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a b s t r a c t

In this study, the effect of molybdenum content in Ti-15Zr-based alloys (wt%) was analyzed in terms of
crystalline structure, microstructure, selected mechanical properties, and cytotoxicity. The samples were
produced by argon arc-melting followed by hot rolling and heat treatment processes. The crystalline
structure and microstructure were dependent of both alloying elements (zirconium and molybdenum).
Ti-15Zr alloy displayed only laths of a0 phase, while the alloys up to Ti-15Zr-10Mo exhibited different
proportions of a0 , a”, and b phases. Molybdenum content higher than 12.5wt% fully stabilized the b
phase. Vickers microhardness values of Ti-15Zr-Mo alloys were higher than those of CP-Ti due to solid
solution and phase precipitation strengthening. Young’s modulus values of Ti-15Zr-Mo alloys were lower
than those of CP-Ti due to b phase stabilization. Cytotoxicity levels of Ti-15Zr-Mo alloys were within a
tolerable range for biomedical purposes. In addition, we observed molybdenum content in Ti-15Zr-based
alloys promoted an increase on pre-osteoblast adhesion up to 3 h of adhesion’s time. Thus, Ti-15Zr-15Mo
alloy presented better combination of properties than some traditional metallic biomaterials.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Metallic materials are widely used in biomedical devices,
especially in surgical instruments and orthopedic and dental im-
plants [1]. One of themost widely used biomaterial is 316L stainless
steel, due its low cost and tolerablemechanical and electrochemical
properties. Co-Cr-Mo alloys have also received attention from sci-
entists due to their excellent corrosion and wear resistance [2].
However, concerns about mechanical compatibility and a lack of
interaction between these materials and adjacent tissues have led
to the use of alternative metallic materials for implants [3].

Titanium and its alloys have primarily been used since the mid-
twentieth century; this can be attributed to their many favorable
properties, such as high specific strength, relatively low Young’s
modulus values, excellent corrosion resistance, and good
of Education, Science and
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biocompatibility [4, 5]. Additionally, studies have demonstrated
that Ti-based implants interact well with adjacent bone tissues,
promoting an adequate osseointegration [5, 6]. Many of the Ti al-
loys developed for the aerospace industry began to be used as
biomaterials, e.g. Ti-6Al-4V (Ti-64) alloy, which possesses an ideal
combination of mechanical properties and corrosion resistance [2].
However, evidence of allergenic reactions and neurological prob-
lems linked to aluminum and vanadium ions required the pro-
cessing of novel alloys, specifically designed for biomedical
purposes [2, 7]. Since then, several alloys that possess adequate
mechanical properties and provoke suitable biological responses
within tissues and cells haven been produced, such as nitinol
(equiatomic NiTi), Ti-13Nb-13Zr (Ti-1313), Ti-29Nb-13Ta-4.6Zr
(TNTZ), Ti-12Mo-6Zr-2Fe (TMZF) and Ti-15Mo [8, 9].

New biomedical Ti alloys have been developed with a high
concentration of b-stabilizer elements. The b phase of titanium
(body-centered cubic (bcc) crystalline structure) is an allotropic
phase with lower elastic modulus compared to the a phase’s
(hexagonal close packed (hcp) crystalline structure) and the
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Table 1
Chemical composition of Ti-15Zr-Mo alloys by EDS.

Alloys Ti (wt%) Zr (wt%) Mo (wt%)

