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Abstract: In this paper, phase transitions and microstructure evolution in titanium Ti-6Al-4V
alloy parts produced by electron beam melting (EBM) under hydrogenation was investigated.
Hydrogenation was carried out at the temperature of 650 ◦C to the absolute hydrogen concentrations
in the samples of 0.29, 0.58, and 0.90 wt. %. Comparative analysis of microstructure changes in
Ti-6Al-4V alloy parts was performed using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD). Furthermore, in-situ XRD was used to
investigate the phase transitions in the samples during hydrogenation. The structure of Ti-6Al-4V
parts produced by EBM is represented by the α phase plates with the transverse length of 0.2 µm,
the β phase both in the form of plates and globular grains, and metastable α” and ω phases.
Hydrogenation to the concentration of 0.29 wt. % leads to the formation of intermetallic Ti3Al
phase. The dimensions of intermetallic Ti3Al plates and their volume fraction increase significantly
with hydrogen concentration up to 0.58 wt. % along with precipitation of nano-sized crystals of
titanium δ hydrides. Individual Ti3Al plates decay into nanocrystals with increasing hydrogen
concentration up to 0.9 wt. % accompanied by the increase of proportion and size of hydride plates.
Hardness of EBM Ti-6Al-4V alloy decreases with hydrogen content.

Keywords: electron beam melting; additive manufacturing; titanium Ti-6Al-4V alloy; hydrogen;
microstructure; phase transitions

1. Introduction

Additive manufacturing (AM) including the method of electron beam melting (EBM) is one
of the promising directions in the production of structural metal materials with a unique set of
properties. The advantages of AM over traditional methods are quick manufacturing process, economy
of material, and producing light-weight structures with complex shape and geometry. Titanium alloys
especially Ti-6Al-4V are widely used in aerospace industry due to excellent mechanical properties,
low density, high corrosion resistance. The properties of titanium alloys produced by electron-beam
melting are widely discussed in the literature [1–6]. Researchers pay particular attention to the
microstructure of the manufactured materials as the mechanical properties of titanium alloys directly

Metals 2018, 8, 301; doi:10.3390/met8050301 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0001-7945-8273
https://orcid.org/0000-0002-0901-2409
https://orcid.org/0000-0001-5248-2839
http://www.mdpi.com/2075-4701/8/5/301?type=check_update&version=1
http://www.mdpi.com/journal/metals
http://dx.doi.org/10.3390/met8050301


Metals 2018, 8, 301 2 of 16

depend on the structural-phase state of the material. At the same time, the microstructure of titanium
alloys plays an important role in the interaction of alloys with an aggressive medium, in particular,
with hydrogen [7,8]. The microstructure of titanium products depends on the process parameters of
EBM [2,3] and cooling rate. The formation of the structural-phase state of Ti-6Al-4V alloy occurs as the
result of powder melting at the temperature of 1900 ◦C and subsequent rapid cooling to a temperature
of ~700 ◦C followed by cooling to the room temperature. If the titanium product is maintained above
the temperature of 700 ◦C in the EBM manufacturing process, a rather fine annealed α + β-structure has
been observed [4]. The authors of [4] also mention that in the EBM-process nucleation of the β-grains
occurred heterogeneously from boundary layers either at the build plate or the part surfaces. At the
part surfaces, this has been found to be formed from partially melted powder in the surrounding bed.
Safdar et al. [5] notes that the structure of electron beam melted Ti-6Al-4V consists of prior β phase
in form of columnar grains which grow along the build direction and Widmanstätten α platelets.
Similar structure was also observed in [8]. The authors of [9] established that the lamellae of the thin
walled 0.5 and 1.0 mm samples were significantly smaller compared to those of the thicker samples.
Thus, thicker lamellas were observed in all samples with the wall thickness of at least 2 mm. Further
to the work of Safdar, Tan et al. [6] showed basket-weave morphology as well as numerous singular
bulges within the prior β grains. Along with α and β phases, the martensitic α′ and α” phases could
be presented in the microstructure of the Ti-6Al-4V samples produced by EBM. Usually, martensitic
phases are observed in small samples [10,11]. Al-Bermani [10] found the formation of martensitic
phase in 1–5 mm samples produced by EBM. The martensitic microstructure was observed on the top
of samples with such dimensions. According to Mur et al. [11], the full transformation of α′→ α + β at
700 ◦C in Ti-6Al-4V alloy takes 30 min that much shorter than holding time during the alloy processing.

