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Abstract: The main goal of this research work is to propose a convenient model that describes the evolution of the latent heat 

during a full transformation cycle and defines the thermal-induced phase transformation behavior of the NiTi shape memory 
alloy under zero stress conditions. The proposed model is constructed based on experimental data obtained from Differential 

Scanning Calorimetry (DSC) analyzes, carried out at various cooling/heating rates. The NiTi thermal behavior was studied and 
modeled across the different temperature ranges of the thermal transformation cycle. The developed constitutive equations 

were implemented in the Matlab software. The expression of the enthalpy change during both forward and reverse phase 
transformations was predicted as function of the cooling/heating rate. Moreover, the transformations temperatures were 

theoretically determined from the proposed model and compared to the experimental ones. A good agreement between 
experimental and theoretical findings proves that the proposed model provides a precise estimation. The efficiency of the 

adopted hypotheses is well confirmed. 
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1. Introduction 

Shape memory materials are among the smart 
materials that remain increasingly exploited in 
high technologies. As a metallic alloy, the NiTi 
Shape Memory Alloy (SMA) has received much 
scientific and technological attention in recent 
decades since it has a distinguished physico-
chemical and thermomechanical properties [1-4].  

The NiTi SMA has the ability to recover 
permanent strain by heating above a convinced 
temperature when undergoing thermomechanical 
loadings. This behavior is based on a 
thermoelastic phase transformation called 
"martensitic transformation" between the 
austenitic phase (A) at high temperature and 
martensitic phase (M) at low temperature. This 
reversible transformation process (A↔M) can be 
thermally induced, at zero stress, and governed by 
the transformation temperatures which 
characterize the beginning and the end of both 
forward and reverse transformations (A-M) and 
(M-A), respectively:  

-  Ms: martensite start temperature at which 
the austenite begins, under cooling, to transform 
into martensite: it is the start temperature of the 
forward thermal-induced transformation (A-M).  

-  Mf: martensite finish temperature at which 
the material becomes completely twinned 
martensite: it is the finish temperature of the 
forward thermal-induced transformation (A-M).  

 
 

-  As: austenite start temperature at which the 
twinned martensite begins, under heating, to 
transform into austenite: it is the start temperature 
of the reverse thermal-induced transformation (M-
A).   

-  Af: austenite finish temperature at which the 
material returns completely to its mother phase 
and becomes completely austenite: it is the finish 
temperature of the reverse thermal-induced 
transformation (M-A).   

These transformation temperatures can be 
easily determined by thermal analysis [5]. The 
Differential Scanning Calorimetry (DSC) is the 
most widely used thermo-analytical analysis to 
describe the thermal behavior of materials that 
exhibit phase transformation. This method leads 
to obtain a heat flow curve as a function of the 
temperature from which the transformation 
temperatures, at zero stress, are easily identified 
(Figure 1). Moreover, the calorimetric analysis 
provides numerous informations about 
thermodynamic properties such as transformation 
heats, enthalpy and entropy [6]. The 
transformation temperatures depend mainly on the 
chemical composition [7], heat treatment [8,9], as 
well as on the microstructural defects [10,11].  

The aim of this study consists of modeling the 
thermal induced phase transformation behavior of 
the NiTi alloy at zero stress based on our previous 
experimental results that were obtained for 
various DSC cooling/heating rates. The thermal 
behavior is modeled for different temperature 
ranges. After the identification of the empirical 
parameters, the transformation temperatures, the 
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constitutive equations of the proposed model are 
implemented on the Matlab software in order to 
compare the theoretical results with the 
experimental ones. 

 
Figure 1. A typical DSC Curve for NiTi SMA. 

2. A study of a full thermal phase 
transformation cycle 

In this study, the opted model builds upon the 
research work of Ortin and Planes [12]. In this 
model, we consider the thermodynamic 
characteristics of the thermoelastic martensitic 
transformation while factoring in the influence of 
interfaces and interactions between the austenitic 
and martensitic phases. Additionally, we exclude 
entropy production resulting from the dissipation 
of internal work as irreversible heat. Instead, we 
focus on the internal work that irreversibly 
dissipates into energy forms other than heat 
(𝑑𝑤 ≥ 0), which is the significant aspect of our 
analysis. Furthermore, we assume that the specific 
heats of both phases are equal. This model 
presents a more realistic and straightforward 
approach for practical application. 

