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Abstract: Studies have been carried out to increase the adhesive interaction between a titanium
hydride substrate and a copper coating. An additional layer containing chemically active groups
was created on the surface of the spherical titanium hydride by chemisorption modification. This
paper discusses the results of scanning electron microscopy (SEM) using energy-dispersive X-ray
spectroscopic mapping of coatings obtained on spherical granules of titanium hydride before and
after adsorption modification. The mechanism of interaction of the surface of spherical granules of
titanium hydride and titanium sulfate salt is proposed. It is shown that the creation of a chemisorbed
layer of hydroxotitanyl and the subsequent electrodeposition of metallic copper contribute to the
formation of a multilayer shell of a titanium-copper coating on the surface of spherical titanium
hydride granules (=Ti-O-Cu-) with a high adhesive interaction. Results have been given for an
experimental study of the thermal stability of the initial spherical granules of titanium hydride and
granules coated with a multilayer titanium-copper shell.

Keywords: modifier; neutron shielding; titanium hydride; surface; sorption; scanning electron
microscopy; adhesion; electrodeposition; copper; hydroxotitanyl; X-ray; adsorption; chemisorption

1. Introduction

In connection with the development of the nuclear industry around the world, the de-
velopment of new materials for radiation protection has become a necessity. The main focus
in this area is on the development of composites based on transition metal hydrides [1,2].

Metal hydrides that have temperature stability in the high-temperature range (up
to 800 °C) are the most promising [3,4]. The main attention should be paid to titanium
hydride (TiH,), which contains a large number of hydrogen atoms per 1 cm? of the metal
(9.2 x 10??), second only to vanadium hydride 11.4 x 10?2 [5].

Titanium hydride in the form of polydisperse crumbs is used to fill voids and gaps
between radiation-protective products. The disadvantage of titanium hydride crumbs is the
presence of up to 5% of the fine fraction (less than 0.2 mm) in its composition. This factor is
an obstacle to the widespread use of crumbs since the fine fraction is fire hazardous and
explosive, and additional hydrogen is released during operation at high temperatures [6,7].
During transportation, packaging, and manufacturing of the mixture, the amount of the
fine fraction may increase.

Titanium hydride in the form of spherical granules is increasingly being used in
practice [8-10]. The use of spherical titanium hydride eliminates the disadvantages of
using polydisperse powder. The spherical shape of the granules allows the use of titanium
hydride as a filler for protective structures of complex configuration. A distinctive feature
of spherical granules made of titanium hydride is that they have higher strength and
explosion safety [11].
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However, it was shown in [5,12] that spherical titanium hydride has microcracks
(20-30 nm) on its surface through which hydrogen can be thermodiffused from the surface
layers and from the entire volume of the granules.

In the presence of spherical cracks on the surface of titanium hydride, the rate of its
oxidation and thermal diffusion of hydrogen at 300—400 °C is about two times higher than
for granules without cracks [5,13]. Therefore, much attention has been paid to the work
aimed at obtaining spherical samples of titanium hydride in which there are no cracks or
their numbers are reduced to a minimum. The analysis of the available research in this
direction [3,4,14] showed that the regulation of the conditions for the production (pressure
and temperature conditions) of spherical titanium hydride granules does not solve the
problem of the formation of surface microcracks. The most promising method is to “heal”
microcracks by artificially creating a multi-barrier system of energy “traps” on the surface
of the granule, which makes it possible to slow down the processes of thermal diffusion
of hydrogen from the crystal lattice of titanium hydride at high temperatures and protect
titanium from oxidation [5,15-25].

For example, the use of a copper coating to create a multi-barrier system of energy
“traps” on the surface of titanium hydride spheres increases their thermal stability by
creating a protective shell that prevents the thermal diffusion of hydrogen into the envi-
ronment. In the literature, there are many works on the creation of a copper layer, such
as electrophoretic deposition [26], continuous casting [27], reactive DC magnetron sput-
tering [28], dip coating [29], and others [30-34]. The copper layer completely covers the
surface of the spherical titanium hydride, covering all surface microcracks. However, in
the literature [35-38], a weak adhesive interaction between the titanium and copper layers
is noted.

