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Ti-28 at.%Ta powders were produced by rapid solidification via plasma rotating electrode process (PREP).
It is found that microstructure, morphology and phase constituents of Ti-28Ta powders are particle size
dependent. Small powder particle exhibit the formation of predominant martensitic «” and minor
metastable B, whilst large particles consist of primary metastable f with minor martensitic «" phase. The
amount of martensitic «” increases while the amount of metastable B phase decreases with decreasing
the particle size. The martensitic «” lath with the size of about 50 nm wide and 1 pm long are formed
preferentially at the B grain boundaries. The martensitic transformation start temperature (Ms) and peak
temperature (Mp) are ~390 °C and ~340 °C respectively for the Ti-28Ta powders with the particle size
between 40 and 65 pum. An increased Vickers micro-hardness is obtained and is associated with

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ti-Ta alloys are considered to be among the best biomaterials
because of their excellent biocompatibility and lower elastic
modulus as compared to other titanium alloys [1-5]. Additive
manufacturing has been becoming a primary manufacturing
method for titanium based biomedical devices and implants in
recent years. Spherical powders of titanium-based alloys with
suitable particle size distribution (PSD) are urgently required to be
used in additive manufacturing processes. In this context, nowa-
days atomization via plasma rotating electrode process (PREP) is a
suitable technique for the synthesis of high-purity powders of
reactive metals with high melting point such as high-quality tita-
nium and titanium alloys powders [6—8]. During atomization,
liquid droplets are tangentially emitted by centrifugal force and
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finally solidified into spherical particles. In the Ti-Ta system, upon
quenching, primary B transforms to orthorhombic a”. The other
phases include, depending on the composition, &’ — an HCP
martensitic phase, metastable Ti-rich B that is retained from high
temperature and athermal w phase [9]. It was reported that phase
transformations from p to martensitic " or athermal w are critically
dependent on cooling [4,10]. Controlling these two martensitic
phases in Ti-Ta alloys is important to achieve desired shape mem-
ory properties [4]. For Ti-28Ta (Ti-60 wt%Ta), Margevicius and
Cotton [10] reported that the volumetric fraction of athermal w
increases with the pre-quenching temperature. Zhou et al. [2]
observed a large amount of retained B and a small amount of a"
but no athermal w in their study when they water quenched the
bulk Ti-28Ta alloy from 1000 °C. It is generally agreed that in
addition to the alloy composition, the cooling rate during the
quenching plays a significant role in determining the phase evo-
[ution of Ti-Ta alloys. In most of the previous studies, only limited
cooling rates were obtained by applying conventional quenching
processes [2,4,10]. On the other hand, the accessible cooling rate in
PREP can be as high as 10*~10° K/s [ 11]. Such high cooling rates may
lead to the microstructures and phase constituents that are not
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Fig. 1. Schematic illustration of the plasma rotating electrode process (PREP).

observed in the conventional quenching treatments for the Ti-Ta
alloys.

In this study, we report the micro-morphologies, the phase
constituents, and the mechanism of martensitic transformation of

Ti-28Ta powders produced via PREP. We were particularly inter-
ested in establishing how the particle size relates to the charac-
teristics of the PREP Ti-28Ta powders.

2. Experimental

Ti sponge and Ta powders in a nominal composition ratio of Ti-
28 at.%Ta were melted in an arc melting furnace. The Ti-28Ta ingot
was casted after melting five times, followed by forging at 950 °C. A
rod of 50 mm in diameter was shaped and used as the PREP anode.
The spherical Ti-28Ta powders were subsequently produced by
PREP (SLPREP-1, Sailong Metal Co. Ltd. P.R. China), as shown in
Fig. 1. In the PREP process, the anode, which rotated at 12000 rpm,
was melted by an electric arc at a constant DC current of 1100 A.
Then, the liquid droplets were emitted due to the centrifugal force
and further atomized and solidified into spherical particles owing
to the surface tension [6].

