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Abstract: The effect of the amount of Sn on the formation of fcc phase in Ti−13Ta−xSn (x=3, 6, 9 and 12, at.%) alloys 
was studied. The alloys were synthesized by mechanical alloying using a planetary mill, jar and balls of stabilized 
yttrium. Using Rietveld refinement, it was found that the obtained fcc phase has crystallite size smaller than 10 nm and 
microstrain larger than 10−3. Both conditions are required to form an fcc phase in Ti-based alloys. For all samples, the 
microstructure of the fcc phase consists of equiaxial crystallites with sizes smaller than 10 nm. The largest presence of 
fcc phase in the studied Ti alloy was found with 6 at.% Sn, because this alloy exhibits the largest microstrain (1.5×10−2) 
and crystallite size of 6.5 nm. Experimental data reveal that a solid solution and an amorphous phase were formed 
during milling. The necessary conditions to promote the formation of solid solution and amorphous phases were 
determined using thermodynamic calculations. When the amount of Sn increases, the energy required to form an 
amorphous phase varies from approximately 10 to approximately −5 kJ/mol for 3 and 12 at.% Sn, respectively. The 
thermodynamic calculations are in agreement with XRD patterns analysis and HRTEM results. 
Key words: Ti-based alloy; phase transformation; fcc phase; Rietveld analysis; mechanical alloying 
                                                                                                             

 

 

1 Introduction 
 

Titanium and its alloys are widely used in 
engineering applications such as aerospace, 
biomedical, chemical and nuclear industries due to 
their high specific strength, excellent corrosion 
resistance [1] and significant biological impact on 
the human body [2]. Especially in the aerospace 
field, Boeing and Airbus companies forecasted that 
the use of Ti alloys per plane would increase in the 
next year due to their high resistance to creep and 

oxidation, good formability and good strength/ 
density ratio [3]. On the other hand, in the 
biomedical area, it is estimated that 90% of the 
population over 40 years old suffers degenerative 
diseases such as the ones associated with the 
degradation of mechanical properties of the    
bone [4]. The hip endoprosthesis is one of the most 
demanded surgeries and the femoral stem design of 
the hip implant is very important to avoid the 
loosening of the implant [5]. Therefore, the demand 
of Ti-based alloys for biomedical application will 
also increase in the near future. 
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Pure Ti and a great number of its alloys exhibit 
an allotropy change at the β-transus temperature. 
Below the β-transus temperature, Ti exhibits a 
hexagonal close packed (hcp) crystalline structure 
(called α-phase), and above this temperature, it 
possesses a body centered cubic (bcc) crystalline 
structure (called β-phase). β-transus temperature for 
pure Ti is (8822) °C. The great variety of 
properties that Ti alloys show are related to this 
allotropic phase transformation, which is very 
important for engineering applications. In general, 
Ti alloys are classified as α-phase, (α+β)-phase and 
β-phase depending upon their microstructure [6]. 
The α and β phases can be stabilized using alloying 
elements, and depending on their influence on the 
β-transus temperature, they are considered as 
neutral (Sn, Zr [6]), α-stabilizers (Al, O, N, C [6]) 
and  stabilizers (Ta, Nb, Z, W, V, Mo, Fe, Mn, Cr, 
Co, Ni, Cu, Si, H [6,7]). Properties of the α-phase, 
(α+β)-phase and β-phase alloys are different: (1) the 
α-phase alloys exhibit high elastic modulus, good 
creep resistance, good weldability and excellent 
corrosion resistance; (2) (α+β)-phase alloys have 
good strength, good corrosion resistance and 
moderate fracture toughness and weldability, and in 
addition, their properties depend on the relative 
proportion of the α and β phases present in the 
microstructure; (3) β-phase alloys exhibit high 
strength and fatigue resistance, low elastic modulus, 
good formability, high hardenability and high 
corrosion resistance [6,8]. Ti alloys with fcc phase 
have been reported in thin film [9], multilayer  
films [10], explosive cladding [11] and milled 
powders [12]. YU et al [9] studied the in-situ 
formation of the fcc-Ti phase at elevated 
temperatures. They used transmission electron 
microscopy to carry out in-situ heating and 
deformation of Ti−0.1wt.%O foils and found that 
hcp−fcc transformation occurs at temperatures 
around 600 °C. They also observed that the fcc-Ti 
phase is stable at ambient temperature and displays 
considerable dislocation-based plasticity under 
nano compression tests. PRASANTHI et al [11] 
studied the formation of fcc-Ti phase in the α+β 
Ti−5Ta−2Nb alloy obtained by shock loading in an 
explosive clad. By means of TEM, they found that 
the fcc phase had a needle-shaped morphology  
and presented an orientation relationship given   
by fcc hcp(1 10) //(0110)  and fcc hcp(11 1) //(1120)  
between fcc and hcp phases. Also, the fcc Ti phase 

