|

) <

The University of Osaka
Institutional Knowledge Archive

Kinetics of martensitic transformation in a
Title Ni <45>Co 5Mn <36.5>In <13.5> and magnetic
transition in an FeRh

Author(s) |Lee, Yong-hee

Citation | KPrKZ, 2013, {Etm

Version Type|VoR

URL https://hdl. handle.net/11094/27570

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



5 8 };{ / L 1415

Doctoral Dissertation

Kinetics of martensitic transformation in a

NissCosMns6 5Ing3 5 and magnetic transition in an FeRh

Yong-hee Lee

January 2013

Graduate School of Engineering,

Osaka University

&



Doctoral Dissertation

Kinetics of martensitic transformation in a

NiygsCosMnje 5sIn 3 5 and magnetic transition in an FeRh

Yong-hee Lee

January 2013

Graduate School of Engineering,

Osaka University



Abstract

In the present study, kinetics of martensitic transformations has been investigated by using a
NissCosMnss sInys s alloy whose martensitic transformation can be suppressed by the application of
magnetic field. In addition, time dependent nature of a first order magnetic transition has been
investigated by using an FeRh alloy.

In chapter 1, the background and problems in the interpretation of kinetics of martensitic
transformations are introduced.

In chapter 2, the influence of magnetic field on the martensitic transformation of the
NissCosMnas sIniz s alloy is clarified. The martensitic transformation temperature decreases with
increasing magnetic field, and the transformation is completely suppressed under 2 T field.
Furthermore, the martensitic transformation does not occur at 4.2 K even if the magnetic field is
removed. However, the martensitic transformation initiates in the heating process after the
transformation in the cooling process is suppressed at 4.2 K.

In chapter 3, the time dependent nature of the martensitic transformation in the
NissCosMnse sInia s alloy has been investigated by holding experiments under fixed temperatures
and fixed magnetic fields. As a result, it is found that the transformation initiates after a finite
incubation time. In addition, it is demonstrated that the 77T diagram of the transformation shows
a clear C-curve under the magnetic field of 2 T with a nose located near 150 K.

In chapter 4, the obtained C-curve in 77T diagram is quantitatively analyzed by using a
phenomenological model and the free energy difference between the parent and martensite phases
obtained by a heat capacity measurement. It is found that the potential barrier of the
NissCosMnse sInys s alloy does not disappear at 0 K even at zero magnetic field. In addition, it is
shown that the traditional interpretation of driving force for martensitic transformation cannot
explain the supercooling behavior of martensitic transformation in NissCosMnss sInys s alloy.

In chapter 5, it is shown that the M, temperature strongly depends on the cooling rate in
NissCosMnasg sInis s alloy. The influence of the cooling rate on Mg is explained based on the time
dependent nature of martensitic transformation.

In chapter 6, it is demonstrated that the first order ferro-antiferro magnetic transition in FeRh
shows clear time dependence as observed in martensitic transformation of the NissCosMnais sInis s:
the transformation initiates after a finite incubation time, and transformation, which initiates in the
heating process if the transformation is suppressed in the cooling process.

It is concluded from the present results that the first order transformation are essentially
proceeds by a thermal activation process regardless of the its type. In diffusionless transformation
such as martensitic transformation and first order magnetic transition, we may neglect the influence
of atom diffusion if they occur below 100 K; nevertheless, the nucleation of the product phase

requires a thermal activation process.
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Chapter 1

Introduction

1.1. Outline of the present work

A martensitic transformation is a first order displacive transformation. The transformation is not
associated with diffusion of atoms but occurs by cooperative motion of atoms. Martensitic
transformations are now widely exploited to improve mechanical properties of some steels. They are
also responsible for pseudoelastic behavior and shape memory effects in some shape memory alloys.
In standard text books of materials science, a martensitic transformation is explained to occur
instantaneously at Mg (martensitic transformation start temperature), and the volume fraction does
not depend on time, but depends only on temperature. However, in some iron-based alloys such as Fe-
Ni-Mn and Fe-Ni-Cr, there is no distinct Mg temperature, and the fraction of martensite phase
increases with increasing time [1-2]. The time dependent martensitic transformation is termed as an
isothermal transformation because transformation proceeds at a fixed temperature. On the other hand,
the time independent martensitic transformation is termed as an athermal transformation. The present
study is dedicated to the interpretation for the mutual relation between athermal and isothermal
transformations. In the following, the background of the research is introduced, and then the purpose

and the construction of the thesis are described.



1.2. Thermodynamics of martensitic transformations

1.2.1 Driving force for martensitic transformations.

Kaufman and Cohen [3], first introduced the useful concept of driving force, and established a
thermodynamic framework in martensitic transformations. Figure 1-1 schematically shows the
temperature dependence of the Gibbs chemical free energy of the parent phase (GP) and the

martensite phase (G™). At high temperatures, GP is lower than G™ and thus the parent phase is

Free energy, G

Temperature, T

Figure 1-1. Schematic Gibbs chemical free energies of the parent and martensite phases as a function of

temperature.

stable. When the parent phase is cooled, GP and G™ are equal at the equilibrium temperature T,
GP(Ty) = G™(T,). However, martensitic transformation does not occur at Ty but occurs at M,
temperature, which is below T,. At the Mg temperature, the difference in Gibbs free energy between

the parent phase and the martensite phase is expressed as, GP(Mg) ~ G™(M,) = AG(M,), where



AG(M,) is termed as the chemical driving force, for martensitic transformation.

1.2.2 Influence of magnetic field on martensitic transformation and its thermodynamics.

Driving
force

AN > T(K)
Ms— Mg Stress # 0

Stress =0

Figure 1-2. Schematic diagram showing how an external field change the My temperature in the difference of
Gibbs chemical free energy, AG curve. The dotted line is the driving force, which is usually considered to be

independent of external field. (after Patel and Cohen et al. [7])

It is well known that martensitic transformations are influenced by external fields, such as
hydrostatic pressure [4-6] and uniaxial stress [7-8]. According to Patel and Cohen et al. [7], the
martensitic transformation occurs when the difference in Gibbs (chemical) free energy for martensitic
transformation reached the driving force as shown in Figure 1-2. The value of the driving force is
usually considered to be independent of external field. So, by application of stress, the martensitic
transformation start temperature Mg changes to Mg

A magpnetic field is one of external fields, and influences the transformation temperature, Kinetics
of martensitic transformation, especially when a large difference in magnetization exists between the

parent and the martensite phases. Thus, magnetic field is an effective tools for investigating



martensitic transformations. Effects of magnetic field on martensitic transformations have been
studied by many researchers, in particular by Sadovsky and coworkers in Russia [9-11], and by
Kakeshita et al. [6, 12-19], So far, such effects have been clarified such as the effect of magnetic field

on martensitic transformation temperatures, crystal structure, amount and morphology of martensites

[3, 20-29].

Free Energy,G

(H=0,Hx0)

!
0 Ms MS Ty T As As’
Temperature, T

Figure 1-3. Schematic illustration of Gibbs chemical free energy as a function of temperature in a magnetic

field. (after Kakeshita et al. [30])

Figure 1-3 schematically shows why the transformation temperature is influenced by the
magnetic field for a special case when the martensite phase is ferromagnetic and the parent phase is
paramagnetic. In the figure, T, and M represent the equilibrium temperature and the
transformation start temperature, respectively. When the magnetic field is applied to the system, the
Gibbs chemical free energy of the martensite decreases mainly due to the magnetostatic energy. The
change in Gibbs chemical free energy of the parent phase is neglected here for simplicity. Therefore,

the equilibrium temperature increases to Ty by the application of magnetic field, as shown in the



Figure 1-3. Also, the Mg temperature under the magnetic field increases to Mg if we assume that the
martensitic transformation occurs under the magnetic field at the temperature where the difference
between the Gibbs chemical free energies GP and G™ under the magnetic field is the same as that

between their Gibbs chemical free energies under no magnetic field at M.

1.3. Kinetics of martensitic transformations

It is well known that martensitic transformations are generally classified into two groups from the
view point of kinetics: athermal and isothermal ones. The athermal martensitc transformation has been
considered not to take place until the temperature is reached below Mg, the martensitic transformation
start temperature, which is always below the thermodynamical equilibrium temperature, Ty, between
the parent and the martensite phases, and the amount of the athermal martensite has been considered
to be dependent on only temperature. On the other hand, the amount of isothermal martensite has been
considered to be dependent on both temperature and time. In many cases, a waiting time or an
incubation time is needed before the initiation of isothermal martensitic transformation. Materials
undergoing such an isothermal martensitic transformation have been recognized very few in number,
and Fe-Ni-Mn and Fe-Ni-Cr alloys are typical examples [1-2, 30-38]. Although athermal and
isothermal transformations are generally considered to be different in kinetics, isothermal
transformations are interpreted to be general cases and athermal ones are special cases with
undetectably short incubation time as pointed out by Kurdjumov and Maksimova [39-40]. The
verification of this interpretation may give an important information on the basic problems, such as
nucleation and growth mechanism and the origin of martensitic transformation.

Concerning the relation between isothermal and athermal martensitic transformations, Kakeshita
et al. found that the isothermal martensitic transformations in an Fe-32.6Ni at.% alloy changes the

athermal one under magnetic field. The TTT diagram of Fe-32.6Ni at.% alloy shows a C-curve with a



nose temperature of about 85 K as shown in Figure 1-4. Application of high magnetic field on this
alloy induces an instantaneous martensitic transformation, i.e., the athermal martenstic transformation
as shown Figure 1-5, where the martensitic transformation occurs at a critical magnetic field of
11.9MAm™. In this manner, the athermal and isothermal martensitic processes are found to be closely

related to each other and their differences are not intrinsic.
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Figure 1-4. 77T diagram of the isothermal martensitic transformation in an Fe-32.6 at.% Ni alloy. (after

Kakeshita et al. [31])

In a previous study [2, 20], Kakeshita et al. have also studied the isothermal holding in Fe-Ni
alloys and Cu-Al-Ni alloys which have definite Mg temperature. They showed that the martensitic
transformation occurs instantaneously after a finite incubation time during isothermal holding at
temperature above Mg, as shown in Figure 1-6 (a). They also showed that the incubation time

increases with increasing temperature as shown in Figure 1-6 (b).
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Fe-31.7Ni (at.%) and Cu-29.1A1-3.6Ni at.% alloys, respectively. (after Kakeshita et al. [2, 31])



On the other hand, Otsuka et al. [41] argued that displacive diffusionless martensitic
transformation in shape memory alloys (SMAs) are always athermal unless a certain type of atom in
diffusion is involved in the nucleation and growth processes. Isothermal martensitic transformation, in
its turn, implies the occurrence of atom migration and diffusion. As a support for their analysis Otsuka
et al. made experiments [41] using a NiTi alloy exhibiting the B2 — B19’ martensitic transformation.
They studied the effect of isothermally holding the samples slightly above the direct martensitic
transformation start temperature M. For instance, the sample was held at 1.6 K above M, for 21
days. However, no isothermal martensitic transformation was observed.

Recently, however, Kustov et al. [42] found the evidence of isothermal martensitic transformation
in Ti-Ni alloy. According to the Kustov et al. although martensitic transformatios in the Ni-Ti alloy
system has traditionally been considered to be athermal, the experimental results indicate an
isothermal accumulation of the product phase. However they considered the isothermal nature is
related only to growth process, and nucleation process do not show time dependence.

As mentioned above, there are still contradicting interpretations for the kinetics of martensitic
transformation. For the correct interpretation of the kinetics of martensitic transformations, a very

typical alloy is needed, and a Ni-Co-Mn-In is expected to be such an alloy as described below.

