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Abstract

This paper studies the effect of reversible hydrogen alloying of the TC4 alloy on the
microstructure, phase composition, and mechanical properties before and after equal-
channel angular pressing. It is shown that the introduction of 0.3% hydrogen followed
by quenching from a temperature of 850 °C leads to the formation of a thin-plate o/~
martensite, which made it possible to implement 6 passes (¢ ~ 4.2) of pressing at 600 °C. As
a result of the deformation of the TC4-H alloy and subsequent thermal vacuum treatment
to remove hydrogen, an ultrafine-grained structure with an average size of the «-phase of
0.15 pm was formed, which led to strengthening of the alloy to 1490 MPa with a relative
elongation of about 5% at room temperature. The reasons for a more significant refinement
of the grain/subgrain structure and an increase in the tensile strength of the hydrogenated
alloy after equal-channel angular pressing in comparison with hydrogen-free TC4 alloy
are discussed.

Keywords: titanium alloy; reversible hydrogen alloying; equal-channel angular pressing;
ultrafine-grained structure

1. Introduction

It is known [1,2] that hydrogen in titanium and its alloys forms an interstitial solution and
causes hydrogen embrittlement of materials. Hydrogen embrittlement is most pronounced in
pure titanium and single-phase titanium alloys with an o-structure. Embrittlement is associ-
ated with the formation of a hydride phase, which significantly reduces the tensile strength
of the material. In two-phase alloys, the formation of hydrides is prevented by the presence
of a 3-phase capable of dissolving hydrogen. However, in such alloys, zones supersaturated
with hydrogen can form [2], which leads to brittle fracture under slow deformations, such as
long-term static (strain rate 1073-10* s~ 1) or slow dynamic loadings.

The effect of hydrogen on (x + (3) titanium alloys is determined by the ratio of phases
in their microstructure. At an increased concentration of the (3-phase, hydrogen predom-
inantly migrates within the crystal lattice of the 3-phase and reacts with the x-phase at
the o/ 3 interfaces. The «/ 3 boundary itself is considered an effective hydrogen sink [3-5]
and a place for the formation of hydride inclusions caused by excess hydrogen solubility
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in the a-phase [6]. The formation of such inclusions significantly deforms the structure of
the alloy, which contributes to its embrittlement due to the weakening of the o/ 3-phase
interfaces by the hydride phase [7].

However, when properly used as a temporary alloying element, hydrogen can signifi-
cantly improve the machinability, microstructure, and mechanical properties of titanium
alloys [8,9]. Thermohydrogen treatment is based on the modifying effect of hydrogen as
an alloying element on the phase compositions, development of metastable phases, and
kinetics of phase transformations in titanium alloys [4-8]. Hydrogen is a unique alloying
element in titanium alloys because, unlike other elements, it can be easily added and
removed without melting.

For example, the use of preliminary hydrogenation before severe plastic deforma-
tion (SPD) allows for an increase in the deformation capacity of the material [10-13]. In
particular, in the experiments [12,13] using the Ti-6Al-4V alloy, it was shown that when
using hydrogen as a temporary alloying element in the process of forming an ultrafine-
grained/submicrocrystalline structure by the methods of all-round pressing in two-phase
titanium alloys, phase transformations occur that facilitate the refinement of the structure.
This allows for the reducing of the deformation degree necessary to obtain a microstructure
in the alloy with a grain/subgrain size in the a-phase of 0.1-0.5 pm.

