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Abstract

This paper investigated the improvement of mechanical properties for one of the most used biomaterials,
titanium-based alloy. To improve its mechanical properties, molybdenum was chosen to be added to Ti and Ti-
Zr alloys through a mechanical blending process. After homogenization of Ti (12, 15) Mo and Ti (12, 15) Mo-
6Zr, the compaction pressure and sintering temperature were varied to create pellets. Characterization has been
done using scanning electron microscopy (SEM), X-ray diffraction (XRD), Vickers’s hardness, Archimedes test
and ultrasonic method, and 3-point bending test. Micrograph of each pellet revealed the influence of Mo content
that plays a prominent role in the variation of microstructure in the alloys Ti-Mo and Ti-Zr-Mo. The porosity
and density were also influenced by changing the B-phase. EBSD analysis shows the increase in B-phase with
the addition of Zr. The overall results indicated that the percentage of B-phase greatly affects the mechanical

properties for the specimens.
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1. Introduction

In the present era, metallic biomaterials are very helpful for organ implant as they can efficiently replace most of
the active body parts such as total knee, hip, locking plates, angle plates, spine, elbow, heal, and dental products
[1]. In a competitive way, metallic implants are gradually improving their quality by incorporating various
elements in stainless steel and in Ti-based alloys. Stainless steel has also been recorded as the first successful
implant material used in the surgical field [1]. Among the wide variety of biomaterials (Co-Cr based alloy, Mo-
steel, Ni-Ti based), titanium alloys have proven to be successful implant materials because of their unique
characteristics such as excellent bio-compatibility, better mechanical properties (higher toughness, lower

Young’s modulus, higher strength and hardness), light weight, and excellent corrosion resistance [2-5].
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Fig. 1: Defects occurring in Ti-Zr alloys used for dental implant and hip implant

As shown in figure 1, the lack of mechanical strength, hardness, and less toughness in Ti-Zr implant can lead
to fracture and erosion. To overcome this problem, adding Mo can be beneficial as Mo improves the mechanical
properties and improves corrosion resistance. There are three main categories of titanium alloys based on
different phases: a-phase Ti, (o+f)-phase, and B-phase. Pure Ti is the a-phase category. Ti-6Al-4V and Ti-6Al-
7Nb are (o-+f) phase alloys, whereas B-alloys include Ti-15Mo, Ti-15Mo-3Nb, Ti-12Mo-6Zr-2Fe [2], Ti-15Zr-
4Nb-4Ta-0.2Pd, Ti-15Mo-5Zr-3Al, Ti-35.3Nb-5.1Ta-7.1Zr and Ti-29Nb-13Ta-4.6Zr. Moreover, a-phase, f-
phase, and (o+p)-phase have different modulus. For metallic biomaterial, higher strength with lower modulus is
relevant. Bone modulus should be in the range of 4-30 GPa, basing on bone alignment and axis of measurement.
At present, some implant materials with considerable strength have greater stiffness than the replaced material
(bone), indicating the easy transfer of the generated stress to the connected bone which results cell damage and
implant loosening, considered as biomechanical incompatibility. This is known as stress shield effect. Hence,
the material to be chosen in implant have higher strength and lower modulus to shut off the implant failure and
ensure higher working period and keeping away from revision surgery [4]. Therefore, B-phase stabilized
metallic material should be adopted. Elements that depress the transformation temperature, readily dissolve in,
strengthen the B-phase, and exhibit low a-phase solubility are known as B-stabilisers. Mo is the B-isomorphous
element exhibiting complete mutual solubility, which can increase the coherency in Ti-alloy to improve the
mechanical strength.

Ti-alloys are in demand as they have lower modulus (55-110 GPa) compared to 316L SS (~210 GPa) and
Cr-Co alloys (~240 GPa). Along with the low modulus of titanium, some of the properties such as higher tensile
strength (220MPa), lower density (4.50 g/cm?), high resistance to corrosion, greater inertness with living cell,
greater biocompatibility, and high specific strength makes Ti the most suitable implant [5]. Several studies have
examined B- phase Ti-alloy [6]. Some elements such as V and Al can give B-phase stability as well as toxic
effect. Avoiding this bio incompatibility, it is suitable to add Mo and Zr for B-phase. Studies on Ti-Mo alloy and

Ti-Mo-Zr based alloys by a list of researchers are discussed in the following paragraphs.



