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Solubility of hydrogen isotopes in palladium
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An all-metal facility has been built to handle about 1000 Ci of tritium for studies of the
tritium behavior in metals. First measurements of the pressure-composition-temperature re-
lationship for the palladium-tritium system PdT„are reported for the pressure range
0. 1 &p & 2 bar, the composition range 0.02 & x & 0.65, and the temperature range
35 & T & 125'C together with the results of the PdH and PdD systems measured under the
same experimental conditions. The main conclusions are that the inequality p &pD &pH2 2 2

holds at equal concentrations and temperatures and that the P~a transition enthalpies
show a strong isotopic effect, whereas the entropies do not.

I. INTRODUCTION

The palladium-hydrogen system has been the
most extensively studied metal-hydrogen system and
still attracts great attention as demonstrated by
numerous review articles. ' The first publication
appeared as early as 1866. Following the discovery
of deuterium, the palladium-deuterium system has
been investigated since 1935. Since tritium is now
available in large quantities at a reasonable cost and
high purity, some papers have appeared on the prop-
erties of tritium in metals. To our knowledge only
one paper dealing with the PdT„system has ap-
peared thus far where the solubility of tritium only
in the very dilute a phase (x & 0.015) is discussed.

In this paper we will present the first measure-
ments of PdT„ in the concentration (x) range
(0.02&x &0.65), pressure (p) range (0.1(p &2 bar),
and temperature ( T) range (35 & T & 125 'C). The
results will be compared with the data for protium
and deuterium using the same sample under identi-
cal experimental conditions. Furthermore, the de-
tails of the apparatus and the precautions employed
to ensure safe handling of the 1000-Ci tritium will
be discussed shortly.

The three isotopes H, D, and T have the largest
relative mass changes of all isotopic species and are
therefore expected to exhibit large isotope effects.
They are based mainly on the mass dependence of
the vibrational energy levels of the hydrogen atoms
in the lattice and the rotational and vibrational lev-
els of the molecules in the gas. Those investigations
of all three hydrogen isotopes constitute a valuable
test for theories. Furthermore, the knowledge of the
behavior of tritium in metals is of importance for its
possible application in future fusion reactors and for
the safe storage of large tritium amounts as metal

tritides.
Pd is especially suited for the present investiga-

tions, since it easily absorbs hydrogen due to the re-
moval of oxide surface layers in a hydrogen atmo-
sphere, which in turn results in catalytically active
sites that are necessary for the splitting of the Hz
molecules and the recombination of H atoms.

II. Experimental Procedure

A. Apparatus

An all-metal ultrahigh-vacuum (UHV) apparatus
has been constructed for the loading of metal sam-
ples with tritium and the stable hydrogen isotopes
up to high concentrations, degassing the metal tri-
tide samples, and measuring the pressure, composi-
tion, and temperature relationship of different
metal-hydrogen systems. The equipment is similar
to those ' which have been employed for the stable
hydrogen isotopes, but because of the radiation ha-
zards associated with the handling of 1000 Ci of tri-
tium some important modifications were made to
assure safe operation.

Secondary containment has been used in the con-
struction of the loading apparatus. Hot walls in
contact with high tritium pressures are surrounded
by double-walled steel cylinders in order to capture
the tritium which has permeated the hot walls.

The entire apparatus is placed in a ventilated
hood and the exhaust air from the hood is continu-
ously monitored with a tritium monitor. Addition-
ally, the air in the laboratory is ventilated so that a
directional air stream is generated and controlled by
a second tritium monitor. No increase in the count
rate of the monitors by heating the UT„storage
containers or the sample chamber could be detected.
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over the UT„ in the two-phase region is about
4)&10 mbar (Ref. 14) at room temperature. Ow-
ing to tritium decay there is always He gas in the
system after heating of the tritium source. This gas
is evacuated by an ion-getter pump.

