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Thermodynamic invesTigaTion of ProPagaTing Behavior in shs for equiaTomic  
and non-equiaTomic niTi alloys using facTsage sofTware

in the current work, the thermodynamic properties of equiatomic and non-equiatomic Ni-Ti were estimated using Factsage 
software for the “self-propagating high temperature synthesis (sHs) method. To calculate behind the pure substance model, the 
sublattice model was used. For the various ratios of the nickel in the B2 ordered phase and second intermetallics, the values of 
adiabatic temperature, Cp, Gibbs free energy, enthalpy of formation, products, and liquid-solid ratio were computed (Ni3Ti, Ti2Ni). 
These proporties play a crucial role in understanding the nature of propagating behavior since they affect the final product’s mi-
cro/macrostructure, mechanical characteristics, and stable or metastable phases. The results were compared with the literature. 
it was also discussed why the existing studies could not reach the theoretical adiabatic temperature and the effect of the ignition W 
wire on the sample was investigated with the experimental study.
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1. introduction

NiTi is a very promising intermetallic material for the 
21st century. it is well known for its shape memory effect. The 
transformation temperature for the alloy to regain its shape and 
amount of elongation can be controlled by various synthesis and 
post-treatment methods [1]. The mechanical properties depend 
on porosity, amount of deformation, and heat treatment. Addi-
tionally, it can alter the martensite/austenite start temperatures 
and transformation behavior [2,3]. The preheating is required 
for most of the intermetallics like NiTi before the ignition 
process because NiTi lacks the energy to be self-sustaining 
[4-7]. There are very limited studies have been carried out to 
predict the synthesis properties of NiTi by sHs. They mostly 
examined NiTi in pure substance form and calculated the en-
thalpy and adiabatic temperature values that can be achieved 
depending on the amount of pre-heating temperature [4,5,8,9]. 
These studies were limited to NiTi with an atomic ratio of Ni 
50%- Ti 50%. However, Ni-Ti is an ordered crystal nucleated 
in the CsCl structure and has a wide solubility range above 
a certain temperature. As a result, increasing nickel in the Ni-Ti 
system changes the amount of liquid formed by the sHs method 
thus, it affects the macro/microstructure of the product. in this 

study, unlike the others, more precise calculations were made 
with help of the Factsage Thermodynamical software program 
based on the idea that NixTi(1-x) can dissolve in a wide range in 
the B2 phase structure. Thus, enthalpy, free energy, probability 
of reaction propagation, adiabatic temperatures, the products 
(NiTi, Ti2Ni, Ni3Ti) for equiatomic and non-equiatomic condi-
tions were calculated and compared with existing experimental 
studies [10-16]. 

studies conducted using sHs are not limited to pure pow-
ders. it is possible to obtain hard compounds (such as TiC, B4C, 
TaC) from low-value raw-materials [4,23]. significant predic-
tions can be made by utilizing software programs like Factsage, 
HsC, or Thermocalc to determine whether an adiabatic reaction 
will occur and to determine the final products [16-20].

There are numerous examples of such studies in the lit-
erature [23] Typically, starting from oxides, the reaction is ex-
pected to reach high temperatures through the assistance of an 
element that provides adiabatic energy, such as Al or Mg, and 
suitable products with appropriate affinity undergo the reaction 
[16]. Undesirable compounds are then drawn into the slag. 
it has been reported in the literature that the leaching process 
of undesired or slag-derived compounds is the major challenge 
in such  studies [17].
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2. Theoretical method

sGTe 2014 (for solid solution) and Factps (for mostly pure 
elements and compounds) databases were used in the simulation, 
and equilibrium mode was preferred in Factsage software for 
the calculations utilizing the Gibbs Free energy Minimization 
method [10]. The thermodynamic model in the software was 
optimized based on a study by Bellen et al. [10,11]. in summary, 
the random solution can be described as eq. (1):
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Where Gi
∅ is molar Gibbs energy, x is mole fraction, i can be 

