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Abstract: Titanium alloys are ideal for a great range of engineering applications; however, their
high manufacturing costs hinder their widespread use. This study investigates the relationship
between the processing and properties of representative Ti-based materials manufactured via powder
metallurgy in order to reduce the manufacturing costs. This is possible as powder metallurgy
techniques are near-net shape processes with high yield of material. It is found that the relative
density increases with the sintering temperature, and it is slightly higher for longer processing times,
reaching values in the 94-97% range. Moreover, homogeneous microstructures are obtained for all the
conditions investigated, achieving an equiaxed microstructure for Ti and the typical lamellar structure
for the Ti-6Al-7Nb alloy. However, the increment of the temperature also leads to a higher amount
of interstitial pick-up, with a maximum increment of 0.21 wt.% and 0.028 wt.% for oxygen and
nitrogen, respectively. The highest properties achieved for Ti and Ti-6Al-7Nb are 272 HV (hardness),
17.9 W/m-K (thermal conductivity), and 62.7 pohm-cm (electrical resistivity) and 336 HV, 6.9 W/m-K,
and 180 pohm-cm, respectively.

Keywords: titanium alloys; powder metallurgy; blending elemental; homogeneous microstructure;

sintering

1. Introduction

Titanium (Ti), a lightweight metal with a density 40% lower than that of steel, is
a relatively new engineering material with great potential for industrial applications,
but whose employment has been limited by its peculiarities. On the one hand, Ti is
characterized by a high chemical affinity for interstitial elements (i.e., oxygen, nitrogen,
carbon, and hydrogen), which makes the extraction of Ti from its ores an expensive process,
as the energy consumption to extract the same quantity of pure metal is 14 times higher than
that needed for iron [1,2]. Moreover, the high chemical affinity leads to the need of using
specialized manufacturing processes, which further increase the cost of Ti-based materials
compared to competitor metals such as Al alloys [3,4]. On the other hand, Ti alloys are
characterized by the highest relative mechanical performance (i.e., properties in relation
to the density) as well as a good balance of properties including strength, toughness, and
corrosion resistance. Consequently, the employment of Ti alloys has been strictly connected
to the demand of high-performance industries such as the aeronautic sector [5,6], where
the high final cost of Ti is not an issue.

Powder metallurgy (P/M) techniques are ideal methods to develop and process Ti
alloys aiming to reduce the manufacturing costs and, therefore, expand the applicability
of Ti to other industrial sectors. This is due to intrinsic advantages of P/M, including the
reduced number of manufacturing operations needed to obtain the final product and the
high material yield, meaning that the amount of expensive wasted material is minimized [7].
Cleaner and more reliable Ti powders are currently available due to the development of
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new extraction/production methods, among which is the hydride-dehydride process [8],
revitalizing industrial interest in manufacturing Ti alloys starting from powders.

Although in the literature the use of advanced P/M techniques such as equal chan-
nel angular pressure [9] and selective laser sintering [10] has been investigated, more
conventional routes such as press and sinter still attract interest to minimize the manufac-
turing costs. This is confirmed by recent literature reviews on the properties of P/M Ti
alloys [11,12], which highlight that most of the research effort on P/M of Ti is still focused
on the Ti-6Al-4V alloy, whilst equivalent « + (3 Ti alloys, which are the ones with the
best strength/ductility pairs [13], have not been extensively researched, especially when
processed via P/M. Specifically, the Ti-6Al-7Nb alloy is an « + 3 Ti alloy with equivalent
or better properties than Ti-6Al-4V [14,15], especially in terms of mechanical behavior
and biocompatibility [16,17], and could therefore be used to replace the Ti-6Al-4V alloy if
required, when cost is not an issue.

Regarding the addition of Al to Ti in binary Ti-Al alloys, Steedman et al. [18] investi-
gated the influence of pure Al (Ti6Al) addition on the sintering behavior of P/M Ti using
a blend compacted at room temperature. They found that the addition of the Al powder
leads to a higher sintering rate compared to Ti. Bolzoni et al. [19] studied the influence
of the addition of 1-6 wt.% of Al on the strengthening mechanisms of Ti produced via
warm pressing plus vacuum sintering. It was found that the incremental addition of Al
transforms the microstructure of Ti from equiaxed to coarse platelet Widmanstétten, result-
ing in the progressive strengthening via combined substitutional solid solution and grain
boundary strengthening.

