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Abstract: A thermodynamic analysis of the synthesis of face-centred cubic (fcc) and body-centred
cubic (bcc) solid solutions of Ti-based alloys produced by mechanical alloying was performed. Four
Ti-based alloys were analysed: (i) Ti-13Ta-3Sn (at.%), (ii) Ti-30Nb-13Ta (at.%), (iii) Ti-20Nb-30Ta
(wt. %) and (iv) Ti-33Nb-4Mn (at.%). The milled powders were characterized by X-ray diffraction,
and the crystallite size and microstrain were determined using the Rietveld and Williamson–Hall
methods. The Gibbs free energy of mixing for the formation of a solid solution of the three ternary
systems (Ti-Ta-Sn, Ti-Nb-Ta and Ti-Nb-Mn) was calculated using an extended Miedema’s model,
applying the Materials Analysis Applying Thermodynamics (MAAT) software. The values of the
activity of each component were determined by MAAT. It was found that increasing the density of
crystalline defects, such as dislocations and crystallite boundaries, changed the solubility limit in
these ternary systems. Therefore, at longer milling times, the Gibbs free energy increases, so there is a
driving force to form solid solutions from elemental powders. Finally, there is agreement between
experimental and thermodynamic data confirming the formation of solid solutions.
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1. Introduction

The main metallurgical characteristics of titanium and titanium alloys are the following: a combination
of high strength, stiffness, toughness, low density, good corrosion resistance and biocompatibility [1].
Titanium alloys are used widely in engineering applications such as aeronautical/aerospace, chemical and
medical among other high-performance applications [2]. Ti-6Al-4V alloy is the most commonly used
and accounts for almost 50% of all the alloys used in engineering applications [3–5]. Ti2AlNb alloys
have received considerable attention as new potential structural materials in advanced gas turbine jet
engines [6]. Other alloys used or evaluated extensively in aerospace, missile and space as well as other
high-performance applications include Ti-6V-2Sn-2Zr2Cr-2Mo-Si, Ti-6Al-6V-2Sn, Ti-10V-2Fe-3A1 and
Ti-13V-11Cr-3A1 [7]. The chemical industry has been interested principally in the commercially pure
CP-Ti with palladium additions (Ti-0.7%Pd) due to its high corrosion resistance, and with Ti-6Al-4V for its
high mechanical resistance [8].

Due to its biocompatibility with the human body (it is not toxic and is not rejected by the human
body), titanium is used in different medical applications including surgical implements and implants,
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such as joint replacements [9]. CP-Ti is a material widely used in medical applications; however, when
the application requires high strength, Ti-6AI-4V alloy is utilized [10]. Unfortunately, Al and V are
cytotoxic elements possibly associated with Alzheimer’s disease, neuropathy and osteomalacia [11–13].
Therefore, in recent decades, research in this area has been focused on the development of new Ti-based
alloys with non-toxic elements to the human body. In this sense, there is a second generation of
Ti-based alloys that incorporates elements such as Ta, Nb, Mo and/or Zr [14–17]. The alloys produced
using the alloying elements mentioned previously have additional advantages over Ti-6AI-4V, such as
high wear strength and a lower modulus of elasticity.

Ti exists in two allotropic forms, namely theα phase, which has a hexagonal close-packed structure
(<882 ◦C), and the β phase, which has a body-centred cubic (bcc) structure (>882 ◦C). The alloying
elements used in Ti alloys are classified into α-stabilizers (Al, O, N, C), β-isomorphs (V, Mo, Nb, Ta),
β-eutectoids (Fe, Mn, Cr, Ni, Cu, Si, Hs) and neutral elements (Zr, Sn) based on their effect on the
stability range of the α and β phases [1]. β-stabilizers are expensive and, consequently, this reduces
their competitiveness compared to the commercially used metallic biomaterials [18], although there
are alternative low-cost β-stabilizers such as Mn, Fe, Cr and Sn [19] that can be used to reduce the
production cost. The α-titanium alloys are used when high elastic modulus, good creep resistance,
weldability and excellent corrosion resistance are required and the β-titanium ones are used when
malleability, good machinability and low elastic modulus are required [20]. In addition, the alloys are
classified as α, β and α + β depending on the phases present. The mechanical properties of α + β alloys
depend greatly on the content of the β-stabilizer element and on the type of heat treatment. Moreover,
a metastable phase with a face-centred cubic (fcc) structure (called γ phase) has been reported in pure
Ti and Ti-based alloys [21–27].

