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Abstract

A new B Ti alloy was designed and fabricated by powder metallurgy process using pure metallic powders. The addition of
Mo and Cr increased the stability of the B phase. By contrast, O promoted a phase formation upon cooling. The addition
of 18%Mo and 10%Cr stabilized the 3 phase into ambient temperature. O increased the critical cooling rate of formation
of a phase due to the prediction of the continuous cooling transformation diagram calculated by the Java-based Material
Properties software. Sintering and solution treatment also enhanced the alloying behavior of pure powders to their
designated chemical compositions. Hardness of the alloy decreased with increasing Mo and Cr content, which led to the
decrease of a phase. The Ti-18%Mo-10%Cr alloy exhibited better corrosion resistance than a commercial Ti-6%Al-4%V

alloy, which is used as current biomaterial.
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1. Introduction

The demand for metallic materials for biomedical
devices has grown rapidly in recent years [1]. For
example, hip replacements made metallic materials
such as titanium and stainless steels are projected to
reach 272,000 units by 2030 [1]. Ti alloys have
excellent specific strength and corrosion resistance
compared with other metallic materials [2]. For this
reason, the application of commercial pure (CP) Ti
and Ti-6%Al-4%V alloy as implant materials has
increased significantly. However, the CP Ti and the
Ti-6%Al1-4%V alloy suffer from biomechanical
incompatibility because of their high elastic modulus
(about 120 GPa) compared with human bone (around
30GPa). Therefore, studies on designing B-type Ti
alloy, which has low elastic modulus, have focused on
the use of Nb, Ta, Zr, and Hf [3-5] owing to their
biocompatibility with the human body. Other
elements, such as Mo and Cr, have been found to be
effective alloying elements for a new 3 Ti alloy [6].
These elements are 3 stabilizers and can also increase
Mo equivalent [6]. They have been used as implant
materials, such as in 304- and 316-stainless steel and
in Co-Cr-Mo alloys [7]. Therefore, these elements are
potential components for the new 3 Ti alloy.

The powder metallurgy (PM) process is used to
fabricate a new B Ti alloy because it is effective and
versatile in producing complex and near net shape
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components [8]. Products fabricated using this
process exhibit properties that are similar to those
fabricated using other processes. However, O is
picked up as an impurity in the product during the PM
process. Thus, O might have a significant effect on the
microstructure and mechanical properties of Ti alloys
[9].

In this study, a new B-type Ti alloy constituted by
Mo and Cr was designed and fabricated through the
PM process using pure metallic powders. The effects
of Mo, Cr, and O on the phase stability and
microstructural change of the alloy were investigated
to clarify alloying behavior on sintering. Then,
hardness and corrosion resistance were also
investigated for the obtained 3-Ti alloy.

2. Alloy Design and Experimental Procedures

The stability of the B phase can be predicted by
calculating its Mo equivalent [6]. Mo and Cr were the
only elements added to the alloy in this work. Thus,
we modified the equation as follows: Mo equivalent =
1.00 [Mo] + 1.60 [Cr], where the amount of element
is in wt.%. The single 3 phase can be stabilized into
ambient temperature if the case satisfies the following
condition: Mo eq. > 10 [10]. Hence, the addition of 5
at.% Mo (equal to 9.8%) or more is almost sufficient
in stabilizing 3 structure to ambient temperature. The
other method for designing Ti alloys employs a
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molecular orbital method, which calculates a bond
order Bo and a metal d-orbital energy level Md [11].
The average values of the Bo and the Md are generally
defined by taking the compositional averages of the
parameters; such values are denoted as Bo_, and

Md, , respectively, as shown in the following
equations:
Boave = fTi'BOTi + fMo'BOMo + fcr‘BOCr, (l)
Md, = f.Md;+ £, .Md,, +f, Md., ..(2)

where £, f,, , and f_are the atomic fractions of Ti,
Mo and Cr, respectively. The values of Bo in the order
of Ti, Mo, and Cr were 2.790, 3.063 and 2.779, while
those of Md were 2.447, 1.961 and 1.478,
respectively.

