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Abstract. Titanium is used in the biomedical field due to its mechanical strength/density, corrosion
resistance, and biocompatibility. In this paper, the preparation, and the structural, microstructural,
and mechanical characterization of Ti-20Zr-2.5Mo and Ti-20Zr-7.5Mo alloys are presented. The
elements were melted into an arc furnace with an argon controlled atmosphere. To determine the
amount of impurities present in each alloy, an analysis of the chemical composition was conducted
using EDS. The samples were characterized by measurements of density, X-ray diffraction (with
the diffractograms refined by the Rietveld method), and optical and scanning electron microscopy.
The mechanical properties were evaluated using Vickers microhardness test and modulus of
elasticity. The results showed that that o’/o’” and o’'/B phases coexisted in both of the prepared
alloys, respectively. The alloys have higher hardness than cp-Ti and their modulus of elasticity
values are very close to the modulus values of cp-Ti.

Introduction

Titanium and its alloys are used in the biomedical field due to their favorable characteristics,
including good mechanical strength/density ratio, high corrosion resistance, and excellent
biocompatibility [1,2]. Titanium is a transition metal that undergoes an allotropic transformation
around 883°C. Below this temperature, its crystalline structure is hexagonal compact (a phase).
Above this temperature, it has a cubic body-centered cubic crystalline structure ( phase), which
remains stable until metal fusion occurs [1]. Zirconium undergoes an allotropic transformation
similar to titanium at around 862°C. It is considered to be a neutral element that can be used to form
titanium alloys [3]. Molybdenum has a body-centered cubic crystalline structure. The addition of
molybdenum decreases the phase change temperature of titanium (p-transus), and it is considered to
be a strong B-stabilizer, with the B phase retention starting at around 10% in weight [4]. Titanium
can present metastable phases, which are formed out of equilibrium and which prevent the
rearrangement of atoms by means of atomic diffusion or mechanical strain. These are the
martensitic o’ (distorted hexagonal crystalline structure) and o’ (orthorhombic structure) phases
and the o (trigonal or hexagonal structure) phases [5,6].

In the present study, the structure, microstructure, and some of the properties of Ti-20Zr-2.5Mo
and Ti-20Zr-7.5Mo alloys were investigated.

Materials and Methods

In this study, cp-Ti (ASTM F67), cp-Zr (99.8% purity), and cp-Mo (99.9% purity) were used as
precursor materials. The melting was performed using an arc-voltaic furnace with a water cooled
copper crucible, a non-consumable tungsten electrode, and a controlled argon atmosphere. The
alloys were melted with 20% in weight of zirconium and 2.5% and 7.5% in weight of molybdenum.
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To verify the stoichiometry and homogeneity of the alloys, chemical analysis and a mapping of
the distribution of the components of the alloys were performed using energy-dispersive
spectroscopy X-ray (EDS) (Oxford, INCA model).

To confirm the stoichiometry of the produced alloys, density measurements were made using
Archimedes’ principle and an Ohaus analytical balance (Explorer model).

The structure was analyzed by means of X-ray diffraction measurements; quantitative analysis of
the phases and the calculation of the lattice parameters were performed using the Rietveld method.
X-ray diffraction measurements were obtained using the powder method in a Rigaku diffractometer
(D/Max-2100PC model), with Cu-Ko radiation (A = 1.544 A), 20 mA current, potential of 40 kV,
permanence time of 3.2s, and step of 0.02 degree, in the range of 10° to 100° and fixed time mode.

To analyze the diffractograms by the Rietveld method, GSAS® software [7] and the EXPIGUI
interface [8], with the crystallographic database records of the Inorganic Crystal Structure Database
(ICSD), were used. The crystallographic sheets were used based on the crystalline structure of
titanium compared to the diffraction peaks obtained in the alloys.

The microstructure was obtained by optical and scanning electron microscopy. For optical
microscopy, an Olympus microscope (model BX51M) was used. For scanning electron microscopy,
a Carl Zeiss microscope (model EVO-015) was used.

The initial verification of the mechanical properties was done using Vickers microhardness
measurements. A Shimadzu microhardness tester (model HMV-2) with a load of 200 g (1.961 N)
and a penetration time of 60s was used. To measure the modulus of elasticity, Sonelastic®
equipment was used, based on the impulse excitation technique.

Results and Discussion

Table 1 shows the values obtained for the components of the alloys, using EDS. The values found
are very close to the values of the proposed composition, showing that the stoichiometry of the
alloys was respected. For example, Figure 1 shows an image of the EDS mapping of the elements
that make up a sample of the Ti-20Zr-2.5Mo alloy. A homogeneous distribution, without the
presence of clusters or segregated, can be observed.

Table 1. EDS analysis of the elements that comprise the Ti-
20Zr-2.5Mo and Ti-20Zr-7.5Mo alloys.
Samples Ti (wt%) Zr (Wt%) Mo (wt%)

Ti-20Zr-2.5Mo 76.3+0.1 21.0+0.1 2.6£0.1
Ti-20Zr-7.5Mo 71.1+0.1 209=£0.1 7.9+0.1

Fig. 1. EDS mapping of the Ti-
20Zr-2.5Mo alloy.

Figure 2 presents the density values of the Ti- 20Zr-2.5 Mo and Ti-10Zr-7.5 Mo alloys, after
melting. The increase in the density with the addition of the alloying elements is related to the
higher density values and the atomic weight of molybdenum (95.94 g/mol; 10.23 g/cm3) and
zirconium (91.22 g/mol; 6.51 g/cm3) as compared to titanium (47.88 g/mol; 4.51 g/cm3) [3].