The main applications of AM-produced Ti-6Al-4V are medicine, auto, and aerospace
industries [12]. The application of additively manufactured Ti-6Al-4V in harsh environment,
especially in hydrogen contained medium, open new challenges for investigation of its corrosion
and hydrogen resistance. During operating in corrosive environments, hydrogen penetrates and
accumulates in titanium alloys. Accumulating in titanium alloys, hydrogen causes significant changes
in their physical, chemical and mechanical properties. Under hydrogen effect in titanium alloys,
there are hydrogen-induced ductility loss (hydrogen embrittlement) and hydrogen-induced cracking
occurs [7,13–15]. Hydrogen embrittlement and hydrogen-induced cracking can lead to destruction
of parts and structures [7,13]. Hydrogen can change the microstructure that affects the mechanical
properties of titanium alloys. This is the main difficulty in studying the direct or intrinsic effect of
hydrogen in multi-phase systems [14,15].

The effect of hydrogen on the phase composition and microstructure of the Ti-6Al-4V alloy
produced by traditional technologies has been studied for a long time [16–24]. Hydrogen expands the
β phase region and narrows the α phase region, which hydrogen solubility less than 7.9 at. % [16].
It is noted that the concentration of β phase increased with the hydrogen content in hydrogenated
alloys [17,18]. Hydrogenation of the Ti-6Al-4V alloy initiates several phase transformations that
depends on hydrogenation parameters. Martensitic α′ and α” phases, hydrides [18–22], and
intermetallics could be formed during hydrogenation. Cubic δ hydride and martensite phases are
observed in the structure of Ti-6Al-4V alloy after hydrogenation at the temperature below 900 ◦C
and hydrogen concentrations above 0.29 wt. %. The authors [17] showed that the needle hexagonal
close-packed (hcp) martensite began to form during hydrogenation at 800 ◦C and hydrogen content of
0.4 wt. %. In [19], the α” and δ hydride phases were observed after hydrogenation at 750 ◦C in the
samples with hydrogen content above 0.278 wt. % and 0.514 wt. %. It was shown that δ hydrides could
precipitate only in β phase during hydrogenation at high temperatures when the hydrogen content
is relatively high, and hydrides cannot precipitate in α phase at high temperatures [22]. There are
few articles about hydrogen interaction with AM material. The authors of [25] showed that the 3D
specimens demonstrated higher resistance to hydrogen embrittlement in gaseous hydrogen atmosphere
than the cast material. The effect of hydrogen treatment on the structure and mechanical properties of
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samples made from Ti-6Al-4V powder by selective laser melting was investigated in ref. [26]. However,
the effect of hydrogen on the structure and phase state of the samples produced by EBM is still unclear.
Moreover, as shown above, the EBM-produced materials microstructure differs from the microstructure
of materials obtained by traditional methods. The microstructure of EBM-produced Ti-6Al-4V can
significantly influence the hydrogen absorption, structural and phase states under hydrogen effect,
and as a consequence a degradation in the mechanical properties. The aim of present research was to
investigate the effect of hydrogen on the phase transitions and microstructure evolution in titanium
Ti-6Al-4V parts produced by electron beam melting.

2. Materials and Experimental Procedure

2.1. Samples Preparation

The samples were produced from powder of titanium Ti-6Al-4V alloy (Ti6Al4V ELI) using
ARCAM A2 EBM (Arcam AB, Mölndal, Sweden) machine [27]. The powder was purchased from
ARCAM AB. The powder particle size was varied from 50 to 150 µm. The samples were coin-shaped
with the diameter 8 mm and height 2 mm. All the samples were manufactured in the same batch
with the built direction parallel to the round surface. Powder layer thickness was 70 µm and standard
ARCAM parameter settings for solid Ti64 were used. The samples were carefully blasted in the ARCAM
powder recovery system using the same precursor powder. Finally, all samples were mechanically
grinded to obtain homogeneous surface.

2.2. Experimental Procedure

The gas-phase hydrogenation of the samples was performed using Gas Reaction Controller
(Advanced Materials Corporation, Pittsburgh, PA, USA) equipment at temperature 650 ◦C. The special
software of Gas Reaction Controller equipment was used to control and analyze the process of
hydrogen sorption, and reveal the specifics of hydrogen interaction with materials [28,29]. The heating
and cooling rates were 6 ◦C/s and 1 ◦C/s, respectively. The absolute hydrogen concentration in the
samples after hydrogenation was measured by the method of melting in inert gas media (argon) using
hydrogen analyzer RHEN602 (LECO, Saint Joseph, MI, USA). Hydrogen concentration in the samples
before hydrogenation was 0.007 wt. %. The measured hydrogen concentrations in the samples after
hydrogenation were 0.29, 0.58 and 0.90 wt. %.

