N
N

N

HAL

open science

Crystal structure, martensitic transformation
crystallography, mechanical and magnetocaloric

performance of Ni(Co)MnIn multifunctional alloys
Haile Yan

» To cite this version:

Haile Yan. Crystal structure, martensitic transformation crystallography, mechanical and magne-
tocaloric performance of Ni(Co)Mnln multifunctional alloys. Materials Science [cond-mat.mtrl-sci].

Université de Lorraine, 2016. English. NNT: 2016LORR0105 . tel-01440012

HAL Id: tel-01440012
https://theses.hal.science/tel-01440012
Submitted on 18 Jan 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01440012
https://hal.archives-ouvertes.fr

UNIVERSITE
DE LORRAINE

AVERTISSEMENT

Ce document est le fruit d'un long travail approuvé par le jury de
soutenance et mis a disposition de I'ensemble de Ila
communauté universitaire élargie.

Il est soumis a la propriété intellectuelle de l'auteur. Ceci
implique une obligation de citation et de réeférencement lors de
I'utilisation de ce document.

D'autre part, toute contrefacon, plagiat, reproduction illicite
encourt une poursuite penale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la Propriété Intellectuelle. articles L 122. 4

Code de la Propriété Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




UNIVERSITE

DE LORRAINE

UNIVERSITE DE LORRAINE

éa;r:,;«*gé

Northeastern University

NORTHEASTERN UNIVERSITY

DISSERTATION
Presented at

Université de Lorraine and Northeastern University

Haile YAN E#& K

To obtain the doctor’s degree of
University of Lorraine and Northeastern University

SPECIAL FIELD: Engineering Sciences

OPTION: Materials Science

Crystal structure, martensitic transformation crystallography, mechanical and
magnetocaloric performance of Ni(Co)MnIn multifunctional alloys

Defended on the 29t July, 2016 in front of the jury:

José Luis SANCHEZ
LLAMAZARES

Zhidong ZHANG Professor

Doctor

Werner SKROTZKI Professor

Zheng LIU Professor
Claude ESLING Professor
Liang ZUO Professor
Xiang ZHAO Professor
Doctor
Yudong ZHANG HDR

Instituto Potosino de Investigacion
Cientifica y Tecnoldgica, Mexico
Institute of Metal Research, Chinese
Academy of Sciences, China
Technische Universitat Dresden,
Germany

Shenyang University of Technology,
China

Université de Lorraine, France
Northeastern University, China
Northeastern University, China

Université de Lorraine, France

Reviewer&
Jury member
Reviewer&
Jury member

Jury member
Jury member

Invited
Invited

Supervisor

Supervisor

Laboratoire d'Etude des Microstructures et de Mécanique des Matériaux, LEM3
lle du Saulcy 57012 Metz Cedex 1







Abstract

Abstract

Ni-Mn-In based alloys have attracted considerable attention due to their multifunctional
properties since its discovery in 2004, such as metamagnetic shape memory effect (MMSME),
magnetocaloric effect (MCE) and magnetoresistance (MR) effect. However, some fundenmental
knowledge on these alloys is still missing until now, such as crystal structure of martensite,
crystallographic features of microstructure and magnetostructural transition. In this dissertation,
the crystallographic features, mechanical behaviors and magnetic properties of Ni-Mn-In based

alloys were studied theoretically and experimentally.

First, the crystal structures of Ni-Mn-In alloys were accurately determined by Rietveld method
in the frame of superspace theory (Chapter 3). Then, the microstructure of martensite (Chapter 4),
such as variant organization and interface structure, and the crystallographic features of martensitic
transformation, such as orientation relationship (OR), transformation strain path and geometrical
compatibility between austenite and martensite, were systematically studied (Chapter 5). Finally,
with this fundamental knowledge on Ni-Mn-In alloys, the behaviors and mechanisms of martensite
variant rearrangement/ selection under two kinds of mechanical loading strategies, i.e. loading at
martensite state and loading across the structural transition, and the effects of annealing on MCE

and its related hysteresis loss were explored (Chapter 6).

The main results are as follows. The modulated martensite has an incommensurate 6M crystal
structure with superspace group 12/m(a0y)00 that can be approximated by a three-fold
superstructure model in the three-dimensional space. The microstructure of martensite is in plate
shape and self-organized in colonies. Each colony has four distinct orientation variants. The
maximum of 6 distinct colonies and 24 variants can be generated within one austenite grain.
Although as many as 14 kinds of twin relations are suggested in the frame of crystallographic
theories of martensitic transformation, only three types of twin relations are generally detected, i.e.
type-I, type-11 and compound twin. Variant interfaces are defined by their corresponding twinning
plane K1 at mesoscopic scale. However, at atomic scale, the type-I twin has a coherent interface,
whereas type-11 and compound twins have “stepped” interfaces. Both the K-S and Pitsch ORs are
appropriate to describe the lattice correspondence between austenite and martensite in Ni-Mn-In
alloys. However, the strain path related to the Pitsch relation is evidenced to be the effective for

the structural distortion. With the determined transformation path, the underlying mechanism of
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variant organization is revealed. Across the martensitic transformation, despite the existence of a
relative wide stressed layer (around 20 nm), the habit plane is bordered by single martensite variant
with austenite rather than the generally observed “sandwich-like” structure, implying a relative

good geometrical compatibility between the corresponding phases.

For compressive loading at martensite, variant arrangement is realized by the detwinning
process. It is evidenced that a single variant state in some colonies can be obtained when the loading
orientation is located in the common positive Schmid factor (SF) zone of the three detwinning
systems. For loading across the structural transition, the prestrain is obtained by variant selection
in which the number of colonies is significantly reduced and the variant organization within colony
is greatly changed. The SF for transformation strain path is introduced to evaluate the possible

selection of variants.

