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Structure Characterization of Biomedical Ti–Mo–Sn Alloy
Prepared by Mechanical Alloying Method
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The study presents the results of the influence of high energy milling on the structure of the new Ti–15Mo–
5Sn [wt%] alloy for biomedical applications. During testing the powders were milled for the following milling times:
5, 15, 30, and 45 h. The milled powders were characterized by X-ray diffraction, scanning and transmission electron
microscopy methods. Observation of the powder morphology after various stages of milling leads to the conclusion
that with the increase of the milling time the size of the powder particles as well as the degree of aggregation
change. However, a clear tendency of particles reduction at every stage of the mechanical alloying process is clearly
observed. The X-ray diffraction results confirmed the presence of the α and β phases, and molybdenum. It has
been found that the reflections from the Sn phase disappeared after five hours of milling, suggesting that the Sn and
Ti alloying took place, leading to the creation of a titanium-based solid solution. After 30 and 45 h of mechanical
alloying the formation of the β-Ti phase, the final share of which is 46(4) wt%, was observed. Furthermore, it
was found that a diffraction line broadening with the increase of the milling time results from reduction of the
crystallite size and an increase in the lattice distortion. The maximum level of the reduction of the crystallite size
was obtained after 45 h of milling. The maximum degree of the unit cells reduction for all phases present in the
powder that was being milled was also observed for this milling time.
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1. Introduction

The interest in titanium-based materials is still increas-
ing due to their high biocompatibility, corrosion resis-
tance, light weight, good mechanical properties, and low
elastic module [1]. Titanium-based alloys also exhibit
another interesting property — shape memory effect
(SME). The phenomenon of reverse martensitic transfor-
mation can be found in NiTi alloys [2, 3]. However, the
Ni-hypersensitivity and toxicity of Ni have been observed
in Ti–Ni alloys [4, 5]. Thus, the development of biocom-
patible Ni-free shape memory alloys (SMAs) is strongly
required. Recently, many biocompatible Ti-based alloys
with shape memory effect and superelastic (SE) such
as Ti–Mo–base have been studied by many researchers.
The β-Ti alloys reveal a martensitic transformation from
β (disordered bcc) to two metastable martensite struc-
tures, either hexagonal martensite (α′) or orthorhombic
martensite (α′′), by quenching [6]. Thus, molybdenum
is an effective β stabilizer. Previous studies have also
shown excellent mechanical compatibility and good cy-
tocompatibility of Ti alloys containing Mo [7, 8]. Tin
is a neutral element, hence it does not stabilize the α
and β phases. In contrast, several authors observed the
influence of Sn on the temperature of the martensitic
transformation and that it inhibits the formation of the
metastable phase ω. Thus, Mo and Sn are desirable as
an alloying element for the development of Ti-based bio-
materials [7, 9].
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Conventionally, these alloys are prepared by melting
techniques, in arc furnace, followed by specific thermo-
mechanical treatments for homogenization and ageing
and additional mechanical machining to get the needed
shape. All these processes are done under vacuum or
inert atmosphere because oxidation damages drastically
the properties [6–8]. Recently there has been significant
interest in adopting new non-conventional techniques
such as powder metallurgy (PM) based on a high-energy
ball-milling process. The mechanical alloying (MA) is
a solid-state powder metallurgical process and is capa-
ble of processing Ti alloys with homogeneous microstruc-
tures and improved mechanical properties than the con-
ventional powder metallurgy or casting techniques [10,
11]. Over the past few years, mechanical alloying has
shown great potential in synthesizing a wide variety of
nanocrystalline, supersaturated solid solutions and amor-
phous phase with unique characteristics [12–14].

In the present study, a biomedical Ti–15Mo–5Sn [wt%]
alloy was fabricated from elemental powders via the MA
process for different ball-milling times.