The microstructure of samples was observed by scanning electron microscopy using SEM 515
(Philips, Eindhoven, The Netherlands). The samples were etched out by Kroll’s reagent to reveal
the structure of the samples after mechanical polishing. The phase identification and structural
investigations were performed by X-ray diffraction (XRD) and transmission electron microscopy (TEM).
X-ray diffraction studies were performed with CuKα radiation (1.5410 Å wavelength) using XRD-7000S
diffractometer (Shimadzu, Kyoto, Japan) in Bragg-Brentano geometry from 30◦ to 80◦ with the scan
speed of 10.0◦/min, the sampling pitch of 0.0143◦, the preset time of 42.972 s at 40 kV and 30 mA.
The diffraction patterns were collected using OneSight (Shimadzu, Kyoto, Japan) wide-range array
high speed detector with 1280 channels. A JEM-2100F (JEOL, Akishima, Tokyo, Japan) transmission
electron microscope was employed for the microstructural characterization of the samples. The survey
was conducted at accelerating 200 kV. The samples were prepared by ion milling using Ion Slicer
EM-09100IS (JEOL, Akishima, Tokyo, Japan). During preparation, argon was used as working gas,
accelerating voltage was 8 kV, and etching angle was 1.5–4◦. The ion milling process was controlled by
charged coupled device (CCD) camera.

Phase transitions in the samples during hydrogenation were investigated by in-situ synchrotron
XRD at the station “Precision diffractometry” at Siberian Synchrotron and Terahertz Radiation Center
of the Budker Institute of Nuclear Physics of the Siberian Branch of Russian Academy of Science.
The station is located on the sixth channel of the synchrotron radiation source VEPP-3 (electron storage).
The main advantage of the laboratory is the use of the one-dimensional high speed detector OD-3M
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(Budker Institute of Nuclear Physics, Novosibirsk, Russia) [30–32]. OD-3M detect scattered radiation
in wide-range angles (~30◦) using 3328 channels. In-situ investigation was performed using a high
temperature reactor chamber XRK-900 (Anton Paar, Graz, Austria) in hydrogen stream. The wave
length of synchrotron radiation was 1.0102 Å. The samples were uniformly heated to the temperature
of 650 ◦C at the rate of 6 ◦C/min. The hydrogenation time was 80 min. The diffraction patterns were
recorded every minute during hydrogenation. Interpretation of the results and identification of reflexes
was carried out using programs PDF-4+ (ICDD, Newtown Township, PA, USA), Crystallographica
Search-Match (Oxford Cryosystems, Oxford, UK).

Micro hardness testing was done on KB30S (Pruftechnik, Ismaning, Germany) Vickers hardness
testing machine with 0.5 kg load.

3. Results and Discussion

3.1. X-ray Diffraction

X-ray diffraction patterns of titanium Ti-6Al-4V parts produced by EBM are showed in Figure 1a.

Figure 1. X-ray diffraction (XRD) patterns of Ti-6Al-4V parts produced by electron beam melting (EBM)
before (a) and after (b) gas-phase hydrogenation.

According to XRD the structure of the samples before hydrogenation is represented by the α phase
of titanium with a hexagonal close-packed (hcp) lattice and the β phase of titanium with body-centered
cubic (bcc) crystal modification. The volume content of the β phase is approximately 4%. Martensitic
phases were not detected by the XRD method.
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Significant changes in diffraction patterns occur after hydrogenation, the results are shown in
Figure 1b. The β phase reflexes shift toward smaller angles due to the solubility of hydrogen atoms in
this phase [33]. It is also observed that the volume content of the β phase increases with hydrogen
concentration to 0.29 wt. %, since hydrogen is a stabilizer of the β phase [34].

It should be noted that the hydrogenation causes the broadening of all α Ti diffraction reflexes.
The latter is probably due to the elastic lattice strain of α phase and the overlap of the reflexes belonging
to the α-Ti phase and intermetallic Ti3Al phase with hcp lattice in the hydrogenated samples.