Ni or Ti and L is the excess Gibbs energy, and can be expanded 
as the redlich-Kister polynomial [12]. in the thermodynamic 
model: NiTi can be assumed as a complex B2 (ordered) phase 
with sub-lattices and it should be separately expressed behind 
the terminal (disordered) A2 phase. The end members of the B2 
phase can be described as (Ni:Ti)0.5(Ni:Ti)0.5(va)3 and can be 
written as follows: Ni:Ti:va, Ti:Ni:va, Ni:Ni:va and Ti:Ti:va 
where va stands for substitutional defects [11]. The B2 phase 
can be represented as eq. (2):
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There are 4 end members in the calculation, but only the 
Ni:Ti:va is stable. The other parts have never existed, and they 

can only be calculated using the sub-lattice model to better un-
derstand the formation of B2 [12-14]. refer to reference 10 or 
the most recent studies in references 12-13 for more information 
on the model and optimized thermodynamic data.

3. experimental setup

To validate some of the thermodynamic studies, fun-
damental experiments are performed. For the experimental 
studies, Ni (Alfa Aeser, >99.8%, 44 µm) and Ti (Alfa Aeser, 
>99.5%,  150-250 µm) powder were used in equal atomic ratio, 
powder mixture was mixed in a tubular mixer for different time 
 (TABLe 1). The diameter of the pellet pressed under 65-70 Mpa 
pressure is 11.75 mm and the heights are various for the samples. 
The mixed powders were synthesized in a specially designed 
reactor in a protective argon atmosphere. A K-type thermocouple 
was placed in the middle of the sample from the outside and the 
pre-heating, ignition temperature and maximum temperatures 
reached were measured. The properties and seM figures of the 
powders are in TABLe 1 and Fig. 1. Hitachi sU70 was utilized 
for powder images. Bruker D8 Advance X-ray Diffractometer 

Fig. 1. seM images of the powders, Ti (a, b); Ni (c, d)

TABLe 1

properties of the synthesis samples

samples Pre-heating 
Temp. (°c)

ignition 
Temp./mixed 
Temp. (°c)

mass
(g)

mixture 
Time
(h)

heating 
Time 
(min)

s190 190 Null 4.7 4 28
s260 260 430 6.5 4 8.6
s240 240 Null 3 4 13.8
s150 150 330 3 4 12
s230 230 330 9.8 17 25.8
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was carried out to investigate structure at room temperature with 
Cu Kα radiation, and DSC Seiko 220C (heating rate of 10°/min, 
between –100°C and 150°C) was used to analysis phase trans-
formation of the samples. 

in the experiments, different pre-heating temperatures, 
mixing times, and amounts were compared with each other to 
understand the differences between thermochemical calculations 
and experiments. Thus, their effects on the obtained phases and 
maximum temperature were investigated. For the narrator’s sim-
plicity, short names are given to the samples. s means “sample” 
when the given number is the “preheating temperature”.

4. results

Fig. 2 shows the pre-heating temperature and time rela-
tionship of the 5 samples produced. The expression of data in 
smaller figures was prioritized by considering the time elapsed 
after ignition of the W wire in the samples, rather than focusing 
solely on the preheating temperature. As observed, the heating of 
the sample is influenced not only by the preheating temperature 
but also by the heating from the W wire. Consequently, the maxi-
mum temperature values attained are influenced by both factors, 
deviating from the values reported in the literature. it should be 
noted that the heating provided by the W wire is brief and may 
not result in homogeneous heating. Furthermore, the impact of 
the W ignition wire is more pronounced in smaller specimens. 
S150 proved it because S150 reached 330°C due to the W-wire 
and affected the whole specimen. As a result, it caused defor-
mation with high liquid formation. Whereas in specimen s230, 
although it reached 330°C again, the specimen was less affected 
by this temperature and formed parallel slit lines due to the low 
pre-heating temperature and stopped halfway. in summary, 

although the results in the figure are written according to the 
pre-heating temperature, it should be thought that these values 
are a “mixed-heated” temperature and the smaller the sample, 
the more the W wire is under the heating effect. The samples 
can be seen in Fig. 3.