At the same time, the all-round pressing method has a fairly simple deformation
scheme compared, for example, to equal-channel angular pressing (ECAP), in which
shear deformation is realized in the deformation zone [14,15]. The ECAP method for
titanium alloy billets can be implemented only at elevated temperatures. For example,
the Ti-6Al-4V (similar to Russian VT6) alloy was subjected to ECAP with an increased
channel intersection angle (120° and 135°) at a temperature of 700 °C [16,17]. In recent
studies, two-phase VT6 and VI8M-1 alloys were successfully deformed at temperatures of
650 °C [18] and 750 °C [19]. The tensile strength of the alloys after ECAP usually increased
by about 25% due to the formation of a grain size of about 0.5 pm [16]. Reduction of the
temperature of deformation treatment by the ECAP method to 600 °C was demonstrated for
the Ti-6Al-4V ELI alloy with an extra low content of impurities, in particular, oxygen [16].
It can be assumed that the use of preliminary alloying of the TC4 alloy with hydrogen will
allow, on the one hand, an increase in the deformation capacity of the material during shear
deformation during the ECAP process, and on the other hand, the attainment of a higher
strength with a decrease in the accumulated degree of deformation.

The aim of this work is to study the effect of hydrogen alloying on the structural-
phase composition and mechanical properties of the TC4 alloy, the deformation capacity
during ECAP to form an ultrafine-grained (UFG) structure, and the increase in strength of
various properties.

2. Materials and Methods

For the study, titanium TC4 alloy rods with a square cross-section of 12 mm with the
elemental composition of the material Ti-6Al-4V (Ti-6.3Al-4.2V-0.3Fe-0.10-0.045i-0.02N-0.01C,
in wt%) were obtained. These rods were subjected to hydrogen-imbued annealing at the
temperature of 750 °C and air cooling to attain a concentration of H = 0.3%. Then, subsequent
quenching from 850 °C in water at a cooling rate of more than 50 °C/s was carried out.

When choosing the hydrogen concentration, we were guided by previously pub-
lished data [20,21] which showed that at a hydrogen concentration of less than 0.3 wt%,
o -martensite is formed mainly in an alloy of type Ti-6Al-4V. At concentrations above
0.3 wt%, o -phase is transformed to ! -phase, which is identical to the transformation
of titanium during alloying with B-isomorphic stabilizers [12]. It is expected that the
formation of «”’-martensite in the microstructure makes it possible to reduce the flow stress
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during deformation of the alloy by the ECAP method. The choice of the studied hydrogen
concentration of approximately 0.3 wt% was also due to a decrease in the probability of
hydride formation at grain boundaries. For example, in [22] it was shown that in the VT6
alloy, with an increase in the hydrogen content of more than 22 wt%, the alloy retains a
two-phase state and, when deformed at 700 °C, hydrides are released.

Upsetting tests of hydrogenated samples were carried out in the temperature range of
500-800 °C with a step of 50 °C and initial deformation rates of 1072,1073,and 10 % s 1.
For a statistical analysis, three samples were tested in each test mode. For each test, 7 mm
high samples were made. The manufacturing accuracy was controlled by measuring
with a caliper with a measurement error of 0.01 mm. The upsetting was carried out to a
deformation degree of 80% (final height of samples ~ 1.5 & 0.2 mm) and was controlled by
software Bluehill Universal (version 4.08.24426) by moving the crosshead by a specified
value (Table 1). Tests at 500 °C and an initial strain rate of 102 were stopped prematurely
due to a sharp drop in stress caused by the appearance of cracks in the samples. Tests at

-1

650 °C and an initial strain rate of 10~% s~ were similarly stopped.

Table 1. Parameters of samples TC4-0.3H before and after upsetting.

Temperature (°C) De forrlrrll:g(a)L (s-1) Initial Height (mm) Final Height (mm) Deformation (%)
1072 7.04 4.87 30
500 1073 7.04 1.27 82
1074 7.05 1.1 84
1072 7.07 1.12 84
550 1073 7.09 1.14 84
104 7.05 1.1 84
1072 7.09 1.52 79
600 1073 7.07 1.52 79
1074 7.05 1.52 78
1072 6.99 1.5 79
650 1073 7.07 1.52 79
104 7.05 3.51 50
1072 7.07 1.12 84
700 1073 7.01 1.37 80
1074 7.0 1.05 85
1072 7.07 1.52 79
750 1073 7.07 1.52 79
1074 7.08 1.52 79
1072 7.05 1.1 84
800 1073 7.05 1.3 82
1074 7.0 1.05 85

