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Abstract: We report an experimental study on the tritiding capabilities over a long period of the
intermetallic compound Zr(Fey 5V 5)2. The study was carried out with the prospect of using the
alloy as a chemical converter to reduce HTO. Two identical getter beds, containing 1 gram of alloy in
powder form each, were used in the experiments. While one of them was exploited to determine the
tritium isotherms of the virgin alloy, the other bed was loaded at 75% of stoichiometry with 354 Ci
of tritium and left to age for 1500 days. The bed was then unloaded and the isotherms of the aged
alloy were determined twice to check the repeatability. The main results of the work are that, while
enthalpy and entropy changes for tritium dissolution at infinite dilution are practically the same for
the fresh alloy and the aged alloy, they vary significantly when the isotherms are determined on the
aged alloy at a large enough distance of time (one week). This behavior is ascribed to the He® present
in the interstitial sites. However, the fact that the solubility of the alloy decreases with aging suggests
that the He3 present either in the interstitial sites or in bubbles subtracts sites for dissolution. Also to
be stressed is that in the tritide-forming region, these thermodynamic values decrease with aging
in a monotonic way. This different behavior is tentatively explained by invoking the nature of the
tritium bond.

Keywords: helium release; tritium release; solubility; getter alloy

1. Introduction

The intermetallic compound Zr(Feq 5V 5)2 (Getter Alloy St 737 by SAES Getters SpA)
has long been investigated as a reversible metal hydride for tritium storage in fusion facili-
ties, as well as a chemical converter to reduce HTO and successively recover tritium [1-3].
The importance of both aspects, i.e., tritiated water reduction and the tritiding capabilities
of the alloy over a long period of time, has been stressed. In this work, we address in
particular the question of the tritiding aspect of the alloy in fresh and aged conditions. In
this frame, an experimental study has been carried out to investigate the effects of aging
on the thermodynamic behavior of Zr(Fey 5V 5)s tritide. Aging effects have been widely
studied in metal tritides suitable for tritium storage [4—6], but no ascertainable aging studies
vis-a-vis hydride formers as chemical converters are available thus far. Two of the major
concerns in this respect are the increase in the equilibrium pressure with aging, which
directly affects the purpose of storage, and the progressive acceleration in the release of
He3, which can lead to overpressures higher than the design pressure in the bed. As far
as the chemical converter application is concerned, tritium release is no problem because
it is liberated during the reduction of the tritiated species, and helium is not expected to
generate an overpressure, the converter being designed to operate at a low tritium residual
inventory [7]. In contrast, the decrease in the equilibrium pressure with respect to plateau
pressures with aging and the appearance of deep-trapped tritium, removable only by
exchange with protium or deuterium, as in the case of LaNig »5Alg 75 [6], can deteriorate the
functionality of the converter, as less tritium is extracted during the process. The purpose
of this study is to guide the design of a chemical converter or a getter bed for storage, based
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on this promising alloy, providing in advance the effects of aging on the performance of
tritium recovery [8].

The work is organized as follows. In Section 2, we describe the experimental apparatus,
and the procedure follows. In Section 3, we present the experimental results. In Section 4.1,
we report on the dissolution of protium and tritium and on the hydride-forming region on
the virgin alloy. In Section 4.2, we discuss the effects of aging in terms of He® production
release and changes in the dissolution and hydride-forming of tritium. A discussion on
the enthalpy and entropy changes from the values obtained for the virgin alloy due to the
presence of He? is also provided. Finally, in Section 5, the main implications of our results
on the application of the alloy are discussed and some conclusions are drawn. Details of
the calculation of the thermodynamic quantities are reported in the separate Appendix A.
The list of symbols is included at the end of the manuscript.

2. Materials and Methods

The experiment was carried out in the Tritium Laboratory of Ontario Hydro Technolo-
gies, Toronto, Canada, using two identical getter beds containing 1 g of alloy in powder
form. The Zr(Fey5V(5), intermetallic compound has been previously characterized by
inductively plasma atomic emission spectroscopy, as reported in Table 1. The stoichiometric
hydrogen to alloy ratio reported by the manufacturer is 3.2.

Table 1. Elemental characterization of St 737 by inductively plasma atomic mass spectroscopy.

Element % by Weight
Zirconium 45.38
Vanadium 27.2

Iron 23.75
Chromium 1.04
Aluminium 0.75
Tin 0.65
Silicon 0.33
Manganese 0.034
Nickel 0.017
Niobium <0.01
Titanium 0.006
Copper 0.0046
Cadmium <0.005
Cobalt 0.002

Figure 1 shows a cutaway view of the bed. To improve the adsorption kinetic, the alloy
of both beds was previously conditioned via hydrogen loading sequences using a UHV
hydrogen facility. The UHV hydrogen facility consists of a calibrated volume connected to
several vacuum gauges in order to cover the whole pressure range of interest. The getter
bed can be valved in and out from the rest of the loop. A loading sequence involves filling
the calibrated volume with hydrogen at a fixed pressure (fixed amount of hydrogen), with
the bed valved out, in order to reach the stoichiometric capacity of 3.2. Then, the system
is isolated from the pumping and the bed is valved in. The evolution of the pressure and
temperature are recoreded via dedicated software. When the pressure does not change (less
than 0.5% of the reading), the loading is completed and the system is evacuated and the
bed unloaded and ready for a new loading. A preliminary bake out at 500 °C for several
hours while maintaining the alloy under vacuum is followed by several loading sequences.
During the bake out, the oxygen present at the surface of the alloy can diffuse into the
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bulk leaving more sites available to adsorb hydrogen. During the loading sequence, the
hydrogen adsorbed produces a stress in the alloy such that it decrepitates in finer grains
increasing the effective surface area. The loading sequence is repeated (7 times for this
alloy) until further improvement in the loading performance cannot be detected. After
unloading the beds and placing them in a tritium test loop, PCT measurements are carried
out admitting fixed quantities of tritium in the bed and cycling in temperature (isochores).
The tritium test loop replicates the hydrogen UHV system but is further equipped with
a quadrupole mass spectrometer and a ionization chamber and a certified tritium stack
monitor for tritium accountancy. The tritium is admitted in the bed by heating a Uranium
storage bed and filling a calibrated volume. The test bed is unloaded by heating and
connecting it to the Uraniun bed at room temperature. The residual tritium in the loop
is pumped away by a scavenger bed before the system is evacuated [9]. While the first
bed is used to determine the tritium isotherms of the fresh alloy, referred in the text as the
unaged reference (UR), the second bed is taken as time 0 for aging and loaded with 354
Ci of tritium, which corresponds to a tritium over alloy ratio T/A = 2.4. Then, the second
bed is backfilled with 1 atmosphere of helium, isolated and left to age. A total of 1500 days
after loading, the bed is opened and unloaded to obtain a first set of aged isotherms. In the
following, this first set is referred to as Aged1 bed data. Finally, the bed is unloaded and
the isotherms determined again 7 days later to check for any further changes. This second
set is referred to as Aged2 bed data. The isochores are measured both during the heating
and cooling of the bed at the same temperature. The pressure change in the two cases is
only a few percent. We present in the figures the isotherms determined during the cooling
because they are more representative of the adsorption.