During heating, the stainless-steel wall of the
inner cylinder also gets hot, and a greater per-
meation of tritium into the argon-filled space (3) can
be expected. The tritium which has permeated the
hot wall is caught in volume (3) which is surrounded
by water-cooled stainless-steel walls. No T2, HTO,
or T2O molecules have been detected by mass spec-
troscopy upon analysis of the gas in the volume (3),
which indicates that the permeation is probably
strongly reduced by oxide layers on the surfaces.

A cross section of the sample chamber to prepare
the metal tritides is shown in Fig. 2. The oven (1) is
built inside of the chamber so that the walls can be
cooled by circulating water (2) to reduce the per-
meation of tritium. Any tritium which has per-
meated may be captured in the water. The current
feed throughs (4) are protected with a vacuum-
sealed hood (5) to prevent any tritium release in case
of a break in one of the current feed throughs.
Shielded thermocouples (6) are used to regulate the
oven temperature and to measure the sample tem-
perature.

Only a small increase of tritium inside the hood was
observed during the opening of the sample chamber
due to the desorption of tritium from the inside
chamber walls. Opening is necessary to remove
samples for other types of measurements, such as
diffusion, ' lattice parameter, " differential ther-
moanalysis, ' and evolution' measurements, etc.

Two tritium sources are included in the system-
a 1000-Ci source purchased from Nukem Ltd. and a
100-Ci source of our own design shown in Fig. 1.
By heating the oven (4) the tritium is evolved from
the uranium powder (1) to the desired pressure.
During the cooling phase the uranium absorbs the
T2 gas very rapidly. The T2 equilibrium pressure
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FIG. 1. Cross section of the 100-Ci UT„storage con-
tainer. (1, UT„powder; 2, T2-filled cylinder; 3, Ar-filled
volume; 4, oven with Mo winding; 5, water-cooled
volume; 6, filter; 7, current feed throughs; 8, thermocou-
ple; 9, valve for closing the T2-filled cylinder; 10, valve for
closing the Ar-filled volume; 11, CF-35 flanges. )

FIG. 2. Cross section of the sample chamber for the
preparation of metal tritides. (1, oven made of quartz; 2,
T2-filled volume; 3, Mo winding; 4, therrnocouple; 5,
vacuum-sealed hood; 6, shielded thermocouples. )
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For the determination of the correct pressures of
the Tz gas with capacitance manometer sensors, it is
essential to avoid the use of heads of the double-
sided version with the prestressed diaphragm welded
between two fixed electrodes. If the dielectric con-
stant of the measured gas is constant, the output
voltage is directly proportional to the applied pres-
sure. This is no longer true in the case where the
dielectric constant of the gas differs significantly
from unity as for radioactive gases. Therefore,
single-sided capacitance sensors have to be used with
both electrodes on one side of the pressure transduc-
er which is always surrounded by the same rest-gas
compositions. In order to show the deviations of the
pressure readings obtained with capacitance manom-
eter sensors of the single- and double-sided versions
for He and Tz gas in an expanded way, the relative
differences between these pressures are plotted in
Fig. 3 as a function of the pressure obtained by the
single-sided version. In the case of He the pressures
measured with the different sensors agree very well,
illustrating the equality of both types of heads for
nonradioactive gases. Furthermore, below about
50-mbar pressure both types of instruments function
equally for the measurement of He and Tz gas.
However, from about 50 mbar up to 1 bar Tz pres-
sure, the error in the pressure measurement of the
double-sided version increases up to about 12% for
the radioactive gas due to the additional current
generated by the decay of the tritium atoms. The

reason for the relatively large error of about 0.3%
for He and Tz gas in the low-pressure range is that a
1Q and 1Q Torr sensor head of different producers
was used and showed different electronic drifts of
the zero points. These measurements were done
with He instead of Hz and Dz to avoid loss of the
purity of the Tz gas by stable hydrogen isotopes. In
addition, the relative differnce between the dielectric
constants of He and Hz gas is only about
2X 1() z%%u
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B. Materials

Palladium (99.99% purity) was purchased from
Heraeus GmbH Hanau. The main impurities are
20-ppm Fe, 20-ppm Ca, and 20-ppm Mg as detected
by emission spectroscopy.