1.4. Isothermal nature of martensitic transformation in Ni-Co-

Mn-In

1.4.1 Kinetic arrests and martensitic transformation in the heating process.

Ni-Co-Mn-In alloys are magnetic shape memory alloys which transform from a ferromagnetic
parent phase to a weak magnetic martensite phase. Recently, Sharma et al. [43] found an increase in

the amount of martensite phase during an isothermal holding process under a magnetic field in a



NisoMns,In;6 (at.%) magnetic shape memory alloy, as shown in Figure 1-7. A considerable relaxation
in magnetization occurs at 180 K (below M) across a first order phase transition. They considered

the transformation in the alloy to be kinetically arrested and discussed its behavior based on a glass-

1.00

0.994

Normalized M

0.98+

0.995 ; ; 180
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Figure 1-7. (Color online) Normalized magnetization (M) versus time (¢) plot for NissMns,In (at.%) at
various 7 between 7=70 and 180 K along the fcc path in the presence of H=80 kOe. M is normalized with
respect to initial M, obtained 1 s after stabilizing at the respective 7. The inset shows the result of the fitting of
Kohlrausch-Williams-Watt (KW W) stretched exponential function at T=70 K. The error bar of the fitting is =

0.5%. (after Sharma et al. [43])

like dynamical response. Such time dependence was then systematically studied by Kustov et al. [44].
In addition, Ito et al. [45] observed the magnetic change induced by martensitic transformation in the
NiysCosMnsg 7In s 3 at.% alloy, as shown in Figure 1-8. This figure shows the thermomagnetization
(TM) curves obtained in magnetic field of = 0.05, 3, 5 and 8 T. It is seen in figure that with
increasing magnetic field the martensitic transformation temperatures from the ferromagnetic parent

to an weak magnetic martensite phase decrease and the magnetization of martensite phase increases.
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Figure 1-8. (Color online) Thermomagnetization (TM) curves under magnetic fields of =0 (or 0.05), 3, 5, and

8 T. (after Ito et al. [45])

That is, the martensitic transformation in the cooling process was partly suppressed by the application
of a magnetic field. They also observed in NijsCosMnsgsIngss (at.%) that the martensitic
transformation proceeds during the heating process as well as in the cooling process. as shown in
Figure 1-9. This figure shows the electrical resistivity (ER) curve in the field cooling (FC) under 5 T
followed by the zero field heating (ZFC) where the broken lines indicate the ER curves under 0 and 5
T. It is noted in the figure that the martensitic transformation in the cooling process was partly
suppressed by the application of a magnetic field of 5 T, and an increase in the amount of martensite
phase in a frozen parent phase was found in the heating process under a zero magnetic field. They
interpreted this behavior as being related to the low mobility of the habit plane between the parent
phase and the martensite phases at low temperatures [45]. As described above, a Ni-Co-Mn-In is a

very effective alloy to understand kinetics of martensitic transformations.

10



L 1 3 DU NP ——
[

- - N
o N o
o o o

Electric Resistivity (uQ2-cm)
(0]
o

Af

0‘.-.-l--n;l;.;.l.-.nl....l....l....

0 50 100 150 200 250 300 350
Temperature (K)

Figure 1-9. (Color online) Electrical resistivity (ER) curve in field cooling (FC) under 5 T followed by zero-

field heating (ZFH). The broken lines indicate the ER curves in the normal cycle under 0 and 5 T. (after Ito et al.

[45])

1.4.2 An interpretation of kinetics of martensitic transformation in Ni-Co-Mn-In, and prediction

theory.

From a fundamental point of view, the time dependence reported by Sharma et al. [43] and
Kustov et al. [44] and the transformation during the heating process reported by Ito et al. [45-46]
should be interpreted on the same basis because they are both related to the kinetics of martensitic
transformation. In the present study, we will interpret these behaviors naturally by using a model
described by Kakeshita’s group that considers any martensitic transformation to be an isothermal one
showing a C-curve in its time—temperature—transformation (777) diagram, as discussed below.

According to the model, the NiysCosMnjs65In;5 5 at.% alloy used by Ito et al. [45-46] is speculated
to show a C-curve in its 777 diagram with a very short incubation time, as schematically indicated by
“A” in Figure 1-10 (a). In a cooling process with a conventional rate (generally less than 100 K min™),
the cooling curve intersects the C-curve, and martensitic transformation starts at a temperature near

the point of intersection. This temperature appears to be the Mg temperature in the cooling process.

11
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Figure 1-10. Schematic 77T diagram showing the effect of a magnetic field on the C-curve speculated for a Ni—
Co—Mn-In alloy (a—c), and the experimentally obtained 777 diagram of Fe-24.9Ni-3.9Mn at.% alloy reported in
Ref. [30] (d). Arrows indicates the cooling and heating curves for conventional experiments. (a) Cooling process
under a zero magnetic field. (b) Cooling process under a magnetic field. (c) Heating process under a zero

magnetic field after cooling under a magnetic field. (after Lee et al. [47])

The application of the magnetic field affects the incubation time of martensitic transformation, as
mentioned in Appendix I. That is, in the case of an Fe~Ni~Mn alloy, the application of the magnetic
field reduces the incubation time, as shown in Figure 1-10 (d) [30]. This is because the magnetization
of the martensite phase in the alloy is higher than that of the parent phase, and consequently the
potential barrier, A decreases with the application of the magnetic field. In contrast, the
magnetization of the martensite phase of the Niy;sCosMnjyg7Ing; 3 at.% alloy is lower than that of the
parent phase. Hence, the application of the magnetic field should increase the incubation time. The

specimen can then be cooled to 4.2 K without initiating the martensitic transformation under the

12



magnetic field because the cooling curve does not intersect the C-curve for a long incubation time
(curve “B” in Fig. 1-10 (b)).

If the magnetic field is removed at 4.2 K, the C-curve returns to its original position (curve “A”).
However, since there needs a very long incubation time at 4.2 K, which is far below the nose
temperature of the C-curve, it is difficult for the martensitic transformation to occur even though the
magnetic field is removed. Hence, we can perfectly freeze the parent phase at 4.2 K. Then, during the
heating process without the magnetic field, the transformation occurs at the intersection of the C-
curve and the heating curve, indicated by Mg in Figure 1-10 (c). This is the reason why martensitic
transformation occurs during the heating process in the NiyjsCosMnjse 7Ing; 5 at.% alloy, as observed by
Ito et al. [45-46]. However, clear experimental evidences for this interpretation have not been reported

yet.

1.5. First order antiferro-ferro magnetic transition in Fe-Rh

One important feature of a Niy;sCosMnsesIniys at.% alloy is that magnetic field suppressed its
martensitic transformation. Similar suppression of first order transition under magnetic field is
expected in FeRh, which exhibits ferromagnetic-antiferromagnetic magnetostructural transition in the
cooling process.

In an FeRh alloy, the first order magnetic transition is suppressed by applying magnetic field. So
we expect that clear time-dependence of magnetic transition is obtained in FeRh. However, time

dependent nature has not been reported for the first order magnetic transition in FeRh so far.

13



1.6. Purpose and Construction of the thesis

As mentioned before, Ni-Co-Mn-In and Fe-Rh alloys are expected to be suitable alloys to
understand the kinetics of martensitic transformation and first order magnetic transition because these
transformations (transition) can be suppressed by the application of magnetic field. The purpose of the
present study is to clearly show the time dependent nature of transformations (transitions) by using
these alloys, and then give a quantitative interpretation for the time dependent nature.

The doctoral paper is comprises seven chapters. In Chapter 1, the background and purpose of the
study is described. In Chapter 2, the magnetic field dependence of martensitic transformation and the
complete suppression of martensitic transformation at a cryogenic temperature in a Ni-Co-Mn-In
alloy are investigated. In Chapter 3, time-temperature-transformation (777T) diagram of the Ni-Co-
Mn-In alloy is derived under magnetic fields. In Chapter 4, the 777 diagram of the Ni-Co-Mn-In alloy
is quantitatively analyzed by using a phenomenological model, and the free energy evaluated in this
chapter. In Chapter 5, the cooling rate dependence of transformation temperature is explained based
on the time dependent nature of martensitic transformation. In Chapter 6, time dependence of a ferro-
antiferro magnetic transition in Fe-Rh alloys is demonstrated, and is compared with that of martensitic

transformation in Ni-Co-Mn-In alloy. In Chapter 7, the summary of the present study is described.
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Chapter 2

Effect of magnetic field on martensitic
transformation of NiysCosMnsgsIng; s alloy

2.1. Introduction

As mentioned in Chapter 1, time-dependent-nature of martensitic transformation was reported in
NiysCosMngyg 7Ing3 3 alloy [1-2]. In this alloy, martensitic transformation is partly suppressed by the
application of magnetic field of 5 T, and transformation occurs in the subsequent heating process
under zero magnetic field. However, the complete suppression of martensitic transformation down to
4.2 K is not possible in the NijsCosMnsg 7Iny3 5 alloy by using a conventional magnetic field (below 7
T). That is, part of the specimen transforms to the martensite phase during the cooling process under
the magnetic field of below 7 T. In order to clearly understand the kinetics of martensitic
transformation, it is desirable to use an alloy whose martensitic transformation can be completely
suppressed under a conventional magnetic field. Such a behavior is expected to occur in an alloy with
lower transformation temperature than NiysCosMnsgsInis; alloy. According to the composition
dependence of martensitic transformation in Ni-Co-Mn-In system reported by Ito et al. [3], the
martensitic transformation temperature decreases as In content increases as shown in Figure 2-1. By
making preliminary experiment, we found that the complete suppression of martensitic transformation
is realized by the application of conventional magnetic field in a NissCosMnsesIngss alloy. In this
section, therefore, we investigate martensitic transformation behavior of the NiyjsCosMnsg sInys s alloy

under various magnetic field in detail.
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Figure 2-1. Indium composition dependence on the My and T, temperatures for the NisoMnsoyIn,Coy(x = 0,

5, 7.5) alloy.

2.2. Experimental procedure

A button ingot of NiysCosMnsgsIniss (at.%) alloy was prepared by arc melting, using a nickel
pellet (99.97 mass%). manganese flake (99.9 mass%). indium pellet (99.99 mass%) and cobalt flake
(99.5 mass%) as starting materials. The ingot was cut into several pieces and remelted to improve its
homogeneity. Homogenization heat treatment was made at 1173 K for 96 h in an evacuated quartz
tube (2x10™ Pa) followed by quenching in ice water. Specimens with dimensions of 1.5x1.5x3.0
(MPMs), 4.2x2.1x0.6 (ER), 3.0x3.2x0.5 (OM), 1.2x1.7x2.4 (DSC) mm’ were cut from the ingot and
heat-treated at 623 K for 24 h to increase the long-range order of the L2;-type structure [4]. The effect

of ordering on degree of order is described at the end of the section. Then, the oxidized surface layer
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was removed by electropolishing in an electrolyte composed of 80 vol. % C,HsOH and 20 vol. %
HClO,. The martensitic transformation temperatures and the latent heat during the transformation
were determined by differential scanning calorimetry (DSC) and an electric resistance of parent and
martensitic phases were determined from electrical resistivity measurements (ER), where heating and
cooling rates of DSC and ER measurements were 2 K/min. The microstructures of the parent and
martensite phase were examined by optical microscopy (OM), and crystal structure was determined
by X-ray diffraction (XRD). Magnetization of the specimen was measured by using an MPMS system

(Quantum Design).

(a) © o - 1173K, 4days
[72]
0 - - o~ o~ R
O - o
= b LA T | A ) .
2 |(b) 2 © N 623K, 1days
g By s < L2, (P)
= . .
3o ~ 5 2| ° °
- l ~ ) ~ N | < IS
o | A } [ A N
20 40 60 80 100 120

2 theta, 260/ degree

Figure 2-2. XRD patterns of the Niy;sCosMnsesIn;s s alloy obtained room temperature. (a) specimen quenched

from 1173 K for 4days, (b) specimen quenched from 623 K for 1days after quenched from 1173 K for 4days.

