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Studies are shown that tantalum and niobium have different kinetics of hy-
drogen uptake. Tantalum, in contrast to niobium, is able absorb actively hy-
drogen at room temperature, reaching a hydrogen capacity at the level of
TaN1.9. Active absorption of hydrogen by niobium is observed only at heating
to temperatures of 400—500°C, reaching the hydrogen capacity of NbHj.zs.
The kinetics of hydrogen evolution from both hydrogen-saturated metals is
similar, the process takes place at room temperature, but in different pres-
sure conditions.
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IIpoBenene mocaimsKeHHA MOKAa3aJio, IO TAHTAJ Ta Hiobill MaloTh PisHy KiHe-
TuKy norauHaHHg [iaporeny. TanTas, Ha BigMiny Bif Hi00it0, 3maTeH aKTUBHO
norauHaTu ['igpored mpu KiMHATHiN TeMIepaTypi, JocAraiouu BOAHEBOI MicT-
Koctu Ha piBHi TaH:9. AKTuBHe nmorauHaHHA ['igporeny Hiobiem cmocTtepira-
eTbea Jguire npu remuaeparypax 400—-500°C, gocsararmoum BOLHEBOI MiCTKOCTU
NbH;i,23. Kimetuka Buginenns 'igporeny 3 06ox HacuueHux I'igzporenom mera-
JIiB Ma€ CXOKUI XapaKkTep, IPoliec Bim0yBaeThCsa IpU KiMHATHIA TeMIepaTypi,
aJjie B pisHUX OapUUHUX YMOBaX.

Karouosi croBa: Hiobii, TanTas, riApyBaHH, AETiApyBaHHA, IOPOIIOK.
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1.INTRODUCTION

Influence on the phase composition and physical and mechanical char-
acteristics of metallic materials through their interaction with hydro-
gen is the basis of many technologies. In particular, the temporary sat-
uration of metals and alloys with hydrogen provides an effect on the
defects of their crystal structure, phase composition and microstruc-
ture (so-called hydrogen treatment) [1, 2], which is used to achieve the
desired mechanical properties. Metal hydrides are brittle and rather
low-strength materials compared to the source materials [3, 4]. Such
mechanical characteristics of hydrides facilitate their grinding to ob-
tain powders of a desirable dispersion, so the technology of hydrogena-
tion-grinding and dehydrogenation of metals is widely used in the pro-
duction of powders [5, 6]. In addition, a number of powder technolo-
gies for the manufacture of alloys are based on the use of hydrogen-
saturated powders [7—9] as starting materials, which provides signifi-
cant advantages for achieving the desired sets of characteristics of the
final alloys. In particular, atomic hydrogen released from the crystal
lattice of metals is able to reduce surface oxide films, which are always
present on the surface of particles and are barriers to mutual diffusion
in the powder system [10—12]. These phenomena lead to a significant
activation of diffusion processes that accelerate sintering and chemi-
cal homogenization of blended elemental powder systems.

Hydrogen-saturated powders of titanium and zirconium are used for
the synthesis of alloys based on these metals, including alloys of Ti—
Zr—Nb and Ti—Zr—Nb-Ta systems, which are promising biomedical
materials [13—20]. The production of alloys of these systems from mul-
ticomponent powder blends requires the use of starting powders of a
determined size. Since niobium and tantalum are plastic metals [21],
the production of powders of a given fraction is a complicated process.
However, [22] like most transition metals, niobium and tantalum are
able to inversely interact with hydrogen, and accordingly, obtaining
hydrides based on them will allow to obtain powders of a given frac-
tion. In addition, dissolved hydrogen in them has an additional posi-
tive contribution to the consolidation of particles under vacuum heat-
ing of the compacted powder blend.