Ti-15Zr 84.8± 0.7 15.2± 0.7 e

Ti-15Zr-2.5Mo 81± 1 16.2± 0.9 3± 1
Ti-15Zr-5Mo 79± 1 15.0± 0.9 5.7± 0.9
Ti-15Zr-7.5Mo 77± 1 14± 1 8± 1
Ti-15Zr-10Mo 73± 1 16± 1 11± 1
Ti-15Zr-12.5Mo 72.5± 0.5 14.4± 0.4 13.0± 0.5
Ti-15Zr-15Mo 69± 1 16.0± 0.8 15± 1
Ti-15Zr-20Mo 63.7± 0.9 16.1± 0.7 20.2± 0.8
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metastable phases (a’ (distorted hcp), a” (orthorhombic) andu (hcp
/ trigonal)) [10, 11]. Several b-type Ti alloys have been studied as
potential solutions to the mismatch between the Young’s modulus
of the implant and the surrounding hard tissues, in order to avoid
stress shielding effects. The most common alloying elements added
to these new alloys have been niobium, tantalum, zirconium, and
molybdenum, as they do not exhibit any cytotoxic reactionwhen in
contact with cells [2, 12]. Zirconium is in the same titanium’s
chemical group, being able to improve mechanical strength and
biocompatibility in binary Ti-Zr alloys [13, 14]. Molybdenum is a
strong b-stabilizer, which can decrease the Young’s modulus and
improve corrosion resistance in binary Ti-Mo alloys [15, 16].

Recent biomedical Ti alloy’s design has been based on the
electronic orbital method and electron/atom ratio approaches,
which can result in multi-compositional alloys with tailored
properties. Santos et al. [17] developed low-cost Ti-Mn-Mo alloys
that presented low Young’s modulus values and high mechanical
strength. Abd-Elrhman et al. [18] designed a low-cost Ti-Mo-Fe
alloy using an electronic approach, which exhibited improved
mechanical properties and a better Young’s modulus than Ti-6Al-
4V. Ozan et al. [19] studied Ti-Nb-Zr alloys in order to create ma-
terials with an adequate mechanical compatibility for short-term
orthopedic implants. Mello et al. [20] investigated Ti-Mo-Sn al-
loys pursuing b-type implants with low Young’s modulus values.

In this scenery, Ti-Mo and Ti-Zr based alloys have been the
subject of intense research, which has highlighted their immense
potential for use as biomaterials [21, 22]. By combining the effects
of both alloying elements, Ti-Zr-Mo alloys have the potential to be
interesting alternatives to this new class of biomedical Ti alloys. In
our previous study in Ti-Zr alloys [23], we found that Ti-15Zr alloy
presented distinct Vickers microhardness, Young’s modulus, and
cytotoxicity levels when compared to other contents of Zr and CP-
Ti. Taking this into account, the present paper aims to analyze the
phase composition, microstructure, selected mechanical properties
(including microhardness and Young’s modulus), cytotoxicity and
pre-osteoblast adhesion performance of the Ti-15Zr alloy when
different amounts of Mo were added. Addressed this issue, it was
sought to identify the best combination of properties for biomed-
ical applications.

2. Materials and methods

Ingots of Ti-15Zr-xMo (x¼ 0, 2.5, 5, 7.5, 10, 12.5, 15, and 20wt%),
with mass around 60 g, were obtained by arc-melting from CP-Ti
bars (grade 2), pure Zr sheets (99.8%), and pure Mo wires (99.9%).
The metals were melted in a water-cooled copper crucible in an
argon atmosphere. The ingots were melted five times to ensure
acceptable homogeneity. Subsequently, the ingots were submitted
to hot rolling at 1273 K followed by air-cooling. Finally, the samples
were subjected to a recrystallization treatment in a vacuum of
10�5 Torr at 1273 K for 86.4 ks and slowly cooled (5 K/min).

Chemical composition and mapping were evaluated by energy
dispersive spectroscopy (EDS; Oxford detector, Inca X-Act model).
The alloying elements were quantified by an average of five distinct
regions. Gas (oxygen and nitrogen) content was evaluated by LECO
TC400 equipment. The density values were obtained from the
Archimedes’ principle using purewater. The experimental densities
were compared to the theoretical values obtained from the
weighted average densities of the alloying elements (Ti, Zr andMo).