Mechanical alloying (MA) is a powder processing technique that allows production of chemically
and structurally homogeneous materials starting from mixtures of elemental powders. It is a solid-state
high-energy milling process that can transform pure elements into alloys by repeated fracture and
cold welding, under continuous impact of the milling medium. Powder particles are trapped between
colliding balls during milling and plastically deformed, welded or fractured, depending on the
mechanical behaviour of the powder mixture’s components. The main advantage of this process is
that it can be used to synthesize a variety of nonequilibrium phases such as supersaturated solid
solutions, metastable intermediate phases as well as quasicrystal and nanostructured materials [28,29].
In this sense, PM is a powerful tool for the manufacture of Ti-based alloys for biomedical applications.
Dercz [30] reported the formation of α phase and β phase in a Ti-50Ta alloy milled for 72 h. The
sintered Ti-50Ta alloy showed better corrosion resistance than pure Ti [1]. García-Garrido et al. [31,32]
reported that the (β + γ)-TiNbTa alloy was manufactured by mechanical alloying (MA) synthesis,
carried out at low energy, followed by a field-assisted consolidation technique, that is, pulsed electric
current sintering (PECS). This Ti-based alloy exhibited high hardness and mechanical strength as well
as low elastic modulus. Aguilar [33] fabricated Ti-30Nb-13Ta-xMn (x: 2, 4 and 6 wt. %) alloys and
reported the formation of a β-Ti solid solution after 15 h of milling and an amorphous phase formed
after 30 h of milling. Salvo [34] reported that the amount of β-Ti phase increased with milling time and
found that Mn additions promote the formation of an amorphous phase on Ti-30Nb-13Ta-xMn (x: 2, 4
and 6 wt. %) alloys. Chicardi [35] reported the formation of an original and stable face-centred cubic
(fcc) phase (γ phase) in nanocrystalline Ti-Nb-Mn alloys at short milling time (20 h).

To obtain experimental thermodynamic data for multicomponent systems in solid state is very
complex due to the difficulty of carrying out experiments. In addition, analytical methods are difficult
to implement for multicomponent systems because the mathematics formulism is very complex.
This problem can be addressed using theoretical calculations. A general approach to obtaining
thermodynamic data of ternary or quaternary systems is by extrapolating constitutive binary data
via geometrical models [36]. The Calculation of Phase Diagrams (CALPHAD) [9] method has been
widely used to estimate phase stability based on the optimization and extrapolation of experimental
phase equilibrium data. When experimental data is not available, the Miedema and Bakker [37–39]
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models can be used to determine thermodynamic properties. These models can estimate the enthalpy
of formation of intermetallic compounds and amorphous phases, and the enthalpy of mixing of solid
solutions [11]. Another field where the calculations of thermodynamic properties can be very useful is
the design of multicomponent or high entropy alloys. These alloys have attracted extensive attention
from the scientific community because they exhibit promising properties such as high strength and
ductility, high fracture toughness, fatigue resistance, creep resistance and corrosion resistance [40,41].
Using our Materials Analysis Applying Thermodynamics (MAAT) software (version 1.0), the enthalpy
of mixing of several systems can be easily obtained.

The main goal of this work was to study the thermodynamic effect of the reduction of crystallite
size and the increase of strain due to the presence of crystalline defects on the formation of β- or γ-type
solid solutions of Ti-based alloys obtained by high energy mill. Experimental data of three ternary
systems (Ti-Ta-Sn, Ti-Nb-Ta and Ti-Nb-Mn) were compared with theoretical information computed
from thermodynamic models. Thermodynamic calculations were made with the free MAAT software
located at www.rpm.usm.cl. The experimental data for the Ti-Ta-Sn and Ti-Nb-Mn systems were
obtained by our group, whereas those for the Ti-Nb-Mn system were obtained from the literature.

2. Thermodynamic Model

2.1. Gibbs Free Energy of Mixing, ∆Gm

The Gibbs free energy of mixing of random solid solutions A and B can be obtained by Equation (1),
where ∆Hm and ∆Sm are the enthalpy and entropy of mixing, respectively, and T is the absolute
temperature of solid solution formation. If only configurational entropy is considered, the entropy of
mixing can be computed using Equation (2), where R is the universal gas constant and xi is the molar
fraction of i-species. On the other hand, the enthalpy of mixing can be obtained using Miedema’s
model [10].

∆Gm= ∆Hm
− T∆Sm (1)

∆Sm= R
n∑

i=1

xilnxi (2)

2.2. Miedema’s Model Theory

Miedema´s model is a powerful tool to estimate the enthalpy of mixing. This model initially
was made for binary alloys but some work has been carried out to extend the model to ternary
systems [36,42,43]. The enthalpy of a concentrate random solid solution (where one component is
randomly dissolved in the crystal structure of the other component) can be calculated considering three
terms (Equation (3)), where ∆Hm

chem is the chemical contribution of creation and breaking of atomic
bonds, ∆Hm

elast is the elastic contribution (elastic mismatch energy) in solid solutions and ∆Hm
struct is

the contribution of lattice stability energy due to the differences in valence electrons and the crystal
structure of solute and solvent atoms.

