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Abstract
The volume expansion of tantalum due to the dissolved hydrogen has been determined using Bragg equation. 
The hydrogen was dissolved in the pure tantalum metal at constant temperature (360 °C) and constant pressure 
(132 mbar) by varying the duration of hydrogen charging. The amount of dissolved hydrogen was within the 
solid solubility limit. The samples with different hydrogen concentration were analyzed by X-ray diffraction 
technique. Slight peak shifts as well as peak broadening were observed. The relative changes of lattice param-
eters plotted against the hydrogen concentration revealed that the lattice parameters varied linearly with the 
hydrogen concentration.
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I. Introduction
A unique combination of physical and chemical 

properties makes tantalum a valuable material for high 
temperature and advanced technological applications. 
These properties are high melting point, good heat and 
electrical conductivity, high ductility and corrosion re-
sistance. It has various applications in the medical field 
due to its good biocompatibility with the human body 
fluids. It is also used in the construction of high tem-
perature furnace components and as hardware in high 
temperature environments such as heat shielding of jet 
engines and vacuum furnaces. Tantalum crucibles are 
used for high temperature processes, like fusion, thin 
film deposition, distillation and as heat exchangers. In 
the electronic industry, tantalum is used in manufactur-
ing of capacitors, coils and boats for resistive evapora-
tion. Tantalum is also considered as a promising candi-
date for the hydrogen separation membrane because of 
its superior mechanical strength compared to the pal-
ladium or ceramic based hydrogen separation mem-
branes. The surface oxidation and hydrogen embrit-
tlement are two key issues to be resolved before its 
selection for any specific application. Surface oxidation 
can be minimized by coating with thin palladium layer 

and hydrogen embrittlement can be reduced by alloy-
ing it with the materials like Ni and Mo [1–5]. Further, 
substitutional impurities can be used to modify the elas-
tic interaction between the hydrogen and parent lattice.

In this context, it is essential to study the solid solu-
tion behaviour of tantalum-hydrogen system. The dis-
solved hydrogen induces distortions into the tantalum 
lattice and as a consequence leads to the changes in the 
volume of the crystals [1,5–7]. The dissolved hydrogen 
atoms are located on the tetrahedral interstitial sites. 
The local tetragonal symmetry of the defects sites is not 
transmitted to the long range displacement field, which 
shows cubic symmetry [6]. The elastic interaction of the 
dissolved hydrogen atoms with dislocations, impurities 
and other hydrogen atoms give rise to the overall dila-
tion of the unit cell.

In the present investigation, varying amounts of hy-
drogen were introduced in the samples of tantalum met-
al. Lattice parameter was estimated quantitatively at 
different hydrogen concentrations using Bragg equa-
tion, and changes in the lattice parameter with respect 
to hydrogen concentration were determined.

II. Experimental
Several methods of hydrogen charging are given in 

the literature [8–10], but in the present investigation, 
hydrogen charging was carried out in a Sievert’s appa-
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ratus using 99.999% pure hydrogen gas. A block dia-
gram of the apparatus is shown in Fig. 1. The apparatus 
consists of a reaction chamber made of quartz, vacuum 
system, sample holder and a temperature controlled fur-
nace. The furnace can be moved up and down manual-
ly in order to heat the reaction chamber whenever it was 
necessary. Along with furnace temperature, sample tem-
perature was separately measured by placing a K-type 
thermocouple adjacent to the sample. Hydrogen gas can 
be introduced into the system in a controlled way. The 
capacitance manometer and display unit were used to 
read the pressure changes. For hydrogen charging, the 
tantalum foil (99.9% pure supplied by local vendor of 
Aldrich make) was cut into small samples of dimension 
20 mm × 0.25 mm × 15 mm. These samples were me-
chanically polished and chemically cleaned using dilute 
acid mixture (45% HF + 45% HNO3 + 10% H2O). The 
freshly cleaned samples were immediately introduced 
into the argon gas filled hydrogen charging apparatus. 
The apparatus was evacuated up to 10-5 mbar and the 
sample was heated up to 900 °C for one hour to activate 
the sample surface and then cooled to the required tem-
perature, 360 °C. The sample was isolated from the vac-
uum system and then hydrogen was introduced into the 
tube above the isolated sample holder up to the levels of 
hydrogen pressure 132 mbar, keeping the sample hold-
er isolated from the hydrogen filled apparatus. The sam-
ple holder was then connected to the apparatus and the 
pressure was quickly adjusted to the predetermined lev-
el of 132 mbar. The hydrogen filling process was quite 
short, and hence, the influence of hydrogen absorption 
during filling process could be neglected. Upon the ex-
posure of the samples to hydrogen, the hydrogen charg-
ing was initiated and a corresponding drop in the hy-
drogen pressure was observed due to the absorption of 
hydrogen by the sample. The instantaneous pressure 
drop was recorded with respect to time. The samples 
hydrogenated at identical conditions of hydrogen pres-
sure and temperature for varying amounts of time were 
obtained in this manner. The dissolved hydrogen con-