The crystalline structure was evaluated with X-ray diffraction
measurements (XRD; Rigaku D/Max 2100/PC diffractometer) ob-
tained by powder method operating at 40 kV and 20mA. The data
were collected with monochromatic Cu-Ka radiation (l¼ 1.544 Å)
between 10� and 100� with a step size of 0.02� and a collection time
of 3.2 s. Phase composition analysis was conducted by Rietveld’s
method using standard crystallographic sheets and GSAS/EXPGUI
software. Microstructural analysis was performed by optical mi-
croscopy (OM; BX51MOlympus microscope) and scanning electron
microscopy (SEM; Carl Zeiss EVO LS15 equipment). Metallographic
preparation was conducted by grinding the surface with SiC abra-
sive papers (down to 1500 grit), polishing with alumina and dia-
mond colloidal suspensions, and etching with an acid solution of
H2O, HNO3, and HF (80:15:5).

Selected mechanical properties evaluation used Vickers micro-
hardness and Young’s modulus measurements following standard
procedures [24, 25]. Vickers microhardness values were measured
with a Shimadzu HMV-2 microdurometer with load of 0.200 kgf
(1.961 N) and dwell time of 60 s. Young’s modulus values were
obtained at room temperature using the impulse excitation tech-
nique, based on the free resonance vibration, with Sonelastic®

equipment from ATCP Physical Engineering. Average values were
calculated from five measurements in each sample. Statistical
analysis was carried out by ANOVA test (p< 0.01).

In vitro indirect cytotoxicity and adhesion assays were per-
formed using MC3T3-E1 pre-osteoblast cells (subclone 4) following
the protocols established by ISO 10993-5 [26]. The cells were
cultured in 10% Fetal Bovine Serum (FBS) and antibiotics (100mg/
mL penicillin, 100mg/mL streptomycin) at 37 �C in a 5% carbon
dioxide atmosphere. The samples were kept with the culture me-
dium (without FBS, 0.2mg/mL) during 24 h for conditioning the
medium (designated “conditioned medium”). Thereafter, condi-
tioned medium was used to treat semi-confluent pre-osteoblast
cells in order to evaluate its toxicity as proposed in MTT colori-
metric protocol (3-[4.5-dimetiltiazol-2-yl]-2.5-diphenyl bromide).
The cytotoxicity level was assayed by absorbance (570 nm) in a
microplate reader (Biotek, USA). For the adhesion assay, the cells
were treated with the conditioned medium for 24 h, when they
were trypsinized, counted and re-plated. The adherent cells were
estimated by using Crystal Violet assay up to 1.5 or 3.0 h of seeding.
The control groupwas considered bymaintaining the cells with the
classical cell medium.
3. Results and discussion

The chemical composition of the samples is displayed in Table 1.
Chemical mappings of the samples are exhibited in Fig. 1. A com-
parison between theoretical density values and the samples’ den-
sity values is shown in Fig. 2. The average composition was close to
the proposed stoichiometric values, and metallic impurities were
not present in significant amounts. The compositional deviation
remained within the range of allowable values, as specified for
ASTM standards of some commercial alloys used in biomedical field
[27]. The concentration of oxygen and nitrogen gases (not shown)
remained around 1000 ppm and 50 ppm, respectively. All samples
displayed homogeneous distribution of the alloying elements,
which confirms the high quality of the prepared samples. The
experimental values of the density were near to those expected,



Fig. 1. Chemical mapping of the produced Ti-15Zr-Mo alloys (Ti in red, Zr in green and Mo in blue). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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indicating an approximation to the nominal stoichiometry. The
small deviation between density theoretical and experimental
values was a result of the eventual metallic (e.g. Al, Cr, Fe, Mn and
Ni) and interstitial (e.g. O, C, N and H) impurities from the raw
materials. The increasing density values were caused by the higher
densities of zirconium (6.51 g/cm3) and molybdenum (10.22 g/cm3)
relative to the density of titanium (4.51 g/cm3) [28]. Density is an
important physical property to evaluate in biomedical materials,
once the specific strength (mechanical strength to density ratio) is
one of the requirements for the mechanical biocompatibility [27].

The samples’ XRD patterns (Fig. 3) demonstrate that the crys-
talline structure was clearly dependent on the alloying elements.



Fig. 2. Density values for Ti-15Zr-Mo alloys.

Fig. 3. XRD patterns for Ti-15Zr-Mo alloys, in comparison with CP-Ti.