In addition to the above, modern developments in the field of hydro-
gen energy are important, which require detailed knowledge of the ki-
netics of the processes of inverse saturation of materials with hydro-
gen for the development of hydrogen batteries [2, 23—25]. That is why
the conditions of interaction of various metals and alloys with hydro-
gen, including thermal, pressure and time parameters of hydrogen
saturation and the reverse process of hydrogen evolution from metals,
are extremely important data for basic knowledge and applied devel-
opments.
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The purpose of this study is to establish the temperature-pressure
conditions of sorption—desorption of hydrogen by tantalum and niobi-
um, which will allow the use of these hydrogenated materials in vari-
ous technologies, in particular, to obtain powders of a given fraction.

2. EXPERIMENTAL/THEORETICAL DETAILS

Niobium of industrial production I'OCT 26252-84 and tantalum I'OCT
492-73 were used as starting materials. Industrially produced niobium
powder (less than 100 um in size) was also used in some experiments.

The study of the processes of interaction of the studied materials
with hydrogen, in different conditions, was carried out using the
IVGM-2M equipment [26], which allows to conduct research at temper-
atures from -160 to 750°C and hydrogen pressures from 0.01 to 10
MPa. The amount of hydrogen absorbed by the material was calculated
from the pressure difference before and after heating in the closed
volume in which the study was performed (volumetric method), and
also controlled by the difference in sample weight before and after hy-
drogen saturation (gravimetric method).

Desorption of hydrogen from hydrogenation products was investi-
gations on an automated dilatometric complex (ADC) with a mass spec-
trometric [27].

Investigations of the phase composition of the obtained hydrogena-
tion and dehydrogenation products were performed on a Rigaku x-ray
diffractometer using CuK, (A =1.5406) radiation.

The grinding process was performed in a Retsch PM100 planetary
mill in a steel drum with steel balls for 30 seconds. The capacity of the
drum is 250 ml, the speed of rotation is 650 rpm, and the diameter of
the balls is 14 mm.

The size of the powder particles is determined by a laser analyser
Malvern Mastersizer 2000.

3. RESULTS AND DISCUSSION
3.1. Investigations of Sorption—Desorption Processes

The study of the process of interaction of both starting materials (nio-
bium and tantalum) with hydrogen, in the monolithic state, was car-
ried out under the same conditions (hydrogen pressure 0.6 MPa and
different temperatures), for the possibility of correct comparison. In
the first stage, the test materials were kept at room temperature and
the specified pressure for 24 hours. It was found that these hydrogena-
tion conditions led to the active absorption of hydrogen by tantalum,
while the absorption of hydrogen by niobium was not recorded.
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The interaction of tantalum with hydrogen began from the first sec-
onds of contact of the sample with hydrogen (Fig. 1) and lasted for 60
minutes. The amount of absorbed hydrogen was reached 1.04% wt.,
which corresponds to the formula composition TaH; . Increasing the
holding time by another 120 minutes at the same hydrogen pressure
did not lead to the continuation of the absorption process (Fig. 1). The
reverse process of hydrogen evolution with the obtained tantalum hy-
dride was investigated at an initial pressure of 0.0002 MPa. The study
was performed in the same chamber without contact of the sample with
the atmosphere (air) between experiments. As can be seen from the de-
pendence (Fig. 1), the process of hydrogen evolution from tantalum is
occurring at room temperature without the use of thermal or mechani-
cal activations. Thus, in 180 minutes it is possible to remove all the ab-
sorbed hydrogen from the material, this result was also confirmed by
gravimetric method. In addition, another indirect confirmation of the
release of all hydrogen is that after the sorption—desorption cycle the
metal sample remained ductile.

However, it should be noted that for the alloys manufacturing by
powder technology from hydrogen-saturated powders, the evolution of
all hydrogen at room temperature is undesirable. First, non-
hydrogenated tantalum is a plastic material, so its grinding to obtain
powders of a given fraction is a difficult and time-consuming process.
Secondly, when sintering non-hydrogenated particles, there is no posi-
tive effect of hydrogen on the activation of diffusion processes [28].
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Fig. 1. Kinetics of sorption—desorption of hydrogen by tantalum at room tem-
perature.
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That is why it was important to find conditions that would allow to
keep at least part of the absorbed hydrogen in the crystal lattice of tan-
talum at room temperature. Dissolved hydrogen in the crystal lattice
increases the brittleness of the metal and, upon further heating, im-
proves the sintering kinetics of the particles.

