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Effect of Heating Rate on the Kinetics of Martensitic Transformation of Ni-Ti-Hf alloys 
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The transformation martensite-austenite and Kinetics in Ni-Ti-Hf shape memory alloys (SMAs) 
were calculated for the first time. The Johnson- Mehl – Avrami- Komogorov (JMAK) equation was 
used to simulate the transformation Martensite- Austenite, which exhibited the same trends as the DSC 
test results. DSC studies were conducted using four different heating rates to study the kinetics of the 
thermally induced transformation process and the dependence of the kinetic parameters and the heating 
rate. It was clarified that the heating rate adjusts the enthalpies of transformation, indicating that the heating 
rate can be used to adjust the phase change parameter. The Arrhenius method was used to calculate the 
activation energies, and it was observed from its use that the activation energies increase as there is an 
increase in the ternary element in the composition. Moreover, using the same heating is a valuable means 
of comparing activation energies for the same alloy system. This study provides a reference for designing 
and calculating the kinetics of Ni- Ti- Hf high-temperature shape memory alloys.

Keywords: Shape Memory Alloys, Kinetic Transformation, Differential Scanning Calorimetry, 
High-Temperature Shape Memory Alloys.

1. Introduction
Shape memory alloys (SMA) have been widely used in 

engineering applications in the most diverse fields, from the 
biomedical industry to the aerospace industry, thanks to their 
ability to recover their initial shape from the application of 
an adequate thermal cycle due to the shape memory effect 
(SME) and recovery from large deformations induced by 
mechanical loading (SE) Superelasticity1.

The shape memory alloys developed in the nickel titanium 
system constitute one of the largest groups concerning the 
possible arrangements (compositions) of alloys with intrinsic 
property shape memory effect (SME)2. This feature confers 
a high degree of industrial applicability to these alloys, as it 
allows manufacturing through these spring alloys capable of 
thermoactivated industrial actuators with a high capacity for shape 
recovery3,4. One of the essential properties of shape memory 
alloys in the nickel titanium system is their high resistance to 
oxidation, which makes these alloys of great importance for the 
construction of biomedical elements (prostheses)4,5.

However, it is observed that the nickel titanium binary 
system alloys have a limiting singularity regarding their 
use for applications at high temperatures when under high 
thermal demands. These alloys perform phase transformations 
at relatively low transformation temperatures compared to 
alloys composed of ternary elements added to improve this 
variable2. Alloys with higher transformation temperatures 

belong to a specific subgroup of shape memory alloys known as 
High-Temperature Shape Memory Alloys (HTSMAs)6. These 
alloys are the only shape memory alloys with transformation 
temperatures above one hundred degrees Celsius and can 
operate under high-temperature conditions7,8.

Adding a particular ternary element to Ni-Ti starting 
binary can increasetransformations temperatures of 
alloys9,10. At the microstructural level, it can be stated from 
the literature developed on HTSMAs, that the possibility 
of a ternary element supplanting the transformation of an 
SMA into an HTSMA concerns the character of this third 
element allocated to the binary has a high temperature in the 
melting point (Tm > 1000°C). However, it is observed that 
the increase in temperatures oftransformations in HTSMA 
alloys from nickel titanium systems is probably also related 
to the fact that the atomic radius and the melting point of the 
third element are more significant than nickel and titanium11.

Analyzing, in particular, the HTSMAs achieved based on 
the addition of the ternary element hafnium to the initial binary 
nickel titanium, the increase in transformation temperatures 
can also be approached by observing the microstructural 
character of the alloys of the nickel titanium system plus the 
ternary element hafnium8,10. In this case, this reality becomes 
observable since the atomic radius of hafnium is r = 0.155 nm 
and has a melting point of Tm = 2232.85 °C, while nickel 
has an atomic radius of r = 0.124 nm and a melting point 
temperature of Tm = 1454.85 °C, in the same direction, 
titanium has an atomic radius of order r = 0.140 nm and 
melting point temperature at Tm = 1667.85°C12.*e-mail: glaucoruben@hotmail.com
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To analyze the effect of increasing hafnium contents 
in the NiTiHf alloys used in this work, we will use DSC 
(Differential Scanning Calorimetry) technology to characterize. 
A critical correlation studied in this work, and perfectly 
translatable using the DSC, refers to the possibility that the 
properties of SMAs are affected by heating rates during 
phase transformations13,14. In this context, the Differential 
Calorimeter Scanner (DCS) is used to measure the thermal 
activity of the physical properties of SMA14.

