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contrast to previous reports where EBM Ti—6Al1-4V was found to be more sensitive to
hydrogen embrittlement due to low-temperature electrochemical charging. After hydro-
genation, ay and By solid solutions were formed. The quantity of the oy phase reduced
gradually with hydrogen content, while forming By, a,, and hydrides. It was found that By
saturated at 0.27 wt% hydrogen content. Both alloys demonstrated relatively high strength
and ductility up to hydrogen content of 0.2 wt%, i.e. below the By saturation concentration.
Above the By saturation concentration, the mechanical properties of the maximum load

(Pmax), deflection at maximum load (émax), and absorbed energy (E), degraded significantly
due to hydride formation.
© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Ti alloys, and especially the dual phase (a+8) Ti—6Al—4V, are
used extensively in aerospace applications mainly due to their
superior specific strength. They are also utilized in medical
applications such as bone implants due to their corrosion
resistance in the human body environment [1-3]. The alloy's
microstructure at room temperature (RT) contains two phases
(o+B); the o phase has an hcp crystal structure, while the B
phase has a bcc structure. Aluminum stabilizes the o phase,
while vanadium stabilizes the B phase [4]. Mechanical prop-
erties and corrosion resistance are highly affected by the alloy
microstructure; therefore, it is important to tailor the alloy's
microstructure to the desired mechanical properties and/or
corrosion resistance. The microstructure can be controlled by
different thermo-mechanical processes; therefore, the desired
microstructure can be obtained by a combination of specific
annealing temperature, cooling rate, and final aging temper-
ature [5]. Various microstructures, including lamellar, equi-
axed, and bimodal microstructures, may form during these
processes. The influence of the o and B phase content and
morphology in Ti—6Al-4V alloy, produced by traditional
techniques, on its mechanical properties and corrosion
resistance was studied intensively in Refs. [6—10].

It is well known that hydrogen causes hydrogen embrit-
tlement (HE) of the Ti—6Al1—4V alloy due to hydride formation
[11,12]. The common titanium hydride phases are ¢ (fcc), ¢ (fct,
c/a < 1), and y (fct, c/a > 1) [13—17]. The Ti alloy's sensitivity to
hydrogen can be affected by several parameters such as
charging conditions and microstructure [18—22]. Regarding
microstructure, the sensitivity to hydrogen is also affected by
microstructural differences such as the « and B phase content
and density of o/f interphase boundaries, since B (bcc) has
higher diffusivity and solubility of hydrogen than o« (hcp)
[13-15,23,24]. Kim et al. [25—27] described the mechanism of
hydride nucleation and growth at o/f interphases. In the case
of solid solution of hydrogen in Ti alloys, the failure mecha-
nism is different, and may be connected to high strains that
evolvein the matrix as a result of the difference in coefficient of
thermal expansion (CTE) between the o and B phases [13]. In
addition, the B transition temperature decreases rapidly with
an increase in the hydrogen content, and hence the volume
fraction of the B phase in the o + B phase range increases [28].
Thus, dual-phase alloys with a higher g phase concentration
may be less sensitive to hydrogen because hydrogen is more

solublein the g phase compared to the o phase. As aresult, fora
given hydrogen content, the hydride phase content will be
smaller.

Additive manufacturing (AM) processes have several ad-
vantages compared to traditional ones, e.g., casting, rolling,
extrusion, etc.; these include production of complex compo-
nents, raw material saving, near-net-shape manufacturing,
tailor-made design, etc. Therefore, engineers and industries
are motivated to use AM processes for special applications
[29,30]. The most common metal AM processes to date are
Powder Bed Fusion (PBF), including Electron Beam Melting
(EBM) and Selective Laser Melting (SLM), and Directed Energy
Deposition (DED) [31,32]. Mechanical properties of EBM and
SLM, as-built, heat treated, and after hot isostatic pressing
(HIP) was reviewed by Lewandowski and Seifi [33]. It was re-
ported that all tensile properties of AM'ed materials were
equal to or higher than (yield and ultimate tensile stressed)
than those of forged, wrought, or annealed alloys, while the
elongation was lower. Tevet et al. [34] showed that the elastic
properties depend on the manufacturing process and on the
AM build direction.

Alloys produced by AM techniques have different micro-
structures compared to wrought alloys. Therefore, it could be
expected that such alloys will have different susceptibility to
HE. Yet, literature survey reveals that only few studies have
been carried out on hydrogen interaction with AM'ed
Ti—6Al-4V alloy [15,17—22,24,35-39].

There are two common methods to add hydrogen to tita-
nium alloys: (i) electrochemical charging (EC), which creates
hydrogen via cathodic charging at a specimen's surface and is
associated with strong hydrogen fugacity [11,18,20,
22,38,40—42] which will not be reviewed in this paper, and (ii)
gaseous charging (GC, low fugacity), which exposes the sample
to gaseous hydrogen pressure, typically at elevated tempera-
tures [15,17,21,24,35,39].

