrium comstants computed
on this basis (Table VI) are now constant within about *8%.

A plot of log X vs 1/T, Figure 7, yields the heat of reaction:
LiH + Al - LiAl + 1/2 H» M = 12 kcal/mole

The heat of formation of LiAl calculated from this value and from

‘the heat of formation of LiH 2 is -9.7 kcal/mole, which agrees

fairly well with a reported value of -13.0 * 4.0 kcal/mole.!?
Data was insufficient for similar calculations of equilibrium

constants for deuterium and tritium.
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EXTRACTION OF TRITIUM FROM IRRADIATED LITHIUM ALUMINATE
In 1966, SRL developed a process for the extraction of tritium from

* The New Production Reactor at Hanford re- -

irradiated LiAl0, targets.®
quired tritium-producing targets that would not melt even if the zirconium-
clad targets were heated to v1100°C. Lithium aluminate was chosen as the

most suitable target material (m.p. = 1900°C) after tests of its irradiation

stability. It had been proposed to extract tritium from declad LiAlO:

showed that tritium could be eitracted by simply heating the targets at
£

gen°r 3 <0 1 +hae tvititm in
ok ad N A % e ode LD L A ol et e ML —— AR

o

o
borax flux was not only unnecessary, but increased tritium losses to 1-2%.

Typical gas evolution rates are shown in Figure 8. Table VII shows!

how tritium losses can be reduced by prolonged heating and/or higher témperatures;

In these tests, hydrogen isotopes were separated from other extraction
gases by Hopcalite* (catalytic oxidizer) and zeolite (ﬁater absorber)
beds in series, followed by a uranium bed decomposer (Figure 9). After
loading the furnace and pumping the system down to <50 microns, the furnace
was heated and evolved‘gases were passed through the Hopcalite bed at 500°C
to oxidize hydrogen isotopes. Water vapors were sorbed on the zeolite bed

at 50°C while remaining gases (mainly €0, Co2, and He) passed through and were

* Tradename of Mine Safety Appliances Co.; 80:20 mixture of MnQOz, Cu0,.

DPST-75-305
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discharged. After completion of extraction, the zeolite was heated to 500°C
and the desorbed water vapors were passed through the uranium decomposer
bed at SSQ°C to regenerate the gaseous hydrogen isotopes.

Additional experiments showed that the presence of €0 and CO» equivalent
to 10-30 volume % of the tritium did not degrade the performance‘of the

rmed, which would have decreased the

o

t 450°C did not change during ekposure of the palladium diffuser to a
mixture of Hz, €0, and CO; for >1700 hr., A Hopcalite-zeolite system to
separate CQ and CO; from hydrogen isotopes appears to be unnecessary for a

full-scale extraction process.
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TABLE 1
DISTRIBUTION OF TRITIUM AND HELIUM IN IRRADIATED Li-Al ALLOY
Fraction of
B-Phase Fraction of Fraction of

Qt % Li Chips from Hgat Treatment Dissolved Total Tritiuma ?Qtal Heliwm
in Alloy Slug No. Time, hr. Temp, °C by CH30H, %  in o Phase, % in o Phase, %
7.4 1 None 79.6 71.9 83

1 None . 78.2 84.4 89

2 None - 70.4 . 85.5 72

2 None 76.2 ' 83.4 S 76

2 1 200° 77.3 | 0.0 37 .

2 1 3007 79.2 0.0 44 - .

1 4 375 74.5 0.0 74

1 4 375° 70.6 3.5 - .

1 4 . 375¢ 73.4 3.8 59
3.5 3 None 16.0 25 81

4 None ' 15.5 73 : 93

4 None 16.7 84 90

4 1 3007 28,7 40 66

a. Corrected for incomplete dissolution of B phase by CH30H
b. Chips heat-treated after machining.
¢. Slug heat-treated before machining.
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TABLE I1I
DISTRIBUTION OF TRITIUM IN IRRADIATED 7.4 WT % Li ALLOY
Heat Treatment of Wafers Frgction of Total Tritiwm in o Phase of Chips
Time, hr Temp, °C Machined from Wafers After Heat Treatment, %
None . , © 80
0.25 300 ' 61
0.25 300 - 60
1.0 300 - " 23
1.0 200 E : 69
2.0 200 60
3.0 150 ' 80‘
64 150 66
64 150 64
144 150 | 65
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TABLE 111