2.1 Modeling of the forward transformation A-M 

 For T > Ms  and For T<𝑀௙ 
In this case, the changes in temperature and the 
motion of austenite grains are involved, which can 
be quantified in terms of elastic energy. Therefore, 
the equation for enthalpy change ∆𝐻஺ିெ  is as 
follows: 
 

∆𝐻஺ିெ =  𝐶௣𝑑𝑇 + 𝐸௙௥             (1) 
 
Cp: Specific heat at constant pressure 
Efr: Frictional energy 

 For Mf < T< Ms 
The expression of the internal energy 𝑑𝑈  as 
function of temperature is expressed as:  
 

𝑑𝑈 = 𝑇𝑑𝑆 + 𝐶௩𝑑𝑇 − 𝑇𝑑̅𝑆          (2) 
 

𝐶௩: Specific heat at constant volume 
We consider that dT or 𝑇̇  known as the 
cooling/heating rate is constant [13]: 

𝑇̇ = −𝛼 (℃ /𝑚𝑖𝑛 )                    (3)  
 

We can conclude the free enthalpy change is the 
sum of the elastic energy change  (𝑑𝐸௘௟) , the 
frictional energy change (𝑑𝐸௙௥), the variation of 
the entropy (𝑑𝑆)and the production of the entropy 
change  (𝑑̅𝑆 ) 

𝑑𝐻 = 𝑇𝑑𝑆 + 𝐶௩𝑑𝑇 − 𝑇𝑑̅𝑆 + 𝑑𝐸௙௥ + 𝑑𝐸௘௟   (4) 

In the following work, we suppose that 𝑑̅𝑆 = 0. 
This hypothesis means that the transformation 
occurs without entropy production. It should be 
noted that 𝑑̅𝑆 = 0  does not mean that the 
martensitic transformation happens without 
hysteresis, but the irreversible internal work is not 
released as heat. The experimental work [12] 
demonstrates that this approximation holds 
efficient in more practical scenarios. Based on 
these assumptions, we can represent the change of 
free enthalpy as follows: 

∆𝐻஺ିெ = ∫ 𝑇(𝑑𝑆஺ିெ) + ∫ 𝐶௩𝑑𝑇
ெ೑

ெೞ
−

ெ೑

ெೞ

∫ 𝑑𝐸௘௟ − ∫ 𝑑𝐸௙௥
ெ೑

ெೞ

ெ೑

ெೞ
                         (5) 

 
Where the elastic energy is calculated as:  

∫ 𝑑𝐸௘௟ = 𝑇଴
ெ೑

ெೞ
∫

ௗொಾ

்

ெ೑

ெೞ
+ ∫ 𝑑𝑄ெ

ெ೑

ெೞ
− ∫ 𝑑𝐸௙௥

ெ೑

ெೞ
  

(6)  
 
T0: equilibrium temperature 
QM: Transformation heat during A-M 
transformation 
The adopted entropy argument is: 

∆𝑆஺ିெ = ∫
ௗொಾ

்

ெ೑

ெೞ
                  (7) 

 
The frictional work during the forward martensitic 
transformation is defined as:    

∫ 𝑑𝐸௙௥
ெ೑

ெೞ
= ቀ

஺೑ିெೞ

ଶ
ቁ ∆𝑆஺ିெ              (8) 

 
So, the final expression of ∆𝐻஺ିெ is: 

∆𝐻஺ିெ = ∫ 𝑇(𝑑𝑆஺ିெ) + ∫ 𝐶௩𝑑𝑇
ெ೑

ெೞ
−

ெ೑

ெೞ

𝑇଴ ∫
ௗொಾ

்

ெ೑

ெೞ
− ∫ 𝑑𝑄ெ

ெ೑

ெೞ
                       (9) 

2.2 Modeling of the reverse transformation M-A  

 For T < 𝐴௦ and for For T> 𝑨𝒇 
The equation of enthalpy change ∆𝐻ெି஺  is as 
follows: 
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∆𝐻ெି஺ =  𝐶௣(𝑑𝑇) + 𝐸௙௥        (10) 
 

