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A B S T R A C T

In this study, Ti-15Zr-xMo (5, 10, 15, and 20wt%) alloys were submitted to solution and aging treatments and
their effects evaluated in terms of phase composition and selected mechanical properties (Vickers microhardness
and Young's modulus) for use as biomedical implants. The solution treatment was performed at 1123 K for 2 h,
while aging treatments were carried out at 698 K for 4, 8, and 12 h, followed by water quenching. Phase
composition and microstructure were dependent of the heat treatments, with Ti-15Zr-5Mo (α+ β type) and Ti-
15Zr-10Mo (metastable β type) alloys exhibiting intense α phase precipitation. The α-phase precipitates were
related to α″→ α and β→α phase decompositions. The Ti-15Zr-10Mo alloy exhibited an intermediary iso-
thermal ω-phase precipitation after aging for 4 h. Vickers microhardness and Young's modulus values changed
gradually with the amount of α phase. Aged Ti-15Zr-15Mo and Ti-15Zr-20Mo alloys presented better combi-
nations of hardness and Young's modulus than CP-Ti and Ti-64 ELI for biomedical applications.

1. Introduction

Titanium (Ti) and its alloys have been extensively employed as
biomaterials specially in dental and orthopedical implants due to their
well-suited properties, such as appropriate corrosion resistance, rela-
tively low Young's modulus, high strength-to-density ratio, and re-
cognized biocompatibility [1, 2]. In despite of the fact that Young's
modulus values of novel Ti-based alloys (60–100 GPa) are closer to hard
tissues (10–30 GPa), which makes it possible to avoid bone atrophy and
the stress-shielding effect [3, 4], their mechanical strength should be
adequate to support biomechanical loads along the life span of the
implant [5, 6]. By alloying elements and heat treatments, novel bio-
medical Ti-based alloys are being developed that combine a low
Young's modulus and high mechanical strength [5, 7].

Alloying elements and heat treatments plays an important role in
the microstructure-properties relationship in Ti-based alloys, since
phase precipitation mechanisms are intrinsically dependent on the
composition and processing steps [8]. Zirconium (Zr) is considered a
neutral element, although recent research has indicated that it has a β-
stabilizer action when in a solid solution with another β-stabilizer

element [9–11]. Molybdenum (Mo) is a strong β-stabilizer that could
fully retain β phase at 10 wt% after water quenching. Moreover, the
addition of Mo can decrease Young's modulus and improve the corro-
sion resistance of the material [12, 13]. In previous studies, we have
found low Young's modulus (60–80 GPa), high tribocorrosion re-
sistance, and good cell viability in Ti-15Zr-Mo alloys [9, 14–16]. In
particular, the Ti-15Zr-15Mo alloy displayed the best potential for
biomedical application.

Aging is an industrially applied heat treatment in Ti-based alloys
which improves their mechanical strength through secondary phase
precipitation [2, 17, 18]. β-type Ti-based alloys exhibited α-phase
precipitation along the β-phase matrix when submitted to aging treat-
ments, which results in high mechanical and fatigue strength [19, 20].
Tane et al. [20] obtained an enhancement in the elastic components
(bulk and shear modulus) of metastable β-type Ti-Nb-based alloys after
room temperature aging, which resulted in interesting properties for
biomedical applications. Li et al. [21] studied the effect of aging
treatment in Ti-Nb-Zr-based alloys, obtaining improvements in the su-
perelastic and mechanical properties of the alloy for use as metallic
implants. Similarly, Liang et al. [22] obtained a low Young's modulus
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and large plasticity in Ti-Nb-Zr-Mo alloy by combining theoretic com-
positional approach and aging treatment.

This study aims to analyze the effect of aging time in the structure,
microstructure, and selected mechanical properties of Ti-15Zr-xMo al-
loys (at 5, 10, 15, and 20wt%) for use as biomaterial. Aging treatments
were performed to induce α-phase precipitation, increase mechanical
strength, and maintain a low Young's modulus for use as biomedical
implants.