The aim of this work is to improve the adherence of the copper coating to the surface
of spherical titanium hydride granules and to prevent its detachment. To achieve this goal,
studies were conducted to create an additional layer containing chemically active groups
on the surface of titanium hydride in a spherical shape by chemisorption modification.
It was assumed that this approach would “heal” defects and microcracks of the surface
of titanium hydride granules with simultaneous activation of the surface for subsequent
electrochemical deposition of copper ions.

2. Materials and Methods

As an object of research, titanium hydride granules of spherical shape (diameter
0.2-2.5 mm) of non-stoichiometric composition TiH; y were used in the work.

To obtain a solution of titanium sulfate salt, titanium plates were previously dissolved
in hot concentrated sulfuric acid. The equation of the reaction between concentrated
sulfuric acid and titanium metal under the action of temperature is as follows:

2Ti 4 6H,S0, — Tip(SO4)5 4 350, 1 +6H,0 )

During the reaction, crystallohydrates of acid salts TipH4(SO4)5-3H,O (blue precipitate)
and TiH(SOy),-4H,O (in the form of a purple colloidal solution) were obtained. The
resulting compounds were used for subsequent modification of the surface of the titanium
hydride fraction.

Strongly acidic solutions (at pH = 1) contain mainly TiO?* ions in their composition.
When the pH values increase, titanium (IV) ions undergo hydrolysis to form poorly soluble
compounds. It is worth noting that the process of hydrolysis of titanium (IV) ions begins al-
ready at pH > 1.5. In the range of values pH = 1.5-2, the hydrolysis form of the composition
Ti(OH),?* prevails in solutions. Further hydrolysis of Ti(OH),* at values pH = 4-5 leads
to the accumulation of [Ti(H,O)]** ions in the solution. During the hydrolysis of titanium
(IV) ions in acidic solutions, mononuclear large molecules are mainly formed, although the
possibility of higher-order forms is not excluded.



ChemEngineering 2021, 5, 72

30f12

To increase the efficiency of sorption of titanium compounds on the TiH; surface, the
pH of titanium sulfate salts was increased to pH = 4-5 by adding NH4OH, followed by
passing the resulting solution through a column filled with spherical titanium hydride.

After the termination of the adsorption contact, spherical granules of titanium hydride
were thoroughly washed with distilled water. To remove the crystallization water, the
granules were dried at a temperature of 180 °C.

The obtained coatings were examined by scanning electron microscopy (SEM) using
energy dispersive X-ray spectroscopy (EDS) mapping. The study was carried out on
a TESCAN MIRA 3LMU high-resolution scanning electron microscope (manufacturer
TESCAN ORSAY HOLDING, Brno, Czech Republic). The survey was carried out in the
mode of secondary electrons.

The topography of the surface structures of spherical titanium hydride was studied us-
ing an NTEGRA Aura high-resolution scanning probe microscope (manufacturer NT-MDT,
Moscow, Russia). To scan topographic images, we used stable and indestructible, moisture-
resistant AFM cantilevers coated with doped diamond for long-term measurements (man-
ufacturer NT-MDT, Russia). The intermittent contact mode of the HA_HR_HDCP (High
Accuracy High Resonance) series with a resonant frequency of 250 kHz and a power con-
stant of 17 N/m was used for operation. The processing of SPM images was carried out
using a special image analysis program. The indicator of the arithmetic mean roughness
Ra is determined, based on the calculation of the average height differences over a surface
of a given size.

To create an additional protective shell, electrochemical deposition of copper ions from
an aqueous solution of its salt on the surface of a spherical titanium hydride was carried
out. Electroplating of copper was carried out on the IPC-Pro 3A potentiostat installation
in a vessel filled with a 30% aqueous solution of copper sulfate (CuSO4-5H;0). A copper
plate was used as the anode. The cathode consisted of spherical granules of titanium
hydride, which fit tightly to steel rods previously cleaned from the oxide film. To ensure
tight contact of spherical titanium hydride with the surface of steel electrodes, they were
placed in a perforated polymer cylindrical container. Electroplating was carried out at a
current density of 1.5-2 A/dm? and a process time of 10 min. The control of the applied
coatings was carried out by optical and scanning electron microscopy.