Calculation of the Bo,, and Md,, values was
performed for six types of Ti alloys (j1). The stable
phase of the Ti alloy was predicted by plotting Bo,,
and Md,, values on a Bo-Md map [11]. Although the
Mo equivalent showed that the addition of 9.8% Mo
can stabilize the B phase at ambient temperature, the
Bo-Md method suggests that the Ti-9.8% Mo alloy
would lay on an o+f structure, while other Ti alloys
would lay on a single B region.

In this study, commercial pure Ti, Mo, and Cr
powders were used as raw materials. All powders
were supplied by Alfa Aesar Co (USA). Table 1 shows
the purity and particle size of the powders used. The
powders were mechanically blended for 3.6 ks. The
blended powders were placed in a die cavity with a
diameter of 10 mm. These were then consolidated
under a pressure of 1000 MPa for 3.6 ks, using a 9-
tonne capacity cold press machine at ambient
temperature. All samples were subjected to sintering
at 1300 °C for 14.4 ks and furnace-cooling. Solution
treatment at 1100 °C for 3.6 ks, followed by water-
quenching, was carried out for all the samples.
Sintering and solution treatment were conducted in an
Ar gas atmosphere after achieving vacuumed
condition. Microstructures were observed by optical
microscopy and scanning electron microscopy
(SEM). Samples were etched using a Kroll’s reagent.
The distribution of elements in the sample was
analyzed using SEM-energy-dispersive X-ray
spectroscopy (EDS). Phase characterization was
evaluated by X-ray diffractratometry (XRD) with Cu-
Ka radiation. The concentrations of O and N were
measured by NOH gas determinator. Hardness was
represented by the average of five measurements in
Vickers  hardness  testing  (load  19.6N).
Potentiodynamic polarization studies were carried out
after 60 s of immersion in Hank’s solution for Ti-
18%Mo-10%Cr alloy and Ti-6%V-4%Al alloy.
Potentiodynamic polarization scans were carried out
at a scan rate of 2 mV/ s in the range from —1.0 to 1.0
V vs. SCE. A software package, called Java-based
Material Properties (JMatPro), was used to simulate

the decomposition of the B phase upon cooling.
JMatPro was developed to predict needful material
properties using thermodynamic calculation, which
integrated various theoretical material models and
properties database [12]. The software has been used
by many researchers to perform thermodynamic
calculations for alloys in equilibrium conditions, such
as precipitation [13] and equilibrium phase
transformation [14], and also for nonequilibrium
conditions, such as time-temperature transformation
(TTT) and CCT [15, 16].

Table 1. Particle size and purity of powders used.

Element Particle size/ mesh Purity /%
Ti -325 99
Mo -170 99.5
Cr -325 99

3. Results and Discussion
3.1 Stability of B phase and alloying behavior

Figure 1 shows the XRD diffractograms of the Ti-
Mo alloy. Peaks for the B and other phases were
observed in the Ti-Mo alloy although 18%Mo was
added to the alloy. Figures 2 show the optical
micrographs of the Ti-Mo alloys. Dual-phase
structures (i.e., needlelike structures within the
matrix) were observed in the samples. Besides the
dual-phase structures, pores, which are indicated by
arrow signs, are also observed eventhough the
samples have been subjected to sintering and solution
treatment. Although the Mo equivalent and the Bo-
Md method suggested that the single  phase would
exist in Ti-18% Mo alloy, B phase was not yet fully
stabilized in the Ti-Mo alloys. Pham et al. reported
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Figure 1. XRD diffractograms of the Ti-Mo alloys.

71 The six types of alloys were Ti-5at.%Mo, Ti-8at.%Mo, Ti-10at.%Mo, Ti-10at.%Mo-1at%Cr, Ti-10at.%Mo-5at.%Cr, and
Ti-10at.%Mo-10at.%Cr. Hereafier, these alloys were expressed in wt.%: Ti-9.8%Mo, Ti-14.8%Mo, Ti-18%Mo, Ti-

18%Mo-1%Cr; Ti-18%M0-5%Cr, and Ti-18%Mo-10%Cr.
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that a microstructure, such as the dual-phase structure,
can influence the mechanical properties and corrosion
resistance of biomedical Ti alloys [17]. Thus, addition
of Cr would be effective for stabilizing single  phase
into ambient temperature, because the Mo equivalent
showed that Cr stabilized the B phase 1.6 fold higher
than Mo [6].