Figure 2.2 shows the XRD patterns taken at room temperature for the Nis;sCosMnsg sIny; 5 alloy.
Compare to the quenched at 1173 K sample, annealing significantly increases the intensities of super
lattice reflections such as (111) and (220), indicating that an ordered L2, structure with a lattice
constant a = 6.02755 is present. The L2; ordering was obtained at 623K for 24 h of annealing, as

reported in the Ni45C05Mn36‘7In13'3 alloy [4]
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2.3. Results and discussion

2.3.1 Martensitic transformation of Ni;sCosMn;s sln;; 5 alloy.
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Figure 2-3. Electrical resistivity as a function of temperature in the Ni;sCosMnsgslniss alloy obtained at a

constant rate of 2 K/min.

In the electrical resistivity measurements, the martensitic transformation of the
NiysCosMnsg sInys s alloy was detected as an increase in resistivity cooling curve, as shown in Figure
2-3. The cooling and heating rate was 2 K/min, which is usually employed to determine martensitic
transformation temperature. The transformation was also detected by Optical microscope in the
cooling and heating processes. The surface of the specimen is flat in the parent state at 300 K, as
shown in Figure 2-4 (a). In the cooling process, a surface relief of the martensite starts to appear at

206 K, as shown in Figure 2-4 (b). The volume fraction of the martensite phase increases with
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Figure 2-4. The microstructure of the parent and martensite phase obtained in the cooling and heating processes.
(a), (b), (c) are cooling process and (d), (e), (f) are heating process. (a) 300 K, (b) 206 K, (¢) 190 K, (d) 130 K,
(e) 226 K , (f) 240 K. The measurement was made during the cooling process from 300 to 230 K at a constant

rate of 10 K min™ and then, in the cooling and heating process from 130 to 240 K at a constant rate of 2 K min™",
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decreasing temperature in the cooling process, as seen in Figure 2-4 (b)~(d). In the heating process,
the volume fraction of the martensite phase decreases with increasing temperature in the heating
process. The surface relief of the martensite phase is disappeared at 240 K, as shown in Figure 2-4 (f).
A residual parent phase was observed at cryogenic temperature of 130 K, as seen at the top of Figure

2-4 (d). This means two phases co-exist below M temperature.
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Figure 2-5. Temperature dependence of magnetization measured in the cooling and heating processes at a

constant rate of 2 K min-1 under a magnetic field of 0.05 T.

Figure 2-5 indicates temperature dependence of the magnetization of NiysCosMnsg sIn; s alloy
measured under a low magnetic field of 0.05 T. The measurement was made during the cooling
process from 400 to 4.2 K at a constant rate of 2 K min™ and the subsequent heating process. The
martensitic transformation temperatures (Mg and Mg are the transformation starting and finishing
temperatures and A and A¢ are the reverse transformation starting and finishing temperatures,
respectively) were defined as demonstrated in the curves in Figure 2-5. The sharp decrease in
magnetization during the cooling process was caused by the martensitic transformation from the

parent phase with ferromagnetic state to a martensite phase with ferri- or para-magnetic state, and the
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M, was determined to be 214 K. In the heating process, the magnetization drastically increased at
about 198 K as a result of the reverse transformation with a small temperature hysteresis. We consider
the effect of the low magnetic field 0.05 T on the martensitic transformation temperature in
NiysCosMnsg sIng; 5 to be negligible. From the Figure 2-5, the magnetization at Mg temperature is 0.06
up/atom, and it seems that two phases exist at My temperature. That is, the residual parent phase is
expected to remains in the below M; temperature, being consistent with optical microscope

obsevation. The fraction of the residual parent phase below M;s is estimated to be 7.5 %.
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Figure 2-6. DSC curve of NiyjsCosMnjs4 sIny; 5 alloy measured with a cooling and heating rate of 2 K/min.

The transformation was also detected by a differential scanning calorimetry measurement with a
cooling and heating rate of 2 K/min, as shown in Figure 2-6. The latent heat is -1.30 Jg'' in the
cooling process and is 1.74 Jg" in the heating process. The entropy change AS is estimated to be
approximately -7 Jkg‘lK". which is nearly a half of that of the NijsCosMnsgsIngs s alloy reported by
Kustov et al. [5]. Incidentally, the difference in latent heat (absolute value) between the cooling and
heating processes is possibly related to the magnetic entropy of this alloy, as discussed by Umetsu et

al. in an Ni50Mn34ln1(, alloy [6]
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2.3.2 Influence of magnetic field on martensitic transformation.

Figure 2-7 shows the thermomagnetization (TM) curves of NiyssCosMnsg sIngs s alloy obtained
under magnetic fields of /= 0.5, 1, 1.5, 2 and 3 T. It is seen in the figure that with increasing
magnetic field the martensitic transformation temperature from the ferromagnetic parent to weak
magnetic martensite phase decreases. It should be noted that the M temperature decreases with
increasing magnetic field until A = 1.5 T but the transformation does not occurs under 2 T or higher.
The reason will be discussed in Chapter 4. Although the martensitic transformation is suppressed
when a magnetic field of 2 T and higher is applied, we are able to obtain reverse transformation
temperatures under 2 T and higher by heating the specimen which had cooled under a low magnetic
field. Figure 2-8 shows the thermomagnetization (TM) curves of NigsCosMnsg sIngs s alloy measured
in the heating process under the magnetic fields of H= 0.05, 0.5, 1, 1.5, 2, 3, 5 and 7 T after cooling
to 4.2 K under H = 0.05 T. The sharp increase in magnetization in the heating process is due to the
reverse martensitic transformation. The reverse transformation start and finish temperatures (45 and
Ag) are indicated by arrows in Figure 2-8.

In the experiments shown in Figure 2-7 and Figure 2-8, we fixed the strength of magnetic field
and changed the temperature of the specimen. Martensitic transformation can be also controlled by
fixing the temperature and changing the influence of magnetic field. We made such experiments in
order to further understand the influence of magnetic field on martensitic transformation. Figure 2-9(a)
shows magnetization curves measured under fixed temperature of 170 K (a) and 145 K (b). Before the

measurements, the specimen was cooled under a magnetic field of 7 T to the set temperature. Then,
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Figure 2-7. Temperature dependence of magnetization of Ni;sCosMn;se sIny; s alloy measured in the cooling and

heating processes at a constant rate of 2 K min”" under magnetic fields 0f0.05, 0.5,1,1.5,2and 3 T.
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Figure 2-8. Temperature dependence of magnetization of NiysCosMnsesIn;s alloy measured in the heating
processes at a constant rate of 2 K min™ under magnetic fields of 0.05, 0.5, 1, 1.5, 2, 3, 5 and 7 T after cooling to

42 Kunder H=0.05T.
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Figure 2-9. Magnetizations as a function of magnetic field on the NiyisCosMns4sIng; 5 alloy obtained at 170 (a)
and 145 K (b). Hg and H; are transformation starting field and reverse finishing field, respectively. Magnetic

field is removed from 7 T and then increased to 7 T.

the magnetic field was removed with a scanning rate of 0.14 T/min. We notice a sharp decrease in
magnetization at 1.5 T in (a) and at 1.6 T in (b). These fields correspond to the martensitic
transformation start field and we denote them as H,. In the field applying process, the magnetization
increase drastically near 3 T in (a) and 3.5 T in (b). They correspond to the reverse transformation
start field. Subsequently, the increase in magnetization terminates at 3.9 T in (a) and 4.6 T in (b).
These fields correspond to the reverse transformation finish field, and we denote them as H;. Similar

experiments were made for other temperatures between 100 K and 200 K, and we obtained Hg and

Hg at these temperatures.
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Figure 2-10. Magnetic field vs. temperature phase diagram obtained by all the data on the H, Hy, M, Ay, At

which are extracted from the thermomagnetization and magnetization curves shown in Figure 2-6, 2-7 and 2-8.

Figure 2-10 summarizes the transformation temperatures and transformation fields obtained from
Figures 2-7, 2-8 and 2-9. We notice that Mg (open triangles) and Hg (solid triangles) lie on a
common curve. We also notice that A¢ (open circles) and Hg (solid circles) lie on another common
curve. We had better consider that the agreement between Mg and Hg and also between Af and H;
occurred by chance. There could be the discrepancy especially between Mg and Hg when the
scanning rate of temperature and field is changed because of the time dependent nature of the
martensitic transformation. The influence of scanning rate on Mg and Hj is described in Chapter 5.
From the Figure 2-10, dM;/dH and dA¢/dH are obtained to be -27 K/T and -15 K/T in the low

magnetic field of below 1.5 T, respectively.
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Figure 2-11. Temperature dependence of magnetization measured in the cooling and/or heating processes at a
constant rate of 2 K min™". The dotted curve is measured under a magnetic field of 0.05 T. The solid curve 1 is
measured in the cooling process under a magnetic field of 7 T. The arrow 2 indicates the decrease in
magnetization due to the decrease in the magnetic field. Note that martensitic transformation is suppressed in

process 2. The solid curve 3 is measured in the heating process under a magnetic field of 0.05 T after process 2.

In order to understand the difference between dM;/dH and dAg/dH, effect of magnetic field
on the equilibrium temperature T, was evaluated by using Clausius-Clapeyron equation. The
Clausius-Clapeyron equation, dT/dH is expressed as,

dT AM TAM
=5 =" (1)

dH S AQ
where AM and AS are the differences in magnetization and entropy between the parent and
martensite phases respectively, and 7 and AQ are T, temperature in zero field and latent heat of
transformation from DSC, respectively. In the present case, the AM is 110 IT'kg" at Mg
temperature, the AQ is 1.30 Jg', and 7 is 225 K. The calculated value of dT/dH is -18 K/T. We
compare this value with the value of dMs/dH and dA¢/dH in Figure 2-10. The dT,/dH 1is

significantly different from dMg/dH while is nearly same as dAg/dH. This result implies that M
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is significantly influenced by kinetics. The effect of the magnetic field on T, should not be discuss

by using that of the Mg, when the martensitic transformation is strongly influenced by kinetics.

2.3.3 Kinetic arrest and martensitic transformation in the heating process.

The following two experimental results were expected from the model in Ref. [7]: (i) complete
suppression of martensitic transformation at 4.2 K; (ii) the existence of a definite martensitic
transformation temperature in the heating process, which corresponds to the M; shown in Figure 1-
17 (c).

(i) First, we establish the complete suppression of martensitic transformation at 4.2 K. The
specimen was cooled to 4.2 K under a magnetic field of 7 T, with a cooling rate of 2 K min™". In this
process, the magnetization increased monotonically with decreasing temperature, as indicated by
curve 1 in Figure 2-11. The magnetic field was removed and reapplied at 4.2 K. The corresponding
magnetization curve for this process is shown in Figure 2-12. There is no hysteresis between runs in
which the field was removed and reapplied, and the magnetization essentially saturated at the value of
the ferromagnetic parent phase (1.7 pgatom™) under a low magnetic field of approximately 0.2 T. The
specimen was then heated to 350 K under the 7 T field, the temperature dependence of the
magnetization in this heating process coincides completely with that of the cooling process indicated
by curve 1 in Figure 2-11. These results imply that the martensitic transformation is completely
suppressed at 4.2 K. Such suppression of martensitic transformation is explained by a very long
incubation time at cryogenic temperatures because the thermal energy kgT is too small to overcome
the potential barrier existing between the parent and martensite phases, as mentioned before. Figure 2-
11 also shows that reverse martneisitc transformation is impossible at 4.2 K under magnetic field of
up to 7 T. That is, the magnetization curve measured after cooling to 4.2 K under magnetic field of
0.05 T shows neither hysteresis nor sudden increase of magnetization, which are expected if the
transformation occurred.