Heat treatment can significantly enhance the magnetic entropy change ASwm but simultaneously
increase the magnetic hysteresis loss. For ASw, the chemical ordered degree should play a
prominent role. The treatments that increase chemical ordered degree should be effective to
enhance the ASwm. The hysteresis loss might be closely related to the crystal perfectness of austenite.
Crystal defects, such as grain boundaries, could be favorable to promote the nucleation for

structural transition and then result in a low hysteresis loss.

The present work provides fundamental knowledge to understand the underlying mechanisms
of multifunctional properties of Ni-Mn-In based alloys and to guide subsequent performance

optimizations.

Keywords: Ni-Mn-In; shape memory alloy; incommensurate modulated martensite; variant
organization; martensitic transformation strain path; variant arrangement; magnetocaloric effect;

hysteresis loss.



Résumé

Résumeé

Les alliages a base de Ni-Mn-In ont attiré une attention considérable en raison de leurs
propriétés multifonctionnelles depuis leur découverte en 2004, telles que effet de mémoire de forme
métamagnétique (Metamagnetic shape memory effect MMSME), I'effet magnétocalorique (MCE)
et I'effet de magnétorésistance (MR). Cependant, certaines connaissances fondamentales sur ces
alliages manquent toujours jusqu'a present, telles que la structure cristalline de la martensite, les
caractéristiques cristallographiques de microstructure et de transition magnétostructurale. Dans
cette thése, les caractéristiques cristallographiques, les comportements mécaniques et les propriétés
magnetiques des alliages Ni-Mn-In base ont été étudiés théoriquement et expérimentalement.

Tout d'abord, les structures cristallines des alliages Ni-Mn-In ont été déterminées avec
précision par la méthode de Rietveld dans le cadre de la théorie du superespace (Chapitre 3).
Ensuite, la microstructure de la martensite (Chapitre 4), notamment l'organisation et I'interface des
variantes, ainsi que les caractéristiques cristallographiques de la transformation martensitique,
telles que les relations d'orientation (OR), le chemin de déformation de la transformation et la
compatibilité géométrique entre l'austénite et la martensite, ont été systématiquement étudiés
(Chapitre 5). Enfin, avec cette connaissance fondamentale sur les alliages Ni-Mn-In, les
comportements et les mécanismes de sélection /réarrangement des variantes de martensite sous
deux types de stratégies de chargement mécanique, a savoir le chargement a I'état martensitique et
le chargement durant la transition structurelle, et les effets du recuit sur I'effet MCE et les pertes
d'hystérésis associees ont éte explorées (Chapitre 6).

Les principaux résultats sont les suivants. La martensite modulé a une structure cristalline
incommensurable avec la structure cristalline 6M et le groupe de superespace 12/m(a0y)00 qui peut
étre approximée par un modele de superstructure de multiplicité 3 dans I'espace a tridimensionnel.
La microstructure de martensite est en forme de plaques et auto-organisée en colonies. Chaque
colonie a quatre variantes d'orientations distinctes. Le maximum de 6 colonies distinctes et 24
variantes peut étre généré a l'intérieur d'un grain austénitique. Bien que jusqu'a 14 types de relations
de maclage sont proposées dans le cadre des théories cristallographiques de transformation
martensitique, seuls trois types de relations de maclage sont généralement observés, a savoir des
macles de type I, type Il et composées. Les interfaces des variantes sont définies a I'échelle

mésoscopique par leur plan de maclage Ki correspondant. Cependant, & I'échelle atomique, la



Résumé

macle de type | a une interface cohérente, alors que celles de type-I1I et les macles composées ont
des interfaces étagées. Les deux relations d'orientations K-S et Pitsch sont appropriés pour décrire
la correspondance de réseau entre austénite et martensite dans les alliages Ni-Mn-In. Cependant,
le chemin de déformation lié a la relation de Pitsch est mis en évidence pour étre efficace pour la
déformation de la structure. Avec le chemin de transformation déterminé, le mecanisme sous-jacent
de l'organisation des variantes est révélé. A travers la transformation martensitique, en dépit de
I'existence d'une relativement large couche contrainte (de I'ordre de 20 nm), le plan d'habitat est
bordeé par une variante de martensite simple avec l'austénite plutot que la structure généralement
observée "en sandwich", ce qui suggére une relativement bonne compatibilité géométrique entre la
phases correspondantes.

Pour le chargement en compression a I'état martensitique, l'arrangement des variantes est
réalisé par des processus de démaclage. Il est démontré que I'état de variante unique dans certaines
colonies pourrait étre obtenu lorsque I'orientation de chargement est situé dans la zone de Facteur
de Schmid (SF) positif commune pour les trois systemes de démaclage. Pour le chargement au
cours de la transition de structure, la précontrainte est obtenue par la sélection de la variante dans
laquelle le nombre de colonies est considérablement réduit et I'organisation de variantes a l'intérieur
de la colonie est considérablement modifiée. Le SF pour le chemin de déformation de
transformation est introduit pour évaluer la sélection possible de variantes.

Le traitement thermique peut améliorer considérablement le changement d'entropie
magnétique 4Sm mais augmente simultanément la perte par hystérésis magnétique. Pour 4Swm, le
degré d'ordre chimique devrait jouer un réle déterminant. Les traitements qui augmentent I'ordre
chimique devraient étre efficaces pour améliorer le terme ASw. La perte d'hystérésis pourrait étre
étroitement liée a la perfection cristalline de l'austénite. Des défauts cristallins, tels que des joints
de grains, pourrait étre propices pour favoriser la nucléation pour la transition de la structure, puis
entrainer une faible perte d'hystérésis.