In the experiment described above, tantalum was saturated with hy-
drogen at room temperature and a hydrogen pressure of 0.6 MPa. Af-
ter that, activation heating was carried out to a temperature of 600°C
at the same hydrogen pressure (Fig. 2). This heating temperature was
chosen by analogy with the temperature range (400—600°C) of the ac-
tive interaction of titanium with hydrogen [29]. After carrying out the
specified activation heating, cooling to room temperature and remov-
ing of hydrogen environment, 0.16% wt. Hydrogen in tantalum was
preserved in open air, which corresponds to the composition TaHg.29. It
is important that the amount of hydrogen stored in the metal led to a
significant embrittlement of tantalum, i.e., to the possibility of obtain-
ing powders of the required size fraction.

It was established by x-ray phase analysis (Figure 3) that the ob-
tained hydrogenated product consists of tantalum, which has a cubic
lattice and the unit cell parameter a=0.3333 +0.0009 nm, as well as
tantalum hydride with orthorhombic lattice and unit cell parameters
a=0.4810+£0.0009 nm, b =0.3450+£0.0009 nm, ¢=0.4801 +£0.0009 nm.
This result confirms that the activation heating allows to remain the
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Fig. 2. Changes in pressure and temperature versus time on tantalum heating

under hydrogen atmosphere.
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Fig. 3. X-ray diffraction patterns of hydrogenated tantalum.

part of the absorbed hydrogen in the tantalum at room temperature in
open air.

As for niobium, the process of hydrogen uptake at 0.6 MPa and room
temperature did not begin within 24 hours. It was suggested that the
inactivated niobium surface is a barrier for hydrogen sorption, thus,
this process requires a longer incubation period. To test this assump-
tion, niobium was additionally aged at the specified hydrogenation pa-
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Fig. 4. Dependences at the hydrogenation of niobium: temperature and pres-
sure of hydrogen in the chamber versus time (a), pressure versus temperature
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rameters for 48 hours, but the increase in holding time did not lead to
appreciable hydrogen uptake. Active hydrogen uptake by niobium was
recorded only during heating (Fig. 4) and during isobaric-isothermal
exposure at temperatures of 400—500°C and the pressure of 0.6 MPa.
This temperature range of hydrogenation was chosen by analogy with
titanium [29] and tantalum for the possibility of correct comparison of
the obtained data. In addition, the ability to saturate all elements nec-
essary for the synthesis of alloys of Ti—Zr—Nb and Ti—Zr—Nb—Ta in one
chamber (simultaneously) will greatly simplify the process of powder
manufacturing

The temperature of the beginning of intensive hydrogen absorption
by niobium was determined from hydrogen pressure-temperature de-
pendence (Fig. 4, b), while the amount of absorbed hydrogen and the
time required to achieve this concentration were determined from the
temperature vs. time and hydrogen pressure vs. time dependences
(Fig. 4, a). The active absorption of hydrogen for niobium begins at a
temperature of 390°C, and the absorption process itself takes about 65
minutes, after which it ends. As a result, it is possible to achieve the
amount of absorbed hydrogen at 1.31% wt., which corresponds to the
formula composition of NbH; 23. The movement of hydrogen-saturated
niobium from the hydrogen environment to open air at room tempera-
ture leads to the beginning of the reverse process of hydrogen evolu-
tion. Under these conditions, the concentration of absorbed hydrogen
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Fig. 5. X-ray diffraction patterns of hydrogenated niobium.
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in niobium is reduced to 0.52% wt., which corresponds to the formula
composition NbHp. 4s.

