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Abstract: Ti-Mo aloys with various Mo contents from 6wt% to 14wt% were processed by spark plasma sintering based on elemental pow-
ders. The influence of sintering temperature and Mo content on the microstructure and mechanical properties of the resulting alloys were in-
vestigated. For each Mo concentration, the optimum sintering temperature was determined, resulting in a fully dense and uniform micro-
structure of the aloy. The optimized sintering temperature gradually increases in the range of 1100-1300°C with the increase in Mo content.
The microstructure of the Ti«6-12)Mo aloy consists of acicular a phase surrounded by equiaxed grains of B phase, while the Ti-14Mo al-
loy only contains single B phase. A small amount of fine a lath precipitated from B phase contributes to the improvement in strength and
hardness of the aloys. Under the sintering condition at 1250°C, the Ti—12Mo alloy is found to possess superior mechanical properties with
the Vickers hardness of Hv 472, the compressive yield strength of 2182 MPa, the compression rate of 32.7%, and the elastic modulus of 72.1
GPa. These results demonstrate that Ti—-Mo alloys fabricated via spark plasma sintering are indeed a perspective candidate aloy for dental

applications.
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1. Introduction

Titanium and titanium alloys are considered to be one of
the most attractive materials for orthodontic applications due
to their low density, excellent biocompatibility, good me-
chanical properties, and incredible corrosion resistance
[1-2]. Because of the potential toxicity of Al and V, how-
ever, ftitanium-based adloys such as Ti—6Al4V,
Ti-bAl-2.5Fe, and Ti—6AI-7Nb (wt%) are unsuitable for
biomedical applications. In addition, the elastic moduli of
implant materials are still much higher than the modulus of
cortical bone. The stress shielding effect derived from this
mismatch may lead to implant failure [3-4]. Consequently,
extensive effort has been expended to design new B-Ti a-
loys with a low eastic modulus and nontoxic aloying ele-
ments. Among f stabilizer elements, such as Zr, Nb and Mo,
Mo is recognized as one of the most effective B stabilizers
when added to an aloy in small quantities [5]. The addition
of Mo tends to stabilize p phase and decreases the dastic
modulus of the alloys. Moreover, Mo is arefractory element
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with a high melting point, and the addition of Mo can also
enhance the strength and abrasion resistance of Ti-based al-
loys. Binary Ti-Mo dloys with Mo contents of 5wt%—
20wt% have been developed, and these previous studies
have demonstrated that the alloys exhibit reliable mechani-
cal and corrosion performance and are promising for use in
orthodontic applications [5-9].

Ti-Mo dloys are usualy prepared by casting and subse-
quent thermomechanical treatment. However, this fabrica-
tion technique suffers some drawbacks, such as expensive
thermomechanical treatment, unavoidable machining, and
associated materials loss. In comparison, a cost-effective
technique of powder metallurgy (PM) can be used to pro-
duce complex-shaped Ti-alloy components. This fabrication
process provides a convenient method of adding aloying
elements and results in production with a high degree of
chemical homogeneity and fine grain size; in addition, PM
alows the fabrication of porous materials.

As one of the novel powder metallurgy techniques, spark
plasma sintering (SPS) can effectively produce a fine-
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grained materia in a short duration. Previous studies have
demonstrated that Ti alloys for biomedical applications can
be prepared by SPS [10-14], however, few of these studies
have involved the systematic examination of relationships
between the processing parameters, Mo content, micro-
structure, and mechanical properties of binary Ti-Mo aloys.

In the present study, dense and uniform Ti-Mo aloys
with various microstructural characteristics were fabricated
from elemental powders via SPS. The effect of processing
parameters and Mo content on the microstructure and me-
chanical properties of the materials were systematicaly in-
vestigated.

2. Experimental

Elementa powders of Ti (purity 99.9%, <45 um) and Mo
(purity 99.9%, <45 um) were used as raw materias. Powder
mixtures with different Mo contents (6wt%—-14wt%) were
mechanically mixed for 6 h. The premixed powder was
poured into a graphite die, which was plugged at both ends
with graphite punches; the die assembly was subsequently
placed in a SPS furnace (DR SINTERING-1050). Samples
were warmed to the sintering temperature at a heating rate
of 100°C/min under a vacuum of 2 Pa and then sintered
from 900°C to 1350°C for 5 min under a pressure of 40
MPa. Findly, the sintered samples were furnace-cooled to
room temperature. The temperature was monitored using a
W-Re thermocouple, which measured the temperature of
the graphite die. The sintered samples were disk-shaped
with a diameter of 20 mm and a height of ~8 mm. Several
cylindrical samples were machined to a gauge size of ¢4
mm x 6 mm for compression testing.