Before the experiments, Pd foil, 10 pm thick, was
degassed in a UHV apparatus at 800'C and 10
mbar Th. e foil was wound around the inner ther-
mocouple (Fig. 2) to achieve correct temperature
data.

For the isotopic studies the purity of the Hz gas
used was better than 99.9999 vol%. The Dz gas
was about 99.7% pure with most of the residual
0.3% being Hz. Both isotopes were obtained from
FeTi-hydrogen storage containers. ' The purity of
the Tz gas employed was 95.2 at. %%uo T, 3.7at. %H,
and 1.1 at. %%uoD.

No corrections for the measured tritium equilibri-
um pressures due to the slightly impure Tz gas will
be made in the following. Furthermore, the influ-
ence of the He atoms generated by the tritium de-
cay in the gas and in the metal will be neglected.
This seems to be justified because the inert He has
been always removed from the Tz gas after a few
measurement cycles. The maximum activity in the
present measurements was 215 Ci in the P phase of
PdT„.

After longer measurement periods with high triti-
um pressure, and subsequent absorption of the triti-
um in a cold uranium bed, some CT4 was detected
by mass spectrometry in the residual He gas. The
CT4 molecules could be due to isotope exchange of
oil vapor and cracking of the oil, and/or reaction of
the tritium with carbon in the stainless steel.

C. Procedure
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pressure (barj —single-sided version

FIG. 3. Relative difference between the pressures of
He and T2 gases measured with capacitance manometers

of the single- and double-sided versions as a function of
the pressure obtained by the single-sided sensor head.

The experiments were carried out separately for
each hydrogen isotope in the sequence PdH„, PdD„,
and PdT„. Before each new hydrogen isotope, the
sample and the equipment were degassed for a long
period to avoid isotopic exchange.

The H, D, or T concentration in the sample can
be calculated from measurements of the pressure
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c anges and the room and sample temperature, us-
ing the sample mass, system volume, and the effec-
tive temperature of the gas. This calculation was

these quantities and controlled the sample tempera-
ture. Measurements were made at intervals of S or
10 always using the same volume.

A detailed description of the tritium loading ap-
paratus, and of the special precautions to ensure safe

an ing of the 1000-Ci tritium and to measure the
tritium-loaded samples outside the loading machine,
as we as description of the computer system is
given in Ref. 17.

III. RESULTS

easurements of pressure, composition, and tem-
perature yield the isotherms for th thr e ree 1sotopes
shown in Figs. 4—8. The experimental data are
represented by circles. The desorption data for the

ydrogen isotopes are plotted in Figs. 4—6 and the
par ia isting oabsorption data in Figs. 7 and 8. A t' l l'

t e desorption data of PdT„ is given in Table I. In
t e case of PdT„, the rate of tritium uptake was
about a factor of 10 slower than that of the sta le
isotopes. Therefore, only the desorption isotherms

un erstand the very slow tritium uptake. The
desorption rate of tritium was similar to those o-

gas used should be very pure due to the gettering
properties of uranium. Furthermorermore, repeate mea-
surements with hydrogen after termination of the
tritium cycles showed no decrease of the hydrogen
uptake rate, demonstrating that the Pd-sample sur-
ace was still active. The present data for PdH„and

P D„are in good agreement with those of other

new PdT d„desorption data. A comparison of Fi s.
4—6 dernmonstrate that the overall shape of the PdT„

1gs.
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FIG. 5.. Desorption isotherms of the system PdD„.

PdT —i
isotherms —and therefore of th h d'e p ase iagram of„—is very similar to those for PdD„and PdH„.
T ere ore, we will separate the isotherms of PdT
into a dilute a-phase, a high concentrated hrae ~p ase,

two-phase region a+@ as in the PdH and
PdD hase dia rp

'

g ams, and discuss each region
separately.

