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ABSTRACT

KEYWORDS

Understanding the phase formation mechanisms in self-propagating high-temperature synthesis
from the thermodynamical aspect of view is important. In this study, the phase formation of the
ternary system of nickel-titanium-silicon was studied by using the HSC software V6.0, and

Thermodynamic
Adiabatic temperature
Self-propagating high-temperature

phase formation is predicted by calculating the adiabatic temperature of exothermic reaction synthesis

between reagents. Then, by using X-ray diffractometer analysis, the results of the simulation
were evaluated by experimental achievements. Results showed a good correlation between

Phase formation

OPEN/~ ACCESS

thermodynamical calculation and prediction with experimental. It could be concluded that the

equilibrium mechanism is the dominant mechanism in phase formation in the SHS synthesis

method. NiTiSi solid solution phase is obtained from the reaction between TisSi; and Ni,Si and

Ni.
© 2021 The Authors. Published by Synsint Research Group.

1. Introduction

Improvement of the engineering materials is the essential issue to help
researchers, scientists, and engineers to fulfill the needs of human
beings [1]. For approaching this aim, materials engineering has two
important tasks. One is to improve the required properties of the
selected materials and the second is to the synthesis of newly
developed materials. To meet these tasks, synthesizing different
composites and nanocomposites attracts much attention among
materials and manufacturing engineering. Different types of
composites including metal-based, ceramic-based, and polymer-based
are introduced. Different synthesizing methods have been used to

* Corresponding author. E-mail address: haghajani@jiust.ac.ir (H. Aghajani)

obtain specific composites like friction stir processing [2], casting [3],
hot isostatic pressing [4], powder metallurgy [5], spark plasma
sintering [6], In situ synthesis, 3D printing [7] and self-propagating
high-temperature synthesis (SHS) methods [8].

Among these methods, self-propagating high-temperature synthesis
(SHS) is a method based on the initiation of exothermic reaction
between initial ingredients as a powder in an adiabatic container [9].
This adiabatic container helps to keep the produced heat from a
chemical reaction and causes the required energy to continue the
reaction and achieving the final considered composition [10, 11].
Besides, due to the simplicity and lower costs, and lower time in this

method, it attracts much attention and diverse studies had been
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conducted on copper-based nanocomposites [12—14], titanium-based
composites [15], aluminum-based composites [16] and even
synthesizing of high entropy alloys [17, 18]. Also, this method had a
high potential to use in the mass production of considered composites.
This route is based on exothermic reactions and, by occurring the self-
sustained reaction between the elemental powders; well-desired
products could be obtained. Due to this reason, a high amount of
exothermic heat of the reactions between initial powders, the behavior
of prepared powders during the SHS process completely depends on
the thermodynamically and kinetic condition of the experiments. The
ratio of the mixed samples, the value of their Gibbs energy of the
probable reactions, particle-sized of the initial powders, etc. influence
the properties of the obtained composite and its phase formation. As it
is mentioned before, the self-propagating reaction is occurred in an
adiabatic container that is filled with inert gas like argon. The green
sample is placed on the sample holder and initiating reaction is
triggered by using electric power which is supplied by the transformer
to overcome the activation energy. In Table 1, a list of the newly
developed composites by the SHS method is listed. It is shown that
different compositions were studied and phase formation of the
produced nanocomposites has been investigated experimentally.

Table 1. Newly developed composites by SHS method.

Obtained phases in the final products in this method, play an important
role in determining the desired properties. The aim is to achieve a solid
solution but the ratio of raw materials is a critical parameter. Therefore,
prediction of phase formation of nanocomposites synthesized by the
SHS method could be possible by determining the phase formation
mechanisms [32]. SHS synthesis consists of two stages of combustion
and structure formation. There are two different mechanisms including
equilibrium and nonequilibrium. Different studies have been done
before on the possibility of the synthesizing of different composites the
SHS method [31, 33] by there is a rare study to investigate the phase
formation in this method. Therefore, and in this investigation, the
ternary system of Ni-Ti-Si was considered and phase formation of this
system was studied from the thermodynamic aspect of view and
calculation of Gibbs free energy values by using HSC software V6.0.
The results are compared by experimental phase formation of Ni-Ti-Si
nanocomposites synthesized by the SHS route.