has been obtained in pure Ti and Ti alloy powders 
fabricated via high energy milling [12−15]. A 
common characteristic of all processes where the 
fcc-Ti phase has been obtained is the presence of 
both high deformation and grain refinement. There 
are a few theoretical investigations about the 
formation of fcc-Ti phase in the literature. 
AGUAYO et al [16], using ab-initio calculations, 
studied the structural stability and electronic 
structure of the fcc-Ti phase. The results showed 
that the fcc-Ti phase is locally stable because the 
elastic stability criterion for a cubic crystal is 
fulfilled by the calculated elastic constants. On the 
other hand, XIONG et al [17] studied the effects of 
size and temperature on the transformation of Ti 
from hcp to fcc phase. They determined the Gibbs 
free energies of nanoparticles, nanowires and 
nanofilms of Ti where fcc phase is stable for size 
smaller than 27, 19 and 9 nm, respectively, at 
around 777 K. 

Mechano-chemical processing (MCP) is used 
as powder metallurgical process to obtain specific 
chemical reactions or phase transformations which 
involves the transformation of mechanical energy 
into chemical energy. MCP includes the mechanical 
alloying (MA) process which is a simple and 
versatile process that transfers high amounts of 
energy from milling balls to the powders during the 
milling process [18]. MA is a dry, solid-state 
powder processing technique (a liquid medium can 
also be used sometimes during milling operations) 
which involves repeated welding, fracturing and 
re-welding of powder particles in a high-energy  
ball mill [18]. During MA, intense deformation is 
introduced into the particles, which is manifested 
by the increase of crystalline defects, such as 
dislocations and stacking faults and, a large area of 
crystallite boundaries. When crystalline defects 
increase in the material, the Gibbs free energy 
curves move upwards promoting chemical reactions 
and/or formation of new phases. MANNA et al [14] 
observed the hcp to fcc phase transformation in 
high-energy milling of pure Ti in a planetary mill. 
They suggested that structural instability is due to 
negative (from core to boundary) hydrostatic 
pressure arising out of nanocrystallization or grain 
refinement. The lattice expansion and plastic strain 
is responsible for the phase transformation from hcp 
to fcc. BOLOKANG et al [13] reported that the 
fcc-Ti phase was observed in unmilled and milled 
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(30 h) powders when quenched in water from 
1200 °C. They concluded that the fcc-Ti phase was 
stress-induced during quenching. ZHANG and 
YING [12] observed the fcc phase in Ti−25at.%Al 
and Al−25at.%Ti alloys milled for 4 and 8 h 
followed by heating in the temperature range of 
350−550 °C. They concluded that the hcp to fcc 
phase transformation occurs only in thin layers of 
Ti with nanometer thickness embedded in 
aluminum. In this case, the transformation was 
thermally induced by the energy transferred during 
the milling process. CHATTERJEE and SEN 
GUPTA [15], using Rietveld method, measured the 
volume fraction of the fcc-Ti phase of ~24% with a 
crystallite size of ~2 nm in Ti powders milled at  
10 h. In addition, they reported a lattice parameter 
of the fcc-Ti phase of a=0.4216 nm. 