When hydrogen concentration reaches 0.58 wt. %, along α Ti phase the cubic δ and tetragonal
γ phases of titanium hydride and intermetallic Ti3Al phase with hcp lattice were observed. Further
hydrogenation to 0.90 wt. % leads to redistribution of the intensities in the diffraction pattern,
which indicates increase in the volume content of δ-TiH and γ-TiH phases and decrease of the β phase
content. It should be noted that the overlap of the δ-TiH, Ti3Al, and α-Ti phases in hydrogenated
samples causes broadening of some reflexes compared to the additively manufactured alloy.

3.2. In-Situ XRD

The results of in-situ XRD studies of the samples of titanium Ti-6Al-4V parts produced by EBM
during hydrogenation at 650 ◦C are shown in Figure 2.

Figure 2. The phase transitions in Ti-6Al-4V parts produced by EBM during hydrogenation at 650 ◦C.

At the initial stage of hydrogenation (about 10 min), the β phase reflection shifts toward small
angles, while the position of the α phase reflections does not change significantly. This is due to the
fact that the solubility of hydrogen, in the α phase, is negligible compared to the β phase [33]. The rate
of hydrogen sorption is relatively low, since the diffusion of hydrogen proceeds mainly through the
α phase which volume content is higher than 95%. Since hydrogen is a stabilizer of the β phase
in titanium, the α phase is transformed to β phase, which hydrogen solubility is 1.52 wt. % [33].
Thus, the increase in the volume fraction of the β phase in the next stage of hydrogenation (10–20 min)
occurs. After 20 min of hydrogenation, along with increase in the volume fraction of β phase,
the α phase is transformed into the α2 phase based on the intermetallic Ti3Al. The hydrogenation could
lead to redistribution of Al in titanium and local accumulation of Al above 7 wt. % resulting in the
formation of the α2 phase [34]. The mechanism of the α2 phase formation is described in Section 3.3.
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The α→ α2 phase transition under gas-phase hydrogenation at the temperature of 650 ◦C was also
observed in ref. [35]. It should be noted that the formation of δ titanium hydride in the process of
hydrogenation in a stream of hydrogen was not observed. The measured hydrogen concentration in
the sample after hydrogenation was 0.60 wt. %.

3.3. SEM and TEM Analysis

Figure 3 shows surface scanning electron microscopy (SEM) images of the Ti-6Al-4V parts
produced by EBM before and after gas-phase hydrogenation. The microstructure of EBM Ti-6Al-4V
before hydrogenation consists of α laths with different sizes and orientations inside the prior β grains.
In addition, fine β rods embedded into continuous α phase is observed. Hydrogenation of EBM
Ti-6Al-4V leads to fragmentation of α laths and refining the microstructure. The grain boundaries
of α plates does not observed in the Ti-6Al-4V hydrogenated to 0.9 wt. %, the lamellar structure
disappeared (Figure 3d). The detailed microstructural analysis was performed by transmission
electron microscopy (TEM).

Figure 3. Scanning electron microscopy (SEM) images of EBM Ti-6Al-4V parts: (a)—initial state
(b)—hydrogen content 0.29 wt. %; (c)—hydrogen content 0.58 wt. %; (d)—hydrogen content 0.9 wt. %.

Figures 4 and 5 show the TEM images of the microstructure of the Ti-6Al-4V parts produced by
EBM. The structure of the Ti-6Al-4V parts before hydrogenation is represented by lamellar α phase
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(also called martensitic α′ phases) with the transverse plate size of 0.2–0.6 µm (Figure 4a,b) and β phase
both in the form of plates and globular grains of 0.15–0.2 µm size embedded in the grain boundaries
of α phase (Figure 4a,b). Moreover, the formation of metastable martensitic α” phase (Figure 5c) and
ω (Figure 4b,c) phase were observed. The nanoscale grains of α” and ω phase are isolated inside
α plates and at their grain boundaries mainly in the region of ternary joints. It has been noted that
the large number of extinction contours presented in the TEM image indicate a high level of residual
microstrain [36].

Figure 4. Transmission electron microscopy (TEM) bright- (a) and dark-field images (b,c) and associated
selected area electron diffraction (SAED) pattern (d) of the microstructure of EBM titanium Ti-6Al-4V
parts; b—the dark-field image obtained with 201 α-Ti and 301ω-Ti reflections (marked by an arrow 1);
c—the dark-field image obtained with 021ω-Ti reflection (marked by an arrow 2).