samples (s150 and s240) made in 3 g and mixed for 4 hours 
in a tubular mixer were compared with each other. Although the 
W wire instantly became superheated, propagation of s240 was 
slower than the others. It has been noted that 150°C propagation 
is challenging in previous studies [5,6]. The reaction did not 
propagate spontaneously in the sample until it reached 330°C 
because the W ignition wire was not hot enough. in these sam-
ples, the propagation was smooth, and collapse was observed 
with partial melting because the mass of the samples was also 
low. parallel slit was not observed in the specimen. Deformation 
was observed due to the high transition liquid in the shapes.

For comparison, the mass amount was increased by 
~50% and s190 sample was synthesized at lower pre-heating 
temperatures. The propagation was achieved smoothly. The 
maximum temperature could not be recorded, it was observed 
that the W wire heated the sample, and the combustion synthesis 
was slow. Therefore, anisotropic parallel lines were observed. 
in other words, the formation of transition liquid in the reaction 
is low. 

To better understand the heating effect of the W wire on 
the sample from the first studies produced, sample s260 was 
produced by increasing its mass to 6.5 gr. in this sample, the 
propagation occurred successfully when the W wire heated the 
sample to 430°C and the propagation stopped the near bottom. 
When Fig. 3 is examined, since the upper part was affected by 
430°C, collapse and high melting occurred with high liquid 
formation, and circular regions were formed towards the lower 
parts. The structure is not anisotropic, probably due to high 

Fig. 2. Time-Temperature profile of the samples 
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transition liquid formation. Finally, the mass was increased by 
50% to 9.8 g and the mixing time was increased ~4 times to 17 h. 
The sample was initially preheated to a temperature of 230°C 
(s230), and during the heating process facilitated by the W wire, 
a sudden propagation of the reaction was observed at 330°C. 
However, the propagation ceased prematurely, not reaching its 
complete extent.

s260 and s230 exhibited different results. A more ani-
sotropic structure was obtained in s230 since the propagation 
started at 330°C, and the sample was longer. The reaction is in-
fluenced by the pre-heating temperature rather than the rapid 
heating temperature of the W wire. in general, the effect of the 
liquid/solid ratio and the shape and size of the parallel slit lines 
are more easily distinguished as the samples get longer. 

The reason for the reaction to propagate halfway can be 
interpreted as the W wire only heats the sample halfway around 
330°C. In other words, the unreacted part of the sample that could 
not be heated homogeneously by the W wire did not propagate. 
Also, oxidation of the interfaces in longer samples, resulting 
from the mixing of powders in an open atmosphere, may have 
hindered the reaction. 

While the reaction is taking place, the slits parallel to each 
other parallel to the direction of heat propagation are noteworthy. 
The reason for this is shown in the literature to be the Kirken-
dall effect due to solid state diffusion and the vaporization of 
trapped gases [7,18,24]. in the case solid state diffusion, there 
is a little liquid formation in the reaction and the nickel diffuses 

faster than titanium, forming voids. The results are in line with 
previous studies [6,7,21,26]. 

The measured maximum temperatures were a little lower 
than expected. it possibly results from low pressing pressure 
(65-70 Mpa), slow heating time (~25 min.) and the installation 
of the thermocouple. it was thought that the thermocouple touch-
ing from the outside could not measure the temperature sharply 
due to heat losses. Therefore, lower than expected values may 
have been obtained. 