Samples were polished and etched in a solution of Kroll's
reagent, which contained the distilled water, nitric acid, and
hydrofluoric acid (85:15:5 by volume). The surface mor-
phology and microstructure of samples were examined by
scanning electron microscopy (SEM, LEO1450). The den-
sity of samples was determined by the Archimedes drain-
age method. X-ray diffraction (XRD) was used to charac-
terize phases in the resultant samples. Hardness tests were
conducted on a Rockwell and Vickers hardness tester, re-
spectively. For the intrinsic hardness measurements, al the
samples were polished with 1500-grit SIC grinding papers.
The Rockwell hardness was measured under aload of 1.5 N
for a holding time of 10 s. Mechanical compression tests
were performed on an Instron machine at a strain rate of 2 x
102 s a room temperature. The compression ratio and
compressive dagtic modulus were deduced from the
stress-strain curves.
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3. Resultsand discussion

3.1. Effect of sintering temperature on microstructure
and properties

3.1.1. Density

Fig. 1 shows the variation in density of samples with re-
spect to sintering temperature and Mo content. The density
of samples strongly depends on both sintering temperature
and Mo content. In general, at the same Mo content, the
density rapidly increases with increasing sintering tempera-
ture and then tends to stabilize at a level close to the theo-
retical density of the aloys (i.e., the density of the as-cast
aloys). With increasing Mo content, the sample density
substantially increases, and the minimum sintering tem-
perature corresponding to the density at the steady-state dis-
tinctly increases. In the case of the Ti—-6Mo alloy, the den-
sity stabilizes at approximately 4.713 g/cm?® at or above the
sintering temperature of 1100°C, at gpproximately 4.831
g/cm®at or above 1200°C for the Ti-10Mo alloy, and at
4.961 g/cm® at or above 1300°C for the Ti—14Mo dloy.
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Fig. 1. Influence of sintering temperature on the density of
samples with different Mo contents.

3.1.2. Rockwell hardness

Fig. 2 shows the Rockwell hardness values of the sintered
samples with different Mo contents at different sintering
temperatures. Because of the microstructural inhomogeneity
of samples, Rockwell hardness was preferentialy used for
al the samples instead of Vickers measurements. Notably,
sintering temperature and Mo content strongly influence the
hardness of samples. Samples sintered at 1000°C exhibit the
lowest hardness, and their hardness varies little with differ-
ent Mo contents. For samples with a fixed Mo content, the
hardness first rapidly increases and then decreases after the
peak hardness as the sintering temperature increases. The
peak hardness vaues initialy increase with the increase of
Mo content from HRC 40.5 (Ti-6Mo) to HRC 465
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(Ti-12Mo), and then decrease to HRC 44.1 when the Mo
content further increases to 14wt%. In generd, the increase
in hardness of Ti-Mo aloys can be attributed to an en-
hanced solid solution strengthening effect induced by the
addition of Mo. The crystal structure, grain size, phase
morphology, and precipitation hardening can dl affect the
hardness of the aloys. Notably, the sintering temperature at
the pesk hardness gradually increases with increasing Mo
content, which is consistent with the minimum sintering
temperature required to achieve a stable density. For Ti-Mo
dloys with Mo contents of 6wt%, 8wt%, 10wt%, 12wt%,
and 14wt%, the sintering temperatures, at which the maxi-
mum density and hardness are achieved, are 1100, 1150,
1200, 1250, and 1300°C, respectively.
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Fig. 2. Influence of sintering temperature on the Rockwell

har dness of sampleswith different Mo contents.

3.1.3. Microstructure

Fig. 3 shows the XRD patterns of Ti—-10Mo alloy sam-
ples sintered at different temperatures. The clear diffraction
peaks suggest that the samples have similar phase composi-
tions and mainly consist of o and B phases. With the in-
crease of sintering temperature, the intensities of XRD peaks
for B phase tend to increase dightly.
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Fig. 3. XRD patterns of Ti-10Mo alloy samples sintered at
different temperatures.

Fig. 4 displays the SEM micrographs of Ti—-10Mo aloy
samples sintered at different temperatures. Notably, the
samples sintered at 1150-1300°C are nearly fully dense,
with no obvious pores. The samples sintered at 1150°C ex-
hibit an inhomogeneous microstructure, where the aloying
dement, Mo, is incompletely dissolved (bright zones), and
acicular o phase (gray) is dispersed in grains of  phase, as
shown in Figs. 4(a) and (b). In the cases of Ti—10Mo aloy
samples sintered at or above 1200°C, a homogeneous mi-
crostructure is obtained, consisting of B phase and fine acic-
ular a phase. Thisresult is consistent with the density results.
In addition, the B phase grains gradually grow with increas-
ing sintering temperature. Whereas the ecicular o phase
tends to be fine when the sintering temperature is 1200°C or
less, it shows little variation in the samples sintered above
1200°C.

