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Abstract

In the present study, kinetics of martensitic transformations has been investigated by using a

Ni+sCosMn:o.slnr:.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 l, 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

Ni+sCosMn:o.slnr:.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

Ni+sCosMn:o slnr: 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 TTT 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 TTT 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

Ni+sCosMn:o slnr:.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 Ni+sCosMn:o slnr: s alloy.

In chapter 5, it is shown that the M, temperature strongly depends on the cooling rate in

NiasCosMn:o.slnr: s alloy. The influence of the cooling rate on M, is explained based on the time

dependent nature of martens iti c tran sformati on.

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 Ni+sCosMn:o.slnr:.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 M, (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-Cq there is no distinct M, 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

I . 2. 1 Driv ing force for martens itic transformati ons.

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 ( Gm). At high temperatures, Gp is lower than Gm and thus the parent phase is
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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 Gm are equal at the equilibrium temperature T6,

Gp(To) = G*(l'o). Howeveq martensitic transformation does not occur at Ts but occurs at M,

temperature, which is below I0. At the M, temperature, the difference in Gibbs free energy between

the parent phase and the martensite phase is expressed as, Gn(Mr) - G-(Mr) = A,G(M,), where

ハs0 4



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

1.2.2 Influence of magneticfield on martensitic transformation and its thermodynamics.

Dttv

force

4→ M` Stress I 0
r(K)

Stress = 0

Figure l-2. Schematic diagram showing how an external field change the M, 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 ofexternal 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 l-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 M, changes to M',

A magnetic 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

０
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martensitic transformations. Effects of magnetic field on martensitic transformations have been

studied by many researchers, in particular by Sadovsky and coworkers in Russia [9-ll], and by

Kakeshita et al. [6, 12-191, 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

[3.20-291.

Tt As As
Temperature,f

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, To and Ms 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 fi by the application of magnetic field, as shown in the
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Figure l-3. Also, the M, temperature under the magnetic field increases to Ml 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 Gm under the magnetic field is the same as that

between their Gibbs chemical O"" 
"n"lr,"s 

under no magnetic field at Mr.

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 M*the martensitic transformation

start temperature, which is always below the thermodynamical equilibrium temperature, 7s, 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 recognizedvery 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.Yo alloy changes the

athermal one under masnetic field. The TTT diasram of Fe-32.6Ni at.Yo 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 l-5, where the martensitic transformation occurs at a critical magnetic field of

1 l.9MAm-t. In this manner, the athermal and isothermal martensitic processes are found to be closely

related to each other and their differences are not intrinsic.

200

150

100

a measured
calculated

.」L´
・・′́
´́ J・

ヽ

a-a

50

Ｘ
＼
卜
，
０
」
５
ギ
ｏ
」
Ｏ
Ｑ
Ｅ
Ｏ
ト

10s

incubationtime,t/ s

10to

Figure l-4. TTT diagram of the isothermal martensitic transformation in an Fe-32.6 at.% Ni alloy. (after

Kakeshita et al. [31])

In a previous study 12,201, Kakeshita et al. have also studied the isothermal holding in Fe-Ni

alloys and Cu-Al-Ni alloys which have definite M, temperature. They showed that the martensitic

transformation occurs instantaneously after a finite incubation time during isothermal holding at

temperature above Ms, 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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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 maftensitic 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 BZ + 879' 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 2l

days. However, no isothermal martensitic transformation was observed.

Recently, howeveq Kustov et al. l42l 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.I 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



Ni56Mn3aIn1 d (at.%o) magnetic shape memory alloy, as shown in Figure l-7 . A considerable relaxation

in magnetization occurs at 180 K (below Mr) 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

1.000

0999

0

0997

0.97 1000

1000     2000
t(S)

Figure 1-7. (Color online) Normalized magnetization (M""*) versus time (t) plot for Ni56Mn3aIn16 (at.oh) at

various Zbetween 7L70 and 180 K along the fcc path in the presence of FF80 kOe. M is normalized with

respect to initial M6 obtained I s after stabilizing at the respective 1". The inset shows the result of the fitting of

Kohlrausch-Williams-Watt (KWW) stretched exponential function at T:70 K. The error bar of the fitting is =

0.5%o. (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

Nia5Co5Mn3o.rlnp.: at.Yo alloy, as shown in Figure l-8. This figure shows the thermomagnetization

(TM) curves obtained in magnetic field of F1: 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 l-8.(Co10r Online)Then■ Omagnetization(TM)CurVes under magnetic flelds of〃 =0(or O.05),3,5,and

8T (a■er ltO 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 Nia5Co5Mr367Ir133 @t.%) that the martensitic

transformation proceeds during the heating process as well as in the cooling process. as shown in

Figure l-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 bythe 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 [a5]. As described above, a Ni-Co-Mn-In is a

very effective alloy to understand kinetics of martensitic transformations.
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Figure l-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.

t4sl)

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

theorv.

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. 145-461

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 QII) diagram, as discussed below.

