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a b s t r a c t   

In this work we have studied the effect of phase composition and microstructure of a rapidly solidified 
Ti2AlNb-based alloy containing hydrogen on deformation of the alloy during ball milling and production of a 
fine-dispersed powder. Hydrogen is introduced into the alloy up to a concentration of 2.0 wt%. The X-Ray 
diffraction (XRD) analysis and Scanning Electron Microscopy (SEM) show that the alloy has the following 
phase compositions depending on hydrogen content: β + O, β/β-hydride, β/β-hydride + intermetallic hydride 
(Ti2AlNbHx) or a single-phase intermetallic hydride. It is found that in the hydrogenated β + O alloy con-
taining a small amount of hydrogen a strong decrease in ductility occurs, but this does not affect the ball 
milling and synthesis of the fine-dispersed powder. Efficient milling of the rapidly solidified alloy has been 
achieved when hydrogen content was 1.2 wt% and exceeding this value when a transformation from the H- 
saturated solid solution into a hydride phase is observed in the alloy or the formation of a single phase 
hydride occurs. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Orthorhombic titanium aluminides are advanced aerospace ma-
terials for use at temperatures above 550 °C when high temperature 
titanium alloys can no longer work due to their low heat resistance, 
and titanium gamma aluminides have low fracture toughness and 
cracking resistance. Also, orthorhombic alloys have an advantage 
over nickel alloys and heat-resistant steels that are currently widely 
used at these temperatures due to their lower density [1,2]. To obtain 
Ti2AlNb-based alloys, various powder metallurgy and additive 
manufacturing methods are being actively explored in addition to 
conventional foundry metallurgy, thus making it possible to elim-
inate typical foundry problems, i.e., chemical inhomogeneity and 
areas with variable densities and microstructure in ingots. These 
methods are valued for a high material utilization rate and the 
possibility of synthesizing semi-finished products with near-net 
shape or complex geometries using additive technologies. Atomized 
alloyed powders [3–5] or blended elemental powders [6–8] are used 
as raw materials for the production of orthorhombic titanium alu-
minides. Both approaches have disadvantages. For example, pre-al-
loyed powders are produced by labor-consuming and expensive 

methods of atomizing or melt atomization. They also have smooth 
spherical surface and are not capable of mechanical adhesion during 
cold compaction at room temperature. Therefore, their application 
in the simplest powder metallurgy methods, i.e., cold compaction 
and pressureless sintering (CC and PS), is difficult or only becomes 
possible if one uses binders which can lead to alloy contamination 
by impurities. 

The use of non-spherical blended elemental powders or mixtures 
of non-spherical and spherical powders allows production of sin-
tered orthorhombic titanium aluminides by the CC and PS methods 
as well as by hot compaction or additive manufacturing. However, 
chemically unbound refractory niobium in the powder mixture re-
quires high temperatures and diffusion dissolution or homogeniza-
tion of sintered alloys. This complicates the technology of sintered 
orthorhombic titanium aluminides. Using non-spherical pre-alloyed 
powders would make the CC and PS methods simpler and eco-
nomically advantageous. 

Non-spherical powders of titanium and its alloys synthesized by 
the hydrogenation-dehydrogenation (HDH) method are being more 
and more widely used nowadays. This method was developed in 
1957 by the Titanium Metals Corporation and is mainly employed for 
the production of low-cost powders from commercially pure tita-
nium (CP-Ti) [9], less often from the Ti-6AL-4V alloy [10]. These 
powders exhibit a good compactibility, are readily sintered and have 
already found practical application in the manufacturing of titanium 
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products for the automotive and aerospace industries at Dynamet 
Technology, USA, using the technology of cold isostatic pressing and 
sintering [11]. It is also possible to use titanium hydride powders 
subjected to cold compaction and subsequent dehydrogenation 
during sintering [12,13]. This method is used for aerospace, auto-
motive and medical applications by ADMA Products, Inc. [12,14]. 

The HDH method has already been experimentally tested for the 
production of powders from intermetallic and high-entropy alloys 
such as TaNbHfZrTi, Nb-Mo-Si, and Nb-20% Ta [15–17], but its ap-
plication for the synthesis of pre-alloyed powders from titanium 
aluminides has not yet been studied. This method can also be very 
attractive for the fabrication of non-spherical pre-alloyed powders 
from orthorhombic titanium aluminides and the production of sin-
tered alloys based on the Ti2AlNb compound using cold compaction 
and pressureless sintering technology. 

