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1. Introduction
Titanium alloys is currently one of the most 

sought-after materials for orthopedic equipment 
and bone scaffolds due to their good mechanical 
properties as well as an excellent biocompatibility and 
corrosion resistance [1, 2]. Various techniques are 
employed for the fabrication of titanium alloys such 
as casting, forging, sintering, powder metallurgy, 
and in recent years, additive manufacturing [3, 4]. 
It is important to note that among these methods, 
solid state powder metallurgy is capable to produce 
non-textured nanostructured material [5]. Nano-
crystals often show properties superior to those of 
conventional materials with coarser structure. Such 
materials exhibit increased mechanical strength, 

enhanced diffusivity and other valuable properties 
as compared to coarse-grained counterparts [6].

Mechanical alloying as a solid state powder 
metallurgy technique is a non-equilibrium process 
for producing nanostructured materials, formation 
of a fine dispersion of second phase particles, 
extension of solubility limits and development 
of amorphous phases. The process is associated 
with simplicity, low cost, and large-scale capacity, 
which can achieve chemical and microstructural 
homogeneity as well as direct control over alloy 
composition [7-10]. Mechanical alloying has 
been defined as a process that involves repeated 
cold welding, fracturing of powder particles in a 
high-energy ball mill. Due to the non-equilibrium 

This study examines the structural evolution of Ti-5Sn-3Mn and Ti-10Zr-5Sn-3Mn (all wt. %) alloys during mechanical 
alloying. In the case of Ti-5Sn-3Mn, XRD results showed minor variation up to 20 h, followed by peak broadening and 
intensity reduction after 40 h due to grain refinement and strain accumulation. After 60 h, Sn and Mn peaks vanished, 
indicating their dissolution in the Ti lattice and formation of a β-Ti solid solution, while a Ti(101) peak shift confirmed 
change in lattice parameter. In the case of Ti-10Zr-5Sn-3Mn alloy, Zr addition promoted faster Sn dissolution and 
β-phase formation at shorter milling time. Both alloys developed stable nanocrystalline structures as crystallite size 
decreased with milling time. Moreover, a gradual reduction in particle size of the mill product occurred by increasing 
the milling time as revealed by scanning electron microscopy. Furthermore, particles reduction was associated with 
chemical homogeneity and uniform distribution.
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processes involved in mechanical alloying, it is 
possible to dissolve elements with high vapor 
pressure and low solubility limits to achieve 
compositions with extended solid solution [8]. 
It has been reported in numerous studies that 
increasing time and milling energy leads to 
significant reductions in average particle size [11, 
12]. It has been shown that mechanical alloying 
parameters can significantly impact the properties 
of the fabricated powder products due to the 
increased diffusional path and surface area of the 
product. Awad et al.[13] examined the different Mo 
powder content fabricated by elemental blended 
and mechanical alloying in Ti-Mo system. It was 
found that the microhardness and compressive 
properties were enhanced with Mo addition and 
MA fabrication by 11.5 and 27%, respectively, 
mainly due to solid solution strengthening, plastic 
deformation, high dislocations, and lattice defects. 
High energy ball milling of titanium not only 
reduces the grain size to nanometer level but also 
induces transformation [14, 15]. Hamadi et al. 
[16] investigated the effect of milling time on the 
structural, physical, and tribological behaviors of 
the nanostructured ternary  Ti-25Nb-25Zr alloy 
prepared by high-energy milling and their results 
showed that increasing milling time reduced 
crystallite and increased the β-Ti phase fraction, 
resulting in spherical morphology and textured 
microstructure.

This study investigated the formation of solid 
solutions in ternary Ti-5Sn-3Mn (wt. %) and 
quaternary Ti-10Zr-5Sn-3Mn (wt. %) titanium 
based systems through mechanical alloying, 
focusing specifically on the role of processing time 
in controlling grain refinement.