A. a phase of PdT„

our experimental data of PdT up to x=0.1Q
which includes the a and some of the a
are shown in Fi

e o e a+P p ases

Ref. 7
wn in ig. 9. In addition, some results f

are plotted together with the 70'C and 120'C
0

isot erms o PdT„ in the a phase using Sie rt 'ieve s s
aw. or the small concentrations Q.OQ5 &x (0.008

ig er concentrations and is a consequence of the
attractive H-H interaction. Alth h houg we ave not
measured enough data in the dilute a phase to again
determine the standard-desorption enthalpies and
entronies of H Dp' o, D, and T, our experimental results

low
s ow that in the a phase the sol b'1 t fu 11 y o tr1t1um is
ower than that of deuterium and protium
xT (xD &xH at equal temperatures and presspressures.

e a p ase of PdT„covers concentrations u to
about x =0.025 in'n the measured temperature range
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FIG. 7. Absorption isotherms of the system Pdo .
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FIG. 8. Absorption isotherms of the system PdH„.

and the phase boundary (solvus) between the a and
a+@ phases shows only a very weak teinperature
dependence.

be described by the equation

B. a+P phase of PdT„

After crossing the solvus P phase regions start to
precipitate within the a phase. During the (a~P)
phase transformation, the hydrogen isotope pressure
remains essentially constant (plateau pressure). The
horizontal plateau pressures in Figs. 4—8 are charac-
teristic of the coexistence of two solid phases with a
gas pllase.

The 70'C, 80 C, and 90'C desorption isotherms
of all three hydrogen isotopes are plotted in Fig. 10.
A comparison of the pressures (p) of the hydrogen
isotopes shows that in the two-phase region

pT, )pD, &pH at equal temperatures, at all concen-

trations. All determined plateau pressures are listed
in Table II Furt. hermore, the desorption plateau
pressures of tritium, deuterium, and protium are
drawn in Fig. 11 as a function of reciprocal tem-
perature. In the two-phase regions the pressure can

where b,H~ and b,S~ represent the P~a tran-
sition enthalpy and entropy, respectively, and R is
the gas constant. Least-squares fits of the data in
Table II yielded the values of the P~a and a —+P
transition enthalpies and entropies listed in Table
III. The agreement with the results of other

2, 18groups. ' is satisfactory. Our values show a strong
isotopic dependence for the transition enthalpies, but
a negligible one for the transition entropies. In the
two-phase region the decomposition pressure is al-
ways much lower than the formation pressure for a
given temperature (see Table II). This is the well-
known hysteresis effect of metal-hydrogen systems
in the absorption and desorption cycle.

C. P phase in PdT„

After crossing the phase boundary between the
a+@ and P phases, a further increase of the hydro-

TABLE I. Desorption data [pressure (p), concentration (x) of different isotherms for the palladium tritium system].

40 C
p (mbar)

SO C
p (mbar) x (%)

60 C
p (mbar) x (%)

70'C
p (mbar) x (%)

80'C
p (mbar) x (%)