Figure 3 shows XRD diffractograms of the ternary
Ti-18%Mo-Cr alloy. The single 3 phase could still not
be obtained after the addition of 1%Cer to the Ti-18%Mo
alloy. The stability of the § phase increased by adding
5% Cr, but a single B phase was observed in the Ti-
18%Mo-10% Cr alloy. Figures 4 shows the optical
micrographs of the Ti-18%Mo-Cr alloys. In all samples,
pores, which are indicated by the arrow signs, were still
observed in all samples. It is found that Ti-18%Mo-
1%Cr alloy and Ti-18%Mo-5% alloy still exhibited the
dual-phase structures. Finally, an equiaxed structure
(i.e., a typical B structure) was obtained in the Ti-
18%Mo-10%Cr alloy as shown in Figure 4c. These
micrographs correspond well with the XRD
difractograms shown in Figure 3. Thus, the addition of
18%Mo and 10%Cr stabilized the single B phase into
ambient temperature, and a new single 3-phase Ti alloy
was successfully obtained.
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Figure 2. Optical micrographs of Ti-Mo alloys.

Meanwhile, Figure 5 shows a backscattered
electron image and an elemental mapping measured
by EDS for the Ti-18%Mo-10%Cr alloy. As can be
seen, all elements were well distributed within the
sample. The concentration of each element, measured
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Figure 3. XRD diffractograms of the Ti-18%Mo-Cr alloys.
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by area-mapping mode EDS, is shown in the images
close to the designated chemical composition (i.e.,
72%Ti-18%Mo-10%Cr). The diffusivity of Cr in the 3
Ti matrix was four times as high as the self-diffusivity
of Ti [18]. Hence, pure Cr powder dissolved easily,
and Cr atoms were distributed homogenously in the
B matrix of Ti. Mo also reached its designated
chemical composition by sintering although the
diffusivity of Mo was just one-half that of Ti [18].
Sintering was carried out to enhance interparticle
binding among particles. The porosity of Ti-18%Mo-
10%Cr alloy was measured by Image-J software, and
was found to be around 6 vol.%. From these results,
both alloying and interparticle binding of the pure
metallic powders were enhanced due to the diffusion
of elements. The designated chemical compositions
were thus obtained by sintering and solution
treatment. The decrease in stability of the p phase was
not caused by undissolved metallic powders or
alloying elements. Instead, such decrease, as
represented by the XRD peak of other phases in
Figure 1 and Figure 3, could be due to the formation
of martensite (such as o’ and o) or the ® phase upon
cooling.

Dobromyslov et al. reported that the addition of
Sat.%Mo can decrease martensite start (Ms)

(a) SEM
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Figure 5. BSE image and elemental mapping of the Ti-
18%Mo-10%Cr alloy.

temperature to 273 K [19]. Min et al. have reported
that the formation of the  phase is suppressed by the
addition of 15 mass% Mo [20]. Thus, the decrease in
B-phase stability of alloys containing 9.8% Mo (5at.%
Mo) Mo or more could not be explained by the
formation of martensite and the ® phase. It is
indicated that the dual-phase structures as shown in
Figure 2 and Figure 4 were not composed by the o,
o or ® phases besides the 3 phase.

Table 2 represents concentrations of O and N in
the Ti-18%Mo-Cr alloy after sintering and solution
treatment. The impurity content, especially O, was
high in this alloy compared with the O content of the
other Ti alloys fabricated by the PM process (up to
0.3wt.%) [21]. Therefore, the concentration of O in
the Ti-18%Mo-10%Cr alloy decreased the B phase
stability because the impurity is a strong a stabilizer.

Table 2. Oxygen and nitrogen contaminations in samples.