(i1) Second, we establish the existence of a definite martensitic transformation temperature M/
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(< M) in the heating process. If the 777 diagram shows a C-curve, there
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Figure 2-12. Magnetization as a function of magnetic field in the Niy;sCosMnsgsIng; s alloy obtained at 4.2 K
The dotted curve is measured in the process (7 T—0 T—7 T) after cooling to 4.2 K under 7 T. The solid curve is
measured in the process (0 T—7 T—0 T) after cooling to 4.2 K under 0.05 T. These processes showed no

hysteresis.

should be an M; in the heating process, as shown schematically in Figure 1-17 (¢). The experiment
carried out by us to confirm this is as follows. After cooling to 4.2 K under the 7 T field (curve 1 in
Figure 2-11), the magnetic field was decreased to 0.05 T (arrow 2 in Figure 2-11). The time required
to decrease the magnetic field was 0.5 ks. The specimen was then heated at a rate of 2 K min™ under a
0.05 T field. The magnetization measured in this process is indicated by curve 3 in Figure 2-11. A
sudden decrease in magnetization can be seen at 80 K. This decrease corresponds to the temperature
at which the martensitic transformation starts (M¢) in the heating process, as predicted by the model.
The martensite phase formed in the heating process transforms back to the parent phase above 240 K,

which agrees with the temperature A¢ obtained from the dotted curve in Figure 2-11.
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Figure 2-13. Electrical resistivity as a function of temperature in the Niy;sCosMnsgsIns s alloy obtained at a
constant rate of 2 K/min. The curve 1 is measured in the cooling process under a magnetic field of 7 T, and the
martensitic transformation of the NiyjsCosMnsesing; 5 alloy was also completely suppressed in process 1. The

arrow 2 is measured in the heating process under a magnetic field of 0.05 T after process 1, and an increase in

ER can be seen during process 2.

Similar behaviors are confirmed from the electrical resistivity (ER) curves, as shown in Figure 2-
I13. This figure shows the temperature dependence of the electrical resistivity(ER) of
NiysCosMnjsg sInys s alloy measured under the magnetic fields of /= 0, 0.05 and 7 T. The arrow 1 is
measured in the cooling process under a magnetic field of 7 T, and the martensitic transformation of
the NiysCosMnjsg sInys s alloy was also completely suppressed in process 1, as mentioned above. The
arrow 2 is measured in the heating process under a magnetic field of 0.05 T after process 1, and an
increase in ER can be seen during process 2. This increase means that the martensite phase formed in
the heating process transforms bake to the parent phase above 240 K, which agrees with the

temperature A¢ obtained from the dotted curve in Figure 2-13, as reported in the NiyjsCosMnsg 7Ings

alloy [1].
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2.4. Conclusions

We investigated the martensitic transformation behavior and the influence of magnetic field on
the martensitic transformation in the NiyjsCosMn;sesIngs s alloy. The Mg was determined to be 214 K
under the 0.05T magnetic field. This transformation behavior depend on magnetic field and the M
temperatures decrease with increasing magnetic field until H = 1.5 T. Consequently, the martensitic
transformation was completely suppressed under the magnetic field of 2 T or higher in the cooling
process (cooling rate 2 K/min™). After the cooling under 2 T field, the parent phase is frozen when the
magnetic field removed at 4.2 K. That is, the martensitic transformation is completely suppressed at
4.2 K. In the heating process, that is, the martensitic transformation occurs at Mg temperature of 80

K under zero magnetic field, if the transformation in the cooling process is suppressed.
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Chapter 3

Time dependent nature of martensitic
transformation of NiysCosMn;s65In; ;5.5 alloy

3.1. Introduction

In Chapter 2, we showed that martensitic transformation of the Niy;sCosMnsesIn;s s alloy in the
cooling process with a cooling rate of 2 K/min is completely suppressed by the application of
magnetic field of 2 T and higher. We also showed that martensitic transformation occurs in the heating
process at Mg when the transformation in the cooling process is suppressed. The latter result implies
that a thermal activation process is very important for the transformation. When the transformation is
essentially controlled by a thermal activation process, we may expect that the transformation strongly
depends on time. One important time dependence is the existence of incubation time; we may expect
the existence of the incubation time for the martensitic transformation by holding above M
temperature in the NiysCosMnjesIng; s alloy as reported in Cu-Al-Ni and Fe-Ni alloys [1-2]. We may
also expect the incubation time below Mg temperature.

In addition, the suppression of martensitic transformation in the Nis;sCosMnsg sInj3 s alloy under 2
T may not be caused by the stabilization of the parent phase. That is, the martensite phase could be the
stable phase under 2 T in the temperature range of about 150 K and below. In such a case, we may
expect that martensitic transformation may occur by holding at these temperatures, and we may
expect that the TTT diagram of the transformation shows a clear C-curve as reported in Fe-based
alloys [3-6]. In this chapter, therefore, we make holding experiments and construct 777 diagram of

the martensitic transformation of the NizsCosMnjy6 sIn;3 5 alloy under magnetic fields.
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3.2. Experimental procedure

The specimen used in this chapter is essentially the same as that used in Chapter 2. Details of
alloy production and specimen preparation were the same as described in Chapter 2. Magnetization of
the specimen was measured by MPMS system (Quantum Design). We have conducted isothermal
holding measurements on the NigssCosMnsesIngss alloy under a static magnetic field in order to
construct a C-curve in the 77T diagram as mention above. The isothermal holding experiments were

carried out in the temperature range between 130 and 160 K.

3.3. Results and discussion

The following experimental result was expected from our model [3]: martensitic transformation
occurs after a certain incubation time when the specimen is held above Mg (=214 K) or below M,
(=80 K), and that the 777 diagram shows a C-curve.

We first show the existence of the incubation time above Mg (=214 K). The specimen was
initially cooled from 350 to 218 K, which is 4 K higher than M, with a constant cooling rate of 2 K
min”. Then the specimen was held at 218 K and the change in magnetization was monitored. Then,
the fraction of the martensite phase was determined by the change in magnetization during holding

experiment. The fraction of the martensite phase, /(%) is expressed as,

f(%):(l—HJxmo G-1)

Where M ® and M " represent the magnetization for 100 vol. % of the martensite phase and that of the

parent phase, respectively, and M represent the magnetization for a measured value from the data. The
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time dependence of the fraction of the martensite phase, which was obtained from the change in
magnetization during holding at 218 K, is indicated in Figure 3-1 by open triangles. It can be seen in
the figure that the fraction of the martensite phase is essentially zero up to 2 ks. It then shows a step-
like increase with further increase in holding time. The existence of a distinct incubation time above

the M, is consistent with the results previously obtained by Kakeshita et al. in an Fe—Ni alloy [1] and

in a Cu—Al-Ni alloy [2].

15

N|45C05Mnae.5ln13.5 ;,xr%?
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Figure 3-1. Time dependence of the fraction of the martensite phase during a holding experiment at 218 K (=M

+ 4 K) and at 65 K (=Mg - 15 K). The fraction is evaluated by the change in magnetization under a magnetic

field of 0.05 T.

We secondly show the existence of the incubation time below M¢ (=80 K). The specimen was
initially cooled from 350 to 4.2 K under a 7 T magnetic field. The magnetic field was then reduced to
0.05 T at 4.2 K. The martensitic transformation is completely suppressed at this state, as mentioned in
Chapter 2. After that, the specimen was heated to 65 K under the magnetic field of 0.05 T at a
constant heating rate of 2 K min™. Next, the specimen was held at 65 K and the change in

magnetization was monitored. The time dependence of the fraction of the martensite phase during
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holding at 65 K is indicated by open squares in Figure 3-1, where the fraction of the martensite phase
was evaluated from the change in magnetization. The fraction of the martensite phase is essentially
zero below 300s, then shows a step-like increase with further increase in holding time. Similar
holding experiments were made at other temperatures, and the time required for the formation of a 1%
martensite phase, 7, is plotted as a function of temperature in Figure 3-4. It is probable that the
plotted data comprises a part of a C-curve whose nose temperature is near 150 K (~ (Mg + M.)/2).
with the incubation time at the nose temperature being shorter than our experimental limit. In order to
confirm the existence of a clear C-curve in NiyisCosMnsgsIngs s alloy, we made isothermal holding

experiments under magnetic field.
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Figure 3-2. Time dependence of the fraction of the martensite phase during a holding experiment at 165 K
(= Mg+ 5K)and at 120 K (= Mg — 10 K). The fraction is evaluated by the change in magnetization under a

magnetic field of 1.5 T.

As mentioned in Chapter 2, in the Figure 2-6, the martensitic transformation is completely
suppressed in the magnetic field of 2 T or higher, when the specimen is cooled with cooling rate of 2

K min™. However, the martensite phase is stable under 2 T near expected nose temperature of 150 K
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once it is formed, as shown in Figure 2-9. This implies that martensitic transformation is expected to
occur under a magnetic field of 2 T if the specimen is held near 150 K for a long time. In order to
detect martensitic transformation under magnetic field, we measured a magnetization as a function of

holding time under the magnetic field 2 T at the temperatures between 145 and 155 K.

1%

e ey

Martensite phase fraction, f (%)

10° 10° 10* 10°
Time, logt/s

Figure 3-3. Magnetization as a function of isothermal holding time at near the nose temperature range for the

NiysCosMnsg sInys s alloy obtained under magnetic field of 2 T.

The results are shown in Figure 3-3, where a clear incubation time for martensitic transformation
is observed in all the holding temperature. The fraction of martensite phase shows a step-like increase
with increasing holding time. At the holding temperature of 150 K, the incubation time for 1 vol. % of
martensite phase is obtained to be 1 ks. Similar holding experiments are made at other temperatures,
and the time required for the formation of a 1 vol. % of martensite phase is obtained. The result is
shown in Figure 3-4, where we can see that the 777 diagram under the magnetic field of 2 T is clearly

determined and the incubation time for 1 vol. % of martensite phase at 150 K is the shortest, meaning

41



250

Ni, ,CoMn_ . In .
1%trasformat|on AR b
200 |+
x o yH=2T
— _o'. | ./ .
9" 150 |+ = el )
b= -
S ®
Q 100}
g \;1H= 1.8T
,—
L
a0 \HH 0.05T
10 10° 10° 10° 10°
Time, t/s

Figure 3-4. The 7TT diagrams of martensitic transformation in the Niy;sCosMnsgslns s alloy under magnetic

fields of 0.05, 1.5 and 2 T. The dotted lines are guide for eyes.

that the ‘nose’ temperature is 150 K. In order to understand the influence of magnetic field strength on
the C-curve, we measured a magnetization as a function of holding time under the magnetic field of
2.2 T at temperature about 150 K, and the incubation time of martensitic transformation increases
with increasing magnetic field. However, the C-curve in its 777 diagram had not been obtained under
2.2 T field. Therefore, we measured a magnetization as a function of holding time under the magnetic
field of 1.5 T at temperatures above Mg and below M,, although the incubation time near nose
temperature is not measured. The results are shown in Figure 3-2. It can be seem in figure that the
fractions of the martensite phase are essentially zero below 1 ks. The fraction of martensite phase
shows a step-like increase with further increase in holding time.

In Figure 3-4, the 77T diagram under the magnetic field of 1.5 T is also shown to compare with

that of the magnetic fields of 0.05 and 2 T. Obviously, the incubation time increases by the application
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of magnetic field, and it is expected that the nose temperature decreases with increasing magnetic

field, as shown in Figure 3-4.

3.4. Conclusions

We investigated the time-dependent nature of martensitic transformation and the influence of
magnetic field on the T7T diagram in the NigsCosMnjsg sIny; 5 alloy. Following results are obtained: (1)
The martensitic transformation occurs after a certain incubation time during isothermal holding at
temperature above M (=214 K) or below M, (=80 K), and that the fraction of the martensite phase
shows a step-like increase with further increase in holding time. (2) The 77T diagram under the
magnetic field of 2 T is clearly determined to exhibit a C-curve with its nose located approximately at

150 K. (3) The incubation time increases with increasing magnetic field.
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Chapter 4

Specific heat and free energy of
NiygsCosMns4sIngz 5 alloy

4.1. Introduction

In Chapter 2, we observed that the martensitic transformation start temperature M of the
NissCosMnsg sIng; s alloy measured with a cooling rate of 2 K/min decreases with increasing magnetic
field, and it disappears when the magnetic field of 2 T and higher is applied. We also observed in
Chapter 2 that martensitic transformation in this alloy is completely suppressed at 4.2 K when the
magnetic field is removed at 4.2 K; and in the subsequent heating process, the martensitic
transformation occurs at Mg which is much lower than M. These transformation behaviors of the
NissCosMnsg sInyz s alloy are closely related to a thermal activation process of its martensitic
transformation. In Chapter 3, we showed that the martensitic transformation of NissCosMnse sInys s
alloy initiates after some detectable incubation time, and it shows a clear C-curve in its time-
temperature-transformation (777) diagram. This chapter is devoted to quantitatively explain the above
transformation behaviors. We evaluate the free energy difference between the parent and martensite
phases from the measurements of specific heat of both phases. Then, by using a phenomenological
model reported by Kakeshita et al. [1], we fit the 77T diagram obtained in Chapter 3; then, using the
fitting parameters, we discuss some important aspects related to kinetics of martensitic transformation

in Ni45Co5Mn36.SIn13_5 alloy.

