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Abstract: This work is devoted to studying the accumulation of hydrogen in titanium coatings to use a
completely new concept of hydrogen accumulators based on a system of easily replaceable cartridges.
Modern hydrogen accumulators based on magnesium powder have several problems associated with
uneven heating during hydrogen desorption. Increasing the efficiency of hydrogen accumulators
and the possibility of their reuse and/or repair remains a topical problem. For the analysis of the
microstructure of the received titanium coatings, scanning electron microscopy (SEM) was used,
the structural-phase state was studied using x-ray diffraction (XRD) analysis. The coatings were
hydrogenation by gas-phase saturation at 450-550 °C. Increased film thickness reduced the storage
capacity of coatings. Besides hydrogenation at 450 °C, 20 um of titanium coatings accumulated
3.96 wt.%, while 80 um of coatings accumulated 3.98 wt.%. The chemical composition of the coatings
before and after the hydrogenation was controlled using glow-discharge optical emission spectroscopy.

Keywords: gas-phase hydrogenation; titanium coatings; hydrogen accumulation

1. Introduction

Hydrogen atoms, having a uniquely small mass and size, can be effectively accumulated in the
crystal lattice of metals. Thus, in some metal hydrides, the packing density of hydrogen atoms may
exceed the density of liquid hydrogen. In this regard, metal hydrides are often considered as materials
for hydrogen storage [1-3]. The storage of hydrogen in metal hydrides is the safest method and allows
us to reach high values of volume and gravimetric density of hydrogen storage. Among the metal
hydride materials, a promising material for the storage and transportation of hydrogen is magnesium
hydride due to the high gravimetric content of hydrogen in the hydride material, which is about 7.6% by
weight [4-24]. Nevertheless, the use of magnesium as a reversible absorber of hydrogen is problematic
because of the high temperature (more than 300 °C) [25-28] required for the desorption of hydrogen
from magnesium hydride at an acceptable rate. There are some problems when using magnesium
powder as a storage material in hydrogen accumulators. Tanks with magnesium powder used as the
main fuel for the accumulator do not have uniform heating for hydrogen sorption/desorption, as a
consequence, magnesium powder was sintering near the heating element. Therefore, the powder, which
was far away from the heating element, could not be fully heated for thermal desorption, which resulted
in a low efficiency of hydrogen accumulation (35%). Thus, the practical use of magnesium-based
hydrogen storage materials can be difficult because it requires careful temperature control during
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thermal desorption to avoid overheating [29,30]. Bulk Mg has low hydrogen sorption/desorption
activity and usually requires temperatures of up to 350 °C to produce hydrogen.

At present, metal film coatings as hydrogen accumulators for disposable (battery) or reusable
(accumulator) action are of great interest for research [31-33]. Mg film consists of nanocrystals and
amorphous crystals in which the rate of hydrogen diffusion is fast, which speeds up the rate of
hydrogen sorption/desorption. These films are well studied, but there is a problem of the oxidation of
Mg applied by the magnetron sputtering method [34,35]. Titanium alloys are widely used as structural
and functional materials in medicine, automobile, aerospace, and chemical industry due to their high
strength, corrosion resistance, biocompatibility, and low weight. Spherical pure titanium powder
is characterized by very low resistance to hydrogen sorption. During hydrogenation, the titanium
powder accumulates up to 4.01 wt.% hydrogen, which makes it an excellent candidate for use as a
storage material.

The design of the film hydrogen accumulator is based on the concept of modular performance
of the hydrogen accumulator in the form of a system of easily replaceable in the course of operation
cartridges containing hydrogen in a bound state in the hydrogen-saturated film coating applied to a
metal foil tape, which can then be rolled up in a spiral or other form with a geometry that provides
a high degree of compaction [33]. To fix the cartridges, a system of heat-exchange elements with
bee honeycomb geometry is used; metals or alloys with high ohmic resistance are chosen as foil
materials, which are determined by the effective use of low inertia hydrogen thermodesorption modes.
The hydrogen desorption from the metal-hydride film, when a current passes through the foil, is much
more uniform and has significantly less inertia when compared with the desorption from volumetric
powder metal hydrides as the result of heating of the outer or inner cartridge surface.