∆Hm = ∆Hm
chem + ∆Hm

elast + ∆Hm
struct (3)

The ∆Hm
chem term for each binary system can be determined using Equation (4), where xA and

xB are the molar fraction of elements A and B, respectively; VA and VB are the molar volumes of
elements A and B, respectively; φ* is the work function of the constituent elements; nws is the electron
density; P, Q and R’ are constants related to the constituent elements; and f(CS) = CA

SCB
S, where

CA
S and CB

S are determined by Equation (5). Differences between the enthalpy of mixing obtained
from Miedema’s model and experimental data have been reported. In order to overcome this, Wang
et al. [44] proposed a correction factor, S(x), which takes into account the atomic size of solvent and
solute atoms (Equation (6)), where C is an empirical parameter that describes the effect of atomic size

www.rpm.usm.cl
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differences in a semi-quantitative manner. C is considered equal to 0.5 and 2.0 for the liquid alloy and
ordered compound, respectively. For a disordered solid solution, C is considered equal to 1.

∆Hchemical= 2P f
(
CS

)
S(x)

(
xAV2/3

A +xBV2/3
B

)
(
nA

ws

)−1/3
+

(
nB

ws

)−1/3
x
[
−(∆φ∗)2 +

Q
P

(
∆n1/3

ws

)2
−

R′

P

]
(4)

CS
A =

xAV2/3
A

xAV2/3
A +xBV2/3

B

CS
B =

xBV2/3
B

xAV2/3
A +xBV2/3

B

(5)

S(x)= 1−C
xAxB|VA−VB|

x2
A

VA+x2
B
VB

(6)

The ∆Helastic can be calculated by the expression proposed by Bakker et al. [45], Equation (7),
where ∆EA in B is the elastic energy mismatch caused by element A dissolved in element B and, ∆EB in A

is the elastic energy mismatch caused by element B dissolved in element A. ∆Ei in j values can be
calculated using Equation (8), where K and G are the bulk and shear modulus, respectively.

∆Helastic= xAxB(xA∆EA in B+xB∆EB in A) (7)

∆EA in B =
2KAGB(VB −VA)

2

3KAVB+4GBVA
∆EB in A =

2KBGA(VA −VB)
2

3KBVA+4GAVB
(8)

The structural enthalpy (∆Hm
struct) is a very small value that can be neglected in the estimation of

enthalpy of mixing.
The enthalpy of amorphization (∆Hm

am) can be calculated by Equation (9), where ∆Hm
chem, am is the

chemical contribution and ∆Htopo
am is the topological enthalpy. In the amorphous alloys, the chemical

and structural contributions to the enthalpy of mixing are not present because there is no crystal
structure. The topological enthalpy considers the difference between the crystalline and amorphous
states. Therefore, ∆Htopo

am = 3.5 (xATA
m + xBTB

m) [37], where Tm is the melting temperature of elements
A and B.

∆Hm
am = ∆Hm

chem, am + ∆Htopo
am (9)

2.3. Extended Miedema’s Model for Ternary Alloys

A general approach to obtain thermodynamic information of ternary systems is the extrapolation of
constitutive binary systems. The extrapolation of ternary systems has given reasonable results [33,46,47].
The extension of Miedema’s model to ternary systems can be determined based on two kind of
models—symmetrical and asymmetrical [48]. The asymmetrical models consider the effect of a
third element and avoid the large deviation of calculated values from experiment when constituent
elements have different physical properties. In this work, Toop’s model [49] was used because it is an
asymmetrical model and for its mathematical simplicity. Equation (10) shows the Toop’s model where
Γ represents a thermodynamic property and ∆Γm

A-B, ∆Γm
B-C, and ∆Γm

C-A are the thermodynamic
properties of mixing of three binary systems.

∆Γm =
(

xB
xA+xB

)
∆Γm

A−B(xA, 1− xA) +
( xC

xA+xC

)
∆Γm

A−C(xA, 1− xA)

+(xB+xC)
2∆Γm

B−C

(
xB

xB+xC
, xC

xB+xC

) (10)

2.4. Calculation of Activity

The activity of i-species (ai) can be obtained using the method of tangential intercepts when the
Gibbs free energy of mixing values are known. The method of tangential intercepts can be used to
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obtain the partial molar Gibbs free values of solutions according to Equation (11), and activity values
are obtained from ∆G

m
i using Equation (12), where ∆G

m
i is the partial Gibbs free energy of mixing.