45



4.2. Experimental procedure

The specimen used in this chapter is essentially the same as that used in Chapters 2 and 3. The
size of the specimen used for specific heat measurements is 2.0x1.5x0.6 mm’. The specific heat of the
parent and martensite phases were measured by an relaxation method using PPMS system (Quantum
Design). For the measurements, the temperature of the specimen is raised by 2% higher than the
temperature of the surrounding chamber; the specific heat was evaluated by the relaxation curve. To
obtain the specific heat of the martensite phase, the specimen was initially cooled to 2 K to form the
martensite phase; then, in successive heating process, the specific heat was measured. To obtain the
specific heat of the parent phase, a magnetic field of 3 T was applied to the specimen during the
measurements in order to suppress the martensitic transformation. As mentioned in Chapter 3, this
field is sufficient for the suppression of martensitic transformation in our experimental time scale. We
assume that the influence of magnetic field on the specific heat of the ferromagnetic parent phase is
negligible because the temperature range of specific heat measurements is sufficiently below the
magnetic transition temperature. Then, we consider that the specific heat obtained under the magnetic

field of 3 T represent the value under zero magnetic field.

4.3. Results

Figure 4-1 shows temperature dependence of the specific heat of the parent phase Cg and that of
the martensite phase Cgl. The specific heat of the martnesite phase is obtained only below 225 K

because we cannot superheat the martensite phase above 225 K. In the measured temperature range,
the specific heat of the parent phase is higher than that of the martensite phase. This result suggests

that the vibrational entropy of the parent phase is higher than that of the martensite phase in the
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Figure 4-1. Temperature dependence of specific heat C, of the parent and martensite phase in the
NiysCosMnsg sIngs s alloy. The C“,’ and Cg,v' are specific heat capacity of the parent and martensite phase,

respectively.

measured temperature range. Figure 4-2 shows the difference in specific heat AC, = Cg—Cgl
plotted as a function of temperature. The evaluation of the free energy difference from AC, is made
in the next section. Figure 4-3 shows Cg/T and CFI,VI/T plotted as a function of T2 in a low
temperature range of below 10 K. For both the parent and martensite phases, nearly a linear
dependence is obtained as shown in Figure 4-3; consequently, the Debye approximation for specific
heat can be applied for both the parent and martensite phases. The intercept to the vertical axis
corresponds to the electronic specific heat coefficient y; it is 3.69 mJ/mol K’ for the parent phase, and
is 2.94 mJ/mol K’ for the martensite phase. The decrease in electronic specific coefficient is likely
comes from the decrease in electronic density of states at Fermi energy. This behavior resembles those
reported in Ti-Ni based shape memory alloys. On the other hand, the gradient of Figure 4-2
corresponds to the lattice specific heat constant £. This value is related to the Debye temperature, 6p

by the following equation;
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B = (2)m*Nskp/63
where Ny and kp represent the Avogadro's number and the Boltzmann constant, respectively. Then
the Debye temperature for the parent phase is obtained to be 304 K and that of the martensite phase is
obtained to be 322 K. These values are typical to materials composed of transition metals.
Consequently, we consider that the specific heat difference shown in Figure 4-2 is reliable for the

analysis of free energy difference between the parent and martensite phases.
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Figure 4-2. Temperature dependence of specific heat AC, = (Cx]; - Cll,") in the NiysCosMnse sInys s alloy. The

Cxl: and Cg‘ are specific heat capacity of the parent and martensite phase, respectively.
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Figure 4-3. The C,/T vs T? relation in a low temperature region of the NigsCosMn;g sInys 5 alloy.

4.4 Discussion

4.4.1 Evaluation of free energy difference under zero magnetic field.

In order to determine the Gibbs free energy difference between the martensite and parent phases
in the present NiisCosMnsgslngs s alloy, we calculate the entropy change AS (=S P _ M) and the
enthalpy change AH = H? — HM per mole from the AC, (= Crl,D - CII)VI) in the temperature range
between 2 and 250 K. The enthalpy change and entropy change per mole in this temperature range is
expressed as;

AH = HYP + [T AC, - dT -1
AS = [I=2-dT (4-2)
where HM™P represent the enthalpy change at 0 K. Then, the difference in Gibbs chemical free
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energy, AG = G¥ — GM is evaluated from the AS and AH by the following equation;
AG = AH —TAS
= HY™P + [ AC,-dT —T- [/ =2 dT 4-3)

In practical evaluation of AG, we use assumed AC, to be zero in the temperature range between 0K
and 2K because the value is not obtained in the present experiments. We consider this assumption to
be appropriate because the contribution of AC, on AG in this temperature range is negligibly small.
The value of HM™P is determined to be 37.8 J/mol, so that AG = 0 is satisfied at the experimentally
obtained equilibrium temperature T, (=225 K). The results of AG plotted as a function of
temperature is shown in Figure 4-4. It should be noted here that AG at 0 K is about 37.8 J/mol for the
NissCosMnsg sIngs 5 alloy. This value is much lower than that of Fe-Ni-Mn alloy (about 1350 J/mol) [1].
The entropy change AS at T is obtained from the gradient of Figure 4-4 at 225K to be 0.48 J/mol K.
This value is the same as the entropy change calculated from the latent heat, which is obtained by
DSC measurements. The latent heat in the cooling process is 1.30 J/mol, and that in the heating
process is 1.74 J/mol. In average, the latent heat is 1.52 J/mol. If we divide the average value by T,
we obtain AS = 0.44 J/mol K , being in good agreement with that obtained from the specific heat.

This result further certificates that the energy difference shown in Figure 4-4 is appropriate.

50



40 F

20

10

0
10} \

20—
0 50

AG / (JImol)

100 150 200 250 300

Temperature, T/ K

Figure 4-4. Calculated difference in Gibbs chemical free energy AG as a function of temperature in the

Ni45C05Mn36,5In13.5 alloy.
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4.4.2 Influence of magnetic field on Gibbs free energy difference.

In NissCosMnsg sInys 5 alloy, the magnetization of the martensite phase is significantly larger than
that of the parent phase. We write the difference in magnetization between the martnesite and parent
phases as AM (= M® — MM). Then the Gibbs free energy difference under a magnetic field H is
given as;

AGyy = AG=ory —AM -H 4-4)
where AGy-ory is the free energy difference under zero magnetic field, which is given in Figure 4-4.
Figure 4-5 is the value of AM reproduced from Chapter 2. Then by using Eq. (4-4) with Figure 4-4
and Figure 4-5, we obtain the Gibbs free energy at any magnetic field. The calculated free energy

under 1.5 T and 2 T is shown in Figure 4-6 together with the value under zero magnetic field.

4.4.3 Traditional driving force cannot explain field dependence of M.

In many text book of martensitic transformation, a driving force is considered to explain the
supercooling of the martensitic transformation. Usually, driving force is defined as the difference in
Gibbs (chemical) free energy between the parent and the martensite phase at M, as shown in Figure
1-2. The value of the driving force is usually considered to be independent of external field.

Let's try to apply the traditional interpretation to the magnetic field dependence of Mg shown in
Chapter 2 (Figure 2-6). Since the Mg temperature under zero magnetic field is 214 K, the driving
force for the martensitic transformation becomes AG(Mg) = 5.34 J/mol. If the driving force does not
change, the martensitic transformation start temperature Mg under 1.5 T should be 186 K and that
under 2 T should be 174 K as expected from Figure 4-7. However, the experimental result obtained in
Chapter 2 (Figure 2-6) is completely different. That is Mg under 1.5 T is 180 K and M, does not

exist under 2T. In order to explain the magnetic field dependence of Mg and T7T diagram observed
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in Chapter 3, we need to consider a thermal activation process for the martensitic transformation of
NissCosMngyg sIng; 5 alloy.

It is also impossible to understand the suppression of martensitic transformation in the field
removing process at 4.2 K by using traditional concept of driving force. As seen in Figure 4-7, the free
energy difference at 4.2 K under zero magnetic field is larger than that at M. If we consider that a
martensitic transformation is possible when the free energy difference reaches a certain value, the
transformation should occur at 4.2 K as soon as the magnetic field is removed because the free energy
difference at 4.2K is much larger than that at M;. However, as we observed in Chapter 2, the
transformation does not occur. In this way, it is impossible to understand the suppression of

martensitic transformation at 4.2 K by using traditional concept of driving force.

4.4.4 Application of a thermal activation model for the martensitic transformation in

NiysCosMnsg slns 5 alloy.

In a thermal activation model for martensitic transformation, we consider the existence of a
potential barrier (activation energy) between the parent and martensite phases. Figure 4-8 shows
schematically the Gibbs free energy as a function of the ordering parameter of a martensitic
transformation. There is a potential barrier A between the parent and the martensite phases. We
assume that the height of the potential barrier depends on the free energy difference AG as

A= 4§ —AG
where § is the potential barrier at the equilibrium temperature T,. This assumption is confirmed to

be appropriate in some iron based alloys.
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Figure 4-8. Schematic plot of the Gibbs chemical free energy as a function of the order parameter.

According to a phenomenological model proposed by Kakeshita et al. [1], the probability of a

martensitic transformation P by a thermal activation process is given by the following relation;

P=A-exp (_k:;A) - exp {—B - exp (%)} (4-5)
where A, and B are temperature independent parameters, and m” is the number of atoms
composing the cluster of a nucleus. The incubation time corresponds to P~1. If we apply this model,
TTT curves shown in Figure 3-4 should be fitted by giving four appropriate parameters of A, B, m”
and &. We assume here that the parameters A, B, m" is independent of magnetic field, but § may
depends on the magnetic field. Then, by fitting the 777 diagram under the magnetic fields of 2, 1.5
and 0 T, A, B and m" are fitted to be 1.9 x 1033, 70, 1 x 10*. In addition, the value of & is
fitted as 42 J/mol under 2 T, 44.5 J/mol under 1.5 T and 49 J/mol under 0 T. The fitted 777 diagrams
by using these parameters are shown in Figure 4-9 together with experimentally obtained incubation

time. The calculated results are in good agreement with experimental results.
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Figure 4-9. The 77T diagram of the martensitic transformation in the Niy;sCosMnsgsIn; s alloy. The dotted

curves indicates values calculated with the equation proposed in [1].

Here we compare the parameters m* and & of NiyisCosMnsg sIngs s alloy with those of an Fe-Ni
based alloy exhibiting very clear first order martensitic transformation from FCC structure to BCC
structure. The value of § for FCC-BCC transformation is reported to be about 1621 J/mol. This value
is nearly 30 times as large as that of Ni;sCosMns4 sIn;s 5 alloy. On the other hand, m* for FCC-BCC
transformation is reported to be about 300. This value is about one-300th of that of NigsCosMnsg sInys s
alloy. The estimated size of nucleus is (1.5nm)’ for Fe-Ni alloy while is (Snm)3 for NigsCosMnjsg sIngs s

alloy.