According to the model, the Ni+sCo5Mn36.7In13.3 at.o/o alloy used by Ito et al. 145-461is speculated

to show a C-curve in its 777 diagram with a very short incubation time, as schematically indicated by

o'A" in Figure l-10 (a). In a cooling process with a conventional rate (generally less than 100 K min-r),

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 M, temperature in the cooling process.
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Figure 1-10. Schematic TTT diagram showing the effect of a magnetic field on the C-curve speculated for a Ni-

Co-Mn-In alloy (a-rc), and the experimentally obtained TTT diagram of Fe-24.9Ni-3.9Mn at.Yo alloy reported in

Ref. [30] (d). Arrows indicates the cooling and heating curyes for conventional experiments. (a) Cooling process

under a zero magnetic freld. (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 l-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 Ni+sCosMn36 7In13 3 at.Yo 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'oB" in Fig. l-10 (b)).

If the magnetic field is removed at 4.2K, 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 4.2K. 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 M', in Figure l-10 (c). This is the reason why martensitic

transformation occurs during the heating process in the NiasCo5Mn367In13.t at.o/o alloy, as observed by

Ito et al. 145-46]. 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 Ni+sCo5Mn36 5In13.5 at.%o 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 I, the background and purpose ofthe

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 (TI"I) diagram of the Ni-Co-

Mn-In alloy is derived under magnetic fields. In Chapter 4,the TTT 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.

14
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Chapter 2

Effect of magnetic field on martensitic
transformation of NilsCosMr36.5llrt3.s alloy

2.1. lntroduction

As mentioned in Chapter l, time-dependent-nature of martensitic transformation was reported in

Nia5Co5Mn3ozlnrr: alloy [-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

4.2Kis not possible in the Ni+sCo5Mn367In133 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 Ni+sCo5Mn36 7In13 3 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 Ni+sCo5Mn36 5In13 5 alloy. In this

section, therefore, we investigate martensitic transformation behavior of the Ni+sCosMn36 5In13 5 alloy

under various masnetic field in detail.
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Figure 2-1. Indium composition dependence on the M, and 7i temperatures for the Ni56-*Mn56-uln,Co,(x : 0,

5, 7.5) alloy.

2.2. Experimental p rocedu re

A button ingot of Nia5Co5Mn3o slnr: s @t.%) alloy was prepared by arc melting. using a nickel

pellet (99.97 masso%), manganese flake (99.9 masso%), indium pellet (99.99 masso%) 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 ll73 K for 96 h in an evacuated qvartz

tube (2x104 Pa; followed by quenching in ice water. Specimens with dimensions of 1.5x1.5x3.0

(MPMs), 4.2x2.1'0.6 (ER),3.0x3.2x0.5 (OM). 1.2x1.7x2.4 (DSC) mmt were cut from the ingot and

heat-treated at 623 K for 24 h to increase the long-range order of the L21-type structure [4] . The effect

ofordering on degree oforder is described at the end ofthe section. Then, the oxidized surface layer
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was removed by electropolishing in an electrolyte composed of 80 vol. yo C2H1OH and 20 vol. Vo

HCIO4. The martensitic transformation temperatures and the latent heat during the transformation

were determined by differential scanning calorimetry @SC) 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).

60       80       100

2 theta,2θノdegree

120

Figure 2-2. XRD patterns of the Nia5Co5Mn36.5In13.5 alloy obtained room temperature. (a) specimen quenched

from I 173 K for 4days, (b) specimen quenched from 623 K for ldays after quenched from I 173 K for 4days.

Figure 2.2 shows the XRD patterns taken at room temperature for the Nia5Co5Mn365In135 alloy.

Compare to the quenched at 1 173 K sample, annealing significantly increases the intensities of super

lattice reflections such as (111) and (220), indicating that an ordered L21 structure with a lattice

constant a: 6.02755 is present. The L2r ordering was obtained at 623K for 24 h of annealing, as

reported in the Ni+sCo5Mn36 7In13 3 alloy [4].
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2.3. Results and discussion

2.3.1 Martensitic transformation of Nia5Co5Mnj6 5In1j 5 alloy.
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Figure 2-3. Electrical resistivity as a function of temperature in the Nia5Co5Mn365In135 alloy obtained at a

constant rate of 2 K./min.

In the electrical resistivity measurements, the martensitic transformation of the

Nia5Co5Mn3o.slnrr.s alloy was detected as an increase in resistivity cooling curye, as shown in Figure

2-3. The cooling and heating rate was 2 Wmin, 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-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 mar-tensite phase obtained in the cooling and heating processes

(a), (b), (c) are cooling process and (d), (e), (0 are heating process. (a) 300 K, (b)206 K, (c) 190 K, (d) 130 K,

(e) 226 K , (0 240 K. The measurelnent was made during the cooling process from 300 to 230 K at a constan{

rate of l0 K min-r and then, in the cooling and heating process from 130 to240Kat a constant rate of 2 K rnin-l

23



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 at240 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 Mp 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-l under a masnetic field of 0.05 T.

Figure 2-5 indicates temperature dependence of the magnetization of Nia5Co5Mn36 5In13 5 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-r and the subsequent heating process. The

martensitic transformation temperatures (M, and M1 are the transformation starting and finishing

temperatures and ^4, and 41 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 hansformation with a small temperature hysteresis. We consider

the effect of the low magnetic field 0.05 T on the martensitic transformation temperature in

Nia5Co5Mn3o slnrr s to be negligible. From the Figure 2-5,the magnetization at M1 temperature is 0.06

ps/atom, and it seems that two phases exist at M1 temperature. That is, the residual parent phase is

expected to remains in the below M6 temperature, being consistent with optical microscope

obsevation. The fraction of the residual parent phase below Mi is estimated to be 7 .5 Yo.
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Figure 2-`. 1)SC curve ofNi45C05Mn3651n135 anOy measured with a cooling and heating rate of2 K/min

The transformation was also detected by a differential scanning calorimetry measurement with a

cooling and heating rate of 2Wmin, as shown in Figure 2-6.The latent heat is -1.30 Jg-rin the

cooling process and is 1.74 Jg-t in the heating process. The entropy change AS is estimated to be

approximately -7 Jkg-rK-t, which is nearly a half of that of the Ni+sCosMn:o.slnr: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 Ni5sMn3aln16 alloy [6].
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2.3.2 InJluence of magneticfield on martensitic transformation.