Hydrogenated billets with a diameter of 12 mm were subjected to ECAP under isothermal
conditions at a temperature of 600 °C (tooling temperature T = 530 °C) along the Bc route
(turning the rod around its longitudinal axis by 90 degrees in the same direction after passing
it through the ECAP die set) on a tooling with a channel intersection angle of 120° at a



Metals 2025, 15, 839

40f 15

deformation rate of 1072 s~!. The maximum number of passes without destruction of the
material was 6 cycles, which corresponds to a deformation degree of € ~ 4.2.

The microstructure of the samples was studied using an Olympus GX53 (Olym-
pus Corporation, Tokyo, Japan) optical microscope, a JEOL JSM-6490LV (JEOL, Tokyo,
Japan) scanning electron microscope (SEM) at an accelerating voltage of 20 kV, and a JEOL
JEM-2100 (JEOL, Tokyo, Japan transmission electron microscope (TEM) operating at an
accelerating voltage of 200 kV. Foils for studying the fine structure were obtained by me-
chanical thinning of the blanks on grinding paper to a thickness of 0.1-0.2 mm, followed
by electrolytic polishing on a Tenupol-5 (Struers, Denmark) unit using an electrolyte of
the following composition: 300 mL methanol (CH30H), 175 mL butanol (C4HyOH), and
30 mL perchloric acid (HCIO4). The sizes of structural elements were measured by the
secant method.

X-ray phase analysis (XRD) was performed on a Bruker D2 Phaser (Bruker corporation,
Billerica, MA, USA) diffractometer with CuK« radiation (A = 0.1540562 nm) within the
scattering angles 260 from 25° to 95°.

Microhardness values were measured on an EmcoTest “DuraScan-50" «<EMCO-TEST
PrufmaSchinen GmbH», Kuchl, Austria) automatic microhardness tester using the Vickers
method by pressing a regular diamond pyramid with an apex angle of 136° into the test
sample. The maximum applied load on the indenter was 100 g and the holding time was 10 s.

The mechanical properties of the samples were assessed using standard round samples
with a diameter of 3 mm. Mechanical tensile tests were carried out at room temperature

with an initial deformation rate of 1073 s—1.

3. Results
3.1. The Effect of Hydrogen Alloying on the Microstructure of the TC4 Alloy

The microstructure in the initial state was characterized by a mixed structure consisting
of a fraction of grains of the primary «-phase (25%) and a 3-transformed « + 3 component.
The grains had a slight elongation: the average length was 14.7 & 3.1 pm and the width
was 7.8 £+ 1.5 um. The microhardness in the initial state was 348 HV.

After hydrogenation, a martensitic structure was formed (Figure 1). A comparative
analysis of the structure in the transverse and longitudinal directions made it possible
to establish its homogeneity, i.e., the structure of the material in the center and at the
surface layers closer to the edge is identical. In the longitudinal direction (Figure 1b), large
polyhedral grains with sizes from 50 to 500 pm are more clearly observed, inside which
several packets of plates are fixed (Figure 2).

(@ - (b)

Figure 1. Microstructure of TC4-0.3H alloy: (a) the billet cross-section; (b) the longitudinal billet
section. Optical metallography.
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Figure 2. SEM microstructure of TC4-0.3H alloy: (a) the billet cross-section; (b) the longitudinal billet
section. Scanning electron microscopy.

The plates, collected in colonies and located in the body of the grains, have different
thicknesses (Figure 2). The thickness of the plates varies in the range from 0.3 to 4.0 pm.

A study of the microstructure using a transmission electron microscope showed that
the observed plates are a collection of more dispersed, regularly arranged plates or twins,
the thickness of which does not exceed 100 nm (Figure 3). The presence of twins is also
confirmed by the diffraction pattern with extra reflections present on it (Figure 3b).