The HDH method is quite simple and involves hydrogenation of 
the required material, milling and subsequent dehydrogenation and 
deagglomeration of the dehydrogenated powder. It is applied to 
materials that readily adsorb hydrogen. This method has been well 
studied for the industrial production of powders from titanium; 
however, its application for powders of orthorhombic titanium 
aluminides requires a detailed study of all the stages of HDH-powder 
synthesis. The hydrogenation stage is very important for de-
termining the optimum concentration of hydrogen which converts 
the material to a brittle hydrogenated state when it can be easily 
milled to a dispersed state. In this case, excessive hydrogen can make 
the material excessively brittle, and then an undesirable dust-like 
powder will form during milling. However if the amount of hy-
drogen is not excessive, the material becomes only slightly brittle, 
and its processing will require a longer processing time during the 
ball milling or a higher energy of the milling bodies. It is of great 
importance to take into account that the hydrogenation of a material 
to high hydrogen concentrations is technically difficult, and it is 
critical to find the optimum amount of hydrogen at which the ma-
terial is highly brittle and which can be easily absorbed under in-
dustrial conditions. For example, as pure titanium is capable 
of absorbing up to 4.0 wt% of hydrogen, the optimum hydrogen 
concentration for hydrogenation and milling should not exceed 
3.5 wt% H [9]. 

We earlier proved the possibility of producing powders from the 
VTI-4 (trademark) alloy based on the Ti2AlNb compound by milling 
of rapidly solidified fiber fabricated by the pendent drop melt ex-
traction (PDME) method and hydrogenated to 0.88 wt% H [18]. The 
size of the milled particles was large enough, 10–80 µm, and discrete 
fiber fragments were also observed. We explained this by the small 
amount of hydrogen in the alloy which does not cause its heavy 
embrittlement. To determine the optimum concentration of hy-
drogen which converts the Ti2AlNb-based alloy to a brittle state and 
provides efficient milling, it is required to study how variable hy-
drogen content affects the deformation of orthorhombic titanium 
aluminide during the ball milling. Since orthorhombic titanium 
aluminide may have different phase compositions, the effect of hy-
drogen on the phase composition of the alloy should be analyzed. 

The aim of this work is to study the effect of the phase compo-
sition and microstructure of the rapidly solidified Ti2AlNb-based 
alloy with various hydrogen contents on the deformation of the alloy 
during ball milling and the production of fine-dispersed powders. 
The results will be analyzed with the aim to determine the optimum 
hydrogen concentration and the phase composition of the Ti2AlNb- 
based alloy which provide for efficient ball milling. 

2. Experimental procedures 

The studies were carried out for the commercial VTI-4 titanium 
alloy (based on the Ti2AlNb compound) which contains a two-phase 
β (body centered cubic lattice) + O (orthorhombic lattice) 

composition. The alloy was obtained by vacuum-arc melting and had 
the following composition: Ti-12.0Al-41.2 Nb-0.89Mo-0.83 V-1.27Zr- 
0.13Si, wt%. Rapidly solidified fiber was fabricated using the PDME 
method by vacuum melting of an as-cast alloy electrode with elec-
tron-beam melting equipment (Fig. 1a) [19]. Since the as-cast alloy is 
hydrogenated only after a long-term exposure to hydrogen and can 
hardly absorb more than 0.5 wt% H at a pressure of about 0.1 MPa 
regardless of phase composition (β or O phase) [2 0], the study was 
carried out for the rapidly solidified alloy. Hydrogenation was carried 
out using the Sieverts method in an installation with a hydrogen 
atmosphere containing up to 0.2 – 2.0%1 H at 800 °С in accordance 
with the following technique: vacuum heating of the alloy fiber to 
800 °С and exposure to a constant temperature; hydrogen charging 
during exposure for 10 min for achieving a uniform hydrogen dis-
tribution over a thin fiber section; and cooling to room temperature. 
The installation consisted of a vacuum system, a hydrogen source 
(titanium hydride), a system for hydrogen purification from gaseous 
impurities, a gas cylinder in which a predetermined hydrogen 
pressure was developed by controlled hydrogen charging and a pre- 
evacuated retort with the hydrogenated material where its hydro-
genation occurs. The amount of hydrogen introduced into the 
chamber of the installation was determined on the basis of the 
pressure change in the pressure in the closed vacuum system with a 
known volume and evaluated based on the weight gain of the 
samples using an Adventure AR2140 electronic laboratory balance 
with an absolute measurement error of within 0.0001 g. Ball milling 
was conducted in a planetary-type ball mill for 5–20 min in alcohol 
at a 100 rpm rate. XRD analysis of the phase composition of the 
rapidly solidified alloy in the initial and hydrogenated states was 
carried out using a DRON-7 diffractometer (Russia) using CuKα ra-
diation at 40 kV and 20 mA. The microstructure of the alloy and the 
fractures of the hydrogenated fiber and the milled powders were 
observed using a field emission-scanning electron microscope (FE- 
SEM) (FEI, QUANTA FEG 250) equipped with an energy-dispersive 
spectrometer (EDS) (EDAX, Octane Elite EDS) and under a JEM-2100 
analytical electron microscope. The microhardness was measured 
using a MicroMet 5101 hardness tester with a diamond pyramid at a 
load of 0.5 N, and the average values were calculated. 