St 737
Powder

Stainless Stecl Cup Thermocouples

Stainless Steel

Filter
Retaining Ring

Bellows Scaled Valve

Figure 1. Cutaway view of the St 737 bed.

3. Results

Figure 2 shows the tritium adsorption isotherms for the UR alloy. The hydrogen
data taken from ref. [1] are also plotted for comparison. For both isotopes, no appreciable
differences were observed in the equilibrium pressures during the adsorption and des-
orption cycles. The pressures were systematically corrected for gas temperature, isotope
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concentration and He® background in tritium. The tritium pressures were always higher
than the hydrogen pressures at equal temperatures and concentrations.
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Figure 2. Hydrogen and tritium equilibrium pressure over the unaged reference St737. The numbers
represent the temperature in °C. Solid symbols represent hydrogen data, open symbols represent
unaged tritium data.

In Figures 3 and 4, the isotherms of the UR bed and the Aged1 bed, and between the
Agedl and Aged2 beds, are compared. The higher pressures for the aged beds, at the same
concentration and temperature, clearly indicate a progressive release of tritium with the
aging time. As for the UR case, no hysteresis was noticed between the adsorption and
desorption cycles.
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Figure 3. Comparison of tritium pressure over St737 unaged and Aged1. The numbers represent the
temperature in °C.
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Figure 4. Comparison of tritium pressure over S5t733 Aged1 and Aged2. The numbers represent the
temperature in °C. Solid line: Aged1; dashed line: Aged2.

4. Discussion
4.1. Hydrogen and Tritum: The Virgin Alloy
4.1.1. Solubility in the Alloy

Examining the solubility of the alloy at low concentrations gives an insight of how
hydrogen and tritium can dissolve in the lattice and occupy the interstices available. In
Figures 5 and 6, the solubilities for hydrogen and tritium for temperatures between 25 and
400 °C are shown on a log-log plot. In the figures, the dashed lines have a slope of 2 which
reflects the ideal Sieverts’ behavior.
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Figure 5. Hj solubility in St737.
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Figure 6. T, solubility in S5t737.
The well-known dependence:
1/2
xq = (Ks)g ¢ (Pg,)"/ ©)

where Q = H or T, xq is the concentration of solute atom in the alloy, as defined in ref. [1],
Pq, is the equilibrium pressure in Pa and (Ks)q is the temperature-dependent Sieverts’
constant, is illustrated in Figures 7 and 8 for hydrogen and tritium, respectively. Figures 5-8
show a linear relationship for the solubility up to a H/ A value of 0.5 and a T/ A value of
0.9 at room temperature. Table 2 gives the values of Ks, in unit of the atomic ratio/ Pal/?,
calculated from the reciprocal of the slopes of Figures 7 and 8 up to the concentration
xmax. Figure 9, where the Sieverts’ constants are plotted vs. the reciprocal temperatures,
reveals consistently higher values of Ks for hydrogen than for tritium through the whole
temperature range. The ratio (Ks)y/(Ks)T is seen to be reasonably constant and equal
to 2.5. According to Equation (1), this further corresponds to P, /P, = 6.25 at an equal
temperature and concentration. Looking at the behavior of the hydrogen and tritium
isotherms illustrated in Figure 2, this ratio is quite reasonably confirmed in the «-region.
Detailed information on the dissolution process can be extracted from the thermody-
namic relations for infinitely diluted H; and T, in the alloy. As described in Appendix A,
the values Aﬁg and Aggcoo (non-configurational or excess entropy) at infinite dilution can
be easily extracted from the data of Figure 9. The calculation of the entropy term requires
knowing xs, the maximum H/A value, i.e., the maximum number of hydrogen (tritium)
atoms per unit formula that the alloy can dissolve in the interstitial sites. Once the structure
of the alloy is known, this value is determined at a first approximation as the number of
tetrahedral and octahedral sites associated with a unit formula. Both neutron diffraction
and inelastic neutron scattering experiments on other metals and alloys on the site occu-
pancy of hydrogen atoms confirm that the geometrically limited value (full occupancy of
all the sites) is never reached [10,11]. Several models have been proposed to explain the
interaction of hydrogen with the host lattice and hydrogen-hydrogen interaction. Most
of them require the application of exclusion principles on site occupancy and thus the
deduction of thermodynamic properties [12-15]. However, each model seems suited at best
for a particular class of alloys, and this further stresses the strong need for experimental
confirmations. The Zr(Fey5V5)> compound forms an exact hcp lattice with parameters
a=5.092 A and c =8.314 A, so that c/a = 1.633 [16,17]. Its primitive cell belongs to the C14
class with a space group symmetry P63 /mmc (MgZn, type). The C14 Laves phase forms
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only tetrahedral sites [18] and its unit cell has 4 molecules. The total number of available
sites in the unit cell is 68, which results in 17 sites per unit formula. Clearly, hydrogen
absorption in these alloys is far from even remotely approaching this number [16]. Apply-
ing an exclusion rule for tetrahedron occupancy, Shoemaker [19] showed the maximum
number per formula unit to be 6 + % for the C14 phase. To our knowledge, the alloy
most similar to Zr(Fep 5V 5), that has been investigated by neutron diffraction is ZrMn; D3
deuteride [20], which belongs to the same space group P63 /mmc and has lattice parameters
a=5.035A and ¢ = 8.276 A, close to those of Zr(Fey5V(5),. Moreover, the stoichiometric
value of deuteration was found to be 3 £ 0.1 (the value of x5 = 6 must not be confused with
the correspondent stoichiometric value determined experimentally), which is very close
to the value ~3.2 found for Zr(Fey5Vy5), [1,16]. Evidence was also achieved that on the
17 sites available, only 6 had a finite probability of being occupied. Using these arguments,
Xs = 6 has been chosen for the Zr(Fey5V(5)>, from which the values for Aﬁg and Aggoo
follow as reported in Table 3.

