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The effect of both deformation conditions and pressing pressure on the struc-
ture and properties of titanium hydride formed by various methods, such as
quasi-hydrostatic pressing in a high-pressure chamber, free upsetting and
static one-stage pressing with subsequent second compaction, is studied. As
found out, the stresses exceeding the ultimate strength of titanium hydride
appear at the contact surfaces of particles at high pressures. The consolida-
tion of the powder occurs through the mechanism of particle crushing, which
contributes to the further compaction of TiH, powder, and due to plastic de-
formation. As also found out, the deformation of titanium hydride under
conditions of free radial shear provides plastic deformation at significantly
lower pressures as compared to the uniform quasi-hydrostatic compression.
As shown, the rate of hydrogen release from sintered compacts decreases at
higher pressing pressure and the degree of deformation.
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hydrostatic compression, free upsetting, porosity, dehydrogenation rate.

HociimxeHo BIJIMB YMOB Ae(opMyBaHHSA Ta TUCKY IIPECYBAHHA HA CTPYKTYPY
Ta BaacTuBocTi rinpuay Turany, cdhopMOBAHOTO Pi3HUMU METOAAMU, TAKUMU
K KBasuTiApocTaTUUHE IIPeCyBaHHS Y KaMepi BUCOKOTO THUCKY, BiJIbHUI oca
i craTuuHe omHOCTamiliHE IIPEeCYBaHHS 3 IOJAJBIIIMM HOBTOPHUM IIPECcyBaH-
HAM. BcTaHOBIIEHO, 1110 HA KOHTAKTHUX MOBEPXHAX YACTUHOK 38 BUCOKUX THC-
KiB BUHMKAIOTh HATIPYKEHHS, 110 IIePEeBUIITYIOTh MeKy MirHocTH rigpuny Tu-
Tany. KoHcosialis mopoIKy BigOyBaeThbCcsa 3a PaXyHOK MexXaHisMy moapio-
HEHHS YaCTUHOK, II[0 CIPUAE TOJAJBIIIOMY yIiJbHeHHIO mopoiky TiH,, Ta 3a
paxyHOK ImmacTuuHOi medopmalii. Tako:k BcTaHOBIIEHO, IO Aedopmarliia rifg-
puny TuTaHy B yMOBax BiJIbHOTO PafifAJbLHOTO 3CyBYy 3abesmeuye ILJIacTUUHY
IedopMariio 3a 3HAUHO HUMKUYNX TUCKIB IOPiBHAHO 3 PIBHOMipHUM KBa3UTif-
POCTATUYHUM CTHUCHEHHAM. IloKasaHo, IO MIBUAKICTHL BUAIJIEHHA BOTHIO 3i
CHeUeHNX KOMIIAKTiB 3MEHIIYETHCA 3 IMiJBUINEHHAM THCKY IpPecyBaHHA Ta
cTyImeHsa medopMmarrii.

Karouogi cioBa: rigpun Turany, cunbHa gedopmallis, mpecyBaHHsS, KBa3UTiI-
pocTaTuuHe CTUCHEHHS, BLILHIII 0call, HOPUCTICTD, MIBUAKICTD AeriipyBaHHA.
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1.INTRODUCTION

The rapid development of technologies constantly requires the use of
materials with a unique combination of properties, namely high values
of strength, hardness, thermal stability and, at the same time, low spe-
cific weight. One of the most promising materials is titanium, which,
due to its properties, has become one of the most important construc-
tion materials today[1].

The use of titanium and its alloys in powder metallurgy allows solv-
ing a number of issues (high-energy consumption, high material loss-
es, that result in high cost of products, etc.), which arise when parts
are produced by traditional methods. However, the main obstacle to
the widespread application of titanium powder metallurgy techniques
into industrial production is the high price of powders and insufficient
volume of their production. The price of titanium powders is signifi-
cantly higher than the price of titanium sponge, and in some cases even
higher than the price of ingots and some semi-finished products [2].
The main direction of the development of the titanium industry today
is the expansion of the field of application of titanium and its alloys
through the development of new economic technologies that provide a
significant reduction in the cost of both the material itself and prod-
ucts from it in comparison with existing approaches [3, 4]. The use of
titanium hydride instead of traditional titanium powder is more expe-
dient both from the technical and economic point of view [5], since hy-
drogen activates the processes of consolidation of powders during sin-
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tering, which provides a relative density of 98.5-99.5%, the required
phase composition, microstructure, and chemical homogeneity with a
low content of impurities [6]. However, the disadvantage of using tita-
nium hydride in powder metallurgy technologies is its high brittleness,
which negatively affects the compaction of powder particles at the
stage of part formation. Nevertheless, it is known that the plasticity of
titanium hydride increases after severe deformation; this is associated
with increased mobility of dislocations [7, 8]. As known, the plastic
deformation of hexagonal close-packed (h.c.p.) titanium is controlled
by the sliding of screw dislocations [9].