4.4.5 Explanation of the influence of magnetic field on martensitic transformation.

From Figure 4-9, we know that the nose temperature of the C-curve is about 140 K under 1.5 T,
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and the incubation time is about 0.1 seconds. Such incubation time could be detected in the near
future by improving experimental method. We also know that the nose temperature under 0 T is about
120 K and incubation time is about 10~ seconds. However, such a short incubation time may not be
realized because the time is shorter than the period of lattice vibration. In the calculated 777 diagram
shown in Figure 4-9, the temperature at which each C-curve cuts the time line of about 10 to 100
seconds corresponds to the M and M. temperature described in Chapter 2. In this way, the
magnetic field dependence of M; and M temperatures is basically explained by considering the
thermal activation process; it cannot be explained by the concept of driving force as mentioned in
section 4.4.3.

Figure 4-10 shows the temperature dependence of the potential barrier A of NissCosMnsg sIngs 5
alloy under magnetic fields of 0, 1.5 and 2 T. In this figure the martensitic transformation start
temperatures of the cooling process M, and that in the heating process Mg is also shown. We notice
that the potential barrier A at the initiation of martensitic transformation increases as the
transformation start temperatures (Mg or M) increases. The result shown in Figure 4-9 clearly
indicates that martensitic transformation clearly initiates by overcoming the potential barrier through a
thermal activation process. It should be emphasized here that the potential barrier of the
NissCosMnsg sInys s alloy does not become zero even under zero magnetic field. The value at 0 K
under 0 T is about 11.3 J/mol as shown in Figure 4-10. The remaining potential barrier prevent the
martensitic transformation in the magnetic field removing process under 4.2 K as we observed in
Chapter 2 (Figure 2-10), because at this temperature, the thermal activation energy is very small

compared with remaining potential barrier.
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4.5. Conclusions

The Gibbs free energy difference AG between the parent and martensite phases of the
NiysCosMnsg sInys s alloy has been evaluated by specific heat measurements. The difference AG at 0
K is 37.8 J/mol and decreases with increasing temperature. The magnetic field dependence of AG is
also evaluated by using the magnetization evaluated in Chapter 2. The 77T diagram obtained in
Chapter 3 is clearly explained by a phenomenological model based on a thermal activation process for
martensitic transformation. The field dependence of martensitic transformation behavior, and
complete suppression of martensitic transformation at 4.2 K is successively explained by using the
phenomenological model. It has been revealed that the height of the potential barrier plays essential

role for the martensitic transformation behavior of Ni;sCosMnsg sIny; 5 alloy.
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Chapter 5

Effect of cooling and heating rate on
transformation temperature

5.1. Introduction

In Chapter 3, we observed that the martensitic transformation of NissCosMnsssIniss proceed by
holding at a temperature above its M temperature. Here the Mg temperature was determined in
Chapter 2 in a continuous cooling process with a rate of 2 K/min. Since the transformation occurs by
the holding above Mj, the elapsed time in the cooling process in the vicinity of Mg should influence
the Mg temperature of NissCosMnssslnizs alloy. In fact, the influence of scanning rate on Mg
temperature was reported in some shape memory alloys [1-5]. In Chapter 2, we also observed that
martensitic transformation occurs in the magnetic field removing process, and we termed the field
strength at which the transformation initiates as Hg. From a view point of phase diagram, Hg and M
are essentially the same point; therefore, the Hg should also depends on the scanning rate of
magnetic field.

Since the elapsed time near Mg decreases with increasing cooling rate, we can expect that the
M, temperature decreases with increasing cooling rate. In the similar manner, we can expect that H;
decreases with increasing scanning rate of magnetic field. In this chapter, therefore, we examine the
influence of the scanning rate of temperature and magnetic field on M temperature. We also
examine the influence of the scanning rate on Ay, and the results are discussed by considering the 777

diagram for forward and reverse martensitic transformations.
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5.2. Experimental procedure

The NissCosMnseslniz s alloy is essentially the same as that used in Chapter 2. Details of alloy
production and specimen preparation were the same as described in Chapter 2.

The Cu-29.1Al-3.6Ni alloy was produced by melting the component metals in high frequency
induction furnace under argon atmosphere and by casting into a water cooled iron mold. Specimen for
differential scanning calorimetry (DSC) (4.5mmx2.5mmx1.0mm) was cut from the single-crystal.
Solution treatment was made at 1273 K for 1.8 ks in an evacuated quartz tube (2x10* Pa) followed by
quenching in ice water. Then, the oxidized surface layer was removed by electropolishing in an
electrolyte composed of 30 vol. % HNOs; and 70 vol. % CH;OH. The heating and cooling rates of

DSC measurement were 20, 10, 5 K/min.

5.3. Results and discussion

Figure 5-1 (a) shows DSC cooling curve of the NissCosMnss sInis s alloy measured with cooling
rates of 2 K/min and 5 K/min. The exothermic peaks are due to the forward martensitic transformation.
We notice that the transformation start temperature Mg decreases as the cooling rate increases, and
the difference is 7 K. Figure 5-1 (b) shows DSC heating curve of the same alloy measure with heating
rates of 2 K/min and 5 K/min. The reverse transformation finish temperature A¢ increases as the
heating rate increases, but the difference is only 1 K. We will discuss in the next section the reason
why M is largely influence by the scanning rate compared with Ay.

Incidentally, the difference in area of the peak between two different scanning rate does not mean

the difference in latent heat. The latent heat is almost the same for the two scanning rates.
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dependence of Af resembles the heating rate dependence of H.
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Figure 5-1. DSC curves of the NissCosMnse sInys s alloy at different cooling rates. (a) and (b) are cooling and

Figure 5-2 shows magnetization curves measured at 150 K with two scanning rate of 0.14 T/min
(a) and 0.06 T/min (b). Before the measurements, the specimen is cooled to 150 K under a magnetic
field of 7 T. The martensitic transformation in the field removing process starts at Hg =1.0 T when
the scanning rate is 0.14 T/min, but at Hg =1.5 T when the scanning rate is 0.06 T/min. In the field
applying process, the reverse transformation finishes at Hf =3.9 T for both scanning rates. The

of M, and the scanning rate
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Figure 5-2. Magnetization curves of the NissCosMnse sInis s alloy at different rates of a changing magnetic field
at 150 K. (a) and (b) are field scanning rate of 0.14 and 0.06 T/min, respectively. H, and H; are martensitic

transformation start and finish field, respectively.

5.4. Discussion

5.4.1 Interpretation of influence of scanning rate on Mg and Ag.

In Chapter 4, we used a phenomenological model to understand the time dependent nature of
martensitic transformation in the NissCosMnsgsInis s alloy. In order to explain the strong cooling rate

dependence on My and weak heating rate dependence on A¢, we use the same model.
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Figure 5-3. Schematic diagram showing the difference of Gibbs chemical free energy, AG curve.

First we introduce a hypothetical free energy difference AG as shown in Figure 5-3. In the figure,
§ is the potential barrier at T;. The characteristic feature of this free energy difference is that it
saturates below T,. while it constantly change above T,. The potential barrier for the forward
transformation is given by A= § — AG as described in Chapter 4. On the other hand, the potential
barrier for the reverse transformation should be given A= § + AG. Then the incubation time (=
P~1) for the transformation can be calculated as shown in Figure 5-4. In the figure, the blue curve
indicates the incubation time for the forward transformation and red curve indicate the incubation
time for the reverse transformation. In this calculation, we do not consider the influence of the
accumulated elastic energy, so we may consider that Mg = Mg, and Ag = Ay.

Although the 77T curve and CCT (continuous cooling transformation) curve is different, we can
understand the influence of cooling rate from the 777 curve shown in Figure 5-4. We notice that the

incubation time varies significantly for the reverse transformation compared with the forward
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Figure 5-4. Schematic 777 diagram shows the influence of cooling and heating rates for Ni—Co—Mn~In alloy.

transformation. Consequently, when we heat the specimen with different heating rates, the heating
curves cut a part of the C-curve (red curve) nearly at the same temperature. Then, the reverse
transformation is not influenced by the heating rate significantly as shown in Figure 5-1 (b). On the
other hand, if the specimen is cooled with different cooling rate, the cooling curves cut the part or the
C-curve (blue curve) at significantly different temperature. Then, the forward transformation
temperature is significantly influenced by the cooling rate as shown in Figure 5-1 (a).

There is one important point we should remark in Figure 5-3. It is widely considered that the
equilibrium temperature T is given by either (Mg + A)/2 or (Mg + A¢)/2. The former is used for
non-thermoelastic martensitic transformations and the latter is used for thermoelastic martensitic
transformations. However, we notice in Figure 5-3 that T, is significantly higher than the average of
forward and reverse transformation temperatures. We need to be careful for evaluating T, form
transformation temperatrues especially when the kinetics significantly influences transformation

temperatures.
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5.4.2 Influence of Scanning rate on Cu-AIl-Ni alloy.

The cooling rate dependence of Mg temperature should be related to the shape of the TTT
diagram for the martensitic transformation. In this subsection, we will derive cooling rate dependence
of Mgfrom the TTT diagram. And, we use Cu-29.1A1-3.6Ni instead of NissCosMnse sInis s alloy; a part
of its TTT diagram is shown in Figure 1-5 (b).

We notice in Figure 1-5 (b) that log,t increases linearly as the holding time increases. So, we
assume that the linear relation is satisfied within experimental time scale. Let's denote the incubation
time at T; as Tq; then, the incubation time 7 at T is given as;

logio(t/71) = a'(T —Ty) or logyo(z/7y) = a(T —Ty) (5-1)
where a’ is the slope in Figure 1-5 (b) and a = a’'/In10. We consider that transformation occurs

when the incubation time T elapses, and this condition is given by;
t1
Jozdt=1 (5-2)
At a constant temperature, T is constant; therefore, transformation occurs when =7 . If we put

given by Eq. (5-1) into (5-2) then we obtain;

[f— 2 _dr=1 (3-3)

0 7,exp(a(T-Ty))
Next, we consider a continuous cooling process from a temperature Ty. In a cooling process with a
rate b, the temperature T is given as a function of time as;
T=Ty,—bt (5-4)
Then, if we assume that Eq. (5-2) is satisfied even by a temperature scanning process, the martensitic

transformation initiate at the at the temperature which satisfies the following relation;

T -1
J-7'0 btiexp(a(T-Ty)) dT =1 (5‘5)

By integrating Eq. (5-5), and replacing T to infinity, we obtain the temperature T at which Eq. (5-

5) is satisfied as;
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Ty =Ty = —=QA/a)In(abty) or T, =T, — G) In(aty) —1/a log,, b (5-6)
This temperature T should correspond to the martensitic transformation start temperature M. Let's
consider the cooling rate dependence of Tg in Cu-29.1AI-3.6Ni alloy. In this alloy we know from
Figure 1-5 (b) that 1/a’ is 1.5 K+1.0 K. We know from this result that when the cooling rate b is

10 times higher, the transformation temperature decreases by 1.5+1.0 K in Cu-29.1A1-3.6Ni alloy: the

decrease in My is 0.45+0.30 K when b becomes twice.

20 K/min

10 K/min

Heat flow (exothermic—)

180 200 220
Temperature, T/ K

Figure 5-5. 38 cyclic DSC curves of Cu-29.1A1-3.6Ni alloy at different cooling rates. (a), (b) and (c) are cooling

rates of 20, 10 and 5 K/min, respectively.

In order to confirm the cooling rate dependence of M derived above, we measured M, for the
Cu-29.1A1-3.6Ni alloy by DSC measurements under three different cooling rates. Figure 5-5 shows
DSC cooling curves of the alloy measured with cooling rates of 20 K/min, 10 K/min and 5 K/min.
Measurements are repeated 38 times. The Mg was defined at the temperature where the heat flow
increases suddenly, and the value is plotted as a function of cycle number in Figure 5-6 (a). We notice

there is a large scattering of M;. Figure 5-6 (b) shows distribution of the My temperature. By fitting
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the distribution using a gauss distribution function, we obtain the average of the M temperature to
be 197.46 K, 197.02 K and 196.26 K when the cooling rate is 5 K/min, 10 K/min and 20 K/min,

respectively. Then, the decrease in Mg by changing cooling rate from SK/min to 10K/min is 0.44 K.
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Also, the decrease in Mg by changing cooling rate from 10K/min to 20 K/min is 0.76 K. The
temperature change is in good agreement with that we expected from the part of TTT diagram shown

in Figure 1-5 (b).