centration was kept within the solubility limit by con-
trolling the duration of hydrogen charging. The samples 
with different hydrogen concentrations were analyzed 
by X-ray diffraction (XRD) (Philips PW 1830) with  
Cr-Kα radiation at 30 mA and 40 kV using a curved 
position-sensitive detector, thus the diffraction data in 
complete 2θ range was observed.

III. Results and discussion
As indicated in the phase diagram [11], the terminal 

solid solubility of hydrogen in tantalum is around 800 
ppm at room temperature. In the present investigation, 
the maximum concentration of hydrogen in the sample 
is 470 ppm as analyzed by inert gas fusion technique as 
well as by pressure drop method. The data shows that the 
concentrations of hydrogen present in the alloys are with-
in the solid solubility limit. It is further verified by XRD 
analysis as no hydride phase is observed in the X-ray dif-
fraction pattern as shown in Fig. 2. Based on the analysis 
of the XRD data, the distance between the two planes (d) 
is calculated using Bragg equation nλ = 2dsinθ for three 
different θ values. Using these d values, the lattices pa-
rameter a is calculated by the following relation:

and, finally, the average value of lattice parameter a is 
determined. The values of lattice parameter a obtained 
for different hydrogen concentrations are shown in Fig. 
3. The lattice parameter increases linearly with the in-
crease of hydrogen concentration, obeying the Veg-
ard’s law [12]. The relative change in lattice parame-
ter is shown in Fig. 4 and it is observed that the relative 
change in lattice parameter also depends linearly upon 
the hydrogen concentration as well.

The neutron diffraction study shows that hydrogen 
goes into interstitial sites in the metal lattice [13]. This 
causes an increase in the volume of the nearest-neigh-
bour shell of atoms because the hydrogen atoms force 

Figure 1. Schematic diagram of Seivert’s apparatus
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the nearest-neighbour metal atoms to move away from 
each other. The free surface of the metal sample sweeps 
out to produce a larger volume increase than the volume 
increase of the inner shell of nearest-neighbour atoms. 
This is a physical phenomenon for the increase of the 
lattice parameter of the metal upon hydrogen absorp-
tion. At equilibrium, uniformly distributed dissolved 
hydrogen in a metal causes zero hydrostatic stress in 
the lattice, although each hydrogen atom is individual-
ly under a hydrostatic stress. There is no energy or pres-
sure tending to push the hydrogen atoms together into 
one interstitial site.

The above observation could be explained by the 
density functional theory (DFT) [1,14–16]. The theory 
explained that irrespectively of other consideration, the 
electron density plays an important role in determining 
the lattice parameter. With the introduction of hydrogen 
into the metal matrix, the electron density in the valance 
band increases. As a consequence of increased electro-
static repulsion between electrons, the lattice parame-
ter increases. The results obtained here follow the Veg-
ard’s law according to which, in solid solutions, lattice 
parameter is linearly varying with the concentration of 
solute. Many systems do not follow the Vegard’s law 
because of other limitations, but in the present case the 
results seem to obey the Vegard’s law.

IV. Conclusions
The lattice constant as well as the relative change in 

lattice parameters of the tantalum-hydrogen alloys in-
creases linearly with the increased hydrogen concentra-
tion up to the solid solubility limit, obeying the Veg-
ard’s law. Measuring the change in lattice parameter 
due to the hydrogen ingress can be used to determine 

Figure 2. XRD analysis of pure and hydrogen charged sample

Figure 4. Relative changes in lattice parameters of hydrogen 
charged tantalum metals

Figure 3. Lattice parameters of pure and hydrogen charged 
tantalum
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the concentration of hydrogen in the solid solubility 
range. Furthermore, the experimental data are in accord 
with the prediction of DFT theory.

Acknowledgements: The authors record their sincere 
appreciation to Dr. A. Awasthi, Dr. R.N. Singh and Mr. 
D.K. Sahoo for their valuable discussion and suggestions 
during the experiments and manuscript preparation and 
thankful to Shri B. Kalekar for hydrogen analysis. 