Important requirements for hydrogen storage materials are high hydrogen capacity, good cyclic
stability, low hydrogenation, and dehydrogenation temperatures and pressures. However, there is
currently no clear understanding of the priority of hydrogen storage mechanisms in metal films.
Possible hydrogen binding mechanisms in metal films are hydrides, pseudohydrides, inter-grain
binding, and adsorption in the pores. Furthermore, the thickness and porosity of metal films can
affect sorption characteristics due to the various mechanisms of hydrogen diffusion. Therefore, it is of
practical and scientific interest to determine the peculiarities of hydrogen accumulation and distribution
in metallic coatings depending on the application and hydrogenation conditions.

2. Materials and Research Methods

Samples of stainless steel 0.12% carbon, 18% chromium, nickel 10% were used as substrates;
the analog of this stainless steel is $32109. Sample sizes of 20 x 20 x 1 mm? were used as substrates.
The surface of the substrates was prepared as follows: (1) Sanding and polishing of samples using
silicon carbide sanding paper with ISO marks from 160 to 4000; (2) Rinsing in an ultrasonic bath with
acetone for 20 min; and (3) Additional rinsing in acetone immediately before placing the samples in
the chamber for coating deposition.

The deposition of titanium (Ti) coatings was performed using a non-commercial Raduga Spectr
unit designed at Tomsk Polytechnic University [36]. Coating deposition was carried out by the
cathodic-arc deposition (CAD) method (physical vapor deposition). The principle of the CAD method
consists of the condensation of the coating material on the substrate from the plasma flow generated
from the cathode spots of the vacuum arc of high-current low voltage discharge. To generate the plasma
flow, a vacuum arc evaporator with a commercially pure titanium (CP-Ti, 99.95% purity) cathode was
used. The use of the arc discharge provides the formation of metallic plasma with a high degree of
ionization (over 90%). The average charge state of titanium ions was ~2.

The deposition parameters of the Ti coatings on steel substrates are presented in Table 1. The coating
thickness was determined by scanning electron microscopy (SEM).
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Table 1. Deposition parameters.

Distance to the Deposition

Sample  Ia,, A P, Pa Ubias, V Substrate, cm Thickness, um  t, min Rate, pm/min

Mode 1 75 0.16 =50 30 19+2 122 0.16
Mode 2 100 0.16 - 15 78 +4 80 0.98

The microstructure of the as-received coatings was analyzed using a scanning electron microscope
TM-2800 (Hitachi, Chiyoda, Japan). For microstructure characterization, the following preparation
steps were performed: (1) Electro spark cutting of samples; (2) Grinding and polishing using SiC papers
graded from 600 to 4000; and (3) Rinsing in an ultrasonic bath with acetone. The density of deposited
coatings was estimated based on mass gain data (the difference between the mass of the coated and
uncoated sample), the surface area of the sample, and average coating thickness. The mass gain of
the samples was measured using an analytical balance machine (Sartorius CP124 S, Sartorius AG,
Gottingen, Germany) with an accuracy of 107 g.

Hydrogenation of titanium coatings was carried out from the hydrogen medium on the automated
complex gas reaction controller. Samples were placed in a reaction chamber, and the chamber was
vacuumed and heated to a specified temperature at a rate of 6 °C/min. The hydrogenation temperature
varied from 450 °C to 550 °C in 50 °C increments. After heating, hydrogen was injected into the
chamber with the sample, and the hydrogen pressure in the chamber was 2 atmospheres and kept
constant. The hydrogenation was carried out until the equilibrium hydrogen concentration in the
sample was reached. After the completion of the hydrogenation, the chamber was evacuated and
slowly cooled at a rate of 2 °C/min [37].