5.5. Conclusions

The forward martensitic transformation start points (Mg and H) of the NissCosMnsg sInis s alloy
significantly depend on the scanning rate of temperature and magnetic field. On the other hand, the
reverse transformation finish points (A¢ and Hy) slightly depend on these scanning rates. This
behavior is well explained by using the phenomenological model. The cooling rate dependence on M,
is explained by considering that transformation initiates when the inverse of the incubation time

accumulates to unity.
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Chapter 6

Time dependent nature of antiferro-ferro
magnetic transition in FeRh alloy

6.1. Introduction

Considering the kinetics of matensitic transformation described in Chapter 1, we speculate that
the time dependence could be observed even in a first order magnetostructural transition, because
there exists potential barrier between the high temperature and low temperature phases, which is the
generality of first order transitions. Moreover, the transition occurs by thermal activated process over
the potential barrier. In order to confirm the speculation, we select FeRh in the present study, because
FeRh is known to exhibit a first order antiferro—ferro magnetostructural transition and does not show
any symmetry change. This alloy has been widely studied due to its giant magnetocaloric effect [1],
magnetostriction [2] and magnetoresistance [3] appearing close to room temperature. But there has
been no study on whether the time dependent behavior exists in this magnetostructural transition of
binary FeRh.

As described in Chapter 2~4, considering the kinetics of martensitic transformation in the
NissCosMnsg sIng; s alloy, we speculate that the similar behaviors could be observed in the first order
magnetostructural transition, which has similar magnetization change. That means, we are wondering
whether the first order magnetostructural transition could be suppressed under magnetic field down to
4.2 K and would start in the subsequent heating process after removing the magnetic field at 4.2 K as
shown in Chapter 2 (Figure 2-10), as well as whether this transition also shows time dependent nature

both in cooling and heating processes as shown in Chapter 3 (Figure 3-1 and 3-4). According to a
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report by Walter, doping Pd to FeRh alloy is effective to decrease the transition temperature [4].
Therefore, the speculation above can be verified in an Feq45Rhg45Pdy; alloy, which exhibits a first
order ferro—antiferro magnetostructural transition at 170 K in the cooling process associated with
volume and magnetization variation [4]. The volume change of this transition is similar with that of
the magnetostructural transition in FeRh, which is due to the magnetostriction [2, 4].

In this chapter, therefore, we investigate that the time dependent nature of the antiferro—ferro first
order magnetostructural transition in FeRh, and demonstrate some evidence of the similarity in
kinetics between the ferro-antiferro transition in Feg 4sRhg 4sPdg alloy and martensitic transformation
in NissCosMnsgsIniss alloy, which indicates that the first order magnetostructural transition in
Feg4sRhg4sPdg; alloy is also caused by a thermal activation process and could proceed both

athermally and isothermally. Similar behavior was reported in some stainless steels [5].

6.2. Experimental procedure

An Fe-50 (at.%) Rh alloy was prepared by arc-melting method under argon atmosphere using Fe
rod (99.99%) and Rh powder (99.9%). It was remelted for several times to insure homogeneity, and
subjected to proper heat-treatment (keep at 1273 K for 24 h and 573 K for 12 h, then quenched into
ice water) in order to obtain a well ordered, homogeneous B2-type intermetalic compound of FeRh.
The crystal structure was investigated by an X-ray diffraction equipment in a temperature range
between 80 and 300 K, and its magnetization was measured by MPMS (Magnetic Property
Measurement System) with a high temperature oven accessory.

Referring to the report by Walter [6], 10% Pd doped Feg45sRh45Pdo; alloy was also used in our
experiment. A button ingot of the alloy was prepared by arc-melting method using Fe (99.99%), Rh
(99.9%) and Pd (99.99%), and was remelted for several times to insure homogeneity, and then

subjected to the following heat-treatment schedule: annealing at 1273 K for 24 h, followed by
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quenching into ice water. An X-ray analysis revealed that the annealed Feg4sRhg4sPdy; alloy shows
well ordered B2-type structure with faint fcc traces. Magnetization measurements were made using
MPMS (Magnetic Property Measurement System) with a high temperature oven accessory. The

cooling and heating rates of the magnetization measurement are 2 K/min.

6.3. Results and discussion

6.3.1 Isothermal holding of first order magnetostructral transition of FeRh alloy in zero field.

The temperature dependence of magnetization of the FeRh under a low magnetic field of 0.1 T is
obtained with a cooling and heating rate of 2 K/min, as shown in Figure 6-1 (part of the figure has
been magnified and shown in inset of it, and the single and double arrows shown in the main figure
will be mentioned later in the paper). Difference between the cooling and heating magnetization
curves above 405 K in ferromagnetic region under the 0.1 T magnetic field is due to the distribution
of domains, which disappears under a high magnetic field (not shown here). According to the figure,
we can determine the ferro—antiferro transition start temperature (TF"AF) and finish temperature
(TAFF) are determined to be 405 and 416 K, respectively. These transition temperatures are marked
with arrows in the inset of Figure 6-1. Then the ferro—antiferro equilibrium temperature is estimated
as TEAF = (TSF'AF + TfAF_F)/Z, which is usually used in thermoelastic transformation of shape
memory alloys [7], and is 410.5 K in this FeRh specimen. In the present work, the time dependent
nature of the first order transition is investigated for two cases:

(1) We set a temperature slightly above TF~AF in order to know the incubation behavior.

TSF—AF TfF—AF

(2) We set a temperature at the intermediate between and in order to know the time

dependent nature during the ferro—antiferro magnetostructural transition.
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Figure 6-1. Temperature dependent of magnetization for FeRh under 0.1 T magnetic field, the inset is the

magnification of the part in frames.

The time dependent nature of the ferro—antiferro transition has been investigated by holding at
temperatures above T¥AF (405 K). The specimen is initially heated up to 500 K under a low
magnetic field of 0.1 T, and then cooled to a set temperature (420, 410, 409 or 408 K) with a cooling
rate of 2 K/min. After that, the specimen is held at the set temperature described above and the time
dependence of magnetization is monitored under the 0.1 T magnetic field. Incidentally, the data of
first 3 ks in each holding experiment are excluded due to the unstable of specimen temperature.

Figure 6-2 shows the change in magnetization while holding at each set temperature. We notice
that the magnetization in Figure 6-2 (a) is almost independent of time when the specimen is held at
420 K, which is above the T¢*F~F of 410.5 K. On the other hand, sudden decrease in magnetization
due to the magnetostructural transition is observed with increasing time when the specimen is held at

410, 409 and 408 K, as shown by circles in Figure 6-2 (b)~(d), respectively. It should be noted that the
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Figure 6-2. Time dependence behavior of magnetization in FeRh before ferro—antiferro transition starts
athermally (a) 420 K, (b) 410 K, (¢) 409 K, (d) 408 K (the circles in the figures show the sudden decreases as

holding at that temperature).

incubation time is quite large (10 s order). These three holding temperatures are between TF=AF and
TE-AF In this way, we confirm that there exists incubation time even in a ferro—antiferro
magnetostructural transition.

The incubation times corresponding to the occurrence of magnetostructural transition shown in
Figure 6-2 are plotted at different set temperature and the result is shown in Figure 6-3, which infers a
ferro—antiferro transition. It can be seen that the incubation time decreases on approaching the
transition start temperatures. Moreover, the incubation time increases monotonically on approaching
the equilibrium temperature, being similar to that of martensitic transformation in NiysCosMnss sInys s
alloys, as mentioned in Chapter 3 (Figure 3-4).

Also, we check the magnetization change as a function of time at an intermediate temperature of
TF-AF

350 K in a ferro—antiferro transition (holding between TF~AF and , as indicated by a single
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arrow in Figure 6-1). The specimen is initially heated up to 500 K under the magnetic field of 0.1 T,
and cooled down to 350 K with a rate of 2 K/min, then it is held at that temperature. The
magnetization change as a function of time is shown in Figure 6-4. The holding time from 3 to 20 ks
are shown, because those before 3 ks are neglected due to temperature unstable, as described in Figure
6-2. The magnetization in this process decreases gradually with increasing time, meaning that the
ferro—antiferro magnetostructural transition proceeds during isothermal holding. Incidentally, the
value of the product phase formed during isothermal holding process (20 ks) is 0.05% at 350 K. This

value is not very large as for an isothermal transition compared with those in martensitic

transformation [8-9].

- T, =410.5K _.-®
s
- /./
[ 4
0 10 20 30 40
Time, t/ ks

78



14.680

Hold at 350K under 0.1T
:g) 14.678 L'-.-
g I.-.l
| ]

Z 14676 L .
E | |
g - i - " - m
= 14.674 | ]
o]
N
2
o 14672
©
=

14670 . 1 N 1 . 1 N 1 N 1 "

3 6 9 12 15 18
Time, t/ ks

Figure 6-4. The time dependent nature of magnetization in ferro—antiferro transition at 350 K.

6.3.2 Influence of magneitc field on first order magnetostructural transition of Fey 4sRhy sPdy ; alloy.

Figure 6-5 (a) shows the temperature dependence of magnetization measured under various magnetic
fields. The Feg4sRhg4sPdg; alloy starts to transform from ferromagnetic phase to antiferromagnetic
phase near 170 K under magnetic field of 0.1 T, as indicated by double arrow in Figure 6-5. The
transition temperature decreases with increasing magnetic field. When the magnetic field is 5 T, there
is no magnetostructural transition, which means the transition has been suppressed. The ferro—
antiferro transition start temperature (T AF) and antiferro—ferro transition finish temperature
(TfAF'F) as a function of magnetic field are shown in Figure 6-5 (b). The transition temperature of
Figure 6-5 (b) is obtained from the M-T curves of Figure 6-5 (a). The transition temperature decreases
linearly with increasing magnetic field, and then suddenly disappears under magnetic field higher than
5 T. This behavior resembles the magnetic field dependence of martensitic transformation temperature

in Ni-Mn—In—Co alloy reported by Ito et al. [10]. The entropy change between the ferromagnetic and
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cooling process under 0.1 T magnetic field.

antiferromagnetic phase can be given by using the Clausius—Clapeyron relation:

dT/dH = —AM /AS ()
where T is the equilibrium temperature, H is the applied magnetic field, and AM is the differences
in magnetization between ferromagnetic and antiferromagnetic phases. The value of dT/dH is
obtained from the average slope of the linear fitting lines in Figure 6-5 (b), to be 23.2 K/T, and AM is
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140 J T kg_l. Therefore, the AS is evaluated to be 6.1 J kg_1 K™, which is smaller than that of the
binary FeRh (17 J kg™' K™', calculated from the results of Algarabel et al. [3]) and the same that of
Ni45C05Mn36,5In13.5 alloy (61 J kg_1 K_l).

Figure 6-6 gives the magnetization change as a function of time while holding at intermediate
temperatures of the ferro—antiferro magnetostructural transition in the cooling process under a
magnetic field of 0.1 T. Here, the data of the initial 3ks is not presented due to the thermal fluctuation
at the beginning of the holding process. It can be seen that, the transition proceeds isothermally while
holding at 110 K and 80 K in the cooling process. It can be calculated from Figure 6-6 that, the
transition product increases by 0.59 % and 1.81 % while holding for 40 h at 110 K and 80 K,
respectively. The difference in the transition rate at these two temperatures will be attributed to the

difference in the slope of the magnetization—temperature curve at these two temperatures.