Concerning the addition of Nb to Ti, the main emphasis was to manufacture 3 Ti alloys
(i.e., Nb > 10 wt.%). For instance, Zhao et al. [20] manufactured Ti-xNb (x = 10, 16 and
22 wt.%) alloys through metal injection molding. Increasing the Nb content led to higher
porosity, due to the slow diffusion of Nb, and the formation of « + 3 Widmanstétten
microstructures. By means of metal injection molding, Yilmaz et al. [21] fabricated Ti-xNb
(x =16, 28, 40 wt.%) alloys from Ti and Nb powders, finding that the increment of the Nb
content causes a decrease in the hardness, bending strength, and elastic modulus of Ti-Nb
alloys. Kalita et al. [22] considered Ti-xNb (x = 14, 20 and 26 wt.%) alloys produced by
spark plasma sintering using high-purity Ti and Nb powders and annealed the sintered
alloys at 1250 °C for 24 h, which was needed to fully dissolve the Nb powder particles.

The production of the Ti-6Al-7Nb alloys using P/M has been considered by Itoh et al. [16]
using metal injection molding, and by Henriques et al. [15,17] by means of hot pressing.
More recently, Hein et al. [23] analyzed the low cycle fatigue performance of the Ti-6Al-
7Nb alloy obtained using laser powder bed fusion using a prealloyed Ti-6Al-7Nb powder.
Cosma et al. [24] manufactured Ti-6Al-7Nb lattice structures via selective laser melting of a
prealloyed Ti-6Al-7Nb powder. Similarly, Szymczyk et al. [25] used selective laser melting
of a prealloyed Ti-6Al-7Nb powder to manufacture biomechanical functional structures. In
terms of wrought Ti-6Al-7ND alloy, Yu et al. [26] used equal channel angular pressing to
obtain ultrafine-grained microstructures. Therefore, literature, especially recent, shows that
the full potential of using conventional P/M routes to produce the Ti-6Al-7Nb alloy has
not been fully explored.

Consequently, this work aims to identify the relationship between the processing
parameters and the properties of representative Ti-based materials including Ti and the
o + p Ti-6Al-7NDb alloy. The processing is performed by means of the conventional P/M
route, namely cold uniaxial pressing plus vacuum sintering, to limit manufacturing costs
as much as possible. The properties of the sintered materials analyzed include physical,
chemical, and mechanical properties as well as thermal conductivity and electrical resistiv-
ity, which are correlated with the processing parameters and the related microstructural
features. It is worth noticing that the authors previously reported the manufacturing of
the Ti-6Al-7Nb alloy studying the effect of the sintering temperature in the 700-1400 °C
temperature range. Conversely to [27], the current study investigates the effect of a nar-
rower sintering temperature range combined with the effect of the sintering time, which
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has not been reported before. Specifically, different combinations of sintering parameters
lead to different physical (i.e., relative density, porosity, etc.), mechanical (hardness), and
microstructural properties (grain size, lamellar structure, porosity distribution, etc.), as
well as different amounts of interstitial element pick-up, and this is clarified in the current
work. Moreover, the understanding of the effect that different combinations of sintering
parameters have on the thermal conductivity and electrical resistivity of P/M Ti and the
Ti-6Al-7Nb alloy and the analysis of the expected variation of these properties on the basis
of the nonlinear evolution of conductivity proposed in the literature is also studied.

2. Materials and Methods

The raw materials for the study were an irregularly shaped hydride-dehydride (HDH)
Ti powder, obtained through a comminution process, a gas atomized spherical Al powder,
and a crushed Ti:Nb:Al master alloy in powder form with angular morphology. Details of
the method used to obtain the Ti-6Al-7Nb alloy using the master alloy addition approach
are available in literature [28]. The Ti-based materials were cold pressed at 700 MPa by
means of a uniaxial press, without holding time at the maximum pressure, using a zinc
stearate die-wall lubricated floating die to produce rectangular shaped specimens. The
green specimens were laid on zirconia balls and sintered in a high vacuum tubular furnace
(approximately 10> mbar) using a heating and cooling rate of 5 °C/min. The influence of
the sintering temperature in the 1250-1350 °C window range was studied in combination
with the effect of the processing time (i.e., 2 h and 4 h). It is worth mentioning that the
selection of the pressing and sintering conditions was conducted based on common values
used in the literature to process Ti alloys via P/M [29-33].