Alloy Oxygen / wt.% | Nitrogen / wt.%
Ti-18%Mo-1%Cr 0.76 0.06
Ti-18%Mo-5%Cr 0.92 0.09

Ti-18%Mo-10%Cr 0.78 0.08

To clarify the effect of O on phase transformation
from the B-phase region upon cooling, a continuous
cooling transformation was estimated by JMatPro.
The calculation for the CCT diagram of the Ti-
18%Mo-Cr alloys was carried out by considering the
following parameters: soaking temperature was 1000
°C, size of prior B grain was 100 pum, and the
formation of 0.5 vol.% of o was defined as a start of
B — a transformation (o). Figure 6 shows a result of
a calculation of the CCT diagram for Ti-18%Mo alloy
with 0 wt.% O. As can be seen from the CCT
diagrams of both alloys, two types of a phases
precipitated from the $ phase upon cooling, namely,
the o phase along the prior 3 grain boundaries (GB o)
and the a phase in the prior B grain interior (bulk o).
The B phase was decomposed into the o phases by a
diffusional transformation. No curve for a finish of the
B — o transformation (o) was estimated by the
JMatPro. The critical cooling rates of the formation of
the bulk o phase (CCR of bulk o) and the formation
of the GB o phase (CCR of GB a) are also
superimposed in Figure 6. The CCR of GB a was
slower than the CCR of bulk .. Moreover, GB a, bulk
o, and B phases were predicted to coexist when the
cooling rate was slower than the CCR of the GB a.
The combination of the bulk o and B phases was
obtained upon moderate cooling, which was lower
than the CCR of the bulk o. When the cooling rate
was faster than the CCR of the bulk o, then only the
B phase existed because the Ms temperature in the
alloy was also predicted to be much lower than the
ambient temperature.

Figure 7 shows the relationship between O
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Figure 7. Relation between oxygen content and CCR of Ti
alloys.

concentration and the CCRs of GB a and bulk o of
the Ti-18%Mo alloy and the Ti-18%Mo-5%Cr alloy.
As can be seen, all CCRs increased with rising O
concentration. The CCR of GB o demonstrated a
slight dependence on Cr concentration. The CCR of
bulk o exhibited a gradual increase of up to 0.5% O,
and then an abrupt increase was observed; this also
decreased significantly when 5%Cr was added. This
calculation indicated that O significantly influenced
the formation of o phase upon cooling, and an
increase in Cr concentration retarded the formation of
the o phase. For instance, the CCR of bulk o of the Ti-
18%Mo-5%Cr alloy with 0.7% O was almost the
same as that of the Ti-18%Mo alloy. The CCR of bulk
a of the Ti-18%Mo alloy increased threefold due to
the addition of 0.7% O. Moreover, the addition of
5%Cr decreased the CCR of bulk o to about one-
seventh of the amount for the Ti-18%Mo-0.7%0
alloy. Hence, Cr had an inverse proportional
relationship with O, although the influence of O was
more effective than that of Cr. Therefore, the
aforementioned estimation was consistent with the

result, thus revealing an improvement in the 3 phase
of the Ti-18%Mo alloy caused by the addition of Cr
(Figures 1 and 3). Furthermore, the aforementioned
results also indicated that the dual-phase
microstructures, which are observed in Figure 2 and
Figure 4, were composed by the the diffusional o
phase (i.e., the GB o and the bulk o) and the  phase.

The effects of O and Cr on the change in the 3
transus can be observed in following equation [22]:

AB,=-9.5[Mo] - 12.1[Cr] + 123.0[O]. .(3)

Equation (3) shows that O has a significant effect
on the increment of the f transus compared with Cr.
For instance, the increment of the (3 transus was
around 86 °C, because of the addition of 0.7% O.
Around 7% Cr should be added to set off the effect of
0.7% O. The increase in O content expanded the a+f3
region and induced the B — o transformation at a
relatively elevated temperature within the a+f region.
This result indicated that O promoted the formation of
o within the o+ region upon cooling. This could be
attributed to an increase in the nucleation rate and a
promotion of the growth rate of nuclei caused by the
increase in the § transus. The nucleation rate is known
to be dependent on nucleation energy or the driving
force of B — o transformation, which can be
estimated by the following relation: 4.0 J/mol x AT
[23]. The driving force was estimated to be around 20
J/mol by applying supercooling (AT) for v — «
transformation of Fe (i.e., 50 °C) [24]. The
calculation of the change in Gibb’s free energy using
the JMatPro for Ti-18%Mo alloy suggested that the
change in free energy was around 22.49 J/mol when
the alloy was supercooled at 50 °C from the 3 transus
(737 °C). The B transus was shifted to elevated
temperatures by O contamination. As a result,
supercooling increased along with the applied cooling
rate, and B — o transformation was remarkably
enhanced.

