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Abstract 
The equilibrium solubility of hydrogen in Ta1-xAlx alloys (x=0, 1, 1.6, 2.4 and 3.2 atom % Al) was measured 

in the temperature range of 673 K to 873 K and hydrogen pressure range of 64 kPa to 115 kPa. The solubility 
decreases with increasing aluminium content at all temperatures and pressures investigated. From the equilibrium 
solubility data, partial molar free energy, enthalpy and entropy of solution of hydrogen were calculated. The 
relative partial molar enthalpy of hydrogen was found to increase with increasing Al content whereas the change 
in entropy was very small.
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Introduction
Hydrogen is considered as a green energy carrier and the 

management of hydrogen by the way of its generation, storage and 
combustion for the energy extraction either in a conventional mode or 
through a fuel cell is central to the utilization of this energy resource [1-
11]. The success of each of these components of hydrogen management 
is materials dependent, particularly the separation and storage aspects 
as well as the fuel cells. As a class, metallic materials have been 
developed for the separation and storage function and ceramics for the 
fuel cell components [12-19]. The present investigation is focused on 
the interaction of hydrogen with metallic materials to delineate certain 
underlying factors that have a bearing on both hydrogen storage and 
hydrogen permeation (separation). It is known that solubility and 
transport of hydrogen through metals may be influenced by the presence 
of substitutional impurities/alloying components [20]. A well known 
example is the decrease in the hydrogen diffusion coefficient of steel in 
the presence of rare earths [21]. Equilibrium solubility of hydrogen in 
a metal/alloy is relevant for both the hydrogen storage capacity of the 
metal/alloy and also for the ability of hydrogen to permeate through 
the metal. Among the metals, the group V refractory metals vanadium, 
niobium, and tantalum are known to have the ability to absorb and 
desorb considerable amounts of hydrogen at technologically useful 
temperatures and pressures and also permit the transport of hydrogen 
through their lattice at a useful rate [22]. The characteristics of pure 
metal (V, Nb, and Ta) as regards these interactions are influenced by 
alloying additions/impurities [23]. The present investigation is a part 
of a research program at Fusion Reactor Materials Section, BARC, for 
the evaluation of tantalum as hydrogen permeation membrane, for 
its possible use in a device for hydrogen separation from a mixture 
of gases. The ideal hydrogen separation membrane should have high 
hydrogen permeability and good mechanical properties in a range of 
temperatures and pressures.

Tantalum is a candidate material for hydrogen separation 
membranes operating at a range of temperatures (323 K to 873 K) 
and a range of pressures (1 Mpa–1.5 Mpa) [24]. It is cheaper than the 
noble metals Ag, Pd and has greater hydrogen permeability at ambient 
temperature. However, the low hydrogen solubility of tantalum 
can lead to hydrogen embrittlement that comes from the formation 
of hydrides or change of lattice parameter [14,25,26]. A controlled 
change of hydrogen solubility could be thought of as a way towards the 
preservation of the required mechanical properties of the membrane. 

Alloying can be an effective way to control the hydrogen solubility 
without changing other thermodynamic conditions like temperature 
or hydrogen pressure [10,17,27]. The effects of number of alloying 
elements like Fe, Co, Ni, Cr, Al, Mo, Cu, Pd, and Sn on the hydrogen 
solubility, permeability and kinetics behaviour of group V elements has 
been studied [10,17,28-37]. In all these alloys, the measured solubility 
and permeability is lower than that of the pure metal. However, the 
resistance to embrittlement and structural integrity of these alloys are 
much better than the corresponding pure metal, while the permeability 
remained greater than the leading palladium alloy [26,38]. The solubility 
of hydrogen in Ta-Al alloys has not previously been reported in the 
literature. The present work aims to evaluate the effect of aluminium 
as an alloying element on the solubility of hydrogen in tantalum along 
with the thermodynamic parameters of Ta-H system.