References
1. R. Grena, M. Celino, P. Tarquini, “DFT study of inter-

stitial hydrogen in tantalum lattice”, Int. J. Hydrogen 
Energy, 36 (2011) 13858–13865.

2. K.S. Rothenberger, B.H. Howard, R.P. Killmeyer, 
A.V. Cugini, R.M. Enick, F. Bustamante, M.V. Cia-
coo, B.D. Morreale, R.E. Buxbaum, “Evaluation of 
tantalum-based materials for hydrogen separation at 
elevated temperatures and pressures”, J. Membrane 
Sci., 218 (2003) 19–37.

3. S.N. Paglieri, N.K. Pal, M.D. Dolan, S. Kim, W. 
Chien, J. Lamb, D. Chandra, K.M. Hubbard, D.P. 
Moore, “Hydrogen permeability, thermal stability and 
hydrogen embrittlement of Ni-Nb-Zr and Ni-Nb-Ta-Zr 
amorphous alloy membranes”, J. Membrane Sci., 378 
(2011) 42–50.

4. K.S. Rothenberger, B.H. Howard, A.V. Cugini, R.M. 
Enick, F. Bustamante, M.V. Ciacoo, B.D. Morreale, 
R.E. Buxbaum, “Hydrogen permeability of tantalum-
based membrane materials at elevated temperatures 
and pressures”, Fuel Chem. Division Preprints, 47 [2] 
(2002) 814–815.

5. M. Taxak, S. Kumar, A. Mukherjee, N. Krishnamur-
thy, A.K. Suri “Lattice expansion of tantalum due to 
dissolved hydrogen”, pp. 333–335 Proceeding of the 
18th International Symposium on Thermal Analysis. 
Eds. R. Agrawal, L. Varshney, Y.K. Bhardwaj, R.A. Jat, 
S.K. Rakshit, K.L. Ramkumar, Mumbai, India, 2012.

6. H. Pfeiffer, H. Peisl, “Lattice expansion of niobium  
and tantalum due to dissolved hydrogen and deuteri-
um”, Phys. Lett., 60 [4] (1977) 363–364.

7. K.Y. Park, H.J. Kin, Y.J. Suh, “Preparation of tan-
talum nanopowders through hydrogen reduction of 
TaCl5 vapor” Powder Technol., 172 (2007) 144–148.

8. B. Bandyopadhyay, A. Ghoshray, N. Chatterjee, “De-
velopment of a Sievert’s type gas doping apparatus”, 
Bull. Mater. Sci., 9 [4] (1987) 305–308.

9. R. Checchetto, G. Trettel, A. Mioptello, “Sievert-type 
apparatus for the study of hydrogen storage in solids”, 
Meas. Sci. Technol., 15 (2004) 127–130.

10. H. Nakajima, M. Yoshioka, M. Koiwa, “Electromi-
gration of hydrogen in vanadium and its alloys”, Acta 
Metal., 35 [11] (1987) 2731–2736.

11. A. San-Martin, F.D. Manchester, “The H-Ta (hydro-
gen-tantalum) system”, J. Phase Equilib., 12 [3] (1991) 
332–343.

12. Y. Zhang, T. Ozaki, M. Komaki, C. Nishimura, “Hy-
drogen permeation characteristics of vanadium-alu-
minum alloys”, Scripta Mater., 47 (2002) 601–606.

13. R.A. Oriani, “A brief survey of useful information 
about hydrogen in metals”, International Symposium 
on Cold Fusion and Advanced Energy Sources, Eds. 
by Hal Fox, Fusion Information Center, Inc. Belaru-
sian State University, Minsk, Belarus, 1994.

14. X. Ke, J.G. Kramer, O.M. Lovvik, “The influence of 
electronic structure on hydrogen absorption in pal-
ladium alloys”, J. Phys. Condens Matter, 16 (2004) 
6267–6277.

15. S. Kumar, M. Taxak, N. Krishnamurthy, A.K Suri, 
G.P. Tiwari, “Terminal solid solubility of hydrogen in 
V-Al solid solution”, Int. J. Refract. Hard Mater., 31 
(2012) 76–80.

16. S. Kumar, M. Taxak, N. Krishnamurthy, “Hydrogen 
absorption kinetics of V4Cr4Ti alloy prepared by alu-
minothermy process”, Int. J. Hydrogen Energy, 37 [4] 
(2012) 3283–3291.