Table 2. Sieverts’ constant Ks for hydrogen in Zr(Fey 5V 5),.

T (K) Xmax Ks (at. Ratio/Pal’2)
H, 298 0.2 0.9153
323 0.3 0.3007
373 0.5 0.1260
423 0.5 0.04987
473 0.5 0.02385
523 0.5 0.01181
573 0.3 0.007921
623 0.5 0.00399
673 0.5 0.002699
T, 373 0.97 0.07776
419 0.75 0.032507
463 0.52 0.01526
511 0.3 0.00796
559 0.28 0.004057
608 0.25 0.002396
120 |
I 400 °C
100 I ¥
350 °C
€ 80
g I
gm 60 *
40 [ - 300 °C — 4 250 °C__
[ //"/ 200 °C
20 [ -0 b
L _ 150 °C
s 50°C
o B A €5
0 0.1 0.2 0.3 0.4 0.5 0.6

HIA

Figure 7. Sieverts’ law for Hj in St737.
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Figure 9. Temperature dependence of Sieverts’ constant for H, and T, in S5t737.

Table 3. Enthalpy and non-configurational entropy at infinite dilution for H and T.

Q AH” (kJ/molg) AS™ (J/K molg)
H ~26.98 —55.91
T ~27.97 —62.61

As seen, the enthalpy for tritium at infinite dilution is higher than that for hydrogen
(see Table 3). The reason for this can be ascribed to the form of the potential well for
tetrahedral sites. For these sites, the energy difference between the vibrational levels of the
H, D, T atoms in the metal can be larger than half the difference between the corresponding
vibrational levels of the H,, D, T, molecules in the gas phase, and this means that T atoms
are absorbed more readily than D and H atoms [21]. The entropy term AS" is governed
mostly by the loss of gas entropy upon dissolution in the lattice and therefore is fairly
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insensitive to the concentration. This feature can be observed looking at Table 4, which
summarizes the thermodynamic data obtained fitting the data plotted in Figures 10 and 11
using Equation (A2) for the different values of x.

Table 4. Thermodynamic data of the Zr(Fe( 5V 5),—Q system in the solubility region (Q = Hor T).

— = Snceo
X A B mety  Jkmeo  pKmio
0.075 3.5268 1452.3 27.79 19.65 55.98
0.1 3.577 1408.8 26.97 20.61 54.53
0.2 3.81 1373.9 26.29 25.073 53.07
0.3 4273 1469 28.11 31.912 56.39
0.5 4.4027 1446 27.67 36.42 56.35
Average 27.36 £ 0.59 55.3 +1.97
T 0.1 4.0123 1511.6 28.93 28.95 62.84
0.3 44913 1503.5 28.76 38.1129 62.59
0.5 4.6863 1451.7 27.79 41.845 61.782
0.75 4.8963 1463.2 28.005 45.865 62.0437
0.95 5.1229 1492 28.55 50.2016 64.092
Average 284 +041 62.68 + 0.64
°c 400 350 300 250 200 150 100 50
I T T S -
2 b
15 |

0.5

|Og P112 [Pa’”Z]
wh

LI B B B L B S N B N B N S B N B S

T T T

2.5

1000/T [K]

Figure 10. Van't Hoff plot in the solubility region of Zr(Feq 5V 5),—H system.
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Figure 11. Van’t Hoff plot in the solubility region of Zr(Feq 5V 5)>—T system.

The value of Agr/l%m is found to be close to —7 for a large number of getter materials [22].
For hcp metals, values ranging from —6.2 to —7.08 for hydrogen are reported [23]. Therefore,
the values obtained, respectively, of A§§“}’}; = —6.725 and Angm/olz = —7.53 are reasonable
and the assumption of xs = 6 is acceptable. Recalling from Equation (A7) that

—nc  =nc 1 _g
ASq =5q — ES Qz(g)

using the values listed in ref. [24] for the entropy in the gas phase, we obtain the following
non-configurational entropy terms:

Sy = 9.67]/K mol i

and
ST = 14.098 J/K mol .

If the phonon dispersion curves for the lattice of the alloy were known, then using the
two values above following the method suggested by Magerl and Stump [25], and recalling
that:

Aggc :AnggrQl; §CQ =—RIn[(x/xs)/(1— (x/xs)]

a check of the sites” occupancy, that is x;, could be derived.

4.1.2. Conversion into the Hydride Phase

Upon complete dissolution, hydrogen starts to convert into the nonstoichiometric
3 phase under constant equilibrium pressure for a perfect binary system. Intermetallic
compounds are known to exhibit sloping plateaus in the two-phase region, as shown in
Figure 2. The process can be described by the equation:

Zr(Fep5Vo5)2 Qy(s) + (x —y) Q2 — Zr(Fep5Vo5)2 Qx(s) 2)
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where Q = H, T, and y and x are the fractions of hydrogen dissolved, respectively, in the
solid solution and in the nonstoichiometric 3-phase. Further dissolution of hydrogen in
the B-phase occurs according to the following equation:

Zr(Feo5Vo5)2 Qx(s) + (a — x) Q2 — Zr(Fep5Vo5)2 Qals) 3)

where Zr(Fep5V(5)2 Qa(s) represents the stoichiometrically saturated hydride.