It was determined by x-ray phase analysis (Figure 5) that the ob-
tained hydrogenated product consists of metal niobium, which has a
cubic lattice and the unit cell parameter a=0.3314 +0.0009 nm, as
well as niobium hydride phase with orthorhombic lattice and unit cell
parameters a=0.3401 +£0.0009 nm, b=0.4836 +£0.0009 nm,
¢=0.4839+0.0009 nm.

The process of hydrogen evolution from niobium resumes when ma-
terial was placed under vacuum at room temperature. A sample of hy-
drogen-saturated niobium was placed in a vacuum (4-1072 Pa) chamber
and kept for about a day at room temperature, after which the sample
was removed from the chamber and x-ray phase studies were per-
formed again. It was found that only metal niobium is present in the
structure (Fig. 6.) with the crystal lattice parameter
a=0.3310£0.0009 nm.

3.2. Investigations of Powders

It was important to show that the involved modes of saturation of these
metals with hydrogen provide their embrittlement, which facilitates
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Fig. 6. X-ray diffraction patterns of preliminary hydrogenated niobium after
subsequent holding in vacuum chamber at room temperature.
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Fig. 7. Size distribution curves of niobium powder: a—the initial state, b—
initial powder after grinding, saturated with hydrogen, c—followed by grind-
ing.

the process of grinding and obtaining powders of a given fraction. In-
dustrial niobium powder with an average particle size of 70 um was se-
lected for the study (Fig. 7, a). In the first stage of the study, this pow-
der was ground in a planetary mill for 30 seconds (Fig. 7, b). As can be
seen from the powder size distribution curve (Fig. 7, b), the average
particle size has not changed, at the same time the number of small
particles (30 um or less) was increased and particles of significantly
larger size (up to 400 um, not observed in the original powder) ap-
peared. The increased number of fine particles is the result of grinding
the powder, however, the simultaneous appearance of large particles is
associated with their deformation and adhesion to each other during
grinding, which indicates their sufficient plasticity.

In the second stage, the starting powder was first saturated with
hydrogen, as described above, and then subjected to grinding (Fig. 7,
¢). From the curve (Fig. 7, c¢) it is seen that the powder particles were
crushed, the average particle size decreases from 70 (in the original) to
60 um, with an increase in the relative number of smaller particles and
a decrease in the number of particles larger than 60 um. This also indi-
cates that during grinding there is no significant deformation and ad-
hesion of particles to each other. The obtained result suggests that the
hydrogen-saturated powder is brittle enough to grind.

Summarizing all the above, it can be argued that to obtain partially
hydrogenated niobium and tantalum with the formation of hydride
phases, we can use the temperature range of hydrogenation of titani-
um (400-600°C) [29]. However, the involved hydrogen saturation
modes do not allow the creation of tantalum and niobium hydrides,
which would be quite stable at room temperature, retaining a signifi-
cant amount of absorbed hydrogen on the air. Moreover, the release of
all absorbed hydrogen by niobium that occurs in a vacuum at room



896V. A. DEKHTYARENKO, D. G. SAVVAKIN, O. O. STASIUK, and D. V. ORYSHYCH

temperature is a negative trait, because of effect of hydrogen on the
activation of diffusion processes during sintering is lost.

4. CONCLUSIONS

1. The process of absorption and release of hydrogen by tantalum oc-
curs at room temperature without the use of thermal or mechanical ac-
tivation treatments, solely due to changes in pressure conditions.
Heating in a hydrogen atmosphere to a temperature of 600°C increases
the amount of hydrogen absorbed by tantalum, and after cooling to
room temperature and removing the hydrogen atmosphere allows to
partially preserve hydrogen in the metal.

2. The process of active interaction of niobium with hydrogen is ob-
served only when metal is heated to 400—500°C. The release of hydro-
gen from hydrogenated niobium occurs at room temperature due to
changes in pressure conditions, in particular in a vacuum niobium los-
es all absorbed hydrogen.

3. Hydrogenated niobium and tantalum when kept at room tempera-
ture in open air partially retain the absorbed hydrogen in an amount
that provides sufficient fragility of these metals and facilitates the
production of powders of a desirable size fraction.
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