Le présent travail fournit des connaissances fondementales pour comprendre les mécanismes
sous-jacents de multiples propriétés fonctionnelles des alliages a base Ni-Mn-In et pour guider
I'optimisation des performances ultérieures.

Mots-clés: Ni-Mn-In; alliage a mémoire de forme; martensite modulée incommensurable;
organisation de variantes; chemin de déformation de transformation martensitique; arrangement de

variantes; effet magnétocalorique; pertes d'hystérésis.
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Chapter 1 Literature review

1.1 Introduction

Conventional shape memory effect (SME), associated with the thermoelastic martensitic
transformation, is known to be the unique behavior that the deformed low-temperature phase can
recover its original shape upon heating by reverse martensitic transformation [1-4]. This effect was
first reported in Au-Cd alloys [5] in 1951 and become well known with the discovery of Ni-Ti
alloys [6] in 1963. Since the output strains and output stresses of SMEs are much larger than those
generated in piezoelectric and magnetostrictive materials, during the last half-century, the shape
memory alloys (SMASs) have attracted considerable attention and many kinds of commercially
available SMAs have been fabricated, such as Ni-Ti [7, 8], Cu-Al-Ni [9, 10], and Fe-Mn-Si [11-
13]. So far, the SMAs have been successfully applied in many fields such as smart actuators,
sensors and medical guidewires [7, 14, 15]. However, due to the intrinsically low conductivity of
thermal flux that is needed to trigger the conventional SME, the work frequency of conventional
SMAs is generally lower than 5 Hz [16]. This drawback greatly restricts the application scope of

the conventional SMAs.

Magnetic shape memory effect (MSME) that has a large output strain as well as the fast work
frequency was first reported in Heusler-type Ni2MnGa alloy in 1996 [17], and quickly became a
focus in the field of condensed matter [18]. Different from the conventional SME, the MSME is
triggered by a magnetic field that can be applied instantaneously. At present, the output strain as
large as 12 % have been obtained in the off-stoichiometric compounds under the magnetic field of
1 T [19, 20]. The large magnetic-field-induced strain (MFIS) in Ni-Mn-Ga alloys was expained as
the rearrangement of martensite variants through interface movement driven by the magnetic field
[21-23]. When the magnetocrystalline anisotropic energy (MAE) of some favoured variants are
larger than their interface movement resistances, they will grow at the expense of other unfavoured
variants and thus generate giant macroscopic strains. Unfortunately, due to the quick saturation of
the magnetization, the output magnetostress is restricted to only a few MPa [24, 25]. Thus, the
applications of Ni-Mn-Ga alloys are limited to the low environment resistant conditions. Moreover,

due to the strong orientation dependence of MAE, the large MFIS only observed in single crystal
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alloys. The significant brittleness of materials is another serious drawback that prevents the

application of these materials.

In 2004, a novel MSME, metamagnetic shape memory effect (MMSME), was observed in Mn
enriched Heulser-type Ni-Mn-X (X = In, Sn and Sbh) alloys [26]. With the discovery of giant
recoverable prestrain of 3 % under magnetic field in Co-doped Ni-Mn-In alloy in 2006 [27], the
MMSME quickly become known. Different from Ni-Mn-Ga alloys in which the saturation
magnetization of austenite is comparable to that of martensite, the magnetism of austenite in these
alloys is significantly larger than that of martensite. Due to the giant difference of magnetization
between the corresponding phases, the Zeeman energy (ZE) could significantly influence phase
stability and result in magnetic-field-induced (inverse) martensitic transformation (MFIMT) [4,
27]. This magnetoresponsive property can make the deformed martensite resume its initial form
via field induced reverse martensitic transformation, and thus realize the MMSME. Moreover,
since the ZE increases continuously with the external magnetic field, a large output magnetostress
can be achieved [21, 25]. In addition, unlike the MAE, the ZE does not strongly depend on crystal
orientation. This character would allow utilizing polycrystalline alloys for actuator/ sensor

applications.

In addition to the MMSME [25, 27], due to the strong coupling interactions between crystal
structure and magnetic structure across the magnetostructural transition in Ni-Mn-X (X = In, Sn
and Sb) based alloys, many magnetoresponsive behaviors were activated, such as giant
magnetocaloric effect [28, 29], barocaloric effect [30, 31], elastocaloric effect [32, 33], exchange
bias effect [34, 35], magnetoresistance effect [36, 37], Hall effect [38, 39] and Kinetic arrest effect
[40, 41]. All these properties bring about potentials for technological applications in many
magnetic and electric field control devices, such as magnetically controlled dampers [42], high-

performance actuators [25] and environment-friendly magnetic refrigerators [28, 43].
1.2 State of the art

This dissertation work focuses on Ni-Mn-In based alloys. From the first report of MFIMT in
Ni-Mn-In based alloys twelve years ago (in 2004), these alloys have been largely investigated
experimentally and theoretically. Before the presentation of this Ph.D. work, the published

literature on Ni-Mn-In alloys was first overviewed.
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1.2.1 Crystal structure

Crystal structure of a material is the prerequisite parameter for microstructural analyses and
property investigations. The determination of crystal structure is generally considered as the first
step of material characterization. So far, the crystal structures of Ni-Mn-In based alloys with
various alloy compositions have been largely investigated by means of X-ray diffraction (XRD),
selected area electron diffraction (SAED) and neutron diffraction (ND) [26, 43-54]. It is clear now
that the high-temperature phase, austenite, has a cubic L2 or B2 structure, depending on different
fabrication or post-treatment processes. The low-temperature phase, martensite, generally
possesses a complicated crystal structure. For easy consultation, some results reported in the
literature are summarized in Table 1. 1. It is seen that there are two kinds of martensite, namely
non-modulated martensite and modulated martensite. For the latter, the reported modulation types
include 5M (or 10 M), 6M (or 3M) and 7M (or 14M) under the notation of Otsuka [55], where “M”

stands for “monoclinic”.