Figure 3 shows a comparison of the diffraction patterns for the alloys after melting with the
precursor materials. The presence of peaks, characteristics of the martensitic o’ phase and o’’ phase
in the alloy with 2.5 wt% of molybdenum were observed. The alloy with 7.5 wt% of molybdenum
exhibited peaks characteristics of a’’ phase; however, peaks associated with the  phase were also
observed. The presence of o’ phase in the Ti-20Zr-2.5Mo alloy and B phase in the Ti-20Zr-7.5Mo
alloy is associated with the characteristic of molybdenum when decreasing the temperature of 3
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phase transformation in titanium alloys, i.e. molybdenum is a strong [-stabilizer element and phase
B retention may be initiated when the concentration of molybdenum is between 9 wt% and 10 wt%
[4]. Another indication of the appearance of these phases is that zirconium is a neutral element, but
it helps in stabilizing the B phase slightly in the presence of molybdenum, tantalum, niobium, or
other B-stabilizer elements [9,10].

The result of refinement of the X-ray diffractogram for the Ti-20Zr-2.5Mo alloy using the
Rietveld method is shown in Figure 4. A good agreement was obtained between the experimental
values and the calculated values, indicating a good refinement of the data. In Table 2, the
parameters of merit for refinement of the diffractograms by the Rietveld method are presented. The
results of the refinement, shown in Table 3, reinforce the coexistence of the a’ + a’’' phases in the
alloy with 2.5% in weight of molybdenum and the o’” + B phases in the alloy with 7.5% in weight
of molybdenum. The o’ phase lattice parameters were dilated with respect to the titanium due to
the addition of zirconium, because that element has a larger atomic radius (1.59 A) than titanium
(1.45 A) and the same hexagonal structure.. The addition of molybdenum does not significantly
change the lattice parameters of the body-centered cubic cell because molybdenum has a smaller
atomic radius (1.36 A) than titanium [3].
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Fig. 3. X-ray diffractograms of the Ti-20Zr-2.5Mo
and Ti-10Zr-7.5Mo alloys, compared with
commercially pure Ti, Zr, and Mo.

Figure 5 shows the micrographs of the Ti- 20Zr-2.5Mo and Ti-20Zr-7.5Mo alloys, with
magnifications of 500x and 1000x (a and d, b and e, respectively) obtained with the optical
microscope and a magnification of 3000x (¢ and e, respectively) obtained with the scanning
electron microscope. The microstructure of the Ti-20Zr-2.5Mo alloy is composed of small acicular
structures in the intragrain region, which are characteristic of the martensitic o’ and a’’ phases. For
the Ti-20Zr-7.5Mo alloy, a microstructure consisting of equiaxial grains from the 3 phase, with a
small amount of the martensitic o’ phase in the intragrain region, was found in the X-ray diffraction
results.



Materials Science Forum Vol. 869 949

Table 2. Quality parameters obtained after
refinement with the Rietveld method.
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Fig. 4. Refinement of the X-ray diffractogram
for Ti-20Zr-2.5Mo.

Table 3. Structural parameters and phase percentage for the Ti-20Zr-2.5Mo and Ti-20Zr-7.5Mo
alloys.

Phase (%) Lattice parameter (A)
Sample a' o’ B a b c
Ti-20Zr-2.5Mo 63.57 3643 0 2988 (5) 2988(5)  4.731(8)
3311 (5) 5.130(7) 4.728 (6)

Ti-20Zr-7.5Mo 0 2278 7722 3.09(7)  5.04(1)  471(1)
332(1) 332(1) 3.32(1)

Fig. 5. Micrographs of Ti-20Zr-2.5Mo with magnifications of 500x (a), 1000x (b), and 3000x
(¢). Micrographs of Ti-20Zr-7.5Mo with magnifications of 500x (d), 1000x (e), and 3000x (f).

Figure 6 presents the results of the Vickers microhardness measurements for the Ti-20Zr-2.5Mo
and Ti-20Zr-7.5Mo alloys. As shown, the two alloys have hardness values significantly higher than
pure titanium, giving the indication that their greater mechanical resistance is the result of the
hardening by the solid solution caused by the addition of zirconium and molybdenum, which have a
higher atomic mass (Zr=91.22 u.m.a and M0=95.94 u.m.a) than titanium (47.90 u.m.a) [3].
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Figure 7 shows the results of the modulus of elasticity test for the studied alloys. It also presents
a comparison of the values of the mechanical properties of materials already known and used in the
biomedical field. The modulus of elasticity for Ti-20Zr-2.5Mo and Ti-20Zr-7.5Mo is similar to cp-
Ti and, depending on the type of treatment applied, the alloy material can offer more advantageous
features than titanium, showing good potential for use as an orthopedic implant.
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Fig. 6. Vickers microhardness for the Ti- Fig. 7. Young’s modulus of elasticity for the Ti-
20Zr-2.5Mo and Ti-10Zr-7.5Mo alloys, 20Zr-2.5Mo and Ti-10Zr-7.5Mo alloys,
compared with cp-Ti. compared with commercial metals used as
biomaterial.

Conclusions

From the results presented in this paper it is possible to conclude that the melting of the alloys was
successful, producing fine quality materials, as shown by the chemical composition analysis,
mapping, and density measurements. The results of the structural and microstructural analysis of the
alloys showed that the microstructure of the Ti-20Zr-2.5Mo alloy is formed by the martensitic o’
and o’ phases. The o’” and B phases are already present in the Ti-20Zr-7.5Mo alloy. The hardness
of the alloys was higher than the hardness of commercially pure titanium, due to the solid solution

hardening of the alloys. The modulus of elasticity of the studied alloys is similar to the modulus of
elasticity of cp-Ti.
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