Differential thermal (DTA), thermogravimetric (TG), and differential thermogravimet-
ric (DTG) analysis of the samples were performed on an STA-449 F1 Iupiter (Germany).
Thermogravimetric methods of analysis allow us to continuously record the change in the
mass of the sample with a high degree of accuracy to analyze the physical, chemical, or
physico-chemical processes occurring in the substance under the influence of temperature.
With the help of the DTG curve, it is possible to separate the overlapping thermal effects
that are not separable in the DTA curves. The peaks on the DTG curves correspond to the
maximum rate of mass change and the true reaction temperature and allow us to determine
the presence of ongoing thermo-oxidative reactions.

3. Results and Discussion

Spherical granules of titanium hydride have microcracks of 20-30 nm on the surface
(Figure 1a). These defects of the surface layer are formed as a result of the occurrence
of internal stresses associated with the difference in the rate of hydrogen adsorption on
the surface of the granules and the rate of its diffusion into titanium metal particles. The
data presented for mapping of the structure of the initial spherical granules of titanium
hydride by the chemical composition and energy dispersion spectrum at different points
(Figures 1b, 2 and 3) indicate the presence of mainly titanium ions in the surface layer
without foreign impurities.
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Figure 1. Micrograph of the surface (a) and mapping the structure (b) of the initial fraction of titanium
hydride by chemical composition: 1, 2—zones of mapping of chemical elements.
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Figure 2. Legend of mapping the chemical elements Ti (a), O (b), and C (c) of the initial fraction of
titanium hydride.
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Figure 3. Energy dispersive spectra at different points of the initial fraction of titanium hydride ((a)—point 1, (b)—point 2).

The analysis of images of the microstructure of the surface of spherical titanium
hydride granules modified under dynamic conditions at pH = 4-5 (Figure 4) showed that
the surface of titanium hydride granules is completely covered with an adsorption layer
with a pronounced aggregate-like relief. The resulting coating consists of fused plates
and rods (diameter up to 0.7 um, length more than 2 um). The exact dimensions of the
plates are difficult to determine, since they are tightly fused with the rods. Comparing
the data obtained with the literature [15,17], it can be assumed that the aggregate-like
relief is formed as a result of the adsorption of various titanium ions: Ti(OH),%* and
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[Ti(H,0)6]**. A micrograph with a view field of 1000 um of modified spherical titanium
hydride (Figure 4) shows that there are no defects in the form of cracks and depressions
characteristic of unmodified titanium hydride granules (Figure 1).

View field: 5.0 mm  Det: SE MIRA3 'ESC‘:Viow field: 1000 pm Det: SE MIRA3 TESC“ﬁViow field: 100 pm  Det: SE
SEM HV: 5.0 kV SM: FIELD SEM HV: 5.0 kV SM: FIELD SEMHV: 5.0kV  SM: RESOLUTION
0 Wi

Lol
WD: 5.04 mm BI: 6.0 WD: 504mm 200 pm D:504mm 20 HM U

A .
View field: 10.0 ym  Det: SE MIRA3 TESCAN View field: 10.0 pm  Det: SE MIRA3 TESCAN View field: 10.0 ym  Det: SE MIRA3 TESCAN
SEMHV: 5.0 kv Sm: REsoLuTion L-LLLLLLLL ~ SEM HV: 5.0 kv SM: REsoLuTioN -LLLLLLLL] “SEMHV: 50 kV SM: RESOLUTION 1
BI:6.0 WD: 5.81 mm BI: 6.0 WD: 5.04 mm BI:6.0 WD: 5.45 mm

Figure 4. Micrographs of the surface of the titanium hydride shot modified under dynamic conditions in the presence of
NH4OH (pH = 4-5).