Despite numerous progresses in advancing the recognitions of the crystal structures in Ni-Mn-
In based alloys, ambiguities remain to be clarified, especially for the modulated martensite. As
shown in Table 1. 1, different structures have been reported for some alloys with the same
composition under similar experimental environments. For example, the martensite structures at
room temperature were respectively suggested to be 40, 10M and orthorhombic for ternary
NisoMnssInis alloy and 10M, 14M, 6M and L1lo for quaternary NissCosMnsszInizs alloy.
Furthermore, the complete crystal structure information including the fractional atomic coordinates
has never been reported so far. All these bring about difficulties for detailed crystallographic
analyses and physical property investigations through experimental measurements or theoretical

simulations. Thus, a profound crystal structure determination is in great need.
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Table 1. 1 Crystal structures of martensite phases in Ni-Mn-In alloys retrieved from literature.

Composition Reference ~ Temperature* Method Sample Crystal structure
NisoMnasIns [44] RT XRD Powder L1o
NisoMnaglnio [44] RT XRD Powder 14M
NisoMnzslnis [45] 150 K XRD Ribbon 10M

[44] RT XRD Powder 10M
NisoMnssInis [46], [47] RT XRD Powder Orthorhombic
[26] RT SAED Bulk 40
NisoMnaaslnis s [48] RT XRD Powder 10M
Nisg.7Mn3a3In1e [48] 5K ND Powder 10M
NiseCo1Mn37Inss [50] RT XRD Ribbon 5M
NissMnazlnis [49] 83K SAED Bulk 10M and 14M
NissMnazlngs [52] RT XRD Powder 6M
) [50] RT XRD Ribbon ™
NissCosMnzzings
[51] RT SAED Ribbon ™
) [53] RT SAED Bulk 10M and 14M
NissCosMnss 71N13.3
[54] 200 K SAED Bulk L1, or 6M
Niss CosMnszsslniss [25] 180 K High-Energy XRD  Single crystal 6M
NisoMnsolnio [43], [45] 150 K XRD Ribbon 14M

* RT represents room temperature.

1.2.2 Microstructure

In addition to crystal structure, almost all the mechanical and physical properties of materials
are also closely related to their microstructure [56, 57]. Thus, a comprehensive knowledge on the
microstructure features of Ni-Mn-In based alloys should be helpful for understanding their
multifunctional properties. Until now, a large of investigations have been carried out to explore the
microstructure features of Ni-Mn-In based alloys by means of optical microscope (OM), scanning
electron microscope (SEM), transmission electron microscope (TEM) and atomic force microscope
(AFM) [43-45, 51, 53, 58-69]. The microstructure features of bulk [44, 53, 58, 59], ribbon [43, 45,
51, 60], particle [61] and film [62-65] samples in single-phase and dual-phase (even multi-phase)
[66-69] Ni-Mn-In based alloys have been investigated. Unfortunately, the reported investigations
mainly focus on the morphological features of Ni-Mn-In based alloys. There is little information

available in the literature on the crystallographic characteristics of microstructural constituents,
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such as martensite variant types, crystallographic orientation relationships between martensite
variants, variant organization manner and variant interfaces. This brings about difficulties to further
understand the underlying mechanism of the associated properties and to the subsequent
performance optimization. Consequently, systematic characterization of crystallographic features
in Ni-Mn-In based alloys is still required.

1.2.3 Performance
1.2.3.1 Metamagnetic shape memory effect

Metamagnetic shape memory effect (MMSME) depicts the phenomenon that the SME is
realized by the MFIMT that is driven by the Zeeman energy under the external magnetic field due
to the difference in magnetization between austenite and martensite [25, 27, 48, 70-75]. This effect
becomes well known with the report of a 3 % recovered prestrain in NissCosMnss.7In13.3 single
crystal at room temperature under magnetic field of 4 T by Kainuma et al. in 2006 [27], as shown
in Fig. 1. 1. With the Clausius-Clapeyron relation, a magnetostress of more than 100 MPa was
theoretically predicted in this material. Very quickly, a single magnetic field pulse of 200 Hz
accompanying with almost perfect MMSME was experimentally evidenced by their research group
[72]. All their work triggered numerous studies on the MMSME and its related superelastic effect

in Ni-Mn-In based alloys [25, 48, 70-75].
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Fig. 1. 1 Strain cycle during the inverse martensitic transformation induced by a magnetic field for
the NissCosMnss.7In133 single crystal in which a compressive prestrain of about 3 % was applied
and the magnetic field was applied vertically to the compressive axis of the specimen and length

change parallel to the compressive axis was measured [27].
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During the last ten years, the studies on MMSME in Ni-Mn-In based alloys have mainly
focused on quaternary Mn enriched Co-doped single crystal alloys [25, 70, 71, 74]. At present, a
fully recoverable transformation strain up to 3.10 % has been detected in a [100]-oriented
NissCosMnss sIn13ssingle crystal under compressive loading up to 125 MPa [71]. Moreover, a fully
reversible superelastic response with the strain level more than 6 % has been detected in the same
composition single crystal alloy under compressive loading along [100] orientation [25, 74]. The
magnetic work output was determined to be more than 1MJ-m3.T which is one order of
magnitude higher than that obtained in Ni-Mn-Ga alloys. Besides, the behaviors of transformation
strain and stress against crystal orientation were also studied [25], as shown in Fig. 1. 2. It is seen
that the [111]-oriented crystal can produce a magnetostress of 140 MPa-T-! with 1.2 % axial strain
under compression, which is much higher than that observed in Ni-Mn-Ga alloys (a few MPa) [24,
25].