2. Materials and Methods
Elemental powders of Ti (purity 99.800%, 100 

μm, Merck), Sn (purity 99.000%, 60 μm, Merck), 
Mn (purity 99.000%, 60 μm, Merck) and Zr (purity 
99.000%, 60 μm, Merck) were used. The mechanical 
alloying process was conducted using 140 ml steel 
vials and balls as grinding media of 5, 10 and 20 
mm in diameter with a planetary ball mill at room 
temperature and vials were sealed with high purity 
argon (99.999%) before the fabrication process. The 
ball to powder weight ratio was maintained at 10:1 
and the high energy ball-milling was carried out at 
a rotation speed of 300 rpm. Stearic acid (C18H36O2) 
was added to the powder mixture as process control 
agent at a constant weight percent of 2 wt. % to 
prevent cold welding between powders and balls or 
vials. The crystal structure of the milled products 
was investigated by a Philips X’ Pert Pro X-ray 
diffractometer (XRD) using a Cu-Kα radiation 
(λ=0.15406 nm) and step size of 0.02° over the 2θ 
range of 10-90. The crystallite size (d) and lattice 

strain (ε) were calculated based on X-ray peak 
broadening using the well-known Williamson-Hall 
method[17]:

 

 

β= 0.9 λ
t(cosθ) + η(tanθ)

βreal
2 βobs

2  + βins
2

ρ= 2√3×ε
Db

                                                       (1)

where β, t, θ and η are full-width at half maximum 
height of the peak with maximum intensity (in 
radian), average crystallite size (in nm), Bragg’s 
angle of the peak and lattice strain, respectively. 

The actual broadening of the diffraction line 
(βreal) is caused by the reduction of grain size and 
lattice strain was calculated using Eq. 2:

 

 

β= 0.9 λ
t(cosθ) + η(tanθ)

βreal
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2  + βins
2

ρ= 2√3×ε
Db

                                                (2)

where, βobs is the broadening observed from the 
pattern (measured value), and βins is the broadening 
related to the instrument (diffractometer).

Morphological and compositional investigation 
during mechanical alloying was conducted by 
means of a field emission scanning electron 
microscope (FE-SEM).

3. Results and Discussion
Figure 1 illustrates the X-ray diffraction patterns 

of Ti-5Sn-3Mn (wt. %) ternary system as a function 
of different milling times, i.e. various stages of the 
mechanical alloying process. The strongest Sn (200) 
and (101) reflections are detected at 2θ = 30.66° 
and 32.06°, and the strongest reflections (101) and 
(100) for Ti at 2θ = 40.2° and 35.2°, respectively. 
The peaks associated with Mn do not exhibit high 
intensity due to its low weight percentage in the 
alloy’s chemical composition; however, one and 
only peak corresponding to Mn was identified at 
a 2θ = 43.2°. It has been found that the intensity 
and spread of Ti, and Sn peaks did not change 
significantly during the mechanical alloying 
process until 20 h. Sever plastic deformation due 
to mechanical alloying results in a mechanically 
driven crystallization process and accordingly, any 
amorphization in the early stages of the process 
is suppressed. However, after 40 h. of milling, 
the intensity of the alloying element peaks has 
generally decreased which is associated with the 
grain size reduction and/or accumulations of 
mechanical strains with increasing milling time. As 
a result of milling for 60 h, the Mn and Sn peaks 
have disappeared, which may indicate that the Mn 
and Sn elements have been dissolved into the Ti 
lattice. Thus, it can be considered that ternary Ti-
5Sn-3Mn solid solution formed. Also, covering of 
Ti powders with finely crushed Mn and Sn particles 
might have occurred. As the milling time extended 
to 60 h, the peaks are broadened which indicated 
the formation of partially amorphous phase in 
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the milled product. This indicated the formation 
of fine grain and a high density of defects caused 
by a large local strain in the powder particles. The 
decreasing of Ti matrix crystallite size due to the 
increasing of milling time could also be due to 
the increasing number of collisions per unit time 
and consequently due to the transfer of more 
energy on the Ti matrix powder particles during 
the same milling condition. Further, a minor shift 
(towards smaller angle) in the position of the Ti 
(101) XRD peaks was also noticed and this could 
be related to the dissolution of alloying elements 
into the Ti matrix. The gradual angular shift of Ti 
peaks to smaller angles is mainly attributed to the 
formation of titanium solid solution and negligibly 
to increase of lattice parameter as a result of grain 
compression. Due to cold welding of particles and 
formation of a lamella structure in the mechanical 
alloying process, a homogenous titanium solid 
solution was formed. As a result, the Ti lattice 
parameter and subsequently the planes distance 
increased, followed by a diffraction angle decrease 
in accordance to the Bragg’s law [18]. Nouri et 