It is known that the structure of the titanium alloy depends on the cooling rate under heat
treatment [37]. The change in the cooling rate regulates not only dispersion of the secondary α phase
particles, but also the phase composition of the alloys. Sharp cooling (104–106 K/s [38]) is responsible
to the appearance of metastable α′, α”, and ω phases in the titanium Ti-6Al-4V alloy produced by
EBM. The α′ and α” phases are a supersaturated solid solution based on α titanium phase also
called martensitic phases [37]. The metastable ω phase is also called the special type of martensitic
phase since it is supersaturated solid solution formed by the shear mechanism typical for martensitic
transformations. Due to slowed diffusion processes β → α′ transformation via the diffusionless
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martensitic mechanism occur. However segregation of alloying elements to dislocations results in
appearance of intermediate α” and ω phase inside α plates. Moreover, concentration inhomogeneous
is also responsible for formation of the above-mentioned metastable phases on the grain boundaries of
α plates and prior β grains. However, these mechanisms require further investigation.

Figure 5. TEM bright- (a) and dark-field images (b,c) and associated SAED pattern (d) of the
microstructure of EBM titanium Ti-6Al-4V parts; b—the dark-field image obtained with 110 β-Ti
reflection (marked by an arrow 1); c—the dark-field image obtained with 131 α”-Ti reflection (marked
by an arrow 2).

The results of the TEM investigation of the titanium Ti-6Al-4V parts produced by EBM after
hydrogenation to 0.29 wt. % are shown in Figure 6. Intensive migration of grain boundaries of α plates
during hydrogen treatment occur that is clearly demonstrated by the curvature of their boundaries
(Figure 6). According to in situ XRD studies, the α→ β and α→ α2 phase transitions were detected,
thus the above mentioned migration of grain boundaries is probably attributed to β grain growth.
Obviously, the curvature of the α grain boundaries originate from β grains under inverse β → α

transformation during cooling.
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Figure 6. TEM bright- (a) and dark-field images (b,c) and associated SAED pattern (d) of the
microstructure of EBM titanium Ti-6Al-4V parts after hydrogenation to 0.29 wt. %; b—the dark-field
image obtained with 111 Ti3Al superstructure reflection (marked by an arrow 1); c—the dark-field
image obtained with 222 Ti3Al and 111 α-Ti reflection (marked by an arrow 2).

The dark-field TEM images of the samples after hydrogenation to 0.29 wt. % showed that
Ti3Al intermetallic particles with plate-like morphology precipitate inside the α plates (Figure 6b,c).
The length and width of Ti3Al plates are less than 100 and 15 nm, respectively. This effect is attributed
to redistribution of the alloying elements (Al and V) between the α and β phases under hydrogenation,
and the enrichment of theβ phase with aluminum. As a result, in the primaryα (α”) phase, the ordering
processes take place with the formation of the α2 phase based on the intermetallic Ti3Al phase.
According to the theory of decohesion [39,40], hydrogen diffuses into the places of high concentration
of elastic tensile stresses and reduces the forces of mutual attraction of metal ions in the crystal
lattice. The probable electronic mechanism for the attenuation of metal bonds is the transfer of the
electron from hydrogen to the 3d level of the metal. The diffusion coefficient of Al and V elements
in the Ti-6Al-4V alloy was estimated in [41]. The authors found that hydrogenation of the titanium
alloy significantly increase the self-diffusion ability of metal atoms and the diffusivity of dissolved
atoms. The distortion of the crystal lattice of the α and β grains caused by the formation of solid
solution with hydrogen, results in development of tensile stresses. The latter affects the dislocation
distribution inside the hydrogenated titanium Ti-6Al-4V parts produced by EBM forming a large
number of subgrain boundaries within the plates. Since the hydrogenation temperature is sufficiently
high, the grain-boundary segregation of impurity atoms (primarily Al) could be expected. In this
case, when the lamellar β grains acquire an hcp structure under cooling of hydrogenated samples,
the transition α2 phase could be formed at the subgrain boundaries instead of the formation of α phase.
Since the α” and ω phases were not detected on the TEM images after hydrogenation, it could be
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assumed that these metastable phases are transformed into Ti3Al particles. The volume of unit cells of
α” (0.0698 nm3) andω (0.052 nm3) phases substantially exceeds the unit cell of α (0.035 nm3) phase,
thus their transformation into the Ti3Al phase is an effective way for relaxation of hydrogen-induced
internal stresses in the α titanium grains . At the same time, both X-ray and selected area electron
diffractions do not reveal the hydride phase formation after hydrogenation to 0.29 wt. %. It is obvious
that the hydrogen in Ti-6Al-4V samples is dissolved mostly in theβ phase and partly in the intermetallic
particles due to lower hydrogen solubility of Ti3Al [42].