For GC, Silverstein et al. [17] demonstrated that the build
direction of SLM Ti—6Al—4V alloy had a substantial impact on
the sensitivity to HE. Metalnikov et al. [19] investigated the
influence of EC and GC on EBM Ti—6Al—4V alloy compared to
the wrought alloy. They reported that hydrides were formed
after either EC (y-TiH and 3-TiHy) or GC (3-TiHy), yet, no cracks
were observed on the EBM samples after hydrogenation. In
contrast, hydrogenation of wrought Ti—6Al—4V led to signifi-
cant cracking. Pushilina et al. [24,35] showed that hydrogen
sorption kinetics at 500 °C was sensitive to the manufacturing
parameters. They reported [24] that a sample with coarser
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microstructure had a lower sorption rate at 500 °C, while the
sorption kinetics difference at 650 °C was insignificant.
Pushilina et al. [15] investigated phase transitions and
microstructure evolution in EBM Ti—6Al—4V alloy due to GC at
650 °C. The volume content of the B phase was ~4%. It was
found that the intermetallic TisAl (o) phase was produced due
to Al enrichment of the primary o phase when hydrogen
content increased to 0.29 wt%. In addition, the phase di-
mensions and volume fraction increased significantly with
hydrogen content up to 0.58 wt%, along with precipitation of
nano-sized crystals of titanium 3-hydrides. No hydrides were
detected during the TiszAl formation. This finding indicates
that hydrogen atoms are mostly dissolved in the B phase and
partially in the TizAl phase. Pushilina et al. [35] also reported
that post HT of EBM Ti—6Al—4V at 750 °C for 1 h in vacuum led
to a decrease in the hydrogen sorption rate, which they
attributed to the lower density of grain boundaries after HT.
Laptev et al. [21] investigated the influence of GC on defect
structure, hardness, and wear resistance of EBM Ti—6Al—4V.
They discovered that when the alloy was hydrogenated to a
content of 470 ppm hydrogen, the y titanium hydride was
formed with a volume content of 2.2%. However, when the
hydrogen content was increased to 900 ppm, the fraction
volume of both the y hydride and the p phase decreased, and
the ¢ hydride phase was observed. Furthermore, it was found
that hydrogen increased the hardness, decreased the wear
resistance, and increased the defect concentration. Gaddam
etal. [37] examined how the presence of hydrogen affected the
tensile and low cycle fatigue (LCF) characteristics of cast and
EBM Ti—6A1-4V alloys. The EBM alloy showed higher tensile
strength as well as LCF properties compared to the cast alloy,
both in hydrogen and in air environments. The fatigue crack
growth (FCG) behavior of EBM and wrought Ti—6Al—4V alloys
after exposure to a hydrogen environment at high pressure
was investigated by Neikter et al. [43]. The EBM alloy was
found to have lower resistance to FCG compared to the
wrought alloy. Based on our literature survey, only a few
studies have been carried out on the influence of GC at high
temperature on the mechanical behavior of AM'ed Ti—6Al—4V.
The quasi-static mechanical properties of Ti-based alloys
have been measured mainly by traditional techniques such as
tensile and compression bending, although new techniques
have been developed during the last four decades (since the
1980's), e.g. the small punch test (SPT). This technique was
specifically developed for characterization of the mechanical
behavior of structural materials in the nuclear industry using
small or thin specimens [44]. The typical load-displacement
curve for ductile materials exhibits continuous behavior [45],
while the curve for semi-brittle and brittle materials exhibits
discontinuous load drops (“pop-in” phenomenon) and subse-
quent increase of the load caused by crack initiation and
subsequent crack arrest, as described by Altstadt et al. [46]. On
the other hand, if a significant load drop (to zero) occurs, it is
an indication of crack propagation to total failure. The top
view fracture morphology of ductile materials is semicircular
in shape, while in semi-brittle or brittle materials it is “star-
like” [47]. This type of fracture was observed in different alloys
and was reported by several researchers. Arroyo et al. [47]
studied the rate effect on fracture toughness of CrNiMn alloys
in a hydrogen environment. Eliaz et al. [48] studied

amorphous FeSiB alloys, whereas Lulu-Bitton et al. [22] stud-
ied EC in the EBM Ti—6Al—4V alloy. Owing to the advantages
provided by SPT, particularly due to its high sensitivity to
changes in the mechanical behavior and the mode of fracture
following hydrogen charging, researchers adapted this tech-
nique to investigate the influence of hydrogen on the me-
chanical behavior of steels [49—-53]. It was reported that this
technique exhibits exceptional sensitivity to the changes in
mechanical behavior and fracture mode due to different
hydrogen charging conditions.

Studies of the mechanical behavior of AM'ed Ti—6Al-4V
alloy by means of the SPT method are rare. Lucon et al. [54]
investigated the mechanical properties of EBM Ti—6Al—4V in
different metallurgical conditions, including the as-built
condition and after a variety of heat treatments and HIP. It
was reported that the SPT curves of the AM'ed alloy contained
one or more load drops (“pop-in”) before or after the recorded
maximum load. Additionally, it was discovered that there was
very low empirical correlation between the small punch pa-
rameters and the tensile mechanical properties (yield and
ultimate stresses, strain, etc.). Illsley et al. [55] used the SPT to
characterize the mechanical behavior of EBM Ti—6Al-4V at
RT. They reported that the ductility at RT was lower than that
of cast, HIPed, and forged alloys (but, phase compositions
were not recorded). A mix-mode fracture was observed as
shown by a fracture consisting of radial cracks with “star-like”
appearance.

In our previous study [18,22], it was reported that the EBM
alloy was more susceptible to HE following EC than a wrought
alloy. Higher mechanical degradation of EBM alloy was
accompanied by significant fracture mode changes following
exposure of wrought and EBM alloys to hydrogen [22]. This
was explained by the evolution of a surface hydride layer with
a higher concentration of ¢, and 6, hydrides (variants of
d (TiHy) having fcc unit cell with space group Fm3m(225) [18])
in the wrought alloy. These hydrides served as a barrier for
hydrogen uptake into the bulk, and therefore increased the
resistance of the wrought alloy to HE by comparison to the
EBM alloy.

The goal of the current study is to explore the influence of
the type of hydrogen charging (EC & GC) on the microstructure
and mechanical behavior of EBM and wrought TI-6Al-4V
alloy. The influence of dissolved hydrogen and hydrides
following gaseous charging at 600 °C on the microstructure
and mechanical behavior of EBM Ti—6Al—4V alloy compared
to its counterpart wrought alloy was investigated. To the best
of our knowledge, such a comprehensive study that compares
the influence of high-temperature GC on the microstructure
and mechanical properties of EBM and wrought Ti—6Al—4V
alloys with a similar «+f phase content and impurity levels,
but different microstructures, has not yet been reported.