The use of the techniques of severe deformation, including torsion
under high pressure, equal-channel angular pressing, screw extrusion,
free upsetting and forging [10-12] provides a non-trivial combination of
strength and plasticity of powder materials. This becomes especially im-
portant for the formation of the structure and properties of brittle and
low-plasticity materials, such as titanium hydride. The effect of increas-
ing strength and plasticity after severe deformation at high pressures is
known for many metallic materials, including titanium [13]; however,
this effect has practically not been studied for titanium hydride. This
determines the relevance and timeliness of researches on this issue.
Therefore, the purpose of this work was to study the influence of press-
ing pressure and conditions of severe deformation on the structure and
properties of titanium hydride formed by various methods.

2. EXPERIMENTAL TECHNIQUES

The initial titanium hydride powder was produced by hydrogenation of
titanium sponge. Titanium hydride powder had an f.c.c. lattice with a
hydrogen content of 4 wt.%. The powder was heterogeneous in the par-
ticle size in initial state. The size of the powder particles varied from
100 pm to several millimetres. Therefore, the powder was first ground
in a titanium planetary mill, in the environment of ethyl alcohol, for
5 minutes. Grinding titanium hydride in a planetary mill increased the
specific surface area of the powder, the density of structural defects in
the crystal lattice, and decreased hydrogen content to 3.8 wt.% (de-
termined by the method of reductive extraction with carbon in the flow
of He with subsequent chromatographic registration of the reduction
products); the chemical activity also increased [14]. After grinding,
the < 50 pym powder fraction was sieved for further investigations. In
order to study the deformation process and the effect of pressing pres-
sure on the properties of the TiH, powder compacts, one-stage pressing
in a steel split mold, second compaction, free upsetting between steel
plates, and quasi-hydrostatic compression in a high-pressure chamber
were carried out.

The fracture surfaces of the compacts were examined at a REM-1061



1228 Ie. G.BYBA, A. V. MINITSKYI, D. S. LEONOV et al.

scanning electron microscope.
The phase composition was studied by x-ray analysis at a RIGAKU

ULTIMATV diffractometer with CuK,, , (A, = 0.1541 nm)radiation.

The mechanical properties of the titanium hydride compacts were
investigated by continuous indentation at a Micron-gamma unit [15].
The method of continuous indentation is based on automatic registra-
tion of the load on the indenter, as well as the depth of its penetration.
The hardness and elastic modulus were determined by penetration
curves according to Oliver W.C., Pharr G. [16] and international
standard ISO/FDIS 14577-1:2002.

In order to study the kinetics of gas release from TiH,, the compacts
were heat treated at an ELA-6 electron-beam unit. The TiH, powder
compacts were placed in a vacuum chamber with an electron gun. They
were heated with a rate of 3—4°C/s up to 800°C with a directed and fo-
cused beam of accelerated electrons. The energy of the flow trans-
formed into thermal energy; the material was heated due to the slow-
ing-down of electrons in the material.

3. RESULTS AND DISCUSSIONS

The < 50 ym fraction of TiH, powder was examined at a high-resolution
scanner (Innovative Sintering Technologies Ltd). The average size of
the powder of this fraction was 7 uym. The particles of this fraction had
irregular shape and varied in size (SEM, Fig. 1). The residual porosity
of formed TiH, powder samples was determined (Table 1).

After one-stage pressing, the residual porosity was rather high
(20%) that was associated with the features of the formation of brittle
materials. Since titanium hydride is brittle, it has a completely differ-
ent compaction mechanism compared to plastic titanium powder. Plas-
tic titanium particles deform during pressing, forming comparatively
large pores whose size decreases with increasing pressure. In contrast
to this consolidation mechanism, brittle hydride particles crush and
crumble under pressing, that leads to the formation of fine pores
whose size practically does not depend on the applied pressure. There-
fore, pressing of titanium hydride with additional second compaction
of the compacts at a pressure of 800 MPa was investigated. The second
compaction in a split mold is an effective way to reduce the porosity of
powder materials [17]. After the second compaction, the residual po-
rosity of the compacts was almost halved to 11-12%. The decreased po-
rosity was caused by the elastic aftereffect. When the load was re-
moved, the compacts increased in size; accordingly, the particles that
were jammed during pressing split and slightly shifted, which con-
tributed to a denser arrangement of titanium hydride particles in the
compact [18]. However, taking into account the fact that the elastic
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Fig. 1. Microstructure of TiH, after grinding in a planetary mill.

