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Abstract: To develop novel S-type biomedical titanium alloys, a series of Ti—15Mo—xNb alloys(x=0, 5, 10 and 15, mass fraction
in %) were designed and prepared by using vacuum arc melting method. The present study focused on the effect of Nb addition on
the microstructure, mechanical properties and castability of Ti—15Mo alloy. Phase analysis and microstructure observation show that
all the alloys consist of single § phase and the equiaxed f grain is refined with increasing Nb content. These fS-type Ti—15Mo—xNb
alloys exhibit good plasticity and rather low compression elastic modulus (in the range of 18.388—19.365 GPa). After Nb addition,
the compression yield strength of the alloys increases. With increasing Nb content, the micro-hardness of the alloys decreases. The
alloys exhibit obvious fibrous strip microstructure after cold compression deformation. The castability test shows that the castability
of the alloys after Nb addition decreases and that of the Ti—15Mo alloy is the highest (92.01%).
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1 Introduction

Ti and Ti alloys are extensively used in a variety of
application fields like aerospace, chemical industries and
many medical applications because of their good
biocompatibility, excellent mechanical properties and
corrosion resistance [1,2]. CP-Ti is used extensively in
dental applications but is found not to be suitable for
load bearing applications owing to its poor mechanical
properties such as low shear strength [2]. Ti—6Al-4V
alloy is the most widely used titanium alloy in the
orthopedic applications, but the release of Al and V ions
from the alloy in the human body might cause cytotoxic
effects [2—4], and also increases the potential for the
development of Alzheimer’s disease especially during
long-term implantation[2]. The most promising materials
for biomedical applications are the multifunctional S-Ti
alloys [2]. More recently, a great deal of studies have
focused on the development of f and near-f phase
titanium alloys with non-toxic elements such as Mo, Nb,
Zr, Sn and Ta. Some new near f-type Ti alloys

containing f-stabilizers such as Mo, Nb and Zr have
attracted much advantages for orthopedic implant
applications including better mechanical properties, low
elastic modulus, superior biocorrosion resistance and
excellent biocompatibility[2,4—7].

Molybdenum (Mo) shows f stabilizing properties in
Ti alloys, and thus it is an effective S stabilizer for
designing p-type alloys [8]. Nb is non-toxic and
non-allergic and also can stabilize f phase showing low
elasticity modulus and great strength [3]. Moreover, it is
well known that S-stabilizer Mo and Nb elements can
form homogenous solid solution with Ti in all kinds of
Ti alloys when they are alloyed within certain
concentration [2]. In recent years, Ti—Mo [9],
Ti—Mo—Nb [10] and Ti—Mo—Ta [7] alloys have been
researched with emphasis on their microstructure,
mechanical properties and corrosion resistance for
medical applications. Many studies have shown excellent
mechanical compatibility of Ti alloys containing Mo
[9-13], such as Ti—15Mo [11], Ti—10Mo—10Nb [10] and
Ti—12Mo—5Ta [7]. The metastable f phase Ti—15Mo
alloy showed low modulus and extremely high corrosion
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resistance [9]. In this regard, the addition of Mo and Nb
is preferable to developing absolutely safe Ti-based
alloys for biomedical applications depending upon its
ability to achieve biological passivity and capacity of
reducing the elastic modulus [2].

In terms of applications of biomaterials, the
mechanical properties and castability of the alloys most
need to study. The purpose of this study is to investigate
the effect of Nb addition on the microstructure,
mechanical properties and castability of S-type Ti—15Mo
alloy as biomedical materials.

2 Experimental

The designed alloys, namely Ti—15Mo—xNb (x=0, 5,
10 and 15, mass fraction in %), were prepared by mixing
an appropriate amount of high-purity sponge Ti (99.8%),
Mo piece (99.9%) and Nb piece (99.9%). The mixtures
were melted under a high-purity argon atmosphere in a
vacuum non-consumable arc melting furnace. The ingots
were inverted and remelted at least four times to
maintain homogenized. After vacuum arc melting, the
alloy ingots were centrifugally cast into a graphite mold
by using a centrifugal titanium casting machine.