(a) A (b) by

NiCoMnIn
Magnetostress

NiCoMnIn
Transformation strain

001 o1 001 011

Fig. 1. 2 Theoretical transformation strain (a) and magnetostress level (b) in NissCosMnseslniss

single crystal as a function of crystal orientation presented in a standard stereographic triangle [25].

In addition to the MMSMEs in single crystal Ni-Mn-In based alloys, some efforts have also
been devoted to polycrystalline samples. Using in-situ X-ray diffraction technique, Wang et al.
first experimentally confirmed the occurrence of MFIMT in NissCosMnss.slniss polycrystalline
sample under 50 MPa compression loading [73]. Across the magnetostructural transition, a
magnetic superelastic strain of 0.12 % was observed in NisoMnazalnis polycrystalline alloy in the
absence of applied stress [48]. Moreover, a large magnetostrain of 0.25 % at 310 K has been

detected in a textured Niss2Cos.1Mnss7Iniz sample under a magnetic field of 5 T after training [75].

-6-
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Despite the stress and strain level are lower than those obtained in single crystal samples, they are
still significantly higher than those generated from the existing piezoelectric and magnetostrictive

actuators.

As summarized above, both of single crystalline and polycrystalline samples of Ni-Mn-In
based alloys possess excellent MMSMEs, making them promising candidates for magnetic
actuators or sensors. Until now, most of investigations on MMSMEs were concentrated on
properties characterization with different alloy compositions and/ or under different external
circumstances. There is little information in the literature on the details of the underlying
mechanism of these effects. For example, it is clear that the SME is closely related to the
microstructure features of martensite, such as martensite variant organization and variant interface,
but comprehensive studies on MMSME and its related microstructure evolution have rarely been
reported so far. Comprehensive knowledge on the underlying mechanisms of MMSME would be

very useful for further performance optimization.
1.2.3.2 Magnetocaloric effect

Magnetocaloric effect (MCE) is a change in temperature of a material when it is exposed to an
external magnetic field [76, 77]. The MCE was first discovered by Warburg in 1881 that the
temperature of iron changes under a magnetic field [78]. Until a half-century later, Debye (1926)
[79] and Giauque (1927) [80] independently proposed a thermodynamic interpretation and
indicated a possibility of obtaining ultralow temperatures by adiabatic demagnetization. The first
magnetic refrigeration experiment was quickly performed by Giauque and MacDougall in 1933 in
which the temperatures below 1 K were achieved by demagnetization of Gd2(S0a4)3-8H20 [81].
Since then, the MCE in low temperature refrigeration have been well developed and many
magnetic refrigerants have been discovered, such as Gdz(SO4)3-8H20 [81], RsMs012(R = Nd, Gd,
and Dy; M = Ga and Al) [82], DysAls012 (DAG) [83] and GdsGasO12 (GGG) [84].

Magnetic refrigeration near room temperature was first realized by Brown in 1976 in Gd alloy
[85]. Until twenty years later, another important breakthrough was made with the discovery of
giant MCE in Gds(Si2Gez) by Pecharsky and Gschneidner Jr. in 1997 [86]. An entropy change of
around 18 J-kg™-K™* was observed around 280 K under a magnetic field variation of 5 T, which is
much higher than that of Gd (10 J-kg*-K™!) under similar conditions. Since then, motivated by the

huge potential applications in household refrigerators or air-conditioners, research on room
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temperature magnetocaloric materials experienced an explosive growth [76, 77, 87]. So far, a
variety of advanced magnetocaloric materials have been found, such as GdsSisxGex [86, 87],
LaFe13xSixH [88] and MnFeP(As, Ge) [89].

Since the discovery of MFIMT in Ni-Mn-In based alloys, this kind of alloys have been
considered as one of the most promising magnetic refrigerants and been largely investigated [4, 25,
77, 90-97]. Although Ni-Mn-In based alloys was first reported as a novel metamagnetic SMA, the
MCEs of these materials have attracted much more attention than that of MMSME. Some results
reported in the literature, for easy consultation, are summarized in Table 1. 2. So far, most of
investigations on MCE have focused on performance optimizations via modification of alloy
composition by tuning the relative contents of the constituent elements [44, 47, 49, 98-100] and/
or adding a fourth (even a fifth) elements, such as Co [27, 101], Cr [102, 103], Fe [104, 105], Cu
[106], Si [107, 108], Ga [109], Sn [110, 111], Sb [112], Ge [113], Pd [114], B [115, 116], and Ti
[117]. The routes to enhance the MCE-related properties in Ni-Mn-In based alloys consist of: (i)
increasing the Curie temperature of austenite and further the magnetization change across the
magnetostructural transition; (ii) adjusting the critical temperatures of the magnetostructural
transition near room temperature; (iii) decreasing the hysteresis loss across the magnetostructural
transition. The basic principles to improve these properties, in origin, are the adjustment of the

alloy electron concentration, lattice parameters and magnetic spin structures.