The data shown on the map of the distribution of chemical elements on the surface of
the modified spherical titanium hydride granules (Figure 5a) and the energy-dispersion
spectra (Figures 5b,c and 6) confirm the adsorption of titanium sulfate salts on the surface
of the fraction. On the EDS surface of modified spherical titanium (Figure 5b,c), there are
peaks showing the content of S and O ions; at the same time, the intensity of Ti ions is less
than on the EDS of non-modified granules (Figure 3).

Taking into account the methodology of the adsorption experiment described above,
it is important to note the absence of desorption during the washing of modified granules
with distilled water. This moment indicates a high degree of adhesion of adsorbed ions
due to the inclusion of atoms in the crystal lattice of titanium hydride.

According to the parameters presented in Figures 7 and 8, it is possible to judge
the degree of surface roughness of the studied samples of spherical granules of tita-
nium hydride before and after adsorption modification. The analysis of the statistical
parameters of the surface shows that the initial surface of the titanium hydride fraction
is rather rough; there are depressions and protrusions, and the average roughness is
Ra =16.09 nm (Figure 7). The roughness parameters of the titanium hydride fraction af-
ter treatment with NH4OH (Ra = 2.35 nm) become smoother, which is associated with
adsorbed titanium salts (Figure 8).
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Figure 5. Structure mapping (a) and energy dispersive spectrum at different points (points (b)—1,
(c)—2) of the modified fraction of titanium hydride under dynamic conditions in the presence of
NH4OH (pH = 4-5).
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Figure 6. Legend of mapping the chemical elements Ti (a), O (b), S (c), and C (d) of a modified fraction of titanium hydride
under dynamic conditions in the presence of NH;OH (pH = 4-5).

The presented data indicate a high degree of adsorption of titanium salts and healing
of surface defects of the titanium hydride fractions.

According to the presented physicochemical studies of the surface of spherical gran-
ules of titanium hydride, taking into account the surface hydroxylated in an aqueous
solution, the following mechanism of interaction of titanium sulfuric acid salts with the
surface of granules with the formation of a chemisorption layer is possible (Figure 9).

Subsequent polymerization of titanyl leads to shielding of the surface of the titanium
hydride fraction (Figure 10a). After heat treatment (at 180 °C) of the modified titanium hy-
dride fraction, excess hydrated water is removed from the surface layer and hydroxotitanyl
is formed (Figure 10b).

At the next stage, the adhesion of the copper coating to the surface of the initial and
sorption-modified spherical granules of titanium hydride was studied.

Micrographs of the surface and cleavage (Figure 11) of the spherical titanium hydride
granules with a copper layer deposited indicate that the surface of the titanium hydride
granules is completely covered, with all surface microcracks closed. The thickness of the
copper coating is 10-14 um. However, in some areas, there are gaps between the surface
layer of the titanium hydride granule and the copper coating, with a width of 0.4-1.0 um,
which proves the adhesive interaction is weak.
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Figure 7. AFM images of the surface relief of spherical titanium hydride, non-modified: (a) 2D topographic image, (b) 3D
topographic image and (c) Surface profile.
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Figure 8. AFM images of the surface relief of spherical titanium hydride, modified with titanium salts in the presence of
NH4OH: (a) 2D topographic image, (b) 3D topographic image, and (c) Surface profile.
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Figure 9. Mechanism of interaction of titanium sulfuric acid salts with the shot surface.
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Figure 10. Screening of the titanium hydride (a) shot surface and formation of hydroxotitanyl (b) on
the surface.
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Figure 11. Micrographs of the surface and cleavage of spherical titanium hydride granules modified by copper electrochem-
ical deposition.

Figure 12 shows the microstructure of a multilayer coating on the surface of a spherical
titanium hydride granule. To create a multilayer coating, electrochemical deposition of
a copper coating on the surface of a titanium hydride granule previously modified by
chemisorption under dynamic conditions at pH = 4-5 was performed.
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View field: 5 mm Det: SE MIRA3 VESCAﬁ View field: 100 ym  Det: SE MIRA3 YESCAﬁ View field: 25 pm Det: SE MIRA3 'ESCAj
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Figure 12. Micrographs of a multilayer coating on the surface of a titanium hydride shot: 1—chemisorption layer,
2—copper layer.