Materials and methods
Processing of the EBM and wrought Ti—6Al1—4V alloys
Rods of Ti—6Al—4V, 11 mm in diameter, were manufactured at

the AM Center of Rotem Industries Ltd (Mishor Yamin, Israel)
by EBM utilizing an Arcam Q20 Plus EBM machine and a
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standard Grade 5 spherical powder with a size range of
45—106 um. The rods were orientated in the XY plane of the
tray. The EBM printing parameters are described in detail in
Ref. [18]. Wrought Ti—6Al—-4V Grade 23 (ASTM F136) rods,
11 mm in diameter, were produced by Dynamet Inc. The ma-
terial certificate of the commercial alloy states that the alloy
was annealed at 705 °C for 2 h and air cooled. Both EBM and
wrought alloys contained ~6% B and similar impurity levels.
The length of the o/p interphase boundaries in the EBM alloy
was larger by 34% compared to that in the wrought alloy [22].

All samples were cut by electric discharge machining
(EDM) to a thickness of 0.7 mm. After grinding to a thickness of
0.5 mm, diamond paste (down to 1 um) was used to me-
chanically polish both sides. Prior to GC, the samples were
rinsed in ethanol for 2 min in an ultrasonic bath.

Gaseous charging (hydrogenation)

GC was performed in a homemade Sievert apparatus con-
sisting of a sealed autoclave and calibrated reservoir cell, as
shown in Fig. 1 and described in Ref. [56]. High-purity gaseous
hydrogen was used for the hydrogenation process. The
examined samples were divided into two groups, one with
only hydrogen dissolved in the alloy (i.e., without hydride
formation), the other above the hydrogen solubility limit (i.e.,
with hydrides).

It was previously reported that hydride formation during
GC of Ti—6Al—-4V is in the range of 0.24—0.38 wt% (~10 to
~15 at%) hydrogen [28,57—60]. In Refs. [28,58,59], hydroge-
nation was conducted in the temperature range of
750—780 °C. Qazi et al. [28] reported that the B-phase content
in the tested specimens was less than 7 vol%. Pushilina et al.
[15] did not find any hydride phases following hydrogena-
tion at 650 °C of EBM Ti—6Al—4V. The alloy contained 4 vol%
B phase with 0.29 wt% hydrogen, indicating that hydrogen
atoms primarily dissolved in the By phase. According to the
pseudo-binary phase diagram of Ti—6Al-4V—xH proposed
by Sun et al. [60], 3-hydride precipitates above ~0.3 wt% H at

RT. Therefore, aiming to avoid hydride formation, the first
group in this study was charged with lower hydrogen con-
tents, namely 0.14 or 0.2 wt%. Hydrogenation to 0.32, 0.4,
and 1.0 wt% H was carried out to form hydride phases.
Hydrogenation was applied to a single specimen each time,
in order to assure that it will absorb the desired hydrogen
concentration. The hydrogenation procedure included two
stages. First, the specimens were put into the autoclave and
three purge cycles were performed using argon, prior to
charging, to remove undesired gasses such as oxygen. The
calibrated reservoir cell was filled by the desired quantity of
hydrogen gas, in the range of ~4—30 [psi], that is required to
obtain the desired concentration of each sample, based on
sample's weight. This procedure was found to be accurate to
control hydrogen concentration in previous studies [56]. The
second stage involved heating the autoclave to 600 °C at a
rate of ~20 °C/min and waiting another 15 min at 600 °C to
achieve temperature homogeneity. Then, the specimen was
exposed to the hydrogen gas by opening the isolation valve
between the chambers. At this point, the autoclave was kept
at 600 °C for another hour to achieve hydrogen homogeneity
in the bulk. Following this step, the temperature was
reduced to 500 °C for 15 min and then further reduced to
400 °C for another 15 min was performed. Finally, heating
was stopped, and the autoclave was furnace cooled to RT.
Low pressure values that were shown on the pressure gage
indicated that the amount of the desired hydrogen was
absorbed by the sample.

The time that elapsed between sample hydrogenation to
full characterization was less than one month. It is expected
that this time lag would not affect significantly the hydrogen
content in the hydrogenated Ti—6Al-4V samples or its
microstructure characteristics because: (1) no change in the
X-ray diffraction (XRD) patterns of hydrogenated Ti—6A1—4V
was observed after two months at RT [18,22]; (2) in situ XRD
[61] and temperature programmed desorption (TPD) mea-
surements [20] showed that hydrogen desorption is apparent
only from ~200 °C.

Vacuum Pressure
gauge transducer
Gas
source
(H,, Ar)
k Isolation Vacuum
valve pump
F ! :
urnace \ :
Sample —! '
Autoclave Calibrated

reservoir cell

Fig. 1 — Schematic illustration of the Sievert apparatus for GC [56].
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Material characterization

Detailed description of the microstructure, fractography and
XRD characterization of EBM and wrought Ti—6A1—4V alloys is
described in Ref. [22].

Chemical composition and density

Carbon, oxygen, nitrogen, and hydrogen content were
measured by CS—800 carbon analyzer and ONH—2000 oxygen/
nitrogen/hydrogen analyzer, respectively (Eltra GmbH, Haan,
Germany), as described in Ref. [18]. The chemical composition
of the major elements of the as-received alloys was confirmed
by energy-dispersive X-ray spectroscopy (EDS). The density of
the non-hydrogenated alloys was measured by the Archi-
medes method, using deionized (DI) water at RT.

Microstructural analysis by scanning electron microscopy
(SEM) and XRD

The microstructure was characterized using SEM combined
with EDS. Sample preparation for metallographic character-
ization included mechanical grinding and polishing down to
1 um, followed by chemical etching in a solution of 2.5 N HNO;
with 20 g/L NaF for 10—15 s. This solution is a mild version of
the well-known Kroll's reagent, commonly used as an etchant
to reveal the microstructure of Ti alloys [18].

