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Abstract: Toward designing a cost-effective advanced powder metallurgy approach, we present a
new insight into the efficient utilization of titanium hydride powder, together with pure Ti powder,
to prepare high-strength β-titanium alloys. In the present work, Ti–40 mass% Nb alloy was prepared
by mechanical alloying of a mixture of pure Ti, titanium hydride, and Nb elemental powders, followed
by a carefully designed two-step spark plasma sintering. The role of relative amounts of titanium
hydride and pure Ti powders during mechanical alloying, and their effect on the microstructural
and mechanical properties of the Ti–40Nb alloy, have been discussed and elaborated. An increasing
amount of titanium hydride results in higher powder yield and smaller resultant powder particle
size. Subsequent two-step spark plasma sintering resulted in equiaxed microstructure with primarily
β phase, wherein the grain size decreased with increasing amounts of titanium hydride powder. The
specimen corresponding to alloys prepared using equal amounts of pure Ti and titanium hydride
powders resulted in fine-grained structure, exhibiting the best combination of mechanical properties,
that is, a combination of highest hardness, high strength, and high ductility.

Keywords: β-type Ti–Nb alloys; two-step spark plasma sintering; titanium hydride; mechanical
alloying; powder metallurgy

1. Introduction

Titanium and its alloys have been widely accepted for a variety of applications, particularly
human body implants and automotive body parts, due to the possibility of achieving a
unique combination of outstanding mechanical and chemical properties, together with excellent
biocompatibility [1,2]. However, the cost-effective bulk processing of near net-shape material remains
an important technological issue due to the high processing cost, complexities associated with
fabrication/thermo–mechanical processing conditions, problems associated with machining, and
material wastage during conventional processing approaches [3–6]. The powder metallurgy (PM)
processing approach, in general, has been found to be capable of addressing these issues very effectively.
Several efforts have been made to prepare bulk titanium alloys via conventional PM technique,
that is, cold compaction of elemental/pre-alloyed powders followed by their pressureless sintering
(press-and-sinter method), in order to develop a technically simple and economically cost-effective near
net-shape process [7,8]. However, high initial cost of pure titanium and pre-alloyed titanium powders,
high reactivity of powders with the oxygen during various steps of fabrication processes, and poor
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mechanical properties due to porosity and chemical heterogeneity, have restricted the conventional
press-and-sinter powder metallurgy approach to be exploited for various commercial purposes [7–11].

In recent years, an alternative powder metallurgy processing approach, based on mechanical
alloying (MA) of elemental powders followed by their rapid sintering, such as spark plasma sintering,
has been taken into account for synthesizing a wide variety of alloys with fine-grained microstructure
and excellent mechanical properties [12–16]. Moreover, this approach was very effective in preparing
complex alloy systems containing constituent alloying elements with a wide difference in their melting
points, which are difficult to prepare through conventional liquid metallurgy routes. However,
the problems of sticking of pure titanium powder with the vials and balls during milling and
contamination due to the usage of process control agents still need to be resolved to make it a viable
technique [17–19].

Recently, researchers have underlined the advantages of TiH2 powder as a precursor of titanium,
due to significantly lower cost of titanium hydride powder as compared to that of the pure titanium
powder [20]. Moreover, the use of extremely brittle TiH2 powder, instead of highly ductile pure
titanium powder, can overcome the sticking/agglomeration issues as well as contamination-related
issues by avoiding process control agents (PCAs) in the mechanical milling process. As a result,
a uniform distribution of elemental powders with an almost complete powder yield can be ensured
even a long time after mechanical alloying [21–23]. It has also been reported that various properties,
such as grain refinement, improvement in superplastic forming and reduction in the flow stress,
can be improved through temporary hydrogen alloying [24–30]. The ultrafine-grained titanium
alloys are reported to exhibit superior properties, such as higher wear resistance and increased cell
adhesion, as compared to their coarse-grained counterparts, owing to their high surface energy at the
grain boundaries [29]. However, at the same time, negative effects of hydrogen on the mechanical
properties of titanium alloys primarily manifest themselves in an embrittlement and decrease in
ductility, including with cracking, due to hydride formation.