∆G
m
i = ∆Gm + x1−i

d∆Gm

dxi
(11)

ai = exp

∆G
m
i

RT

 (12)

2.5. Estimation of Storage Energy Produced by Crystalline Defects

Crystalline defects such as dislocation, vacancies, grain boundaries, stacking faults and twins are
produced during milling. The Gibbs free energy increases when crystalline defects increase. The biggest
contributions to Gibbs free energy come from grain boundaries and dislocations. The contribution of
grain boundaries is an order of magnitude greater than dislocations and its contribution can be estimated
by applying Equation (13) [50], where γ is the grain boundary energy, A/V is the surface/volume ratio
and Vi is the molar volume. A spherical crystallite (or grain) morphology was assumed. On the
other hand, the contribution of dislocations can be estimated using Equation (14), where ξ is the
dislocation elastic energy per unit length of dislocation lines and ρ is the dislocation density. ξ can be
calculated applying Equation (15), where G is the shear modulus, b is the Burger vector, Re is the outer
cut-off radius of dislocations and r0 is the inner cut-off radius. A value of 100% of edge dislocations
was assumed.

∆Ggb= γ

(A
V

)
Vi (13)

∆Gd= ξ ρ Vi (14)

ξ =

(
Gb2

4π

)
ln

(
Re
r0

)
(15)

An approximation of the total Gibbs free energy stored (∆GT) during milling can be estimated
adding Equations (13) and (14), resulting in Equation (16). The condition necessary for the solid
solution to be formed is when ∆GT > ∆Gm.

∆GT= ∆Gd+∆Ggb (16)

3. Materials and Methods

3.1. Ti-Ta-Sn System

A Ti-13Ta-3Sn alloy (at.%) was obtained by mechanical alloying using Ti powders of grade IV
(<149 µm), Ta powders (99.9% purity, −325 mesh) and Sn powders (99.8% purity, <100 mesh). The alloy
was milled using a planetary mill (Retch PM400, Haan, Germany) at 250 rpm and using the following
conditions: (i) jar/balls of Yttrium stabilized ZrO2 (YSZ, volume of the jar was 250 mL), (ii) agate balls
of two diameters, 10 and 5 mm, with a constant ball-to-powder ratio of 10:1, (iii) the jars were filled
with ultra-pure argon gas, (iv) 2 wt. % of stearic acid was used as a process control agent (PCA) to
prevent cold welding and (v) the powders were milled for different periods ranging from 5 to 100 h and
for each specific milling time, powder mixtures were collected in a dry box under Ar atmosphere and
dispersed in hexane to prevent oxidation during handling. X-ray powder diffraction (XRD) patterns of
the samples were obtained using an STOE STADI MP multipurpose powder diffractometer (Baden,
Germany) equipped with a DECTRIS MYTHEN 1 K (DECTRIS, Switzerland) detector using Cu Kαl
radiation. 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 from 20 to 120◦. The microstructural information
was obtained by doing Rietveld refinement using the Materials Analysis Using Diffraction (MAUD)
software, version 2.94 (http://maud.radiographema.eu/).

http://maud.radiographema.eu/
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3.2. Ti-Nb-Ta System

Experimental data and calculated values of crystallite size and microstrain were collected from
the literature for (i) Ti-30Nb-13Ta (at.%) alloy [32] and (ii) Ti-20Nb-30Ta (wt. %) alloy [51], respectively.

3.3. Ti-Nb-Mn System

A Ti-33Nb-4Mn alloy (at.%) was obtained by mechanical alloying using Ti powder (99.6% purity,
< 325 mesh, Noah Technologies, San Antonio, TX, USA), Nb powder (99.9% purity, < 325 mesh, Noah
Technologies) and Mn powder (99.9% purity, < 325 mesh, Noah Technologies). The alloys were milled
using a Retsch PM400 planetary mill at 300 rpm with the following conditions: (i) jar/balls of tempered
steel (volume of the jar was 300 mL), (ii) steel balls of a diameter of 8 mm with a constant ball-to-powder
ratio of 10:1, (iii) the jar was filled with ultra-pure argon gas, (iv) 3 wt. % of hexane (99% purity, Noah
Technologies) was added to the powder mixture as a process control agent and (v) the powders were
milled for different periods ranging from 1 to 120 h and for each specific milling time, powder mixtures
were collected and dispersed in hexane to prevent oxidation during handling in argon atmosphere.
The XRD patterns were collected using a PANalytical X’Pert Pro (Malvern, UK) with a Cu Kα1 radiation
source, a secondary Kβ filter and an X’Celerator detector (Malvern, UK). The XRD patterns were
measured in θ/θ mode scanning from 2θ between 20◦ and 150◦ in the step-scan mode with 0.02◦ steps
and a counting time of 275 s/step. The microstructural characterization was obtained by doing Rietveld
refinement using the FullProf program, version v2.5.13 (https://www.ill.eu/sites/fullprof/). This alloy
was developed by our group and more information can be found in [35].