In light of these findings, the formation of fcc 
phase in Ti−Ta−Sn alloy as a function of Sn content 
was studied. The alloys were obtained by 
mechanical alloying in a planetary mill using 100 h 
of milling (this time was used after previous studies 
of the research group). In addition, theoretical 
thermodynamic models were used to describe and 
explain the formation of solid solution and 
amorphous phases during the milling operation. 
 
2 Experimental 
 

Ti powders of Grade IV (<149 µm, Noah 
Company), Ta powders (99.9% in purity, <45 μm, 
Aldrich Company) and Sn powders (99.8% in  
purity, <149 μm, Aldrich Company) were used to 
prepare powder blends of Ti−13Ta−xSn (x=3, 6, 9 
and 12, at.%). The mixture was placed in a 250 mL 
yttrium stabilized jar and milled in an argon 
atmosphere (ultra-pure, 99.999% with O2 content 
<2×10−6, N2 content <5×10−6 and other elements 
<3.5×10−6) using a Retsch PM400 planetary mill.  
2 wt.% of stearic acid was used to prevent cold 
welding. The powders were milled for 100 h using 
different diameters of agate balls (10 and 5 mm) 
with a constant ball/powder ratio of 10:1. To cool 
down the vials and maintain a stable temperature of 
the process, an on/off cycle of 30 and 30 min, 
respectively, was used. X-ray diffraction (XRD) 
patterns of samples were collected using a multi- 
purpose powder diffractometer STOE STADI MP 
equipped with a DECTRIS MYTHEN 1K detector 
using pure Cu Kα radiation (λ=1.54056 Å, curved 

germanium(111) monochromator of the Johann- 
type). The samples were measured in transmission 
mode using a step of 0.012° and a stepwise 
dwelling time of 10 s in an angular range of 
2θ=20°−120°. The microstructural information was 
obtained from Rietveld refinement of X-ray powder 
diffraction patterns using the software Materials 
Analysis Using Diffraction (MAUD) [19,20] and 
LaB6 (a=4.1565915(1) Å) as external standard for 
determining instrumental broadening [21]. The 
morphology and chemical composition of the raw 
and milled powders were characterized using a Carl 
Zeiss scanning electron microscope (SEM) model 
EVO-MA 10 equipped with an Oxford Instruments 
energy dispersive X-ray spectrometer (EDXS). 
High-resolution transmission electron microscopy 
(HRTEM) analyses were performed using a 
FE-TEM Tecnai F20 at 200 kV. The samples for 
HRTEM observation were prepared by suspending 
the powders in isopropyl alcohol and placing a  
drop of this suspension on a Cu grid. The Gatan 
Digital Micrograph software was used to analyze 
the HRTEM images. Thermodynamics calculations 
of formation of solid solutions and amorphous 
phases were performed applying the Miedema 
model [22]. 
 
3 Results and discussion 
 
3.1 Characterization by SEM 

Figure 1 shows the Ti−Ta−Sn powder particles 
after 100 h of milling for different amounts of Sn. 
The particle size and morphology change with the 
amount of Sn due to the competition between cold 
welding and fracture of the particles. The cold 
welding and fracture processes can be predominant 
at any stage and depend mostly on the deformation 
characteristic of the starting powders and their 
kinetics [23]. For 3 at.% Sn, the particles exhibit a 
sharp edge with a size smaller than 5 µm. The 
particle shape indicates that the fracture process is 
more relevant than the cold welding. For 6 at.% Sn, 
the particles are smaller than 1 µm; whereas for   
9 at.% Sn, the particles present an equiaxial shape 
and size above 5 µm and below 0.5 µm. With    
12 at.% Sn, the particle size is 1−3 µm with a 
particle morphology near to sharp edge. The 
observed particle morphology variations with the 
amount of Sn mean that the surface tension of the 
powders was modified by different amounts of Sn  
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Fig. 1 SEM images of milled powders with different amounts of Sn: (a) 3 at.%; (b) 6 at.%; (c) 9 at.%; (d) 12 at.% 

 

added. Powders containing 9 at.% Sn reached a 
high surface tension value which led to larger 
agglomerated particles (small particles over large 
particles). Powders containing 3, 6 and 12 at.% Sn 
presented less surface tension because the 
agglomerated particles were not observed. With 
long milling time, the powder particles get 
work-hardened, which increases their hardness and 
brittleness; whereas the particle size keeps 
decreasing when the fracture strength of the 
particles is equal or smaller than the stress caused 
by the collision [23]. Particles with an equiaxial 
shape showed the predominance of cold welding 
over fracture process. At higher magnification 
particles smaller than 100 nm were observed. 