2. Experimental details

The main objective is an attempt at using mechan-
ical synthesis of the Ti, Mo, and Sn powders to ob-
tain the Ti–15Mo–5Sn alloy. As the initial material,
the following commercial powders were used: Ti (At-
lantic Equipment Engineers (AEE), purity 99.7%, par-
ticle size ≤20 µm), Mo (AEE, purity 99.7%, particle size
≤2 µm) and Sn (Sigma Aldrich, purity 99.9%, ≤44 µm).
Weighted amounts with the composition corresponding
to Ti–15Mo–5Sn alloy [wt%] were put under the high
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energy milling process in the planetary ball mill PUL-
VERISETTE 7 premium line by Fritch. Containers and
balls (with the diameter of 10 mm) made of tempered
steel were used, and the weight ratio of the balls to the
weight of the powder was 10:1. Ball milling was car-
ried out at the rotational speed of 400 rpm and was the
same for all tests. To prevent the powder from oxidation
to the minimum, the process was carried out in argon
protective-gas atmosphere.

The most important variable of the process of mechan-
ical synthesis is the milling time which is responsible for
the final composition of the powders, the microstructure
and the mechanical properties of a certain alloy. During
testing, the powders were milled for the following times:
5, 15, 30, and 45 h.

The crystalline structure and phase content of the ob-
tained milled and sintered materials were tested by X-
ray diffraction. The refinement of the X-ray diffrac-
tion pattern was carried out using the Rietveld whole
X-ray profile fitting technique with the DBWS 9807a
program [15]. The profile function used to adjust the
calculated diffractograms to the observed ones was the
pseudo-Voigt one [16, 17]. The weight fraction of each
component was determined based on the optimized scale
factors with the use of the relation proposed by Hill and
Howard, and Dercz et al. [18, 19]. The size of the crys-
tallites and the lattice distortion of the α and β phases
were measured by the Willamson–Hall method [20].

The morphology of the powder was tested using the
scanning microscope JEOL JSM 6480 with the acceler-
ating voltage of 20 kV. Chemical analysis was performed
using the EDS detector manufactured by IXRF using the
standard calibration method.

The size of the crystallites was verified using the trans-
mission electron microscope JEM 3010, operated at the
accelerating voltage of 300 kV. The material that was
tested was placed on copper grid covered by thin layer of
carbon.

3. Results and discussion

The morphology of Ti–15Mo–5Sn powders after vari-
ous milling stages are presented in Fig. 1. The micropho-
tographs clearly show progressive changes in the mor-
phology of the particles at different milling stages. Dur-
ing milling in a ball mill for 5 h, a significant advantage
of cold welding can be observed. Further milling results
in the formation of agglomerates. Microphotographs of
the powders milled in a ball mill for 15 h showed the
appearance of fine particles and many larger agglomer-
ates. The formation of the agglomerated particles is due
to the domination of cold welding over fracturing. The
structure of the samples shows a breakdown of the grain
into smaller particles. The formation of fine particles and
smaller variation in the composition between the parti-
cles for longer milling times results in a higher degree of
homogeneity. At the stage of milling for 30 h plastic pow-
ders are agglomerated into larger particles and further

deformation of the charge can be observed. For a longer
ball-milling time, the particles gradually formed larger
agglomerates. During milling up to 45 h, the observed
microstructure is formed by fracturing and re-welding of
the flattened particles. At this stage, the particles showed
irregular sizes — fragmented grains and larger agglomer-
ates could be observed.

Figure 2 shows a summary of the diffraction patterns of
the material after mechanical synthesis, depending on the
milling time of initial powders. A change of the profile
line on individual diffraction patterns is clearly visible.
For the sample milled for 5 h, no diffraction reflections
coming from Sn were observed. It seems that it was the
plastic nature of the tin that caused the powder to have
been incorporated into the titanium unit cell.

Fig. 1. SEM images of the powder after: (a) 5 h, (b)
15 h, (c) 30 h, and (d) 45 h of milling process.