4. Results and Discussion

In this section, the thermodynamic analysis for the formation of two types of solid solutions,
namely γ-type and β-type, in Ti-based alloys is presented. During mechanical alloying, the crystalline
defect density (dislocation, vacancy, stacking fault and twins) in metallic powders increases due to the
severe plastic deformation. In some systems, these defects increase the internal energy, making the
formation of one of the solid solutions energetically favourable, as indicated by the MAAT software.

4.1. Ti-Ta-Sn System

Figure 1 shows the evolution of XRD patterns as a function of milling time. At 5 h, the XRD
patterns exhibited the following characteristics: peak broadening, peak shift and disappearance of
peaks of solute due to the severe plastic deformation induced during mechanical alloying [33]. For the
discussion, it should be considered that α-Ti, β-Ti and γ-Ti are Ti-based solid solutions with different
crystal structures. The crystal structure and space groups of α-Ti, β-Ti and γ-Ti, Ta and Sn are hcp
(P63/mmc), bcc (Im3m), fcc (Fm3m), bcc (Im3m) and tetragonal (I41/amd), respectively. At 5 h, α-Ti
and β-Ti phases were observed; however, Ta and Sn were not observed because they entered into a
solid-solution phase [52]. At 15 h, there are four phases: α-Ti, β-Ti and γ-Ti as well as Y2O3ZrO2 (YZrO).
The strongest X-ray reflections of α-Ti, β-Ti and γ-Ti in the angular range 35–45 (2θ◦) overlapped each
other but were observed in High Resolution Transmission Electron Microscopy (HRTEM) images.
The presence of the YZrO compound indicates that contamination occurred during the milling stage,
coming from the jar and balls used during milling. At 50 and 100 h, the alloy exhibits mostly the
presence of the β-Ti (~76 wt. %) and, in a smaller quantity, α-Ti (<2 wt.%) and γ-Ti (~22 wt.%) phases
(the presence of YZrO is not considered). For this reason and for the sake of the thermodynamic
analysis, only the formation of the β phase (solid solution) is analysed here. Table 1 gives the crystallite
size and microstrain values as a function of milling time of the β-Ti phase. The characterization
of microstructural parameters for α-Ti, β-Ti and γ-Ti phases was done by Rietveld refinement of
the XRD patterns. The profile fitting was performed by considering the following: pseudo-Voight
function, isotropic size-strain model, Delf line broadening model, without planar defects and arbitrary
texture. The Rietveld refinement was carried out using the MAUD software [53,54]. The quality of

https://www.ill.eu/sites/fullprof/
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refinements is given by Rwp and goodness of fit (GofF) indicators. The values obtained were as
follows: 6.38–2.33%, 6.78–2.33%, 3.79–1.49% and 4.68–1.88% for 5, 15, 50 and 100 h, respectively. These
values are considered good because they are within acceptable ranges, namely 1 < GofF < 2 and
Rwp < 10% [55]. The calculated crystallite sizes are within nanometric range with values smaller
than 30 nm. Crystallize size decreases as milling time increases because the alloy became harder and
stronger due to the effect of three strength mechanisms—(i) severe plastic deformation, (ii) diminution
of crystallite size and (iii) formation of solid solution. Therefore, the solid solution increases its
fragmentation tendency [56]. The microstrain increases until typical values of alloys undergo severe
plastic deformation, and if milling continues the nanocrystalline grain reaches a saturation value of
microstrain. When this saturation value is reached, it is very difficult to produce more dislocations
and, as a consequence, some of these dislocations rearrange themselves and others are eliminated. For
this reason, the microstrain decreases [57].
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Table 1. Microstructural parameter as a function of milling time for Ti-13Ta-3Sn (at.%).