al.[19] revealed that in the ternary Ti-Sn-Nb, a 
significant dissolution of Nb and Sn into Ti lattice 
was achieved and there were still Nb traces remained 
in longer mechanically alloyed powder particles. 
Increasing milling time led to a considerable 
particle refinement and the development of 
α-Ti and partial amorphous structure. However, 
with the prolonged duration of ball milling, no 
evidence of the β-Ti phase was observed in this 
ternary system. This observation may indicate 
the stronger influence of Mn, in the presence of 
Sn, on destabilizing the β phase compared to the 
stabilizing effect of Nb. As illustrated in the X-ray 
diffraction pattern, after 60 h of continuous milling, 
the β phase peaks of titanium were detected. These 
indicated that Mn acted as a beta phase stabilizer 
during the non-equilibrium mechanical alloying 
process. Although Sn is considered as a neutral 
element in terms of α vs. β [20] but, in the presence 
of a beta phase stabilizing element, it contributes to 
stabilizing the beta phase. With continued milling 
process, the intensity of the β-Ti peak increases, 
however, the structural system remains biphasic. 

Fig. 1-  XRD patterns of Ti-5Sn-3Mn (wt. %) elemental powders with 2wt. % stearic acid as a function of different milling times: 
(a) 0 (b) 20 (c) 40, (d) 60 and (e) 80 h.
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Figure 2 illustrates the X-ray diffraction patterns 
of the quaternary Ti-10Zr-5Sn-3Mn (wt. %) system 
during the mechanical alloying process. Within the 
first 20 h of milling, no significant changes were 
observed in the peak intensities of the alloying 
elements, indicating that the input energy was 
still insufficient to promote substantial grain 
refinement. After 40 h, a noticeable decrease in the 
relative intensities of the alloying element peaks 
occurred, and the reflections associated with Mn 
and Zr nearly disappeared. Continued milling up 
to 60 h resulted in the disappearance of the peaks 
corresponding to Sn, while the β-titanium phase 
emerged. Beyond 60 h, no further peak broadening 
was detected, suggesting that the required energy 
for amorphization had not been reached. When 
compared with the ternary Ti-6Sn-3Mn system, the 
incorporation of Zr into the composition enhanced 
the dissolution of Sn at shorter milling times and 
accelerated the formation of the β-Ti phase. This 
observation highlights the significant role of Zr 
in stabilizing the β-Ti phase, particularly in the 
presence of a strong stabilizing element such as 
Mn. Consequently, both the thermodynamic and 
kinetic conditions necessary for the α-to-β titanium 
phase transformation were achieved within shorter 
milling durations.

The milling parameters of these systems 
provided the required energies for the formation 
of ternary Ti-5Sn-3Mn and quaternary Ti-10Zr-
5Sn-3Mn nanostructured solid solutions, and thus, 
there was no need for any subsequent annealing 

treatment or quenching. As mechanical alloying 
is an entirely solid-state processing method, it is 
not constrained by phase diagram limitations. 
Therefore, solid solubility levels similar to those of 
rapid solidification process were attained.