XRD at RT was used for phase identification, phase content,
and determination of lattice parameters. The XRD patterns of
most samples were acquired by A D8 ADVANCE diffractometer
with a Bragg-Brentano geometry (Bruker AXS, Madison, WI,
USA) and Cu-Ko radiation source (A = 1.5418 A) was used. A
linear position sensitive device (PSD) detector (LYNXEYE XE-T)
was used, with an opening of 2.94°. Data points were acquired
at increments of 0.02° and acquisition time of 0.25 s. The scan
was within the range of 26 = 20—90°. The XRD pattern of the
EBM alloy that contained 1 wt% H was acquired by a powder
diffractometer Empyrean (Panalytical B-V., Almelo, the
Netherlands) equipped with X'Celerator position sensitive de-
tector. Data points were collected in the 6/26 geometry within
the range of 26 = 10—120°, using Cu- Ko radiation at 40 kV and
30 mA. The acquisition step was ~0.0167°, and the scan speed
was 0.071°/s. The information is presented herein within the
range of 33—65° to emphasize major changes.

The lattice parameters and phase content were fitted based
on Rietveld refinement using TOPAS software, ver. 5 (Bruker
AXS, Madison, WI, USA), fitting for the zero-error, lattice pa-
rameters, and phase composition. NIST Si 640e and LaBg 660c
standard reference materials were used to calibrate for peak
position and peak shape, respectively. Peaks were fitted using
a TCHZ function type, and the U,W,V and the asymmetry
parameters were measured using LaBg 660c and fixed to ac-
count for instrumental contributions to peak shape.

Mechanical behavior by SPT

The SPT technique is based on two (lower and upper) dies and
a thin disk specimen (typically, 0.5 mm thick) that is locked in
between them. During the test, a spherical cap punch is
pushed into the specimen while the load and the punch stroke
are monitored simultaneously until the end test criterion is
achieved (e.g., maximal or failure load, a certain stroke, etc.).
The small punch tests were performed on both non-

hydrogenated and hydrogenated wrought and EBM
Ti—6Al—4V samples at RT. The apparatus that was used is
described in Refs. [49,62] in detail. A 2.4 mm in diameter hard
steel ball was used. The geometry of the tested specimen,
described in detail in Ref. [22], was a disk with a diameter of
11 mm and a thickness of 0.5 mm.

The SPT was conducted according to the following steps:
(1) clamping of the specimen between the dies under 2500 N;
(2) preload up to 30 N and balance the stroke transducer
(Instron linear variable differential transducer, LVDT); and (3)
pushing the ball into the specimen under stroke control at a
speed of 0.1 mm/min up to failure. The relatively slow rate
was selected in order to better capture any possible effects of
hydrogen on the SPT curve in the early stages (zone I and Il in
the typical SPT curve described in Ref. [22]). Following spec-
imen failure, the mode of fracture was characterized by SEM.

Results
Chemical composition and density

The content of light elements (C, H, O, and N) in the non-
hydrogenated wrought and EBM Ti—6Al—4V alloys is given in
Table 1. It can be seen that oxygen was the main impurity in
both alloys, and that the total impurities content in both alloys
was similar. The chemical composition of the major elements
in the EBM alloy were (wt%) 90.1 Ti, 5.8 Al, and 4.1 V, in
accordance with the ASTM F2924 specification [63]. The
chemical composition of the major elements in the wrought
alloy were (wt%) 90.0 Ti, 5.8 Al, and 4.2 V. The average den-
sities of the EBM and wrought alloys were 4.421 + 0.001 [22]
and 4.423 + 0.001 g/cm?®, respectively.

Microstructure

A SEM micrograph of the transverse cross-section of the
wrought alloy before hydrogenation is shown in Fig. 2a. The
microstructure consisted of two phases — o (darker, major) and p
(brighter, minor). These phases were characterized by a higher
Al contentin the o phase and a higher vanadium contentin the B
phase (based on EDS analysis, also given in Ref. [22]). The B-
phase morphology is discontinuous along the equiaxed « phase
boundaries. A similar microstructure was reported before
[64,65]. Fig. 2b—e reveal the microstructures of the wrought alloy
hydrogenated to 0.2 wt% (Figs. 2b), 0.32 wt% (Fig. 2c and d), and
1 wt% (Fig. 2e and f) hydrogen. Since the microstructure of
0.14 wt% H was similar to that of 0.2 wt% H, it is not shown. An
apparent increase of the bright area in Fig. 2b and a significant

Table 1 — Carbon and light elements composition (wt%) of

the non-hydrogenated EBM and wrought Ti—6A1-4V
alloys.

Element Wrought EBM [22]

C 0.0264 + 0.0032 0.0063 + 0.0002
(6} 0.1187 + 0.0012 0.1092 + 0.0175
H 0.0044 + 0.0002 0.0036 + 0.0004
N 0.0139 + 0.0014 0.0322 + 0.0025
Total 0.1634 + 0.0060 0.1513 + 0.0206
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Fig. 2 — Cross-section SEM secondary electrons (SE) micrographs of wrought Ti—6Al—4V alloy. (a) Non-hydrogenated, (b)

0.20 wt% H, (c,d) 0.32 wt% H, (e,f) 1.00 wt% H.