(b)

Figure 3. Microstructure of TC4-0.3H alloy: (a) bright field; (b) dark field. Transmission electron
microscopy.

Figure 4 shows the X-ray diffraction patterns of the alloy before and after hydrogen
alloying. The hydrogen-free alloy has a typical phase composition characterized by peaks of
the o and B phases. The X-ray diffraction pattern shows peaks of the martensitic «”’-phase
after hydrogen alloying.

The addition of hydrogen causes a large distortion in the lattice, which increases
the resistance to shear displacement during the martensitic transformation and leads to
a change in the crystal structure from the hcp to the orthorhombic lattice [6]. Thus, the
structure of the alloy after hydrogenation is represented by o/ martensite needles in the
-phase grains.
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Figure 4. X-ray diffraction pattern of initial TC4 and TC4-0.3H alloys.

3.2. Evaluation of the Deformability of Hydrogenated TC4-0.3H Alloy by the Isothermal
Upsetting Method

As is known, the implementation of multi-pass ECAP in alloys such as Ti-6Al-4V

is associated with certain difficulties, primarily with its low deformability. This method

is characterized by a narrow deformation focus zone and its high intensity. In our early

works [16], an increase in the deformability of the alloy during ECAP was achieved using an
elevated processing temperature of up to 700 °C and using tooling with increased channel
intersection angles of 120° and 135°.

Stress (MPa)

Stress (MPa)

To assess the deformation behavior of the hydrogenated TC4 alloy, rheological upset
tests were carried out in the temperature range of 500-800 °C with a step of 50 °C with
different strain rates. Typical stress-strain curves are shown in Figure 5.
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Figure 5. Typical stress-strain curves of TC4-0.3H alloy during upsetting at a temperature of:

(a) 500 °C; (b) 600 °C; (c) 700 °C; (d) 800 °C.
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In the curves, regardless of the test mode of the samples, it is possible to distinguish
an elastic region and a softening region, which occurs immediately after reaching the yield
strength. In Figure 6 and Table 2, the test results are summarized in graphs of the yield
strength of the hydrogenated alloy as a function of temperature and strain rate. With a
decrease in the initial strain rate and an increase in the test temperature, a decrease in the
flow stress value was observed.

700

600
500 +
400+

300

200

— 1078
107 g
100 = 10'4 S’l

Yield Strength 0.2 % (MPa)

0 I T T T
500 600 700 800

Temperature (°C)

Figure 6. Dependence of the yield strength on temperature and strain rate of the TC4-0.3H alloy

under compression.

Table 2. Yield strength of the TC4-0.3H alloy under compression.

Yield Strength 0.2% (MPa)

Temperature, (°C)

500 550 600 650 700 750 800
Strain_
Rate, ¢
102 653 £ 3 639 £ 11 583 +£7 560 £5 418 £ 9 374+ 4 228 + 17
103 608 + 4 532 +9 540 £ 10 486 + 8 313+ 7 203 £ 8 181+ 5
10—¢ 612 £ 6 550 4+ 18 430+ 8 317 £ 12 230+ 8 167 £ 11 106 £7

The highest yield strength values (above 800 MPa) of the alloy were observed during
tests at 500 °C (Figure 5a). The flow stresses at 600 and 700 °C were in the range of
540-350 MPa at an average strain rate of 1072 s~! (Figure 5b,c). Similar deformation
behavior was observed for a conventional hydrogen-free alloy; therefore, the recommended
temperature range for deformation of TC4-0.3H alloy samples by the ECAP method can
also be 600-700 °C at a strain rate of about 1073 s~1 [22]. The deformation temperature
of 800 °C is at the threshold of recrystallization onset, and under intense action, dynamic
recrystallization is possible, which can lead to structural heterogeneity [16].

Based on the experiment, defect-free billets were obtained after 6 passes (¢ ~ 4.2) at
600 °C on an ECAP tool with a channel intersection angle of 120° (Figure 7).
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Figure 7. View of hydrogenated blanks made of TC4-0.3H alloy after 6 passes of ECAP.