2. Materials and methods

Ti-15Zr-xMo alloys (at 5, 10, 15 and 20wt%) were produced by
argon arc melting from commercially pure metals: CP-Ti (grade 2), pure
Zr (99.8%), and pure Mo (99.9%). The ingots were molded in plate-type

samples by air-cooled hot rolling at 1273 K, followed by annealing
treatment at 1273 K in a vacuum of 10−5 Torr for 24 h with slow
cooling. Afterwards, the samples were submitted to solution treatment
(ST) at 1123 K in a vacuum of 10−6 Torr for 2 h with water quenching.
Aging treatments were subsequently carried out at 698 K, with a
heating rate of 10 K/min from room temperature, in a vacuum of
10−6 Torr for 4 h, 8 h, and 12 h with water quenching. All heat treat-
ments were conducted in a quartz tube. The chemical composition of
the samples can be found in previous reports, where it is shown the
alloying elements remained within a deviation range of 1 wt% from the
nominal composition, and the O and N interstitial gases presented va-
lues around 0.20–0.30 wt% and 0.02–0.04 wt%., respectively [12].

The phase composition was evaluated by X-ray diffraction mea-
surements (XRD) (Rigaku D/Max 2100/PC diffractometer). XRD pat-
terns were acquired by the powder method at 40 kV and 20mA, be-
tween 10° and 100°, with a step size of 0.02° and a time per step of 3.2 s,
using monochromatic CuKα radiation (λ=0.1544 nm). The results
were analyzed by the Rietveld method throughout standard crystal-
lographic sheets and the GSAS/EXPGUI program. A standard Y2O3

sample was used to obtain the instrumental parameters of the equip-
ment [23].

Microstructural analysis was performed by optical microscopy (OM)
(Olympus BX51M microscope), scanning electron microscopy (SEM)
(EVO LS15 Carl Zeiss microscope) and transmission electron micro-
scopy (TEM) (Titan FEI microscope). Chemical micro-analysis was
performed by energy-dispersive X-ray spectroscopy (EDS) (Oxford de-
tector) coupled in the SEM equipment. The samples were submitted to a
metallographic process by grinding with silicon carbide (SiC) water-
proof sandpapers; polishing with a colloidal solution of alumina and
diamond; and etching with H2O, HNO3, and HF solution (80:15:5). For
TEM analysis, the samples were previously prepared in thin foils by a
dual beam Quanta 3D SEM instrument with Ga+ source and organo-
metallic gas of PtCO6. The samples were analyzed by TEM in a Cs

corrected FEI Titan 80–300 (300 kV operation voltage) equipped with a
X-FEG filament and monochromator. Selected area electron diffraction

Fig. 1. XRD patterns for Ti-15Zr-Mo alloys.

Table 1
Rietveld parameters for Ti-15Zr-Mo alloy.

Alloy Condition Gofa Rexp (%)a Rwp (%)a Rp (%)a

Ti-15Zr-5Mo ST 1.743 9.78 8.42 6.51
4 h 1.928 8.02 7.75 6.00
8 h 1.754 8.80 7.29 5.64
12 h 1.875 9.28 7.57 5.94

Ti-15Zr-10Mo ST 1.668 9.08 8.33 6.49
4 h 1.603 7.15 6.74 5.22
8 h 1.561 9.93 6.63 5.15
12 h 1.587 7.91 6.88 5.43

Ti-15Zr-15Mo ST 1.869 7.07 8.83 6.80
4 h 1.795 6.16 6.76 5.33
8 h 1.677 5.77 6.70 5.27
12 h 1.745 8.39 6.96 5.47

Ti-15Zr-20Mo ST 1.356 7.05 7.91 6.13
4 h 1.902 8.46 7.01 5.50
8 h 1.756 8.51 6.83 5.42
12 h 1.561 8.27 10.22 8.07

a Godness of fitness (GoF or χ2); Expected residual factor (Rexp); Weighted-
profile residual factor (Rwp); Parametric or Bragg residual factor (Rp).
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patterns (SAED) were acquired in a parallel mode. The images were
analyzed using the Digital Micrograph and MacTempas softwares.

The selected mechanical properties were evaluated by Vickers micro-
hardness and Young's modulus measurements. Vickers microhardness
measurements were performed by a Shimadzu HMV-2 microdurometer,
with a load of 0.200 kgf (1.961N) and dwell time of 30 s. Young's modulus
measurements were performed by the impulse excitation technique, using
rectangular samples (15mm×5mm×1mm). Mechanical tests followed
ASTM (American Society for Testing and Materials) standard procedures
E384-11e1 and E1876-09 [24, 25]. Average values were taken after 10
measurements and were compared with the CP-Ti (grade 2) and Ti-64 ELI
(Ti-6Al-4V) alloys [26].