Fig. 4 shows the XrD analysis of the samples (mixed 
for 4 h, s190 and 17 h, s230) obtained after vertical cutting 
and polishing. While the main peak is B2, phases such as 
Ti2Ni (Ti4Ni2o1), and B19’ phases are observed in the structure. 
Unreacted-free Ni and Ti powders are also obtained. A possible 
reason for this may be the large titanium powder size as reported 
in previous studies [5,6,26]. in addition, the dendritic structure 
of the nickel powders made it difficult to mix the powders and 
caused agglomeration. The reason for the Ti4Ni2o1 phase may 
be the long heating time. indeed, partial oxidation during the 
mixing process is also a possibility. similar phases were also 
observed in sample s230. in the figure, although sample s190 
was mixed for 4 hours, the free nickel content is very low and 
B19’ martensite phase was observed at room temperature. 
At 150°C, these phases disappear. According to DSC analysis, 
As 84.7°C, Af 108.4°C, Ms 68.7°C and Mf 47.2°C were found 
in the sample. The enthalpy of transformation was calculated 
as ~11.39 mJ/mg. The values are consistent with the literature.

Fig. 3. Macrostructure of the outer surface of the sample; a – s230, b – s190, c – s260, d – s240, e – s150
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The propagation of s230 stopped halfway. The reasons can 
be listed as follows: 1 oxidation due to Ti4Ni201 and resistance 
to progress, 2 long heating time of 25.8 minutes, 3 high mixed 
time, the powders may have separated according to their mass. 
it should be noted that the XrD analysis showed a higher per-
centage of free nickel phase in sample s230.

Fig. 4. XrD analysis of the sample. a-b – s190 at the ambient and 
150°C temperature, S230 at ambient temperature

NiTi needs preheating for propagating before it is ignited 
because it does not have enough energy for self-sustaining. The 
condition of self-sustained is described as ΔH298/Cp298 > 2000 K 
or TAd > 1800 K (1523°C) where H is formation enthalpy (25°C) 
and Cp is the specific heat in constant pressure of the related 
phase [4]. Cp298 value is the key to the adiabatic temperature. 

The value of it calculated from the pure compound model was 
46.7 kJ.(K.mol)–1, while it was calculated as 50.01 kJ.(K.mol)–1 
by the sub-lattice model (in Factsage). The current studies on 
phase diagrams have been plotted utilizing the sub-lattice model 
[13,14]. Therefore, it should ensure more realistic results for the 
adiabatic temperature. The calculated thermodynamic properties 
are listed in TABLe 2. 

TABLe 2

Comparison of previous studies with calculated thermodynamic 
properties of various NixTi(1-x) phases

ni0.5Ti 0.5 Ti0.5ni0.25 ni0.75Ti0.25

ΔGf
0 (J/mol  

of atoms)
–34120.5[*]

–32773[15]
–26546.7[*]

–26010[15]
–36788[*]

33551[15]

Cp (J/(K.mol  
of atoms))

25.50[*]

25.52[11, 13]

23.37[15]

25.42[*]

24.71[13]

24.99[15]

25.62[*]

21.42[13]

23.37[15]

ΔHf
0 (J/mol  

of atoms)

–34051.6[*]

−34721[13]

−34052[11]

–33890[15]

–27222.4[*]

−26977[13]

−26901[11]

–26777[15]

–37876.2[*]

−42130[13]

–36870[11]

–34720[15]

[*] This work

In the Fig. 5, ΔH298/Cp298 is calculated against the increase 
of nickel molar ratio in the B2 phase. The value of H/Cp as the B2 
ordered phase is 1335.05 < 2000 K, therefore the reaction needs 
preheating. According to the calculated ratios, the NiTi phase 
is formed more easily than the Ti2Ni phase, unlike the Gibbs 
free energy formation. However, in case of high nickel addition, 
the Ni3Ti phase will form instead of NiTi. in the calculations, 
H/Cp decreases up to 0.333 molar ratio of Ni, which may be 
a misleading result because titanium is in the free state and does 
not contribute to enthalpy, while it contributes to Cp298. it can 
be accepted as 1070.67 K for 1 mole of atoms (blue line). After 
a nickel molar ratio of 0.5, both NiTi (B2) and Ni3Ti contribute 
to the enthalpy and the total enthalpy value increases negatively.