Evaluation of the phase composition and structure of titanium coatings in the initial and
hydrogenated states was carried out by x-ray structure analysis on a Shimadzu XRD 7000S
(Shimadzu Corporation, Kyoto, Japan) diffractometer equipped with a One Sight high-speed wide-angle
detector. Diffraction patterns were recorded at the following parameters: Angle range by 20: 30-90°;
scanning speed —10°/min; scanning step —0.0143°; exposure time at the point —21.49 s; voltage —40 kV;
current strength —30 mA. Diffractogram analysis and phase identification were performed using the
PDF4 + 2019 database and Powder Cell 2.4 software (Federal Institute for Materials Research and
Testing, Berlin, Germany).

The determination of hydrogen content in titanium coatings was performed by melting in an inert
gas environment using a LECO RHEN 602 hydrogen analyzer (LECO, St. Joseph, MI, USA).

The study of hydrogen distribution in titanium coatings in the initial and hydrogenated states
was performed by optical emission spectrometry of high-frequency glow discharge on GD-Profiler
2 (Horiba, Kyoto, Japan). Distribution of chemical elements by depth was studied at the following
sputtering parameters: Power 35 W, pressure 650 Pa, frequency 13.56 MHz. Atomization was carried
out on an anode with a diameter of 4 mm; the working gas of the plasma was argon. Hommel Tester
T1000 profiler (Hommelwerke GmbH, Schwenningen, Germany) was used in the analysis of the
coating thickness.

3. Results and Discussion

3.1. Coating Microstructure

It was assumed that the increase in the coating thickness should reduce the hydrogen sorption
ability due to the growth of the hydride layer, which inhibits the diffusion of hydrogen. Thus, to increase
hydrogen diffusivity in thick coatings, it was proposed to increase their porosity. For this purpose,
the formation of thick (80 um) coatings was carried out at higher arc current and smaller distance
to the substrate (Table 1), which provided an increase in the droplet fraction and deposition rate.
Figure 1 demonstrates the typical microstructures of the Ti coatings deposited on Si substrates under
the conditions presented in Table 1 (for lower deposition time). It can be clearly seen that during the
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deposition in mode 1, the formation of a denser titanium coating with lower microdroplet fraction
occurred. This occurred both due to the decrease in the arc current and enhanced adatom mobility
on the surface under substrate biasing [38,39]. In the case of deposition in mode 2, the coating
had more defects, formed mainly by the incorporation of a large number of microdroplets into the
coating structure.

> Microdroplets | ¥~ Microdroplets

Si substrate Si substrate

@ (b)

Figure 1. Typical scanning electron microscopy (SEM) images of the Ti coatings deposited on Si
substrates during test deposition: Mode 1 (a) and mode 2 (b).

Figure 2 shows the cross-section SEM images of the as-received Ti coatings deposited on stainless
steel substrates. Some polishing traces and pores were visible on the polished surfaces. Since no
etching of samples was done, most pores in the coating could be filled during the polishing process.
There was some variation in the coating thickness, which was due to uneven growth when the droplet
fraction was deposited. The coatings had good adhesion to steel substrates as the interface had no
defects or coating delamination. The density of the coatings estimated by weight measurements was
(4.1+04) g/cm3 for the 20 um (mode 1) and (3.60 + 0.22) g/crn3 for the 80 um (mode 2) Ti coatings.

(@) (b)
Figure 2. Cross-section SEM images of the samples with Ti coatings: 20 um (a); 80 um (b).
Figure 3 shows the graph of the distribution of chemical elements by depth, where it can be seen

that in the initial state in the samples, the content of impurities including hydrogen was very low, and
the transition of the coating is clearly expressed.
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Figure 3. Depth distribution profile of chemical elements for 20 um (a) and 80 um (b) titanium coatings.
3.2. Hydrogenation of Titanium Coatings at the Gas Reaction Controller Automated System

Figure 4 shows the curves of hydrogen sorption in the samples with titanium coatings of each
thickness. The linear sections of the sorption curves were used to determine the hydrogen sorption
rate for each sample for each hydrogenation temperature. In addition, the maximum hydrogen
concentration accumulated in the sample was determined. This hydrogen concentration value was
determined volumetrically using special software of the gas reaction controller automated complex.
Measurement of the hydrogen content in two ways generally improves the accuracy of the hydrogen
concentration determination.