increase of the bright area in Fig. 2c may indicate that By solid
solution was formed, and its content increased, presumably as a
result of the increase in the hydrogen content to 0.2 and 0.32 wt
% hydrogen. This resultis correlative with the XRD observations
that will be discussed further in section Phase content and
lattice parameters. The 0.2 wt% hydrogenated sample pre-
served the original morphology, whereas increasing the
hydrogen content further to 0.32 wt% hydrogen increased
significantly the brighter areas, indicating a higher By phase

content (Fig. 2c and d). In addition to the increase of the By phase
content, local microvoids were detected (highlighted in Fig. 2d, a
higher magnification inset of Fig. 2c). Microvoids were also
observed in electrochemically hydrogenated Ti—6Al—4V
wrought and EBM alloys [18,22,40,42]. These microvoids are
attributed to a volume shrinkage that occurs due to hydride
precipitation from the a supersaturated By phase, as suggested
by Brosh et al. [40]. Further increasing of the hydrogen content to
1.0 wt% changed the alloy microstructure, makingit finer, as can
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Fig. 3 — Cross-section SEM SE micrographs of EBM Ti—6Al-4V alloy. (a) Non-hydrogenated, (b) 0.20 wt% H, (c,d), 0.32 wt% H

(e,f), 1.00 wt% H.

be seen in Fig. 2e, and at higher magnification in Fig. 2f. The
homogeneous morphology with increasing hydrogen content is
due to homogeneous hydrogen diffusion in the alloy due to the
high-temperature GC. Niether cracks nor microstructural in-
homogeneity were observed in the hydrogenated samples at all
hydrogen contents.

SEM micrographs of the EBM alloy in the transverse orien-
tation, before and after hydrogenation, are shown in Fig. 3.
Fig. 3a reveals the microstructure of the non-hydrogenated
EBM alloy. A lamellar o+p structure with a Widmanstatten

morphology and primary o.columnar, that was originated from
prior B grains, oriented along the build direction, shown also in
Ref. [22], is evident. The discontinuous morphology of the B-
phase and the larger amount of «/p interphase boundaries in
comparison to the wrought alloy are the outcome of rapid so-
lidification in the EBM process. This morphology of EBM
Ti—6Al—4V was also reported in Refs. [22,24,65,66]. Fig. 3b—f
shows 0.2 wt% (Figs. 3b), 0.32 wt% (Fig. 3c and d), and 1 wt%
(Fig. 3e and f) hydrogenated EBM alloys. An apparent enlarge-
ment of the bright area in Fig. 3b and a significant enlargement
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of the bright area in Fig. 3c and d may indicate that a By phase
(solid solution) was formed, and its content increased as a
resultof increasing the hydrogen contentin the alloy. A similar
effect was observed in the wrought alloy. The fundamental
Widmanstatten structure at these hydrogen contents is pre-
served. These results are in agreement with the observations
from XRD,which show that the By phase content increased
from ~6 wt% in the non-hydrogenated alloy to ~13 wt% and
~18 wt% due to hydrogenation to 0.2 wt% and 0.32 wt%
hydrogen content, respectively. After further increasing the
hydrogen content to 1 wt%, the bright area appeared to be
reduced and the microstructure became finer (see Fig. 3e and
high-magnification Fig. 3f). The reduction in the By phase
content at 1 wt% hydrogen agrees with the XRD observations
(see section XRD phase analysis). The uniform morphology
with increasing hydrogen content is due to uniform hydrogen
diffusion in the alloy, as in the case of the wrought alloy.
Neither cracks nor microstructural inhomogeneity were
observed in the hydrogenated samples at any hydrogen con-
tent. Local microvoids were detected at 0.32 wt% H and above,
similar to the wrought alloy (marked in Fig. 3d,f).

XRD phase analysis

Phase content and lattice parameters

Normalized XRD patterns (maximal peak is 100%) from the
non-hydrogenated alloy and after GC of both wrought and
EBM alloys are shown in Fig. 4. The ordinate values in this
figure are after arbitrary scaling. Table 2 and Table 3 show the
phase content and lattice parameters of the wrought and EBM
alloys, respectively, calculated by TOPAS Rietveld refinement
(with all Ry, values below 14.51). Both alloys showed a similar
behavior as a function of hydrogen content up to 1.0 wt% H.
The non-hydrogenated alloys contained two phases, o (major)
and B (minor), similar to Ref. [22].

From Fig. 4 and Table 2 and 3, it can be seen that the lattice
parameters of the hydrogenated hcp a-phase (ICDD 04-002-
8708) were slightly larger with hydrogenation, both in the
wrought and in the EBM alloys, as a result of oy formation. It
can be seen in Fig. 4 that all ay peaks were broadened at 1.0 wt
% hydrogen content. This can be attributed to elastic lattice
strain [15,58] and/or an overlap of ay; and a, reflections. Fig. 5a
(data is taken from Tables 2 and 3) presents the a/ay phase
quantity as a function of hydrogen content in both alloys. It is
evident from Fig. 5a that the oy-phase quantity in the wrought
alloy was gradually reduced from 94.7 wt% in the non-
hydrogenated alloy to 41.2 wt% in the 1 wt% hydrogenated
alloy, and from 94.3 wt% to 37.4 wt% in the EBM alloy. Thus,
the total content of the o/oy phase was reduced by 56—60%
due to hydrogenation to 1 wt%.

From Fig. 4 and Tables 2 and 3, the lattice parameter a of
the hydrogenated bcc B-phase (ICDD 00-044-1288) increased
with hydrogenation by 4% in both alloys, indicating the for-
mation of By solid solution. The phase shifts toward smaller
angles due to the solution of hydrogen atoms was also
observed by Pushilina et al. [15] and Sun et al. [60]. Fig. 5b (data
is taken from Tables 2 and 3) presents the p/By phase quantity
as a function of hydrogen content in both alloys. It is seen
from Fig. 5b that the By phase quantity was gradually
increased up to 0.4 wt% hydrogen content, from 5.3 wt% and

5.7 wt% to 18.0 wt% and 22.6 wt% in the hydrogenated
wrought and EBM alloys, respectively. Further hydrogenation
to 1 wt% hydrogen content was followed by reducing the By
quantity to 8.2 wt% and 14.8 wt% in the wrought and EBM
alloys, respectively. Thus, the total content of the p/By phase
was increased to a maximum by 3.4—4 times at 0.4 wt%
hydrogen content, and then reduced.