When the solubility in the « phase and the deviation of the hydride from stoichiometry
are negligible, i.e., for y ~ 0 and x = a, the standard enthalpy AH® and the entropy AS° of
formation of the hydride can be estimated from the integrated van’t Hoff equation;

0
In Pg, = (2/aR) (AI; - AS°>, 4)
where
Kp =Pq, /2 Q)

In Equation (2), it is assumed that AH® is constant over the temperature range consid-
ered. When the conditions mentioned above are not fulfilled, then the AH® and AS° values
obtained from a log vs. 1/T plot in the plateau region cannot be ascribed to the formation
of the stoichiometric hydride. In practice, however, they are assigned to the reaction taking
place in the o — 3 conversion region. Further to be considered is that the solubility and the
deviation from stoichiometry are both temperature dependent.

Figure 12 shows the isotherms of the reduced pressure (P%) for the two isotopes.
While the analysis for hydrogen [26] gives an H/A value of ~0.4 for the solubility limit,
from Figure 12 it appears difficult to establish a corresponding value for tritium, although
0.4 seems reasonable.

10—

2 3 3

3

10'

Pressure/(C oncentratior) [Pa/(H/Af]

3

S I N R R A R R
1o 15 7 25 3 35
HIA & TIA

Figure 12. Reduced hydrogen and tritium equilibrium pressure over St737. The numbers represent
the temperature in °C.

P
Moreover, the slope of (%2 vs. concentration is the same for hydrogen and tritium
at a fixed temperature. Therefore, in order to extract AH® and AS° for tritium, a range of
concentrations spanning from 0.6 to 2.2 appears reasonable. AH° and AS® were calculated
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for the process taking place in the plateau region described by Equation (2) fitting the data
with a relationship of the type:

ln(P) =—-A/T+B, (6)
Py

where P is the equilibrium pressure in Pa, Py = 100 kPa.

A=—AH°/R;B=— AS°/R +In 10° and AH® and AS® are, respectively, the enthalpy
and entropy changes, occurring when 1 mole of Q, (Q = H, T) is adsorbed by the alloy.
Table 5 reports the values of AH® and AS° for different concentrations. The tritium equilib-
rium pressure always being higher than that of hydrogen, for a fixed temperature and con-
centration, the entropy term prevails for all the temperatures investigated. The standard en-
tropy difference @ 300 K between gaseous tritium and hydrogen is S°T, — S°H, = 22.65 J/mol K,
while the difference between the AS values for H, and T, adsorption is 22.87 J/mol K.
Taking into account the large deviation in the AS values, the entropy change for adsorption
basically reflects the vanishing of the gaseous molecule, as expected.

Table 5. Thermodynamic data of the Zr(Fey 5V 5),—Q system in the hydride-forming region.

Q *Q k]/ﬁll(L)IlQ o J/IK rAnso?ZQZ
0.8 56 88.4
1 55.6 90.5
1.4 60.7 110.1
1.6 55.3 103.3
1.8 55.9 108.6
2 56.5 114
2.2 54.1 1154
2.6 54.2 1229
2.8 51.3 1224
Average 55.5+£1.9 108.4 5.5
T 0.9 64.1 118.3
1.2 64.9 125.8
1.4 64.7 130.2
1.6 65.2 136.5
1.8 60.5 130.7
2.0 59.6 133.1
22 61.3 144.3
Average 629 +2.1 131.3 £ 5.7

Equation (3) cannot explain the monotonic increase in the hydrogen and tritium pres-
sures with concentration in the hydride-forming region, as shown in Figure 2. In this
case, use can be made of the multi-plateau theory developed by H. A. Kierstead where
the interactions between hydrogen atoms on different types of sites are included [27].
Unfortunately, as reported in ref. [20], this type of structure exhibits four different types
of sites occupied by hydrogen (formed by 2Zr atoms and 2B atoms, where B = Fe,V) and
therefore the mathematical solution for the equilibrium pressure by this theory becomes
very complicated and is far beyond the scope of this work. However, assuming that the
distribution of hydrogen in the interstitial sites of the Zr(Fey 5V 5); reflects the distribu-
tion presented for the MgZny, in ref. [20], and considering that the separation distance
between the nearest neighboring sites is ~1.3 A, while the separation distance between
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the next nearest neighboring sites is ~2 A, it follows that the nearest neighboring sites
are not occupied simultaneously. Only the next nearest neighboring sites are occupied,
in agreement with Westlake [13]. Similar results on the hydrogen atom distribution were
reported from a neutron diffraction study on ZrMn; ggFej 4, an intermetallic compound
obtained by substitution, similar to St 737, which belongs to the same space group and has
lattice parameters similar to those of St 737 [28]. The result found in the solution regime,
Xs = 6 for hydrogen and tritium, suggests that, while the distribution along the sites is the
same for two isotopes, for tritium the occupancy factor is less than that for hydrogen. This
means that the character of long-range weak interaction between different types of sites
holds for tritium, even if with an interaction factor z somewhat higher.

4.2. Aging Effect
4.2.1. Helium Production—-Release

The He® produced can be calculated, as (HTQ) ratio, as:

He? T _(X
<A> = (A)o * (1x 107, (7)

where (%) 0 is the tritium over alloy ratio at time 0 of aging, and A = 1.782 x 1077 s~ ! is

the tritium decay constant. The (HTGS) value on the second bed obtained after 1500 days

was 0.48. The amount of He® released was measured as 0.1726 Pa-m3, which corresponds
to a fraction of 2.72% of the helium produced.