The concentration of hydrogen, wt.%
N
The concentration of hydrogen, wt.%

oL 1 1 1 1 1 =l
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Duration of hydrogenation, min. Duration of hydrogenation, min.

(@) (b)

Figure 4. Hydrogen sorption curves at different hydrogen sorption temperatures for the sample with
coatings of 20 (a) and 80 (b) pum, respectively.

Table 2 shows the values of hydrogen sorption rate and maximum hydrogen concentration that
were achieved during the hydrogenation of each sample. The absorption rate was calculated in the
initial sections of the sorption curve by approximation.

Table 2. Sorption rate and maximum hydrogen concentration depending on the hydrogenation
temperature for each sample.

Samples 20 um Ti Coating 80 um Ti Coating
Temperature 450 °C 500 °C 550 °C 450 °C 500 °C 550 °C
Sorption rate, wt.%/min 0.08 0.17 0.91 0.04 0.11 0.13

Maximum hydrogen content, wt.% 3.96 3.24 2.84 3.98 1.29 0.78
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By analyzing the curves of hydrogen sorption by the titanium coating samples and the values of
the hydrogen sorption rate and maximum hydrogen concentration in the samples, we can see that
increasing the temperature of hydrogen sorption led to an increase in the rate of hydrogen sorption.
The maximum hydrogen concentration in the samples decreased with the increase in the hydrogen
sorption temperature. It is important to note that the coatings with the titanium thickness of 20 um
compared to coatings with the titanium coating thickness of 80 um were characterized by higher
values in both the rate of hydrogen sorption and the maximum hydrogen content. The difference
in the kinetics of hydrogenation and capacity of titanium coatings with different thicknesses could
have be caused by the following factors. The first factor is the difference in coating structure due to
thermal influence during cathodic-arc deposition. Coatings with greater thicknesses are subjected
to more intense and prolonged heating due to the shorter distance from the cathode to the substrate
and higher values of arc discharge current. Such influence can affect both the coating growth and its
crystal structure, which can be expressed in a reduction of the concentration of lattice defects and,
accordingly, in an increase in the diffusion mobility of hydrogen atoms through an intracrystalline
diffusion mechanism. The second factor can be caused by the difference in the effective surface area of
coatings at the interaction with hydrogen. Thus, a titanium coating with a thickness of 80 pm has a
bigger effective surface area in comparison with the coating with a thickness of 20 um due to more
developed surface and additional side area (contribution of the latter is not more than 1.2%).

3.3. X-Ray Diffraction of Titanium Coatings

The results of the x-ray diffraction analysis shows that the as-received coatings consist of an «-Ti
phase with a hexagonal close packaged lattice (Figure 5). There were no phases related to the substrate
on the diffraction patterns due to the large thickness of the deposited coatings.
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Figure 5. Diffraction patterns of the as-received Ti coatings.

Diffraction patterns of the Ti coatings with a 20 um thickness after hydrogenation at various
temperatures are shown in Figure 6. The structural parameters of the coatings are presented in Table 3.
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Figure 6. Diffraction patterns of the 20 um Ti coating after hydrogenation at various temperatures.

Table 3. Structural parameters of the 20 pm Ti coating after hydrogenation.

Hydrogenation Detected Phases Phase Content, vol.% Lattice Parameters, A Crystallite Size, nm
Temperature

450 °C TiH_FCT 100 a=23.190, c = 4.387 19

500 °C Ti_HCP 90.3 a=4.396 43
TiH_FCC 9.7 a=2951,c=4.700 31
TiH_FCC 89.6 - -

550 °C TiH_FCT 5.0 - -
Ti_HCP 54 - -

The analysis of diffraction patterns shows the formation of ¢ titanium hydride with a face-centered
tetragonal lattice close to the TiH; stoichiometric hydride in samples hydrogenated at 450 °C. An increase
in temperature to 500 °C leads to the formation of § titanium hydride and « titanium phases.
The temperature increase up to 550 °C is accompanied by the formation of metastable vy hydride,
along with 6 hydride and « titanium phase.