The flowability and apparent density of Ti-28Ta powders were
determined by using a Hall flowmeter, as per the ASTM B213-13 for
flow-rate measurements and ASTM B212~13 for apparent density
measurements. Phase constituents were determined by X-ray
diffraction (XRD, Bruker D8 Advance Phaser). Microstructure and
morphology of the Ti-28Ta powders were observed by optical mi-
croscopy (OM, Leica DM2500M), scanning electron microscopy
(SEM, JEOL JSM6460) and transmission electronic microscopy
(TEM, JEOL2100F). TEM foil specimens were sectioned by focused
ion beam (FIB, FEI Helios NanoLab DualBeam). Fig. 2 shows the
detailed procedure of foil preparation for TEM using FIB. Firstly, one
Ti-28Ta powder with the diameter of ca. 40 pm shown in Fig. 2(a)
was selected for sectioning. Subsequently, the desired thin foil was
sectioned and then mounted to a micromanipulator by deposition
of platinum, Fig. 2(b)—(e). Finally, the foil was further thinned by
FIB for the following TEM observations. Phase transformation
temperatures of Ti-28Ta powders were determined by differential
scanning calorimetry (DSC, NETZSCH DSC 204F1) with a heating-
and-cooling rate of 10 K/min. Vickers micro-hardness for the in-
dividual powder particles with various particle sizes was measured
using a load of 0.098N (10gf).

10pm

Fig. 2. Sample preparation by FIB for TEM observations (a) a selected Ti-28Ta powder particle, (b) foil sectioning, (c) bulking out, {d) lifting out, (¢) mounting and (f) final thinning.
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Fig. 3. (a) SEM micrograph of the PREP Ti-28Ta powders and (b) particle size distribution.

3. Results
3.1. Powder morphology

Fig. 3(a) shows the surface micrographs of the PREP Ti-28Ta
powders. In general, the spherical Ti-28Ta particles exhibit
smooth surface appearance and no satellite particles are found. The
expected spherical particle morphology is a result of surface ten-
sion during the rapid solidification. The combination of high
sphericity and non-satellite particles contributes to its good pow-
der flowability, ie., 15.5 s/50 g. A wide particle size distribution of
30260 pum was observed, as shown in Fig. 3(b). It was reported
that the particle size distribution for the PREP powders largely
depends on the processing parameters such as the rotating speed,
electrode diameter and DC current [12]. The PREP Ti-28Ta powders
were classified into three batches according to their variable par-
ticle size ranges, i.e., 150—178, 89—124, 40—65 pm. These batches
are referred to as large, medium and small powders, respectively.

Surface morphology and cross-sectional microstructure of the
Ti-28Ta powders are displayed in Fig. 4. The large powders
(>150 pm), as shown in Fig. 4(a), reveal the rough surface
morphology of equiaxed dendrite. Fig. 4(b) shows a cross section of
a large particle, where smaller dendrites can be found at the outer
layer but larger equiaxed dendrite is located in the center region on
the cross section. With decreasing the particle size, the powder
surface becomes smooth, Fig. 4(c) and fine equiaxed and orthog-
onal dendrites are clearly observed from the surface and internal
morphologies of powders with the particle size of 89—124 um,
Fig. 4(c) and (d). The equiaxed dendrite morphology with long
dendrite arms is the characteristic feature of the growth of cubic B
phase from the liquid during the rapid solidification [13]. With
further reduction of the particle size to 40—65 pm, the particle
surface becomes smooth (Fig. 4(e)), while its internal microstruc-
ture reveals a typical finer orthogonal dendrite morphology,
Fig. 4(f). Similar phenomenon has been also observed in the PREP
TiAl alloy powders [8]. This is mainly attributed to the much higher
cooling rate for small powders as compared to the large particles. It
has been reported that the typical cooling rate of powders for ti-
tanium alloys is estimated to be 10%-10° K/s [11]. Because of the
high cooling rate and small thermal mass during the rapid solidi-
fication process, time available for the diffusion or orientation in
the titanium powders is not high enough. The powder particle is so
small that the surface shrinkage induced by the cooling would not
make enough stress to create enough separation of the surface skin
[14].

3.2. Phase constituents

Fig. 5 shows XRD patterns of the raw material and PREP pow-
ders as a function of particle size. The raw rod for PREP consists of
major p with minor o" phase as shown in Fig. 5(a). However, the
XRD patterns of the powders show that their phase constituents are
significantly dependent on the particle size. For instance, in
Fig. 5(b), larger powders (150—178 pm) exhibit predominant B
phase coexistent with a minor ", In fine powders (40—65 pm), "
becomes another major phase in addition to the retained f phase,
(Fig. 5(d)). The intensities of the diffraction peaks for ¢” (020), (022)
and (110) increase with decreasing particle size. In other words, this
implies that smaller particles contain more martensitic a” but less
B.