The influence of hydrogen on the properties of titanium alloys is a complex phenomenon, which
depends on several factors, such as the content of hydrogen in the materials and volume fraction
of the relevant phase, and so on. In general, the high hydrogen content in titanium alloys has
detrimental effects on the mechanical properties. Therefore, particularly for the industrial use, the
ASTM standard for titanium alloys requires the hydrogen concentration to be <150 ppm. Due to the
diffusion of hydrogen in titanium and titanium alloys, the hydrogen concentration can be reduced
to a standard level by prolonged heat treatment in vacuum or under an inert atmosphere. Such
processes, called “thermo hydrogen processing”, have been investigated extensively for titanium
alloys [31–34]. However, the prolonged dehydrogenation under vacuum/inert atmosphere is a
complex and commercially uneconomical process.

The use of titanium hydride as a starting material or precursor of titanium in preparing titanium
alloys, particularly β-phase stabilized titanium alloys, has not been thoroughly studied and it remains
an important issue to produce β-phase stabilized titanium alloys with acceptable mechanical properties
by using titanium hydride powder as a starting material. Therefore, the present work is focused on
the development of a novel PM process to prepare β-phase stabilized titanium alloys by utilization
of titanium hydride powder followed by two-step spark plasma sintering. The novel two-step spark
plasma sintering process was developed by the present authors and it was successfully applied to
prepare high-strength titanium from titanium hydride [35]. The newly developed two-step spark
plasma sintering process is a rapid and efficient method, which can be utilized to prepare near
net-shape titanium-based products using titanium-based commercially viable products. The two-step
SPS (Spark Plasma Sintering) process is rapid and efficient in the sense that almost complete
dehydrogenation can be achieved in a very short period of time, and both the steps of dehydrogenation
and consolidation of powders are achieved under vacuum in a single loading of the powders without
the necessity of removing the specimen after dehydrogenation and reloading it again.
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Therefore, the present work deals with the development of a PM process, based on the mechanical
milling of a mixture of elemental powders followed two-step spark plasma sintering process, to prepare
β-phase stabilized titanium-based alloys by using a mixture of titanium and titanium hydride powders
as a starting powder. Since niobium acts as a strong β-phase stabilizer and titanium with 40 mass
% niobium (that is, Ti:Nb in 3:2 ratio) can retain the β phase at low temperatures [36], an attempt
has been made to prepare binary Ti–40 mass % Nb alloy, having a composition in the range of stable
β phase, in the present work. The proposed maneuvering method illustrates the feasibility of the
two-step spark plasma sintering approach to prepare cost-effective β-titanium alloys directly using
titanium hydride powder. In principle, the proposed powder metallurgy route is based on mechanical
alloying of titanium hydride powder with the elemental titanium and niobium powder mixtures,
followed by their dehydrogenation under vacuum conditions and subsequent compaction via the
spark plasma sintering method. The effect of the amount of titanium hydride powder, used with
the pure elemental titanium and niobium powders, during mechanical alloying and their effects
after compaction of mechanically alloyed powders has been investigated. In particular, the yield,
morphology and characteristics of mechanically alloyed powders were evaluated. In addition to that,
the phase, microstructure and mechanical properties of the bulk specimens, prepared by the spark
plasma sintering of thus obtained mechanically alloyed powders, were also evaluated and the results
are presented and discussed in detail.

2. Materials and procedure

2.1. Starting Material

The titanium hydride, pure Ti and pure Nb elemental powders were used as initial materials.
Titanium hydride (45 µm pass, ~99% pure) and niobium (45 µm pass, ~99.9% pure) powders were
acquired from Kojundo Chemical Laboratory Co. Ltd. (Saitama, Japan). The high-purity Ti powder
called “TILOP” (45 µm pass, gas-atomized low-oxygen titanium powder) was supplied by Osaka
Titanium Technologies Co. Ltd. (Hyōgo Prefecture, Japan). The morphologies of the as-received
titanium hydride (TiH2), pure titanium (Ti) and pure niobium (Nb) powders are presented in
Figure 1a–c, respectively. The TiH2 and Nb powder particles exhibit the irregular shape morphology
whereas high-purity titanium powder particles exhibit spherical shape morphology. All three powders
contain both coarse and fine-sized particles. The particle size distribution analysis, using a laser
diffraction particle size analyzer, was performed by Shimadzu (Kyoto, Japan), SALD-2300. As-received
titanium hydride, pure Ti and pure Nb powders had a mean particle size of approximately 25 µm,
15 µm and 20 µm, respectively. Clearly, all three powders had a comparable starting mean particle size.
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Figure 1. Morphology of as-received (a) titanium hydride, (b) pure titanium and (c) pure niobium powders.