MEASURED MIGRATION OF TRITIUM FROM o
TO g PHASE IN 7.4 WT % Li ALLOY

Temp, °C  Half-Time, min  Rate Const. k, min™t  Diffusivity D, em?/see

150 26000 2,7 x 1075 4.4 x 10715
200 290 2.4 x 1072 " 3.9 x 10713
300 33 2.1 x 1072 - 3.4 x 10712
TABLE 1V

PREDICTED MIGRATION OF TRITIUM FROM o
TO B PHASE IN 3.5 WT % Li ALLOY

'I%m¢5'°c Estimated Half-Time, min
150 | 4500
200 52
300 ' 5.9

DPST-75.50¢
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TABLE V

'EQUILIBRIUM.PRESSURES FOR HYDROGEN, DEUTERIUM, AND TRITIUM

DPST-75~305
Page 25

In Contact Temp, Press, In Contact Temp, Press,
Gas With eq mm Gas With °c mm
Hz LiH 247 12 Do LiD 147 1
' 258 15 178 2
287 19 190 3
286 21 206 3
304 24 214 4
342 54 215 4
347 40 222 5
360 44 231 6
382 27 253 8
384 60 275 14
423 58 304 34
424 134 354 44
448 84 398 66
466 181 415 71
500 258 461 117
501 248 492 212
502 408 506 289
510 477* 534 433
534  496*
548 478 T2 Li-Al** 400 31
558 497 ’ ' 450 123
583 432 475 196
586 552 500 297
525 438
550 588
575 769

* For unirradiated 3.5 wt % L Li-Al alloy, not LiH.
** Jrradiated 3.5 wt % Li alloy.

1
¢
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TABLE VI

EQUILIBRIUM CONSTANTS FOR THE REACTION LiH + Al

- LiAl + 1/2 H,

Wt %3 i Temp, 1000 GVR _, Py, a7
in Alloy °C T, . omHo/em®alioy mm’ 'i L 4tmos ap, 1-ap .,
3.2 375  1.543 2.5 10 0.1147 0.1260 0.8740
5 il 0.1203 6.1234 0.8766
10 12 0.1257. 0.1184 0.8816
20 15 0.1405 0.1082 0.8918
30 18 0.1539 0.0981 ¥, 90ie
40 22 0.1701 ¢.0880 0.9120
50 27- 0.1885 0.077¢ ©0.9221
60 32 0.2052 0.0678 0.9322
70 49 0.2539 0.0577 0.9423
. 80 89 0.3422 0.0476 0.9524
475  1.337° 2 143 0.4338 0.1265 0.8735
5 166G 0.4588 0.1234 0.8766
10 175 0.4799 0.1184 0.8816
20 2300 0.5501 0.1082 0.8918
30 295 0.6230 0.0981 0.901%
40 380 0.7071 0.0880 0.9120
50 500 0.8111 0.0779 0.9221
60 640  0.9177 0.0678 0.9322
1.2 325 1,672 5 6 0.0889 0.0425 0.9575
- 10 S 0.1088 0.0378 0.9622
20 .23 0.1740 0.0283 0.9717
30 67  0,2969 0.0189 0.9811
40 240 0.5620 0.0094 0.9906
375  1.543° 5 52  0.2616 0.0425 0.9575
' 10 80 0.3244 0.0378 0.9622
20 180  0.4867 0.0283 0.9717 -
25 270  0.5960 0.0236 0.9764
385 1.497 5 140 0.4292 0.0425 0,9575
10 200% 0.5130 0.0378 0.9622
460  1.364 1 530  0.8351 0.0463 0,9537
3 716 0.9665 0.0444 0.9556

a.

OOOOO

0.

- 0.0127
a.
0.
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Hydrogen pressures corresponding to measured GVR's were read from Figure 6.
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TABLE VIT

TRITIUM LOSS TO THE RESIDUE

LiAl0: Density,
% of Theoretical

88,6

88.6
88.6
79.3

79.3

88.6
79.3

79.3

Extraction Conditions

Temp, °C —~ Time, hr
650 i1

725 | 11

725 21

750 L1l

850 6

850 11

850 11

850 21

900 24

T

% of Total Tritiwn Retained
in LiAl0, Residue

28

5.2
1.5
0.91, 1.5%
0.32, 0.36, 0.41
0.08
0.14
0.012

0,004

a. 0.64% for targets submerged in molten aluminum.
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