3.3. Microstructure of TC4-0.3H Alloy After ECAP

The previously observed distinct boundaries of polyhedral 3-grains were not revealed
(Figure 8a). ECAP of the hydrogenated material resulted in the formation of an ultrafine-
grained two-phase « + 3 structure with a grain/subgrain size of 150 & 30 nm (Figure 8b,c).
However, local zones are observed where the lamellar structure and twins are preserved,
which is confirmed by the electron diffraction patterns (Figure 8c,d). The presence of such
local zones can probably be explained by the shear deformation pattern of ECAP, in contrast
to, for example, all-round isothermal forging [15].

Figure 8. Microstructure of the TC4-0.3H + ECAP alloy: (a) optical metallography; (b) TEM, bright
field; (c,d) TEM, dark field.
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The results of X-ray phase analysis (Figure 9) confirm the fact of the formation of a
two phase (« + ) structure based on the decomposition of the metastable o’’-phase and the
diffusion redistribution of alloying elements: in depleted microvolumes, the equilibrium
a-phase was released, retaining the lamellar structure, and in enriched ones, the 3-phase.

on
w Q

Intensity (arb. units)
[ ]

20 30 40 50 60 70 80 90
26 (degrees)

Figure 9. X-ray pattern of the TC4-0.3H + ECAP alloy.

The microhardness evaluation of the samples showed that there is a slight change in the
values over the cross-section of the rod, which indicates uniform deformation of the material
throughout the volume of the billet. The average microhardness value was 360 &= 10 HV.

To remove hydrogen from the material, annealing was used in a vacuum environment
for 1 h at a temperature of 550 °C. The material retained its heterogeneous structure
observed after ECAP (Figure 10a). In this case, the microhardness of the material increased
to 430 HV. A slight increase in microhardness may be associated with the decomposition
of the metastable 3-phase and the release of secondary, more dispersed particles of the
a-phase [23]. This is evidenced by the formation of very small grains less than 50 nm in
size (Figure 10b—d).

Figure 10. Microstructure of the TC4-0.3H + ECAP alloy after vacuum annealing: (a) optical metal-
lography; (b) TEM, bright field; (c,d) TEM, dark field.



Metals 2025, 15, 839

10 of 15

It should be noted that the azimuthal blurring of reflections in the electron diffrac-
tion pattern after annealing (Figure 10c) is reduced compared to that in the ECAP state
(Figure 8c), which may qualitatively indicate a reduction in internal elastic stresses after
annealing due to the processes of recovery and redistribution of dislocations.

3.4. Mechanical Properties of the TC4 and TC4-0.3H + ECAP Alloys

Figure 11 and Table 3 show typical tensile curves of samples and mechanical properties
in the studied structural states of the TC4 alloy.

1500 1

©

o

g 1000 1

a

g

A

Sy Initial state
—— TC4-0.3H
—— TC4-0.3H + ECAP
— TC4-0.3H + ECAP + vacuum annealing
0 T T T
0 5 10 15 20

Strain (%)

Figure 11. Tensile stress-strain curves of the TC4 alloy in different structural states.

Table 3. Mechanical properties of the TC4 alloy at room temperature.

States HV UTS (MPa) 0.2YS (MPa) £ (%)
Initial 348 1083 £ 25 1037 + 15 13.04+22
TC4-0.3H 320+ 6 1218 4+ 29 799 £5 8.0£20
TC4-0.3H + ECAP 361 + 10 1550 4+ 10 1440 4+ 10 25+05
TC4-0.3H + ECAP + vacuum annealing 430 + 17 1493 4+ 10 1214 + 10 43+05

In Figure 11, the tensile stress-strain curve for the alloy in the initial state is typical
for two-phase titanium alloys. After reaching the yield point (1037 £ 12 MPa), a slight
strengthening of the material is observed with an exit strength of 1083 + 25 MPa, after
which localization of the deformation occurs with the formation of a “neck” and subsequent
failure. Uniform elongation was 13 £ 2.2%.