A chemisorbed layer of hydroxotitanyl with a thickness of ~1 um evenly covers the
surface of a spherical titanium hydride granule, penetrating into the microcracks. The
copper shell has a homogeneous structure with high adhesion to the modified surface
of the granules and a weakly defined interface. The thickness of the copper coating is
almost the same on the entire surface and averages ~8-10 um (Figure 12). The high degree
of adhesion of electrochemically deposited copper on the modified surface of titanium
hydride is apparently due to the interaction of partially hydrolyzed copper ions with
hydroxotitanyl according to the scheme in Figure 13.

e} Lo
—O—Ti— OH -0—Ti-0-Cu
TiH, CI) +2Cu(OH)" — TiH, (l) (l) +2H,0
—O—Tl"i—OH 43—'l|"i—0—(‘3u
1ot 1o/

Figure 13. Scheme of interaction of partially hydrolyzed copper ions with hydroxotitanyl during
thermal drying.

The conducted studies prove the possibility of creating a multilayer shell of a titanium-
copper coating =Ti-O-Cu- with a total thickness of ~9-11 um on the surface of spherical
granules of titanium hydride.

To assess the feasibility of creating a multilayer titanium-copper shell, studies of
the heat resistance of unmodified and modified spherical granules of titanium hydride
were carried out. Thermogravimetric curves of the DTA of the spherical titanium hydride
granules having a multilayer titanium-copper shell (Figure 14b) as well unmodified gran-
ules (Figure 14a) are characterized by an insignificant endothermic effect in the range of
100-120 °C caused by the removal of sorption water. The peak of the endothermic effect
corresponding to the maximum decomposition rate of the hydride phase is observed at
temperatures of 557.7 °C for the initial granules (Figure 14a) and 784.3 °C for the modified
ones (Figure 14b). The initial and final stages of dehydrogenation of modified titanium hy-
dride correspond to temperatures of 699.7 °C and 848.6 °C, while for unmodified granules,
the temperatures are 462.9 °C and 722.8 °C.
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Figure 14. Dependence of TG and DSC on the temperature of unmodified (a) and modified (b) spherical granules of

titanium hydride.

Thus, the modification of the spherical granules of titanium hydride by creating a
multilayer titanium-copper shell shifts the beginning of the processes of thermal diffusion
of hydrogen to a higher temperature region by 236.8 °C, which proves there is an increase
in their thermal stability.

4. Conclusions

To increase the thermal stability of titanium hydride, a promising direction is to create
a modified sorption layer on its surface that prevents the diffusion of hydrogen into the
environment.

The creation of a protective shell on the surface of spherical titanium hydride granules
by electrolytic deposition of copper ions allows for the formation of a layer that completely
covers the surface of titanium hydride, covering all surface microcracks. However, in some
areas, there are gaps (0.4-1.0 um) between the surface layer of the titanium hydride granule
and the copper coating, which proves that the adhesive interaction is weak.

To increase the adherence between the titanium hydride substrate and the copper
coating, it is necessary to pre-activate the surface by creating an additional layer contain-
ing chemically active groups. The surface of the titanium hydride shot after chemical
interaction with titanium sulfate salts at pH = 4-5 under dynamic conditions is covered
with a uniform sorption layer. As a result of subsequent thermal drying at a temperature
of 180 °C, excess hydrated water is removed. As a result, the surface of the titanium
hydride fraction is completely covered with an adsorption layer of hydroxotitanyl with
a pronounced aggregate-like relief. The resulting chemisorbed layer of hydroxotitanyl
contributes to the creation of a multilayer shell of a titanium-copper coating on the surface
of the spherical titanium hydride granules (=Ti-O-Cu-) with a high adhesive interaction.

The creation of a multilayer titanium-copper shell on the surface of spherical titanium
hydride granules increases the thermal stability of the hydride phase by 236.8 °C; the initial
dehydrogenation temperature of the unmodified fraction is 462.9 °C, and the modified
fraction is 699.7 °C.
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