Figure 2 shows the EDS-mapping analysis for 
all the alloys. This analysis revealed contamination 
of Zr, Y and O (the Y mapping is not shown but it 
exhibits the same behavior of Zr). The Zr and Y 
contamination can be attributed to the vials and 
balls used during the milling stage; whereas oxygen 
contamination could come from two sources:     
(1) the decomposition of stearic acid which 
introduces oxygen and (2) from the Ar atmosphere 
which contains traces of O. In addition, EDS 
confirmed that Ti, Ta and Sn homogeneously 
distributed in all the Ti−Ta−Sn alloys. Also, the 

EDS-mapping analysis showed that the presence of 
nitrogen was extremely low, smaller than 0.01 at.% 
for all alloys. 
 
3.2 X-ray diffraction patterns analysis 

Figure 3 shows the XRD patterns of the 
powders milled for 100 h as a function of the 
amount of Sn. The XRD patterns of the milled 
powders exhibited peak broadening, peak shift and 
disappearance of peaks of the solute due to the 
severe plastic deformation produced during 
mechanical alloying. The α-Ti phase was not 
observed within the range of Sn amount used, 
which shows the strong stabilization effect of Ta on 
the β phase [7]. The β-Ti phase and Ta have the 
same crystal structure and space group ( 3 )Im m  
with a slight difference in lattice parameter, which 
led to the observed X-ray reflections very close in 
2θ values. The reflections of the pure elements are 
not observed on the XRD patterns of the milled 
powders, indicating that they have entered into 
solid solutions [18] either to the β-Ti or to fcc-Ti 
phases. The β-Ti phase is cubic with crystal 
structure 3Im m  (bcc phase) and the fcc-Ti phase 
is cubic with crystal structure 3Fm m  (fcc phase). 
A mixture of phases, bcc and fcc phase and 
Y2O3ZrO2 (YZrO) compound are observed in the  
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Fig. 2 EDS mapping as function of Sn amounts: (a) 3 at.%; (b) 6 at.%; (c) 9 at.%; (d) 12 at.% 
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Fig. 3 X-ray diffraction patterns of Ti−13Ta−xSn milled 

for 100 h as function of amount of Sn 

 

alloy containing 3, 9 and 12 at.% Sn. The presence 
of the YZrO compound indicates that contamination 
occurred during the milling process and it comes 
from the jar and balls used during milling, which is 
in agreement with the EDS analysis (Fig. 2). This 
contamination was observed for all Sn amounts. 
The presence of fcc phase is only observed when  
6 at.% Sn was added. With 9 at.% Sn, both fcc 
phase and bcc phase were observed. At low angles 
(at around 35°), the reflections of (111) from the fcc 
phase and (110) from the β phase are very close and, 
therefore, it is difficult to separate them. Finally, the 
alloy with 12 at.% Sn contains three phases: fcc 
phase, bcc phase and YZrO compound. 