Experimental details 
Ta(1-x)Alx alloys (x=0, 1, 1.6, 2.4 and 3.2 atom % Al) were prepared 

from high pure tantalum (99.8 %) and (99.99 %) aluminium (Aldrich) 
of purity 99.99 % by vacuum arc melting. The compositions of the alloys 
used in this study were listed in Table 1. Ta-0Al, Ta-1Al, Ta-1.6Al, Ta-
2.4Al and Ta-3.2Al used in the text to represent 0, 1, 1.6, 2.4 and 3.2 
atom % Al in Ta, respectively. The melting was repeated several times 
to obtain homogeneous alloys. The alloys obtained in the button form 
were cold rolled to 0.4 mm thickness. Cold rolled sheets were sliced 
into pieces (0.4 × 10 × 15 mm3) by EDM cutting machine and used 
for the hydrogen charging and other experiments. Before hydrogen 
charging, all the samples were chemically cleaned (using HF: HNO3: 
H2SO4: 2:2:5) and mechanically polished (by emery paper and diamond 
paste) followed by de-greasing using acetone. Elemental analysis 
of all the samples was carried out by Glow Discharge-Quadrupole 
mass Spectrometry (GD-QMS) and phase identification by X-ray 
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Diffraction (XRD). Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray (EDX) spectroscopy–including X-ray dot mapping 
were performed for Ta1-xAlx alloys to characterize the morphology 
and confirm the homogeneity of the alloys, respectively. Hydrogen 
charging was carried out in a Sievert’s apparatus using hydrogen gas of 
5N (99.9995 %) purity produced by electrolysis of nano-pure water and 
purified by chromatography column separation techniques. The details 
of procedure of hydrogen charging were the same as described in our 
earlier papers [30-31]. Hydrogen content in the alloy was determined 
by Inert Gas Fusion (IGF) technique.

Results 
Observation

The XRD results indicate that all Ta1-xAlx alloys are bcc solid 
solution of tantalum [32]. Addition of Al results in shifting the Ta 
peaks toward the higher 2θ values. The increase in peak shift was 
observed with increasing Al content possibly due to the decrease in 
the lattice parameter of Ta matrix on the addition of aluminium. The 
amount of hydrogen dissolved in Ta is within the Ta solid solution 
limit at higher temperatures (673-873K) but will form the hydrides at 
room temperature. Scanning Electron Microscopy (SEM) and EDX 
analysis of Ta-2.4Al alloy (Figure 1) confirms the homogeneity of the 
alloy. Ta-H binary phase diagram [39] indicates the formation of α 
phase at temperature higher than 334 K. Aluminium atoms occupy a 
bcc lattice and disordered hydrogen resides in tetrahedral holes of the 
bcc lattice. The results of isobaric and isothermal P-C-T equilibrium 
measurements for the solution of hydrogen in Ta1-xAlx alloys are shown 
in Figures 2 and 3.

It is known that hydrogen dissolves in Ta in atomic form and this is 
reflected in the proportionality of the amount of dissolved hydrogen to 
the square root of equilibrium pressure. It is clear from the P-C-T curve 

that all the Ta-Al alloys investigated also follow the Sievert’s law. Both 
Figures 2 and 3 indicate that the solubility of hydrogen in Ta decreases 
with increase in Al content. The Ks (Sievert’s constant) values calculated 
by applying Sievert’s law for the hydrogen in Ta1-xAlx alloys at three 
different temperatures and at 101.325 kPa (1 atm) hydrogen pressure 
has been presented in Table 2. Figure 4 shows the variation of Ks values 
with temperature. 

Thermodynamics quantities

At the equilibrium 

[ ]HMHM =+ 221                   (1)

and

( )2 2 2

01 2 1 2 lnH H H HG G G RT p= = +                   (2)

Where, HG  is the partial molar free energy of hydrogen in metal, 
2HG is the Gibb’s free energy of gaseous hydrogen at a given pressure, 

and 0
2HG  is the Gibb’s free energy of gaseous hydrogen at 101.325 kPa 

pressure  all at temperature T.