147.7
150.3
149.0
163.0
168.5
229.8
420.7
656.4
728.3
813.9
901.4
998.4

1250.2

13.1
19.6
32.3
42.6
52. 1

57.7
60.2
61.7
62.4
62.7
62.9
63 ~ 1

63.5

205.6
231.2
250.4
252.6
251.2
264.9
443.5
676.6
747.5
833.6
920.2

1017.5
1268.4

8.9
14.5
24.9
35.6
46.1

55.2
58.6
60.4
61.2
61.4
61.7
61.9
62.4

262.3
314.4
350.8
366.6
378.5
390.5
475. 1

699.4
769.1

854.2
941.4

1038.2
1289.8

4.9
8.5

17.7
28.1

37.0
46.0
56.4
58.9
59.8
60.1

60.4
60.6
61.2

284.6
378.8
467.8
506.5
526.5
534.3
547.5
727.0
794.1

879.1

964.3
1060.0
1311.2

2.5
3.9
9.3

18.1
26.4
35.7
49.3
57.0
58.2
58.5
58.9
59.3
S9.9

292.4
398.1
544. 1

650.6
702.3
729.0
751.1
779.2
827.7
909.8
992.8

1087.1
1335.8

2.0
2.6
3.9
7.9

13.9
21.9
34.8
53.4
55.9
56.5
57.1

57.6
58.4



SOLUBILITY OF HYDROGEN IN ISOTOPES IN PALLADIUM 753

40,

mbac

32—
o "ooo

Cl
E

D o—

24

16

0
0 0.02

~ 70 C
&O~c IGSchmidtand GSicking

I I I

0.04 0.06
atomic ratio fT]/fPdj

+ 95. 90

0.08 0.10

1QQ—

50—
4000

o 1PQQ=
E

100—

10—

4000

I

0.2

I

0.2

I

0,4
I

0.4
I

90 C

I

0.6
I

80'C

I

0.6
I

FIG. 9. Deesorption isotherms of the s st
(x o. o) i of f~ ~

1PQQ-
O

E

g 100= H

70oC

gen concentration is only a h' d b
pressure mcreases (see Figs. —8 and

en con
' ' c ieve y relativel

e P p ase can be described b the
logical equation'

y e phenomeno-

n pT /1 bar)= —A(T)+B(T)x .

10
0

I I I

0.2 04 0.6

atomic ratio [H]/[Pd], [D]/[Pd], [T]/[Pd]

FIG. 10. 70 C, 80 C, and 90'C deso p
e y rogen isotopes protium (H

(D), d rii (T)' ll d'in pa adium.

The values oror A and B are listed in Table IV
y g

over appmg temperature range and hn sow
easmg temperatur .

a e V ists the concentrations of th

perature range 50(T( 130 C for a
en e a+ and p phase in the

isotopes. The val
or a three hydrogen

e values were obtained from
'

tions of extra 1 d p

rom intersec-
ppo ate pressures ro

IV. DISCUSSION

The main results of our ex crimp
e so ubilities of the t re t ree hydrogen iso-

can be formulated as foll
&T (xD (xH at equal re

0 ows:

and pH ( pressures and temperatures
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sotoptc ifferences between H d D '
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TABLE I. (Continued. )

p (mbar)

296.8
404.9
562.0
710.1
821.8
904.6
967.6

1000.0
989.4

1000.6
1036.8
1123.4
1365.8

90'C
x (%)

1.8
2.2
2.8
3.7
5.5
94

19.5
35.7
44.5
49.7
54. 1

55.2
56.5

p (mbar)

409.3
569.3
725.2
857.0
980.3

1134.5
1286.8
1273.9
1295.6
1312.3
1335.0
1409.3

100 C
x (%)

2.0
2.3
2.8
3.1

4.2
7.7

17.4
25.1

29.3
34.6
40.2
53.7

p (mbar)

412.7
574.1

732.6
867.4

1000.7
1192.4
1428.0
1470.5
1532.0
1581.7
1641.2
1729.7

110'C
x (%)

1.8
2.1

2.4
2.5
2.9
3.7
7.6

10.5
12.6
15.6
18.6
31.1

p (mbar)

578.0
737.7
873.7

1009.5
1209.2
1483.2
1559.8
1634.1
1714.5
1801.4
1991.8

120 C
x (%)

1.9
2. 1

2.2
2.4
2.7
3.9
5.1

5.6
64
7.5

12.7
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TABLE II. Plateua pressures for desorption (p ) of the PdH, PdD, and PdT system and
for absorption (p") of the PdH and PdD system in the two-phase region a+P as a function of
the temperature.