Subsequent hydrogenation resulted in a significant decrease in the yield strength
of the material to 799 MPa, which probably had some influence on the reduction in the
microhardness of the material from 360 to 320 HV (see Table 3). At the same time, a
significant increase in the ultimate strength to 1218 MPa was observed, and the relative
elongation averaged 8% (Figure 11, Table 3). It is also worth noting the change in the nature
of the loading curve: after reaching the yield strength, a stage of intensive hardening is
observed with an exit to a platform (the stage of steady-state flow of the material), where
the maximum stress values (ultimate strength) are observed (Figure 11).

The formation of the UFG structure after ECAP resulted in significant strengthening
to 1550 MPa, while the conditional yield stress increased almost two times (1440 MPa)
compared to that in the hydrogenated state. In this case, the relative elongation was
about 2.5% (Figure 11, Table 3). After reaching the maximum stress, brittle fracture of the
samples occurs without localization of deformation. Vacuum annealing at 550 °C after
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ECAP had a positive effect on the mechanical properties. On the one hand, an increase
in microhardness was observed from 360 to 430 HV and the tensile strength remained
unchanged at 1500 MPa, apparently due to the aging processes occurring during annealing
at 550 °C [23,24]. At the same time, the preservation of high strength was accompanied
by an increase in relative elongation to 5.0 + 0.5% (Figure 11, Table 3). The increase in
the plasticity of the material may be associated with competing recovery processes during
heating due to the redistribution and annihilation of dislocations.

4. Discussion

4.1. Microstructure and Mechanical Properties of the TC4 Alloy After Thermal Hydrogen
Treatment

The study of the TC4 alloy microstructure after hydrogenation showed the formation
of a typical martensite-type structure, which consisted of large polyhedral grains (from
50 to 500 um), inside which packets of martensite plates with thicknesses of 0.2 to 4.0 ym
were observed (Figures 1 and 2). Thus, the introduction of 0.3% hydrogen into the alloy
transfers the alloy to a single-phase (3-state, and upon subsequent cooling by quenching
from 850 °C, packets of martensite plates are formed [3]. It should be noted that under
these conditions, «’-martensite is formed, as evidenced by the corresponding peaks in
the X-ray diffraction pattern in Figure 4. As reported in [12], the process of o’-martensite
formation is identical to the o/ — «” transformation upon alloying with B-isomorphic
stabilizers. As has been shown, «”-martensite plates are a collection of dispersed, regularly
arranged plates or twins, which is confirmed by bright-field TEM images and electron
diffraction patterns in the present study (Figure 3).

When examining the mechanical behavior of the alloy before and after hydro-
gen annealing, it was found that the tensile strength of the alloy increased from
1083 to 1218 MPa, while the yield strength and relative elongation significantly decreased
from 1037 to 800 MPa and from 13 to 8%, respectively. Obviously, this is due to the for-
mation of a martensitic structure and is consistent with the results of various researchers
under similar conditions of thermal hydrogen treatment of the Ti alloy [3,6,7,12,13]. As
noted earlier, in two-phase titanium alloys, at such a low hydrogen concentration (up
to 0.3%), titanium hydrides are not formed due to the presence of the (-phase, which
dissolves hydrogen well, which prevents brittle fracture of the alloy; however, local zones
supersaturated with hydrogen relative to the solid solution may occur, contributing to
brittle fracture at low deformation rates [10].