Equation (7) also gives the production rate, still as a (HTQS) ratio, and one has

3.72 x 10~*/day. The release rate averaged over 1500 days was 9.13 x 10~ /day. Moreover,
several authors report that during the first two years of aging the release rate is less than 2%
of the generation rate (see ref. [5] and other references therein). Neglecting this fraction, the
release rate averaged over the period of time remaining after two years is 1.78 x 1075 /day,
which is still considerably lower than the production rate. It has been further observed
that for most metals and alloys the accelerated release rate (release rate ~ production rate)
occurs at a He3/A value about 0.3 with the only exception of Zr, for which it is 0.48.
According to the percolation theory [4,29], a raw estimate of the critical value of He3/A
for the St 737 alloy can be obtained using the average value of 7.1 x 10728/m? for the
density of helium atoms in a bubble and assuming that the alloy belongs to the category
of low early-release tritides. The hcp lattice being a three-dimensional lattice, the critical
volume fraction f at which the percolation probability becomes unity is 0.255. Using an
alloy density of 4.95 x 10~28/m3, which accounts for a volume expansion of 30% due to
hydriding, Equation (1) of Ref. [4] gives a critical value of He®/A of 0.37, suggesting the
value of 0.48 we observed is too high. However, several factors affect this estimate, namely:

(1) The density of the alloy is calculated by the lattice parameters and, as pointed out by
Spulak [4], the critical helium concentration strongly depends on the metal atom density;

(2) The density of the helium atoms in a bubble weakly depends on the initial bubble
radius as (r)%/8, but changing the material also changes 1;

(3) The number density of helium bubbles changes from metal to metal;

(4) The release of helium also depends on the effective surface area of the alloy;

(5) Finally, the presence of a large critical (HT‘P) value can be argued for due to the
particular structure of the alloy.

Concerning Point (3), we note that helium can quickly migrate through interstitial sites
thanks to its low migration energy [30] (E™ < 0.5 eV) until it is trapped in a vacancy. Due to
the high value of the vacancy-binding energy, the diffusion of helium at low temperatures
occurs with the time constant of the vacancy migration [31] (E" ~ 1.2—1.4eV). When a
cluster is formed, a bubble grows there, the energy required for helium release being higher
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than the energy of a single vacancy, and due to this, diffusion is slowed down. Finally,
whenever helium is permanently trapped in a bubble, the effective migration energy still
increases. The helium distribution therefore depends on the migration of bubbles, whose
diffusivity is still lower. To be further considered is that for temperatures T such that
T <Tm/3 (Tm = melting temperature) [31], as in the case of interest, no vacancies are
created. Their role is replaced by the presence of impurities, dislocations or lattice defects,
at which points He can clusterize, distort the lattice and start the process of self-interstitial
atom (SIA) with the formation of Frenkel pairs [32]. Further, helium can be trapped in
the vacancies so formed, and due to this, the cluster forms a bubble and the bubble center
moves because of the SIA. When the bubble reaches a critical dimension, it moves by
dislocation loop punching [33] and there is the onset of self-diffusion. Further bubble
growth can occur by Ostwald ripening [33]. From this perspective, it seems clear that
in T-loaded samples, impurities and defects are responsible for bubble formation. Their
concentrations in the alloy therefore directly affect the critical helium concentration at
which accelerated release begins to occur.

Concerning Point (4), we stress that at the onset of percolation the channels through
which helium can escape to the surface will release more or less helium according to the
effective surface area. For example, ref. [5] reports that, while U with a surface area of
0.6 m? /g released 4% of the He after 650 days, with a surface area of 3 m? /g the released
amount was 21% of He. Assuming a linear relationship between the release rate and the
surface area, an extrapolation to the St 737 alloy, which has a surface area of 0.06 m?/g,
would lead to a release of ~ 1.2% of the He produced in 1500 days. The actual fraction
observed is 2.72%. If we assume that this alloy is a low early-release tritide and that the
percolation probability is neither unity nor zero, this suggests that either more bubbles were
formed in St 737 due to a higher concentration of impurities or to defects present in the U,
or that more bubbles diffused to the surface; or that these two mechanisms acted together.

Concerning Point (5), we note that for the case of a perfect crystal lattice the theory
predicts that interstitial diffusion is favored between sites sharing a common face and less
favored between sites sharing a common atom [34]. For a hcp lattice, the trajectory that a
He atom formed in an interstitial position would have to follow to escape to the surface
is along the c-axis, which is the stacking direction. Still, according to theory, interstitial
diffusion along the c-axis is favored if it occurs between octahedral sites.

Let us then consider for simplicity a He atom which migrates along the c-axis to its
equivalent position in the layer immediately above the one where it was formed, after
which it starts to form a cluster. For a simple hcp lattice, only 2 jumps among octahedral
sites are required; while for the C14 structure, the He atom is forced to pass through
tetrahedpral sites sharing common faces following the path shown in Figure 13, so that a
total of 12 jumps are required. Assuming for simplicity the same value for Em for the two
lattices, interstitial migration in the C14 structure is slower than that in a simple three-
dimensional lattice. In addition to this, 5-7 He atoms have to reach the same position to
form a cluster. Therefore, He has to fill more interstitial sites in the C14 structure before it

3
diffuses to the cluster position. The critical (HTG) value represents only an average value

since the real distribution is unknown. This effect explains a higher (HTGS) for the C14

structure than for a simple lattice provided all the other conditions, such as impurities,
defects and surface area, are assumed identical. The fraction of 2.72% of He released
remains to be explained. As argued in ref. [20], in a C14 lattice, hydrogen atoms placed in
interstitial positions can diffuse along two paths (see Figure 13) inside the same network.
Since He? is formed by decay, it can also diffuse along the same two paths. If the alloy is in
the low-release-rate phase, the He released has to reach the surface by interstitial diffusion
from the first layers immediately below the surface, from where it finds two channels to
escape to the surface. This suggests that, in agreement with the observed release fraction,
the release is twice that predicted assuming release mechanisms similar to those present

in uranium. The picture also explains the high critical (HTQ) value for this alloy and the
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observed release fraction. Further support to this interpretation is provided by the fact that
during the PCT measurements of the aged bed, no appreciable differences were observed
between the adsorption and desorption isotherms and that the He background measured
was low, suggesting that the alloy had not yet reached the accelerated release phase.
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Figure 13. Distribution of hydrogen atoms in the interstitial site of the alloy: D(1) are the
24 1 tetrahedral sites, D(2) the 12 k sites, D(3) and D(4) the 6 h sites. The sites which are less
than 1.3 A apart have been joined by lines. The arrows departing from site D(2) indicate the two
possible diffusion paths for hydrogen atoms (helium). V and Fe atoms are omitted for clarity. A He
atom created in site A migrating to its equivalent position in the layer above (A’) along the shortest
path, indicated by the arrows, makes 12 jumps [20]. Figure reprinted from [20] with permission from
Elsevier.