2.2. Mechanical Alloying

To obtain a β-phase stabilized Ti–Nb alloy, as-received TiH2 pure Ti and Nb powders were
blended together according to the desired optimum stoichiometric composition, that is, ~60 mass
% mixture of titanium and titanium hydride and ~40 mass % Nb (further referred to as Ti–40Nb).
To study the effect of titanium hydride powder as a titanium source-cum-PCA, different amounts of
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titanium hydride were mixed with pure titanium and pure niobium powders, while maintaining the
resultant amount of titanium and niobium in approximately 3:2 ratios.

Three different powder mixtures were prepared with varying relative amounts of pure titanium
and titanium hydride powders. The composition and the identification of the powder mixtures
are provided in Table 1. Subsequently, these blended powder mixtures were mechanically milled
under argon atmosphere at room temperature using Fritsch P-5 planetary ball mill (Fritsch GmbH,
Idar-Oberstein, Germany), with 500-mL vials and SUJ2 stainless steel balls, operating at a speed of
200 rpm. The ball-to-powder ratio was kept at 5:1. The blended powder mixtures were mechanically
milled (MMed) for a total time period of 72 ks.

Table 1. Various compositions of the initial powder mixtures.

Identification of Powder Mixtures
Composition of Starting Powder Mixture (mass %)

TiH2 Pure Ti Pure Nb

Ti-154 10 50 40
Ti-244 20 40 40
Ti-334 30 30 40

2.3. Spark Plasma Sintering of Mechanically Alloyed Powders

The mechanically alloyed powder was consolidated via spark plasma sintering (Dr. Sinter,
Sumitomo Coal Mining Co. Ltd., Tokyo, Japan) in the high vacuum conditions (~10−3 Pa), using
graphite die and punch. To minimize the amount of hydrogen content in the sample, the mechanically
alloyed powders were dehydrogenated in SPS, without applying any external load, at 1073 K for
7.2 ks under the high vacuum conditions. Subsequently, the dehydrogenated mechanically alloyed
powders were sintered via spark plasma sintering method, at an applied external pressure of 50 MPa.
To ensure high-density specimens, that is, without any appreciable amount of porosity during SPS
process, the temperature and external pressure were programmed to rise, simultaneously, from room
temperature to 1473 K and zero pressure to 50 MPa, respectively. Subsequently, the powder mass was
held at maximum temperature and pressure conditions (at 1473 K, and 50 MPa) for 1.8 ks, followed by
furnace cooling up to room temperature. The temperature, during sintering process, was precisely
measured by infrared camera. After SPS, disc-shaped specimens with dimensions 20 mm (diameter)
× 4 mm (height) were obtained. The various sintering conditions used in this study are provided in
Table 2.

Table 2. Spark plasma sintering conditions.

Steps SPS (Vacuum
Conditions)

Heating/Cooling
Rate (K/min) Temperature (K) Pressure (MPa) Holding Time

Step-I Dehydrogenation 50 1073 ~0 7.2 ks
Step-II Sintering 100 1473 50 1.8 ks

2.4. Phase and Microstructure Analysis

The various phases were analyzed by X-ray diffraction (XRD) method using CuKα (λ = 1.5406 Å)
radiation. A scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) equipped with back-scattered
electron (BSE) and electron backscattered diffraction (EBSD) facilities was utilized to carried out
the microstructural characterization of initial powders, mechanically alloyed powders, and sintered
specimens (that is, Ti-154, Ti-244, and Ti-334 specimens). The primary elemental characterization was
carried out by the energy dispersive X-ray spectroscopy (EDS) technique in SEM.
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2.5. Mechanical Properties

Vickers hardness measurements were performed on the cross-section of the samples, wherein
the indentation were carried out under the load of 980.7 mN (HV0.1) with dwelling time of 10 s.
The indentations were carried out randomly, wherein the distance between the indents was kept
at least three times the size of the indent. An average of 20 indentations was considered as the
representative hardness value of the test specimen. In addition, tensile tests were also performed at
ambient temperature to evaluate the mechanical properties of the sintered specimens. The tensile tests
were carried out at an initial strain rate of 5.6 × 10−4 s−1 using an individual specimen with gauge
dimensions of 3 mm (length), 1 mm (width), 1 mm (thickness). At least three samples were considered
to calculate the average tensile properties of the specimens.