4.2. Microstructure and Mechanical Behavior of the TC4-0.3H Alloy After ECAP

As shown by the present study, thermal hydrogen treatment of the TC4 alloy did not
reduce the deformability of the alloy during ECAP, although the microstructure of the
alloy was characterized by a lamellar structure (Figure 2), which significantly reduces the
deformability of the alloy in the temperature range of 600-700 °C [22]. This can probably
be explained by the formation of dispersed o’-martensite with an ortho-rhombic crystal
lattice in the alloy, which is known to be noticeably “softer” than «/-martensite [13]. An
increase in the technological plasticity of the hydrogenated VT6 alloy during severe plastic
deformation by all-round forging was noted in [12,13]. Thus, the hydrogenated alloy was
successfully deformed in the ECAP tooling in 6 passes, achieving a total deformation degree
of ¢ ~4.2 at 600 °C without the formation of defects (Figure 8). In this work, after ECAP
treatment, the microstructure of the TC4 alloy underwent a refinement of martensite plates
with the formation of equiaxed « and (3 particles with a particle size of 0.15 = 0.03 pm
(Figure 8). In this case, thermal hydrogen treatment had a positive effect on the formation
of the UFG structure in the alloy during ECAP, while the minimum size of the « phase
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of 0.3 um was obtained in the hydrogen-free Ti-6Al-4V ELI alloy only after ECAP and
extrusion [24]. After ECAP at 600 °C in hydrogen-free alloy VT6, a UFG structure with an
o and -phase particle size of 0.4-0.6 um on average was observed [16,17].

As was shown in [13], using the example of two-phase titanium alloy VT9, hydrogen
alloying leads to a decrease in the size of the initial 3-grains, an increase in the volume fraction
of the 3-phase, a decrease in the thickness of the «-phase plate, and a significant increase in the
interplate distance occupied by the (3-phase. The transformation of the lamellar microstructure
into an equiaxed one during subsequent deformation at relatively low temperatures (up to
600 °C) occurs due to the accumulation of defects in the phases, subsequent polygonization
and/or) recrystallization of the phases, and fragmentation of the plates along the transverse
boundaries with their subsequent spheroidization [25,26]. In this regard, strengthening of
the 3-phase obtained as a result of alloying with hydrogen creates favorable conditions for
the accumulation of defects and the emergence of disoriented fragments. In this case, the
combination of the processes of decomposition of the 3-phase and deformation can lead
to an additional increase in the dispersion of the precipitated o-phase [13]. For example,
in the hydrogenated alloy VT6 after upsetting by 80% at a temperature of 600 °C [12], a
submicrocrystalline structure with an equiaxed grain/subgrain size of 0.18 um was obtained
by the method of all-round isothermal forging. The ultimate strength of hydrogenated samples
after ECAP increased significantly to 1550 MPa, and the yield strength from 800 to 1440 MPa.
It should be noted that in the VT6 and Ti-6Al-4V ELI alloys, after 4-10 ECAP passes, it was
possible to achieve a strength of approximately 1200 MPa [17]. Such a significant strengthening
of the hydrogenated alloy can apparently be explained by a stronger refinement of the structure
after SPD. After ECAP at 600 °C, a UFG structure with an average particle size of oc and f3-
phase 0.4-0.6 pm was observed in the hydrogen-free VT6 alloy [16,17], whereas after ECAD, it
was possible to obtain a particle size of up to 0.15 pm in the hydrogenated alloy. Obviously,
an additional contribution to grain refinement during ECAP at 600 °C of a hydrogenated
alloy is provided by «”” — B phase transformations, which lead to the appearance of new
boundaries and, as a consequence, to a decrease in the size of the elements of the grain-
subgrain structure [27]. As was shown in [27], the rearrangement of the bcc lattice in the
hep in titanium and its alloys during the " — § phase transformation is accompanied by
shear deformation, the value of which reaches 0.2-0.3. However, the relative elongation was
small (up to 2.5%), which is apparently due to high internal elastic stresses, as evidenced
by the azimuthal blurring of reflections on the electron diffraction pattern (Figure 8c). Thus,
during ECAP, high accumulated plastic deformation occurs with the formation of a dislocation
structure [28]. During deformation, a phase transformation &’ —  occurs, and a structure
with transformed B-zones surrounding o’-regions or vice versa appears. Such microstructural
heterogeneity hinders the movement of dislocations—a barrier to slip is created due to
the difference in the resistance to deformation of various phases. The transformation is
accompanied by the restructuring and reorganization of the dislocation network formed
during deformation, some dislocations move or are extinguished, some form dense structures
that interfere with the movement of new dislocations [29].