The reflection at 26 = 36.5° at 0.32, 0.4, and 1 wt% hydrogen
contents, shown in Fig. 4, is attributed to the tetragonal vy
hydride (ICDD 00-040-1244), in agreement with Pushilina et al.
[15] and Metalnikov et al. [20].

The reflections at 26 = 35.5° and 26 = 60.0° at 1 wt%
hydrogen content are attributed to the fcc 6 hydride (ICDD 01-
071-4960), formed from the o or B phase, depending on the
hydrogen content [14].

At 1 wt% hydrogen content, an additional peak at 26 = 25.8°
(not shown here) was observed. This peak is attributed to a
reflection from the (011) plain of the «, phase (ICDD 04-004-
2732) associated with Al enrichment of the primary « phase
[15].

Hydrogen saturation in the 8y phase

Fig. 6 shows the /By lattice parameter of both the wrought and
EBM Ti—6Al—4V alloys as a function of hydrogen content. It is
evident that the lattice parameters in both alloys increased
linearly up to hydrogen content of 0.2 wt%. Further increasing
of the hydrogen content to 0.32 wt% resulted in an increase of
the lattice parameter, albeit deviating from the linear trend
thatis seenup to 0.2 wt% hydrogen content. Further increase of
the hydrogen content up to 1 wt% did not affect the lattice
parameter significantly. This suggests that the By solid solu-
tion reached hydrogen saturation at hydrogen content be-
tween 0.2 and 0.32 wt%. The average lattice parameter of the
saturated By phase (i.e., at 0.32 wt% hydrogen content) was
3.315 A (calculated from both alloys). Fig. 6b shows the linear
growth and curve-fitting of the average p/fy lattice parameters
in both alloys, up to 0.2 wt% H, with a Pearson's value r = 0.995.
This linear correlation was also observed by Zhu and Li [58] for
the forged Ti—6A1—4V alloy. The intercept between the value of
the lattice parameter of the saturated By phase (3.315 A) with
the linear curve growth of the By lattice parameter below
0.32 wt% H (namely, at 0.27 wt% H) represents the hydrogen
saturation value of the By phase. This value is within the range
reported in the literature (0.24—0.38 wt% [28,57—60]). There-
fore, hydride formation is expected above 0.27 wt% H.

SPT curves

The SPT (load-displacement) curves of non-hydrogenated and
GC wrought and EBM alloys are shown in Fig. 7a and b,
respectively. The curves of the non-hydrogenated alloys are
similar to those reported in Refs. [22,54]. It is evident from
Fig. 7 that the mechanical behavior of both alloys can be
divided into two groups: the first is for the non-hydrogenated
and the hydrogenated alloys up to 0.2 wt% hydrogen content,
and the second is for the hydrogenated alloys from 0.32 wt%
up to 1 wt%. The SPT curves in the first group are similar,
exhibiting a ductile material behavior. Further increasing of
the hydrogen content up to 1 wt% led to a substantial
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including

Pimax, While Fig. 8b shows 6max, and Fig. 8c shows E (the area

degradation in the mechanical

properties,

maximum load (Pmax), displacement at maximum load (6max)
and absorbed energy (E).

The effect of hydrogen content on the mechanical prop-
erties of both alloys is shown in Fig. 8. Fig. 8a shows changes in

under the load-displacement curve up to the maximum load).
Both alloys exhibited similar trends in all three properties,
with higher values up to hydrogen content of 0.2 wt%. The
mechanical properties degraded following a further increase
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Table 2 — Lattice parameters and phase content of the non-hydrogenated and hydrogenated wrought alloys.

Wrought o/ ogz/otp

B/Bu Ti-hydrides

Non-hydrogenated 94.67 Wt% a = 2.925 A ¢ = 4.670 A

0.14 wt% 94.69 wt% a = 2.927 A c = 4.688 A
0.20 wt% 89.89 wt% a = 2.929 A ¢ = 4.683 A
0.32 wt% 83.39 wt% a =2.927 Ac=4.678 A
0.40 wt% 81.97 wt% a = 2.927 A c = 4.675 A
1.00 wt% o: 41.17 wt% a = 2.923 A
c=4.698 A
22: 29.98 wt% a = 5.806 A
c=4.645A

5.33 wt% a = 3.189 A =
5.31 wt% a = 3.257 A —
10.11 wt% a = 3.286 A
16.61 wt% a = 3.317 A
18.03 wt% a = 3.312 A
8.22 wt% a = 3.313 A

Y < 2.00 wt%

Y < 2.00 wt%

v: 3.01 wt% a = 3.980

c = 4.867

0: 17.62 wt% a = 4.355 A

Table 3 — Lattice parameters and phase content of the non-hydrogenated and hydrogenated EBM alloys.