30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

D
PH2

(m bar)

55
80

117
168
237
328
442
594
789

1038
1371
1768

(mba r)

23
38
60
91

134
198
283
395
539
723
970

1239
1609
2032

150
220
316
448
612
840

1144
1513
2006
2600

177
267
395
573
797

1079
1440
1903
2460

45
50
55
60
65
70
75
80
85
90
95

100
105
110

201
251
298
369
445
529
630
743
868

1000
1147
1300
1502
1722

Pd have been observed and discussed in other pa-
pers. Therefore, our discussion will mainly be
concerned with the inequalities x~ (xo and
pz & pD . The above mentioned isotopic depen-

2 2

dence of the solubility in the a phase can be under-
stood from a more basic standpoint by consideration

of Sieverts's law for dilute solutions:

1nx~ = hH I" /(k T ) +—AS/ '"'/k

+ —,In(pg /1 bar),

where

aH,"=H,"——,'H', (4)

&8Q 15Q
I

'100
I

50 30 y(o( ) ~Sao, nc Sao, nc I SOT — T —
2 T2

In this equation AH& and ES~'"' are the partial
molar enthalpy and entropy (without configuration-
al contribution) of desorption at infinite dilution,
H~ and Sf'"' are the partial molar enthalpy and
nonconfigurational (nc) entropy of T in Pd, and H~

2

and S~ are the standard molar enthalpy and entro-
2

py of the gas phase; k is the Boltzmann constant.
The different behavior of the two isotopes T and D
follows from Eq. (3):

1Q
1 I

2.82.4 3.2 36
1QQQ (K-])

T

FICs. 11. Desorption plateau pressures of protium (H),
deuterium (D), and tritium (T) in the two-phase region
a+P as a function of reciprocal temperature.

ln(xI/xD) = —(6Hz PHD )/(kT)—
+ (AS/'"' —ASD'"')/k

+ —,»9 ~, /s D, »

EH.r —PHD =H ~ Hp) —(Hg HD—)/2 (7)—'
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TABLE III. P~a and a~P transition enthalpies and entropies of the PdH, PdD, and
PdT system for desorption and absorption processes, respectively. X&——H2, D2, or T& for PdH,
PdD, and PdT, respectively.

PdH

PdD

PdT

sa~-
(kJ/mol Xq)

39.0+0.5
39.0+0.4
41.0+0.4
35.4+0.5
37.2+0.4
33.3+ 1.0

as~-
[(J/(K mol Xi)]

92.5+ 1.3
91.2+0.8
97.5+0.8
93.4+1.3
97.8+0.8
91.7+2.9

(kJ/mol X&)

—37.4+0.3

—33.6+0.6

ss -~
[J/(K mol Xi)]

92.5+0.8

—93.3+1.6

Reference

This work
Ref. 18
Ref. 2
This work
Ref. 18
This work

AS' '"' —ASD'"' ——Sf '"' —SD'"' —(Sg —SD )/2
2 2

(8)

The enthalpies on the right-hand side of Eq. (7)
are the sum of vibrational, rotational, electronic, and
nuclear contributions. Most of these contributions
are small in comparison to the vibrational one.
Therefore, we will consider only the vibrational en-
ergies, which are drawn in Fig. 12 for the gas mole-
cules on the left-hand side, the atoms in the octahe-
dral sites of the a phase in the middle, and the P
phase on the right-hand side. On the left-hand side
of each energy scale are plotted the zero-point ener-
gies (n /2)Rcu; on the right-hand side the energies ob-
tained using the Einstein formula

n fico n
Ago/kT

(9)

where fico is the energy of the first harmonics of the
local modes of the dissolved atoms and the gas mol-
ecules and n is the degree of freedom (n =3 for
H,D,T in Pd and n =1 for the gas molecules). The
vibrational zero-point energies of H2, D2, and Tz are
taken from Ref. 27, the energy values fico of the lo-
cal modes of the H and D atoms in the a phase of
PdH„and PdD„are from Ref. 28, and in the P
phase, from Ref. 29. The zero-point energies and

the values obtained with Eq. (9) for H2, D2, and T2
are equal at 383.15 K due to the high-characteristic
vibrational temperatures of about 6240, 4440, and
3650 K, respectively (e.g, only the lowest energy
level is occupied). Rotational contributions are
neglected because the characteristic rotational tem-
perature is only 85.4 K (Ref. 30) for H2 and 42.7 K
(Ref. 30) for D2 (e.g. , most of the molecular rota-
tions are excited). Since there is not an experimen-
tally deteriiiined local-mode frequency of T in Pd,
the value was calculated using the equation
fico& ficoD(m D