TABLE 1. Porosity of titanium hydride compacts formed by various methods.

Pressing method Porosity, %
One-stage pressing (400 MPa) 19.37
Pressing with second compaction (800 MPa) 12.18
Pressing in high-pressure chamber (2.5 GPa) 2.47
Pressing in high-pressure chamber (4.2 GPa) 2.15
Pressing in high-pressure chamber (7.7 GPa) 1.91
Pressing with free upsetting (2.5 GPa) 1.22

aftereffect for low-plastic materials is rather insignificant, the shift of
titanium hydride particles is not significant, which causes high resid-
ual porosity. Therefore, it is necessary to apply significantly higher
loads that provide large deformations of 80—-90%, which can be imple-
mented in high-pressure chambers under conditions of quasi-
hydrostatic compression or with free upsetting with radial shear.
Under pressing in a high-pressure chamber, stresses exceeding the
ultimate strength appear on the contact surfaces of the particles. The
particles crush, which contributes to the further densification of the
TiH, powder and consolidation of the particles into solid compact
(Figs. 2, ¢, d, e). This reduces the porosity of the compact to 1-2%.
After one-stage pressing, the particles were densely arranged on the
fracture surface; brittle fracture on the surfaces of some particles was
observed (Fig. 2, a). After pressing with second compaction, the num-
ber of crushed brittle particles increased significantly (Fig. 2, b); fine
particles formed after crushing filled the pores between coarser parti-
cles, thereby increasing the density of the compact. After pressing in a
high-pressure chamber, the consolidation of particles was observed; at
a pressing pressure of 7.7 GPa, the particles combined into blocks. Ev-
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Fig. 2. Fracture surfaces of TiH, powder compacts formed by different methods:
one-stage pressing (a); pressing with second compaction (b); free upsetting (c);
pressing in high-pressure chamber at: 2.5 GPa (d), 4.2 GPa (e), 7.7 GPa (f).

idences of plastic deformation appeared, which was confirmed by some
broadening of the x-ray diffraction peaks.

X-ray phase analysis showed that the compacts were in a single-
phase state (titanium hydride) (Fig. 3). A comparative analysis of the
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Fig. 3. X-ray diffraction patterns of TiH, compacts formed under different
conditions: uncompacted sponge titanium hydride powder (a), one-stage
pressing (b), pressing with second compaction (c), pressing in high-pressure
chamber at 2.5, 4.2, and 7.7 GPa, respectively (d, e, f).
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x-ray diffraction patterns showed that the pressing of titanium hy-
dride powder does not affect the position of the diffraction peaks (i.e.,
the lattice constant), which indicates the preservation of the hydrogen
content in the material after processing with uniform compression.
Without affecting the composition, the pressing of the titanium hy-
dride powder led to a further broadening of the peaks (see Fig. 3),
which indicates the development of plastic deformation during pro-
cessing under conditions of quasi-hydrostatic compression.

An analysis of the profile of x-ray diffraction peaks of the original
powder and compressed samples showed that their physical expansion
was associated with the disturbance of lattice periodicity and microde-
formations in the titanium hydride lattice caused by randomly distrib-
uted dislocations.

Along with the compaction under hydrostatic compression, the op-
tion of deformation of titanium hydride by free upsetting with large
shear deformations was examined. Pressed compacts with an initial po-
rosity of 19-20% were placed in annealed steel shell rings with a height
of 14-15 mm (that corresponded to the height of the compacts) and an
internal diameter of about 10 mm; then, they were placed between the
steel plates of a press and compressed at a pressure of 2.5 GPa.

The degree of deformation of the compacts from titanium hydride
under free upsetting was 80%. Comparatively brittle material did not
crack or crush. Dense billets were produced with porosity not higher
than 1-2%. The steel shell ring supported the compact, which pre-
vented it from crushing during deformation. However, unlike the
hardened plates of the press tool, the annealed steel shell ring was de-
formed together with the compact with a significant shift in the radial
direction. Accordingly, the peripheral zone of the compact had signifi-
cant shear deformations, unlike the central zone. The changes in the
structural state in different zones of titanium hydride compacts after
free upsetting were investigated.

The microhardness of the upset samples decreased from the periph-
ery to the centre of the compact (3.5-5.0 and 1.8-2.0 GPa, respective-
ly) (Fig. 4). This decrease in microhardness was accompanied by a de-
crease in the elastic modulus from 68.7 to 54.7 GPa (Table 2). At the
same time, the ductility factor of titanium hydride naturally increased
from 0.812 to 0.869, which can be explained by a higher density in the
centre of the compact.