The formation of solid solution is a manifestation 
of mechanical alloying phenomena due to severe 
plastic deformation of cold welded powders. The 
mechanical alloying process is one of the severe 
plastic deformation methods in which it is possible 
to dissolve two elements that are either immiscible 
or have a low solubility limit in each other. This 
enhancement in solubility occurs in two ways; 1-the 
solute element is located at the grain boundaries, 
as mechanical alloying is one of the methods for 
increasing grain boundary density through severe 
plastic deformation. 2-crystallites composed of 
different elements are formed, and dissolution 
subsequently occurred at their boundaries. Since 
the fraction of grain boundaries in nanostructured 
materials is increased, a high density of pathways 
associated with short-range diffusion exists within 
the material, and the diffusion rate through the 
grain boundaries is high. The improvement in 
diffusion conditions can lead to greater dissolution 
of immiscible elements, even at low temperatures. 
In addition, a slight increase in temperature during 
the ball milling process will enhance the diffusion 
of the material and consequently, it stabilizes the 
alloyed system and establishes conditions conducive 
to the formation of a homogeneous solid solution 
throughout the mechanical alloying process.
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Fig. 2-  XRD patterns of Ti-10Zr-5Sn-3Mn (wt%) elemental powders with 2wt% stearic acid under different milling times: 
(a) 20 hr, (b) 40 hr, and (c) 60 hr.
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Figure 3 displays the variations of mean 
nanocrystallite size and microstrain of α-Ti lattice 
in ternary Ti-5Sn-3Mn and quaternary Ti-10Zr-
5Sn-3Mn milled products using x-ray diffraction 
results. In general, the crystallite size of the milled 
powders decreases with prolonged milling time and 
eventually reaches a steady-state (saturation level) 
once a balance is established between fracturing 
and cold welding events during mechanical 
milling. This minimum crystallite size, depends on 
both the material and the milling parameters. The 
achievable minimum crystallite size is governed 
by the competition between plastic deformation 
through dislocation motion, which promotes grain 
refinement, and the recovery and recrystallization 
processes of the material, which act to increase 
grain size. This interplay defines the lower grain 
size limit attainable in pure metals and alloys. As 
severe plastic deformation induced by ball milling 
process is inherently repetitive, the accumulated 
strain progressively increases with extended 
milling time. This process enables most materials 
to attain a nanocrystalline structure. As shown in 
the figure, the crystallite size gradually decreases 
with increasing milling time; however, beyond a 
certain duration, the rate of crystallite refinement 
diminishes. The minimum achievable crystallite 
size during ball milling is governed by the balance 
between defect generation—such as dislocations—
and their subsequent recovery. Accordingly, a 
higher rate of defect formation results in smaller 
mean crystallite size. Temperature also plays a 

critical role in attaining the minimum crystallite 
dimensions, with lower milling temperatures 
generally yielding finer crystallites. Furthermore, 
the minimum crystallite size is influenced by the 
material’s melting point. Materials with higher 
melting points tend to produce finer grains, as the 
homologous temperature is reduced and defect 
recovery processes become more constrained[21].

After 40 h of milling process, a progressive 
equilibrium is established between the two processes 
of mechanical deformation (dislocation generation) 
and recovery/recrystallization (elimination or 
rearrangement of dislocations). Mn is naturally 
more brittle than Sn [22]. Thus, existence of Mn can 
increase the rate of mechanical deformation which 
in turn provides crystal refinement and resulting 
in more easily fracturing. The value of minimum 
crystallite size differs among various metals and 
is also influenced by their crystal structure. For 
most metals, the minimum crystallite size lies 
within the nanometer range. However, metals 
with a body-centered cubic crystal structure attain 
significantly smaller crystallite sizes compared to 
those with other crystal structures [23, 24]. This 
behavior is attributed to the limited capacity for 
extensive plastic deformation in body centered 
cubic metals and their consequently higher 
tendency to undergo fracture during milling. 
It was suggested that the minimum grain size is 
determined by the minimum crystallite size that 
can sustain a dislocation pile-up within a grain 
and by the rate of recovery [14].  

 

  

D
is

lo
ca

tio
n 

de
ns

ity
 (1

/m
2 )

D
is

lo
ca

tio
n 

de
ns

ity
 (1

/m
2 )

(a) (b)

Fig. 3-  Variations of α-Ti crystallite size and lattice microstrain in: (a) Ti-5Sn-3Mn and (b) Ti-10Zr-5Sn-3Mn powder products 
as a function of various milling times.
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Based on the dislocation pile-up model, the 
relationship between dislocation density (ρ) and 
lattice strain in the mechanically alloyed powders 
may be calculated from the crystallite size, D, and 
micro-strain, ε as follows [25]:

 

 

β= 0.9 λ
t(cosθ) + η(tanθ)

βreal
2 βobs

2  + βins
2

ρ= 2√3×ε
Db                                                                    (3)