In this work, two kinetic models strongly supported in 
the literature were used to confirm the behavioral trends of 
the physical properties of these alloys – in terms of thermal 
activity – empirically captured by DSC. To determine the 
precision between the kinetic model and the empirical 
measurements, as well as the description of the character 
of the kinetic transformation from its coefficient, the 
Avrami model will be used15-17. The Arrhenius model will 
investigate activation energies for the martensite-austenite 
transformation process6,18-20.

2. Experimental Procedure

2.1. Description
The compositions obtained and used in this study were 

two different, following the formula Ni50Ti(50-x)Hfx. Based on 
this configuration, the content of x= twelve in twelve hafnium 
(observing the substitutional character of hafnium compared 
to Titanium) in the alloy composition, thus guaranteeing a 
sufficient number of alloys with different compositions: 
Ni50Ti42Hf8, Ni50Ti30Hf20.

The solidification method used in this work is the fusion 
of alloys by arc melting; the technical specifications of the 
equipment used are maximum power of 18.5 kW; maximum 
current of the order of 400 A; a volume of 18 liters; 0.01 Pa 
vacuum, argon gas purge, and 0.12 MPa maximum pressure. 
The maximum melting temperature is around 3726.85 °C.

To avoid any presence of oxygen in the alloy, due to the 
affinity of this element with titanium, the following procedures 
were carried out: (i) the melting chamber was evacuated to 
0.00133 Pa three consecutive times. In the last purge, argon gas 
was pressurized to 91192.5 Pa; (ii) shortly after, three fusions 
were made in a titanium getter, in an evacuated environment 
at 50622.5 Pa, before the final melting of the Ni-Ti-Hf bulk.

In this work, the DSC characterizations were performed 
using different heating runs in order to investigate the 
kinetics of the thermally activated phase transformation 
process. Observing this purpose, the controlled heating rates 
used were four, in the order: 2.5 (°C/min.); 5.0 (°C/min.); 
10.0 (°C/min.); 20.0 (°C/min.).

3. Results and Discussions
From the analyzes taken based on thermal characterizations 

via (DSC), as supported by the literature, an increase in 
TTs was observed as the hafnium content increased in the 
samples were prepared by arc melting. This increase in TTs 
becomes very clear as we analyze the data obtained for the 
Ni50Ti30Hf20 composition, as will be seen more clearly in 
Table 1 later. Therefore, the transformation temperatures, as 
well as their increments, must be observed as an indication of 

what characterizes the addition of a ternary component to an 
alloy in the nickel titanium system with the express purpose 
of transforming this SMA into an SMA with HTSMA9,10,21. 
This increase in transformation temperatures due to the 
increase in the element hafnium, in the composition of the 
alloys, is well expressed when comparing Figures 1 and 2.

3.1. Analysis of phase transformation enthalpies 
(ΔH)

After carrying out the DSC tests, with the curves 
described in Figures 3 and 4, the variation in the enthalpies 
of transformation was analyzed according to the variation in 
heating rates and alloy compositions as the ternary element 
content was increased, as shown in Table 2.

3.2. Obtaining kinetic parameters from the 
adapted Avrami model

Regarding Avrami’s theory, as different scientific experiments 
were carried out in recent decades, it was observed the need 
for the adaptive character of the equation and the graphic 
modeling printed by22. Such adaptive models of character 
changes were necessary so that the model could analytically 
forge a more comprehensive range of macromolecular events. 
Avrami himself implemented some of these adaptations in23. 

Table 1. Transformation temperatures in Ni-Ti-Hf alloys obtained 
by arc melting, bulk samples.

Composition Heating rate 
(°C/min.)