3. Results and Discussion

3.1. Effect of Titanium Hydride on the Recovery of Mechanically Milled Powders

The powder yield of Ti-154, Ti-244, and Ti-334 mechanically alloyed powder mixtures was
approximately ~63%, ~67% and ~100%, respectively. It reveals that increasing amount of titanium
hydride powder leads to an increase in the yield of mechanically alloyed powder. It is interesting
to note that an increment of titanium hydride, from 10 mass % (that is, Ti-154) to 20 mass % (that is,
Ti-244), resulted in a relatively small amount of increment (~4%) in the yield, whereas an increment
of titanium hydride up to 30 mass % resulted in approximately 100% powder yield. Such a trend
of powder yield, together with visual observations, clearly suggests that the increasing amounts of
titanium hydride successfully suppressed the agglomeration and sticking of powders with the balls
and vials during milling, leading to an improved yield of mechanically alloyed powder.

3.2. Morphology and Microstructure of Mechanically Milled Powders

Figure 2 shows the morphology of the mechanically milled powder with varying amounts of
titanium hydride. The powder particle size was measured from SEM micrographs. Several random
particles were selected, and measured by ImageJ software. The mean size of those measured particles
was considered as a representative particle size. The mean particle size of powder particles of Ti-154,
Ti244 and Ti-334 mechanically alloyed powders is provided in Table 3. The powder particle size
distribution of each mechanically alloyed powder is also shown in Figure 2. It can be observed that
the morphology and particle size is significantly different in all three cases even though the milling
was carried out for the same time period (72 ks). Interestingly, the powder particle size for Ti-154 is
significantly larger than that of Ti-244 and Ti-334 mechanically alloyed powders. Therefore, the results
clearly suggest that there is a strong influence of the amount of titanium hydride on the morphology
and particle size of the resulting powder during mechanical milling process. It can be clearly noted
that the particle size of the resulting milled powder significantly decreases with increasing relative
amount of titanium hydride powder in the mixture, and smallest powder particle size is obtained
when the pure titanium and titanium hydride powders are in equal amounts in the starting mixture.

Figure 3 shows the SEM micrographs and elemental distribution maps of the Ti-154, Ti-244,
and Ti-334 mechanically alloyed powders. As a general observation, it can be clearly noticed that
the global distribution of titanium and niobium is uniform in all the milled powders. However, it
would be worth pointing out that the Ti-154 mechanically alloyed powders demonstrated distinctively
much finer elemental distribution as compared to Ti-244 and Ti-334 powders, wherein Ti-244 and
Ti-334 mechanically alloyed powders clearly exhibited a distinguishably higher local concentration of
elemental-component regions, that is, Ti-rich and Nb-rich areas (Figure 3e–l). The chemical composition
of powder particles was analyzed by EDS analysis, and the composition is shown in Table 4. It can be
clearly noticed that all the powders have comparable compositions, lying in the beta-phase region.
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Table 3. The average particle size of the mechanically milled powders.

Powders Ti-154 Mechanically
Alloyed Powder

Ti-244 Mechanically
Alloyed Powder

Ti-334 Mechanically
Alloyed Powder

Mean particle size 1000 ± 270 µm 48 ± 40 µm 4 ± 2 µm

Table 4. Overall average Chemical composition of mechanically alloyed powders.

Powders Ti-154 Ti-244 Ti-334

Ti (mass %) 63.7 (±0.3) 62.5 (±0.3) 59.8 (±0.2)
Nb (mass %) 36.3 (±0.2) 37.5 (±0.2) 40.2 (±0.2)