3. Results and discussion 

3.1. Phase composition and microstructure of the hydrogenated alloy 

Rapid solidification of orthorhombic titanium aluminides by 
PDME or powder atomization leads to the formation of the me-
tastable β phase (Fig. 1b) [20–22]. We earlier studied [23] the phase 
composition of the quenched cast VTI-4 alloy in the hydrogenated 
state and plotted the phase diagram for the VTI-4 alloy vs H content. 
The study showed that at 800 °C (the hydrogenation temperature) 
the alloy containing 0.1–0.3% H had a two-phase β + O composition. 
XRD study of the rapidly solidified alloy showed that after hydro-
genation of the alloy containing 0.2% H only the peaks of the initial 
β-phase were observed (Fig. 2, a), and the lattice parameter changed 
slightly from 0.326 nm (the initial non-hydrogenated rapidly soli-
dified alloy) to 0.329 nm (0.2% H). SEM analysis revealed fine-la-
mellar precipitates in the alloy (Fig. 2b) indicating a partial 
decomposition of the β-phase due to the hydrogenation and pre-
cipitation of the orthorhombic phase particles which were not de-
tected by XRD analysis due to the small content of the precipitates. 
Transmission electron microscopy (TEM) showed that the lamellar 
precipitates are the orthorhombic phase (Fig. 2a). The small number 
of the orthorhombic phase precipitates is associated with the higher 
thermal stability of the metastable β-phase forming due to rapid 

1 Hereinafter, the content of hydrogen is given in wt%. 
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solidification. We showed using DSC analysis [20] that heating of the 
rapidly solidified alloy to 1200 °C does not produce thermal peak of β 
phase decomposition at low temperatures (below 900 °C). We also 
do not observe the peak of subsequent high-temperature O→β 
transition at about 1000–1100 °C. Partial β→O decomposition and 
O→β transition are observed in quenched cast alloy for the same 
heating mode. 

In addition, the phase diagram for the VTI-4 alloy vs H content 
was plotted for quenching of the hydrogenated cast alloy from 

various temperatures after a long-term homogenization when an 
equilibrium phase composition was formed. Therefore, this diagram 
cannot be used to adequately predict the phase composition of the 
rapidly solidified alloy hydrogenated by short-term exposure. 

Hydrogenation yielding 0.5% H leads to the precipitation of a 
greater number of O phase particles which are clearly observed in 
the XRD patterns; thus the alloy has a two-phase β + O composition 
(Fig. 2c and d). The same tendency can be observed after hydro-
genation until 0.65% and 1.0% H (Fig. 2e and f): the number of the O 

Fig. 1. Rapidly solidified Ti2AlNb-based alloy: (a) the fiber and (b) XRD pattern.  

