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Abstract: Ti-25Ta alloy samples were fabricated by selective laser melting, and the relative density, microstructure, microhardness
and tensile properties of the as-built and hot isostatic pressing (HIP)-prepared samples were characterized. Results show that the track
width and penetration depth are increased with the increase in laser power, and the surface morphology is improved. The maximum
relative density improves from 95.31% to 98.01% after HIP process. Moreover, the microstructure is refined into the lath martensite
and cellular grains with the increase in input power. After densification treatment, the subgrain coalescence occurs and high angle
grain boundaries are formed. In addition, HIP process stabilizes the microhardness and enhances the tensile strength and elongation.
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Metallic biomaterials should possess outstanding mechan-
ical properties, chemical properties, and corrosion resis-
tance'!. Currently, numerous types of metals have been used
in biomedicine according to the desired specification of im-
plants. Compared with stainless steels and cobalt-based alloys,
titanium and its alloys possess excellent corrosion resistance,
outstanding biocompatibility, and high specific strength™,
thereby presenting great potential as the most promising metal-
lic biomaterial. Among them, Ti-6Al-4V alloy is extensively
used due to its combination of superior strength, plasticity,
toughness, weldability, and corrosion resistance. Nonetheless,
the potential neurological disease problems correlated with the
release of Al and V ions" and the stress-shield effect corre-
lated with the high modulus™ are considered as the quintes-
sential obstacle. Therefore, the development of the next gene-
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ration titanium alloys with low elastic modulus and non-metal-
related toxicities is of great significance in the field of bio-
medical industry.

Tantalum (Ta) can promote cell adhesion, proliferation,

differentiation, and mineralization in vitro and in vivo'®,

therefore being widely used as coating or implants”®.
Furthermore, the binary Ti-Ta alloy has gained wide attention
due to its excellent mechanical compatibility and
biocompatibility. Zhou et al” found that the microstructure,
dynamic Young’s modulus, and tensile properties of the as-
cast Ti-Ta alloys strongly depend on the Ta content. It was
demonstrated that Ti-30Ta and Ti-70Ta alloys possessed the
low modulus of 69 and 67 GPa, respectively. Zhou et al'” also
confirmed that the Ti-25Ta alloy had the lowest elastic

modulus of 64 GPa and the highest ratio of strength to
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modulus (7.5%107*) among Ti-Ta alloys.

Compared with the conventional methods, such as casting
and powder metallurgy, which usually have geometry design
and forming flexibility restrictions, the rapid development of
additive manufacturing provides an alternative technique to
fabricate parts with complex geometry or porous structure for
the individualized implants"' ¥, Brodie et al®” reported that Ti-
25Ta alloy prepared by selective laser melting (SLM) exhib-
ited enhanced alkaline phosphatase activity and mineraliza-
tion, therefore improving the osteogenic capacity, compared
with Ti-6Al-4V alloy. In Ref. [15 — 16], the possibility to
fabricate porous-structured Ti-25Ta parts for load-bearing
implant applications with controllable elastic modulus via
porosity and unit-cell design by SLM technique was
discussed. It is noteworthy that the mixed elemental powder is
usually used as the raw material, but it might raise the
heterogeneity problem, such as unmelted Ta particles’”.

In this research, dense Ti-25Ta parts were prepared from
pre-alloyed powder by SLM and subsequent hot isostatic
pressing (HIP) treatments. The influences of laser power input
during SLM process on the scanning track, densification
behavior, microstructure, and mechanical properties were
discussed. The impacts of the subsequent HIP process on the
microstructure  evolution  and property
enhancement were also evaluated.

mechanical

1 Experiment

The hydrogeninzed and dehydrogenized (HDH) Ti-25Ta
powder was spheroidized by radio frequency plasma
spheroidization, and the chemical composition of the initial
powder is listed in Table 1. Fig.1 shows that most particles
have high sphericity and smooth surface, which implies that

the powder is of good flowability and spreadability without

Table 1 Chemical composition of raw Ti-25Ta powder (wt%)

Ta H 0} C Ti
24.240 0.019 0.160 0.026 Bal.

internal defects. The particle size distribution in Fig. 1¢ illu-
strates that the feedstock basically presents a Gaussian distri-
bution, and the D, Dy, and D,, values are 26.2, 43.8, and
72.1 um, respectively. The components of Ti-25Ta powder
were analyzed by X-ray diffraction (XRD). According to
XRD pattern in Fig. 1d, the raw Ti-25Ta powder contains two
phases, namely a-Ti phase with hexagonal close packed (hcp)
structure and S -Ti phase with body-centered cubic (bcc)
structure.