The equation can be rewritten in the form:

2 2

01 2 1 2 lnH H H HG G G RT p∆ = − =                 (3)

Where, 
HG∆  is the partial molar free energy of hydrogen in

metal with respect to gaseous hydrogen at 101.325 kPa. Also,

HHH STHG ∆−∆=∆                 (4)

For dilute solutions of gas in metals, 

lnH HH T S RT a p∆ − ∆ = −                   (5)

And, replacing ‘a’ by ‘c’ - the mass percent hydrogen in the solution

log log 2.303 2.303s H HK c p H RT S R= = −∆ + ∆      (6)

or,

( ) ( )exp exps H HK c p H RT S R= = −∆ ∆ (7)

From equation (6), the slope and intercept of a log KS vs. 1/T plot
gives the value of ( )RH H 303.2∆− and ( )RSH 303.2∆ , respectively. Thus,
the relative change in enthalpy, HH∆  and entropy, HS∆  for solution 
of hydrogen in different Ta1-xAlx alloys may be calculated using the 
Sievert’s relation, equation (6), the data obtained presently are given 
in Table 3. The partial molar Gibb’s free energy of solutions, HG∆  is 
also calculated at different temperatures from the HH∆ and HS∆  data 
and listed in Table 4. The increase in aluminium content in the Ta-Al 
solid solution alloys results in the increase of enthalpy for a hydrogen 
solution but a very small increase in the corresponding entropy values.

Discussion
The repulsive interaction between Al and H atoms may be one 

reason for the decrease of hydrogen solubility in tantalum with increase 

Figure 1: Scanning Electron Microscopy (SEM) and EDX of Ta-2.4Al alloy.

Sample Al (Atom %) O (Atom %) N (Atom %) C (Atom %)
Ta-0Al 0 0.10 0.06 0.03
Ta-1Al 1.0 0.15 0.06 0.02

Ta-1.6Al 1.6 0.18 0.03 0.03
Ta-2.4Al 2.4 0.17 0.01 0.04
Ta-3.2Al 3.2 0.18 0.02 0.02

Table 1: Chemical composition of Ta-Al alloys.

Sample Ks / (kPa)1/2, 10-2

673 K 773 K 873 K
Ta-0Al 36.8 16.1 8.5
Ta-1Al 33.1 14.1 7.9

Ta-1.6Al 29.8 13.1 7.4
Ta-2.4Al 25.6 11.8 7.1
Ta-3.2Al 22.2 10.9 6.8

Table 2: Sievert’s constant (Ks) for the solution of hydrogen in Ta1-xAlx alloys.
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Figure 2: Isobaric P-C-T equilibrium curves showing the effect of Al addition on the solubility of hydrogen in tantalum at (a) 65 kPa, (b) 75 kPa, (c) 81 kPa and (d) 90 kPa .

Sample
HH∆ / (kJ/mol H) HS∆ / (J/K. mol H) T / K

Ta-0Al - 35.9 ± 0.1 - 61.7 ± 1.3 673-873
Ta-1Al - 34.95 ± 0.3 - 61.1 ± 0.8 673-873

Ta-1.6Al - 33.83 ± 0.04 - 60.3 ± 0.4 673-873
Ta-2.4Al - 31.40 ± 0.04 - 57.8 ± 0.4 673-873
Ta-3.2Al - 28.80 ± 0.05 - 55.3 ± 0.4 673-873

HH∆  is the relative change in enthalpy in kilojoules per mole of hydrogen (kJ/mol 
H), HS∆ is the relative change in entropy in Joules per Kelvin per mole of hydrogen 
(J/K.mol H), and R = 8.3144 J/K.mol is the Gas constant.
The uncertainties of relative change in enthalpy and entropy values in Table 3 are 
calculated from the standard errors of linear least-square fitting.
Table 3: The thermodynamics functions, the relative change in enthalpy, and 
entropy,  for the reaction   for the tantalum-aluminum-hydrogen system.