Maintaining at the experimentd sintering temperatures,
Ti—10Mo aloy samples were in the B single-phase region,
where Mo diffused into the titanium matrix. During furnace
cooling, B phase grains were subjected to the precipitation of
acicular o phase along grain boundaries and in the trans-
granular because of high cooling rate. The diffusing rate of
Mo (the p stabilizing aloying element) increased with the
increase of sintering temperature. Therefore, the Mo content
of B phase was gradually elevated with temperature until the
diffusion process was completed in the samples maintained
at or above 1200°C. A higher Mo content in 3 phase grains
made the precipitation of acicular a phase more difficult.
Therefore, the grains of B phase became coarser with the
finer o lath in them, when the sintering temperature in-
creased. When the sintering temperature was greater than
1200°C, the microstructural feature of a phase showed little
variation because the Mo content in 3 phase grains reached a
steady state. In the case of the Ti-10Mo aloy, a homoge-
neous microstructure and relatively fine grains could be ob-
tained by spark plasma sintering at 1200°C, corresponding
to the maximum density and hardness testing results, re-
spectively. According to the test results, the other Ti—-Mo
aloys showed atrend similar to that of Ti—-10Mo. Their op-
timum sintering temperatures were 1100°C (Ti—-6Mo),
1150°C (Ti-8Mo), 1250°C (Ti-12Mo), and 1300°C
(Ti—14Mo). These samples were used in subsequent analy-
SES.

3.2. Effect of Mo content on properties and microstruc-
ture
3.2.1. Microstructure

The XRD patterns of samples with different Mo contents
are shown in Fig. 5. The intensity of diffraction peaks for 8
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phase increases substantially with the increase of Mo con-
tent. Except for the Ti—14Mo alloy containing just p phase,
the other spark-sintered binary Ti-Mo aloys al consist of
mixed o and B phases. This difference is caused by the 8
stabilizing action of Mo. Because of their lower Mo contents,
the Ti-6Mo and Ti-8Mo dloys are primarily composed of a

Int. J. Miner. Metall. Mater., Vol. 21, No. 5, May 2014

phase with a small amount of residual B phase. With in-
creasing Mo content, the volume fraction of B phase in-
creases significantly. When the Mo content is 12wt%, the
formation of a phase is largely suppressed, and the aloy is
dominated by p phase. When the Mo content is 14wt%, only
theresidual B phase is observed in the XRD patterns.
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Fig. 4. Microstructures of Ti-10Mo alloy samples sintered at different temperatures: (a) 1100°C; (b) 1150°C; (c) 1200°C; and (d)

1250°C.
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Fig. 5. XRD patterns of samples with different Mo contents:
(a) 6wt% (sintering temperature 1100°C); (b) 8wt% (1150°C);
(c) 10wt% (1200°C); (d) 12wt% (1250°C); (€) 14wt% (1300°C).

Fig. 6 shows the SEM micrographs of samples with dif-
ferent Mo contents. Ti«(6-14)Mo aloyswith ahigh relative
density and uniform microstructures can be obtained by SPS
a dintering temperatures of 1100, 1150, 1200, 1250, and
1300°C. Mo content strongly influences the microstructures

of binary Ti-Mo aloys. Samples with Mo contents of 6wt%
and 8wit% exhibit the similar microstructures, which consist
of the equiaxed grains of § phase and the multiple variants
of a lath, as shown in Figs. 6(a) and (b). When the Mo con-
tent reaches 10wt%, the size of a lath within  phase grains
decreases substantially, as shown in Fig. 6(c). When the Mo
content is 12wt%, the amount of a lath obviously decreases,
and the a lath is mainly dispersed aong the grain boundaries
of B phase (Fig. 6(d)). Fig. 6(€) shows that a microstructure
congisting of the equiaxed grains of p phase is obtained for
samples containing of 14wt% Mo. In addition, no distinct
change in size of B phase grains is observed in the case of
samples with different Mo contents.