EBM o/ og/ a2

B/Bu Ti -hydrides

Non-hydrogenated 94.26 wt% a = 2.927 A c = 4.669 A

0.14 wt% 92.24 wt% a = 2.926 A ¢ = 4.679 A
0.20 wt% 87.42 wt% a = 2.928 A ¢ = 4.681 A
0.32 wt% 81.68 wt% a = 2.926 A
c=4.681A
0.40 wt% 77.44 wt% a = 2.925 A c = 4.678 A
1.00 wt% a: 37.39 wt% a = 2.935 A
c=4.672 A
22: 32.11 wt% a = 5.820 A
c=4673A

5.74 wt% a = 3.199 A =
7.76 Wt% a = 3.247 A —
12.58 wt% a = 3.283 A =
18.32 wt% a = 3.308 A v < 2.00 wt%

22.56 wt% a = 3.316 A
14.81 wt% a = 3.327 A

vy < 2.00 wt%

v:2.58 wt% a = 4.062

c =4.900

0: 13.00 wt% a = 4.372 A

in the hydrogen content up to 1 wt%. Following hydrogenation
to 0.32 wt% hydrogen, the maximum load of the wrought alloy
decreased by 49% (from 1.43 to 0.73 kN) and the displacement
at maximum load decreased by 28% (from 0.76 to 0.55 mm); E
decreased by more than 50% (from 1.30 to 0.55 J/mm). For the
EBM alloy, the maximum load decreased by 33% (from 1.17 to
0.78 kN), the displacement at maximum load decreased by
46% (from 0.99 to 0.53 mm), and E decreased by more than 50%
(from 1.64 to 0.75 J/mm). Following hydrogenation to 1.0 wt%
hydrogen content of both alloys, E decreased by more than
96% (from 1.30 to 0.05 J/mm in the wrought alloy, and from
1.64 to 0.03 J/mm in the EBM alloy).

It should be noted that the degradation in the mechanical
behavior of hydrogenated alloys was significant above 0.32 wt
% hydrogen content. This behavior supports the By hydrogen
saturation point at 0.27 wt% discussed above, thus the
degradation in mechanical properties is due to hydride for-
mation beyond the solubility limit. The SPT results emphasize
the advantages of this technique due its sensitivity to the
small hydride content (y hydride is < 2.0 wt% at 0.32 wt%
hydrogen content). Considering the findings above, it can be
concluded that both the wrought and EBM alloys exhibit
similar mechanical behavior, with degradation above the By
hydrogen saturation point at 0.27 wt%.

Fractography

Fig. 9 shows the fracture morphology and fracture surfaces
(fractography) of both hydrogenated and non-hydrogenated
wrought alloy following SPT. The non-hydrogenated
wrought alloy shows a typical ductile fracture (Fig. 9a—c)
similar to that reported for the non-hydrogenated wrought
alloy in Ref. [22]. The top-view morphology of the fracture is

semi-circular (Fig. 9a), and at high magnification the fracture
is characterized by dimples, as seen in Fig. 9c. The fracture
morphology of the 0.2 wt% H alloy (Fig. 9d—f) is similar to that
of the non-hydrogenated alloy, i.e. it is characteristic of
ductile materials. These findings are in agreement with the
XRD and Ppax, 6max and E values reported above, for the ductile
wrought alloys below 0.32 wt% hydrogen content.

The top view fracture morphology and fracture surfaces of
the 0.32 wt% and 1.0 wt% H alloys are shown in Fig. 9g—i and
Fig. 9j-1, respectively. These figures show a fundamental
change in the fracture mode. Top-view fracture morphology
(Fig. 9g) is characterized by a star-like shape, and at high
magnification the fracture surfaces are typical of a quasi-
cleavage failure (Fig. 9i), which is attributed to hydride pres-
ence. For the 1.0 wt% content alloy, no dimples were evident
(Fig. 9]), indicating more severe embrittlement due to a higher
hydrides content. The fracture morphologies observed above
0.32 wt% H are typical of brittle materials [22,47,48]. These
findings are in agreement with the XRD data and Pmax, 0max
and E values reported above for the brittle wrought alloys
obtained above 0.2 wt% hydrogen content. The brittle fracture
morphology of the GC alloys is different from the brittle
fracture characteristics reported in Ref. [22] for the EC alloy
due to the absence of a hydride layer on the surface in the
present study, which was typical of EC Ti—6Al—4V.

The fractography (SEM) of the EBM alloy after SPT is shown
in Fig. 10. The top-view of the fracture and mode of fracture of
the non-hydrogenated (Fig. 10a—c) and the 0.2 wt% H alloys
(Fig. 10d—f) were similar, showing a ductile behavior. The top-
view of the fracture in alloys hydrogenated up to 0.2 wt% H
(Fig. 10a,d) showed semi-circular and radial cracks. At high
magnification, the fracture was characterized by a mix-mode
fracture (ductile and brittle fracture), similar to that reported
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for the non-hydrogenated EBM alloy in Ref. [22]. The top-view
fracture in the EBM alloy hydrogenated up to 0.2 wt% H
(Fig. 10a,d) was different from that in the wrought alloy
(Fig. 9a,d) due to differences in their original microstructure,
as discussed in detail in Ref. [22]. These findings are also in
agreement with the XRD, Pp,ay, 6max and E results discussed
above for the ductile EBM alloys hydrogenated below 0.32 wt%
H. Increasing the hydrogen content to 0.32 wt% and above
changed the fracture morphology from ductile to brittle
(Fig. 10g—i). The top-view fracture of 0.32 wt% content alloy
(Fig. 10g) changed from semi-circular and radial cracks to star-
like morphology. The fracture exhibited a mix mode,
combining dimples and cleavage structure. Further increasing
the hydrogen content to 1.0 wt% (Fig. 10j-l) increased the
brittle morphology, similar to the wrought alloy. The top-view
fracture became pure star-like, and dimples were not identi-
fied at high magnification (Fig. 101). These findings are also in
agreement with the XRD, Ppax, 0max and E results reported
above for the brittle EBM alloys hydrogenated to more than
0.2 wt% H.
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Discussion

The influence of gaseous hydrogen charging at 600 °C on the
microstructure and mechanical behavior of wrought and EBM
Ti—6Al—4V alloys was investigated at 0.14, 0.20, 0.32, 0.4, and
1.0 wt% hydrogen content. Both alloys contained ~6 wt% B
phase and similar impurity levels in their non-hydrogenated
counterpart, allowing the exclusion of compositional effects
on the alloys’ susceptibility to hydrogenation. On the other
hand, the EBM alloy contained 34% more o/f interphase
boundaries than the wrought alloy.