Initial 
Temperature (°C)

Final 
Temperature (°C)

Ni50Ti42Hf8 2.5 124.15 194.07

Ni50Ti42Hf8 5.0 136.76 198.08

Ni50Ti42Hf8 10.0 131.07 198.11

Ni50Ti42Hf8 20.0 142.00 209.07

Ni50Ti30Hf20 2.5 225.52 290.60

Ni50Ti30Hf20 5.0 223.62 289.27

Ni50Ti30Hf20 10.0 216.80 288.48

Ni50Ti30Hf20 20.0 216.06 292.74

Figure 1. Descriptive sigmoid graph of the transformed fraction 
versus temperature, comparing the behavior of the transformations 
in alloy Ni50Ti42Hf8, obtained by arc melting.
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From the point of view of calorimetric analysis, over the 
decades, other adaptations were made so that the theory, 

initially developed in the case of changes of phases of solids 
in the isothermal state, was also efficient in the description 
of non-isothermal solids in the stage of changes phase16,24-27.

Therefore, considering that the temperature varies during 
the test, gradually increasing or decreasing over time, and the 
material expresses kinetic transformations, Equation 1 can be 
written, used to guide the obtaining of the abscissa axes of the 
avrami model graphs obtained and expressed in Figures 5 and 6.

1T T τ= ±Φ 	 (1)

If T1 refers to the temperature at the beginning of transformation 
(for τ=0) and the sign is positive when the transformation 
takes place with constant heating and negative when the 
transformation takes place with constant cooling, the rate 
Φ defined as module |dT⁄ dt|, So it is always positive28. To 
correlate the transformed fraction data as a function of time, 
considering the range of temperatures and time in which such 
transformations occur at constant rates (heating/cooling), the 
simplest model was used, similar to the first mathematical 
model described by Avrami29. In this work, a similar adapted 
form, as expressed by Equation 2.

Therefore, the adapted form of the JMAK models 
described was used30. Therefore:

( )1 exp  nx K τ ′− ′= − 	 (2)

Where x is the relative quantity transformed and τ, as expressed 
in Equation 2, refers to the time since the beginning of the 
non-isothermal thermoactivated transformation28.

Therefore, the parameters of the Avrami Model contained 
in Tables 3 and 4 were obtained by performing the linear 
regression of a straight line obtained graphically, from the 
experimental data of x versus τ, through the relationship 
established by Equation 2.

When calling Y, the ordinate axis terms in graphs, this 
left member of linear regression equations is described as:

( ) 1ln 1 ln
1

Y ln x ln
x

  = − − =    − 
	 (3)

Figure 2. Descriptive sigmoid graph of the transformed fraction 
versus temperature, comparing the behavior of the transformations 
in the Ni50Ti30Hf20 alloy, obtained by arc melting.

Table 2. Enthalpies of transformation obtained from the tests in 
(DSC) for the alloys obtained by arc melting.

Composition Heating rate  
(°C/min.)

Transformation 
enthalpies (J/g)

Ni50Ti42Hf8 2.5 0. 3036

Ni50Ti42Hf8 5.0 1. 4009

Ni50Ti42Hf8 10.0 2. 4558

Ni50Ti42Hf8 20.0 5. 6529

Ni50Ti30Hf20 2.5 0. 9088

Ni50Ti30Hf20 5.0 2. 0231

Ni50Ti30Hf20 10.0 4. 0148

Ni50Ti30Hf20 20.0 6. 6713

Figure 3. Comparative Graph of the DSC tests for the alloy of 
composition Ni50Ti42Hf8, taking the different heating rates as a 
parameter.

Figure 4. Comparative graph of the DSC tests for the alloy of 
composition Ni50Ti30Hf20, taking the different heating rates as a 
parameter.
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From the correlation between the ordered terms described by 
Y and the abscissa terms substantiated by τ, linear morphology 
graphs were obtained, characteristic of the Avrami model 
adapted to the non-isothermal case Figures 5 and 6, which, 
like Equation 2, present a substantial structural similarity 
with the graphs expressed in Avrami’s initial theory applied 
to the isothermal case29,30.