Figure 2-7 shows the thermomagnetization (TM) curves of Nia5Co5Mn36.5In135 alloy obtained

under magnetic fields of H:0.5, l, 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 H = 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 Nia5Co5Mn365In135 alloy measured

in the heating process under the magnetic fields of 11: 0.05, 0.5, I, I .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 (.4, and

A) 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 Nia5Co5Mn36.5In13.5 alloy measured in the cooling and

heating processes at a constant rate of 2 K min-r under magnetic fields of 0.05, 0.5, l, 1.5, 2 and3T.
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4.2 K under H: 0.05 T.
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Figure 2-9.Magnelizations as a function of magnetic field on the Ni45Co5Mn:e.slnrr.s alloy obtained at 170 (a)

and 145 K (b). H, and fu 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 Hr. 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 H1. Similar

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

H6 at these temperatures.
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Figure 2-10. Magnetic field vs. temperature phase diagram obtained by all the data on the H' Ht,Ms,Ar,A:t

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 M, (open triangles) and H, (solid triangles) lie on a

common curve. We also notice that 41 (open circles) and Hs (solid circles) lie on another common

curve. We had better consider that the agreement between M, and H, and also between 41 and, H1

occurred by chance. There could be the discrepancy especially between M, and H, 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 M, and H, is described in Chapter 5.

From the Figure 2-10, dMs/dH and dAr/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-r. The dotted curve is measured under a magnetic field of 0.05 T. The solid curve I 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 dMr/dH and dA1/dH, effect of magnetic field

on the equilibrium temperature Ie was evaluated by using Clausius-Clapeyron equation. The

Clausius-Clapeyron equation, dT /dH is expressed as,

△M     T△ M

where LM and AS are the differences in magnetization and entropy between the parent and

martensite phases respectively, and T and AQ are Te temperature in zero field and latent heat of

transformation from DSC, respectively. In the present case, the AM is 110 JT-tkg-t at M1

temperature, the AQ is 1.30 Jg-r. and Tis225 K. The calculated value of dT/dH is -18 K/T. We

compare this value with the value of dMs/dH and dA1/dH in Figure 2-10. The dTs/dH is

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

by using that of the M' 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. t7]: (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 Mi shown in Figure 1-

I 7 (c).

(i) First, we establish the complete suppression of martensitic transformation at 4.2 K. The

specimenwascooledto4.2KunderamagneticfieldofTT,withacoolingrateof2Kmin-l. Inthis

process, the magnetization increased monotonically with decreasing temperature, as indicated by

curve 1 in Figure 2-ll. 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 ;rsatom-r) 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 I 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 ksl is too small to overcome

the potential barrier existing between the parent and martensite phases, as mentioned before. Figure 2-

I I 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 coolingto 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.

(ii) Second, we establish the existence of a definite martensitic transformation temperatwe M',
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(< Mr) in the heating process. lf the TW diagram shows a C-curve, there

0.5

0.0
2345
Magnetic Field,μ OHノ T

Figure 2-12. Magnetization as a function of magnetic field in the Nia5Co5Mn36.5Ir13.5 alloy obtained at 4.2 K

The dotted curve is measured in the process (7 T+0 T--7 T) after cooling to 4.2Kunder 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 (c). The experiment

carried out by us to confirm this is as follows. After coolingto 4.2 K under the 7 T field (curve I 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-r under a

0.05 T field. The magnetization measured in this process is indicated by curve 3 in Figure 2-ll. A

sudden decrease in magnetization can be seen at 80 K. This decrease corresponds to the temperature

at which the martensitic transformation starts (Mj) 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 As obtained from the dotted curve in Figure 2-l l.
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Figure 2-13. Electrical resistivity as a function of temperature in the Nia5Co5Mn365In135 alloy obtained at a

constant rate of 2 K/min. The curve I is measured in the cooling process under a magnetic field of 7 I and the

martensitic transformation of the Nia5Co5Mn36.5In135 alloy was also completely suppressed in process l. The

arrow 2 is measured in the heating process under a magnetic field of 0.05 T after process l, 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-

13. This figure shows the temperature dependence of the electrical resistivity(ER) of

Nia5Co5Mn3o slnr:., alloy measured under the magnetic fields of H :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 Nia5Co5Mn365In135 alloy was also completely suppressed in process l. as mentioned above. The

alrow 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 41 obtainedfromthedottedcurveinFigure2-l3,asreportedintheNia5Co5Mn367ln133

alloy [l].
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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 Ni+sCosMn365In135 alloy. The M, 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 ,FI: 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 2Wmin-t;. After the cooling under 2 T field, the parent phase is frozen when the

magnetic field removed at4.2 K. That is, the martensitic transformation is completely suppressed at

4.2K.In the heating process, that is, the martensitic transformation occurs at M', 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 NitsCosMr36.5lrt3.s alloy

3.1. Introduction

In Chapter 2, we showed that martensitic transformation of the Ni+sCosMn36 5In13.5 alloy in the

cooling process with a cooling rate of 2 Wmin 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 Ml 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 Ni+sCo5Mn365In135 alloy as reported in Cu-Al-Ni and Fe-Ni alloys [-2]. We may

also expect the incubation time below Mj temperature.