Both alloys showed similar phase content and trends in
mechanical behavior at all hydrogen contents. After hydro-
genation, ay and By solid solutions were formed. The oy phase
(major phase) quantity reduced gradually with hydrogen
content while increasing the By content and/or forming o, and
hydrides due to the low solubility of hydrogen in the major «
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phase. The transformation of the « and B phases during
gaseous charging and its dependence on hydrogen content
has been explained elsewhere in detail [13,15,67]. At the same
time, the By phase content increased up to 0.4 wt% H due to
the tendency of hydrogen to stabilize the By solid solution in
Ti—6Al—4V, in agreement with [67]. Further increasing of the
hydrogen content from 0.4 to 1.0 wt% led to decrease in the
amount of the By, in agreement with [15]. The reduction in the
By content at higher hydrogen content was attributed to hy-
dride formation (e.g., y hydride, minor) at 0.32 wt% hydrogen
content and above. The 6 hydride and o, phases formed at
1.0 wt% H.

Microstructure observations revealed that hydrogenation
led to microvoid formation in both alloys at 0.32 wt% and
above. This can be attributed to a local shrinkage due to hy-
dride precipitation from the hydrogen-supersaturated By
phase, as suggested by Brosh et al. [40]. The By solid solution
was saturated at 0.27 wt% H, below which no hydrides or other
phases exist except for ay. This matches the By saturation
range reported in the literature, 0.24—0.38 wt% [28,57—60].

The Ppax, 0max and E values for both the wrought and EBM
alloys hydrogenated up to 0.2 wt% H (i.e, below the By solubility
limit where hydrides form) were characterized by relatively
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Fig. 8 — The effect of hydrogen content on the mechanical
behavior of wrought and EBM Ti—6Al—4 alloys. (a)
Maximum load, (b) displacement at maximum load, and (c)
normalized absorbed energy.

high strength and ductility, similar to the non-hydrogenated
counterparts' alloys. The similarity in values within the range
of 0—0.2 wt% H are due to the absence of hydrides. This agrees
with a previous report [68] of the absence of degradation in
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Fig. 9 — SEM fractography of wrought Ti—6Al1—4V alloy after SPT. (a—c) Non-hydrogenated, (d—f) 0.20 wt% H, (g—i) 0.32 wt% H,

G-1) 1.0 wt% H.

tensile properties of Ti—6A1-4V hydrogenated from the gas
phase at 600 °C up to 0.2 wt% H. Above the By hydrogen solu-
bility limit, the mechanical parameters Pmax, 0max, and E
degraded significantly due to hydride formation in both alloys.
This is in agreement with the report in Ref. [67] on the degra-
dation of mechanical properties of Ti—6Al—4V hydrogenated
from the gas phase performed at 750 °C to 0.3 wt% and above,
where hydride formation occurred.

Our current study emphasizes the different effects of
gaseous (high temperatures) and electrochemical (RT) hy-
drogenation on the susceptibility of Ti—6Al—4V alloys that
contain similar composition and phase content to HE. In our
previous work, we studied the effect of EC at RT on the same
wrought and EBM alloys [22]. It was found that the EBM alloy
is more susceptible to HE than the wrought alloy. It was

shown that the formation of a layer with high
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Semi-circular &
radial cracks

Fig. 10 — SEM fractography of EBM Ti—6Al—-4V alloy after SPT. (a—c) Non-hydrogenated, (d—f) 0.20 wt% H, (g—i) 0.32 wt% H,

(-1) 1.0 wt% H.

concentrations of ¢, and 4, hydrides on the wrought alloy
surface acted as a barrier to hydrogen diffusion into the bulk
of the alloy, thus inhibiting further hydrogen damage
compared to the EBM alloy. The surface layer on the
wrought alloy was formed due to the combination of the
lower amount of «/p interphase boundaries compared to
that in the EBM alloy, and thus slower hydrogen diffusion at

RT. In the current study, GC at high temperature was used,
and the diffusion coefficients were significantly higher than
those at RT. Thus, the microstructural differences did not
have significant effects on hydrogen diffusion into the bulk,
resulting in similar mechanical behavior. Therefore, the
wrought alloy loses its structural advantages over the EBM
alloy w.r.t. HE when high-temperature GC is involved.
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Conclusions

The influence of gaseous hydrogenation on the microstruc-
ture and mechanical behavior of EBM AM'ed and wrought
Ti—6Al—4V alloys containing ~6 wt% B and similar impurity
levels, but 34% higher amount of o/B interphase boundaries
length in the EBM alloy, was studied. The main conclusions
are listed below.

1. Both EBM and wrought Ti—6Al—4V alloys showed a similar
phase content and mechanical behavior at all hydrogen
contents, despite the original microstructural differences.

2. Bu became saturated at 0.27 wt% hydrogen content.

3. Both alloys exhibited high strength and ductility up to
hydrogen content of 0.2 wt%, prior to By saturation con-
centration. Above the By saturation concentration, the
mechanical properties Pax, dmax and E degraded signifi-
cantly due to hydrides formation.

4. Both wrought and EBM Ti—6Al1—4V alloys had similar me-
chanical behavior when gaseous hydrogen charging was
involved, in contrast to electrochemical hydrogen charging
where the wrought alloy showed higher resistivity to HE.

5. The influence of hydrogen on the mechanical behavior of
wrought and EBM Ti—6A1—-4V alloys is highly dependent on
the hydrogen charging method: electrochemical at RT or
gaseous at high temperature. This is due to uniform
hydrogen uptake in the bulk alloy at high temperatures,
while in EC, hydride layers developed on the outer surface
and acted as barrier layers that hindered hydrogen ab-
sorption. Therefore, the wrought alloy lost its advantage
over the EBM alloy with respect to HE when high-
temperature gaseous charging is used.
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