——/m z )', where m is the reduced
mass. This classical law is fulfilled for the local
modes of the H and D atoms in Pd if one uses the
values of Ref. 28 determined by inelastic neutron
scattering. For a quantitative explanation of the iso-
tope solubility ratio of the very dilute PdH„and
PdD„system Oates and Flanagan had to assume
that the vibrational frequencies are not only mass
determined, but also dependent on the force con-
stants of the potential well for the H and D atom.
In this discussion we neglect the last contribution.

With the vibration energies of Fig. 12, Eq. (7) can
be written as ~f —~D ——11.71 meV. Using the
values listed in Ref. 7, one obtains ( —0. 10k) (k is
the Boltzmann constant) for the difference of the
partial molar entropies [Eq. (8)]. Inserting this into
Eq. (6) yields

TABLE IV. A and B values of the phenomenological equation ln(p/1 bar)=A (T)+B(T)x describing the relationship
between pressure (p) and concentration x in the P phase of PdH„, PdD„, and PdT„.

This work
B

PdH
Ref. 18 This work

B

PdD
Ref. 18

PdT
This work

B

30
50
60
70
80

28.8+2.7
26.0+1.8
23.4+2.0
20.7+2.0

42.7+4.1

39.1+2.7
35.8+3.0
37.3+3.2

32.9
29.1+0.5

46.8
42.7+0.6 21.0+2.3

18.8+ 1.9
16.5+ 1.9
13.9+1.6

32.8+3.6
29.9+3.1

26.8+3.1

23.2+2.6

29.8+0.3 44.7+0.4
24.5+0.2 38.4+0.3 19.2+5.5 31.0+8.9

16.2+5.0 26.8+8.4
12.0+3.6 20.4+6.1
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TABLE V. Phase limits between the a+P and the P phase for PdH„, PdD„, and PdT„.

T
'C

50
60
70
80
90

100
110
120
130

PdH„
x (%)

60.2(3)
59.8(3)
S9.0(3)
58.1(3)
57.3(4)
56.6(4)
56.2(4)
55.5(S)
54.7(6)

PdD„
x (%%uo)

59.1(4)
58.6(4)
57.3(4)
56.9(5)
56.2(5)
55.8(6)
55.0(6)
54.4(7)

PdT
x (%)

58.2(5)
57.5(6)
56.7(6)
56.0(7)
54.8(8)

PdH
x (%)

59.9(3) (Ref. 18)

57.5(2) (Ref. 2)

54.0(3) (Ref. 2)

PdD
x (%)

58.7 (Ref. 18)

XT
ln

XD

135 8 I ~Tv—0. 10+ —,ln
PD,

(10)

E'NERGY LEVELS of
H2, D2 and T2

gas moIecules

H, D and T atoms

300 ——

269.0 269 0
H2 H2

250-—

In the a phase In the p phase

Assuming equal pressures, it follows that xT is
smaller than xD because the right-hand side of Eq.
(10) is always negative. At equal pressures and at

the temperture of 120'C one obtains, for example,
xT/xD ——0.64, which is in good agreement with our
experimentally observed value of about 0.60.

The above equation also demonstrates that the ra-
tio of the concentrations in the measured tempera-
ture range is mainly determined by the difference in
the molar enthalpies if pT ——pD . Furthermore, Eq.
(10) shows that for equal concentrations pT &pD .

2 2

In a similar way, the further inequalities xT &xH
and xD &xH can also be verified.