β-Ti Solid Solution

Milling Time, h D, nm <ε2>1/2
× 10−3

5 20.14 2.96
15 7.35 0.46
50 4.08 0.83

100 9.49 1.77

Figure 2a shows the Gibbs free energy of mixing (∆Gm) and Figure 2b shows the ideal Gibbs free
of mixing (∆GM,id) to form solid solutions in the Ti-Ta-Sn ternary system at any given composition.
The ∆Gm values are negative and smaller than ∆GM,id values in the whole composition range, suggesting
that there is a driving force to form a solid solution from elemental Ti, Ta and Sn powders. The largest
values are in the Ta-rich zone (Ta corner) with ∆Gm values close to −0.5 kJ mol−1. The smallest ∆Gm

values are close to the Ti-Sn system, with values around −22 kJ mol−1. Figure 3 shows the activities of
Ti, Ta and Sn in the β-Ti solid solution in the whole composition range. The Ti activity (aTi) is smaller
than 0.1 in almost the entire composition range; however, it slightly increases close to the Ti-Ta binary
system. This shows that Ti has chemical affinity with Ta and Sn in almost the entire composition range.
The Ta activity (aTa) is close to 1 in the Ti-rich corner and decreases towards the Ta-Sn binary system.
The Sn activity (aSn) is smaller than 0.05 in almost the entire composition range and increases close
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to the Sn-rich corner. In the composition (Ti-13Ta-3Sn), the aTi, aTa and aSn exhibit values of ~0.5, 1.0
and ~0.01, respectively. The ∆Gm values are smaller than ∆Gm,id values, as seen in Figure 2b in the
whole composition range. Therefore, the obtained ∆Gm, aTi, aTa and aSn values suggest that there
is a small driving force to form a solid solution from elemental Ti, Nb and Mn powders. Thus, the
external energy transferred towards powders by the milling acts as an activation energy to promote
the formation of a solid solution.
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The evolution of the total storage energy (GT) values as a function of milling time is given in
Figure 4. All GT values increase from ~2 to 11 kJ mol−1 at 50 h and decrease to ~5 kJ mol−1 at 100 h.
The ∆Gm value to form a solid solution for the composition of Ti-13Ta-3Sn (at.%) is ~−6 kJ mol−1,
as seen in Figure 2. At all milling times, the required condition to form a solid solution is met, i.e.,
GT > ∆Gm.
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Figure 4. Evolution of Gibbs free energy as a function of milling time for the Ti-13Ta-3Sn alloy.

4.2. Ti-Nb-Ta System

Figure 5a shows the XRD pattern of the Ti-30Nb-13Ta alloy milled for 60 h. Two phases are
observed, namely β-Ti and γ-Ti. Ti, Ta and Nb reflections were not observed in the XRD pattern;
therefore, these elements entered into two solid solutions, namely β-Ti and γ-Ti. The reflections exhibit
large broadening that is due to the presence of crystalline defects such as dislocations and crystallite
boundaries [52,56]. Rietveld analysis was carried out using FullProf software [58]. The authors did not
report much information about the models used, such as profile function, model for crystallite size and
microstrain (isotropic or anisotropic), texture, stacking fault, etc. The reflection broadening suggests that
the Ti-30Nb-13Ta alloy has a very small crystallite sizes in both phases, in the nanocrystalline range as
indicated in Table 2 (the authors reported no microstrain values).

1 
 

 

Figure 5. XRD patterns of (a) the Ti-30Nb-13Ta [32] alloy milled at 60 h and (b) the Ti-20Nb-30Ta alloy
milled at different milling times adapted from [51].
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Table 2. Microstructural parameters as a function of milling time for the Ti-30Nb-13Ta alloy [32] and
the Ti-20Nb-30Ta alloy adapted from [51].

Ti-30Nb-13Ta

β-phase

Milling time, h D, nm <ε2>1/2
× 10−3

60 7.0 N.I.

Ti-20Nb-30Ta

β−phase

Milling time, h D, nm <ε2>1/2
× 10−3

5 91 0.11
20 48 0.23
30 27 0.28
70 8 0.64

Figure 5b shows the presence of phases of the Ti-20Nb-30Ta alloy milled at 5, 20, 30 and 70 h [51].
At 5 h, two phases were observed, namely α-Ti and β-Ti. When milling time increases, the presence of
α-Ti decreases and is not observed at times higher than 30 h, and the β-Ti increases until 100% at 70 h.
At higher milling times, the reflections exhibit shifting and broadening due to severe plastic deformation
produced during milling. There are no Ti, Nb and Ta reflections, suggesting that they entered into
a solid solution [29]. The authors used the Williamson–Hall method to obtain crystallite size and
microstrain results [59], and the obtained values are summarized in Table 3. The microstrain values
were reported as %; therefore, to compare the values obtained in other works, they were converted
to <ε2>1/2 using the expression described in Equation (17) [60], where e is the micro deformation
obtained from the Williamson–Hall method. Finally, only the formation of the β-Ti phase in both alloys
was analysed.