The X-ray diffraction results reveal that, despite 
prolonged milling durations, no amorphous 
phase formation occurred in the products. Rather, 
extended milling led to a relative reduction in peak 
intensities along with minor peak broadening. 
Amorphous phase transforms into a crystalline 
phase on continued milling after the formation of 
the amorphous phase, and that this phenomenon 
was referred to as mechanical crystallization. 
Crystalline phase normally has a lower free energy 
than the amorphous phase but its free energy can be 
increased by introducing a variety of crystal defects 
such as dislocations, grain boundaries, stacking 
faults, and etc. [26]. According to thermodynamic 
principles, amorphization occurs when the free 
energy of the hypothetical amorphous phase is 
lower than that of the corresponding crystalline 
phase. Thus, it is possible that the sum of the 
crystalline free energy and the defect energies 
introduced during processing surpasses the free 

energy of the amorphous phase. The magnitude 
of energy increase is different for different types of 
defects. As an example, increasing the dislocation 
density to 10 16 /m2 increases the free energy by 
about 1 kJ/mol, while decreasing the grain size 
down to 1 nm increases the free energy by about 
10 kJ/mol [27]. The sole contribution of a solid 
solution to the increase in system free energy 
arises from grain refinement. Nevertheless, 
this increase is insufficient for amorphization. 
Mechanical alloying reduces the crystallite size 
to the nanometer scale and disrupts the long-
range order of intermetallic compounds, thereby 
significantly increasing the energy of the milled 
powders. In fact, the energy is elevated to a level 
higher than that of the hypothetical amorphous 
phase. Under such conditions, the formation of the 
amorphous phase becomes thermodynamically 
more favorable than that of the crystalline phase. 
In most cases, amorphization has been observed 
through the mechanical alloying method, while 
alloys with a low solute atomic concentration 
usually cannot be transformed into the amorphous 
state. Overall, if the phase diagram indicates 
a broad solid solution compositional range, 
amorphization becomes less feasible. In contrast, 
the presence of numerous intermetallic phases in 
the phase diagram enhances the tendency toward 
amorphization[28]. 

 

  Fig. 4-  SEM images of Ti-10Zr-5Sn-3Mn quaternary powder mixture after various milling times of (a) 0, (b) 20, (c) 40 and 
(d) 60 hr. (Scale bar = 50 µm).
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In order to investigating the effect of the 
mechanical alloying process on the morphology of 
powder particles, SEM images at different milling 
times were utilized for quaternary Ti-10Zr-5Sn-
3Mn system (Figure 4). As can be seen, particle 
size progressively decreases with prolonged milling 
time. At the early stages of milling, the raw material 
powders are readily deformed by compressive 
forces, transforming into thin lamellae, while the 
relatively brittle particles show resistance to such 
deformation and during this stage of ball milling, 
a large number of particles largely preserved their 
original shapes due to the relatively low collision 
energy they experienced. In contrast, after 20 
hours of milling, the ductile powders began to 
agglomerate into larger clusters and were flattened 
into more platelet- or flake-like morphologies. 
Therefore, brittle particles are less deformed and 
ductile particles cause connection between brittle 
particles. This difference in particle deformability is 
responsible for the broad particle size distribution 

of the milled products after relatively shorter 
milling times.

As the ball milling process continued up to 40 
hours, a multilayered structure was formed through 
repeated fracturing and cold welding of the flattened 
flakes on a fine scale. At this stage, the particles 
exhibited a more uniform distribution and reduced 
size. However, with extended milling time of 40 to 
60 hours, the particles progressively transformed 
into an equiaxed and fine morphology. After 60 
hours of ball milling, the powders exhibited a 
cluster-like morphology composed of multiple fine 
particles with an average diameter of approximately 
7-10 μm. The formation of these agglomerated 
particles can be attributed to the dominance of the 
cold welding mechanism over particle fracturing 
during prolonged milling. Upon extending the 
ball milling time, the process control agent (PCA) 
undergoes complete decomposition, with its 
decomposition products subsequently integrating 
into the powder particles. Consequently, the PCA 

 

Fig. 5-  X-ray map of various element of quaternary Ti-10Zr-5Sn-3M milled product after 60 hr. of milling.
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