 For As<T<Af 

∆𝐻ெି஺ = ∫ 𝑇(𝑑𝑆) + ∫ 𝐶௩𝑑𝑇
஺೑

஺ೞ
− ∫ 𝑑𝐸௘௟ +

஺೑

஺ೞ

஺೑

஺ೞ

∫ 𝑑𝐸௙௥
஺೑

஺ೞ
                        (11) 

 
The elastic energy can be expressed in the same 
way as:  

∫ 𝑑𝐸௘௟ = 𝑇଴
஺೑

஺ೞ
∫

ௗொಲ

்

஺೑

஺ೞ
+ ∫ 𝑑𝑄஺

஺೑

஺ೞ
− ∫ 𝑑𝐸௙௥

஺೑

஺ೞ
         

(12) 
 
QA: Transformation heat during M-A 
transformation 
In order to simplify the calculation, the frictional 
energies during the forward and the reverse 
transformations are considered equal: 

∫ 𝑑𝐸௙௥
஺೑

஺ೞ
= ∫ 𝑑𝐸௙௥

ெ೑

ெೞ
= ቀ

஺೑ିெೞ

ଶ
ቁ ∆𝑆஺ିெ    (13) 

Thus, the final expression of ∆𝐻ெି஺ is: 

∆𝐻ெି஺=∫ 𝑇(𝑑𝑆ெି஺) + ∫ 𝐶௩𝑑𝑇
஺೑

஺ೞ
−

஺೑

஺ೞ

𝑇଴ ∫
ௗொಲ

்

஺೑

஺ೞ
− ∫ 𝑑𝑄஺

஺೑

஺ೞ
+ ൫𝐴௙ − 𝑀௦൯∆𝑆஺ିெ   (14) 

 
2.3. Implementation and comparison with 

experimental results  
In our previous studies on NiTi SMA thermal 
behavior [5,14], a full free stress thermal cycle was 
carried out through DSC analyzes. The experiments 
were performed at different cooling/heating rates in 
order to understand its effect on the thermal 
properties of NiTi alloy. Figure 2 illustrates the DSC 
curves of the NiTi samples (annealed at 650°C for 1 
hour) as function of cooling/heating rate, varying 
from 5°C/min to 20°C/min. In the course of cooling 
the specimen, the forward (A-M) transformation is 
observed to be exothermic. However, during 
heating, the reverse (M-A) transformation 
presents an endothermic reaction. 
 

 

 

 

Figure 2. The NiTi DSC curves obtained at different 
cooling/heating rates; (a) during cooling process, (b) 

during heating process. 

In order to validate the proposed model and 
compare theoretical and experimental results, 
Matlab software was used to implement the heat 
flow as a function of temperature. The resulted 
equation system is as shown below: 
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2.3.1 Resolution system 

Based on the experimental results, the values of the 

different parameters were determined and serve as 

input for the Matlab program (Table 1). The 

transformation heats (absorbed and released) 𝑄஺ and 

𝑄ெ are calculated as the area of the peak of the DSC 

curve delimited by the base line [13]. Theoretically, 

𝑄஺  and 𝑄ெ  can be expressed as a cosine function 

[15]:  

𝑄஺ = 𝐻஺ ∗ cosൣ𝑎஺൫𝑇 − 𝐴௣൯൧ + 𝐶௩                (16) 

𝑄ெ = 𝐻ெ ∗ cosൣ𝑎ெ൫𝑇 − 𝑀௣൯൧ + 𝐶௩            (17) 

Where:  

- 𝐻஺/𝐻ெ: The peak amplitude of the experimental DSC 

curve, during the reverse/forward phase 

transformation.  

- 𝑎஺ / 𝑎ெ : Constant used for the plot of the peak 

corresponding to 𝑄஺ and 𝑄ெ. 

 

- 𝐴௣ / 𝑀௣ : The peak temperature of the DSC curve 

during the forward/reverse transformation path.   

𝐴௣ =
஺೑ା஺ೞ

ଶ
                               (18) 

𝑀௣ =
ெ೑ାெೞ

ଶ
                              (19) 

𝑄௘: The experimental value of the absorbed heat during 

the reverse transformation.  