The density of the sintered samples was determined using the Archimedes method,
and the relative density was calculated using the theoretical value of the wrought materials
(4.51 g/cm? for pure Ti and 4.52 g/cm?3 for the Ti-6Al-7Nb alloy) [34]. The microstructure
of the sintered samples was prepared following the classical metallographic route and the
microconstituents revealed by etching with Kroll reactant. Microstructural analysis was
carried out by means of an Olympus GX71 optical microscope and a Philips-XL30 scanning
electron microscope operated at 20 KeV. Due to the great influence of interstitials on the
mechanical properties of Ti and its alloys [35], the contents of oxygen and nitrogen by
inert gas fusion technique were determined. Phase identification was performed through
X-ray diffraction measurements in the 30-80° range by means of a Bruker AXS D8-Advance
diffractometer equipped with a Cu K« radiation source. Vickers hardness (HV30) measure-
ments were conducted by means of a Wilson Wolpert Universal Hardness DIGI-TESTOR
930 tester.

Thermal conductivity and electrical resistivity at room temperature were determined
as a function of the sintering parameters. In particular, the thermal diffusivity of the samples
was measured by means of a Netzsch LFA 447 Nanoflash equipment. Consequently, the
thermal conductivity at room temperature was calculated on the basis of the relationship
between the thermal conductivity (k), the diffusivity («;), the relative density (p,), and the
specific heat capacity at constant pressure (Cp): k = & - oy - C,. The electrical resistivity was
determined on the basis of the measurement of the electrical conductivity performed by
means of the van der Pauw methods [36,37].

3. Results

From Figure 1, the relative density of the sintered samples increases with the sintering
temperature, ranging from 94.2% to 97.3%, and it is higher for longer dwell time. Con-
sequently, the amount of porosity ranges from 2.7% to 5.8%, and it is lower for longer
dwell times (Figure 1b). These are typical values for Ti alloys produced using the blend-
ing elemental approach [29-33]. Generally, there is a stronger effect from the processing
temperature on the final density compared to the time, and the employment of a longer
processing time is more beneficial for the Ti-6Al-7Nb alloy than for Ti.
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Figure 1. Variation of the relative density (a) and porosity (b) of the P/M Ti and Ti-6Al-7Nb alloy
with the sintering temperature for different dwell times.

From the micrographs displayed in Figure 2, the microstructure of pure Ti is composed
by alpha grains of different shape and size, and the materials experienced grain growth
with either increasing the sintering temperature (Figure 2a compared to Figure 2b) or the
processing time (Figure 2b compared to Figure 2¢c). Regarding the residual porosity, it is
generally round-shaped, decreases in percentage, and grows in size with the sintering
parameters. This is because starting from 94% of relative density, when the pore structure is
composed of isolated pores, the pores tend to coalesce, reducing their amount but increasing
their size. Specifically, the average pore size increases from 12.4 4 2.3 ym to 15.9 £+ 3.5 um
when the sintering temperature is increased from 1250 °C (Figure 2a) to 1350 °C (Figure 2b),
and to 19.4 £ 1.8 um when the dwell time is increased to 4 h (Figure 2c).

For the Ti-6Al-7ND alloy, the residual porosity diminishes with the increment of the
sintering temperature and time (Figure 1b), corresponding to a higher relative density, and
becomes more spherical in shape. The microstructural constituents of the Ti-6Al-7Nb alloy
are elongated alpha grains, whose size increases significantly with the processing temper-
ature, and fine o + (3 lamellae distributed throughout the microstructure (Figure 2 d-f).
This is the typical lamellar microstructure of x + (3 Ti alloys slow-cooled from a process-
ing temperature above the 3 transus of the alloy [34,38,39]. It is worth mentioning that,
with the selected processing conditions, completely homogeneous microstructures were
obtained, as corroborated by SEM-EDS analysis (Figure 2g), as no undissolved powder
particles were found in the sintered alloys. It is worth mentioning that for the sake of
avoiding redundant data, only the SEM-EDS analysis of the Ti-6Al-7Nb alloy sintered at
1250 °C—2 h (i.e., lowest temperature and shortest time) are presented as representative.