In addition, the suppression of martensitic transformation in the Nia5Co5Mn36 5In13 5 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 TTT diagram of

the martensitic transformation of the Ni+sCosMnre.slnr:.s 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 Nia5Co5Mn3o.slnr:.s alloy under a static magnetic field in order to

construct a C-curve in the TTT 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 af\er a certain incubation time when the specimen is held above Ms e2l4 K) or below Mj

(:80 K), and that the TTT diagram shows a C-curve.

We first show the existence of the incubation time above Ms e2l4 K). The specimen was

initially cooled from 350 to 218 K, which is 4 K higher than Mr, with a constant cooling rate of 2 K

min-r. 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, f (%) is expressed as,

( t,tu - l, \
f(%):lt-!--!-lxloo (3-r)' ( M^-Mo )\/

Where Mu andMb represent the magnetization for 100 vol.o/o 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 at2l8 K. is indicated in Figure 3-l 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 [] and

in a Cu-Al-Ni alloy [2].
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Figure 3-1. Time dependence of the fraction of the martensite phase during a holding experiment at 2 I 8 K (:M,

+ 4 K) and at 65 K (:Ml - 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 4.2K 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-r. 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

NL5C° 5Mn365!n135

μoH=0.05T

△ 218K
□ 65K

6 a oaorurrd@

□ △ □△ め △ △ 1 % transformation
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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 1o/o

martensite phase. 11"a, 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 ( - (M, + 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 Nia5Co5Mn365In13.5 alloy, we made isothermal holding

experiments under magnetic field.
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Figure 3-2. Time dependence of the

(: M'* 5 K) and atl20K(: M!-

masnetic field of 1.5 T.

1ot 104

Time, logt/s

fraction of the martensite phase during a holding experiment at 165 K

l0 K). The fraction is evaluated by the change in magnetization under a

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-r. Howeveq 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 2T 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 2T atthe temperatures between 145 and 155 K.
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Figure 3-3. Magnetization as a function of isothermal holding time at near the nose temperature range for the

Nia5Co5Mn365ln13 5 alloy obtained under magnetic field of 2T.

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. Yo of

martensite phase is obtained to be I ks. Similar holding experiments are made at other temperatures.

and the time required for the formation of a I vol. o/o of martensite phase is obtained. The result is

shown in Figure 3-4, where we can see that the TTT diagram under the magnetic field of 2 T is clearly

determined and the incubation time for I vol. Yo of martensite phase at I 50 K is the shortest. meaning

NL5C° 5Mn365!n135
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○
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0 150K  °
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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

2.2T at temperature about 150 K, and the incubation time of martensitic transformation increases

with increasing magnetic field. However, the C-curve in its 77? diagram had not been obtained under

2.2 T freld'. Therefore, we measured a magnetization as a function of holding time under the magnetic

field of 1.5 T at temperatures above M, and below Ml, 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 I ks. The fraction of martensite phase

shows a step-like increase with further increase in holding time.

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

that of the magnetic fields of 0.05 and2 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 TW diagram in the Nia5Co5Mn36 5In13 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 Mi (=80 K), and that the fraction of the martensite phase

shows a step-like increase with fuither increase in holding time. (2) The TTT 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
NilsCo5Mnr.sln r3.5 alloy

4.1. Introduction

In Chapter 2, we observed that the martensitic transformation start temperature M, of the

Nia5Co5Mn3o slnr:.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 M', which is much lower than Mr. These transformation behaviors of the

Nia5Co5Mn3o.slnr: s alloy are closely related to a thermal activation process of its martensitic

transformation. In Chapter 3, we showed that the martensitic transformation of Ni+sCosMn:o.slnr: s

alloy initiates after some detectable incubation time, and it shows a clear C-curve in its time-

temperature-transformation (TTT) 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 TTT diagram obtained in Chapter 3; then, using the

fitting parameters, we discuss some important aspects related to kinetics of martensitic transformation

in Nia5Co5Mn365In13 5 alloy.
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4.2. Experim ental 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 2.0x 1.5x0.6 mmt. 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-l sho、vs temperature dependence ofthe speciflc heat ofthe parent phase C;and that of

the martensite phasc σy.The speciic heat of the martncsite phasc is obtained only below 225 K

because、ve cannot superheat the martensite phasc above 225 K.In the measured temperature range,

the speciflc heat of the parent phasc is higher than that of the martensite phase.This result suggests

that the vibrational entropy of the parent phasc is higher than that of the martensitc phase in the
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measured temperature range. Figure 4-2 shows the difference in specific heat ACp = CJ - Cy

plotted as a function of temperature. The evaluation of the free energy difference from ACo is made

in the next section. Figure 4-3 shows C! /f ana Cy /f 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 K2 for the parent phase, and

is 2.94 mJ/mol K2 for the martensite phase. The decrease in electronic specific coefftcient 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 B. This value is related to the Debye temperature, 0e

by the following equation;

丁0=225K
― C∬佃
〓0⊃     :

―――Cf(H=3T)             _J
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β= (七りπ
4NAた
B/θ3

where Aレ andたB represent the Avogadroゝ number and the B01tzmann constant,respect市 ely.Then

the lDebyc temperature for the parent phase is obtained to be 304 K and that ofthe martensite phase is

obtained to be 322 K.These valucs are typical to materials composed of transition metals.