Finally, we can qualitatively understand the isoto-
pic dependence of the pressures in the two-phase re-
gion by considering the values listed in Fig. 12. The
equation describing the behavior of the plateau pres-
sures as a function of the temperture is

ln[pT /(1 bar)] = AHTP/(RT—)+b,STP/R
)
E

Cn 1915 1915
DP 2 D2

C
(U

T 1571 1571
TT2 T2

150——

~HPT-- HQT + ' —(aHT HPT)
2 p

(12)

100——

131.7

1159

H
102 110.4

D
72

59

85

p 60
49

122.5

09 -D
1070 T

hSTP- =S', + (aS, —pSP),
2

where a and p are the concentrations at the phase
limits.

and ASPT represent the p~a transition
enthalpies and entropies, respectively. The ratio of
the T2 and D2 gas pressures over palladium can be
obtained from

FIG. 12. Vibrational energies calculated with the for-
mula (9) (see text) for 110'C and zero-point energies of
the H2, D2,Tq gas molecules (left) (Ref. 27) and H, D,T
atoms in the octahedral sites of the Pd lattice in the a
phase (middle) (Ref. 28) and in the P phase (right) (Ref.
29). The zero-point energies are plotted on the left-hand
side of each vertical line, the vibrational energies on the
right-hand side. The atom energies are scaled up per
atom for the threefold degeneracy and must be counted
twice for comparison with the molecular energies.

(14)

2
(aHT pHT —aH D—a P

+pHPD), (15)

»(PT, /PD, ) = (&HPT b,HPD )/—RT—
+(~SP- ~SP- )/R

with

~P- —~P- =(H' —H' )
2 2
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—ESg =Sg —S
2 2

a P a(tzS~ —/3S~ —aS&

+/3SD) . (16)

in Eqs. (6) and (14), an accurate knowledge of the
rotational, configurational, vibrational, and electron-
ic contributions to the partial molar entropies and
enthalpies would be necessary.

»(pI, /pD, ) =310/T+1.Q (17)

(Sz —SD )/R = —1.007 62. Equation (17)
shows that pz &pD since the right-hand side is al-

2 2

ways positive. Quantitatively, one obtains for the
temperature of 110'C pz /pD ——6.1. This value is

too large compared with the experimentally deter-
mined one of 1.5, but the agreement between these
two values is not too bad if one considers all the
simplifications made in Eqs. (15) and (16). Inserting
the corresponding values of protium in Eqs.
(14)—(16) yields the additional inequalities pz &p~,
and pD &p~ . Again qualitative agreement with
the experimental results (see Fig. 11) is achieved.
For a quantitative calculation of the pressure ratios

In the above equations it was assumed that P—ct

has the same value for the different isotopes U. sing
P—a=0.53, and again considering only vibrational
contributions, one obtains AH z hH D-
= —26.72 meV. For the difference
AS& —b,SD we only consider Sz —SD, be-

2 2'

cause the expressions in the parentheses of Eq. (16)
cancel to a first approximation. This is due to the
fact that some contributions to the partial molar en-
tropies, such as configurational or electronic, are
very similar for H and D in Pd. Equation (14) can
then be written as

V. CONCLUSIONS

We have presented the first solubility measure-
ments of tritium in Pd in the concentration (x)
range 0.02&x &0.65. In the measured temperature
and concentration region the phase diagram of PdT„
can be divided into three parts —the dilute a, the
concentrated /3, and the two-phase region a+P
which is similar to the phase diagrams of PdH„and
PdD„. Over the entire region of compositions
covered by our experiments the following inequali-
ties hold: x~ & xD & xu at equal pressures and tem-
peratures and p~ &pD &pz at equal concentra-

2 2 2

tions and temperatures. The /3 —+ct transition
enthalpies show a strong isotope effect. These isoto-
pic dependences are mainly determined by the dif-
ferent vibrational energies of the molecules H2, D2,Tz
and the atoms H, D,T in Pd. For an accurate, quan-
titative comparison, a knowledge of all other contri-
butions to the partial molar entropies and enthalpies
of H,D,T in Pd would be necessary.
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