Table 1 shows the results of the interstitial contents as measured in the sintered samples
as well as the difference (A) compared to the starting powder (blend). It can be seen that,
independently of the processing parameters employed, there is some oxygen and nitrogen
pick-up with respect to the starting powders. Specifically, both oxygen and nitrogen per-
centages increase with the sintering temperature or the dwell time. Furthermore, the values
of the interstitial contents are remarkably higher for the Ti-6Al-7Nb alloy with respect to
pure Ti. It is worth mentioning that the actual composition of P/M Ti and Ti-6Al-7Nb alloy
sintered in this study match the composition range specified for wrought Ti grade 4 and
the wrought Ti-6Al-7Nb alloy, respectively (i.e., 5.5-6.5 wt.% Al and 6.5-7.5 wt.% Nb) [34].
However, the amount of oxygen of the sintered Ti-6Al-7Nb alloy is higher with respect to
the limit indicated for the wrought Ti-6Al-7Nb alloy (i.e., 0.20 wt.% O and 0.05 wt.% N).

Figure 3 shows representative XRD patterns of the sintered Ti and Ti-6Al-7Nb alloy
where it can be seen that the a-Ti phase was exclusively detected in the case of Ti and
both the «-Ti and (3-Ti phases were found for the Ti-6Al-7Nb alloy. The results show that
only equilibrium phases were formed during the sintering and cooling of the selected
Ti-based materials.
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Figure 2. Representative optical micrographs of the P/M Ti (a—) and Ti-6Al-7Nb (d-f) alloy:
(a,d) 1250 °C—2 h, (b,e) 1350 °C—2 h, and (c,f) 1350 °C—4 h; and SEM micrograph (g) and re-
lated overall EDS chemical analysis of the Ti-6Al-7Nb alloy sintered at 1250 °C—2 h.

As for the relative density, the hardness of the materials studied (Figure 4) increases
linearly with the sintering parameters, with higher hardness values for both higher temper-
atures and/or longer dwell times. For Ti, in most of the cases, the hardness values obtained
are slightly lower compared to that of wrought Ti grade 4 [34]. Only the samples sintered
at 1300 °C or 1350 °C for 4 h have Vickers hardness values equivalent or higher with
respect to wrought Ti grade 4 in the annealed state [34], which is due to the high amount
of interstitials dissolved. For the Ti-6Al-7Nb alloy, the hardness values are comparable to

literature [40,41].
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Table 1. Chemical analysis of the P/M Ti and Ti-6Al-7Nb alloy sintered using different combinations
of sintering temperatures and dwell times.

Material Conditions Oxygen (wt.%) A Nitrogen (wt.%) A
Starting powder 0.27 +£0.01 - 0.016 & 0.003 -
1250 °C, 2 h 0.32 +0.01 0.05 0.020 + 0.004 0.004
1300 °C, 2 h 0.33 + 0.04 0.06 0.025 4+ 0.006 0.009
Ti 1350°C,2h 0.38 £ 0.01 0.011 0.024 £+ 0.004 0.008
1250 °C,4 h 0.36 + 0.02 0.09 0.028 4+ 0.006 0.012
1300°C,4h 0.41 £ 0.04 0.014 0.044 + 0.008 0.028
1350°C,4h 0.41 £ 0.06 0.014 0.042 £+ 0.004 0.026
Starting powder 0.39 £ 0.01 - 0.017 £ 0.001 -
1250 °C,2h 0.41 +£0.01 0.02 0.028 + 0.001 0.011
1300 °C,2h 0.48 = 0.02 0.09 0.033 + 0.003 0.016
Ti-6Al-7Nb 1350 °C, 2 h 0.60 + 0.02 0.021 0.031 + 0.001 0.014
1250 °C, 4 h 0.50 + 0.03 0.011 0.033 & 0.004 0.016
1300 °C,4h 0.45 £+ 0.01 0.06 0.032 + 0.001 0.015
1350 °C, 4 h 0.54 +0.03 0.015 0.035 4+ 0.004 0.018
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Figure 3. Representative XRD patterns of the P/M Ti (a) and Ti-6Al-7Nb alloy (b).
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Figure 4. Variation of the Vickers hardness of the P/M Ti and Ti-6Al-7Nb alloy with the sintering
temperature for different dwell times.