During the twelve-year development, as summarized by Liu et al. [28], Ni-Mn-In based alloys
have become one of the most promising magnetic refrigerants near room temperature. These
materials have the highest cooling capacity under a moderate magnetic field of 2 T but do not
contain rare earth elements, as shown in Fig. 1. 3. Several ternary or quaternary Ni-Mn-In based
alloys with excellent MCEs have been discovered, such as NissCosMnsoxInx (X = 13 - 13.5) [27,
28], NisoMnaalnis [118-120], NisoMnssinis [121-123], and NissMnsglni2Sia [108]. At present, a
reversible adiabatic temperature change of -3 K (the irreversible adiabatic temperature change of -
8 K) has been obtained in Niss7Mnss.sln135Co4.2 alloy under the static magnetic field variation of
1.95 T [59]. A maximum of temperature change of -12.8 K has been detected in NizsCosMnass.7In13.3
alloys with a pulsed fields of up to 15 T [124].
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Fig. 1. 3 Adiabatic temperature change (AT = 2 T) of several most studied ambient magnetic
refrigerants at either a purely magnetic transition temperature Tc (second-order transition, marked
by hatched pattern) or magnetostructural coupling transition temperature Twm (first-order transition,
solid fill-pattern) [28].

Different from the MMSME of which the single crystal sample has much more prominent
performance than the polycrystalline sample, as shown in Table 1. 2, the polycrystalline sample of
Ni-Mn-In based alloys also possess excellent MCEs. Due to the intrinsic brittleness of Heusler-
type alloys and thus difficult to be processed, in recent years, the melt spun technique has been
well accepted as an alternative processing route for the preparation of Heusler-type alloys [125,
126]. Apart from bulk samples, the MCE in Ni-Mn-In based polycrystalline ribbon samples have
also been studied [43, 45, 50, 51, 60, 108, 127-136]. At present, the positive maximum magnetic
entropy change of 20.2 and 23.1 Jkg:K? have been respectively observed in the as-spun
NissMnaglnis [108] and the annealed NissMnaglni2Sia ribbon [134] with a magnetic field variation
of 5T.

Despite the excellent magnetic refrigeration capacity of Ni-Mn-In based alloys, there are two
aspects that need to be improved before their technological applications. One is the relative high
actuating magnetic field. The other is the relative large hysteresis loss across the magnetostructural

transition [28, 59, 137, 138]. The former greatly increases the cost and restrict the application range
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of these materials. The latter not only reduce the refrigeration capacity but also result in a further
degradation or even failure of MCE after limited cycles [77, 139, 140]. As a consequence, in view
of practical applications, it is critical to decrease or even eliminate these two negative effects,
especially the hysteresis loss. Although numerous efforts have been devoted and several
approaches have been proposed [51, 104, 141-143], such as alloying [104], heat treatment [51] and
the electron field control [141], these two negative effects have not been well tackled so far.

For the hysteresis loss, it is clear that this effect is not mandated in the framework of
thermodynamics since the first-order derivative of the Gibbs free energy of the correlated
magnetostructural transition is discontinuous with respect to temperature, magnetic field, or any
other free thermodynamic variable [144]. At the thermodynamic equilibrium state, i.e. the Gibbs
free energies of the parent and product phases are equal and then the driving force is 0. Thermal or
magnetic hysteresis may occur since the transformation driving force should be sufficiently large
to overcome the transformation resistances [56, 140, 145]. Consequently, based on the mechanism
of hysteresis generation, two routes would be effective to optimize the hysteresis loss. One is to
reduce the resistance of phase transition. Decreasing the geometrical incompatibility between the
parent and product phases is one of the most successful case [1, 56, 140]. The other is to increase
the driving force to promote the phase transition, such as introducing appropriate defects as the

nucleation sites for phase transformation.
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Table 1. 2 Magnetocaloric effect in Ni-Mn-In based alloys retrieved from literature. ASwm, AT,
RCerr represent the magnetic entropy change, adiabatic temperature change and effective
refrigerant capacity, respectively. 4H and T denote the variation of magnetic field and the measured

temperature, respectively. PB indicates the polycrystalline bulk sample.

Representative parameters

Alloy composition AH T
Year Ref. at % State ASw AT RCerr T K
JkgtK1 K Jkg?
2006 [27]  NisCosMnsselnsa fr';gﬁ 28.4 _ _ 7 292
2006 [49] Ni46Mn41In13 PB 13 — — 9 190
2007 [49] NisoMnaalnis PB 12 - - 5 190
2007 [146] NisoMnszalnig PB 19 - - 8 240
2007 19 — — 5 240
[118] NisoMn34|n16 PB
2007 — — 219.51 8 214-242
2007 . 28.6 — — 5 295-315
. Singl
[147] NisoMnz3.131N13.90 crmsgtzﬁ
2007 y 6.6 - - 5  315-325
2008 [99] Ni44Mn44In12 PB 7.6 — — 1 230
. As-
2009 [130] MnsoNiisolnio b - - 60 3 210234
8 — — 2 160
2009 [112] Nisg3Mn3e.11N10.1Sbs 5 PB
21 — — 5 160
-1.7 - - 2 275
2010 [131]  Nisi:Mnaialnis A?t');p””
ribbon - - 132 2 213-201
2010 [148] NisoMn36,5|n13,5 PB 24 — — 5 349
PB - ~ 167(net) 5  277-293
2010 [101] NisoCOMn34|n15
PB — — 229 5 305-354

17.7 - - 8 270
2010 [102] NisoMns3.66Cro.3alnis PB
— - 254 8 255-275
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Table 1. 2 (continued)