< ε2 >1/2=
( 2
π

)1/2( e
100%

)
(17)

Table 3. Microstructural parameters as a function of milling time for the Ti-33Nb-4Mn alloy [35].

Ti-33Nb-4Mn

γ Phase

Milling Time, h D, nm <ε2>1/2
× 10−3

1 54 4.55

10 30 11.15

20 6.6 6.64

40 6.3 2.38

60 5.9 0.41

80 5.7 0.23

100 5.4 0.85

120 4.8 2.13

Figure 6 shows the calculated Gibbs free energy of mixing required to form a solid solution for
the Ti-Nb-Ta system at 298 K. The ∆Gm values are slightly negative in almost the entire composition
range and they are higher than ∆GM,id, as is presented in Figure 2b. There are slightly positive values
close to the Ti-Nb binary system in the equimolar composition (~1 kJ mol−1), and the most negative
values are close to the Nb-Ta binary system in the equimolar composition (~-2 kJ mol−1). These results
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show that the chemical affinity between Nb and Ta is greater than Ti-Nb and Ti-Ta. Comparing the
∆Gm and ∆Gm,id values for both analysed compositions, it is suggested that there is no driving force to
form a solid solution from elemental Ti, Nb and Ta powders. Figure 7 presents the changes in activities
of Ti, Nb and Ta in the whole composition range. Activity values equal to 1 mean that the elements
are in their standard reference state (the element is in a pure state). The Ti activity (aTi) is close to 1
in almost the entire composition range, which shows that there is no tendency of Ti to form a solid
solution with Nb and Ta, it is only smaller than 1 close to the Ta-Nb binary system when xTi < 0.2.
The Nb activity (aNb) shows values close to 1 around the composition of Ti-20Nb-10Ta and smaller
values close to the Ti-Ta binary system. Finally, the Ta activity (aTa) exhibits smaller values close to the
Ti-Nb binary system, indicating its chemical affinity to form a solid solution in this zone. For both
analysed compositions, the Ti, Nb and Ta activities are higher than their respective molar fraction
(xi), indicating no tendency to form a solid solution between them. To form a solid solution, external
energy is required.
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The evolution of the total storage Gibbs free energy (GT) as a function of milling time for both
alloys is given in Figure 8. All GT values increase from ~0.5 to ~5.7 kJ mol−1 at 70 h for Ti-20Nb-30Ta.
At 60 h, the Ti-30Nb-13Ta alloy exhibits a GT value of ~5.0 kJ mol-1. In this case, a microstrain value
of <ε2>1/2 = 1 × 10−2 was assumed when doing the calculations because this particular value was
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not reported by [32]. The ∆Gm values to form a solid solution for both alloys, Ti-30Nb-13Ta and
Ti-20Nb-30Ta, are ~−0.5 and ~−1.0 kJ mol−1, respectively, as can be seen in Figure 6. In both cases,
the GT values are greater than ∆Gm values for all milling times, which shows that the milling process
transferred sufficient external energy to form a solid solution. The required condition to form a solid
solution is achieved (GT > ∆Gm) in both alloys.
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4.3. Ti-Nb-Mn System