The values of the thermal conductivity and of the electrical resistivity are reported in
Figure 5, where it can be seen that there are slight variations with the relative density. Thus,
it can be stated that in the range of relative density between 94.2% and 97.3% (Figure 1),
the decrement of the residual porosity is not crucial to improve the conductivity of P/M
Ti-based materials, and comparable values to those of the respective wrought materials
can be obtained. Moreover, the electrical resistivity of the sintered Ti-6Al-7Nb alloy is
higher compared to the wrought alloy. It is worth mentioning that the expected variation
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of thermal conductivity and electrical resistivity with the amount of residual porosity are
schematically sketched as dashed black lines in Figure 5. The expected variation was
estimated based on the nonlinear evolution of conductivity proposed by Vincent et al. [42].
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Figure 5. Variation of the thermal conductivity (a) and electrical resistivity (b) of the P/M Ti and
Ti-6Al-7Nb alloy as a function of the relative density.

4. Discussion

Manufacturing of Ti-based materials by means of uniaxial pressing plus vacuum
sintering leads to a linear increment of the relative density. This is obviously related to
the reduction in the surface area of the pressed powder particles. Therefore, the higher
the temperature and the longer the dwell time, the higher the sintered density or, in turn,
the lower the amount of residual porosity (Figure 1). However, the increment in terms of
relative density obtained by doubling the sintering time from 2 h to 4 h does not justify the
higher production cost associated and, thus, 2 h of sintering time is preferred.

By comparing the behavior of the two materials, it can be seen that they show similar
increasing trends, but the final values obtained for the Ti-6Al-7Nb alloy are somewhat
lower. Given that both of them were pressed uniaxially at 700 MPa and have equal green
density (approximately 86%), the difference in terms of final relative density is due to the
fact that part of the thermal energy supplied to the Ti-6Al-7Nb alloy is spent for diffusion
and homogenization of the alloying elements instead of densifying the green compacts.
The relative density values shown in Figure 1 are similar to the values available in the
literature for Ti alloys produced using the blending elemental approach [29-33]. Specifically,
Bolzoni et al. [19] obtained similar relative density values (i.e., 93-35%) when processing
binary Ti-xAl alloys, and similarly Zhao et al. [20] achieved similar values (i.e., 94-96%) in
binary Ti-xNb alloys.

The microstructural analysis performed on the sintered samples (Figure 2) shows that
sintered Ti is composed of equiaxed grains, whilst the Ti-6Al-7Nb alloy has the typical
lamellar structure composed of « grains filled with parallel « + 3 lamellae. The different
orientation of the lamellae in different « grains simply derives by the different orientations
of the prior beta grains as well as by the fact that there are 12 possible orientation variations
for the o + {3 lamellae to nucleate from the prior 3 grains upon slow cooling. As it could be
expected, the higher the sintered temperature and the longer the dwell time at maximum
temperature, the coarser the microstructural features. Moreover, microstructural analysis
reveals that the sintered Ti and Ti-6Al-7Nb alloy are characterized by isolated, spherical
residual pores, which are primarily found at the grain boundaries.

Coherently with the results of the relative density, both the grain growth experienced
and the fact that the pores are spherical and isolated confirm that, under the manufacturing
conditions used, the sintered materials reached the third stage of sintering. Reaching the
last stage of sintering is more critical for the Ti-6Al-7Nb alloy than for Ti, as dissolution and
homogenization of the alloying elements added to create the Ti-6Al-7Nb alloy is required
during sintering of the material. The homogenization of the chemistry can already be seen
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from the micrographs of Figure 2, and it was confirmed via SEM-EDS analysis (Figure 2g).
This indicates that the thermal energy supplied to the system is sufficiently high in order
to promote the diffusion of the alloying elements towards the Ti matrix and to guarantee
their homogenization. Comparable homogenization behavior and formation of lamellar
microstructures was obtained during the sintering of binary Ti-xINb alloys from elemental
powders [20-22].

The data of Table 1 clearly show that there is both oxygen and nitrogen pick-up during
vacuum sintering. Generally, the higher the sintering temperature and the longer the dwell
time at maximum temperature, the higher the interstitial pick-up compared to the starting
powders [43]. This result reveals that the sintering step greatly influences the final amount
of interstitials dissolved by Ti and the Ti-6Al-7Nb alloy, because it allows the elements
adsorbed on the surfaces of the powder particles to diffuse inside the material. Furthermore,
the higher interstitial pick-up of the Ti-6Al-7Nb alloy is related to the purity of the crushed
Ti:Nb:Al master alloy used to obtain the Ti-6Al-7Nb alloy.