SLM experiment was performed on EOS M290 machine
under high-purity argon atmosphere. Ti-6Al-4V plate was
used as the substrate and pre-heated at 100 ° C. The laser
power was 80, 120, 160, and 200 W. The layer thickness,
hatch spacing, and scanning speed were 30 pm, 60 um, and
500 mm/s, respectively. The schematic diagrams of SLM
experiment and as-built samples are shown in Fig. 2. HIP
treatment was conducted following SLM process, and the
processing parameters were 900 °C/ 150 MPa/2 h.

The nonmetallic impurities (C/H/O) in the raw powder
feedstock were detected by the carbon sulfur analyzer
(LECO CS600) and oxygen nitrogen analyzer (ON-3000).
The particle size distribution was measured by laser particle
size analyzer (Microtrac S3500). The relative density was
determined according to Archimedes principle. Bulk
samples were etched by Kroll’s reagent (HF:HNO,:H,0=1:2:
50) after grinding and polishing. The microstructure was
observed by scanning electron microscope (SEM, Carl Zeiss
Gemini 300) equipped with electron backscatter diffracto-
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Fig.2 Schematic diagrams of SLM experiment (a) and as-built samples (b)

meter (EBSD, Oxford Symmetry S2). The Vickers micro-
hardness was measured by hardness tester machine
(Zwick-Roell Zhu) with load of 0.096 N and dwell time
of 10 s. The samples were measured 3 times to obtain the
average value. The tensile test was conducted using universal
testing machine (Zwick-Roell Z250) with tensile rate of
10 mm/min. The fracture morphology was characterized by
SEM.

2 Results and Discussion

2.1 Scanning tracks and densification

During SLM process, the continuous scanning tracks are
simultaneously formed with the laser spot movement. Fig.3a—
3d show the surface morphologies of single scanning tracks at
different laser powers. It can be found that under low laser
power of 80 W, the scanning track is uneven, and an irregular

Fig.3 Surface (a—d) and cross-section (e—h) morphologies of single scanning track as well as typical surface morphologies (i—1) of Ti-25Ta
samples prepared under different laser powers: (a, e, 1) 80 W, (b, f, j) 120 W, (c, g, k) 160 W, and (d, h, 1) 200 W
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flow front can be observed along the scanning track. This is
related to the fact that when the laser power is insufficient, the
temperature of the molten pool decreases, and the
corresponding viscosity increases, resulting in the poor
spreadability and discontinuous track. With the increase in
laser power, the wettability of the molten pool is promoted,
presenting the even scanning tracks and regular flow

"% With the increase in laser power from 80 W to 200

front
W, the track width is gradually increased from 104 um to 198
pm. In addition, the splash zones can be observed in Fig.3a
and 3b. This is because under the lower laser power, unmelted
particles are wrapped in the metal flow and adhered to the
border of splash zones. With the increase in laser power,
unmelted particles disappear, and thus smooth borderlines are
obtained.

As shown in Fig.3e—3h, the height and width of the single
scanning tracks are increased with the increase in laser power.
The maximum height and width are 203 and 89 um,
respectively, which are obtained under the laser power of 200
W. The height of the scanning track is related to the
penetration depth of molten pool under the laser scanning, and
the width is related to the spreading of the metallic liquid.

Because the sample is fabricated by layer-related method,
the surface quality of each single layer is crucial for the bulk
building. The typical surface morphologies of the as-built
samples are shown in Fig.3i—31. At low laser power of 80 W,
rough flow front can be observed and several splashes adhere
to the surface (Fig.3i). With the increase in laser power, the
surface morphology has obvious changes, presenting less
liquid splashes and smoother appearance.