No. Composite poUv::;(:rs Feature studied  Reference
1 Cu-TiO, CuO, Ti Phase formation [12,13]
2 Cu-Ti-B Cu, Ti, B Corrosion behavior [14]
3 Al-Ti-B Al Ti, B Phase formation [19]

High entropy . .
e Corrosion behavior
4 alloy of Ni, Ti, Si K [20]
phase formation

2. Experimental

High purity of nickel, titanium and silicon micro powders were used
and Ni-Ti-Si nanocomposites were synthesized by SHS route based on
our previous work [20]. Briefly, initial powders nickel, titanium, and
silicon were mixed mechanically at the 1:1:1 ratio at 300 rpm for
72 hours at an argon atmosphere. Also, PVA was added to the mixed
powders and cold pressed at 30 MPa in dimensions of 30 mm in
diameter and 20 mm in height. The green compact was placed at the
SHS chamber and the container was filled by argon atmosphere. The
SHS process was initiated by tungsten electrode and reaction was taken
place in whole sample. The schematic of the synthesizing is presented
in Fig. 1. It is worth mentioning that three samples were synthesized to
show the repeatability of the achievements. For the detection of the
formation of phases, X-ray diffractometry (XRD) was used which was
equipped with a Cu Ka X-ray lamp with a wavelength of 1.54 °A. To
detect the all-possible phases scan rate was reduced to 1 degree/min
and the scan step was reduced to 0.01 degree/min. Microstructure
analysis was carried out by using field emission scanning electron
microscopy (FE-SEM-VEGA TESCAN). Also, to study the
homogeneity and uniformity of phase formations in the whole sample,
two distinct areas (upper and bottom) were analyzed by FE-SEM.

NiTiSi
5 Al-TiO,- Al, TiO,, W ist [21]
ear resistance
B203 B203
Ni(NiO;)s, . .
6 Ni/NiO Til(]-[j O;;h Optical properties [22]
Al-Fe,05- Al, Fe,0;, .
7 b b Microhardness [23]
Cr,04 Cr,04
Al-Fe,05/Al-
8 1,0 Al Fe:05, Phase formati [24]
I ase formation
2 €03, S0,
coating
9 TiB,/Al-Zn- Al, Ti, Phase f " [25]
ase formation
Mg-Cu-Zr H;BO;, TiO2
Zr0,, Al, .
10 Al,03-Z1B, Phase formation [26]
B203
ALO;-TiB,- .
. Al, TiO,, .
11 TiC/Al Phase formation [27]
. B4C
coating
12 TiB-Ti Ti, B Electrical properties [28]
Phase formation &
13 NbsSis Nb, Si mechanical [29]
properties
NiAl-TiC- Ni, Al, Ti, Thermal &
14 . . . [30]
TiB, B,C corrosion properties
15 Al-TiB, Ti, Al, B,Os Phase formation [31]

3. Results and discussion

3.1. Calculation of adiabatic temperature

In the case of the SHS process, thermodynamics is used to calculate the
adiabatic temperature of the reactions (T,) and equilibrium possible
products. As mentioned before, the SHS method is based on
exothermic reactions as shown in Eq. 1.

A+B=C+Q 0
The standard enthalpy of formation of components in the reaction
should be determined, like AH® (A), AH® (B), and AH® (C), where is
zero for elements. As shown the Q produced within the reaction, in an
adiabatic container, which could be calculated by the difference of the
standard enthalpy of the components. Under the adiabatic condition,
the produced heat is used to increase the temperature of products to
adiabatic temperature which could be calculated through Eq. 2:

Tad

Q=| oMt )

To
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where ¢(T) is specific heat of the products and it is the function of
temperature as Eq. 3:

¢(T)=A+BT+CT? (3)

With combining Eq. 1 and 2, adiabatic temperature could be calculated
through Eq. 4:

gTjdJrETjd+ATad—{Q+£T5+ET§+ATO}=0 @)
3 2 3 2

where Ty could be assumed equal to room temperature, 298 K. Usually
the produced heat, Q, is too much which increases the temperature
remarkably where it passes phase transitions temperature. In this case,
Eq. 1 should be rewritten as below regarding latent enthalpy of
transition and the mole fraction of the phase obtained in the product:

u . Tad
Q- Z]:(AH},h ~XppAH ) = '[ . o(T)dt )

This increase in temperature could lead to the combustion wave and
complete the synthesizing process. To predict the final products and
due to their complexity, the calculation must be done by special
software like HSC V6.0 software, Thermo-Calc. or any other
thermodynamical software.