Consequently9 、ve cOnsider that the speciflc heat difference shown in Figure 4… 2 is reliable for the

analysis offrec energy difFerence bet、veen the parent and martensite phases.
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4.4 Discussion

4.4.1 Evaluation offree energ/ dffirence under zero magneticfield.

In order to determine the Gibbs free energy difference between the martensite and parent phases

in the present Nia5Co5Mn3o.:Inr:.s alloy, we calculate the entropy change AS (= SP - SM) and the

enthalpy change LH = HP - HM per mole from the ACo (= C; - Cy) in the temperature range

between 2 and 250 K. The enthalpy change and entropy change per mole in this temperature range is

expressed as;

Al=Hy-o+ffrco.ar (4-1)

rs = fif .ar g-2)

where Hy-o represent the enthalpy change at 0 K. Then, the difference in Gibbs chemical free
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energy, AG = GP - 6M is evaluated from the AS and AH by the following equation;

AG=LH-7AS

- HY-P + ff rcr.dr -r. fff .ar
(4…3)

In practical evaluation of AG, we use assumed ACo 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 ACo on AG in this temperature range is negligibly small.

The value of H$-P is determined to be 37.8 Jlmol, so that AG = 0 is satisfied at the experimentally

obtained equilibrium temperature To e225 K). The results of AG plotted as a function of

temperature is shown in Figure 4-4.lt should be noted here that A,G at 0 K is about 37.8 J/mol for the

Nia5Co5Mn3o.slnr:.s alloy. This value is much lower than that of Fe-Ni-Mn alloy (about 1350 J/mol) Fl.

The entropy change AS at To is obtained from the gradient of Figure 4-4 at225Kto 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 Jlmol.If we divide the average value by 76,

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.
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Figure 4-5. The difference in magnetization AM(= M' - M*) as a function of temperature in the

Nia5Co5Mn36 51n13 5 alloy. The MP and MM are magnetization of the parent and martensite phase, respectively.
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4.4.2 Influence of magneticfield on Gibbsfree energ) dffirence.

In Nia5Co5Mn36.5lfl13.5 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 LM (= MP - MM).Then the Gibbs free energy difference under a magnetic field H is

glven as;

LG61= AG6=o\ - LM 'H (4-4)

where A'G6=o\ 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. (a-a) 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 and2 T is shown in Fiqure 4-6 tosether with the value under zero masnetic field.

4.4.3 Traditional drivingforce cannot explainfield dependence of Mr.

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 Mr, as shown in Figure

l-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 M, shown in

Chapter 2 (Figure 2-6). Since the M, temperature under zero magnetic field is 214 K, the driving

force for the martensitic transformation becomes AG(M') = 5.34 J/mol. If the driving force does not

change, the martensitic transformation start temperature M, 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 M, under 1.5 T is 180 K and M, does not

exist under 2T.In order to explain the magnetic field dependence of M, and TTT diagram observed
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Figure 4-6. Calculated difference in Gibbs chemical free energy AG as a function of temperature in the

Nia5Co5Mn36 5In13 5 alloy under the magnetic fields.
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Figure 4-7. Calcrilated difference in Gibbs chemical free energy AG as a function of temperature in the

Nia5Co5Mn36 5In13 5 alloy under the magnetic fields.
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in Chapter 3, we need to consider a thermal activation process for the martensitic transformation of

Nia5Co5Mn36 5In13 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 at4.2K under zero magnetic field is larger than that at Ms.If we consider that a

martensitic transformation is possible when the free energy difference reaches a certain value, the

transformation should occur at 4.2K as soon as the magnetic field is removed because the free energy

difference at 4.2K is much larger than that at Mr. 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

Ni a5Co 5Mn j6 5In 1 j.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=d-AG

where d is the potential barrier at the equilibrium temperature T6. 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. [l], the probability of a

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

P=ルη(#)でχρ卜Bマχρ婦1 (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-l. If we apply this model,

TTT cuwes shown in Figure 3-4 should be fitted by giving four appropriate parameters of A, B, m"

and d. We assume here that the parameters A, B, m* is independent of magnetic field, but d' may

depends on the magnetic field. Then, by fitting the TW diagram under the magnetic fields of 2, 1.5

and 0 T, A, B and m* are fitted to be 1.9 x L0133, 70, 1 x 104. In addition, the value of d is

fitted as 42 Jlmol under 2 T, 44.5 J/mol under 1.5 T and 49 Jlmol under 0 T. The fitted TTT 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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Here we compare the parameters m* and d' of Nia5Co5Mr36.5In13 5 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 d' for FCC-BCC transformation is reported to be about l62l J/mol. This value

is nearly 30 times as large as that of Nia5Co5Mr365Ir13.5 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 Ni+sCosMr36.5lfl13 5

alloy. The estimated size of nucleus is (l.5nm)3 for Fe-Ni alloy while is (5nm)3 for Nia5Co5Mr36.5[n13 5

alloy.