6.3.3 First order magnetostructural transition of Fe ;sRh ;sPdy ; alloy in the heating process.

As mentioned in Figure 6-5, the ferro—antiferro transition is suppressed when the specimen is
cooled with a rate of 2 K/min under magnetic field of 7 T. After cooling to 4.2 K under 7 T (shown in
Figure 6-7 (a)), we removed the magnetic field, and then applied magnetic field up to 7 T again. The
magnetization curve in this process is shown in Figure 6-7 (b). In the field removing process, the
magnetization starts to decrease largely at 2 T, and in the field applying process the magnetization
starts to increase largely at 5 T. In addition, there is a large hysteresis between the field removing and
applying processes. This result implies that a ferro—antiferro transition occurs during the field
removing process at 4.2 K, and its reverse transformation occurs during the field applying process.
The volume fraction of the antiferromagnetic phase formed by the removal of the magnetic field is
evaluated to be about 40%. Similar behavior had been observed in Fe4o(Rhg 93Pdg07)s1 compound,

which was reported by Kushwaha et al. [11].
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0.1 T magnetic field after being suppressed under 7 T.

After removing the magnetic field, the specimen was heated to 300 K with a rate of 2 K/min
under low magnetic field of 0.1 T. The temperature dependence of the magnetization in this process is
shown by solid curve in Figure 6-7 (a). We notice a clear decrease in magnetization in the temperature
range between 10 K and 40 K. This decrease is caused by magnetostructural transition from

ferromagnetic phase to antiferromagnetic phase in the heating process. It should be noted that the high
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temperature phase transforms to the low temperature phase in the heating process. This result implies
that the magnetostructural transition proceeds by thermal activation process. Incidentally, the
transition to the antiferromagnetic phase does not proceed completely in the heating process as seen in
Figure 6-7 (a). This is different from the similar experiment in Ni-Mn—Co~In alloy, in which the
suppressed parent phase transforms thoroughly to martensitic phase in the heating up process under
low magnetic field [9]. The low fraction of the product phase in this Feg4sRho4sPdo; alloy in the
heating process can be attributed to the hindered atomic motion at low temperature due to lower
thermal energy when the transition is shifted to lower temperature by Pd doping.
Figure 6-8 shows the change in magnetization while holding at 20 K and 25 K in the heating
process (indicated by arrows in Fig. 3). The amount of transition product increases by 1.99% and 2.35%

while holding for 40ks at 20 K and 25 K, respectively.

6.4. Conclusions

The first order ferro-antiferro magnetostructural transition in FeRh show obvious time dependent
nature. There are distinct incubation times for first order ferro—antiferro magnetostructural transition,
and the amount of product phase increases with increasing holding time. The incubation time
increases with increasing the holding temperature for ferrro—antiferro transition. The ferro—antiferro
transition in Feg 4sRhg 45Pdg can be suppressed under a magnetic field of 5 T or larger. The suppressed
ferromagnetic phase partly transforms to antiferromagnetic phase by removing of magnetic field at
4.2 K. The transition also proceeds in the subsequent heating process after decreasing the magnetic
field to 0.1 T at 4.2 K. These results imply that the first order magnetostructural transition in FeRh

alloys proceeds by a thermal activation process.
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Chapter 7

Summary

In the present study, kinetics of martensitic transformations has been investigated by using a
NigsCosMnsg sInjs s alloy whose martensitic transformation can be suppressed by the application of
magnetic field. In addition, time dependent nature of first order magnetic transition has been

investigated by using FeRh and Pd doped FeRh alloys.

In Chapter 1, we have introduced the background and problems in the interpretation of kinetics of
martensitic transformations, and described the reason why Ni-Co-Mn-In and Fe-Rh system is suitable

for the interpretation of kinetics of first order transformations.

In Chapter 2, we examined the influence of magnetic field on the martensitic transformation of
the NigsCosMnsg sIng; s alloy. As a result, it is found that the martensitic transformation temperature of
this alloy decreases with increasing field strength up to 1.5 T, and the transformation is completely
suppressed when the alloy is cooled under a magnetic field of 2 T. More importantly, it is revealed
that the martensitic transformation does not occur at 4.2 K even if the magnetic field is removed. In
addition, it is found that martensitic transformation initiates in the heating process when the
transformation in the cooling process is suppressed. The suppression of the transformation at 4.2 K
and the initiation in the heating process clearly imply that the martensitic transformation in the
NigsCosMnsg sInyz s alloy proceeds by a thermal activation process. That is, the thermal energy is

insufficient at 4.2 K to initiate the transformation.
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In Chapter 3, it is shown that the martensitic transformation of the Ni;sCosMnjssIng; s alloy
starts after some finite incubation time, and the fraction of the martensite phase increases with
increasing holding time. It is also shown that 77T diagram for the martensitic transformation in
NissCosMnsg sIngs s under a magnetic field of 2 T shows a clear C-curve with a nose located near 150
K. This is the first detection of clear C-curve ever reported for thermoelastic martensitic

transformations.

In Chapter 4, the C-curve in T7T diagram obtained in Chapter 3 is quantitatively analyzed by
using a phenomenological model combined with the free energy difference between the parent and
martensite phases obtain by heat capacity. Through the analysis, it is revealed that the potential barrier
of the NiysCosMnse sIny3 s alloy does not disappear at 0 K even at zero magnetic field. It became clear
that the residual potential barrier interrupt the initiation of martensitic transformation at 4.2 K, which
we observed in Chapter 2. It is also pointed out in this chapter that the traditional interpretation of
driving force for martensitic transformation cannot explain the supercooling behavior of martensitic

transformation in NigsCosMnse sIny; s alloy.

In Chapter 5, we have revealed that Mg temperature strongly depends on the cooling rate in
NissCosMnsg sIng; s alloy. That is, Mg decreases with increasing cooling rate. The influence of the
cooling rate on M temperature is explained based on the time dependent nature of martensitic

transformation.

In Chapter 6, we demonstrated that the time dependence observed in martensitic transformation
can be also found in first order ferro-antiferro magnetic transition of Fe-Rh alloys. That is, the
transition shows a clear incubation time and the fraction of the product phase increases with
increasing holding time. In addition, it is found that the ferro-antiferro magnetic transition occurs in
the heating process when the transition in the cooling process is suppressed by the application of

magnetic field.
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It is concluded from the present results that first order transformation are essentially proceeds by
a thermal activation process regardless of the its type. In diffusive transformation, there is no doubt
that the diffusion of atoms requires a thermal activation process. In diffusionless transformation such
as martensitic transformation and first order magnetic transition, we may neglect the influence of
atom diffusion if they occur below 100 K. Nevertheless, the nucleation of the product phase requires a

thermal activation process.
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Appendix

A-I. Time-dependent nature of martensitic transformation under magnetic

field

Based on the phenomenological model, Kakeshita et al. made the following predictions about the
behavior of athermal and isothermal martensitic transformations, as schematically shown in Figure 1
[1]. (1) A static magnetic field lowers the nose temperature and decreases the incubation time. (2) A
hydrostatic pressure raises the nose temperature and increases the incubation time. (3) In materials
classified as exhibiting an athermal transformation, the transformation occurs isothermally by holding

at a temperature between Mg and Ty.

Temperature

magnetic field

Time

Figure 1. Predicted T7T diagrams of isothermal martensitic transformation under magnetic field and hydrostatic
pressure by the theory previously constructed, together with that under no external filed. (after Kakeshita et al.

(1D
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static magnetic fields; and (b) that under hydrostatic pressures. The dotted lines represent the calculated 777

diagrams with the theory previously proposed [1]. (after Kakeshita et al. [2])

They confirmed the above predictions to be appropriate. Figure 2 shows T7T diagrams in an Fe-
24.0Ni-4.3Cr (at.%) alloy under static magnetic fields (a) and hydrostatic pressures (b) [2]. The dotted

lines represent the calculated 777 diagrams based on the model shown in eq. (2). As deduced from
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these two figures, the behavior of the isothermal martensitic transformation under those external fields

is in good agreement with predictions mentioned above, suggesting that the model is appropriate.

A-IL. Kinetics of martensitic transformation

Based on the phenomenological model [1] is that martensitic transformation is assumed to occur
by a thermally activated process, or a probability process, which will be described schematically using
Figure 3. The figure shows the free energy as a function of order parameter (strain is usually taken as
the order parameter of the martensitic transformation) for a system exhibiting a first order phase
transition. It should be noted that the martensitic transformation does not occur at the equilibrium
temperature, Ty, but starts at Mg which is below Ty. A potential barrier (indicated by A(T) at a

temperature, T) exists between the parent and the martensitic states.

The existence of such a barrier is well known for a first-order phase transition and in this case the
barrier may be related to the interfacial energy and the strain energy needed to start the transformation.
They assumed that the martensitic transformation macroscopically occurs when some particles (atoms,
electrons) climb over the potential barrier by a thermally activated process. This process naturally
gives the time-dependent nature of the martensitic transformation in the following way; when the
transition probability of particles over the potential barrier is high, a martensitic transformation occurs
with a short incubation time. Therefore, the incubation time will be evaluated by the inverse of the
transition probability. Based on the assumptions mentioned above, the meaning of the M,
temperature and the difference in the process between the athermal and isothermal martensitic

transformations can be explained. That is, the transition probability of particles over the potential
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Figure 3. Schematic plot of the Gibbs chemical free energy as a function of the order parameter. (after kakeshita

etal. [4])

barrier is extremely high at the My temperature. This is the meaning of the M, temperature at which
the martensitic transformation occurs instantaneously. The difference between athermal and
isothermal transformations is whether a specific temperature exists where the transition probability
becomes extremely high; such a temperature (M) exists for an athermal martensitic transformation
and not for an isothermal martensitic transformation. Considering the above concept, they constructed
a phenomenological model [1, 3], making the following three assumptions. (1) Particles (atoms,
electrons) must acquire a certain critical energy (potential barrier), A, before they can change the state
from austenite to martensite. The potential barrier is expressed as A(T) = AG(M) — AG(T), where
AG(M;) and AG(T) represent the difference in Gibbs chemical free energies between the parent and
martensitic state at Mg and T, respectively. (2) The transition probability (B,) from the austenitic
state to the martensitic state is proportional to the Boltzmann factor and is expressed as,

F. = Pyexp(=A/kgT) (D
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where, kg is the Boltzmann constant and P, is a constant related to the cooperative movement of
atoms which is a characteristic feature of martensitic transformations. (3) In the case of A+ 0,
martensitic transformation does not start even if one particle is excited, but it starts when some critical
number of particles, n*, among the excited particles, m, make a cluster and are excited in some place

of the austenite.

Based on the these assumptions, the probability (P) of the occurrence of martensitic

transformation [1] has been derived as;

Z%(»n»n*) Z%(»n»n*)f(lvr m,n,n")(P)™ (1 - PHN-™, (2)

Where N and n* represent the total number of particles and a minimum number of particles in the
cluster, which is able to make a martensitic transformation start, respectively, and m and n the
number of excited particles and f(N,m,n,n*) the possible number of clusters consisting of n
particles within m excited particles. Supposing that the well-known ergodic hypothesis holds in the
present analysis, the incubation time at which a martensitic transformation starts can be evaluated by
the inverse of P, P~1. More details of the model has been reported elsewhere [1, 3-4].

They have the differentiated Eq. (2) with respect to temperature to determine whether Eq. (2)
gives a satisfactory explanation for the difference in the processes between athermal and isothermal
martensitic transformations, that is, whether Eq. (2) produces a C-curve for the isothermal martensitic
transformation but not for the athermal martensitic transformation. The results for P and P~1 are
shown in Figure 4, where (a) and (b) are for an athermal martensitic transformation and (c) and (d) are
for an isothermal one. The probability, P, for the athermal martensitic transformation (a) simply
increases with decreasing temperature and has a maximum value at the M temperature. Thus, the
incubation time, P!, does not form any C-curve in the TTT diagram, as schematically shown in (b).
On the other hand, P for the isothermal martensitic transformation has a maximum value at a
specific temperature, T* (T* is satisfied under the condition of dP/dT = 0), as schematically

shown in (c), and thus P~! forms a C-curve in the TTT diagram, as shown in (d). In this way, the
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derived equation is able to explain the two transformation processes.
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Figure 4. Schematic relations between P and temperature and between P! and temperature, (a) and (b)

being for an Fe-31.4Ni-0.5Mn alloy and (c) and (d) for an Fe-24.9Ni-3.9Mn alloy, respectively. (after kakeshita

etal. [1])
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