3.2. Phase prediction by HSC software V6.0

Regarding the initial ingredients of the synthesized nanocomposites
including titanium, nickel, and silicon, the ternary phase diagram of Ni-
Ti-Si and binary phases of Ni-Ti, Ni-Si and Ti-Si must be studied to
predict the final phases and mechanism of solid solution formation. It is
well known that thermodynamical study is essential to study the
chemical reactions and it is the first condition that shows the possibility
of the reaction occurrence by determining the value of Gibbs free
energy. The phase relationship in a system with more than one
component, e.g. two components, could be presented on an isobaric
phase diagram using temperature and chemical composition which are
known as phase diagrams. Therefore, for approaching this purpose, the
binary possible solid solutions phases were detected from the phase
diagram of these systems, and possible chemical reactions for obtaining
the products were determined and studied. After that, the value of the
formation Gibbs free energy of detected phases was calculated by HSC
software V6.0. By comparing the achieved values, the steps of solid
solutions were revealed. The binary phase diagram of Ni-Ti, Ni-Si, and
Ti-Si systems is presented in Fig. 2.

As it is shown in Fig. 2a, NiTi, NiTi,, and Ni;Ti are three stable phases
that could be formed within the SHS process. The value of the activity
of the component depends on the composition and the nature of the
components of the solution and temperature and it necessarily

Initial Ni, Ti, Si Mixing by
Powders Ball Mill

influences the equilibrium state of any chemical reaction system in
which the determining component is involved. Therefore, the Gibbs
free energy of formation of these was calculated according to Eq. 6 as
below:

AGyimiy = XniGri + X7Gr; = RT(XyLnay; + Xy Lnar,) (6)

Dissolving the pure component in a condensed solution that is in
contact with a liquid phase causes a decrease in the activity of that
component. Since the temporary liquid phase was formed within the
SHS process, the molar fraction of the liquid phase components have
lower values. As phase equilibrium is maintained between the liquid
phase and the condensed solution, the partial molar Gibbs free energy
of component in the solution is RTLn(a;) lower than the molar Gibbs
free energy of pure condensed component at the temperature T. It is
necessary to mention that for simplicity of the calculations, ideal
solution conditions were considered (a = X).

According to Eq. 5, and HSC software V6.0, the Gibbs free energy for
NiTi, NiTi,, and Ni;Ti was calculated and equals -53.18, -65.07, and
-152.73 kJ/mol respectively. This indicates that the formation of Ni;Ti
is more probable due to the more negative value of free formation
Gibbs energy. The Gibbs free energy of these three phases is shown in
Fig. 3. Also, it could be observed that with increasing the temperature,
the value of the Gibbs free energy is decreased and reached more
negative values which leads the chemical reaction to produce more
product and complete the reaction. Also, the adiabatic container of the
SHS process helps to increase the temperature and helps to complete
the chemical reactions to form determined phases. It is worth
mentioning that the decrease which is observed in the Gibbs free
energy curve of the Ni;Ti phase is remarkable and a decrease in the
amount of Gibbs free energy has happened with a severe slope. This
indicates that by increasing the temperature and decreasing the values
of Gibbs free energy, the Ni;Ti phase is a more probable phase to form
in the Ni-Ti system thermodynamically.

According to the phase diagram of system Ni-Si, presented in Fig. 2b,
three different stable phases could be detected including Ni,Si, NiSi,
and NiSi,. The diagram of the Gibbs free energy term is presented in
Fig. 4. The calculated Gibbs free energy equals -131.47, -80.6, and
-86.11 kJ/mol for phases Ni,Si, NiSi, and NiSi, respectively which
implies that the Ni,Si phase is the most convenient phase to obtain
thermodynamically. The same phenomenon of the Ni-Ti system is
observed here, I system Ni-Si. The increase in the temperature causes
the decrease in the Gibbs free energy values of all three-phase, but here
and in this system, all three phases face an almost equal decrease with
the same slope.

According to the phase diagram of Ti-Si, presented in Fig. 2c, three
different stable phases could be detected including TisSis, TiSi, and

Pressing
Green Sample

SHS Synthesis

Fig. 1. Schematic of SHS synthesized nanocomposite preparation.
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Fig. 2. Phase diagram of a) Ni-Ti, b) Ni-Si, and c) Ti-Si [34].

TiSi,. The diagram of the Gibbs free energy of them is presented in
Fig. 5, where it is shown that the sample TisSi; has the most negative
formation Gibbs free energy equals -589.26 J/mol. This value is the
most negative calculated value and this phase is determined as the first
phase to form in the ternary system.
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Fig. 3. Gibbs free energy of Ni-Ti phases.