Representative parameters

Alloy composition AH T
Year Ref. State ASwm AT RCere
at % K
JkgtK? K J-kg?
7.2 - - 3 255
) As-spun — — 60 3 251-265
2011 [129] NI50,4MI’]34,9|H14,7 ribbon 26 B B 3 285
— — 95 3 270-315
20.5 - - 5 270
) — - 268 5 250-274
2011  [149]  NisgCo2Mnssinss PB
-5.4 — — 5 350
— — 243 5 311-376
2011 [103] N'5°M“3’°;§2Cf°~68'” PB 24.4 - - 5 294
2011 [108]  NigMnslngsi  ATeaed 23.1 - - 5 195
. Annealed 13 - - 3 260
2012 [133] NI50,0MI’]35,5|H14,5 ribbon 5 B B 3 305
; 18.7 - - 5 281
2012 [ro4] NiesCosrsFeosMn o
36.61N13.4 — — 228 5 270-290
17.0 — — 8 283
— — 64 5 278-299
) 34 — — 8 252.5
2012 [150] NisoMnssSnglng PB
— 26 5 243-268
-6.5 — — 8 315
— - 47 5 309-319
_ 26.5 — — 5 306
2012 [105]  NisoMnaslniFe; PB
53.6 - - 8 306
NisoMn35|n15 PB — 2 — 1.8 321
2012 [113] _
NisoMnssInisGe PB — -2 - 1.8 309
2012 [151] Ni52|\/|n31_5|n16_5 PB 22.3 — — 1.5 270
2012 [28] Ni45,7C05Mn36,3In13 PB — -6.2 - 2 317
2012 [134]  NigMnaslng Arfb;%‘;]“ 20.2 - - 5 235

-12 -



Chapter 1 Literature review

Table 1. 2 (continued)

Representative parameters

Vear  Ref. Alloy c;n:/i)osition State AS, AT RCere ATH ;’
JkgtK? K J-kg?

PB 225 - - 3 355
2013 [110] NizsCosMnaolnzSne N ) e o
' 359
2014 [152] NisoMnaslnug PB 24 - - 9 247
2014 [153] NizsMnaz.oln121Co7 PB - -3.3 - 8 273
2014  [124] NizsCosMnss7Ings 3 PB - 128 — 15 300
2015  [122] NisoMnasIngs PB - -17 - 6 250
2015  [59] Niizs ?Minae 6n135C042 PB _ 8 _ 159 287
2015 [127] MnsoNiszIne A“Sb“;%r‘]” - ~ 1842 3 222%
2015  [114] NigsC045PdosMns7Ings PB 25 - - 3 364
2015  [107] Nigs 32Mnio 271N25Si0.41 PB 35 - ~ 15 273
2015 [115]  Nisos:Mnas0sCuizslNis14Bos PB 23 - - 5 195
2015  [116] NisoMnasInyssBos PB - 2.5 ~ 18 305
2015 [154] MnsoNisolnio lé;‘;?'gﬁflt(' - ~ 24679 3 2235%
2015  [155] NisoMnasIngs PB - 11 ~ 14 314
2015 [117] NissMnaz.s3lnis.17Tiz PB 17 - - 6 240
2015  [111] NissMnasSnglns PB - 1726 3 260
2016 [106] Niss sMnaz 3IN145CU2.7 PB 21.7 - - 6 272
2016 [109]  Nis4CoroMnasolnizsGay s PB 18 - - 7 290
2016  [156] Niz77aMna7.0s1N15.20 PB 30.7 - - 5 282
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1.2.3.3 Mechanical caloric effect

Mechanical caloric effect is a mechanical analogue of MEC that has received considerable
attention in recent years owing to its potential use for environmentally friendly refrigeration [31,
157, 158]. Like MCE, it is defined as an isothermal change of entropy or an adiabatic change of
temperature that takes place when a mechanical field is applied or released in a given material. The
origin of mechanical caloric effect has been related to the interaction between the crystal structure
lattice and an external applied mechanical field. With respect to loading manners, the mechanical
caloric effect can be classified into barocaloric [30, 31, 158, 159] and elastocaloric effect [157, 160,
161]. For the former, the mechanical field is the hydrostatic pressure that is applied via compression
or expansion of gases. For the latter, the mechanical field is a strain or a stress that is directly
applied or released in the refrigeration materials. At present, a giant temperature rise of 25 K has
been observed in Ni-Ti wires upon stretching [162],and a large temperature change of 6 ~ 7 K has
been detected by compressing Cu-Zn-Al polycrystalline bulk samples over a large temperature
span of 130 K [163].

Barocaloric effect in Ni-Mn-In based alloys was first reported by Mafiosa et al. in 2010 [31].
A giant barocaloric effect of 24.4 J-kg™- K was observed in Niso.26Mnas.08ln14.66 alloy around room
temperature under a moderate hydrostatic pressure of 2.6 kbar, which is comparable to the
magnitude of the giant MCE reported in this kind of alloys, and predicting that a similar barocaloric
effect will occur in many giant-magnetocaloric materials undergoing magnetostructural transitions
involving a volume change [31, 164]. After that, comparative studies on the barocaloric and MCE
in Ni-Mn-In based alloys were carried out by their research group [30]. They found that these two
caloric effects exhibit opposite trends. The barocaloric is larger for samples with martensitic
transformation from the paramagnetic austenite to the weak-magnetic martensite. When the
martensitic transition occurs below the Curie temperature, all quantities start to decrease. Such a
decrease was explained as the lowering of the transition entropy change, arising from the magnetic
contribution to the entropy. With respect to the MCE, the entropy change attains a maximum for
those samples with martensitic and magnetic transitions close to each other. However, the adiabatic
temperature change and refrigeration capacity are larger for samples with martensitic