3. Results and discussion

The XRD patterns of the solution treated (ST) and for the aged
samples (4, 8 and 12 h treatments) are displayed in the Fig. 1. As seen,
phase composition was dependent on the alloying elements and heat
treatments. The ST Ti-15Zr-5Mo alloy presented the coexistence of α″
and β phases as a result of water quenching from temperatures above β-
transus. The aging treatment produced a slightly decrease of (110)β
peak (around 38°) and increase of (1011)α peak (around 39°). It was not
possible to detect sensible differences between α'′/α proportion in the
aged conditions due to the proximity of the diffraction peaks of these
phases, but indexation were successfully made based on the micro-
structural analysis presented below. The ST Ti-15Zr-10Mo alloy ex-
hibited only β-phase peaks, although the aged conditions provided a
clear appearance of small α-phase peaks. This suggests that the alloying
elements decreased the β-transus temperature to nearly room tem-
perature, and the aging treatment probably induced nucleation and
precipitation of α phase. The ST Ti-15Zr-15Mo and Ti-15Zr-20Mo alloys
were composed mainly by β-phase peaks, indicating that the alloying
elements were enough to decrease the β-transus temperature sharply. In
overall, the nucleation of α phase was induced mainly in α+ β and
metastable β-type Ti-based alloys. Nakai et al. [27] obtained similar
results in the biomedical β-type Ti-29Nb-13Ta-4.6Zr alloy after aging
treatment at 723 K for 72 h. Cardoso et al. [28] studied the micro-
structural evolution of binary Ti-xMo (x= 5, 7.5, 10, and 15) alloys
after aging between 523 K and 723 K for 100 h. They found the same α-
phase precipitation in β-type Ti-10Mo and Ti-15Mo alloys with these
aging temperatures.

XRD patterns were subsequently subjected to Rietveld analysis to
quantify the phase compositions. The refinement parameters obtained
(Table 1) were close to some previous reports, which indicates a successful
structural refinement [29, 30]. The visual plot of the ST Ti-15Zr-10Mo alloy
exhibited in Fig. 2 ensures a good fit between experimental and theoretical

Fig. 2. Refined pattern of ST Ti-15Zr-10Mo alloy.

Fig. 3. Phase composition analysis for Ti-15Zr-Mo alloys.
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patterns obtained after refinement [23, 31]. Similar results were obtained in
all samples. The phase compositions of the ST and aged alloys are sum-
marized in the Fig. 3. The Ti-15Zr-5Mo and Ti-15Zr-10Mo alloys exhibited
small changes in the proportion of α″ to β with the increase of α phase,
which indicates the coexistence of α″→α and β→α phase decompositions.
The suppression the martensitic phase proportion is a result of the de-
creasing Ms/Mf temperature close to the room temperature by the Mo
content, which remained within α+β region in the pseudo-binary diagram
[8]. The Ti-15Zr-15Mo alloy presented only a slight increase of α phase in
relation to β phase, suggesting a direct decomposition of β→α phase, while
Ti-15Zr-20Mo alloy did not presented modifications of phase composition
with the aging treatments. The α-phase nucleation and precipitation in
aging treatments is dependent on heat parameters and β-transus tempera-
ture [8, 17]. Mantani et al. [19] studied α″-phase decomposition in TisMo

alloys submitted to aging at 723K and 923K for 2.5 h. They found that the
α'′ phase was subsequently decomposed in α and β phases at high tem-
peratures. Similar results were obtained by Zhou, Niinomi, and Akahori
[32] in Ti-Ta (30–50wt% Ta) alloys with aging at 723K and 823K for 72 h.
It is worth to mention that besides the overlapped α, α′, α″ and β phase
peaks around 40° were not possible to be identified separately, the Rietveld
method permitted to quantify it, once it compares the samples' XRD pattern
with the standard pattern of each phase individually [33]. Thus, the re-
finement turned possible to quantify these phases by adjusting the position,
intensity and the full width at half maximum (FWHM) of each peak. It was
quite useful for the case of Ti-15Zr-5Mo and Ti-15Zr-10Mo alloys, where the
obtained phase compositions were in agreement with the selected me-
chanical properties evaluation described below.