To further confirm the XRD analysis, TEM was conducted to
analyze the phases of the powders. Fig. 6 shows the TEM images
and selected area electron diffraction (SAED) pattern taken at the
area of Fig. 6(b) for the fine powder with the particle size of
40—65 um. It can be observed in Fig. 6(a) that the microstructure of
the Ti-28Ta powders is composed of fine grains with the size of ca.
1 um. Interestingly, the needle-like martensitic & phase in Fig. 6(b),
which is indexed by SAED in Fig. 6(c), is found to be located at the
grain boundaries, while the matrix of the grain in Fig. 6(b) is
determined to be B phase. The corresponding SAED (Fig. 6(c)) well
agrees with the XRD results in Fig. 5(d). This indicates that the
martensitic &” is preferentially formed at the grain boundaries
during rapid solidification in the present study. Nevertheless, this
phenomenon is different from the results in previous studies on
bulk Ti-Ta alloys with compositions around Ti-28Ta [2,7,10], in
which martensitic &” phase was formed within the grain matrix
rather than at the grain boundary. In these studies, the width of the
martensitic o plate ranges from hundreds of nanometers to several
micrometers [4,10]. However, in the present study, Fig. 6(b) reveals
the martensitic width is less than 50 nm, which is significantly
smaller than that in the bulk Ti-28Ta alloy [10]. Besides, the length
of the martensitic " plate here is below 1 pm.

3.3. Phase transformation temperature

Fig. 7 shows the DSC curves upon heating and cooling for the
fine Ti-28Ta powders (40—65 pm). An endothermic peak upon
heating was observed, indicating a martensite-to-austenite transi-
tion. The transformation temperatures are estimated from the DSC
curve with the austenite starting temperature (As) ~421 °C,
austenite finishing temperature (Ay) ~593 °C and austenite peak
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Fig. 4. Micrographs of the PREP Ti-28Ta powders with the particle size range of (a} and (b) 150-178 pm, (c) and (d) 89—124 pm, (e) and (f) 40-65 pm (a), (¢) and (d) surface

morphologies, while (b), (d) and (f} are cross-sectional views,

temperature (A,) ~540 °C. In comparison with the data for a bulk Ti-
15Ta alloy [15], the A, temperature of the Ti-28Ta powders de-
creases by about 240 °C. It is commonly recognized that the addi-
tion of Ta can stabilize B phase and decrease the martensite-to-
austenite transformation temperature [4]. Furthermore, a weak
exothermic peak associated with martensite formation, is found
upon cooling. A similar result was also reported for the Ti-30Nb-
3Pd alloy [16]. The martensitic start temperature (M) is

estimated to be ~390 °C, martensitic finish temperature (My)
~253 °C and martensitic peak temperature (Mp) ~340 °C, respec-
tively. It should be noted that sufficient amount of Ta addition could
suppress the martensitic transformation. No martensitic peak in
bulk Ti-Ta alloys with composition around Ti-28Ta were observed,
which is attributed to the low enthalpy of the transformation from
B to martensitic " [15,17]. Similar phenomenon was also reported
for some other Ti alloys [18—21].
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Fig. 5. XRD patterns of (a) the raw material, and the PREP Ti-28Ta powders with the
particle size of (b) 150—178 pm, (c) 89—124 pm and (d) 40—65 pm.

3.4. Micro-hardness test

Fig. 8 presents the Vickers micro-hardness data of powders with
different particle sizes. In general, the micro-hardness of the
powders increases with the decrease of particle size. The hardness
increases significantly from 148.8 + 6.7 HV (for the 226 pm particle
size) to 164.3 + 7.1 HV (for the 198 0.8 pm particle size). Decreasing
particle size further to 126 pm only causes a slight increase in
hardness. For the particle sizes below 126 pm, a further decrease in
particle size results in a large hardness increase again. However, the
increase of hardness is insignificant when the particle size de-
creases from 198 to 126 pm.

4. Discussion
4.1. Rapid cooling effect on particle morphology

It is known that secondary dendrite arm spacing (SDAS), A, is
proportional to the cube root of solidification time (t), as given by
Eq. (1) [22.23].

A=5.5Mt)13 (1)
where M is the coarsening parameter and can be considered con-

stant for a specific alloy. Therefore, equation (1) can be used to
estimate the relationship between the cooling rate and particle size
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Fig. 7. DSC curves of the PREP Ti-28Ta powders with the particle size range of
40—65 pm,
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Fig. 8. Vickers micro-hardness of the PREP Ti-28Ta powders as a function of particle
size,

by measuring the SDAS. Fig. 9 presents the values of SDAS vs. par-
ticle size. It is clear that the SDAS in the PREP Ti-28Ta powders
decreases with decreasing particle size, suggesting that its cooling
rate is inversely proportional to the particle size.