Fig. 4. Refined diffractogram for Ti-15Zr alloy.

Fig. 5. Quantitative phase analysis for Ti-15Zr-Mo alloys.
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Ti-15Zr alloy exhibited the same a-type pattern as CP-Ti, but the
peaks were slightly shifted toward low q values because of
Table 2
Rietveld’s parameters for Ti-15Zr-Mo alloys.

Alloy GoF RF2 (%) Rwp (%) Rp (%)

Ti-15Zr 1.808 4.46 7.57 5.85
Ti-15Zr-2.5Mo 2.237 6.10 8.55 6.54
Ti-15Zr-5Mo 1.501 9.46 6.47 5.03
Ti-15Zr-7.5Mo 1.368 6.99 6.96 5.40
Ti-15Zr-10Mo 1.491 4.64 7.74 5.97
Ti-15Zr-12.5Mo 1.418 6.46 6.76 5.27
Ti-15Zr-15Mo 1.554 3.57 6.57 5.02
Ti-15Zr-20Mo 1.660 9.03 9.89 7.81
distortion to the hcp structure caused by the zirconium addition,
suggesting the formation of a0 phase (distorted hcp structure) [29].
The phase composition changed in accordance with the amount of
molybdenum in the solid solution, and the a0, a’’, and b phases
coexisted between Ti-15Zr-2.5Mo and Ti-15Zr-10Mo. Ti-15Zr-
12.5Mo only exhibited peaks of b phase, and the addition of mo-
lybdenum resulted in a shift toward higher q values. The distortion
of the hcp and bcc structures was produced by the atomic radii of
molybdenum (0.136 nm) and zirconium (0.159 nm), which are
distinct from titanium (0.145 nm) and can cause changes to cell
Fig. 6. Pseudo-binary phase diagram of Ti alloys.



D.R.N. Correa et al. / Journal of Alloys and Compounds 749 (2018) 163e171 167
parameters [21, 28]. Ho et al. [30] studied the b-stabilizer effect of
molybdenum in a solid solution with titanium, finding only the a0

phase in the Ti-5Mo alloy as well as a coexistence of a0, a’’ and b
phases in compositions up to Ti-9Mo. Above Ti-10Mo, only the b
phase was observed in the as-cast alloys. In another study, Ho et al.
[31] observed structural changes to the Ti-10Zr alloy with the
addition of molybdenum in as-cast condition. The Ti-10Zr alloy
exhibited only a0 phase, which changed to a’’ phase in Ti-10Zr-5Mo.
From Ti-10Zr-7.5Mo, only a metastable b phase with a small
Fig. 7. OM (onset) and SEM (inset)
quantity of u phase was observed. Kuroda et al. [32] studied the
crystalline structure of as-cast Ti-20Zr-xMo (x¼ 0, 2.5, 5, 7.5, and
10wt%) alloys, finding a full b phase formation in the Ti-20Zr-10Mo
alloy. The obtained XRD results support previous studies’ as-
sumptions about the supplementary b-stabilization effect of zir-
conium when combined in a solid solution with molybdenum.

Rietveld’s refinement was used to analyze the phase composi-
tions in the XRD patterns. The refinement parameters are depicted
in Table 2. A visual plot of the refinements can be sawn in Fig. 4 and
images for Ti-15Zr-Mo alloys.



Fig. 8. EDS analysis of the grain boundary region in the Ti-15Zr-15Mo alloy.

Fig. 9. Selected mechanical properties for Ti-15Zr-Mo alloys.