Previous works [24,25] have shown that Ti 
hydride precipitates can be formed in Ti-based 
alloys in the presence of high-concentration 
hydrogen atmosphere. HUANG et al [24] obtained 
Ti hydrides from Ti-based alloys which were 
exposed to a hydrogen stream at 650 °C. They 
observed leaf- and needle-like Ti hydride structures 
smaller than 500 nm with lattice parameter of  
0.440 nm. TEM and XRD characterization were 
used to rule out that the observed fcc-Ti phase is 
connected to the presence of Ti hydride. According 
to these results, it was found that: (1) Ti hydride 
precipitates were not observed in TEM images and 
(2) the X-ray reflection positions of Ti hydride are 
shifted by 1.5° for smaller 2 angles, indicating Ti 
hydrides were not formed. The presence of Ti 
nitrides was not observed either. The position of the 
X-ray diffraction reflections of titanium nitrites 
does not match with the position of the reflections 
of the alloys obtained. Analysis of TEM images 

also showed that no Ti nitrides were formed. The 
typical stoichiometry of titanium nitrites is TiN, 
TiN0.9 or TiN0.76, which means that the amount of 
nitrogen must be similar to that of titanium. An 
analysis of the possible origin of nitrogen is as 
follows. (1) The powders used (Ti, Ta and Sn) do 
not have nitrogen in their composition, (2) the vials 
were sealed inside a dry box with ultra-pure Ar 
atmosphere (<5×10−6 of N2), and (3) ultra-pure 
stearic acid was used as process control agent, and 
the chemical composition shows no presence of 
nitrogen. 

The microstructural parameters such as lattice 
parameter, crystallite size and microstrain were 
obtained from Rietveld refinements of the X-ray 
powder patterns. The profile fittings were 
performed by considering pseudo-Voight function, 
isotropic size−strain model, Delf line broadening 
model, without planar defects and arbitrary texture. 
The results of the refinement are summarized in 
Table 1. The quality of refinements is given by 
goodness of fit (GofF) and Rwp indicators. A 
refinement is considered excellent when 1<GofF<2 
and Rwp<10%. The results of the refinement 
showed that the GofF and Rwp values are smaller 
than 2 and 10%, respectively. The obtained lattice 
parameters were between 0.42628 to 0.43141 nm, 
which are in agreement with the range previously 
reported for pure Ti and Ti-based alloys with fcc-Ti 
phase, namely 0.4216 nm [15], 0.4237 nm [26], 
0.411 nm [16], 0.408 nm [11], 0.4327−0.4351 nm 
[14], 0.412 nm [9], 0.402 nm [27], 0.442 nm [10], 
0.4385 nm [28], 0.4271, 0.422 and 0.410 nm [13], 
0.42 nm [29], 0.402−0.440 nm [10], 0.41638 nm 
[30] and 0.4396 nm [12]. The crystallite size 
estimated was smaller than 10 nm, which is in 
agreement with Gibbs free energy calculation of 
XIONG et al [17]. They showed that fcc phase is 
stable for nanoparticle sizes smaller than 
approximately 10 nm at room temperature and sizes 
around 27 nm up to 883 °C. The r.m.s. microstrain 
(21/2) values are large, indicating the high elastic 
energy stored in milled powders. The 21/2 values 
are 10−3−102, the alloy with 6 at.% Sn exhibited 
higher 21/2 value (1.2×10−2) and the alloy with  
12 at.% Sn showed a smaller value (1.6×10−3). 
AGUILAR et al [31], applying the modified 
Warren−Averbach and Williamson−Hall methods, 
reported crystallite size values of 13 and 6.6 nm for 
6 and 12 at.% Sn, respectively. This phenomenon  



C. AGUILAR, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2119−2131 

 

2125
 

Table 1 Microstructural parameters obtained from Rietveld refinements using MAUD software 

x(Sn)/ 
at.% 

fcc phase bcc phase　  
GofF

Rwp/
% Lattice  

parameter/nm 
Crystallite  

size/nm 
Microstrain,

21/2 
Lattice  

parameter/nm 
Crystallite
 size/nm 

Microstrain, 
21/2 

3 0.43127 4.1 0.00736 0.33184 9.5 0.00177 1.55 3.87

6 0.42790 6.5 0.0150 − − − 1.45 4.65

9 0.42628 7.7 0.00738 0.33941 7.6 0.00923 0.93 2.55

12 0.43141 4.2 0.00165 0.33812 61.3 0.00769 1.39 3.14

 
could be associated with the high deformation 
capacity that the fcc structure possesses. In the early 
stages of MA, the powders experience plastic 
deformation within shear bands due to the high 
deformation rates and exhibit large microstrain. 
When milling proceeds, there is a proportional 
increase in the microstrain and dislocation density. 
Finally, a critical dislocation density is reached 
within these heavily-strained zones, which results in 
the disintegration of a grain into subgrains that are 
separated by low angle grain boundaries [32]. 