In order to understand the variation in morphology and elemental distribution in mechanically
alloyed powders, high-magnification SEM imaging was carried out using secondary and back-scattered
imaging modes. Figure 4 shows the micrographs of Ti-244 mechanically alloyed powder (that is,
Ti–40Nb mechanically alloyed powder with 20% TiH2 powder) particles, which is selected as a
representative structure of the mechanically alloyed powders due to the fact that its composition
and morphology lies in the transition region between the two extreme conditions. It can be clearly
observed that the mechanical milling of Ti-244 powder mixture resulted in an apparently agglomerated
powder particle with two distinct regions, that is, gray-colored phase and comparatively bright-colored
phase. In particular, it can be clearly observed that the milled powder particles demonstrate layered
structure wherein bright-colored particles are embedded in the relatively dark-colored matrix. From
the BSE image, as shown in Figure 4b, the bright regions can be associated with heavier elements,
that is, Nb-rich regions, whereas dark-colored regions can be associated with light elements, that
is, Ti-rich regions. Such a microstructural evolution can be associated with the combined effect of
fragmentation of brittle hydride particles and plastic deformation of ductile elemental powders during
the mechanical milling process. Similar microstructural evolution, associated with such types of
brittle–ductile systems, was also reported by other researchers [37–39].
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3.3. Microstructural Characteristics of Sintered Ti–Nb Alloys

Figure 5a presents the XRD profiles of the Ti-154, Ti-244 and Ti-334 sintered specimens.
An indexing of the XRD profiles clearly indicated that spark plasma sintering of all the mechanically
alloyed powders of Ti-154, Ti-244 and Ti-334 resulted in the formation of primarily the β phase,
together with a very small amounts of γ phase. However, the XRD peaks corresponding to oxides or
intermetallic phases were not found to be present in the XRD of Ti-154, Ti-244 and Ti-334 specimens.
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In general, the γ (face-centered tetragonal) phase is known to exist in the Ti–H system when
hydrogen content is 1–3% and it is presumably isomorphic with the metastable γ-ZrH in the Zr–H
system [40,41]. The recently assessed phase diagram for the Ti–H system clearly shows that γ-hydrides
are precipitated in α-titanium during cooling below 443 K through a periodic reaction (γ↔ α + δ) [42].
The γ-hydride is considered as a metastable phase of the stoichiometric TiH composition with ordered
hydrogen atoms, and is preferably generated under conditions of lower hydrogen concentrations.

An analysis of Figure 5a also shows that the relative intensity of the γ phase is largest in the Ti-244
specimen, indicating that the hydrogen retention in Ti-244 is large as compared to both Ti-151 and
Ti-334 specimens. Interestingly, in spite of utilizing higher amount of titanium hydride, the relative
peak intensity of the γ phase is very low for the Ti-334 specimen as compared to that of the Ti-244
specimen. The higher hydrogen retention in Ti-244 can be attributed to the large particle size as
compared to the Ti-334 specimen, which decreases the powder particle surface area and leads to
comparably less effective dehydrogenation [43].

A careful comparison between the bulk specimens of Ti-244 and Ti334 also demonstrates the
relative shift of the peak positions of the β phase, as shown in Figure 5b. Such a shifting of XRD peaks
can be attributed to the lattice expansion due to higher hydrogen retention. In general, if the hydrogen
atoms occupy the octahedral interstitials, the body-centered cubic (bcc) lattice may expand, which
results in the shifting of peaks towards the lower 2θ angles [44]. The lattice parameters of the XRD
peak corresponding to (110) β phase were calculated for Ti-244 and Ti-334 specimens; this led to the
values of a = 0.3296 nm and 0.3289 nm, respectively. The calculated lattice parameter of bcc β phase is
in good agreement with the results presented in other studies [45–47].

Figure 6 shows SEM micrographs, together with elemental distribution maps, illustrating the
microstructure of Ti-154, Ti-244 and Ti-334 specimens. In general, it can be observed that the
microstructure (BSE–SEM image with elemental distribution maps) of all the Ti–Nb specimens reveals
the presence of two phases: (i) gray-colored phase with equiaxed grains as a major phase, consisting
of uniform distribution of Ti and Nb; and (ii) a relatively darker phase with plate-like morphology,
uniformly distributed in the matrix, consisting of relatively higher Ti content and relatively lower Nb
content as compared to the matrix. The chemical composition of these phases was analyzed by EDS
point analysis. The point analysis revealed that the darker phase, that is, precipitates, consisted of
Ti and Nb in the ratio of approximately 4:1 (Ti = 78.8 mass % and Nb = 21.2 mass %). On the other
hand, the gray-colored phase consisted of Ti and Nb in the ratio of approximately 3:2 (Ti = 59.4 mass %
and Nb = 40 mass %. Furthermore, an EDS line analysis was also carried out at the local regions,
as shown in Figure 6d, which shows that the dark-colored precipitates are titanium rich whereas the
gray-colored matrix is the balanced mixture of Ti and Nb elements. Therefore, the gray-colored phase
can be identified as the β phase, whereas the darker phase can be identified as relative lighter TiNb
precipitates, possibly some hydride precipitates. The quantitative evaluation of the phases was carried
out by image analysis method using ImageJ. At least 20 micrographs were considered for the image
analysis. The mean volume fractions of the precipitates in Ti-154 and Ti-244 specimens were found to
be approximately ~7.2% and 13.85%, respectively. The volume fraction of precipitates for Ti-334 was
approximately ~6.3%, which is relatively low as compared to that of Ti-154 and Ti-244 specimens.
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Figure 6. Typical SEM micrographs of (a) Ti-154; (b) Ti-244; (c) Ti-334 specimens with
their Energy-dispersive X-ray spectroscopy (EDS) elemental mappings; and (d) line analysis of
Ti-334 specimen.