Zhang et al. (2015) studied on Ti-xMo (x=6.20-21.5 wt.%) composition using arc-melting process (non-
consumable) and casting process to analyse the elastic modulus of phases present in Ti-Mo alloys. He found the
sensitiveness of phase formation in presence of Mo percentage and Ti-8Mo alloy has 82.98 GPa elastic modulus
[7]. Martins et al. (2011) studied on Ti-15Mo prepared by Arc-melting furnace to synthesis the Til5Mo alloy for
considering in biomaterial application. He found by adding Mo up to 15%, there was gradual increase in density
and microhardness, while reduction in the elastic modulus with respect to CP-Ti and B-type Ti alloys [8]. Chen
et. al. (2006) fabricated Ti-xMo (x=5-20) by casting process to study their microstructure and properties. They
found that, when Mo is more than 15%, only equixed B-crystal grains are formed, hardness, compression
strength and elastic modulus found out 451 HV and 1636 MPa and 29.8 GPa respectively [9]. Nishimura (2011)
prepared 3MoSFeTi alloy by arc melting to evaluate the corrosion resistance. Here the Fe content is not
responsible to decreases the corrosion resistance of the aged Mo-Fe-Ti alloy. a-phase precipitation in aged alloy
results lower corrosion resistance than that of no a-phase content but have much higher resistance than pure Ti
[10]. Similarly, several researchers found out the higher strength, modulus, corrosion resistance and
biocompatibility by incorporating the Mo in Ti-alloys [11-24]. Again, the addition of Zr enabled the
enhancement of  phase stabilization [16-24]. Zr is in the same chemical group as Ti and can improve the
mechanical strength as well as biocompatibility when incorporated in Ti-alloys [17]. Also, Mo act as a strong -
stabilizer that can reduce the young’s modulus and increase the corrosion resistance in Ti-alloys [8].
Incorporation of both the element in Ti-alloys has been studied by several researcher in literature. This paper
focused on increasing the B-phase in titanium by varying the additive elements of Mo and Zr. The Mo and Zr

percentages are varied in the alloy to generate better physical properties and mechanical properties.

2. Material and methods

2.1 Preparation of powders

Titanium and molybdenum with 99.7% and 99.95% purity and particle sizes 44 pm and 8 pum, respectively,
were procured from Atlantic Equipment Engineers (AEE). Further, zirconium with purity 99.95% and 44 pm
was purchased from Alfa Aesar. For homogenization, an elemental blend of Ti (12, 15%) Mo and Ti (12,15%)

Mo-6Zr was created using tubular mixer equipment for 30 minutes at 150 RPM.

2.2 Processing of pellet

The homogenized elemental blend powder was compacted using the universal testing machine (Instron 432
Model) with 500 kN compressive load and 600 MPa compaction pressure to produce 32x12x6 mm? dimensional
specimen. Approximately 8 g powder by weight was required to compact the above dimension using uniaxial
hydraulic press. The compacted specimen sintered in a high vacuum tubular furnace (Carbolite HVT 15/75/450)
at temperature 1250 °C with dwell time 3 h and cooled at 10 °C/min.

2.3 Characterization of the sintered samples

Surface morphology analysis of each sintered sample was conducted using optical microscopy (Nikon LT100)
and using scanning electron microscopy (Jeol JSM 6300) at different magnifications. The image analysis
software employed for quantifying a-phase, B-phases and internal porosity. Microstructure has been studied

using both backscattered electron mode and secondary electron mode at different magnifications in SEM.



Further, elemental analysis was performed by energy dispersive spectroscopy (EDS). Phase analysis was
measured using X-Ray diffractrometer (Bruker D2 phaser). The microhardness of polished alloys was measured
using a microhardness tester (Matsuzawa MXT70) at a load of 200 g for 15 s. An ultrasonic test was also
conducted using Karl Deutsch digital Echo graph to measure elastic modulus. For surface morphology analysis
and phase identification, specimen surface was treated with SiC sand paper polishing followed by very fine disc
polishing with a 1 um rough disc. Three-point bending analysis has done using desktop mechanical tester
(Shimadzu AGS-500D, Tokyo, Japan), calculated according to ASTM D-790M, as shown in supplementary
Figure S1. A three-point bending test can help to determine the bending strength, elongation, and bending
strain. Here, L= 22 mm and D= 10 mm (diameter of the supporting wheel). Overall porosity was measured
using the Archimedes test. Fractography of the breaking sample was observed through the SEM to analyse the
fragility or ductility of the sample. It should be noted that higher percentage of Mo increases the porosity

whereas adding ZrH, reduces the porosity, and similarly happened in case of sintered density.