For O segregation into the  grain boundary,
McLean [25], and Seah & Hondros [26] have
proposed equations for estimating amount of
segregation of impurity. Moreover, Takaki et al. have
explained that Seah and Hondros’ equation is more
accurate for estimating carbon segregation in
engineering metals such as C steel [27]. The amount
of segregation of impurity proposed by Seah and
Hondros is shown in the following equation:

(X /XX (Ko - X )} =

(1/K) + {(K-1)/K}(X,,/ Xy, ..(4)

where X, is a saturation concentration at the grain
boundary, X is a concentration at the grain boundary,
X,,, is a solubility in the matrix, X, is a concentration
in the matrix, and K is a thermal factor. The value of
K is equal to exp (Q/RT) where Q is the thermal
energy that shows the difference between the matrix

and the grain boundary. The value of Q is 7.32 kJ/mol,
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and it is independent from the alloy system. The
atomic solubility (X,,,) of O in the Ti-18%Mo alloy
was predicted to be 0.072 at 1273 K by JMatPro.
Although X, is unknown, TiO, has been reported to
be the most stable Ti oxide in the Ti alloy [28]. Thus,
X,, was assumed to be 0.67. X, was calculated to be
around 0.45 (equal to 18.6wt% O) by substituting the
values to Equation (4). Therefore, a huge amount of O
was suggested to segregate into the B grain boundary.
Wu et al. [29] and Wei et al. [30] have also reported
that O atoms segregate into the grain boundary of the
B phase. The segregation of atom facilitates the
formation of nucleation on the grain boundary [31],
and O is an o stabilizer; thus, the formation of the o
phase can be promoted along the B grain boundary
upon cooling. Wu et al. have also reported that the o
phase precipitates preferentially along the  grain
boundary because of the O segregation in that region
[29]. The aforementioned explanations are in good
agreement with the finding of the current study. The o
phase formation was promoted upon cooling because
of the increase in O concentration. In addition, the
increase in O was also effective in retarding the
formation of the ® phase upon cooling [32].

In contrast to the finding of the present study,
Abdel Hady et al. showed that high O levels promote
the stability of the B phase into ambient temperature
[33]. Ti-29%Nb-13%Ta-4.6%Zr and Ti-34.6%Nb-
7.3%Zr-5.6%Ta alloys, which contain 0.7% O, still
exhibited the B phase characteristics at ambient
temperature [30, 34-36]. To explain the effect of O on
the stability of B in the aforementioned alloys, the
CCRs of bulk a of the Ti-Nb-Ta-Zr alloys were
calculated by JMatPro and plotted in Figure 7. The Ti-
Nb-Ta-Zr alloys were found to have very small CCRs
of bulk a although the concentration of O was very
high in these alloys. The alloys contained high levels
of heavy elements such as Nb, Ta, and Zr aside from
the high amount of O. Hence, these elements may
have induced a solute-drag effect because of their
larger atomic radii, possibly retarding the growth of a
nuclei during B a o transformation. Tang et al.
reported that Nb can reduce the CCR of f — «
transformation of Ti alloy upon cooling [37]. The
stability of the B phase in the Ti-Nb-Ta-Zr alloy was
not promoted by O, but caused by the high
concentration of Nb, Ta, and Zr. Mo and Cr in the
alloy were relatively low in concentration, and thus
could not remarkably lower the CCR. Furthermore,
the N in the sample was also believed to influence the
promotion of the formation of the o phase upon
cooling, although the concentration of N was lower
than that of O [38]. The reason is that N is also an o
stabilizer and has almost the same Al equivalent with
O. Based on the aforementioned result, the single 3
phase was obtained by adding 18%Mo and 10%Cr
and by applying the PM method. The addition of Mo

and Cr increased the stability of the B phase. By
contrast, O promoted the formation of the a phase
upon cooling. The rise in O content increased CCR for
the formation of the a phase. Furthermore, sintering
and solution treatment enhanced the alloying behavior
of pure metallic powders to their designated chemical
compositions.