The results of the TEM investigation of the titanium Ti-6Al-4V parts produced by EBM after
hydrogenation to 0.58 wt. % are shown in Figure 7.

Figure 7. TEM bright- (a) and dark-field images (b–d) and associated SAED pattern (e) of the
microstructure of EBM titanium Ti-6Al-4V parts after hydrogenation to 0.58 wt. %; b—the dark-field
image obtained with 100 Ti3Al superstructure reflection (marked by an arrow 1); c—the dark-field
image obtained with 200 Ti3Al and 100 α-Ti reflection (marked by an arrow 2); d—the dark-field image
obtained with 112 α-Ti, 103 γ-TiH and 222 δ- TiH phase reflections (marked by an arrow 3).
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Lath dual phase α + α2 structure consisting of Ti3Al plates embedded in a matrix of the α phase
still observed after hydrogenation to 0.58 wt. %. However the dimensions of the intermetallic
Ti3Al plates and their volume fraction significantly increased. It is obvious that with increase of
hydrogenation time and hydrogen concentration in the samples, not only grain-boundary segregation
of Al atoms, but also the so-called wetting phase transition takes place [43–45]. In other words, at the
initial stage of hydrogenation, grain-boundary segregation of impurity atoms leads to the formation
of solid solution of Al in α phase at small-angle boundaries. Subsequently, the presence of the solid
solution causes a significant increase in the rate of grain-boundary diffusion. Accordingly, the subgrain
boundaries are enriched with Al atoms leading to an increase in the size of the intermetallic phase.
At the same time, the formation of nano-sized crystals of titanium δ-hydrides takes place in the samples
hydrogenated to 0.58 wt. % (Figure 6c,d).

The results of the TEM investigation of the titanium Ti-6Al-4V parts produced by EBM after
hydrogenation to 0.9 wt. % are shown in Figure 8.

Figure 8. TEM bright- (a) and dark-field images (b,c) and associated SAED pattern (d) of the
microstructure of EBM titanium Ti-6Al-4V parts after hydrogenation to 0.9 wt. %; b—the dark-field
image obtained with 100 Ti3Al superstructure reflection (marked by an arrow 1); c—the dark-field
image obtained with 200 Ti3Al and 100 α-Ti reflection (marked by an arrow 2).

When the concentration of hydrogen in the samples is increased to 0.9 wt. %, the grain boundaries
of the primary α plates continue to migrate, and their longitudinal and lateral dimensions increase
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(Figure 8). Furthermore, the dimensions of Ti3Al plates increase and decay into individual nanocrystals
(Figure 8b). It should be noted that the α” and ω phases are still not observed in hydrogenated
Ti-6Al-4V samples. At the same time, the dimensions of the hydride plates grow (Figure 9b).

Figure 9. TEM bright- (a) and dark-field images (b) and associated SAED pattern (c) of the
microstructure of EBM titanium Ti-6Al-4V parts after hydrogenation to 0.9 wt. %. The dark-field image
obtained with 111 δ-TiH reflection.

Hydrogen diffusion in titanium Ti-6Al-4V alloy is determined by many factors, such as
hydrogenation temperature, hydrogen pressure, microstructure, phase composition, defect
structure, and other [46]. At the indicated hydrogenation conditions, the diffusion coefficients
in the α and β phases, evaluated from equations [47]: Dα = 3 × 10−6 exp [−0.64±0.03

kBT ],

Dβ = 1.95 × 10−7 exp
[
−0.29±0.02

kBT

]
, Da2 = 5 × 10−6 exp

[
−0.84±0.13

kBT

]
, where Dα = 1 × 10−9 m2/s

and Dβ = 5.3 × 10−9 m2/s, respectively. Hydrogenation is accompanied by the β phase stabilization
and the α2 phase formation. The diffusion coefficient in the latter is Dα2 = 1.3 × 10−10 m2/s [48].
Thus, it is assumed that hydrogen diffuses mainly through the β phase and interacts with α phase at
the α/β interface. Due to the low solubility of hydrogen in the α phase, local excess of the dissolved
hydrogen in the α phase leads to hydrides precipitation in the form of nanoscale crystals, which
dimensions increase with hydrogen content.
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3.4. Microhardness