Figure 7 shows the diffraction patterns of the Ti coating with 80 um thickness after hydrogenation
at various temperatures. The structural parameters of the 80 um Ti coating are presented in Table 4.
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Figure 7. Diffraction patterns of the 80 um Ti coating after hydrogenation at various temperatures.
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Table 4. Structural parameters of the 80 um Ti coating after hydrogenation.

Hydrogenation Detected Phases Phase Content, vol.% Lattice Parameters, A Crystallite Size, nm
Temperature
450 °C TiH_FCT 100 a=23.193,c=4.401 17
500 °C Ti_HCP 525 a=2948,c=4.703 45
TiH_FCC 47.5 a=4.39% 30
550 °C Ti_HCP 80.9 a=2.949, c=4.696 60
TiH_FCC 19.1 a=4.398 25

Hydrogenation at 450 °C is accompanied by the formation of ¢ titanium hydride with a
face-centered tetragonal lattice close to the stoichiometric TiH, hydride. The phase composition
of the coatings significantly changes with increasing temperature up to 500 °C. The « titanium and
b titanium hydride phases with the volume content of 52.5% and 47.5%, respectively, form as a
result of hydrogenation at 500 °C. Further temperature increase up to 550 °C does not change the
phase composition, but redistributes content between two phases. In this case, the volume content
of the 6 hydride decreased to 19.1%. Such regularity was observed in the 20 um Ti coating at the
same temperatures. Thus, it can be concluded that the tendency to decrease the fraction of hydrides
and, consequently, to increase the content of x-phase in titanium coatings remains, regardless of
the thickness.

3.4. Determination of Hydrogen Content in Coatings by Melting in an Inert Gas Medium Using a RHEN 602
Hydrogen Analyzer

According to the results of measuring the hydrogen content in the initial samples, it did not exceed
13 ppm; therefore, it can be concluded that no hydrogen accumulation in the material occurred during
coating deposition. Table 5 presents the concentration of hydrogen in the samples of each sample after
hydrogenation at different temperatures.

Table 5. Hydrogen content depending on the hydrogenation temperature for each sample.

Samples 20 um Ti Coating 80 um Ti Coating
Temperature 450 °C 500 °C 550 °C 450 °C 500 °C 550 °C
The hydrogen content, wt.% 3.82 3.12 2.76 3.84 1.13 0.59

An analysis of the hydrogen content for each sample after hydrogenation at different temperatures
confirmed the main conclusions made in the previous sections. As can be seen from Table 5, a high
hydrogen content was detected in the titanium coating with a thickness of 20 and 80 pm at a temperature
of 450 °C.

3.5. Glow-Discharge Optical Emission Spectroscopy Study of the Distribution of Hydrogen in Titanium Coating

The thickness of the obtained coatings was measured by the contact profilometry method after
coating sputtering. As can be seen from Figures 8 and 9, the coating was applied evenly, and the
thicknesses of the resulting coatings coincided with those specified in Table 1. The distribution of
hydrogen in the 20 um Ti coating by depth after hydrogenation is shown in Figure 8.