in Al content. An interaction of interstitial and substitutional atoms 
is considered to be mainly caused by change in electronic structure 
and the change in strain energy of dissolved hydrogen due to 
changed size of interstitial sites because of substitutional impurity 

(alloy addition) atom. The difference between the atomic radii of 
solvent and substitutional atoms causes the difference in the size 
of interstitial sites [40]. Makrides [41] has interpreted the increase 
of hydrogen solubility in Pd-Ag alloys is due to an attractive 
interaction between H and Ag. On the basis of this hypothesis, the 
decrease in hydrogen solubility in Ta-Al alloys with increasing Al 
content may be attributed to repulsive interaction between H and Al 
atoms. Further, Brodowsky [42] has interpreted that addition of the 
alloying elements in host matrix which causes the lattice expansion, 
results in the lowering of lattice strain energy from the dissolved 
hydrogen in the alloys as compared to pure metal and hence the 
solubility of hydrogen increases. Wagner [43] has also pointed out 
that increase of hydrogen solubility in alloys is due to increase of 
lattice parameter of host matrix on the addition of alloying element. 
According to Pauling [44], the atomic radii of Ta and Al are 146 pm 
and 143 pm, respectively. The lattice parameter of Ta decreases on 
the addition of Al atoms. The decreases in lattice parameter on the 
addition of aluminium in tantalum have been seen experimentally 
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also [32]. The variations in hydrogen solubility in Ta1-xAlx alloys with 
respect to change in lattice parameter are shown in Table 5, which 
has clearly indicated that with increasing aluminium content in Ta 
matrix, the lattice parameter decrease and consequently hydrogen 

solubility decreases. Hence, the decrease of hydrogen solubility in 
Ta1-xAlx alloys could be explained as due to increase in lattice strain 
energy as proposed by Brodowsky [42] and Wagner [43].

Other possible reasons for decrease of hydrogen solubility in Ta on 
the addition of Al may be an intrinsic effect. Since Al has much lower 
hydrogen solubility than pure Ta, an increase in number of Al atoms 
could be expected to block the sites for hydrogen absorption in Ta 
lattice [34]. It was also observed that increase in electron to atom (e/a) 
ratio results in decreasing the hydrogen solubility in the main matrix. 
However, in the present study, the electronegativity at Pauling scale 
of Ta (1.5) is less than Al (1.61). Therefore, the decrease in hydrogen 
solubility with increasing aluminium content cannot be explained 
by the electronic factor as it is dominated by the increase in lattice 
strain energy with the addition of Al in Ta for causing the decrease in 
hydrogen solubility in the present system.
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Figure 3: Isothermal P-C-T equilibrium curves showing the effect of Al addition on the solubility of hydrogen in tantalum at (a) 673 K, (b) 773 K and (c) 873 K.

T / K
HG∆ / (kJ/mol H)

Ta-0Al(H) Ta-1Al(H) Ta-1.6Al(H) Ta-2.4Al(H) Ta-3.2Al(H)
673 5.6 6.2 6.8 7.4 8.4
723 8.7 9.2 9.8 10.3 11.1
773 11.8 12.3 12.8 13.2 13.9
823 14.9 15.4 15.9 16.1 16.6
873 17.9 18.4 18.8 19.0 19.4

HG∆  is the relative change in Gibb’s energy in kilojoules per mole of hydrogen 
(kJ/mol H).
Table 4: The relative change in Gibb’s free energy,   for the reaction   for the 
tantalum-aluminum-hydrogen system.
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Conclusion
The amount of hydrogen dissolved in Ta1-xAlx alloys has obeyed 

the Sievert’s law. The hydrogen solubility in tantalum decreases with 
increase in aluminium content; this is attributable to the repulsive 
interaction between Al and H atoms in the tantalum matrix, increase 
of the lattice strain energy due to the dissolved hydrogen in the alloys 
as compared to pure tantalum. The relative partial molar enthalpy for 
the solution of hydrogen in tantalum-aluminium alloys become less 
negative as the aluminium content is increased and corresponding 
variations in entropy are very small. 
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