4.4.5 Explanation of the influence of magneticfield on martensitic transformation.

From Figure 4-9, we knowthatthe nose temperature of the C-curve is about 140 K under 1.5 !
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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

l20Kand incubation time is about l0-30 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 TTT diagram

shown in Figure 4-9,the temperature at which each C-curve cuts the time line of about l0 to 100

seconds corresponds to the M, and Mi temperature described in Chapter 2. In this way, the

magnetic field dependence of M, and Mi 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 banier A of Ni+sCo5Mn365In135

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 Mi is also shown. We notice

that the potential barrier A at the initiation of martensitic transformation increases as the

transformation start temperatures (M, 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

Nia5Co5Mn3o slnr:.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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Figure 4-10. Potential barrier A is plotted under magnetic field, as a function of temperature.

4.5. Conclusions

The Gibbs free energy difference AG between the parent and martensite phases of the

Nia5Co5Mn3o.slnrr.s alloy has been evaluated by specific heat measurements. The difference LG 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 TTT diagran 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 4.2K 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 Nia5Co5Mn36 5In13 5 alloy.
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Chapter 5

Effect of cooling and heating rate on
transform ation temperature

5.1. Introduction

In Chapter 3, we observed that the martensitic transformation of Ni+sCosMn:o.slnr:s proceed by

holding at a temperature above its M, temperature. Here the M, 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 Mr, the elapsed time in the cooling process in the vicinity of M, should influence

the M, temperature of Ni+sCosMn:o.slnr:.s alloy. In fact, the influence of scanning rate on M,

temperature was reported in some shape memory alloys [-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 Hr. From a view point of phase diagram, H, and M,

are essentially the same point; therefore, the H, should also depends on the scanning rate of

magnetic field.

Since the elapsed time near M, 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 A6 and the results are discussed by consideringthe TTT

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

The Ni+sCosMn:oslnr: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-29.1A1-3.6Ni 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 @SC) (4.5mmx2.5mmx1.0mm) was cut from the single-crystal.

Solution treatment was made at 1273 K for I .8 ks in an evacuate d quartz tube (2x 10-a Pa) followed by

quenching in ice water. Then, the oxidized surface layer was removed by electropolishing in an

electrolyte composed of 30 vol. % HNO: and 70 vol. Yo CH:OH. The heating and cooling rates of

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

5.3. Results and discussion

Figure 5-l (a) shows DSC cooling curve of the Ni+sCosMn:o.slnr:.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 M, 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 Wmin and 5 K/min. The reverse transformation finish temperature 41 increases as the

heating rate increases, but the difference is only I K. We will discuss in the next section the reason

why M, is largely influence by the scanning rate compared with .41.

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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Figure 5-1. DSC curves of the NirsCosMnra.slnr.s alloy at different cooling rates. (a) and (b) are cooling and

heating curyes with cooling and heating rates of 2 and 5 lVmin, respectively.

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 Hs =1.0 T when

the scanning rate is 0.14 T/min, but at H, =1.5 T when the scanning rate is 0.06 T/min. In the field

applying process, the reverse transformation finishes at H1 =f .9 T for both scanning rates. The

scanning rate dependence of H, resembles the cooling rate dependence of Mr, and the scanning rate

dependence of 41 resembles the heating rate dependence of Hs.
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Figure 5-2. Magnetization curves of the Ni+sCosMn:e.slnr:.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 Hs are martensitic

transformation start and finish field, respectively.

5.4. Discussion

5.4.1 Interpretation of influence of sconningrate on M, and 41.

ln Chapter 4, we used a phenomenological model to understand the time dependent nature of

martensitic transformation in the Ni+sCosMn:o:Inrr s alloy. In order to explain the strong cooling rate

dependence on Ms and weak heating rate dependence on A6we use the same model.

(a)0.14丁ノmin Hs=1丁         150K

0006T/mh 
りs=■ 5丁
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First we introduce a hypothetical free energy difference AG as shown in Figure 5-3. In the figure,

d is the potential barrier at Ts. The characteristic feature of this free energy difference is that it

saturates below 7s, while it constantly change above Is. The potential barrier for the forward

transformation is given by A= d - AG as described in Chapter 4. On the other hand, the potential

barrier for the reverse transformation should be given A= d'* AG. Then the incubation time t(=

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 M, = Mf, and A, = Af .

Although the TTT curve and CCI (continuous cooling transformation) curve is different, we can

understand the influence of cooling rate from the TTT 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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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-l (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-l (a).

There is one important point we should remark in Figure 5-3. It is widely considered that the

equilibrium temperature ?ns is given by either (Mr* Ar)/2 or (M, + Ar)/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 T6 is significantly higher than the average of

forward and reverse transformation temperatures. We need to be careful for evaluating T6 form

transformation temperatrues especially when the kinetics significantly influences transformation

temperatures.
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5.4.2 Influence of Scanningrate on Cu-Al-Ni alloy.

The cooling rate dependence of M, 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 Mrfrom the TTT dia,gram. And, we use Cu-29.lAl-3.6Ni instead of Ni+sCosMn:o slnr: s alloy; a part

of its TTZdiagram is shown in Figure 1-5 (b).