The analysis showed that only two alpha phases —
titanium and molybdenum — are present in the mate-
rial, the crystallites of which have the size of 36(2) nm
and 43(3) nm. The main difference on the diffraction
patterns can be seen as early as after 15 h of milling.
At this stage, broadening of the diffraction lines can be
observed, which is associated with the beginning of the
process of reducing the size of crystallites and an increase
of lattice strain (Table I). The estimated size of the crys-
tallites for this milling stage is 8(1) nm and 27(2) nm for
the α and Mo phases, respectively. The observed 〈∆a/a〉
lattice strain value indicates a growth for the alpha phase
(1.31×10−3%) with a slight lattice strain (3.31×10−4%)
for the hard Mo. The extension of the diffraction lines
after 30 and 45 h clearly points to the increase in the
crystallite size, with the final value of 7(1) nm for the
alpha phase and 21(2) nm for molybdenum. A much
larger size of the molybdenum crystallites in relation to
other phases is due to its high hardness and resistance to
fragmentation, which resulted in the fact that the syn-
thesis did not proceed in full. For the mixture after 30 h
of milling the diffraction patterns showed clear lines in-
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dicating the beginning of the titanium beta phase. The
contribution in the alloy structure of titanium beta phase
reaches 46% after 45 h of milling. The reflections from
the beta phase are relatively wide due to the nanocrys-
talline size 6(1) nm and a significant share (1.16×10−3%)
of the second type 〈∆a/a〉 deformations. A detailed anal-
ysis of the milling products did not show any unwanted
phases originating from the material in the container or
the milling balls to be formed.

Fig. 2. X-ray diffraction patterns of the powder after
5, 15, 30, and 45 h of the milling process.

TABLE I

Changes of lattice distortion (〈∆a/a〉 [%] and average
crystallite size D [mm] of the α, β and Mo phases of the
milled powders.

Phase Parameters
Milling time [h]

5 15 30 45

α
D 36(2) 8(1) 9(1) 7(1)

〈∆a/a〉 × 103 2.04 1.31 1.16 2.43

β
D — — 7(2) 6(2)

〈∆a/a〉 × 103 — — 3.12 1.16

Mo
D 43(3) 27(2) 23(2) 21(2)

〈∆a/a〉 × 104 7.13 3.31 3.31 3.62

The analysis of the diffraction patters obtained using
the Rietveld method showed that when the milling time
increases, the lattice parameters for all tested samples
become reduced (Table II). In comparison to the ICDD
data it has been found that high energy milling has the
smallest, but successive effect on the reduction of the
size of the unit cell of molybdenum (0.3140(1) nm) due
to its considerable hardness. Whereas for the remaining

phases, i.e. α and β, the tendency of the lattice parame-
ter compression is significant. Thus, the β phase, due to
its plastic nature and the presence of its stabilizer (Mo),
reaches the a0 reduced by 0.04 nm after 45 h of milling. A
similar class of cell contraction was discovered for the a0
parameter of the α phase; and for the c0 parameter these
changes are smaller, which results from shift systems for
the phases of the hexagonal system.

TABLE II

Lattice parameters [nm] of α, β and Mo phases of the
milled powders

Phase Lattice ICDD∗ Milling time [h]
param. 5 15 30 45

α
a0 0.2970 0.2948(6) 0.2938(6) 0.2936(6) 0.2936(2)
c0 0.4720 0.4693(1) 0.4699(2) 0.4697(2) 0.4702(3)

β a0 0.3307 — — 0.3270(2) 0.3268(2)
Mo a0 0.3147 0.3148(3) 0.3147(1) 0.3142(1) 0.3140(1)

∗International Centre for Diffraction Data®

Fig. 3. TEM analysis of α and β phases after 45 h
milling process presents a bright-field (a,d–f), a dark-
field (b), and an SAD pattern (c).

The effect of the long-term high-energy milling on the
nanocrystallization of the powder after 45 h of milling
was confirmed using a transmission electron microscope.
The analysis of the obtained images in a bright and dark
fields and of the diffraction image proved the nanocrys-
talline nature of the material after milling (Fig. 3). Sam-
ple images of the powder after 45 h of milling obtained
in bright and dark field show that a single particle of the
powder is composed of many smaller crystallites with dif-
ferent orientations (Fig. 3).

4. Conclusion

1. The effect of the high-energy milling time of the
substrates on the structure and phase composition
of the Ti–15Mo–5Sn [wt%] alloy was observed.

2. XRD and TEM studies point to the formation of
β phase during high-energy ball milling of the pre-
cursor mixture of Ti, Mo and Sn.
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3. X-ray and electron microscopy studies are a proof of
the presence of the α, β, and Mo as nanocrystalline
phases. Moreover, the agglomeration of powder
particles is observed.
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