Fig. 2. (a, c, e) XRD patterns, (а) inset: TEM diffraction pattern, and (b, d, f) microstructures of the rapidly solidified Ti2AlNb-based alloy after hydrogenation, wt% H: (a and b) 0.2; 
(c and d) 0.5; (e and f) 1.0. 
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Fig. 3. (a, b, c) XRD patterns and (d, e) microstructures of the rapidly solidified Ti2AlNb-based alloy after hydrogenation, wt% H: (a) 1.2; (b and d) 1.7; (c and e) 2.0.  
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phase particles increases and the β phase lattice parameter growths 
gradually from 0.332 nm (0.5% H) to 0.335 nm (1.0% H). 

Alloy hydrogenation providing a concentration of 1.2% H results 
in the formation of a single-phase solution. There are no O phase 
peaks in the XRD pattern (Fig. 3a), only the β phase being observed 
and its lattice parameter not changing in comparison with that for 
the alloy containing 1.0% H, which can indicate a limited solubility of 
hydrogen in the β phase. The disappearance of the orthorhombic 
phase peak may be due to its transformation into the so-called 
β-hydride undergoing anisotropic lattice rearrangement as observed 
earlier [24]. It was shown that during hydrogenation of the two- 
phase β + O orthorhombic titanium aluminide the β and O phases 
readily absorbed hydrogen, and at a hydrogen/metal ratio of 0.6 
which corresponds to a hydrogen content of about 1.1%, β-hydride 
formed in the alloy, but a weak peak of the hydrogenated O phase 
still persisted which we also observed in our rapidly solidified alloy 
hydrogenated with 1.0% H. However the authors showed [24] that 
the β phase → β-hydride phase transformation occurs due to iso-
tropic deformation (expansion) of the β phase lattice, and β-hydride 
retains the bcc lattice inherited from the β phase. In our opinion the 
gradual increase of the β phase lattice parameter from 0.326 nm 
(initial state) to 0.332 nm (1.2% H) which we observed indicates the 
high ability of the β phase to absorb hydrogen rather than the for-
mation of highly alloyed β-hydride. However, analysis of the Ti2AlNb 
crystal structure alloyed with a large number of elements and sa-
turated with a high concentration of hydrogen is a separate complex 
problem which is beyond the scope of this study. One can assume 
that the absence of the O phase peaks and the presence of the initial 
highly hydrogenated β phase in the alloy can indicate its transfor-
mation to a β-hydride. Hereinafter we will indicate this phase as β/β- 
hydride. 

Hydrogenation of the alloy yielding a concentration of 1.4–1.7% H 
leads to the formation of a two-phase composition: the highly hy-
drogenated β/β-hydride and a new precipitated phase, i.e., an inter-
metallic hydride (Ti2AlNbHx) (Fig. 3b). At a high hydrogen/metal 

ratio the formation of γ-hydride should occur in unalloyed orthor-
hombic titanium aluminide, while the presence of the orthorhombic 
phase facilitates the β-hydride (bcc) → γ-hydride (bct) transforma-
tion [24]. Hydrogen ordering in the O phase is required in order to 
reduce the lattice mismatch between the O and β phases and facil-
itate the nucleation of the γ-hydride phase at the O/β interfaces [25]. 
XRD analysis of the high alloyed intermetallic orthorhombic 
Ti2AlNb-based alloy hydrogenated up to 1.4–1.7% H did not allow us 
to reliably identify the forming hydride (Ti2AlNbHx) as 
γ-hydride. Perhaps this is due to the fact that the ordering of hy-
drogen atoms in the O phase and β-hydride lattices of our alloy is 
accompanied by a redistribution of alloying elements that affects the 
β-hydride → γ-hydride transformation. However, it can be stated that 
the new phase is indeed a hydride due to the difference between 
its peaks in the diffraction pattern, the reflection angles which are 
typical of the β phase and a higher hydrogen/metal ratio than that 
for β/β-hydride (Fig. 3b). 

A fine-grained structure with a large number of thin hydride 
plates is observed in the microstructure of the alloy containing 1.4– 
1.7% H (Fig. 3d). Hydrogenation to reach 2.0% H results in the for-
mation of a single-phase intermetallic hydride (Ti2AlNbHx) (Fig. 3c). 