The alloy ingots were sectioned by using
electrospark-erosion. The phase identification was
carried out by X-ray diffraction (XRD) using Cu K,
radiation at an accelerating voltage of 40 kV and a
current of 250 mA. Micro-hardness was measured using
a hardness tester (CLEMEX, MMT-X78) with a load of
0.98 N and a dwell time of 15 s. Compression tests were
determined on INSTRON 5500 compression instrument
at a rate of 0.5 mm/min and room temperature. The
dimensions of compression specimens were d4 mm X
6 mm. All the samples were cold deformed to 50%
engineering strain during compression tests. The optical
microstructure after compression deformation was
carried out on the plane taken from the mid-section of
the deformed samples. The specimens for observing
microstructure were mechanically polished using SiC
waterproof papers (grade from 240 to 2000), finished by
polishing with electrolytic etching and eroded with
8% HF + 15% HNO;+ 77% H,0. Microstructure of the
etched specimens was examined using an optical
microscope (OM, OLYMPUS BH2-UMA) and a
scanning electron microscope (SEM, FEI Quanta 200F).

The castability of Ti—15Mo—xNb alloys was
investigated by modified Whitlock’s method [14]. The
schematic view of mesh-pattern wax mold is shown in
Fig. 1(a). Wax patterns used in this study were produced
by injecting wax into an aluminum metal mold on a wax
injection machine, as shown in Fig. 1(b). In this study,
the wax mesh with 169 square shaped spaces of 2 mm X
2 mm was selected. The bilateral wax runner bars with

3 mm in diameter were attached to both edges of the wax
mesh. The dominate wax runner bar with 5 mm in
diameter and 5 mm in length was attached to the corner
of wax mesh. After the mesh-pattern wax mold was
obtained, the ceramic mold was fabricated according to
the traditional investment casting process. CaO-
stabilized ZrO, powders mixed with zirconia sol binder
were prepared for the primary coating slurry. Mullite
refractory and colloidal silica binders were prepared for
the back-up layers. A centrifugal titanium casting
machine (LZ5, made by Luoyang Ming Tao Science and
Technology Co. Ltd., China) was used to cast the series
of materials, with about 30 g alloy and 30 s melting time
for each casting. All casting experiments were carried
out under the same conditions.

The castability was calculated by Whitlock’s
formula [4]. It can be illustrated in Fig. 1 that the wax
mesh provides a grid with 169 open squares and 338
segments. After casting, the number of complete cast
segments (n) was counted, divided by 338, and
multiplied by 100% to obtain a percentage designated as
castability value (C), as shown in Eq. (1). The segment
was deemed to be complete or incomplete according to
the previous work [14].

c=-""x100% (1)
338

60.98
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Fig. 1 Schematic view of mesh-pattern wax mold (unit: mm)

3 Results and discussion

3.1 Microstructure and mechanical properties of Ti—
15Mo—xNb alloys

Figure 2 shows the XRD patterns of the
Ti—15Mo—xNb alloys. There is no indication that o phase
peaks or any intermediate phase peaks are included in
any of the present XRD patterns. Only peaks
corresponding to the body-centered-cubic (BCC) single
p phase are detected and the corresponding diffraction
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Fig. 2 XRD patterns of Ti—15Mo—xNb alloys: (a) x=0; (b) x=5;
(c) x=10; (d) x=15

planes, such as (110), (200), (211) and (220) can be well
identified in each alloy specimen. As Ti, Mo and Nb
have the same structure-type, space group and similar
crystal lattice, they may completely dissolve with each
other and form the metastable S phase at high
temperatures [15]. Moreover, Mo and Nb are f
stabilizing elements which can stabilize f phase. The
value of f-stabilizer equivalence of Ti—15Mo—xNb alloys
is higher than 10.0%, which classifies the alloy in the
p-metastable category [4].