Fig. 11. Cytotoxic test results for Ti-15Zr-Mo alloys.
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the phase composition results are presented in Fig. 5. The goodness
of fit and R’s of the Rietveld’s analysis parameters remained rela-
tively lowand close to those observed in previous studies [33, 34]. A
visual plot of the refinements (Fig. 4) showed that experimental
and simulated patterns closely aligned. It indicates that the re-
finements were conducted successfully, overcoming any effects of
crystallographic texture and peaks’ convolution of the samples.
Fig. 10. Comparison of selected mechanical properties of some metallic biomaterials.
Phase composition results (Fig. 5), obtained from the Rietveld’s
refinements, confirmed the changing proportions of a0, a”, and b
phases in accordance with the amount of molybdenum present. Ti-
15Zr-10Mo was formed mainly by the b phase (85%). A gradual
suppression of martensitic phases (a0 and a”) was observed as the
amount of molybdenum changed, indicating a clear b phase sta-
bilization. The global phase composition of the alloys as function of
Mo content seemed very close to that presented in pseudo-binary
isomorphous diagrams of Ti alloys, as illustrated in Fig. 6. As it is
well known, pseudo-binary diagrams are an indicative of Ti phase
composition as function of b-stabilizers elements, exhibiting the
range of a, aþb and b regions, and also the specific compositions
where metastable phases might take place (e.g. martensitic a’/a”
and u phases) [35, 36]. Our result confirms a combined effect of Zr
and Mo elements on b phase stabilization. Regarding the lattice
parameters, the enveloped Ti phase peaks around 40� limited an
exact determination by the Rietveld’s method. Once the cell pa-
rameters could be affected by the phase composition (e.g. micro-
strains between the phase boundaries), thus these values could
not be reliable [37].

The microstructural evolution of Ti-15Zr as the amount of mo-
lybdenum is depicted in Fig. 7. An EDS analysis of the samples is
presented in Fig. 8. The amount of molybdenum acted in the b-
stabilization and decreased the Ms temperature [21, 35]. The Ti-
15Zr alloy exhibited only the laths of a0 phase, while the grain
boundaries of the b phase and the needles of a” phase were clearly
visible when molybdenum concentration measured is below 10wt
%. In special for the Ti-15Zr-10Mo alloy (Fig. 7), it is possible to
observe a’/a” phase (white) together the b phase matrix (dark).
From the Ti-15Zr-12.5Mo alloy, only equiaxed grains of the b phase
of an average size larger than 500 mm are present, indicating that
the b phase was fully stabilized by the amount of alloying elements.
Dark spots observed along the b phase grains in the Ti-15Zr-15Mo
and Ti-15Zr-20Mo alloys was a result of pitting corrosion during
metallographic preparation. Small precipitates of a phase are
visible along grain boundaries in SEM images of the Ti-15Zr-15Mo
and Ti-15Zr-20Mo alloys, which are possibly caused by the
agglomeration of interstitial a-stabilizer elements (mainly oxygen)
during thermomechanical processing, once O atoms have a sharp
impact on the a-stabilization, being much higher than Zr. It is
clearly denoted in the Al-equivalent description ([Al]eq ¼ [Al] þ 1/6
[Zr]þ 1/3[Sn]þ 10[O], elements expressed in at%), which is used to
predict phase composition of Ti alloys [35]. As these agglomerates
are in low quantity on the microstructure, they can be difficult to
detect by XRD measurements. This assumption was confirmed by
EDS analysis of the samples (Fig. 8).
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Selected mechanical properties of the Ti-15Zr-based alloys are
displayed in Fig. 9. Statistical analysis (p< 0.01) indicated that the
obtained values were significantly different from each other. Vick-
ers microhardness values were higher than those observed in CP-Ti
(187± 4 HV) as a result of solid solution strengthening by the
alloying elements [21]. However, the non-linear increase of the
micro-hardness with the composition suggests that phase precip-
itation strengthening, in special by metastable phases, is also
occurring in the alloys [29, 38]. Ti-15Zr-7.5Mo alloy presented the
highest micro-hardness value (488± 4 HV) due to the mixture of u,
a” and b phases, which blocked plastic deformation and prevented
the slip sliding of the atomic planes [21]. Themetastableu phase on
Ti-15Zr-7.5Mo alloy was confirmed by TEM analysis in an earlier
Fig. 12. Ti-15Zr-Mo alloys effect
study [39]. The posterior micro-hardness decay in Mo-richer
samples confirms the suppression of this phase by the alloying
elements. As it is well-known, Zr has a significant action on
blocking (110)b plane collapses, which is crucial for u phase
nucleation [22, 40].