The relative densities of the as-built and HIPed samples are
illustrated in Fig. 4. It is found that the relative density is
slightly increased from 94.46% to 95.31% with the increase in
laser power from 80 W to 200 W. This is consistent with the
scanning track performance, i.e., higher laser power promotes
the bonding and filling between adjacent tracks. After HIP
treatments, the relative density of the samples can be
improved by 2.4%-2.7%, and the maximum value of 98.01%
is obtained. This improvement can be attributed to the
elimination of pores and microcracks formed during SLM

process”.
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Fig.4 Relative density of built and HIPed Ti-25Ta samples prepared

under different laser powers

2.2 Microstructure evolution

The influence of the input laser power on the microstructure
of as-built Ti-25Ta samples is shown in Fig.5. It is obvious
that at the lowest energy input (laser power=80 W), a large
number of micro-sized pores can be observed, as indicated by
the arrows in Fig.5a. Combined with the analysis of scanning
track and surface morphology, it can be speculated that the
inadequate spread of the molten pool and the rough interface
between two successively built layers may lead to the pore
formation. With the increase in laser power, the porosity is
decreased, and only a few gaps around the incompletely
melted particles can be observed in Fig.5b. With the increae in
laser power, the microstructure evolves from a typical lath
martensite with the average width of approximately 0.8 pum
(Fig. 5a) to colonies, which consists of parallel and finer
acicular structures within the clear prior f grain boundaries.
These results are consistent with those in Ref.[16,22].

As shown in Fig.6, detailed microstructure characterization
was analyzed through EBSD for the Ti-25Ta sample fabri-
cated at laser power of 80 W. Combined with the inverse pole
figure (IPF) orientation and phase distribution in Fig.6, it can
be distinguished that the Ti-25Ta sample is composed of a
large proportion of lath « phase with random orientation and a
small quantity of £ phase. It is known that Ta has a strong
effect on suppressing the f-a phase transformation™. How-

Fig.5 Microstructures of as-built Ti-25Ta samples prepared under different laser powers: (a) 80 W, (b) 120 W, (c) 160 W, and (d) 200 W
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Fig.6 IPF orientation (a), phase distribution (b), band contrast (c), Ti distribution (d), Ta distribution (e), and recrystallized/substructured/

deformed region distribution (f) of Ti-25Ta sample prepared under laser power of 80 W

ever, although the 25wt% Ta has equivalent effect as Swt%
molybdenum, it is still insufficient to completely stabilize the
B phase™. Amongst the laths, a few cellular grains with the
size of approximately 6.3 pm can be observed, as indicated by
the marked areas in Fig.6c. The element distribution maps of
Ti and Ta present homogeneous distributions and no unmelted
Ta particles can be found in the sample because of the use of
pre-alloyed powder. Micro-segregation can be observed in
some grains™. The recrystallized (blue), substructured
(yellow), and deformed (red) regions represent the areas with
misorientation between adjacent grains of less than 2°,
between 2° and 15°, and higher than 15°, and their area
fractions in the built samples are 43.9%, 24.3%, and 31.8%,
respectively. The formation of recrystallization structure may
be attributed to the synchronous heat transfer occurring at the
subsequent layer under the laser radiation.

Typical SEM microstructures of the Ti-25Ta sample
subjected to SLM+HIP treatment show that HIP treatment
significantly reduces porosity™. Compared with the built
sample, the grains basically remain the acicular martensite
structure, whose width becomes larger to 1.1 pm. Addition-

ally, the prior § grain boundaries are transformed from cellular
shape into smooth structure, as indicated by the arrow in
Fig. 7. This may be related to the subgrain recrystallization
during HIP process.

EBSD analysis results in Fig. 8 present that HIP process
does not dramatically change the microstructure characteris-
tics, a/ff phase distribution, and element uniformity. It is
noteworthy that the proportions of recrystallized, substruc-
tured, and deformed regions are 53.2%, 15.5%, and 31.4%,
respectively. Compared with the built sample, the recrystal-
lized region increases, the substructured region decreases, and
the deformed region barely changes. It can be inferred that the
rearrangement and migration of recrystallization-related grain/
subgrain boundaries occur during HIP process, and a large
quantity of subgrains coalesce to form grains. Thus, the low
angle grain boundaries decrease™*®. The measurements
mutually corroborate the disappearance of cellular prior f
grain boundaries.

2.3 Mechanical properties

The microhardness of the built Ti-25Ta alloy is increased
with the increase in laser power, as shown in Fig.9, and the

Fig.7 SEM microstructures of Ti-25Ta sample prepared under laser power of 80 W followed by HIP treatment
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Fig.8 IPF orientation (a), phase distribution (b), band contrast (c), Ti distribution (d), Ta distribution (e), and recrystallized/substructured/

deformed region distribution (f) of Ti-25Ta sample prepared under laser power of 80 W followed by HIP treatment

highest HV,, value of 3608.36+34.30 MPa is obtained for the
Ti-25Ta sample fabricated under laser power of 200 W. The
variation trend is basically the same as that of relative density.
This is because a large number of defects, such as pores,
microcracks, and unmelted particles, will degrade the
metallurgical bonding and therefore lower the deformation
resistance™ ", In addition to the internal defect reduction, the
refined lamellar structure caused by the increasing laser power
also enhances the microhardness.