The microstructural evolutions of the ST and aged samples are

Fig. 4. Microstructural evolution of Ti-15Zr-5Mo alloy: optical micrograph (left) and secondary electron image (right).
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depicted in the micrographs shown in Figs. 4 to 7. The ST Ti-15Zr-5Mo
alloy (Fig. 4) was composed by β-phase grains with acicular structures
of α” with intergranular phase distribution. The aging treatment re-
sulted in the growth of small laths of α phase. In an earlier study, we
investigated the microstructure and some mechanical properties of
binary Ti-Zr alloys for dental applications [9]. The microstructure of Ti-
15Zr alloy was composed by laths of martensite α′ phase, which were
thicker than that of Ti-15Zr-5Mo, indicating α″ phase precipitation of
the last one. In addition, the differences between morphology of α′ and
α″ phases in Ti-Mo alloys have been extensively studied in the literature
[28, 34]. Therefore, besides the diffraction peaks of these phases were
closer, the microstructural analysis confirmed the phase indexation
performed. The metastable β-type Ti-15Zr-10Mo alloy (Fig. 5) pre-
sented β-phase grains permeated with small amounts of acicular

structures of α” phase in the ST sample. After aging, the acicular
structures were clearly changed to globular and lath-shaped pre-
cipitates of α phase. The amount of α-phase gradually increased with
the aging time. The ST Ti-15Zr-15Mo alloy (Fig. 6) exhibited only
equiaxed β-phase grains, although small precipitates of α phase started
to appear along the grain boundaries after aging treatments. The pre-
cipitates began to form at the grain boundaries and later to the inter-
granular region with the increase of aging time. EDS analysis at the
grain boundary (Fig. 8) indicated that the precipitates were composed
of relatively high amounts of oxygen compared to the intergranular
region, while the relative carbon content remained almost the same,
suggesting that the α phase was induced exclusively by interstitial
elements diffusion near grain boundaries in the aging treatments. Ma-
shandi and Dippenaar [35] observed the same mechanism in the Ti-5Al-

Fig. 5. Microstructural evolution of Ti-15Zr-10Mo alloy: optical micrograph (left) and secondary electron image (right).
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5Mo-5V-3Cr alloy (Ti-5553) when submitted to an aging treatment at
673 K between 0.5 h and 8 h. The Ti-15Zr-20Mo alloy (Fig. 7) did not
present noticeable differences with the aging treatments, with a mi-
crostructure that had only equiaxed β-phase grains. This result was
expected once there was enough alloying elements to decrease the β-
transus temperature close to the room temperature [36].

The Vickers microhardness and Young's modulus values of the ST
and aged samples are exhibited in the Fig. 9. Regarding Vickers

microhardness, the Ti-15Zr-5Mo and Ti-15Zr-20Mo alloys presented a
slight decrease with the aging time, while the Ti-15Zr-10Mo and Ti-
15Zr-15Mo alloys exhibited a sharp increase with aging at 4 h, followed
by a decrease. For the Ti-15Zr-5Mo alloy, the decrease could be related
to the softer characteristic of α-phase precipitation in comparison to the
α″ and β phases [37]. However, in the case of the Ti-15Zr-20Mo alloy,
the decrease might be related to the interstitial diffusion in the mi-
crostructure, as interstitial elements in the grain boundaries tend to

Fig. 6. Microstructural evolution of Ti-15Zr-15Mo alloy: optical micrograph (left) and secondary electron image (right).
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suppress plastic deformation during mechanical loads [38]. For the Ti-
15Zr-10Mo and Ti-15Zr-15Mo alloys, the increased hardness with 4 h of
aging could be related to the nucleation of intermediary isothermal ω
phase, which has the highest hardness values within Ti phases. The
abrupt increase of the hardness of the Ti-15Zr-10Mo alloy suggests that
a high amount of isothermal ω phase could be precipitated, which
would be difficult to detect by XRD and SEM techniques due its nano-
metric size [2]. The subsequent decrease of hardness can be related to
the classical formation of α phase nucleated from ω phase precipitates,

as described by previous studies [21, 39, 40]. Young's modulus values
were also sensible to aging. The Ti-15Zr-5Mo and Ti-15Zr-15Mo alloys
presented a gradual increase of Young's modulus values due to the as-
cribed α-phase precipitation, which has higher values than the α” and β
phases. The Ti-15Zr-20Mo alloy displayed a similar increase, related to
the same mechanism of interstitial diffusion in the β-phase grains [41].
Instead Ti-20Mo alloys exhibits isothermal ω phase after appropriate
aging treatment [42], it was not observed evidences of precipitation in
the Ti-15Zr-20Mo alloys through its mechanical properties evolution.