Fig. 5. H/Cp against molar ratio change of Ni in Ni-Ti mixture
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in the first case, the powders are pure, and the mixture is 
homogeneous. The system works under 1 atm. without oxygen 
gases. The reaction takes place under adiabatic condition. The 
mass ratio of solid/liquid and adiabatic temperature against Ni 
molar ratio (in NiTi) is presented in Fig. 6. 

Normalized mass ratios of solid and liquid are placed on the 
right y-axis and the adiabatic temperature is on the left y-axis. in 
Fig. 6, up until a point where the temperature is roughly 203°C, 
everything is completely solid. since there were no transient liq-
uids to form the dense product, the reaction is therefore driven by 
solid-state diffusion. it explains why the reaction was not propa-
gated in the real experiment by Li et al. [5]. When the preheating 
temperature reaches 250°C and the adiabatic temperature reaches 
~1308°C, a very small amount of liquid (L/S(mass) = 0.14) is 
formed. It was almost constant up until it reached 625°C, but 
the liquid-to-solid ratio kept increasing. There is no solid skel-
eton left after the formation of 100% liquid. The sample shows 
evidence of melting and losing its original shape. Temperatures 

between 203 and <625°C should be used to control porosity. 
in previous studies, Wisutmethangoon et al. reached a porosity 
of 37 and 31 vol.% in an experiment at under 200 and 300°C 
preheating temperatures (pressed 64 Mpa) respectively [21]. Yeh 
et al. found the value of relative density value to be ~45% and 
~83% for 100 and 300°C (for sample density 45%) preheating 
temperatures [6]. By the mean, if the preheating temperature is 
increasing, transient liquid way to control the density and po-
rosities of the sample. in the present study, the liquid/solid ratio 
is about 22% for the sample that heated to 335°C, thus it is not 
enough to prevent the formation of the parallel slits in the real 
experiments. The main propagation mechanism is the solid-state 
diffusion. There are some controversial situations on it, which 
are argued in the next section.

in the second case, Fig. 7 illustrates the predicted changes 
in free energy for a mole of product at 25°C in both a and b. 
They are plotted for 0.25-0.75 moles of nickel, the Ni-Ti prod-
ucts bring the residual nickel up to 1 mole using titanium. The 

Fig. 6. preheating temperature versus adiabatic temperatures related with change in amount of solid and transient liquid in NiTi

Fig. 7. (a) products formed against molar ratio change of Ni in Ni-Ti mixture, (b) Gibbs free energy of a mixture of Ni (molar ratio) with Ti in 
NiTi system for 25°C
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stable phases, as determined by the Gibbs free energy value, 
are Ni3Ti > Ti2Ni > NiTi. There is no Gibbs free energy change 
for per mole in the graph up to 0.333 because each nickel atom 
bonds 2 times as much titanium to form Ti2Ni, and the remain-
ing titanium precipitates without reacting. The creation of the 
Ni3Ti phase next to NiTi causes the free energy to rapidly decline 
after a stoichiometric value of 0.5 mole of nickel. only Ni3Ti is 
produced when the nickel molar ratio is 0.75.

The formation of Ni3Ti and Ti2Ni is therefore inevitable 
in the sHs. secondary phases appear where there are local 
deviations. When the end-member of the B2 lattice is observed 
during modeling, there is an increase in titanium-rich Ti:Ti:va 
regions before 0.5 molar ratio and Ni:Ni:va regions afterward. 
Upon reaching sufficient free energy, the Ni3Ti phase becomes 
stable and appears alongside the B2 product. 