On the other hand, the bcc-Ti phase shows 
lattice parameter value of 0.33184−0.33941 nm 
which are large compared with 0.3306 nm reported 
in the literature (PDF # 00-044-1288). The lattice 
parameter changes when solute atoms enter in solid 
solution, but a clear trend is not observed because 
the atomic radii of some elements are larger and 
those of others are smaller when compared with the 
atomic radius of Ti atoms, i.e. Sn (0.172 nm), Ta 
(0.209 nm), Ti (0.2 nm), Zr (0.216 nm) and Y 
(0.229 nm). The crystallite size in the 3 and 9 at.% 
Sn samples is smaller than 10 nm; whereas in the 
alloy with 12 at.% Sn the size increases up to 
around 61 nm. The 21/2 values (around 10−3) show 
the severe plastic deformation experienced by the 
powders during milling. 

There is no clear trend of microstructural 
parameters with the amount of Sn because several 
competitive processes can take place during  
milling, such as formation of solid solutions with 
fcc and bcc crystal structure and evolution of the 
density of crystalline defects. The evolution of the 
quantity of phases as a function of Sn amount is 
presented in Fig. 4. The phase quantification was 
determined by applying Rietveld refinements using 
the MAUD software [19]. The fcc phase was 
present in quantities of around 22, 100, 97 and   
78 wt.% for 3, 6, 9 and 12 at.% Sn, respectively. 
The higher amount of fcc phase is obtained in 
samples with 6 and 9 at.% Sn. 

 

Fig. 4 Quantification of phases using Rietveld method 
 

The bcc phase was found mostly in the sample 
with 3 at.% Sn and in less amounts in the samples 
with 9 and 12 at.% Sn. The contamination of YZrO 
compound was observed in all samples. 
 

3.3 Transmission electron microscopy 
High resolution TEM (HRTEM) images are 

shown in Fig. 5 as a function of the amount of Sn. 
The images revealed the presence of mixed zones of 
nanocrystalline and amorphous zones in the four 
alloys studied. The content of amorphous phase 
observed increases with the Sn amount. The XRD 
patterns suggest the presence of YZrO compound 
(crystal structure P42/nmc) in all samples. From  
Fig. 5(a), the alloys with 3 at.% Sn show the fcc, 
bcc phases and the YZrO compound, and the 
observed crystallite size in the alloy is ~10 nm. 
From Fig. 5(c), the crystallite size in the alloy with 
6 at.% Sn is ~5 nm (in this case the crystallites 
correspond to the fcc phase). Figure 5(e) suggests 
the presence of both bcc and fcc phases in the alloy 
with 9 at.% Sn with crystallite size smaller than  
10 nm. Also, Fig. 5(g) indicates the presence of 
both fcc and bcc phases with crystallite size much 
smaller than 5 nm for the alloy with 12 at.% Sn. In 
addition, the crystallite size of the YZrO compound 
observed in the alloys with 3 and 12 at.% Sn is  
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Fig. 5 HRTEM images and FFT of Ti−13Ta−xSn alloys: (a, b) Ti−13Ta−3Sn; (c, d) Ti−13Ta−6Sn; (e, f) Ti−13Ta−9Sn;  