Microstructure analysis of the fiber hydrogenated with 0.2–2.0% 
H did not reveal any changes in the grain size with an increase in 
hydrogen content; no cracks or pores were observed in fibers with a 
hydrogen content of 1.2% or lower. There are only few cracks in the 
alloy containing 1.5% H. The microstructure of the alloy hydro-
genated up to 1.7–2.0% H contains numerous cracks. Cracking occurs 
inside the grains and at the grain boundaries, the distance between 
the cracks being less than 15 µm (Fig. 3d and e). This indicates that 
the precipitation of the hydride phase in the alloy induces high in-
ternal stresses which lead to the initiation of cracks inside the fiber 
and on its surface. Unfortunately, it is difficult to establish a relation 
between the volume fraction of the hydride phase in the alloy and 
the concentration of introduced hydrogen due to a difficulty of dif-
ferentiation between the β phase and β-hydride. 

Fig. 4. (a, b, c) Fracture surface of fiber fragments and (d) fiber destroyed under a tensile load for the hydrogenated alloy, wt% Н: (a) 0.5; (b) 0.65; (c) 1.7; (d) 0.2.  
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3.2. Analysis of brittleness and hardness of the hydrogenated alloy 

After hydrogenation of the alloy for H content 0.5% or higher, its 
strong embrittlement is observed. Compacted elastic fiber placed 
into a steel container before hydrogenation undergoes disintegration 
after the hydrogenation under slight pressing (0.5% H) or transforms 
into a pile of separate fragments (0.65% H or higher). The cause is the 
hydrogen-induced brittleness of the alloy related to the various 
mechanisms of hydrogen interaction with the alloy: hydrogen re-
striction of dislocation mobility, initiation of intergranular fracture 
or decohesion at the matrix-hydride interface in the case of hydride 
particles precipitation [26,27]. This develops internal stresses in the 
alloy and leads to its brittle failure, which is indicated by pro-
nounced brittle fracture of fiber fragments in the steel container 
after hydrogenation of 0.5% H or higher. The fragments have almost 
flat fracture surfaces and a large number of cleavage surfaces (Fig. 4a, 
b and c). Deep internal cracks can also be seen in the fracture images 
of the fiber fragments for 1.7% H (Fig. 4c). Fiber containing 0.2% H 
retains certain strength and ductility and can only be destroyed 
under a tensile load; plastic fine-grained fracture is then observed 
(Fig. 4d). 

Fractographic analysis of hydrogenated fiber fragments showed 
that despite the absence of cracks and micropores in the micro-
structure of the alloy containing 0.5–1.2% H (Fig. 2d and f) it de-
monstrates a sharp decrease in the ductility by analogy with the 
alloy containing 1.5–2.0% H. 

The PDME method shows a high hardness of the rapidly solidified 
Ti2AlNb alloy which exceeds that of the deformed (hot-rolled) alloy: 
516 and 467 HV, respectively [28]. This is associated with the for-
mation of the single β phase with a high density of crystal structure 
defects formed in the metastable rapidly solidified state. Vacuum 
annealing of the rapidly solidified Ti2AlNb alloy favors a decrease in 
the microhardness due to stress relaxation in the β phase [28] and 
partial precipitation of the O phase [18]. 

Study of the microhardness of the hydrogenated alloy showed a 
great influence of hydrogen content and phase composition on the 
alloy hardness (Fig. 5). At 0.2% H the two-phase β + O alloy with a 
small amount of fine-dispersed lamellar O phase has an average 
hardness of 312.5 HV. A sharp decrease in the hardness of the rapidly 
solidified alloy is affected by several processes: stress relaxation 
during heating and holding as well as partial decomposition of the β 
phase during the hydrogenation and precipitation of O phase par-
ticles. 

An increase in the amount of hydrogen to 0.5% and in the content 
of the O phase plates results in a slight growth of the hardness to 
356.3 HV. Hydrogenation up to 0.65% and 1.0% H raises the hardness 
to 403 HV and 435 HV, respectively. A sharp increase in the micro-
hardness (to 480 HV) is observed at 1.2% H when a single-phase β/β- 
hydride structure forms, which may indeed indicate the hydride 

nature of the highly hydrogenated β phase. Further increase in the 
hydrogen content and the precipitation of an intermetallic hydride 
or the formation of a single-phase composition (Ti2AlNbHx) also 
dramatically increase the hardness of the alloy to above 700 HV. 

A gradual increase in the hardness of the alloy containing 0.2 – 
1.0% H and its subsequent two-stage rapid growth caused by hy-
drogenation with 1.0 – 1.2% H and 1.2 – 1.5% H (Fig. 5) are associated 
with a change in the phase composition of the alloy from the two- 
phase β + O one to the hydride phase, which is in agreement with the 
XRD data. 