From the aforementioned results, the sintering tempera-
ture required to yield a relatively high-density and uniform
microstructure gradually increased with the increase of Mo
content, because an increase in Mo content not only in-
creased the melting points of binary Ti-Mo alloys but aso
caused a sharp decrease in the interdiffusion coefficients of
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Ti—-Mo aloys [15-16]. Thus, achieving a uniform diffusion
of chemical constituents within the same holding time re-
quired a higher sintering temperature. In addition, ahigh Mo
content made the precipitation of o phase more difficult due
to the B stabilizing action of Mo, leading to a decreasein the

20 pm

content and size of o lath. An increase in sintering tempera-
ture did not induce the significant growth of B phase grains,
which was believed to be a consequence of Mo-grain
boundary interactions, which slowed down the growth of
grain boundaries.

20 pm

Fig. 6. Microstructures of samples with different Mo contents. (a) 6wWwt% (sintering temperature 1100°C); (b) 8wt% (1150°C); (c)

10wWt% (1200°C); (d) 12wt% (1250°C); (€) 14wt% (1300°C).

3.2.2. Vickers hardness

The Vickers hardness of sintered samples with different
Mo contents is shown in Fig. 7. The results are essentialy
consistent with the Rockwell hardness test results. All the
as-SPSed Ti-Mo dloy samples with 6wt%—14wt% Mo ob-
viously have much higher microhardness values (Hv
396-472) than Ti—6Al-4V aloys processed by cast (Hv 294)
[7] or powder metallurgy techniques (Hv 350) [17]. Among
the investigated samples, the Ti—12Mo dloy dominated by
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Fig. 7. Vickers hardness of samples with different Mo con-
tents.

fine B phase grains exhibits the highest Vickers hardness
value of Hv 472, which is significantly higher than that of
the as-cast Ti—12.5Mo dloy (Hv 350) [7] due to the finer
grain size of the Ti-12Mo dloy.
3.2.3. Room-temperature mechanical properties

Fig. 8 shows the compressive properties of binary Ti-Mo
aloy samples with different Mo contents, including the ul-
timate compressive strength (UCS), yield strength (Y'S),
compression ratio (CR), and Young's eastic modulus. As
evident from the results, Mo content substantially affects the
room temperature mechanica properties of the aloys.
Overall, the as-SPSed Ti—(6-14)Mo aloys exhibit superior
mechanica strength with the ultimate compressive strength
of approximately 3 GPa. The variation trend of strength with
the increase of Mo content is similar to that of hardness. The
compressive strengths initialy increase with increasing Mo
content when the Mo content is less than 12wt%, and then
decrease in the samples with 14wt% Mo. In comparison, the
Ti—12Mo aloy exhibits the highest strength with the ulti-
mate compressive strength of 3413 MPa and the yield
strength of 2182 MPa. The Ti—-10Mo and Ti-14Mo alloys
exhibit the smilar strengths, and their ultimate and yield
strengths are approximately 3100 MPa and 1800 MPa, re-
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spectively. The compression ratios of Ti—xMo aloys de-
crease from 27.8% to 26.3% when the Mo content is in-
creased from 6wt% to 8wt%. With a further increase in Mo
content of 8wt% to 14wt%, the compressive ductility gradu-
aly ascends. Consequently, the Ti—14Mo aloy exhibits the
greatest ductility with the compressive ratio of 33.1%; the
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compressive ratios of Ti-12Mo and Ti—10Mo are 32.7%
and 30.4%, respectively. Furthermore, the Young's elastic
modulus of the as-SPSed Ti—xMo dloys dightly decrease
from 71 GPato 85 GPa as the Mo content increases. The
Ti—14Mo alloy exhibits the lowest compressive modulus of
71.4 GPa, similar to the modulus of 72.1 GPafor Ti—-12Mo.
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Fig. 8. Compressive propertiesof sampleswith different Mo contents.

The mechanical properties of Ti-based aloys a room
temperature strongly depend on their microstructures, in-
cluding grain size, the volume fraction of B phase, and the
morphology of precipitated a phase. In the case of Ti-Mo
aloys with low Mo contents of 6wt% or 8wt%, the micro-
structures mainly consist of massive coarse o lath and f
phase grains. The coarse and long o lath microstructure pro-
vides a smooth route for crack propagation, leading to a
relatively high growth rate of fatigue cracks. In addition, the
coarse lath may make the didocation dip more difficult
during the deformation process, and the cleavage fracture
tends to occur prematurely due to the formation of disloca-
tion pile-up. Thus, the Ti-6Mo and Ti—-8Mo alloys exhibit
lower compressive strength and ductility. Compared to the
Ti-6Mo alloy, the Ti-8Mo dloy exhibits greater strength
but lower ductility, which is perhaps caused by the effect of
Bla interface. The increase in Mo content causes the volume
fraction of p phase to increase, thereby leading to the en-
hanced effect of p/a interface. The p/a interface microstruc-
ture contributes to the obstruction of dip bands. Therefore,
the strength increases and the ductility decreases.