It was reported that during a rapid cooling process, the phase

Fig. 6. TEM images and SEAD of the PREP Ti-28Ta powders with the particle size of 40—65 pm. (a) TEM image of the powder, (b) magnified TEM image of the frame in (a), and (c) the

corresponding SEAD pattern in (b).
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constituents and morphology of the solidified powders are a
function of particle size [13]. The findings of our study confirm
these dependences on particle size, as shown in Figs. 4 and 5.
During the atomization, the heat is extracted from a small particle
more quickly than the heat from a large particle. Thus, smaller
particles experience higher cooling rates. Even within an individual
particle, the outermost region will experience a faster cooling than
the interior region. As a result, a smaller dendritic microstructure is
observed in the outer layer, while larger equiaxed dendritic grains
are observed in the center of the powder particles, Fig. 4(a) and (b).
In a sufficiently fine particle, the dendritic growth may be strongly
suppressed, resulting in a fine dendritic microstructure.

4.2. Martensitic phase transformation

Orthorhombic o” phase is commonly observed in the Ti-Ta al-
loys. It is formed within the p grain matrix in Ti-Ta alloys when
these alloys are either water or gas quenched [2,10]. The XRD, DSC
and TEM results (Figs. 5—7) confirm the presence of o” in addition
to B. In particular, the XRD analysis estimates that the amount of o”
phase increases with decreasing particle size. It is interesting to
note that the martensitic a” is preferentially formed at the B grain
boundaries, Fig. 6. This phenomenon has not been yet reported in
bulk Ti-Ta alloys with the composition around Ti-28Ta [2,10,24]. In
these previous studies, the martensitic o” phase was found to
emerge within the § grain matrix.

Itis speculated that the distortion (stress) occurring at the grain
boundaries induces the martensitic transformation from B to a".
Such stress-induced martensitic transformations have been well
documented for the plastic deformation of B titanium |10,25,26]. It
is further suggested that an increased cooling rate intensifies the
thermal stress, which in turn intensifies the martensitic trans-
formation. As such, the amount of the martensitic «" phase in-
creases with a decreasing particle size (Fig. 5). The thermal stress
may exist across the entire grain; but its magnitude might be larger
at grain boundaries and therefore martensitic «" phase preferen-
tially grows at grain boundaries, Fig. 6(b). As noted in the reference
data, the martensitic transformation may be constrained by the
grain boundaries [27]. Thus, more energy barriers exist to form
martensite in a fine-grained alloy. In contrast, we observed that
more martensitic " phase was obtained in parallel with grain
refinement in our study. This implies that rapid quenching during
PREP not only causes the grain refinement, but also induces a sig-
nificant thermal stress. Therefore, we assume that the effect of

stress-induced martensitic formation outperforms the grain
refinement constraint.

4.3. Effect of particle size on micro-hardness

In typical B-type titanium alloys, the hardness of various phases
can be rated as [25]: a" < B < w. The amount of «" within the
powders increases with the decrease of particle size. This would
cause a hardness reduction. However, grain refinement is accom-
panied by particle size reduction and rapid cooling leads to a large
dislocation density concentration in the solidified powders [13].
Therefore, we conclude that the grain boundary strengthening and
high dislocation density in the PREP powders compensate for the o.”
phase softening.

5. Conclusions

In the present work, we demonstrated production, character-
ization and micro-hardness properties of spherical Ti-28Ta pow-
ders produced via PREP. The resultant microstructures, martensitic
transformations and micro-hardness of the powders are strongly
related to the particle size. The main findings include:

(1) The cooling rate of the PREP Ti-28Ta powders is directly
associated with the particle size. Due to the diverse cooling
rates in individual particles, large powders exhibited rough
morphology and coarse equiaxed dendritic features while
small powders demonstrated smooth surface and fine grain
structure.

(2) In large particles, the retained metastable B phase is pre-
dominant with a small amount of martensitic «". In contrast,
o" phase became predominant in addition to B for small
particles. A reduced particle size leads to an increased
amount of &” and a decreased amount of B phase.

(3) The martensitic ~50 nm wide o" plates were observed to
preferentially form at the grain boundaries of the p matrix in
fine powders.

(4) The micro-hardness of powders increases with decreasing
particle size. This is mainly because of the effects of grain
refinement and dislocation increase.
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