At a hydrogen concentration of 1.5–2.0% the test alloy is no 
longer an orthorhombic titanium intermetallic compound but a 
highly alloyed intermetallic hydride, and the experimentally mea-
sured distinctly high hardness is a physical property which is more 
typical of this compound rather than of a hydrogenated orthor-
hombic titanium intermetallide. 

The experimental microhardness data account for the brittle 
fracture of the alloy after hydrogenation. The high hydrogen content 
in the alloy (0.65–1.0%) favors the formation of a highly hydro-
genated β/β-hydride and a large increase in the hardness. The hy-
drogenation to 1.4–2.0% H leads to the formation of a chemical 
compound, i.e., an intermetallic hydride, which does not show any 
significant ductility. 

3.3. Study of hydrogenated alloy fracture under ball milling 

In this work we studied the susceptibility of orthorhombic tita-
nium aluminide to deformation during ball milling which is pro-
moted by hydrogen embrittlement. Usually, studies of the effect of 
hydrogen embrittlement on the mechanical properties of metals 
include determining the maximum permissible hydrogen con-
centrations at which no noticeable degradation in strength and 
plasticity occurs. For this reason, the mechanical properties of me-
tals and alloys containing different amounts of hydrogen are de-
termined using mechanical tests. The aim of our work is opposite, 
i.e., to determine the hydrogen concentration at which a cata-
strophic decrease in the strength and plasticity of the hydrogenated 
alloy occurs, which makes it possible to mill the alloy into the 
smallest possible fragments, i.e., fine-dispersed powders. We 
therefore applied a treatment in a planetary ball mill not only as a 
method of producing powders but also as a method of studying 
disintegration of the alloy under multiple shock and shear loads 
during ball milling. 

The degree of milling of hydrogenated titanium powders de-
pends on the rate and time of milling and is not affected by the 
protective milling medium used (air, argon, alcohol, etc.); therefore 
in our experiment we used the simplest milling method, i.e., milling 
in alcohol. 

It was found that ball milling of the fiber containing 0.2% and 
0.5% H does not allow one to obtain powder. Milling results in the 
formation of large fiber fragments due to the absence of hydride 
particle precipitation in the alloy at this low hydrogen content, with 
the alloy still retaining certain strength and ductility. 

After milling of the fiber containing 0.65% H for 20 min, a mixture 
of large particles (more than 100 µm in size) and discrete long fiber 
fragments was obtained (Fig. 6a). A sharp decrease in the size of the 
fragments was observed after milling of the fiber containing 1.0% H. 
After milling for 5 min most of the particles had a size of less than 
100 µm and differed greatly in width, length and thickness. Fur-
thermore, discrete long fibers and small fiber fragments were ob-
served in the resultant mixture. Several particles less than 100 µm in 
size and a large number of round-shaped particles with sharp edges 
or flattened particles less than 70 µm in size were observed after 
milling for 20 min (Fig. 6b). The dispersion of the milled particles 
increased if hydrogen content grew to 1.2%, while the milling time 
strongly affected the sizes of the particles. After milling for 5 min Fig. 5. Alloy microhardness vs hydrogen concentrations.  
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coarse particles or fragments distinguishing the fiber contours were 
still observed, and after milling for 20 min a mixture of particles less 
than 50 µm in size and a small number of particles less than 30 µm in 
size formed (Fig. 6c). 

The alloy containing 1.5% H or higher has a very high brittleness 
which favors efficient milling of the fiber and synthesis a fine-dis-
persed powder. Milling of the fiber containing 1.5% H for 5 min 
produced powder with particles of less than 30 µm in size and a 
large number of 1–5 µm particles (Fig. 6d). An increase in the milling 
time did not affect the particles size. A similar result was obtained 
after ball milling of fiber containing 1.7% and 2.0% H. 5-min. ball 
milling provided for a high milling quality and produced dispersed 
powder less than 30 µm in size: discrete 10–30 µm particles and 
numerous small 1–20 µm particles were observed (Fig. 6e and f). 