Figure 8 shows that the titanium coating with a thickness of 20 um after hydrogenation at a
temperature of 450 °C and 500 °C was characterized by a high intensity of the hydrogen signal in the
coating. Basically, hydrogen accumulated at the surface, and a decrease in hydrogen concentration was
observed at depth. At a temperature of 550 °C, the hydrogen concentration was low, mainly through
hydrogen accumulation occurring on the surface of the coating.
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Figure 8. Distribution of elements in the 20 um Ti coating during hydrogenation at different temperatures:
450 °C (a), 500 °C (b), and 550 °C (c).
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In Figure 8a,b, there was a hydrogen peak at a depth of 18 um. This was caused by the diffusion
movement of hydrogen to the substrate. It is known that the interface between the coating and the
substrate is the place with the greatest structural incoherence. In such places, hydrogen is energetically
beneficially distributed. The appearance of the hydrogen peak with a width of about 5 pm near the
substrate was apparently due to two reasons. The first reason is that the substrate was not a hydride
forming material and the hydrogen diffusion rate in steel is several orders of magnitude lower than in
titanium under experimental conditions. This led to hydrogen accumulation near the substrate-coating
interface. The second reason for the appearance of the wide hydrogen peak near the substrate-coating
interface was due to the different sputtering rates of materials such as titanium hydride and steel.

The distribution of hydrogen and the 80 pm Ti coating in depth after hydrogenation are shown in
Figure 9.

Figure 9 shows that a titanium coating with a thickness of 80 pm after hydrogenation at 450 °C
was characterized by a high intensity of the hydrogen signal in the coating; at depth, a decrease in the
hydrogen concentration relative to the surface was observed. During hydrogenation at a temperature of
500 °C, the diffusion of hydrogen to the substrate occurred due to the higher hydrogenation temperature,
but the hydrogen concentration decreased at 500 °C. At depth, a uniform distribution of hydrogen
was observed. At a temperature of 550 °C, the hydrogen concentration was low, and hydrogen
accumulation mainly occurred on the surface of the coating.

In Figure 9b, the same was observed as in Figure 8a,b. In Figure 9a, a different picture can be
observed because of the greater thickness of the coating, where a thicker layer of ¢ titanium hydride
formed with a face-centered tetragonal lattice close to the stoichiometric hydride TiH,. This hydride is
an obstacle to hydrogen penetration. Therefore, in Figure 8a,b, we can observe the hydrogen peak at
the boundary of the titanium coating and substrate. In Figure 9a, no hydrogen peak was observed at
the boundary of the titanium coating and substrate due to the formed thick layer of ¢ titanium hydride.

The obtained curves of the intensities of hydrogen distribution in Figures 8 and 9 are completely
consistent with the data from Table 5 regarding the concentrations of hydrogen in the coatings.

4. Summary

The deposition of titanium by the cathode-arc method on stainless steel samples at various
parameters allowed for the formation of porous and dense coverings with thicknesses of 20 and
80 microns. Precipitated coatings contained 100% «-phase of titanium with a hexagonal tightly
packed lattice. In the deposited titanium coatings, the hydrogen content did not exceed 0.0013 wt.%,
the coating was uniform, and the transition of the coating-substrate was marked. The 20 um Ti coatings
accumulated 3.96 wt.% of hydrogen during hydrogenation at 450 °C. Increasing the hydrogenation
temperature to 500 °C led to a reduction of the capacity to 3.24 wt.%. Further increase of the temperature
up to 550 °C led to a further reduction of the capacity to 2.84 wt.%. The 80 um Ti coatings accumulated
3.98 wt.% hydrogen during hydrogenation at 450 °C. The increase of the hydrogenation temperature
up to 500 °C led to the reduction of the capacity to 1.29 wt.%. Further increase of the temperature
up to 550 °C led to a further decrease of the capacity to 0.78 wt.%. The structural-phase features of
titanium coatings after hydrogenation correlated with the regularities of the hydrogenation process.
For all samples, the phase composition depended on the hydrogen concentration where the higher the
hydrogen concentration, the higher the volume fraction of hydrides in the coating. The distribution
of elements investigated by GD-OES including hydrogen showed that there were no impurities in
the initial samples before the hydrogenation. After hydrogenation, the data were fully correlated
with other methods. It is important to note that depending on the thickness of the coating during
hydrogenation, the distribution of hydrogen differs. The difference was observed in the 80 um of
titanium coating at the hydrogenation temperature of 450 °C and the thick layer of the resulting
titanium hydride prevented the penetration of hydrogen into the substrate.
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