The microstructure and grain size distribution was also studied by EBSD analysis, and the EBSD
maps of Ti-154, Ti-244 and Ti-334 specimens are presented in Figure 7. It can be clearly observed that
the sintered compacts of Ti-154 alloy consisted of coarse-grained structure with equiaxed β-phase
grains of average size more than 1 mm, as calculated using a linear intercept method. On the other
hand, the sintered compacts of Ti-244 alloy demonstrated the presence of equiaxed grains with more or
less bimodal grain size distribution, consisting of very small grains of the size on the order of ~1–10 µm
and comparatively very coarse grains of size on the order of ~150–200 µm (Figure 7b). It would be
worth pointing out that the fine-grained and coarse-grained areas are heterogeneously distributed
in this case. Finally, the microstructure of sintered compacts of Ti-334 alloy indicated that the matrix
contains uniformly distributed fine and coarse grains, wherein the fine grains on the order of 1–5 µm
and comparatively coarse grains of the order of 30–50 µm are present in the microstructure (Figure 7c).
The average size of β grains, for the Ti-334 specimen, is approximately13 µm (Figure 7c).Metals 2018, 8, x FOR PEER REVIEW  11 of 16 
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3.4. Mechanical Properties of Bulk Ti–40Nb Alloys

The average hardness of sintered specimens was estimated by Vickers hardness measurements,
wherein average hardness was calculated using 20 measurements on each specimen. The microhardness
values (Hv) of the bulk Ti-154, Ti-244 and Ti334 specimens are shown in Figure 8. It can be seen that
the average hardness increased with increasing amounts of titanium hydride in the starting powder
mixture. However, it is interesting to note that the average hardness increased only slightly from
Ti-154 to Ti-244 specimens, whereas the average hardness increased significantly in case of the Ti-334
alloy. In general, the hardness can be associated with the various possible factors such as relative
density, amount of hydrogen retention in the bulk specimen, and the average grain size of the bulk
specimen [48]. Since the compaction of bulk specimens of Ti-154, Ti-244 and Ti-334 was performed
under identical dehydrogenation and sintering conditions, the possible reason of high/low hardness
values due to low/high hydrogen retention may not be considered as a major factor for variation in the
average hardness values. Since the hardness increases more significantly with decreasing grain size,
the increasing microhardness values of the specimens can be attributed primarily to the decreasing
average grain size, that is, microstructural refinement.
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It can also be noticed that the standard deviation from the mean hardness value is significantly
different for all the three types of specimens. Such a variation in the standard deviation from the mean
value of hardness of each specimen can also be associated with the grain size. It was observed that the
Ti-154 specimens had homogeneous and coarse-grained structures consisting of equiaxed grains of
size approximately 1 mm, which is considerably larger as compared to that of the Ti-244 (19.5 µm) and
Ti-334 (13 µm) specimens (Figure 7). As a result, the average hardness value of Ti-154 is lowest and
the standard deviation from the mean value is very small for the Ti-154 specimen. Following similar
arguments, the low hardness values and large standard deviation from the mean value for the Ti-244
specimen can be associated with the heterogeneous bimodal microstructure, that is, effect of large
grains (~150–200 µm) and comparatively very small grains (~1–10 µm). The average grain size for
the Ti-334 specimen is smallest (~13 µm) and the microstructure is also equiaxed and uniform. Hence,
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the high hardness value with low standard deviation can be expected for the Ti-334 specimen. It is well
known that the hardness is proportional to the yield stress of an engineering structural material [49].
However, surface hardness analysis is only a preliminary examination to analyze materials’ mechanical
properties. Therefore, further tensile tests and fracture surface analysis of broken tensile specimens
were carried out to explain more about mechanical properties of each Ti–40Nb specimen.