With determining the first binary solution, the TisSi; phase is a
determined phase to form according to the Gibbs free energy. To form
a ternary solid solution phase, nickel must be involved in a chemical
reaction. Regarding the phase relationship plot of Ni-involved phases at
a determined temperature which is presented in Fig. 6, below chemical
reaction could be considered to form a solid solution. Fig. 6 presents
the phase equilibrium of Ni-involved phases. Since the TisSi; phase is
the first phase in the ternary system of Ni-Ti-Si, and Ni has remained.
Therefore, as it is shown in chemical reaction 1, the TisSi; phase reacts
with nickel-involved phases. Also, due to consuming less Si powder
for the formation of the TisSi; phase at the first step, Si powders have
probably remained and phases in Ni-Si systems are more probable to
form. According to the Gibbs free energies of phases in the Ni-Si
binary system, which mentioned before, the Ni,Si phase is more likely
to form. According to the Eq. 1, extra remained nickel could participate
in the reaction to form a ternary solid solution as below:

Ni(s) + TisSis(s) + 2Ni,Si(s) — 5NiTiSi (7
T T T T
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Fig. 4. Gibbs free energy of Ni-Si phases.
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3.3. Phase detection

For validifying the predicted results by thermodynamical calculations,
three samples were synthesized by SHS method and phase formation of
them was studied through X-ray diffractometer. The XRD patterns of
the obtained nanocomposites are exhibited in Fig. 7, and it is shown the
successful formation of the ternary solid solution of the determined
NiTiSi phase with an orthorhombic structure. The obtained phase
confirms the proposed thermodynamical phase formation sequence and
mechanism in the prior section, 3.2. Also, it is shown that no oxide
phase was formed within the synthesized process. Also, there is another
phase is detected in the XRD pattern, NigSiz;Tijs. The formation of
this phase may be influenced by other kinetic parameters which need
more studies to be revealed. But the height of peaks obtained in each
sample differs. Sample 3 (S3) exhibits more sharp peaks which implies
the complete formation of ternary solid solution. The observed
background in the presented XRD pattern implies the formation of an
amorphous phase too within the SHS process, which is due to the rapid
cooling rate of the synthesized sample. According to the XRD pattern
of sample 2 (S2), more amorphous phase was formed within the
synthesizing process and the background pattern fluctuation is lower in
XRD patterns of S1 and S3. The crystallite size was calculated using
the Scherrer relation which equals 120 nm for S3:
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Fig. 6. Phase relationships involved Ni-phase.
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where L is the crystallite size, B is the peak broadening at the half of
the height, 0 is the diffracted angle, A is the wavelength of the copper
X-ray lamp and it equals to 1.5406 Angstrom.
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Fig. 8. FE-SEM images of morphology of achieved nanocomposite a) S1, b) S2, and ¢) S3.

The morphology of the synthesized sample was studied by field
emission scanning electron microscopy (FE-SEM). All achieved
samples were porous and their structure shows the porosities with
different sizes from 25 nm to 70 nm. Almost all the porosities are
connected with each other and formed the open cell porous
nanocomposite. The FE-SEM images of this kind of morphology are

presented in Fig. 8. The uniformity and homogeneity of the obtained
synthesized sample are depended on the adiabatic temperature,
combustion wave. Since the combustion was initiated by electrode
sparks from the surface of the sample in the SHS container, the
combustion wave moved from up to down of the sample. Increasing the
temperature in the adiabatic system leads to an increase in the
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Fig. 9. Formation of solid solution a) upper area and b) bottom area of syntehszied sample.

temperature to combustion temperature to finish the synthesis process.
For evaluating the homogeneity and uniformity of phase formation in
synthesized samples, FE-SEM was carried out from two different
sections of the sample, the upper area, and bottom area. FE-SEM
images are shown in Fig. 9. It is shown that the solid solution is
completely formed within the synthesizing process. Regarding the
dimension of the samples and also calculated adiabatic temperature, a
temporary liquid phase was achieved within the SHS synthesis process
and the gravity force and capillary force due to the presence of
porosities pull the liquid phase down and it is expected more solid
solution was obtained in the bottom area of the samples. The FE-SEM
images of Fig. 8, a for upper areas and b for bottom areas confirm this
acclaim and show the formation of a more solid solution at bottom
areas.

4. Conclusions

The NiTiSi solid solution is synthesized successfully and the
synthesizing and phase formation was studied by the thermodynamical
aspect of view. The proposed thermodynamical mechanism of NiTiSi
phase formation is valid according to the experimental results obtained
from XRD and FE-SEM studied. Firstly, the formation of TisSi; has
happened and then with the addition of Ni and Ni,Si, a ternary solid
solution of NiTiSi was formed. It is shown that the gravity force and
capillary force affect the uniformity and homogeneity of the achieved
synthesized sample through the self-propagating high-temperature
synthesis (SHS) method.
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