(g, h) Ti−13Ta−12Sn 
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~5 nm. Moreover, the α-Ti phase was not observed 
for any amount of Sn, which is in agreement with 
the XRD results. For all the samples, the 
microstructure consists of equiaxial crystallites with 
sizes smaller than 10 nm. These nanostructures are 
generated by the plastic deformation that occurs in 
shear bands located in unstrained grains. As milling 
time increases, the grain size (or crystallite size) 
steadily decreases and the shear bands coalesce. 
The low angle grain boundaries were replaced by 
high angle grain boundaries, implying that the grain 
rotation produces disclinations in the lattice [33]. 
As milling continues, the nanocrystalline grains 
reach a saturation value. It is difficult to generate 
dislocations inside nanocrystalline grains and, in 
turn, the existing dislocations will be rearranged 
and few will be eliminated [34]. Figure 6(a) shows 
HRTEM image of Ti−13Ta−9Sn alloy where both 
fcc and bcc phases coexist (corresponding FFT 
image in Fig. 6(b)). Figures 6(c, d) show that  
there is an orientation relationship between the  
fcc and bcc phases, given by bcc(200) 011  // 

fcc(200) 011 .   However, intermetallic compounds 
of equilibrium such as Ti6Sn5, Ti5Sn3, Ti2Sn, Ti3Sn, 
Ta3Sn and Ta2Sn3 were not observed by HRTEM 
and XRD. 

Finally, the presence of amorphous phase was 

not observed easily on the XRD patterns but in 
HRTEM images its presence was corroborated  
(Fig. 5). This indicates that the milling process 
transferred enough energy to form this phase.  

 
3.4 Thermodynamics analysis 

The Gibbs free energy of mixing (∆Gm) for a 
binary system at a given temperature (T) can be 
obtained as Gm=Hm−TSm, where Hm is     
the enthalpy of mixing and Sm is the entropy of 
mixing. The Hm term can be computed by the 
model proposed by NIESSEN et al [35,36], 
BAKKER et al [37] and WANG et al [38], whereas 
Sm can be considered as the configurational 
entropy. Gm and Hm values for ternary systems 
are calculated from the constituents of binary 
systems. The asymmetrical models are better than 
symmetric models because they consider the  
effect of the differences in properties of the three 
elements [39]. The properties of ternary systems are 
determined by applying Toop’s model [39]. 
NIESSEN’s method [35,36] is a simple method to 
determine the enthalpy of formation of intermetallic 
compounds and enthalpy of mixing of solid 
solutions and amorphous phases [40−42]. 

Figure 7(a) shows the Gibbs free energy     
of mixing required to form a solid solution (Gs)  

 

 

Fig. 6 HRTEM image (a) and FFT (b) showing fcc phase and bcc phase particles of Ti−13Ta−9Sn alloy and selected 

FFT (c) and inverse FFT (d) of magnified zone (white square) in (a) 



C. AGUILAR, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2119−2131 

 

2128

 

 

Fig. 7 Gibbs free energy of mixing (∆Gm) to form solid solution (a) and amorphous phase (b) in Ti−Ta−Sn system at 

298 K (The white dots show the composition for the alloys studied) 

 

whereas Fig. 7(b) shows the one required to form 
an amorphous phase (Gam) in the Ti−Ta−Sn 
system. Figure 7(a) reveals that the Gs values are 
negative in the whole range of compositions, 
indicating that a driving force exists to form a solid 
solution from elemental powders. This result is in 
agreement with previously-reported information of 
the synthesis of binary Ti−Ta [7,43], Ti−Sn [44,45] 
and Ta−Sn [46] alloys, and β Ti−Ta−Sn alloy [47]. 
These thermodynamic calculations do not give 
complete information about the solid solution 
having an fcc or bcc crystal structure. The smallest 
Gs value (about −25 kJ/mol) occurs around the 
composition of Ti−10Ta−45Sn and the highest Gs 
value (about −0.5 kJ/mol) is reached at the corners 
of the ternary diagram. The four compositions 
studied in this work appear as white dots in these 
diagrams and it is observed that Gs values 
decrease from about −1 kJ/mol to about −15 kJ/mol 
for 3 and 12 at.% Sn, respectively. This result 
indicates that Sn promotes the formation of a solid 
solution. On the other hand, Fig. 7(b) shows both 
positive and negative Gam values depending on  
the alloy composition. The highest Gam values are 
close to the Ta corner with a maximum of about  
20 kJ/mol and decreases in the opposite direction. 