4.2.2. Tritium Release
A Solution Region

The analysis of the aged data for the solution region was carried out as in Sections 4.1.1
and 4.1.2, and the results are summarized in Figures 14-18. The corresponding thermody-
namic data are given in Table 6. The squared correlation factors for the fittings in Figure 18
were very close to unity suggesting that the dissolution of tritium for dilute concentrations
can be represented by an Arrhenius plot for the aged data as well.
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Figure 16. Van't Hoff plot in the solubility region of Zr(Fey 5V 5)—T system for the Aged1 bed.
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Figure 17. Van't Hoff plot in the solubility region of Zr(Feq 5V 5)>—T system for the Aged2 bed.
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Figure 18. Temperature dependence of Sieverts’ constant for T, in the unaged, Aged1 and Aged2 beds.

Table 6. Thermodynamic data of the Zr(Fe( 5V 5),—T system in the solubility region.

00 NnCcoo o nceo

—AH ~ASH ~ASGTIR

(kJ/mol 1) (J/K mol 1) (J/K mol 1)
UR 27.97 £ 0.7 62.61 £ 1.5 7.53
Agedl 27.02 + 1.1 59.38 + 2.3 7.14
Aged?2 33.78 £ 0.6 663+ 12 7.97

Let us compare first the UR and Aged1 data. After 1500 days of aging, the distribution
of He3 in the alloy can be thought of as predominantly in the form of bubbles and clusters,
with only a small fraction in the form of interstitial sites. The dissolution of tritium at dilute
concentrations occurs interstitially in a random fashion, neglecting the areas occupied by
bubbles (that is, where tritium can no longer dissolve) and focusing our attention on the
helium residing in the interstitial sites. A helium atom in a site occupies a larger volume
than a tritium atom [35], and therefore causes lattice stress. Depending on the strength of
the helium—metal interaction, the original site and the neighbor sites can be modified and
no longer be available for tritium dissolution. However, if the helium atom diffuses away
from that site, stress release can occur as a consequence of which the lattice can elastically
regain its original configuration, or set close to it with a residual strain, so restoring the
sites for dissolution. This is equivalent to stating that, far away from the bubble zones,
tritium can be still dissolved randomly in the interstitial sites available in the aged alloy.
This interpretation is supported by the consideration that the change in AH". between the
UR and the Aged1 data is very small. Recalling that H = U + PV, and that usually the
contribution of PV can be neglected, leads us to expect a small change in the potential,
hence in the geometry of the sites as well. Looking at AH at infinite dilution supports
the hypotheses that tritium dissolves randomly even though there are sites occupied by
helium. The small change in AS™ is acceptable since the value of AS™" /R is still close
to 7. However, as already mentioned, the values of AS™ for the Aged1 and Aged2 data
sets were calculated taking xs = 6, while the real value of xs in the presence of helium is not
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known. In addition to this, we note that AH and AS" co cannot change independently.
Indeed, normally the major contribution to the change in AH". is due to a change in the
vibrational levels of the atom in the site. A change in the vibrational frequency therefore
would also affect AS™ via the Magerl and Stump relation [25]. However, as also shown
by Sakamoto [36], a linear decrease in the vibrational frequency of the hydrogen atom as a
function of the metal-hydrogen distance occurs for tetrahedral sites in a transition metal
hydride, as it is in our case. This means that whenever the change in AH" (whose fitting is
not affected by xs) is not ascribable to a change in the geometry of the sites, the vibrational
frequency does not change and the change in AS™” therefore must be necessarily ascribed
to a change in Xs.

Now switching to the Agedl and Aged2 data, we note that the magnitude of the
changes in AH” and AS™ is larger than that between UR and Aged1, and that, besides
this, these changes are in the opposite direction. We interpret this as due to the helium
produced and retained during the week elapsed between Agedl and Aged?2. Indeed, the
amount of helium released during this time was negligible, the temperature at which
the isotherms were determined was too low to thermally increase helium migration and,

assuming that the helium migration time constant (t = #;: 3 x 10 d with L ~ 20 ~

m and, for example, D = 1072 cm?/s [30]) in the alloy to be longer than a week, the He®
produced can be considered frozen in the sites where it is formed without changing the

. . . 3
scenario. The increase in (HT‘*> (=0.0043) between the two sets of measurements therefore

can be thought to be distributed in the interstitial sites. The evidence that such a small
amount of He® strongly affects AH" and AS™” indicates that He® formed in an interstitial
site and there residing considerably modifies the structure surrounding the site.

Two effects can be recognized in this respect: a volume effect and an electronic effect.
The volume effect arises from the fact that the He® atom occupies a larger volume than a
tritium atom in a site (rHe® ~ 0.93 A and rr ~ 0.45 A) [35]. The corresponding expansion
of the site induces a contraction of the neighbor sites, as a consequence of which tritium
atoms can no longer reside there. This effect is higher for high-density alloys than for
low-density alloys. For example, comparing the St 737 with the Zr hcp, whose atom density
is, respectively, 6.43 x 10%8/m3 and 4.26 x 10?8 /m?, we see that Zr has a total of 6 sites per
unit cell, while St 737 forms 68 sites per unit cell. Even though, in the hypotheses of rigid
spheres, the lattice parameters a and c are larger for the latter, the largest sphere that can be
accommodated in a site is in any case smaller for St 737 than for Zr.