4. Discussion 

The experimental results for milling of hydrogenated fiber show 
the important role of the hydride phase in the fracture of the fiber 
and the dispersion of the resulting powder. Hydrogenation of low- 
hydrogen alloys (< 0.65% H) results in a complete dissolution of hy-
drogen in the β and O phase lattices at this hydrogen content or 
possible precipitation of a small number of hydride particles which 
are not SEM- or XRD-visible. It does not lead to a sharp increase in 
the brittleness and a decrease in the ductility and can only initiate 
alloy fracture at lower stresses. This facilitates fiber fracture into 
long fragments and large particles in certain areas with a lower 
strength, possibly caused by an interplay of several factors: primary 
precipitation of discrete hydride particles, fiber surface defects, areas 
with thinner section, etc. 

The destruction of orthorhombic alloys can be caused by the 
precipitation of the orthorhombic phase plates in the β phase matrix. 
It was shown [29] that during deformation of orthorhombic titanium 
aluminides the stresses induced in the β and O phases are quite 
different, with the O phase lamellar particles acting as stress con-
centrators contributing to the initiation and propagation of cracks in 

the β-matrix of the alloy. As the number and size of the O phase 
plates increase, the difference in the stress between the β and O 
phases grows. SEM analysis of the microstructure of the rapidly 
solidified alloy containing 0.2% H shows that the thin O phase plates 
which precipitated during heating and holding at 800 °С are uni-
formly distributed in the β phase grain body (Fig. 2b). An increase in 
the amount of introduced hydrogen leads to an increase in the 
number and distribution density of these plates in the β phase grains 
(Fig. 2d and f). However, they hardly affect the fracture of the fiber 
since a large number of O phase plates would initiate multiple cracks 
in the grain body and cause fiber destruction into small fragments, 
which we did not observe. 

Alloy hydrogenation with higher concentrations (more than 1.0% 
H) results in partial or full transformation of the alloy from the 
highly hydrogenated state with the β + O phase composition to a 
phase state which partially or completely consists of the inter-
metallic hydride which causes an increase in the volume stresses 
and rapid embrittlement of the alloy. It has a low ductility and a high 
hardness and destructs at low loads (Fig. 4). In this case, numerous 
cracks are initiated along the grain body or boundaries where de-
struction occurs during ball milling, and fine-dispersed alloy frag-
ments (angular powders) can be produced. 

The data on the effect of phase composition and hydrogen con-
centration on the fracture of the Ti2AlNb-based alloy during ball 
milling show that to obtain HDH-powders, hydrogenation to a 
concentration of at least 1.0–1.2% is required at which the alloy has a 
high brittleness and fractures homogeneously into micro fragments 
(powders). Fine-dispersed HDH-powders are obtained by ball mil-
ling of the alloy hydrogenated with 1.5% H, and further increase in 
the hydrogen content has no visible effect on the dispersion of the 
powder. Hydrogenation of the Ti2AlNb-based alloy with a con-
centration of 1.5% H can therefore be considered as the optimum 
parameter for the technology of HDH-powders. The synthesized 
powders of the intermetallic hydride have good cold compaction 
ability despite a high hardness and adhere mechanically due to the 
well-developed surface of the particles (Fig. 7). 

Fig. 6. Ball-milled powders of the Ti2AlNb-based alloy after 20 min milling: (a) 0.65% H; (b) 1.0% H; (c) 1.2%H; 10 min: (d) 1.5% H; 5 min: (e) 1.7% H; (f) 2.0% H.  
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5. Conclusions 

The effect of hydrogen on the phase composition and micro-
structure of the rapidly solidified Ti2AlNb-based alloy is studied. The 
effect of hydrogen content on the deformation of the rapidly soli-
dified hydrogenated alloy during ball milling is determined. A high 
extent of powdering of the rapidly solidified alloy is achieved only by 
hydrogen alloying with 1.2 wt% H or higher when a transformation 
from a highly hydrogenated state into a hydride is observed in the 
alloy or the formation of a single hydride phase occurs. The possi-
bility of producing fine-dispersed powders of the intermetallic hy-
dride has been demonstrated for the Ti2AlNb-based alloy. 

Due to the well-suitable shape these pre-alloyed powders can be 
compacted at room temperature in contrast to the spherical ato-
mized powders, thus they can be used to obtain orthorhombic ti-
tanium aluminides by cold compaction and pressureless sintering. 
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