After HIP treatment, it is observed that the microhardness is
relatively stable, regardless of the laser power variation. HIP
process has both positive and negative impacts on the micro-
hardness, densification, and microstructure coarsening”>>*.
For the samples fabricated at relatively low laser power, the
improvement effect of densification is more obvious, and the
significant microhardness enhancement can be observed for
the samples prepared at laser power of 80 and 120 W.
Nonetheless, these two impacts of HIP treatment are offset by
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Fig.9 Microhardness of Ti-25Ta samples prepared under different

laser powers before and after HIP treatment

each other for the samples prepared at high temperature
because of its relatively higher density and refined micro-
structure under built condition.

The tensile stress-strain curves of the Ti-25Ta samples
prepared under different laser powers before and after HIP
treatment are presented in Fig.10, and the test results are listed
in Table 2. It can be seen that both strength and elongation are
improved with the increase in laser power and addition of HIP
treatment. The maximum ultimate tensile strength and
elongation are 1182 MPa and 19.5%, respectively. The
improvement in the strength and ductility after HIP treatment
can be attributed to the coalescence of microvoids®™. It is
clear that the elastic moduli of the built samples are similar
(about 67 GPa) regardless of the laser power, whereas the
ratio of strength to elastic modulus (1.5%107%) is much higher
than that in Ref.[10].

Fig. 11 shows the fracture surfaces of Ti-25Ta samples
prepared under different conditions. It can be seen that the
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Fig.10 Tensile stress-strain curves of Ti-25Ta samples prepared

under different laser powers before and after HIP treatment
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Table 2 Tensile properties of Ti-25Ta samples prepared under different laser powers before and after HIP treatment

Sample Treatment Laser power/W Ultimate tensile strength, o,/MPa Yield strength, o /MPa Elongation, &/%
1 SLM 80 878 821 13.6
2 SLM 120 904 859 15.0
3 SLM 160 981 896 16.9
4 SLM 200 1035 923 18.8
5 SLM+HIP 200 1182 1139 19.5

o100 um

g

¥ Cleavage surface

]

1

1 mm

Fig.11 Ti-25Ta samples prepared under different conditions: (a) SLM with laser power of 80 W; (b) SLM with laser power of 120 W; (c) SLM
with laser power of 160 W; (d) SLM with laser power of 200 W; (¢) SLM with laser power of 200 W+HIP treatment

fracture surface of the sample fabricated under laser power of
80 W (Fig.11a) contains a large number of pores and unmelted
particles. These wide-open defects seriously degrade the
tensile strength and elongation of alloys®*”. When the laser
power increases to 120 W, the number of unmelted particles
significantly reduces. It is observed that a small number of
unmelted particles remain near the surface. With the crack
initiation, river-like cleavages originate from the defect
region, as shown in Fig.11b. With the further increase in laser
power, no obvious unmelted particles can be observed,
whereas a large number of pores are formed. These pores act
as the initiation positions of microcracks®™. In addition, the
fracture surfaces of the samples prepared under laser power of
160 and 200 W are quite similar and characterized by a
mixture of cleavage and dimpled features. After HIP
treatment, the fracture morphology is characterized by typical
ductile dimples resulting from the defect elimination™”. As
shown in the inset of Fig.11e, a large number of fine and deep
dimples can be identified, indicating that the tensile sample
suffers uniform plastic deformation.

3 Conclusions

1) With the increase in the laser power, the scanning track
and surface morphology of the built Ti-25Ta sample become
smooth and continuous. The relative density is increased with

the increase in laser power, and a nearly fully dense sample
with relative density over 98% is obtained after HIP treatment.

2) The microstructure consisting of lath martensite structure
and a small quantity of cellular grains can be obtained in the
built sample, and the lath structure is refined with the increase
in laser power. HIP treatment leads to the coalescence of sub-
grains and grain formation with high angle grain boundaries.

3) The mechanical performance of the built Ti-25Ta alloy is
improved with the increase in laser power, which is closely
related to the densification behavior of the samples. After HIP
process, stable and both
microhardness and tensile properties are enhanced. Typical
ductile fracture characteristics with fine dimples are observed
after HIP treatment.

the microhardness becomes
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