T0: Equilibrium temperature 

   𝑇଴
 =

ெೞା஺೑

ଶ
                             (20) 

T0’:  Characteristic temperature  

 𝑇଴
ᇱ =

ெ೑ା஺ೞ

ଶ
                          (21) 

We integrate the expression of the absorbed heat during 

the reverse transformation between the austenitic 

temperatures:𝐴௦  and 𝐴௙ . Consequently, a system of 

two equations will be created:  

ቐ
∫ 𝑄஺

஺೑

஺ೞ
= 𝑄௘

𝐴௣ =
஺೑ା஺ೞ

ଶ

                         (22) 

Then, we find the values of 𝐴௦ and 𝐴௙. 

Using the expressions (20) and (21) of 𝑇଴
  and 𝑇଴

ᇱ, 

respectively, we can easily determine the values of 

𝑀௦and 𝑀௙.  

𝑀௦ = 2 ∗ 𝑇଴
 − 𝐴௙                    (23) 

   𝑀௙ = 2 ∗ 𝑇଴
ᇱ − 𝐴௦                     (24) 

 

 

Table 1. Input values of experimental data for various cooling/heating rates 

 

(°C/min) 

𝑯𝑴ି𝑨 

(mJ/mg) 

𝒂𝑨 

(°C-1) 

𝑨𝒑 

(°C) 

𝑸𝒆 

(mJ/mg) 

T0
’ 

(°C) 

T0 

(°C) 

𝑯𝑨ି𝑴 

(mJ/mg) 

𝒂𝑴 

(°C-1) 

𝑴𝒑 

(°C) 

5 5.69 0.5 2.87 50.45 -11.48 -4.55 -5.37 -0.5 -18 

10 8 0.5 2.24 75.85 -14.47 -3.69 -4.7 -0.3 -20.36 

15 11 0.27 1.57 119.42 -16.34 -3.64 -6 -0.15 -21.55 

20 12 0.27 1.36 159.86 -19.71 -4.97 -5.9 -0.2 -21.55 

 

2.3.2 Results and discussion  

The results of the proposed model are limited to the 

determination of the transformation temperatures 

during both forward and reverse phase 

transformations. Table 2 allows the comparison 
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between the experimental results and the theoretical 

predicted values of the transformation temperatures. 

The obtained values are plotted in Figure 3 which 

illustrate their dependence on the DSC 

cooling/heating rate.  

 

Table2. Comparison between experimental and theoretical values of the 

transformation temperatures for various cooling/heating rates 

=5 °C/min As (°C) Af (°C) Ms (°C) Mf (°C) 

Experimental -0.96 6.7 -16.23 -23.18 

Theoretical -0.34 6.08 -15.18 -22.61 

 

=10 °C/min As (°C) Af (°C) Ms (°C) Mf (°C) 

Experimental -2.43 6.82 -14.20 -26.52 

Theoretical -0.99 5.47 -12.85 -27.95 

 

=15 °C/min As (°C) Af (°C) Ms (°C) Mf (°C) 

Experimental -3.42 6.56 -13.85 -29.26 

Theoretical -4.37 7.51 -14.80 -28.30 

 

=20 °C/min As (°C) Af (°C) Ms (°C) Mf (°C) 

Experimental -4.25 6.97 -16.91 -35.18 

Theoretical -4.51 7.23 -17.17 -34.91 

 

 

   
Figure 3. The variation of theoretical and experimental values of transformation temperatures as function of cooling/heating 

rate; (a) start temperatures (As and Ms) and (b) finish temperatures (Af and Mf).  

 

It is clearly seen that the theoretical values are 

close to those determined from the calorimetric 

experiments, mainly for the temperature Mf. The 

small difference in values may be due to the 
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simplified hypothesis used in the proposed model. It 

can be also be caused by the Matlab resolution and 

the initial solution taken to solve the equation system. 

The observed coherence between experimental and 

the theoretical results proves that the proposed model 

can be considered as a reliable one, since it is in good 

agreement with the experimental study. 

 

3. Conclusion  

The main purpose of this study was to propose a 

model describing the heat flow evolution as function 

of temperature and DSC cooling/heating rate, during 

a thermal induced phase transformation of a NiTi 

shape memory alloy. For different temperature 

ranges, the resolution system was presented and the 

constitutive equations were implemented using 

Matlab software. The transformation temperatures 

were theoretically determined based on the proposed 

model and compared with the experimental ones, 

extracted from the DSC analyses.  An excellent 

agreement between experimental and predicted 

values proves that the developed model estimate 

accurately the transformation temperatures which are 

considered as the key thermal property of the NiTi 

phase transformation behavior.  
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