Optical micrographs of the Ti—15Mo—xNb alloys
are shown in Fig. 3. All four alloys are composed of the
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Fig. 3 Optical micrographs of Ti—15Mo—xNb alloys: (a) x=0; (b) x=5; (c) x=10; (d) x=15

single f phase with equiaxed grain size of 50—100 pum.
The equiaxed grain boundary is very clear. These
observations agree well with the results obtained from
Fig. 2. SEM micrographs in BSE mode of four
experimental alloys are shown in Fig. 4. Increasing Nb
content resulted in the refinement of £ grain. It has been
reported that Nb additions decrease the grain size in
Ti—xNb—3Zr—2Ta alloys [16]. The etched granular
structure is obviously observed in Ti—15Mo—10Nb and
Ti—15Mo—15Nb alloys with high Nb content. The f
phase grain size decreases with increasing Nb content,
possibly due to Nb-grain boundary interaction that slows
down the growth of the grain boundaries. The difference
of etched granular structure of high Nb alloys is a direct
result of chemical microsegregation that occurred during
the formation of dendrites [1].

Typical room-temperature compression —stress—
strain curves of Ti—15Mo—xNb alloys are shown in
Fig. 5. All the alloys present a very high ductility in
compression and they could be compressed to around
50% without any crack appearance. Table 1 shows the
main performances of Ti—15Mo—xNb alloys. After
element Nb addition, the micro-hardness decreases with
increasing Nb content. Ti—15Mo alloy has the highest
micro-hardness (HV 334) and that of Ti—15Mo—15Nb
alloy is the lowest (HV 262). In the series of alloys, the
lowest compression elastic modulus is found in the
Ti—15Mo alloy (18.388 GPa). The values of compression
elastic modulus of Ti—15Mo—10Nb and Ti—15Mo—15Nb
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Fig. 4 SEM micrographs in BSE mode of Ti—15Mo—xNb alloys: (a) x=0; (b) x=5; (c) x=10; (d) x=15
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Fig. 5 Room-temperature compression stress—strain curves of
Ti—15Mo—xNb alloys

alloys are very similar with that of Ti—15Mo alloy, and
the Ti—15Mo—5Nb alloy has the highest compression
elastic modulus (19.365 GPa). Because the ductility of
the series of alloys samples is very high, the rupture did
not happen in all alloy samples during the compression
tests with cold deformation to 50% engineering strain.
After 50% cold deformation, Ti—15Mo alloy has the
lowest compression yield strength (617.89 MPa) and the
highest compression strength (2084.57 MPa). While with
the addition of Nb, the compression yield strength
increases. Ti—15Mo—5Nb alloy has the highest

compression yield strength (860.32 MPa). The
compression yield strength of Ti—15Mo—15Nb only is
708.47 MPa, but the value is still 14.66% higher than
that of Ti—15Mo alloy. Moreover, the compression
strength decreases with increasing Nb content, and the
values of the series alloys are 1908.02, 1703.25 and
1592.46 MPa, respectively. The compression strength is
not the strength of alloy samples ruptured, which only
exhibits that the alloys have a very high ductility in
compression and without any cracking after being
compressed to 50%. Therefore, the compression yield
strength and compression strength are different.
XU et al [10] indicated that the Vickers hardness
presents the reduced tendency with increasing Nb
content. The compressive strength, yield strength and
elastic modulus of Ti—-Mo—Nb alloys reduce with
increasing Nb content. The isomorphous stabilizers of
Mo and Nb can improve the strength and reduce the
elastic modulus.

Figure 6 exhibits the optical microstructures of the
Ti—15Mo—xNb alloys after compression deformation.
After 50% cold compression deformation, the grains of
the alloys are elongated and exhibit microstructure with
obvious fibrous strip due to the large deformation.
Generally speaking, the samples present deformation
heterogeneities, such as shear bands, which occurred in
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more strongly deformed samples. These bands are
important deformation heterogeneities which act as
preferential nucleation sites for recrystallization when
the previously deformed material is subjected to high
temperatures [17]. Moreover, it is reported that cold
deformation can enhance the strength and reduce the
elastic moduli of S-type titanium alloys at the same time.
When the titanium alloy deforms to a certain extent, the
twin and subgrain generate and refine continuously, and
change to the large angle grain boundary ultimately,
resulting in the formation of fibrous microstructures and
grain refinement [18].