3. Result and Discussions

The shape of the Ti powder is angular as depicted in figure 2a with a size range 10-100 pm as confirmed in
figure 2d. The shape of the Mo powder is spherical (figure 2b) with 1-10 pm particle size (figure 3e) and Zr
powder is a both spherical/angular shape (figure 2¢) with size range of 2-38 um (figure 2f). The figure clearly
indicates the presence of Mo at inter-granular space, during green sintering. The morphology of these three
powders shows that different shapes and size of the particles reduces the intergranular spacing which leads to a

dense structure and compact after sintering.
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Fig 2: Surface morphology of (a) Ti, (b) Mo, and (c) Zr and their granulometry given in (d), (e), and (f)

respectively



3.2 Morphology of pellet

Supplementary figure S2 (a) and (b) shows the surface morphology of Til2Mo and Til5Mo. Til2Mo has
bigger grain size than Til5Mo. Moreover, there is higher B-phase in Til5Mo compared to that in Til2Mo.
Presence of B-phase is confirmed by the EDS analysis and it is found that B-phase increases by increasing the
percentage of Mo. Hence, it can be said that Mo is a strong [ stabilizer. Moreover, pores are presented inside the
alloy which has an approximately circular shape and is denoted by the arrow mark in the supplementary figure
S2. Further, a-phase is mainly on the grain boundary of the sintered samples, and to an extent, inside the alloy.
Supplementary figure S3 show the surface morphology of Ti-12Mo-6Zr and Ti-15Mo-6Zr. It is found that the
grain size of Ti-12Mo-6Zr is greater than that of Ti-15Mo-6Zr. B-phase percentage is also higher in Ti-15Mo-
6Zr as comparison with Ti-12Mo-6Zr, which is confirmed by EDS as well as from XRD analysis which shows
that Mo enhanced the percentage of B. Further, pores are present mostly inside the grain which have a relative
circular shape. In addition, a-phase is distributed mainly on the grain boundary of the sintered samples, with
also some evidence were found inside the alloy. However, B-phase primarily lies inside the alloy. This is true for
Ti-12Mo-6Zr as well as Ti-15Mo-6Zr. Ti-15Mo-6Zr also has the highest B-phase available among all the alloys,
as confirmed by the XRD analysis.

Figure 3(a-d) shows XRD pattern of Ti-12Mo, Ti-15Mo, Ti-12Mo-6Zr, and Ti-15Mo-6Zr, and the
percentage of various phases are given in table 1. The crystal is significantly affected by an increase in Mo %
from (12 to 15). Although, Ti-12Mo has less % (46.3) than Ti-15Mo (49.39%), both are a+f type alloys with o
% higher than B in both cases. Adding Zr also improves the percentage of f as seen in Ti-12M-6Zr. Here, the -
phase was found about 59.97%, which is much more than that of a-phase of 46.3%. So, it is found that, Zr
shows its B-stabilizing character along with Mo. In case of Ti-15Mo-6Zr, B-phase is dominating which is
confirmed by the X-Ray analysis. Table 1 shows that the percentage of f§ is maximum in case of Til5Mo6Zr at
83.74% and minimum for Til2Mo at 46.3%.
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Fig. 3: XRD patterns for the sintering (a) Ti-12Mo, (b) Ti-15Mo, (c) Ti-12Mo-6Zr, and (d) Til5Mo6Zr



Table 1: Percentage of various phases

Alloy a-phase (%) B-phase (%)
Ti-12Mo 53.7 46.3
Ti-12Mo-6Zr 40.03 59.97
Ti-15Mo 50.61 49.39
Ti-15Mo-6Zr 16.26 83.74

Supplementary figure S4, shows the porosity of the sintered samples. Porosity increases by taking more
percentage of Mo. It is found that Ti-15Mo have more porosity of 3.12 % than Ti-12Mo (2.93%), which was
also observed in Ti-15Mo-6Zr. Ti-15Mo-6Zr (2.71 %) also had higher porosity than Ti-12Mo-6Zr (2.03 %). It
was noted that by adding Zr decreased the percentage of porosity. Moreover, Til2Mo6Zr showed less porosity
than Ti-12Mo, while Ti-15Mo-6Zr showed less porosity than Ti-15Mo. It is clear for the slop of the plot from
supplementary figure S4; with the presence of Mo, the porosity increases by increase in Ti percentage.
Supplementary figure S5 that was generated using the calculation of the equation 1 gives the value of

percentage of density when was varied the Molybdenum addition.