With the increase in hardness, the stresses on the periphery in-
creased from 0.407 to 0.711 (Table 2) due to a more complicated de-
formation mechanism: a combination of normal and shear defor-
mations, in contrast to the centre with only normal deformations.

The higher stresses on the periphery are also evidenced by structural
changes in the material (see the results of x-ray structural analysis in
Fig. 5).
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Fig. 4. Changes in microhardness of TiH, compact from periphery to centre after
upsetting.

TABLE 2. Mechanical properties of titanium hydride compacts after free upset-
ting.

Zone | H (Meyer), GPa | E, GPa Ductility factor | Stress, GPa

Periphery 3.51 68.7 0.812 0.711
Centre 1.86 54.7 0.869 0.407
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Fig. 5. X-ray diffraction patterns of titanium hydride after upsetting in central
and peripheral zones.

The results of the x-ray phase analysis show that the (111) peak has
higher intensity on the periphery (higher deformations) compared to
the centre (lower deformations). This may be associated with the fact
that titanium hydride has an f.c.c. lattice with main slip direction
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{111}. In turn, the lattice constant in the centre of the sample was
4.4167 A, whereas on the periphery it was 4.4131 A, which indicates a
greater degree of deformation during processing, as initially it was
4.4183 A.

Thus, the process of free upsetting provides compaction of brittle
powder materials to a non-porous state. The use of steel shell rings
with a given level of plasticity provides conditions for producing bil-
lets with a gradient of properties across their cross-section. It should
be noted that the deformation of titanium hydride under conditions of
free radial shear provides plastic deformation at much lower pressures
compared to the uniform quasi-hydrostatic compression.

In order to determine the rate of gas release from TiH, compacts, the
samples pressed under different conditions were heat treated in an ELA-
6 electron beam unit. The amount of hydrogen released during dehydro-
genation decreased with the pressing pressure. This effect can be ex-
plained by Le Chatelier’s principle. According to this principle, a system
in stable equilibrium, when an external action is applied to it (change in
temperature, pressure, etc.), tends to return to the state of equilibrium.

The dehydrogenation rates of TiH, samples compacted at different
pressures are listed in Table 3.

Since the crystal lattice is deformed at high pressures, zones with
high stresses appear in it. In the TiH, system, hydrogen atoms occupy
mainly tetrahedral interstitial sites. Since the system tends to equilib-
rium and stress relaxation, some hydrogen atoms move into the octa-
hedral interstitial nodes. These sites are smaller, so it takes more ener-
gy to release hydrogen from the sample. This effect leads to a decrease
in the gas release rate at higher pressing pressures and deformations of
the compacts. Upon pressing with subsequent second compaction, the
gas release rate increases, because partial stress relaxation occurs, and
hydrogen atoms remain in the tetrahedral interstitial sites after the

TABLE 3. Gas release rates for TiH, samples compacted at different pressures.
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first pressing.

The reduction of gas release at high pressures is also associated with
almost complete closure of the pores in the compacts. The most intense
pore closure occurs under shear deformations, i.e., when a compact de-
forms in the radial direction.

4. CONCLUSIONS

The application of severe deformation to titanium hydride compacts by
means of hydrostatic compression in a high-pressure chamber or free
upsetting provides porosity reduction to 1-2%. This is caused by the
deformation of the structure and formation of stresses that exceed the
ultimate strength on the contact surfaces. According to fractographic
investigations, some particles were crushed in the compacts formed by
one-stage pressing and with second compaction, whereas at high pres-
sures, consolidation of particles was observed, and signs of plastic de-
formation appeared, which was confirmed by the broadening of x-ray
peaks.

The pressing of the titanium hydride powder did not lead to changes
in the position of the diffraction peaks, i.e., the lattice constant did not
change, which indicates the preservation of the hydrogen content in
the material after hydrostatic compression.

It is shown that free upsetting with radial shear allows producing
compact titanium hydride billets where structural components vary
depending on the deformation zone. A gradient of physical and me-
chanical properties of the compact material was observed after upset-
ting. Microhardness and elastic modulus decreased from 3.5-5.0 to
1.8-2.0 GPa, and from 68.7 to 54.7 GPa, respectively. The ductility
factor increased from 0.812 (centre) to 0.869 (periphery).

The gas release rate of sintered samples decreased from 0.102-1072
Pa/s to (0.024-0.038)-10%2 Pa/s with increasing pressure and degree of
pressing deformation. This is due to the fact that hydrogen atoms ini-
tially located in the tetrahedral interstitial sites are pushed into octa-
hedral ones at high pressures. This dependence was not observed for
pressing and subsequent second compaction that is explained by partial
stress relaxation after the first pressing.
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