Figure 7(b) shows that the Gam value 
decreases as the Sn content increases. The Gam 
varies from approximately 10 to approximately  
−5 kJ/mol for 3 and 12 at.% Sn, respectively. These 
results show that the alloys with 9 and 12 at.% Sn 
have sufficient driving force to form an amorphous 
phase during milling, although this driving force is 
smaller compared with the driving force to form a 

solid solution. These thermodynamic calculations 
are in line with the HRTEM images and XRD 
patterns and suggest that the content of amorphous 
phase increases with Sn content. It is possible to 
form amorphous phases from elemental powders 
with positive heat of mixing using MA [48]. During 
milling, the solid solution and the strain energy 
increase linearly with the solute content. If the 
lattice strain increases enough, the Gibb free energy 
value could exceed a critical value. So, the system 
has sufficient energy to take phase transformation, 
from a crystalline phase to an amorphous phase, 
where the formation of an amorphous phase 
becomes more favorable than the formation of a 
crystalline phase. During MA, the powder 
experiences severe plastic deformation which 
produces a large density of crystalline defects, 
increases the grain boundary area, and also 
promotes a faster diffusion process, leading to the 
amorphous phase formation [49]. The main 
requirement for the formation of an amorphous 
phase is that large difference in atomic radius 
among the constituent elements should exist which, 
in turn, introduces large strains into the alloy [50]. 
The atomic radii of the elements are: Ti (0.200 nm), 
Ta (0.209 nm) and Sn (0.172 nm), which indicates a 
difference around of 14% between Sn with Ti and 
Ta. 
 
4 Conclusions 
 

(1) Microstructural analysis of the fcc phase in 
Ti−Ta−Sn alloys obtained by MA showed that the 
necessary conditions to promote the formation of 
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fcc phase were satisfied; crystallite size smaller 
than 10 nm and 21/2 values higher than 10−3 were 
obtained with Rietveld refinement. 

(2) The Sn amount influences the formation of 
fcc Ti-based alloy during the milling. With 6 at.% 
Sn, 100% of fcc phase was achieved, while with   
3 at.% Sn, ~23% of fcc phase was identified. 
Furthermore, the analyses on XRD patterns were 
well supported by the high resolution TEM images. 

(3) No evidence of Ti hydrides formation was 
found by TEM images and XRD patterns. 

(4) The microstructure of Ti−Ta−Sn alloys 
reveals the presence of crystalline and amorphous 
phases whose volume fraction varies as a function 
of Sn amount. 

(5) The Rietveld refinement of the XRD 
patterns reveals the presence of three crystalline 
phases, namely bcc phase, fcc phase and a YZrO 
compound (contamination from the mill vials). 

(6) Thermodynamic calculations are in 
agreement with XRD patterns analysis and HRTEM 
results. Experimental and thermodynamic data 
showed that solid solution and amorphous phases 
were formed during milling. 
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摘  要：研究 Sn 含量对 Ti−13Ta−xSn (x=3, 6, 9, 12, 摩尔分数，%)合金中 fcc 相形成的影响。合金采用机械合金

化方法制备，所用设备为行星式球磨机。通过 Rietveld 分析发现，fcc 相的晶粒尺寸小于 10 nm，微应变大于 10−3，

这两个条件是钛基合金中形成 fcc 相所必需的。对于所有的样品，fcc 相的显微组织中均含有小于 10 nm 的等轴晶。

当 Sn 含量为 6%时，钛合金中 fcc 相的含量最大，因为该合金具有最大的微应变(1.5×10−2) 和晶粒尺寸(6.5 nm)。

实验数据表明，球磨过程中形成固溶体和非晶相。用扩展 Miedema 模型对促进固溶体和非晶相形成的必要条件进

行热力学计算。结果表明，当 Sn 含量从 3%增加到 12%时，形成非晶相所需的能量从大约 10 kJ/mol 变为−5 kJ/mol

左右。热力学计算结果与 XRD 分析和 HRTEM 结果一致。 

关键词：钛基合金；相变；fcc 相；Rietveld 分析；机械合金化 
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