In the case of the Ti-Mo aloy with 10wt% Mo, the mi-
crogtructures consist of massive finer o lath and B phase
grains. Compared with the Ti-6Mo and Ti-8Mo dloys, the
Ti—10Mo aloy exhibits greater strength and ductility. The
improvements in these properties are attributable to the sub-
stantial decrease in the size of a lath in the Ti-10Mo dloy.
When the Mo content reaches 12wt%, the microstructure is
dominated by p phase and a small amount of a lath. Because

of the high plasticity and strong solid solution effect of the
phase structure, both the ductility and strength of the
Ti—12Mo dloy are grester than those of the Ti{(6-10)Mo
dloys. Because the Ti—14Mo dloy is characterized by
equiaxed grains of B phase, as indicated by the effect of the
volume fraction of B phase alone, the Ti—14Mo alloy should
exhibit the highest relative strength and ductility. However,
experimentally, the Ti-14Mo aloy exhibits greater com-
pressive ductility but lower strength than that of the
Ti—12Mo dloy. The increased strength of the Ti-12Mo al-
loy is believed to result from the precipitation hardening of
finer o lath. Thisfinding is consistent with that of Magumdar
et al. [18]. The a phase is sandwiched between the B matrix
within each packet and gives the loca plastic congtraints,
leading to the strengthening of samples.

As one of the intrinsic properties of materials, the elagtic
modulus is determined by bonding force among atoms and
is more sensitive to phase/crystal structure than other factors
[18]. The modulus value of amultiphase aloy is determined
by the specific modulus and volume fraction of phases. Pre-
vious studies [7,19] have demonstrated that the eastic
modulus of B phase in Ti-Mo aloys is lower than that of o
phase. In the case of Ti—-xMo dloys prepared by SPS, the
volume fraction of B phase significantly increases with in-
creasing Mo content, and the Y oung’ s elastic modulus of the
alloys correspondingly decreases. In comparison, the
Ti—12Mo and Ti-14Mo aloys are dominated by B phase but
exhibit relatively lower compressive moduli with the values
of ~72 GPa; and these values are similar to that of the
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Ti—13Mo aloy (75 GPa) prepared via laser-assisted synthe-
sis [20]. The compressive moduli of the Ti-12Mo and
Ti—14Mo dloys are considerably lower than that of stainless
steel (~110 MPa&), Co-based dloys (~210 MPa), and
Ti—6Al-4V (~110 MPa) [21]. The modulus is aso lower
than that of as-cast Ti-Mo alloys (78-93 GPa), and the de-
crease is attributed to the absence of o phase [22]. Among
samples measured in the present study, the Ti—12Mo aloy
sintered at 1250°C by SPS exhibits the best combination of
properties with the Vickers hardness of Hv 472, the com-
pressive strength of 3413 MPa, the compressive yield
strength of 2182 MPa, the compression rate of 32.7%, and
the eastic modulus of 72.1 GPa. Compared with recently
developed B type Ti-Nb-Ta—Zr dloys, the Ti-Mo dloy has
a dightly higher modulus, but considerably greater strength
and hardness [23]. Ti-Mo aloys sintered by SPS are there-
fore expected to have strong potential for use in den-
tal-implant applications.

4. Conclusons

(1) Ti—«(6-14)Mo aloys with the high relative density and
uniform microstructure can be obtained from elemental
powders via SPS a sintering temperatures from 1100 to
1350°C. With increasing Mo content, the optimized sinter-
ing temperatures to achieve fully dense and uniform diffu-
sion of Mo increase.

(2) The microstructure of samples strongly depends on
Mo content. The microstructure of TiH(6-12)Mo alloys con-
sists of acicular o phase surrounded by equiaxed grains of
phase, whereas the Ti—14Mo alloy contains only  phase. As
the Mo content is increased to 6wt%—10wt%, the volume
fraction of p phase gradually increases, whereas the amount
and size of o lath tends to decrease.

(3) In the case of the as-SPSed Ti—<{6-14)Mo aloys, the
yidld strength of 1800-2182 MPaand the elastic modulus of
71-85 GPa are obtained. A small amount of fine a lath pre-
cipitated from the B phase contributes to the increased
strength and hardness. At a sintering temperature of 1250°C,
the Ti—12Mo alloy samples contained  phase and a small
amount of fine o lath are found to exhibit a superior combi-
nation of mechanical properties as the Vickers-hardness of
Hv 472, the compressive strength of 3413 MPa, the com-
pressive yidd strength of 2182 M Pa, the compression rate of
32.7%, and the elastic modulus of 72.1 GPa.
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