3.2 Hardness and corrosion resistance of the Ti-
18%Mo-10%Cr alloy

Figure 8 represents hardness of the Ti-Mo alloys
and Ti-18%Mo-Cr alloys. It is found that the Ti-
18%Mo-10%Cr alloy, which consisted of single 3
phase, exhibited the lowest hardness among other
samples. Since the P-grain size of the Ti-18%Mo-
10%Cr alloy was quite large, i.e. 100 pum, the
hardness of the alloy was dominated by the solid
solution hardening of Mo, Cr and O. On the other
hand, the hardness of other samples were thought to
be controlled by combination of the solid solution
hardening of Mo, Cr and O and the precipitation
hardening of the a phase. It is because the o phase
and the B phase coexisted in the other samples.

It is shown that the hardness of all samples
decreased with increasing the concentration of Mo
and Cr. The decrease of the hardness might be
affected by the decrease of the a phase owing to the
addition of Mo and Cr, which could increase the
stability of the B phase. Although the contribution of
each strengthening mechanism has not been clarified
yet, it is suggested that the precipitation strengthening
of a phase was predominant than the other
strengthening. For instance, the hardness of the Ti-
9.8% Mo alloy, which contained the lowest
concentration of alloying elements, was 1.5 fold
higher than that of the Ti-18%Mo-10%Cr alloy, which
had the highest concentration of alloying elements.
The aforementioned result suggested that the B Ti-
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Figure 8. Hardness of Ti-Mo alloys and Ti-18%Mo-Cr
alloys.
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18%Mo0-10%Cr alloy had suitable hardness for
implant materials because its hardness is almost
similar to the hardness of other § Ti alloys such as Ti-
8Fe-8Ta alloy, Ti-8Fe-8Ta-4Zr alloy and Ti-10Fe-
10Ta-4Zr alloy, which have been developed by other
researchers [39].

Figure 9 shows polarization curves of the B-Ti-
18%Mo-10%Cr alloy and Ti-6%Al1-4%V alloy as a
reference material. Both cathodic and anodic branches
on the polarization curve of the Ti-18%Mo-10%Cr
alloy was lower current density than that of the Ti-
6%V-4%Al alloy. The corrosion currents of the Ti-
18%Mo-10%Cr alloy and the Ti-6%Al-4%V alloy
were 0.61pA/cm? and 1.03pA/cm?, respectively.
Furthermore, it is clear that the Ti-18%Mo-10%Cr
alloy shows nobler corrosion potential as compared
with the Ti-6%Al1-4%YV alloy. Hence, the polarization
investigation indicated that the newly designed Ti-
18%Mo-10%Cr alloy has better corrosion resistance
than commercial Ti-6%Al1-4%V alloy.

4. Conclusion

4
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Figure 9. Relation between potential and current density of
the Ti-18%Mo-10%Cr alloy and the Ti-6%Al-
4%V alloy.

A new B-type Ti alloy constituted by Mo and Cr
was designed and fabricated through the PM process
using pure metallic powders were performed and the
following findings were obtained.

1. The single B phase of Ti at ambient temperature
was obtained by addition of 18%Mo and 10%Cr and
by applying the PM method. The alloying behavior of
pure metallic powders to their designated chemical
compositions has been enhanced through sintering
and solution treatment.

2. Addition of Mo and Cr increased the stability of
the B phase while O promoted the formation of the o
phase upon cooling. The rise in O content increased
CCR for the formation of the o phase. These can be
attributed to the increase in the driving force of f —
o transformation and the promotion of formation of

the o phase caused by the grain-boundary segregation
of O.

3. The Ti-18%Mo-10%Cr alloy exhibited almost
the same hardness with other 3-Ti alloys and better
corrosion resistance than the commercial Ti-6%Al-
4%V alloy.
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