Sintered density—Green densit:
AD = 4 Y % 100 (1)

Green density

The AD for Ti-12Mo-6Zr is the highest among all the alloys at approximately 26.5%. Further, the value of
sintered density 26.5% is higher than green density and the value for Til5Mo is the least among all at
approximately 24%. Further, sintered density is the highest for Ti-12Mo-6Zr (97.97%) and lowest for Ti-15Mo
(96.88%). Green density is the highest for Ti-15Mo (78.11%) and lowest for Ti-15Mo-6Zr (77.64%). Because
of the highest green density and lowest sintered density of Ti-15Mo, the density difference is kept at a
minimum. Generally, the hardness should have a higher value for biomaterial implant material. Supplementary
figure S6 shows that adding a higher percentage of Mo increases the value of hardness. The range of hardness
measured was between 283 and 322 Hv. When the % of Mo changes from 12 to 15, the hardness increases by
approximately 9% from 283 to 309. Adding Zr also improves hardness for Ti-12Mo (283 Hv) to Ti-12Mo-6Zr
(308 Hv) by approximately 8.7% and from Ti-15Mo (309 Hv) to Ti-15Mo-6Zr (322 Hv) by approximately
4.2%. Ti-15Mo also has more hardness than Ti-12Mo. Moreover, adding Zr improves the hardness values as it
can be observed that Ti-12Mo-6Zr has a higher hardness value than Ti-12Mo while Ti-15Mo-6Zr has a slightly
higher hardness value than Ti-15Mo. Ti-15Mo-6Zr also has the highest value (approx. 322 HV) among all
alloys, which makes this alloy more promising for biomaterials use. Supplementary figure S7 shows the elastic
modulus (GPa) with different % of Mo for Ti-Mo and Ti-6Zr-Mo. Elastic modulus forms the main property for
biomaterial implant; the value should be less and should be near the bone modulus. Hence, B-Ti alloy are a
better implant material as they have less elastic modulus. From figure 10; the presence of Mo reduces the elastic
modulus in both the system Ti-Mo & Ti-Mo-Zr system also. When the percentage of Mo for Ti-Mo increases
from 12% to 15%, the elastic modulus decreases slightly from 104.09 to 103.84 GPa, as it also does for Ti-6Zr-
Mo with the value of elastic modulus decreasing from 102.90 Gpa to 98.55 GPa for Til2Mo6Zr and
Ti15Mo6Zr, respectively. Elastic modulus is the highest for Til2Mo at approximately 104.2 GPa. Adding Zr

with Ti-Mo alloy also reduces the value of elastic modulus. Thus, considering all alloy combinations,



Til5Mo6Zr can be regarded as the best alloy with the least elastic modulus and has a value of approximately
98.5 GPa.

Supplementary figure S8, shows the bending strength and their fractography with different % of Mo for Ti-Mo
and Ti-6Zr-Mo. When the percentage of Mo changes from 12% to 15%, the bending strength increases in Ti-
15Mo while it decreases in Ti-15Mo-6Zr. The decrease of bending strength in Ti-15Mo-6Zr occurs because of
the presence of Zr in this alloy. In case of Ti-15Mo, the bending strength increases because of the higher
percentage of % of Mo. Ti-I5Mo has the maximum value of bending strength at approximately 2161 MPa and
Ti-15Mo-6Zr has the lease value at approximately 1650 MPa. Adding Zr decreases the value of bending
strength. Hence, the bending strength of Ti-12Mo-6Zr and Ti-15Mo-6Zr is less than Ti-12Mo and Ti-15Mo,
respectively. From the fractography image of all alloys, it is evident that it is a mixed fracture (brittle+ductile)
but requires the maximum energy in case of Ti-15Mo. Table 2 presents the flexural strength (energy required for
breaking the sintered samples) of all the specimen, in which 50.37+ 10.36 J, 48.52+ 2.37 J, 36.594+ 5.03 J and
26.07+ 4.48 J is found out in Ti-12Mo, Ti-15Mo, Ti-12Mo-6Zr, and Ti-15Mo-6Zr respectively. The minimum
energy is found out in Ti-15Mo-6Zr and maximum for Ti-12Mo.