Figure 10 shows the measured hardness values of EBM Ti-6Al-4V parts before and after
hydrogenation. It could be seen that hydrogenation to 0.29 wt. % insignificantly increase microhardness
of the Ti-6Al-4V sample, while the softening trend is observed with increasing hydrogen content from
0.29 to 0.9 wt. %. The high value of microhardness of the as-received Ti-6Al-4V part (395 HV) is due
to the fine lamellar structure as well as the presence of martensitic α” phase in the alloy structure.
The microstructure of the sample hydrogenated to 0.29 wt. % is refined, however, the lamellar
structure is still present. Moreover, hard intermetallic Ti3Al phase plates are formed in the structure.
Therefore, both refined microstructure and α2 precipitates could increase hardness of hydrogenated
EBM Ti-6Al-4V samples, which was also observed for cast alloys in [49,50]. The microstructure becomes
finer with increasing hydrogen content to 0.58 and 0.9 wt. %, but the lamellar structure of the alloy
is destroyed and δ hydrides are formed, which apparently leads to the decrease in the hardness of
hydrogenated EBM Ti-6Al-4V samples. It should be noted that the fraction of the softer β phase
increases with hydrogen content that could also reduce the hardness of the hydrogenated samples.
For cast Ti-6Al-4V alloys, the inverse relationship—hardness increase with hydrogen content is usually
observed due to refined microstructure, hydrides, and α2 precipitations. However, this difference is
attributed to coarser microstructure and initially lower hardness of cast Ti-6Al-4V alloys (300–360 HV)
compared to Ti-6Al-4V alloys manufactured by EBM and selective laser melting (SLM) methods.
Bilgin et al. [26] also observed the reduction of microhardness of Ti-6Al-4V alloy (manufactured by
SLM) after hydrogenation at 650 ◦C (hydrogen content 1.18 wt. %). The authors supposed that
reduction of microhardness is caused by stress release and additional δ and softer β-phases formation.
Therefore, it is assumed that the softening of the hydrogenated EBM Ti-6Al-4V parts with increasing
hydrogen content occurs due to increase in the fraction of the softer β phase, disruption of the lamellar
structure, and hydride precipitation in the alloy structure.

Figure 10. Hardness of EBM titanium Ti-6Al-4V parts as the function of hydrogen content.

4. Conclusions

The microstructural evolution and phase transitions in the samples of titanium Ti-6Al-4V parts
produced by EBM under hydrogenation at 650 ◦C were investigated. The following conclusions
were made:

(1) The structure of the Ti-6Al-4V samples produced by EBM is represented by a lamellar α phase
with the transverse size of 0.2–0.6 µm and a β phase both in the form of plates and globular grains of
0.15–0.2 µm size embedded in the grain boundaries of the α plates. The volume content of the β phase
is approximately 4%. Moreover, the nanoscale grains of metastable α” andω phases isolated inside
α plates and at their grain boundaries are also observed.
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(2) Hydrogenation to the concentration of 0.29 wt. % leads to aluminum enrichment of the primary
α phase forming α2 phase based on the intermetallic Ti3Al. At the same time, the formation of hydride
phase was not found by XRD, TEM, nor in-situ XRD methods indicating that the dissolved hydrogen
is predominantly found in the β phases and partly in the intermetallic Ti3Al. In-situ hydrogenation at
650 ◦C also reveals the increase in the volume fraction of β phase accompanied by decrease of α phase
and following α→ α2 transformation.

(3) The growth of Ti3Al plates and their volume fraction occur with increasing hydrogen
concentration to 0.58 wt. %. According to TEM and XRD results the following phase transformations
[α(α”,ω) + β]→ [α(α2) + β + δ + γ]. The formation of hydrides is a special feature of this structure
after hydrogenation and subsequent cooling.

(4) The migration and growth of the grain boundaries of the primary α plates occur in the samples
with increasing hydrogen concentration to 0.9 wt. %. Moreover, Ti3Al plates decay into individual
nanocrystals and the volume fraction of δ titanium hydrides increases.

(5) The reduction of microhardness of hydrogenated EBM Ti-6Al-4V alloy is caused by the fraction
of softer β phase, disruption of lamellar structure, and hydrides precipitation.
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