The results in (Tables 3 and 4) show an excellent fit in 
estimating the model parameters. The average uncertainty 
of Ln K’ varies between 0.10% and 0.48%, and the average 
uncertainty of exponent n varies between 0.28% and 0.51%. 
These values presented using the adapted Avrami model 
are lower than the tolerable “experimental error” for DSC 
measurements, estimated at 5%31. This observed reality 
supported the suggestion that the Avrami model adapted 
to the non-isothermal case can correlate with the relative 

experimental values - used for modeling. Therefore, it is a 
relevant tool as it mirrors empirical and theoretical aspects. 
These integrated experimental values, corresponding to the 
relative transformed phase y versus Ʈ for all compositions 
studied and at all heating rates used in the thermoactivated 
phase transformation event, were shown to be sufficiently 
expressed by the modeling as illustrated in Figures 5 and 6.

The graphs obtained by using the model are shown 
in Figures 5 and 6 and according to the theory, one of the 
descriptive measures of the model’s efficiency as a method 
of translating empiricism is denoted by the proportion of the 
linear morphology presented and the proportion of this in 
relation to the total body expressed by the graph. At the end 
of the event, the points diverged from the usual behavior, 
indicating that the model presents some discrepancy between 
98% and 100% of the relative transformed fraction.

Table 3. Kinetic parameters collected in the Avrami model Adapted to the Ni50Ti42Hf8 alloy, obtained by arc melting, at different heating rates.

Φ (°C/min.)
Ln K’ n’

± % ± %
2.5 -4. 5882 0. 01073 0.23 1. 16421 0. 00332 0.28
5.0 -4. 6010 0. 01228 0.26 1. 18205 0. 00379 0.32
10.0 -4. 4897 0. 01166 0.26 1. 13976 0. 00366 0.32
20.0 -4. 5027 0. 00446 0.10 1. 17028 0. 00446 0.38

Table 4. Kinetic parameters collected in the Avrami model adapted for the Ni50Ti30Hf20 alloy, obtained by arc melting, at different heating rates.

Φ (°C/min.)
Ln k’ n’

± % ± %
2.5 -4. 5217 0. 01282 0.28 1.18409 0. 00358 0.30
5.0 -4. 5115 0. 01356 0.30 1. 17363 0. 00383 0.32
10.0 -4. 4171 0. 0142 0.32 1. 18703 0. 00383 0.32
20.0 -4. 4316 0. 01962 0.44 1. 20104 0. 00525 0.43

Figure 5. Graphs (Avrami-Adapted) for the composition Ni50Ti42Hf8, in different experimental conditions (Bulks).
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The observation of this result is also guided by the 
theory of maximum errors of prediction of empirical results 
expressed in31, which admit as a “tolerable experimental error” 
for DSC measurements, the 5% level. This fact also reflects 
the practical idea that the adapted Avrami model represents a 
reasonable translation between what is empirically observed 
and the theoretical model adapted to translate its reality.

Regarding the kinetic parameters obtained, the results 
were consistent. Although in the adapted Avrami method, 
the physical meaning of events cannot be fully reached by 
such parameters since the non-isothermal method, totally 
equivalent to the isothermal Avrami method, is the Osawa 
method27,32. It was observed that the exponent obtained, around 
n=1, 13976 and n=1, 20104, are verified in interpretations 
of the application of Avrami’s theories, which relates these 
exponents between n=1 and n=4 to different nucleation modes. 
It was also observed that the constancy in the values of n 
is due to the nature of the process studied being unique27. 
The transformation under constant heating from martensite 
to austenite, if other types of transformation were being 
observed, different values of n would be justifiable.

3.3. Activation Energies
Initially, it was based on the concept of transformed 

fraction, considering that this quantity provides substance 
in the analysis of the term apparent activation energy (Qap), 
obtaining these fractions. The apparent activation energy (Qap) 
for the martensite-austenite transformation can be calculated, 
observing that (Qap) starts from the values of the transformed 
fractions. The Arrhenius equation Equation 4. is an essential 
tool for synthesizing such concepts, enabling the analysis of 
activation energies depending on the fractions transformed at 
each instant6,33,34. Such equation was helpful for the present 
study concerning the description of the phase transformation 
process, translating as SMAS, absorbs activation energy (Qap) 
to develop its reversible phase transformations19,21.