Figure 9 shows the XRD pattern for the Ti-33Nb-4Mn alloy for milling times between 1 and 120 h.
At 1 h, reflections of the elemental powders Ti, Nb and Mn can be observed. At 20 h, three phases
are observed, namely γ-Ti, β-Ti and Fe with body-centred cubic structure (space group Im3m). Fe
is a contamination that came from the jar and milling media during the milling process. From 20
to 120 h, the phases present are γ-Ti and elemental Fe. This suggests that the γ-Ti is stable. When
milling time increases, the reflections widen, shift and decrease their intensity due to severe plastic
deformation produced during milling. Table 3 presents the crystallite size and microstrain determined
by Rietveld refinement using the FullProf Suite software [58]. The models and parameters used
were as follows: silicon powder (Standard Reference Material 640e, NIST) was used as standard; the
background, lattice parameters, scale, shape of peaks (using a Thompson–Cox–Hastings pseudo-Voigt
axial divergence asymmetry equation), atom positions, strain/size and zero displacements were the
main refined parameters. The Rwp and GofF values of all refinements were less than 10% for the first
and ~2 for the second, which confirms the quality of fitting. At 1 h, the γ-Ti phase did not form, but it
began appearing from 10 h onward. The crystallite size decreased from 16.5 nm (at 10 h) to 4.8 nm
(at 120 h) and the microstrain decreased from 11.1 × 10−3 (at 10 h) to 0.23 × 10−3 (at 80 h) and, then,
increased to 2.13 × 10−3 (at 120 h). The crystallite sizes are within of nanocrystalline range and the
microstrain values are characteristic of metals subjected to severe plastic deformation. Finally, the
formation of the γ-Ti was analysed because it appeared in major quantity. Common characteristics to
synthesize the γ phase are high deformation and nanocrystalline grain size [61].
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Figure 10 shows the Gibbs free energy of mixing values diagram to form a solid solution for the
Ti-Nb-Ta system at 298 K. The ∆Gm values are negative in the zone close to the Ti-Mn binary system
and positive close to the Nb-rich corner. The more negative values are close to Mn-25%Ti, around
−3.3 kJ mol−1 and the more positive values are ~3.3 kJ mol−1 in the composition of around Nb-30%Mn.
The chemical affinity between Ti and Mn is greater than Ti-Nb and Nb-Mn. The ∆Gm values are higher
than ∆Gm,id values in almost the entire composition range. There is a driving force to form a solid
solution only in the zone close to the composition of Mn-25Ti-10Nb (at.%), because Gm < ∆Gm,id. In the
composition of Ti-33Nb-4Mn (at.%), there is no driving force to form a solid solution. Figure 11 shows
the activities of Ti, Nb and Mn in the solid solution in the whole composition range. The Ti activity
(aTi) decreases towards the Nb-Mn binary system with values smaller than 0.1 for the composition
when xTi < 0.2. For the composition of Ti-33Nb-4Mn, the aTi is ~0.7. The Nb activity (aNb) is equal
to 1 in almost all the composition range but close to the Ti-Mn binary system it decreases to values
smaller than 0.2 when xNb < 0.05. In the composition of the alloy, its value is aNb = 1. The Mn activity
(aMn) is 1 in the Nb-rich and Mn-rich corners and decreases close to the Ti-rich corner to values smaller
than 0.1. Additionally, aNb is ~0.5 in the composition of the studied alloy. Finally, the aTi, aNb and aMn

values are higher than their respective molar fractions, showing that there is a driving force to form a
solid solution from elemental powders, so external energy is required to promote the formation of a
solid solution.

The evolution of total storage Gibbs free energy (GT) as a function of milling time for the
Ti-33Nb-4Mn alloys is given in Figure 12. The ∆Gm value required to form a solid solution for a
composition of Ti-33Nb-4Mn is ~1.0 kJ mol−1. The GT values increase from ~0.8 to ~8.4 kJ mol−1 for 1
and 120 h of milling, respectively. At 1 h, the GT < ∆Gm and the solid solution is not formed, which is
in agreement with the analysed XRD pattern seen in Figure 9. For milling times higher than 10 h, the
solid solution γ-Ti phase is formed, which is in agreement with the condition GT > ∆Gm.
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Considering the results of the three analysed cases, thermodynamic properties such as Gibbs
free energy of mixing, enthalpy and entropy of mixing and activities can be easily obtained using
the MAAT software. Therefore, this software is a good tool for designing binary and ternary alloys.
For multi-component or high entropy alloys, the data obtained from the MAAT software can be used
to extrapolate thermodynamic properties and explore their metallurgical design. In particular for high
entropy alloys, one parameter is required for their design, namely the enthalpy of mixing, which is
calculated with Equation (17), where Ωij = 4∆Hij, ∆Hij is the enthalpy of mixing for the equiatomic
alloy of ith and jth elements based on Miedema’s model.

∆Hmix =
n∑

i=1,i, j

Ωi jcic j (18)

5. Conclusions

There is agreement between XRD patterns and thermodynamic data related to the formation
of solid solutions in the three ternary systems, Ti-Ta-Sn, Ti-Ta-Nb and Ti-Nb-Mn, studied here.
The maximum stored Gibbs free energies for the three systems were ~11 kJ mol−1 at 60 h, ~6 kJ mol−1

at 70 h and ~8 kJ mol−1 at 120 h, respectively.
Mechanical alloying is a technique that can be used to increase the stored Gibbs free energy above

the Gibbs free energy of mixing to form a solid solution. The energy increases due to the increase
of crystalline defects, mainly dislocations and crystallite boundaries. The Gibbs free energy curves
moved upwards, hence the solubility limit changed.

The contribution of the surface energy due to a decrease in the crystallite size is larger than
the elastic strain energy due to the presence of dislocations on the Gibbs free energy and solid
solubility change.

The MAAT software based on the Miedema and Bakker models gives thermodynamic results
comparable with experimental data for the formation of a solid solution in Ti-based alloys. Considering
that experimental thermodynamic measurements for ternary or quaternary systems exhibit high
complexity due to the multi-component characteristic of those systems, the theoretical calculations are
excellent tools for estimating thermodynamic properties.
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