We notice in Figure l-5 (b) that logls 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 T1 as t; then, the incubation time r at I is given as;

logts(t/ :'1) = a'(T - [) or logls(r/ r) = a(T - T) (5-l)

where a' is the slope in Figure l-5 (b) and a = a'/lnL}. We consider that transformation occurs

when the incubation time z elapses, and this condition is given by;

filas - 1 (s-2)

At a constant temperature, T is constant; therefore, transformation occurs when = t . If we put

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

t:+dt-L (5-3)Jo rrexp(a(T-rr)) -

Next, we consider a continuous cooling process from a temperature 76. In a cooling process with a

rate b, the temperature I is given as a function of time as;

T : To - 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;

[7, ,tr==.,dT-l (5-5)JTo btrexp(a(T-Tr)) - -

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

5) is satisfied as:
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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, l0 and 5 K/min, respectively.

In order to confirm the cooling rate dependence of M, derived above, we measured M, for the

Ct-29.lAl-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. l0 K/min and 5 K/min.

Measurements are repeated 38 times. The M, 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 alarge scattering of Mr. Figure 5-6 (b) shows distribution of the M, temperature. By fitting
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Figure 5-6. (a) M, temperature was obtained from 38 cyclic DSC measurements of Cu-29.lAl-3.6Ni. (b) The

distribution charts of the M, temperature for difference cooling rates.

the distribution using a gauss distribution function, we obtain the average of the M, temperature to

be 197.46K, 197.02 K and 196.26 K when the cooling rate is 5 K/min, l0 K/min and 20 K,/min,

respectively. Then, the decrease in M, by changing cooling rate from SK/min to l0K/min is 0.44 K.

20Kノ min                average value
=19626K

10Kノmin                average value
=197.02K

5K/min      ガ%殊  average vaiue
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Afso, the decrease in M, by changing cooling rate from l0K/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 l-5 (b).

5.5. Conclusions

The forward martensitic transformation start points (M, and Hr) of the Ni+sCosMn:oslnrss alloy

significantly depend on the scanning rate of temperature and magnetic field. On the other hand, the

reverse transformation finish points (A1 and H) 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.L. 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 [l],

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

Nia5Co5Mn3e.slnr:.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

4.2K and would start in the subsequent heating process after removing the magnetic field at 4.2K 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-l 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 Fesa5Rho.rsPdo.r 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 12,41.

In this chapteq 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 Fesa5Rhs.+sPdo.r alloy and martensitic transformation

in Nia5Co5Mn36.5In13.5 alloy, which indicates that the first order magnetostructural transition in

Fesa5Rh6a5Pdsl 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 Kfor 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 16],l0% Pd doped Fe6a5Rhsa5Pd61 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 Fesa5Rhsa5Pdsl 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 2Wmin.

6.3. Results and discussion

6.3.I Isothermal holding offirst 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 2Wmiq as shown in Figure 6-l (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 (T'F-AF) and finish temperature

(Tro*-t) 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 T'F-AF = (?nT-ar +r{F-F)12. 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:

(l) We set a temperature slightly above {-o* in order to know the incubation behavior.

(2) We set a temperature at the intermediate between d-AFund TrF-artn order to know the time

dependent nature during the ferro-antiferro magnetostructural transition.

75



0.lT
lT"t*=405 K

一
　

Ｋ４〓
ｆＩ
ず

γ

／

Temtt'atuご得K450
（０
コヽ
Ｅ
ｏ
）Ｅ
ｐ
｝“
理
一ｏ
ｃ
ｏ
ｍ
Σ

80

70

60

50

40

30

20

10

0
100  200  300  400  500

Temperature,Tノ K

600 700

Figure 6-1. Temperature dependent of magnetization for FeRh under 0. I 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 TrF-ar (405 K). The specimen is initially heated up to 500 K under a low

magnetic field of 0.1 I and then cooled to a set temperature (420,410,409 or 408 K) with a cooling

rate of 2 Wmin. 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 ffr-r 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. Tirne dependence behavior of magnetization in FeRh before ferro―antiferro transition starts

atherlnally(→ 420K,(b)410K,(c)409K,(d)408K(the cttCICs in the flgures show the sudden decreases as

holding at that temperature).

incubation time is quite large (103 s order). These three holding temperatures are between T'F-AF and

Tf-ar. In this way, we confirm that there exists incubation time even in a ferro-antiferro

magnetostructural transition.

The incubation times corresponding to the occunence 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 Nia5Co5Mn3oslnrr.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

350 K in a ferro-antiferro transition (holding between TrF-ar and TIF-AF, as indicated by a single

⇒
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Figure 6-3. Dependence of temperature and incubation time on ferro-antiferro transition (the dash dot lines are

guided for eyes).

anow in Figure 6-l). 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 Wmin, 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].
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Figure 6-4. The time dependent nature of magnetization in ferro-antiferro transition at 350 K.