The adiabatic temperature and the liquid-solid ratio calcula-
tions of non-equiatomic conditions are performed for the first 
time in this study. The adiabatic temperatures versus titanium 
versus nickel molar ratios are plotted (for Ni + Ti = 1 mole) 
in Fig. 8a, and liquid/solid (g/g) ratios are plotted in b. in the 
calculations, all nickel entered the B2 lattice and no by-products 
were formed. Up to 0.5 Ni, adiabatic temperatures increased and 
then decreased. With increasing nickel molar ratio, the liquid 
ratio decreased for each pre-heating temperature up to 0.5 molar 
ratios and then increased. The reason for this is that the adiaba-
tic temperature enters the liquid+solid region. However, there 
is a transition from solid to liquid region at 0.5 molar ratios. 
From this modeling it can be concluded that the nickel-rich 
powder mixture will reach higher adiabatic temperatures than 
the titanium-rich mixture. No solid phase was observed after 
0.5 Ni molar ratios at preliminary temperatures as high as 600°C.

5. discussion

in Fig. 6, the adiabatic temperatures are different above 
625°C when NiTi is considered as a stoichiometric compound 
instead of a solid solution. especially in the experiments carried 

out by Yi and Moore at different powder sizes at the ignition 
temperature of 900°C, the adiabatic temperatures were found to 
be close to and just below the adiabatic temperatures calculated 
with the sub-lattice model. Therefore, the solution model is more 
realistic. Theoretically, in an adiabatic process, there is no energy 
or heat transfer to the surroundings, thus the amount of energy 
within the system remains constant. in real experiments, the heat 
is rapidly lost due to the conduction and radiation and is unable 
to exceed the calculated adiabatic temperature. Additionally, the 
particle size and compression amount affect the amount of heat 
within the structure. 

in Fig. 6, the experimental maximum temperature is closer 
to the adiabatic temperatures with increasing initial temperature. 
As a hypothesis, when transient-liquid volume grows, voids 
close and heat conduction enhances. in samples with high ini-
tial density, a similar situation can be observed. Li et al. did not 
reach the melting point of NiTi between 200-650°C preheating 
temperature [5], whereas Yeh et al. (sample density 60%) and 
Chu et al. (with ignition reagent and 51 at.% Ni) reached the 
melting point at 200 and ~350°C respectively [6, 22]. They ob-
tained a nearly dense product. it can also be supported with the 
present experimental study. in summary, when the preheating 
temperature is increased, it eliminates pores due to the occur-
rence of the more transient liquid, leading to more homogeneous 
heat transfer. Thus, the instantaneous maximum closes to the 
adiabatic temperature.

There are 2 conflicting results in NiTi synthesis. some 
researchers argue that porosity increases with increasing preheat-
ing temperature [5,23-25], while others argue that it decreases 
[6,7,21,26, this study]. The probable reason for this is the sample 
sizes and heating rate studied. As a hypothesis: 1) The studies that 
showed an increase in porosity worked with a diameter of 2< cm 
while those that showed a decrease worked with a diameter of 
1.2> cm. As the size increases, the number of places in the sample 
where the liquid can pass through and settle increases and local-
ized large open porosities may be encountered. (2) The preheat-
ing temperature rate is also important corresponding to previous 
studies [24,26]. Tosun et al. have found that there is a limiting 

Fig. 8. (a) Adiabatic temperature, (b) liquid/solid mass ratio against molar ratio change of Ni in NiTi mixture
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value for heating rate, beyond which there is an increase in po-
rosity followed by a decrease for 10 mm green pellet. especially 
with a decrease in pellet compression amount, this phenomenon 
becomes even more pronounced [27], a similar situation is also 
supported by Mossino et al. [18]. The reason for this may be the 
resistance created by powder compressed under low pressure, 
which hinders heat conduction. Munir et al. have reported that for 
several hard compounds (TaC, MoB, NiAl, Mos2), the adiabatic 
temperature increases until a certain limit pellet diameter, after 
which it remains constant [4]. in the review article by Mossino 
et al., an increase in reaction rate was observed up to a critical 
thickness value for Ti-B mixture, followed by a decrease. The 
same article also observed a decrease in combustion rate and 
temperature, as well as sample swelling, with increasing pellet 
density in a the (Wo3 + 3Zn → 3ZnO + W) reaction. It was noted 
that the swelling increased and the presence of parallel cracks 
became more pronounced as the diameter of the initial sample 
increased, which was attributed to the evaporation of Zn and the 
pressure of Argon gas. The observed anisotropy, which became 
more prominent with increasing preheating temperature [18], 
The reason for the increased presence of porosity in larger-sized 
NiTi samples may be attributed to this factor.