Figure 9 shows the representative nominal stress–strain curves for each Ti–40Nb specimen, that is,
Ti-154, Ti-244 and Ti-334 specimens. It can be observed that the Ti-154 specimen elastically deforms up
to approximately 450 MPa but then suddenly fails without showing any plastic deformation. On the
other hand, it can be observed that the Ti-334 samples elastically deform up to approximately 775 MPa
and then start to deform plastically up to 18%, whereas the Ti-244 specimen deforms elastically up
to approximately 755 MPa and then starts to deform plastically up to 4%, and then suddenly fails.
These results suggest that both Ti-334 and Ti-244 specimens share almost similar elastic behavior,
but their plastic deformation behaviors are significantly different. The higher strength of the Ti-334
specimen is expected to be due to the finer grain size and uniform microstructure. In addition,
the Ti-334 specimen consisted of fine grains and homogeneous bimodal microstructure, including
fine precipitates. Therefore, dispersion strengthening because of the precipitates may have resulted
in higher yield stress in Ti-334 and Ti-244. The higher ductility of Ti-334 can also be attributed to
the homogeneous bimodal microstructure in comparison to Ti-244 specimens, which consisted of
heterogeneous bimodal structures.

Metals 2018, 8, x FOR PEER REVIEW  12 of 16 

 

that the Ti-154 specimens had homogeneous and coarse-grained structures consisting of equiaxed 
grains of size approximately 1 mm, which is considerably larger as compared to that of the Ti-244 
(19.5 µm) and Ti-334 (13 µm) specimens (Figure 7). As a result, the average hardness value of Ti-154 
is lowest and the standard deviation from the mean value is very small for the Ti-154 specimen. 
Following similar arguments, the low hardness values and large standard deviation from the mean 
value for the Ti-244 specimen can be associated with the heterogeneous bimodal microstructure, that 
is, effect of large grains (~150–200 µm) and comparatively very small grains (~1–10 µm). The average 
grain size for the Ti-334 specimen is smallest (~13 µm) and the microstructure is also equiaxed and 
uniform. Hence, the high hardness value with low standard deviation can be expected for the Ti-334 
specimen. It is well known that the hardness is proportional to the yield stress of an engineering 
structural material [49]. However, surface hardness analysis is only a preliminary examination to 
analyze materials’ mechanical properties. Therefore, further tensile tests and fracture surface analysis 
of broken tensile specimens were carried out to explain more about mechanical properties of each Ti–
40Nb specimen. 

Figure 9 shows the representative nominal stress–strain curves for each Ti–40Nb specimen, that 
is, Ti-154, Ti-244 and Ti-334 specimens. It can be observed that the Ti-154 specimen elastically deforms 
up to approximately 450 MPa but then suddenly fails without showing any plastic deformation. On 
the other hand, it can be observed that the Ti-334 samples elastically deform up to approximately 775 
MPa and then start to deform plastically up to 18%, whereas the Ti-244 specimen deforms elastically 
up to approximately 755 MPa and then starts to deform plastically up to 4%, and then suddenly fails. 
These results suggest that both Ti-334 and Ti-244 specimens share almost similar elastic behavior, but 
their plastic deformation behaviors are significantly different. The higher strength of the Ti-334 
specimen is expected to be due to the finer grain size and uniform microstructure. In addition, the Ti-
334 specimen consisted of fine grains and homogeneous bimodal microstructure, including fine 
precipitates. Therefore, dispersion strengthening because of the precipitates may have resulted in 
higher yield stress in Ti-334 and Ti-244. The higher ductility of Ti-334 can also be attributed to the 
homogeneous bimodal microstructure in comparison to Ti-244 specimens, which consisted of 
heterogeneous bimodal structures. 

 
Figure 9. Representative engineering stress–strain curves and SEM micrographs of respective tensile
fractographs of Ti-154, Ti-244 and Ti-334 specimens.