Fig. 7. Microstructural evolution of Ti-15Zr-20Mo alloy: optical micrograph (left) and secondary electron image (right).
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The high amount of isothermal ω phase of Ti-15Zr-10Mo produced a
robust increase of Young's modulus values after aging for 4 h. In order
to confirm the presence of an isothermal ω phase, TEM analysis was
performed in the aged Ti-15Zr-10Mo alloy after 4 h (Fig. 10). In the
Fig. 10a and b are shown the BF and DF images of the sample, where it
can be seen a β phase matrix crossed by a large α phase plate. It is
possible to observe that fine dark points are distributed in the inter-
granular β phase region. The SAED pattern (Fig. 10c) was taken in this
region, resulting in clear β phase spots with ω phase reflections at 1/3
and 2/3 distances of the [110]β zone axis (Fig. 10d). Nucleation and
precipitation of α phase from the isothermal ω phase have been ob-
served in several studies. For example, Cardoso et al. [28] detected ω
phase precipitation in aged Tie10Mo alloy at 523 K for 100 h, which
reflected in high hardness values. With long aging times, the amount of
ω phase decomposed into α phase. And also, Ferrandini et al. [43]
detected a pronounced increase of Vickers microhardness due to the ω
phase precipitation in aged Ti-35Nb-7Zr-5Ta and Ti-35Nb-7Ta alloys.
Although the nucleation of isothermal ω phase is dependent of the alloy
composition and aging time, the aging temperature takes an important
role in its precipitation, once high temperatures favors the direct for-
mation of α phase [2]. In a similar way, Xavier [44] performed aging
treatment in Ti-15Zr-xMo (x=0, 5, 10 and 15wt%) alloys at 873 K for
6 h, 12 h and 24 h. It was observed a direct phase transformation of β→
α without intermediary ω phase precipitation. It reflected in a decrease
of Vickers microhardness values. Therefore, it is possible to notice that
the aging temperature of the present study (698 K) is within the range

of ω phase precipitation [2, 7], and also both alloying elements (Zr and
Mo) are playing role in the mechanisms of ω phase precipitation [21,
45].

The aged Ti-15Zr-15Mo and Ti-15Zr-20Mo alloys displayed a com-
bination of high Vickers microhardness and low Young's modulus, more
so than the CP-Ti (187 ± 4HV, 109 ± 2GPa) and Ti-64 ELI alloys
(289 ± 4HV, 117 ± 4GPa), due to a combination of solid-solution
and phase precipitation hardening. Assuming that hardness has a direct
relation with mechanical strength [46], we can conclude that the alloys
described here have great potential to be used as biomedical materials.
The studied alloys might have particular potential as dental and or-
thopedical implants, where mechanical properties are crucial require-
ments [47, 48]. In addition, the obtained results could enlighten the
combined role of the alloying elements (Zr and Mo) and the aging
treatments on the phase transformation of Ti-based alloys. And finally,
the aging effects on the fatigue and corrosion properties in these alloys
could be an interesting scope for further investigations.

4. Conclusions

The effect of aging time in phase composition, microstructure, and
selected mechanical properties of Ti-15Zr-xMo (x=5, 10, 15, and
20wt%) alloys were evaluated. From the results obtained, it is possible
to summarize the following:

• XRD patterns indicated that an amount of α phase (less than 20%)
was precipitated in the microstructure of the aged Ti-15Zr-5Mo and
Ti-15Zr-10Mo alloys;

• Phase composition evolution verified by Rietveld's refinement
showed that a possible α″→ α and β→ α phase decomposition
could be taking place in the alloys;

• Microstructural analysis showed that aging promoted nucleation
and the growth of globular and lath-shaped α phase along the β
phase grains;

• EDS analysis of the aged Ti-15Zr-15Mo alloy indicated that the α-
phase growth was induced by interstitial diffusion of oxygen from
grain boundaries;

• Vickers microhardness and Young's modulus values were dependent
on aging times as a result of α phase precipitation;

• The Ti-15Zr-10Mo alloy exhibited an abrupt increase in the selected
mechanical properties after aging at 4 h, which was related to an
precipitation of isothermal ω phase; and

• The aged Ti-15Zr-15Mo and Ti-15Zr-20Mo alloys displayed the best
combination of hardness and Young's modulus for dental and or-
thopedical implants.

Fig. 8. EDS analysis of aged Ti-15Zr-15Mo alloy (4 h).

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