Novak et al. obtained 9% (±3) and 50% (±12) voids by 
volume in image analysis at heating rates of 300 and 20°C/
min respectively at 1100°C by thermal explosion. In addition, 
the formation of by-products such as Ni3Ti, Ti2Ni increased 
in the case of slow heating regime [26,27]. This proves Fig. 7 
because in the case of slow heating reaches lower combusting 
temperature, therefore the thermodynamic equilibrium ap-
proached. in the present study, the anisotropic slits are decreased 
when the preheating temperature is increased (see s230 vs s260) 
for the diameter of 11.75 mm.

Gibbs free energy and adiabatic temperature calculations 
alone do not provide sufficient insight into the propagation of the 
reaction. As can be seen in Fig. 5, H/Cp ratios were calculated 
against the molar ratio change of nickel. Under non-equiatomic 
circumstances, Ni3Ti and Ti2Ni might be more stable than NiTi, 
however the propagation of Ni3Ti and NiTi in the sHs process 
is easier according to the Liquid/solid ratio shown in Fig. 7, but 
Ni3Ti is formed at large stoichiometric deviations.

one of the important conclusions to be drawn is that Ni3Ti 
can also be easily produced by sHs. The H/Cp ratio was found 
to be 1495 K. However, the porosity of the product is difficult to 
control because a high rate of liquid formation was calculated. 
The initial size of the sample is effective in forming a dense 
or hollow product, as previously explained. it can be said that 
if the B2 lattice is nickel-rich, porosity control will be difficult. 
it should be noted that porosity formation can also affect the 
Ms temperature [3].

6. conclusions

in summary, using Factsage software with the sGTe 
and Factps databases, adiabatic temperatures, enthalpy, free 

energy, Cp values, liquid/solid ratios and the stable phases to 
be formed for equiatomic and non-equiatomic NiTi ratios with 
the sub-lattice model were calculated. For Ni50Ti50, it has been 
found that the liquid content increases with increasing pre-
heating temperature, and previous and this experimental work 
has shown that this does not always lead to densification. The 
failure to reach the expected theoretical thermodynamic values 
in the past studies can be explained by the current studies and 
the experiment as follows: 
1) The main reasons are dimensions of the green sample and 

pre-heating temperature. The higher pre-heating tempera-
ture leads to a higher instantaneous maximum temperature 
which is more convenient with the (theoretical) adiabatic 
temperature. The formation of the transient liquid eliminates 
losses due to the pores. in the present studies, the lower 
preheating temperature (as s190, s230 and s260) leads to 
the lower instantaneous maximum temperature. 

2) The powder size and the dendritic nature of the powder 
made mixing difficult and as a result, free Ni and Ti phases 
beside Ti2Ni were found in XrD analysis. especially in 
the experiments with W, the sample is heated up because 
of the trigger wire not reaching the expected temperature 
immediately. The small specimens were more affected by 
the W wire and the pores were formed accordingly, while 
the large specimens were affected by the mixed temperature 
(Heat of pre-heating+W ignition wire).

The porosity of products with increasing nickel content 
is difficult to control with increasing liquid content because 
high liquid content is reached. H/Cp, Gibbs free energy, and 
products formed were calculated for room temperature with 
nickel molar ratio ranging from 0.25 to 0.75. it was found that 
ΔGf

0(Ni3Ti) > ΔGf
0(Ti2Ni) > ΔGf

0(NiTi), but when the probability 
of the reaction propagating on its own (H/Cp) is investigated, 
the order Ni3Ti>NiTi>Ti2Ni was reached. These results explain 
why secondary intermetallics are formed in NiTi synthesis. 
it has been shown that Ni3Ti is suitable for sHs fabrication with 
a high H/Cp ratio.
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