The morphology of the fracture surface of all the specimens was also analyzed after the tensile
testing to understand the fracture behavior of the sintered specimens. The fractured surfaces of the
investigated Ti–Nb alloy, processed with different titanium hydride contents, are shown in Figure 9,
together with their respective stress–strain curves. The fracture surface of the Ti-154 specimen is
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relatively featureless with flat transgranular facets and some surface steps, indicating the brittle
fracture. It can be seen that the Ti-334 specimen shows the typical ductile nature of failure with
fine microvoids across the entire surface. The mixed fracture surface, consisting of transgranular
and intergranular dimpled fractures with cleavage fracture components, was observed for the Ti-244
specimen. Such a variation in the fracture could be attributed to the variation in grain size and size
distribution, together with a slight variation in retained hydrogen in the specimens [50].

A comparison of the mechanical properties of Ti–40Nb alloys prepared through various processes
is presented in Table 5. It can be observed that the Ti-334 alloy, prepared in the present study, exhibited
the best combination of strength and ductility as reported in the literature for the same composition
prepared by other methods.

Table 5. Mechanical properties of Ti–Nb alloys processed by various conditions.

Data Yield Strength
(MPa) UTS (MPa) Strain (%) Young’s

Modulus (GPa) Ref.

Ti-26 at % Nb [Solution-treatment + aged at
200 to 873 K for 3.6 ks] ~100–120 ~350–520 ~8–10 - [45]

Ti-26 at % Nb ~600 ~620 13 ~60 [51]
Ti-22 at % Nb [as sintered] ~649 ~754 1.43 ~71 [52]

Ti-26 at % Nb [ST at 1173 K for 1.8 ks] ~180 ~420 17 - [53]
Ti-30 at %Nb [cold rolled] ~484 ~561 3.5 67 [46]

Ti-30 at % Nb (cold rolled + ST 1073 K) ~273 ~449 24 47
Ti-30 at % Nb (cold rolled + ST 1123 K) ~411 ~493 21.1 45
Ti-30 at % Nb (cold rolled + ST 1223 K) ~541 ~587 17.1 57

Ti-334,
that is, Ti–40 mass % Nb or (Ti-26 at.% Nb) ~760 ± 3 ~775 ± 3 16.5 ± 1 - Present work

Ti-244,
that is, Ti–40 mass % Nb or (Ti-26 at.% Nb) ~750 ± 7 ~755 ± 12 4 ± 2 - Present work

Ti-154,
that is, Ti–40 mass % Nb or (Ti-26 at.% Nb) ~450 ± 5 - 1 ± 1 - Present work

4. Conclusions

The β-Ti–40Nb (mass %) alloy was successfully prepared by mechanical milling of a mixture of
pure Ti, pure Nb, and Ti hydride powders, utilizing titanium hydride powder as a Ti precursor as well
as process control agent, followed by a two-step spark plasma sintering method. An investigation was
carried out on the role of titanium hydride powder, during its mechanical alloying with elemental
titanium and niobium powders, and further impacts on the microstructural and mechanical properties
of Ti–40Nb alloy were discussed.

The mechanical alloying of elemental Ti and Nb powders was performed with different amounts of
titanium hydride. The results show that the powder yield increases and resultant powder particle size
decreases with increasing content of titanium hydride. The milled powders were dehydrogenated and
sintered simultaneously, using spark plasma sintering. The microstructure and mechanical properties
of the specimens were analyzed. All of the sintered compacts exhibited equiaxed microstructure
with primarily β phase, wherein sintered compacts with 10 mass % titanium hydride exhibited
coarse-grained structures, whereas sintered compacts with 20 and 30 mass % titanium hydride resulted
in fine-grained bimodal structures. The results also suggested that an increasing amount of titanium
hydride leads to not only the finer-grained bimodal structure but also the spatial distribution of
fine/coarse grains changed from heterogeneous to homogeneous in nature. Amongst the fabricated
specimens, Ti–40Nb compact processed with the highest amount of titanium hydride (Ti-334) exhibited
highest strength (~775 MPa) and ductility (~16.5%) under tensile tests. The highest strength of the
Ti-334 specimen was associated with the finer grain size and uniform microstructure. This study
provides a new understanding of cost-effective powder metallurgy processing of Ti–Nb alloys for
commercial applications.
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