In conclusion, a He® atom produces a large lattice distortion in St 737 and, due to
this, some of the neighboring sites can be squeezed, some others can increase their volume
which in turn means that a smaller number of sites are available, or that the solubility is
lower with respect to the unaged alloy. However, at infinite dilution, tritium dissolves first
in the sites where the potential well is deeper (squeezed sites) with a smaller M-H distance
and therefore the vibrational frequency (or the temperature) and AH' increase. This is just
what has been observed, for example, in the La alloy [37]. Concerning the electronic effect,
this is due to the interaction of helium with the metal atoms. When formed by tritium
decay, the He® atom tries to complete its s shell modifying the electronic distribution in
the atoms of the site, which causes a lattice strain. For example, Wilson [32] showed that
the He—Ni interaction produces a large deformation in the Ni lattice. As for the case of
the Aged1 data, however, such a high value of AS™ for the Aged2 data loses its meaning
because, in order to be consistent with the rationale for the change in Aﬁoo, some sites
become prohibited to tritium, so that the actual value of x; must be necessarily less than 6.
For instance, taking xs = 4, we obtain AS /R = 7.57, which is close to the value for the
UR data. However, as already mentioned, if the M-H distance in the site changes, then
the vibrational frequency will also change, affecting AS™", which accordingly can be no

more uniquely determined. In this perspective, the motivations for a high critical (HTE

value provided in Section 4.2.1 seem to play in favor of the formation of a higher number of
bubbles, or of bubbles with higher helium density, in comparison with other alloys rather
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than of the formation of He? in the interstices. Indeed, in this latter case, He® would have
brought a stronger change in AH" for the Aged1 data.

An attempt to justify the rationale regarding the site occupancy in the aged alloy dis-
cussed above was accomplished applying a model suggested by McLellan on the solubility
data [23,38] and usually applied to infer the hydrogen vibration temperature in the site, as-
suming that the frequency varies with the square root of the mass ratio of the isotopes. First,
the hydrogen and deuterium solubility data are fitted and then the vibrational frequency is
extrapolated to tritium, using the rule above, and the diffusional pre-exponential coefficient
is obtained via the Zener approximation. The model also accounts for the anharmonic
corrections for the vibration partition function of the hydrogen molecule [39] and has
been successfully applied to Ti, Zr and Zr-Al alloy [40,41]. Figure 19 shows the ratio of
the tritium over hydrogen solubility vs. 1/T, as given by this model for three hydrogen
vibration temperatures, 0'. For comparison, the figure includes the same ratio obtained
from the experimental data. As seen, a temperature of 2500 K seems to fit the UR data with
an error of 500 K, while for the Aged1 and Aged2 data, respectively, a lower and a higher
0’ seems to be better. A point to be stressed is that in this plot the hydrogen solubility data
of the UR case have also been used for the aged alloy. Since we can reasonably expect that
the behavior of hydrogen in the modified lattice reflects the behavior of tritium, as for the
UR case, this could have led to an overestimate of the change in the temperature 6’. The
extrapolation of 8’ for the Aged1 and Aged2 data therefore does not give the actual new
temperatures. What is important is nevertheless the trend of 8/, and there is no doubt that
this is toward a lower temperature for Aged1 and toward a higher temperature for Aged2.
In conclusion, while for the Aged?2 data tritium dissolves first in the squeezed sites, for
the Aged1 data the decrease in 0’ reflects a general volume expansion of the sites after
stress release.
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Figure 19. Hydrogen vibration temperature in the original and modified lattices.

As far as the entropy term is concerned, according to McLellan [40], the more tightly
bound proton would vibrate with a higher frequency and give rise to a smaller vibrational
entropy and a smaller partial excess entropy. Therefore, AS" should be expected to
increase for the Agedl data and to decrease for the Aged2 data, which is the opposite
to what we observed. Indeed, in order for the trend described above to occur, the lattice
contribution to the excess entropy must be negligible and this is no longer true when the
lattice is modified as in the case considered. While no positive argument can be provided
in support, it is the opinion of the authors that in this case the lattice contribution prevails
over the vibrational entropy to form the partial excess entropy.
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B Hydride-Forming Region

The behavior of the enthalpy and entropy change with the tritium concentration in the
hydride-forming region for the aged beds are shown in Figures 20 and 21, respectively, and
summarized in Table 7, where the values for the UR bed are also included for comparison.
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Figure 21. Molar entropy change versus tritium over alloy ratio for the unaged and aged beds.
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Table 7. Thermodynamic data of the Zr(Fey 5V 5),—T system in the hydride-forming region.
—A Hr, (kJ/mol) —AS T, (J/K mol)
T/A Unaged Agedl Aged2 Unaged Agedl Aged2
0.7 63.5 61.2 64.3 110.6 104.4 115.2
0.9 64.1 61.1 63.2 118.3 110.6 119.8
1 64.9 60.7 54.8 125.8 116.6 108.2
1.2 64.7 59.9 57.1 130.2 1214 119.5
14 65.2 57.9 55.1 136.5 122.8 120
1.8 60.5 57.3 53.1 130.7 1284 121.1
2 59.6 57.6 53.7 133.1 135.9 130.9
22 61.3 53.7 49 144.3 133.9 126.4
24 58.5 50.9 142.7 133.7

Average 629 +2.1 574+ 2.6 552+29 1313+57 1254+£75 1208445

As seen, in the region considered, the values of AH of the aged data are always lower
than the corresponding values of the UR data. In addition to this, the AH values for the
Aged? data are lower than the AH values for the Aged1 data at any concentration, with the
only exception of T/A = 0.7. Whether the inverse effect observed at this concentration is
due to the scatter of the data or to the presence of a considerable fraction of tritium still in
the solute phase remains an open question. Therefore, the values for this concentration were
not taken into account in performing the average. The reason for such a different behavior
of the thermodynamic data in the hydride-forming region with respect to the solution
region must be found in the different nature of the tritium bond. Indeed, transitional 4
metals such as Fe, Zr and V are known to form covalent bonds with hydrogen [42]. It is
therefore reasonable to conjecture that the presence of He® which tries to complete its s
shell can subtract electrons from tritium, and not from the d shell of the metal atoms as one
might think, thus impeding the formation of the M—H bond.

In support of this interpretation, the following arguments are noteworthy:

(@) The ionization potential for He is higher than that for hydrogen; therefore, the capture
of a tritium electron entering into the metal lattice is possible;

(b) The capture of an electron of the d shell of the metal by He® would decrease the
d character of the metal, increasing the heat of formation [42], and favouring the
conversion to hydride, which is not what we observed;

(¢) Increasing the tritium concentration would make more electrons available for He?
capture, thus hampering the hydride formation, as indicated by the decrease in AH.

The behavior of AS reflects in magnitude (aging) and trend (concentration) the behav-
ior of AH. As explained in Section 4.1.2, decreasing AH decreases AS but raises the pressure.