Young’s modulus values showed a gradual decrease with the
increase of molybdenum content (Fig. 9). With the exception of Ti-
15Zr-7.5Mo, all alloys maintained values lower than those of CP-Ti
(108 ± 3 GPa) due to the presence of a” and b phases, which have
lower values than the a phase [21, 41]. The Ti-15Zr-7.5Mo alloy
presented the highest Young’s modulus value (114± 5 GPa) due to
the expected effect of u phase precipitation [41]. Ti-15Zr-20Mo
alloy exhibited a remarkable increase to its Young’s modulus due
on pre-osteoblast adhesion.
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to the change of bound energy in the bcc structure provided by the
high amount of molybdenum. The dependence of Young’s modulus
with alloy’s composition in Ti alloys has been extensively studied,
once these kind of materials show diverse industrial applications.
Experimental and theoretical studies have demonstrated that after
b phase stabilization, the addition of some b-stabilizers elements
(such as Mo, Nb and Ta) increase the Young’s modulus. It was found
that it occurs due to the increase of bound energy between the
alloying elements and Ti atoms on the metallic matrix. As a result,
there is an attenuation of atomic diffusion and dislocations move-
ments, which favors an increase of Young’s modulus [35, 42].

A comparison of specific microhardness (the ratio of micro-
hardness to density) and Young’s modulus values between Ti-15Zr-
15Mo and various other metallic materials is presented in Fig. 10. It
is compared the values between Ti-15Zr-15Mo and SS 316L [43], a-
type CP-Ti (grade 2) [44], aþb-type Ti-6Al-4V [45], and b-type Ti-
15Mo [27] alloys, were made. All materials were measured in the
same experimental apparatus. The specific microhardness was the
highest (p< 0.01) in the Ti-15Zr-15Mo alloy (73± 3 HV/g.cm�3),
which indicates better resistance to plastic deformation by
biomechanical loads. Conversely, its Young’s modulus value
(~85 GPa) was the lowest (p< 0.01), which is optimal for preventing
stress shielding. Therefore, this alloy has excellent mechanical
compatibility for use in biomedical implants. However, tensile and
fatigue tests are still required to deeply assess the alloy’s potential
for use in load-bearing implants.

The alloys’ cytotoxicity test results are displayed in Fig. 11. The
pre-osteoblast adhesion on the studied alloys is showed in Fig. 12.
There were no significantly detectable differences in the samples’
absorbance levels in relation to the amount of molybdenum in each
studied condition. All samples presented values close to the nega-
tive control, which indicated that all of the alloying elements had a
low level of cytotoxicity [26]. The preliminarily results indicated
that the samples exhibit a tolerable level of cytotoxicity, but further
analysis would provide additional information on cell adhesion,
proliferation, and differentiation when in contact with the studied
alloys. Moreover, it was very interesting to observe a positive effect
of the molybdenum-containing Ti-15Zr-based alloys on pre-
osteoblast adhesion, since potential metal alloys for being applied
as bone implantable devices require biological properties able to
stimulate pre-osteoblast cells growth surrounding, favoring the
new bone deposition during a well-known osteointegration
process.

4. Conclusion

The structure, microstructure, selected mechanical properties,
and biological effects of Ti-15Zr-xMo alloys were studied to
establish these materials’ potential for use in biomedical applica-
tions. From the results presented in this paper, we conclude:

� Phase composition and microstructure were sensible to the
alloying elements (zirconium and molybdenum), and both ele-
ments played a role in b phase stabilization.

� The Vickers micro-hardness test showed high values due to
solid solution and phase precipitation strengthening.

� Young’s modulus values decreased due to b phase stabilization.
� The Ti-15Zr-7.5Mo alloy presented the highest mechanical
properties values due to u phase precipitation.

� The cytotoxicity test indicated that the studied alloys presented
tolerable cytotoxicity levels when in contact with cells.

� The studied alloys promoted an increase on pre-osteoblast
adhesion.

� The Ti-15Zr-15Mo alloy presented the best combination of
properties for use in biomedical applications.
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