To reduce the hydrogen content to safe concentration, vacuum at a low temperature
(e.g., 625 °C [30]) or high-temperature annealing (e.g., at a partial pressure of hydrogen
of 100 or 20 mbar and at a temperature of 750 °C [31]) is carried out. In this work, such
thermal vacuum treatment to remove hydrogen was carried out after ECAP at a temper-
ature of 550 °C for 1 h [13]. Low-temperature vacuum annealing is used for controlled
management of phase composition and structure. Thus, with low-temperature vacuum
annealing, the possibility of structure refinement is realized, since in the annealing pro-
cess, due to the low diffusion mobility of the main alloying elements during the p — o
transformation, the processes of nucleation of new a-phase particles prevail over the pro-
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cesses of their growth [32,33]. As a result of annealing, the grain/subgrain size did not
change (Figures 8 and 10). At the same time, the material retained high strength with a
simultaneous increase in ductility (relative elongation from 2.5 to 5%). A similar effect was
observed for the UFG Ti-6Al-4V ELI alloy in the work [34], when annealing at 500 °C for
2 h led to a simultaneous increase in strength and ductility. The authors associated this
effect with the restoration of the grain boundary structure to a state closer to equilibrium
and the formation of segregations and secondary phases at the grain boundaries, which can
additionally contribute to the improvement of the properties of the UFG alloy subjected to
annealing. Thus, the preservation of the UFG structure in the alloy after degassing made
it possible to obtain a combination of high strength (up to 1500 MPa) and good ductility
(relative elongation up to 5%). It should be noted that such a combination of strength
and ductility in the Ti-6Al-4V alloy after ECAP treatment was achieved for the first time.
A similar level of strength (about 1400 MPa) was achieved after combined deformation
treatment, including ECAP and subsequent extrusion, i.e., when achieving a higher degree
of deformation [24]. Thus, hydrogen alloying promotes the formation of nanocrystalline
and ultrafine-grained structures in titanium alloys obtained as a result of severe plastic
deformation at relatively low temperatures and a lower accumulated degree of deforma-
tion. In this study, we did not directly compare the mechanical behavior of the samples
after ECAP of a hydrogenated and non-hydrogenated alloy, which is the subject of our
further research.

5. Conclusions

The results of this study, the purpose of which was to establish the effect of hydrogen
as an alloying element on the structural-phase composition, mechanical properties of the
TC4 alloy, and the deformability during ECAP to form a UFG structure and increase the
strength properties, show the following:

- the use of hydrogen as a temporary alloying element leads to the formation of a
thin-plate (from 1 to 4 pm thick) o’-martensitic structure, which does not reduce the
deformation capacity of the alloy compared to a hydrogen-free alloy when implement-
ing up to 6 passes (¢ ~ 4.2) of ECAP at 600 °C;

- ECAP treatment of the hydrogenated TC4 alloy led to refinement of the grain/subgrain
structure to a particle size of 0.15 um and significant strengthening of the alloy (up to
1550 MPa) with a decrease in relative elongation to 2.5%;

- subsequent vacuum annealing at 550 °C for 1 h after ECAP to remove hydrogen from
the solid solution contributed to a reduction in internal elastic stresses due to recovery
processes and the preservation of the UFG structure in the alloy.

Thus, the processing of the TC4-0.3H alloy by the ECAP method followed by vacuum
annealing made it possible to obtain a tensile strength of 1500 MPa with a relative elongation
of 5%, subject to the accumulation of a lower degree of deformation compared with a
non-hydrogenated alloy. This combination of strength and ductility was achieved due
to the positive effect of reversible hydrogen doping on grain refinement and on phase
transformations during the deformation at ECAP.
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