5. Consequences to the Application of the Alloy

Much emphasis was given to the study of tritium in the solution region rather than in
the tritiding-forming region. This is due to the foreseeable use for this alloy as a tritium
oxide reducer [2,3,43], as a simple and cost-effective solution with a non-contaminated,
or very low level contaminated, waste. This makes the method suitable to reduce small
amounts of highly tritiated water.

Several experiments on water conversion showed that the best system configuration
is a series of batch reactors in which the alloy undergoes alternating conversion and
regeneration cycles. During the conversion cycle, water is dissociated on the alloy surface
and a small fraction of the tritium delivered is adsorbed. During the regeneration cycle,
oxygen diffuses from the surface to the bulk of the alloy and tritium is extracted via diffusion
to the surface. This study shows that He® present in the interstitial sites induces more
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tightly bound tritium at infinite dilution, which to the purpose of conversion represents
the residual contaminating inventory. An increase in the temperature of the alloy during
the regeneration to extract this fraction should be avoided to keep the permeation losses
through the walls of the bed to a minimum. Therefore, as regards the comparison of the
aged data, it can be said that to minimize the residual inventory, tritium should reside in
the alloy for no longer than a week.

6. Conclusions

The effects of aging in Zr(Fey 5V 5), tritides were studied in view of the application
of the alloy. Two beds containing 1 gram of alloy each were used. In the first bed, the
isotherms of tritium were obtained and used as a reference for the virgin alloy. These
data and the isotherms with hydrogen were used to investigate the reliability of the UR
data and the thermodynamic parameter for dissolution and tritide formation. The second
bed was loaded with tritium at 75% of stoichiometry and aged for 1500 days. Then, the
bed was unloaded and the new isotherms were determined and checked a week later for
repeatability. The new thermodynamic parameters were calculated and compared with
those of the virgin alloy.

The main results can be summarized as follows:

1. The alloy shows a high critical value of He? concentration (0.48) before it enters into
the accelerated helium release rate phase; the reasons for this seems to reside in the
lattice structure of the alloy and in the number of defects and impurities which form
an elevated number of high-density helium bubbles;

2. The study of tritium dissolution after 1500 days of aging suggests that He® is mainly
present as bubbles; the lattice sites where tritium dissolves relax close to their original
configuration, slightly changing the enthalpy of solution; the number of sites available
for the unit cell, however, reduces and therefore the equilibrium pressures increase;

3. The He® present in the interstitial site distorts the lattice of the alloy in such a
way that tritium dissolved at infinite dilution turns out to be more tightly bound
than hydrogen;

4. The behavior of the thermodynamic parameters in the hydride-forming region is
different than that in the solution region; however, the change in the nature of the
tritium bond due to the presence of He? is not sufficient to exhaustively explain this
behavior;

5. To minimize the residual inventory, tritium should reside in the alloy for no longer
than a week.

These results provide a guideline for the design of a system in view of the application
of this alloy. However, further investigation of the subject, by neutron diffraction on
deuterated samples and inelastic neutron scattering, would be advisable to definitely
validate the rationale of this study.
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List of Symbols

(Ks)q temperature-dependent Sieverts’ constant Q = H, T
Aﬁg enthalpy change at infinite dilution

&hcoo

ASq non-configurational entropy at infinite dilution
écgréc non—.config'urational entropy

S configurational entropy

AH° enthalpy for hydride formation

AS° entropy for hydride formation

R universal gas constant

H/A hydrogen over alloy ratio

T/A tritium over alloy ratio

He3/A  helium over alloy ratio

uQ chemical potential for the Qatom Q=Hor T
o’ hydrogen vibrational temperature
Appendix A

Under equilibrium, the chemical potential of Q2 in the gas phase is equal to the
chemical potential of the soluted Q atom:

1
1 Q2 (5) = HQ(metal )/ (A1)

that is: 1
Eln PQZ = AGQ/RT = AﬁQ/RT - AgQ/R/ (AZ)

where p is the chemical potential, AG is the free Gibbs energy, R is the universal gas
constant, T is the absolute temperature and P is the pressure.
The relative partial molar enthalpies and entropies are defined, respectively, as

_ _ 1.,
AHg = Hg — EH Qi) (A3)
and 1
A§Q = §Q — QSOng)' (A4)

where Hg and Sq are the partial molar enthalpy and entropy of Q in the metallic phase,
and H°q,(g) and 5°q,(g) are the partial molar enthalpy and entropy of Q; in the gas phase,
with reference to the standard state as T = 298 K and p° = 10° Pa. The entropy Sgq is given
by two main contributions:

(@) gg nonconfigurational, or excess, entropy comprising vibrational electronic and
magnetic contributions;
(b) ga configurational entropy.

This last term is a statistical contribution which can be calculated from Boltzmann'’s
distribution once the number of interstitial sites available for the Q atoms in the host lattice
is known. In the hypothesis of a random distribution of non-interacting hydrogen atoms in
the metal sites,

So = —R In[(x/xs)/(1— (x/xs)], (A5)

where x is the atomic hydrogen to alloy ratio (H/A or T/A) and X; is the saturation value
of x. For an infinitely diluted solution x « xs, Equation (A5) can be approximated as

§a = —R In (x/xs) (A6)
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and Equation (A5) written as

_ _ 1., _
ASG =55 — 55°Qyy — R In (x/x:) = ASQ" — R In (x/xs). (A7)
Further, Equation (A2) can be rewritten as:
1 _
5In Pg,2 = AHg r — A5G /R + In (x/xs). (A8)
Reorganizing the terms, we then obtain:
T500 =hcoeo 1/2
xq = (Xs)q exp (—AHQ /RT) exp (Asgc /R) (Pg,)" (A9)
Equation (A9) is a Sieverts’ law type expression in which the constant (Ks)q (E%) is
Q
obtained dividing the expression by (PQz)l/ 2,
Plotting the values of (Ks)Q in an Arrhenius form as in Figure 9, i.e., letting
log Ks =a + (b/T), (A10)

the values Aﬁg and Aggcoo at infinite dilution can be extracted from the parameters a and
b, and one obtains:

a = log xs —25+AS5 /2303 R (A11)
and
b = —AH,/2.303R (A12)
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