6.3.2 Influence of magneitcfield onfirst order magnetostrlrctural transition of Fe6a5Rh0a5Pds l alloy.

Figure 6-5 (a) shows the temperature dependence of magnetization measured under various magnetic

fields. The Fesa5Rho+sPdo.r 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 I there

is no magnetostructural transition, which means the transition has been suppressed. The ferro-

antiferro transition start temperature (d-ot) and antiferro-ferro transition finish temperature

(Trot-t) 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 ctwes 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{o alloy reported by lto et al. [0]. The entropy change between the ferromagnetic and
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Figure 6-5. (a) Magnetization as a function of temperature under different magnetic fields with heating/cooling

rate of 2 Wmin; (b) ferro-antiferro transition start temperature (T'F-AF) and antifeno-ferro transition finish

temperature (?rot-t) as a function of magnetic field. The dash dot line is the linear fitting of these two kinds of

transition temperatures.
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Figure 6-6. Magnetization as a function of time while holding at (a) ll0 K and (b) 80 K separately in the

cooling process under 0.1 T magnetic field.

antiferromagnetic phase can be given by using the Clausius{lapeyron relation:

dT/dff=―△″/△S (1)

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 23.2I(T, and AM is
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140 J T-t kg-r. Therefore, the A.9 is evaluated to be 6.1 J kg-t K-r, which is smaller than that of the

binary FeRh (17 J kg-t K-r, calculated from the results of Algarabel et al. [3]) and the same that of

Nia5Co5Mn3o slnrr s alloy (6.1 J kg-t f-t;.

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 oh and l.8l % 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 curye at these two temperatures.

6.3.3 First order magnetostructural transition of Fe6.a5Rh6 ,sPdo. t 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 coolingto 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 Feae(Rh6s:Pdooz)sr compound,

which was reported by Kushwaha et al. [ 1].
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curves at4.2K after cooled under 7 T. The solid curves are measured with cooling under 7 T and heating up

under 0.1 T after decreasing magnetic field at 4.2 K: the dot dash curve is measured under 0.1 T magnetic field

both in cooling and heating processes. The vertical arrows in (a) indicate set temperatures where the holding

experiments were made.
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Figure 6-8. Magnetization as a function of time at (a) 20 K and (b) 25 K separately in the heating process under

0. I 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 Wmin

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 l0 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

39
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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 Feo+sRho+sPdor 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 199% and2.35Yo

while holding for 40ks at 20 K and25 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 Fes a5Rhs +sPdo r 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 4.2K. 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 maftensitic transformations has been investigated by using a

Nia5Co5Mn3o slnr:.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 l, 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 Ni+sCosMn36.5ln13 5 alloy. As a result, it is found that the martensitic transformation temperature of

this alloy decreases with increasing field strength up to 1.5 I 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 at4.2K 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 4.2K

and the initiation in the heating process clearly imply that the martensitic transformation in the

Nia5Co5Mn3e.slntr s alloy proceeds by a thermal activation process. That is, the thermal energy is

insufficient at 4.2Kto initiate the transformation.
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In Chapter 3, it is shown that the martensitic transformation of the Nia5Co5Mn365[n135 alloy

starts after some finite incubation time, and the fraction of the martensite phase increases with

increasing holding time. It is also shown that TTT diagram for the martensitic transformation in

Nia5Co5Mn3oslnr:.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 TTT 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 Nia5Co5Mn36 5In13 5 alloy does not disappear at 0 K even at zero magnetic field. It became clear

that the residual potential barrier intemrpt the initiation of martensitic transformation at 4.2K, 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 Ni+sCo5Mn36 5In13 5 alloy.

In Chapter 5, we have revealed that M, temperature strongly depends on the cooling rate in

Nia5Co5Mn3o slnr:.s alloy. That it, M, 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

masnetic 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 diffirsion of atoms requires a thermal activation process. In diffirsionless transformation such

as martensitic transformation and first order magnetic transition, we may neglect the influence of

atom diftrsion 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

t1]. (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 M, and Ts.

-. -_ _ _ulll?xial stress

magnetic field

Time

Figure l. Predicted TTT 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.

trl)
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static magnetic fields; and (b) that under hydrostatic pressures. The dotted lines represent the calculated TTT

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

They confirmed the above predictions to be appropriate. Figure 2 shows TTT diagrams in an Fe-

24.0Ni-4.3Cr (at.%) alloy under static magnetic fields (a) and hydrostatic pressures (b) t2l. The dotted

lines represent the calculated TW 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-II. 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, Zq, but starts at M, which is below To. 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

et al. [4])

barrier is extremely high at the M, 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 (Mr) exists for an athermal martensitic transformation

and not for an isothermal martensitic transformation. Considering the above concept, they constructed

a phenomenological model [, 3], making the following three assumptions. (l) 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(I) = A,G(M')- LG(T), where

AG(M) and AG(T) represent the difference in Gibbs chemical free energies between the parent and

martensitic state at M, and T, respectively. (2) The transition probability (P") from the austenitic

state to the martensitic state is proportional to the Boltzmann factor and is expressed as,

Pe〓 Po exp(―△/たB7)
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where, ks is the Boltzmann constant and P6 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 occunence of martensitic

transformation [] has been derived as;

I*1>>r,>>r,.; L*prn rnl f (N ,m,n,n*)(P")^ (! - P")N-^, (2)

Where N and n* represent the total number of particles and a minimum number of particles in the

clusteq which is able to make a martensitic transformation start, respectively, and m and n the

number of excited particles and /(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-7. 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-L 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-1, does not form any C-curve inthe 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-1 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.

Probability,P P-r

Figure 4. Schematic relations between P and temperature and between P-t and temperature, (a) and (b)

being for an Fe-3l.4Ni-0.5Mn alloy and (c) and (d) for an Fe-24.9Ni-3.9Mn alloy, respectively. (after kakeshita

et al. [])
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