3.2 Castability of Ti—15Mo—xNb alloys

Figure 7 shows the images of mesh-pattern castings
of experimental Ti—15Mo—xNb alloys. It is obvious that
the Ti—15Mo alloy has more complete casting segments
than others. Figure 8 exhibits the castability values of
as-cast Ti—15Mo, Ti—15Mo—5Nb, Ti—15Mo—10Nb and

Table 1 Performance of Ti—15Mo—xNb alloys

Ling-bo ZHANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 2214-2220

Ti—15Mo—15Nb alloys, which are 92.01%, 79.88%,
66.27%, and 47.63%, respectively. It can be seen that
Ti—15Mo alloy displays the highest castability value. The
castability value of Ti—15Mo—5Nb alloy is little lower
than that of Ti—15Mo alloy. However, with further
increasing the Nb content, the castability values of
Ti—15Mo—10Nb and Ti—15Mo—15Nb alloys reduce
obviously.

The castability of an alloy is often associated with
its ability to fill the mold. The numerous factors, such as
mold design, mold temperature, cooling rate, molten
metal temperature, mold reaction, type of machine,
applied pressure, surface tension (surface free energy)
and oxide film of alloy affect the mold filling [19]. In
this study, in order to compare the castability of
Ti—15Mo—xNb alloys, the casting process parameters
were fixed. Mold reaction, surface tension, oxide film of
alloy and the Nb addition are the most likely affecting
factors of castability. The alloy with slighter mold

Alloy Micro-hardness Compression elastic Compression yield Compression
(HV) modulus/GPa strength/ MPa strength/MPa
Ti—15Mo 334 18.388 617.89 2084.57
Ti—15Mo—5Nb 323 19.365 860.32 1980.02
Ti—15Mo—10Nb 272 18.396 762.88 1703.25
Ti—15Mo—15Nb 262 18.651 708.47 1592.46
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Fig. 6 Optical compression deformation microstructures of Ti—15Mo—xNb alloys: (a) x=0; (b) x=5; (¢) x=10; (d) x=15
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Fig. 7 Images of mesh-pattern castings of Ti—15Mo—xNb alloys: (a) x=0; (b) x=5; (c) x=10; (d) x=15
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Fig. 8 Castability of as-cast Ti—15Mo—xNb alloys

reaction, lower surface energy and more complete oxide
film has better castability. Moreover, according to the
casting theory, the Nb element addition increases the
crystallization temperature of alloy. At the same degree
of superheat, the liquidity of the alloy will be reduced by
adding alloying elements, that is to say, the castability is
also reduced. This is due to the fact that the solidification
no longer occurs at the solidification interface and the
generation of the dendritic structure in the preliminary
stage of the solidification process will make the molten
metal flow more difficult. Another possible factor is that

adding alloying element Nb changes the surface
oxidation film characteristics of the alloy, and further
affects its castability [20]. These factors can explain why
the castability decreases in the studied Ti—15Mo—xNb
alloys with increasing Nb content.

4 Conclusions

1) The Ti—15Mo—xNb alloys consist of the single f
phase and exhibit equiaxed S phase structure. The grain
size decreases with increasing Nb content.

2) All the alloys have good plasticity, high yield
strength and low compression elastic modulus. Ti—15Mo
alloy has the lowest compression yield strength and
Ti—15Mo—5Nb alloy has the highest compression yield
strength. These f-type Ti—15Mo—xNb alloys have low
compression elastic modulus in the range of
18.388—19.365 GPa. The micro-hardness decreases with
increasing Nb content. Ti—15Mo alloy has the highest
micro-hardness and that of Ti—15Mo—15Nb alloy is the
lowest (HV 262). After 50% cold compression
deformation, all the alloys exhibit microstructure with
obvious fibrous strip due to the large deformation.

3) After Nb addition, the castability of the
Ti—15Mo—xNb alloys decreases. Ti—15Mo alloy exhibits
the highest castability (92.01%). With increasing Nb
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content, the castability of the Ti—15Mo—xNb alloys
obviously reduces and that of Ti—15Mo—15Nb is
47.63%.
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