The simplest way to discretely find (Qap) for the 
martensite-austenite transformation, which was adopted in 
this work, as mentioned, was through the application of the 
Arrhenius equation, which can more succinctly describe the 
phenomenon of kinetic transformation at a given moment, 
through the following steps:

Application of the Arrhenius equation, describe in its 
most basic forms as described in Equation 4:

.exp apQ
r A

RT
− 

=   
 

	 (4)

Therefore, considering that the transformation rate follows 
an Arrhenius equation as mentioned in Equation 4. Thus, the 
graphs were created with ln(rate) in s-1 against the inverse 
temperature (1/T) at each point, which gave approximately a 
straight line, where the slopes give (-Qap/R), as can be seen in 
Figures 7 and 8. Since R, the ideal gas constant, is a known value, 
the apparent activation energy (Qap) values were calculated35,36.

From this criterion and the conventions for the Arrhenius 
equations discussed in30 Table 5 was obtained.

Figure 6. Graphs (Avrami-Adapted) for the composition Ni50Ti30Hf20, in different experimental conditions (Bulks).

Table 5. Apparent activation energies obtained by the Arrhenius 
method for each composition and experimental condition.

Activation energies in (Kj/mol) for each composition and 
experimental condition

Heating rate  
(°C/min.)

Qap Qap

Ni50Ti42Hf8 Ni50Ti30Hf20

2.5 100.66 159.09

5.0 107.64 149.65

10.0 92.57 209.80

20.0 89.96 126.39
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Observing the activation energies Table 5 in comparison 
with the transformation enthalpies data obtained by the 
empirical method of capturing DSC tests Table 2, it is noted 
that in these first collected (empirical) data, a direct correlation 
was observed both between the increase in the amount of 
the ternary element hafnium in the composition, and the 
heating rates with the increase in transformation enthalpies. 
Furthermore, using the Arrhenius mathematical and kinetic 
model, it was observed from the data expressed in Table 5, 
that they only managed to capture the influence of increasing 
the amount of the ternary element hafnium on the increase 
in activation energies. The fact of this increase in activation 
energies, as the content of a certain element in the initial 
compositions increases, is corroborated by the literature, and 

also its decrease in some cases, depending on the method of 
obtaining the alloys and their processing history37

4. Conclusions
1.	 The experimentally obtained transformation 

enthalpies reflected the thermal activity, as they 
increased proportionally with the increase in 
heating rates.

2.	 With the increase in the amount of the element hafnium 
in the composition of the alloy, there was a proportional 
increase in the transformation enthalpies. This fact 
also materialized in the activation energies (Qap) 
theoretically obtained using the Arrhenius model.

Figure 7. Arrhenius plots for the Ni50Ti42Hf8 composition, under different experimental conditions (Bulks).

Figure 8. Arrhenius plots for the composition Ni50Ti30Hf20, under different experimental conditions (Bulks).
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3.	 Transformation temperatures increased proportionally to 
add the ternary element hafnium to the alloy composition.

4.	 The increases observed in the activation energies 
of the alloys as the ternary element hafnium was 
added, denoting that the larger atomic diameter and 
the higher melting temperature of hafnium induce 
a more significant energy barrier to be overcome.

5.	 The adapted Avrami method proved to be an 
efficient tool for describing the phenomenon of 
phase transformation since the dispersion measures 
generated were quite acceptable. The average 
uncertainty of ln K’ varies between 0.10% and 
0.44%, and the average uncertainty of exponent n 
varies between 0.28% and 0.43%.

6.	 The adapted Avrami model obtained a value of n 
(Avrami exponent) consistent with Avrami’s theory 
for the type of nucleation occurring in martensite-
austenite transformations.

7.	 The Arrhenius kinetic model (from the apparent 
activation energies obtained) captured the influence 
of increasing the amount of the ternary element 
hafnium on the increment of activation energies.
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