Figure 4 shows that the hardness increases linearly with the increase of the sintering
temperature, and the hardness values are higher for longer dwell time at the maximum
temperature. This is due to the combined effect of the reduction of the volume fraction of
residual porosity and the increment of the interstitial elements due to the inward diffusion
of oxygen and nitrogen during vacuum sintering. It is worth acknowledging that the
grain growth obtained through higher sintering temperatures and longer sintering times
is counteracting the two previously mentioned effects, reducing the hardness. Generally,
sintered materials have similar trends in terms of relative density and hardness, and it
is well known that interstitial elements such as oxygen and nitrogen harden Ti through
interstitial solid solution strengthening [35]. It is interesting to note that, even though of
the presence of the residual porosity (3—4%), the P/M Ti samples reach similar hardness
values to wrought Ti grade 4 (253 HV) due to the amount of interstitials dissolved in
them. However, in the majority of cases the hardness of the sintered Ti samples is lower
compared to that of annealed wrought Ti [34]. The hardness values obtained for the P/M
Ti-6Al-7Nb alloy samples are in between the hardness specified for the IMI 367 alloy
(290 HV) [40] and that found in the wrought alloy by Semlitsch et al. (350 HV) [41]. Once
again this is due to the balance between the amount of residual porosity and the contents
of interstitial elements. For instance, Kalita et al. [22] achieved comparable hardness values
(i.e., 303-325 HV) in spark-plasma-sintered binary Ti-Nb alloys.

The variation of the thermal conductivity and of the electrical resistivity of Ti and
the Ti-6Al-7Nb alloy with the relative density (Figure 5) indicates that within the range of
relative density values achieved, the progressive reduction of the residual porosity does
not lead to a significant increment of the properties. This is mainly due to the fact that
relative density values above 94% mean that the amount of porosity is below its percolation
limit and, therefore, porosity is not the main contributing factor. The behavior found is
in agreement with the discussion on the effect of porosity on the conductivity of copper
processed by P/M reported by Vincent et al. [42], on which the authors identified three
domains (sketched in Figure 5 as dashed black lines):

. Domain I (between 0 and 6% of porosity, i.e., 94-100% p,): linear decrease with
porosity with low slope;

= Domain II (between 6 and 9%, i.e., 91-94% p,): steep decrease with porosity;

= Domain III (over 9%, i.e., below 91% p;): linear decrease with porosity with a slope
larger than in Domain I.

The limited variations shown in Figure 5 are due to the counteracting effect of different
aspects, including the different level of residual porosity present in each sample, porosity
which is most likely filled with air and/or gas, and the specific characteristics of the
microconstituents, i.e., alpha grains, o + 3 lamellae, and volumetric percentage of grain
boundaries, which generally coarsen with the increment of both sintering temperature and
the dwell time.
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5. Conclusions

This study demonstrates that by using irregular hydride-dehydride powders and the
blended elemental approach, it is possible to obtain sintered Ti-based materials with relative
densities between 94.2% and 97.3% and fully homogeneous microstructures. Specifically,
an equiaxed microstructure composed of « grains is obtained in Ti, and the typical lamellar
structure composed of « grains and o + (3 lamellae is achieved in the Ti-6Al-7Nb alloy. The
hardness increases with the sintering temperature and dwell time ranging from 206 HV
to 272 HV in Ti and from 302 HV to 336 HV in the Ti-6Al-7Nb alloy. These values are
similar to those of the respective wrought materials, even though of the presence of the
residual porosity, due to the high amount of interstitials dissolved. Finally, this study
also demonstrates that with the combination of sintering temperatures and dwell times
employed, both thermal conductivity and electrical resistivity do not vary significantly,
and the final values reached are similar to those of the respective wrought materials. In
particular, the average thermal conductivity and electrical resistivity of the sintered Ti and
Ti-6Al-7Nb alloys are 17.7 W/m-K and 58.8 pohm-cm and 6.7 W/m-K and 177.9 pohm-cm,
respectively. The processing route analyzed is thus a promising alternative method to
manufacture Ti-based materials of non-critical applications at lower cost.
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