Table 2: Energy and deformation calculated by Flexural test for Ti-Mo base alloy

Alloys Deformation (%) Energy(J)
Ti-12Mo 0.05 50.37+10.36
Ti-15Mo 0.05 48.52+2.37

Ti-12Mo-6Zr 0.04 36.59+ 5.03
Ti-15Mo-6Zr 0.03 26.07+4.48

Figure 4 shows the EBSD images of Ti-12Mo and Ti-12Mo-6Zr which includes Euler colours, IPF X, and
phases of the after-sinter. The grains are equiaxed and the grain size vary. Some big grains are found near the
small grains. The blue lines in the phase’s image indicate the percentage of o inside the alloy. It is thus evident
that, in case of Ti-12Mo, higher percentage of o is available than for Ti-12Mo-6Zr. This means that, in this case,
Zr functions like a B-stabilizer which is also confirmed by the XRD image of Ti-12Mo-6Zr shown in
supplementary figure S3. With the help of AzTec software, the grain size of Ti-12Mo and Ti-12Mo-6Zr were
calculated for the present study. It was observed that the grain size for Ti-12Mo was 6.89 um, with o grain size
at 4.97 pm and B grain size at 8.59 pm. Moreover, the overall grain size for Ti-12Mo-6Zr was 6.85 um, with a
grain size at 6.21 pm and [ grain size at 7.47 um. Thus, in case of both alloys, for B-grain had a larger size than
a- grain. In case of Ti-12Mo-6Zr,  grain size dominates that of Ti-12Mo.Further, the percentage of a and
were also calculated for Til2Mo and Ti-12Mo-6Zr using phases diagram, as shown in figure 4 (c) for Ti-12Mo
and 4(f) for Ti-12Mo-6Zr. It was noted that, for Ti-12Mo, o and  were at 41.3% and 58.7%, respectively, and
for Ti-12Mo-6Zr, o and p were at 27.7% and 72.3%, respectively. Hence, the EBSD analysis shows that by

adding Zr, grain size reduces with increase in the percentage of .
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Fig. 4: (a) Euler colour image of Til2Mo, (b) IPF X image of Ti12Mo, (c) Colour plot of various phases of
Ti12Mo, (d) Euler colour image of Til2Mo6Zr, (e) IPF X image of Ti12Mo6Zr, (f) Colour plot of various
phases of Ti12Mo6Zr

4. Conclusions

This work shows that Mo improves [-stability when the percentage of Mo increases from 12% to 15 %. Porosity
was observed to be much less in all alloys at approximately 3% in all cases. Moreover, Ti (12,15) Mo6Zr
showed greater B-phase in terms of Ti-12Mo and Ti-15Mo. Beta - phase was also the highest for Ti-15Mo-6Zr,
as confirmed by an XRD analysis, SEM, and EBSD. It was further noted that the elastic modulus was less in all
alloys associated to Ti-6Al1-4V and Ti G4, while Ti-15Mo-6Zr had the least elastic modulus, thus confirming
that the higher B-phase is the main reason for less elastic modulus. Moreover, smaller elastic modulus is best
suited for a biomaterial implant, as discussed by different authors. Further, bending modulus was the highest in
Ti-15Mo, indicating the strengthening effect of Mo, and hardness was the maximum in Ti-15Mo-6Zr because of
the strengthening effect of Zr and Mo. The EBSD analysis clearly shows that B-grain size is bigger in Ti-12Mo-
6Zr compared to Ti-12 Mo, thus confirming the B-stabilizing effect of Zr in addition to the B-stabilizer element.

The microstructural analysis also shows that Mo as well as Zr improve the B-phase.
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Figure S1: Schematics of 3-point bend test, where L is the distance between supports and the applied force F, L
is the length of the sample

Figure S2: Microstructure of sintered Ti-Mo base alloy at magnification 500X (a) Ti-12Mo (b) Ti-15Mo




Figure S3: Microstructure of sintered Ti-Mo base alloy at magnification 500X (a) Ti-12Mo-6Zr (b) Ti-15Mo-
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Figure S4: Measurement of porosity with increase in the weight percentage of Mo (sample prepared at 1250 °C)
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Figure S5: Density difference with respect to the increase in weight percentage of Mo
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