transformation slightly below the Curie temperature.
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Elastocaloric effect in Ni-Mn-In based alloys was first reported in 2014 [33]. A reversible
temperature change of = 3.5 K was experimentally detected in a [001]-textured
Niss.7C0s.1Mnssslnizs polycrystalline sample under a relative low stress of 100 MPa [33]. The
lattice vibration was thought to play a dominant role in this large elastocaloric effect. In addition,
the cycle behaviors of the elastocaloric effect in NissCosMnss.alnise polycrystalline alloy were
studied [165]. A large temperature range of about 3 ~ 4 K was generated under a moderate stress
of around 150 MPa and no significant degradation of the elastocaloric effect was observed after 15
cycles. This excellent cyclic elastocaloric behavior was explained as the full reversibility of
transformation as well as the reproducible stress-strain response in transformation. Very recently,
a temperature decrease of - 4 K was detected in a directionally solidified NissMnsslIniz alloy under
a stress of 300 MPa [32].

Compared with MCE, the barocaloric and elastocaloric effect exhibit some obvious advantages,
such as low cost, relatively low driving forces, large and reversible adiabatic temperature change
and wide temperature window [157]. However, like the MCE, the large hysteresis loss across the
structural transition is still one of the biggest obstacle to technological applications. Moreover, due
to the refrigeration features of these two mechanical caloric effects, their required mechanical
properties of the magnetic refrigerants should be much higher than that of MCE. The intrinsic
brittleness of the Heusler alloys is another problem that prevents the application of mechanical

caloric effects in these materials.
1.2.3.4 Magnetoresistance effect

Magnetoresistance (MR) effect is the variation of the electrical resistivity (p) of materials
under an external magnetic field (H) [166-170], as demonstrated in Eq. 1-1.

_ p(H)-p(0) _
MR = 20 (1-1)

This effect was first discovered in Fe/ Cr multilayer material where the resistivity is lowered by
almost a factor of 2 in a magnetic field of 2 T at 4.2 K in 1988 [166]. Since then, stimulated by the
engineering applications in the magnetoresistive reading heads and similar devices, the MR effect
has been largely investigated and many multilayer materials with large MR effect, composed of
magnetic and nonmagnetic layers, have been fabricated, such as Co/ Ru [167], CoFe/ Al20s/ Co

[171] and Fe/ MgO [170]. The origin of MR effect in multilayer materials was explained as the
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magnetic-field-induced magnetism transition from an antiferromagnetic arrangement of the
consecutive ferromagnetic layers to a complete ferromagnetic arrangement of the corresponding
ferromagnetic layers. Due to the spin dependence of electron scattering both at layer boundaries
and within each layer, the overall resistivity in a parallel spin system is lower than that in an
antiparallel arrangement of the moments in the layers [169, 172, 173]. Apart from the artificial
magnetic multilayer materials, in recent years, the large MR effect was also observed in the
ferromagnetic and antiferromagnetic coexisting bulk metallic or intermetallic compounds,
particularly in those alloys that undergo first-order phase transformations, such as FeRh [169],
GdSiGe [174], and MnAs [175].

The MR effect in Ni-Mn-In based alloys was first reported in 2006 [36, 98]. At first, researches
mainly focused on ternary Mn enriched Ni-Mn-In alloys with the structural transition from weak-
magnetic martensite to ferromagnetic austenite, such as NisoMnsoxInx (14 < x < 16.2) and
NissMnailniz alloys [36, 98, 100, 176]. A giant MR of over 60 % was observed in NisoMnsslnis
single crystal alloy under a moderate strength magnetic field of 3.5 T around room temperature.
Under the magnetic field of 5 T, a MR effect of 80 % was detected in NisoMnzaslnis alloy around
125 K [100]. In addition, the MR effect associated with the structural transition from weak-
magnetic martensitic to paramagnetic austenite was also studied. A MR effect of 8 % was
experimentally detected in NisoMnsssIniss polycrystalline alloys. Although the obtained MR effect
was much lower compared with that of the Ni-Mn-In based alloys having large magnetization
change during martensitic transformation, this kind of alloys was found to possess a significantly

smaller hysteresis loss accompanied with the structural transition.

Later, the influence of alloying, via adding a fourth element such as Fe [104], Ge [113], Co
[109], Si [177], B [37], Al [113] and Ga [109], on MR effects were largely studied. It was reported
that the appropriate Fe-doping is effective to reduce the hysteresis loss of NissCosMnss.slnis.4alloy,
which leads to an enhancement of effective RC by 15 % [104]. A giant MR effect of 66 % was
observed in Ga-doped Niss.4C01.9Mnas.2IN13.8Gas7 alloy under a magnetic field of 7 T around room
temperature [109]. Furthermore, a novel physical phenomenon, a large unusual asymmetric
switchinglike magnetoresistance between the forward (isothermal) and the reverse (athermal)
metamagnetic transitions, was detected in the B-doped NisoMnssIni4B1 bulk alloy in the vicinity of
the phase coexistence region (304 K) at a low applied field of 0.25 T [37]. This observation

provided us new information regarding the magnetostructural transition.
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Different from the mechanism of MR effect in multilayered materials, the significant change
of electrical resistivity in Ni-Mn-In based alloy should be ascribed to the altered electronic structure
across the magnetostructural transition. Thus, to obtain a large MR effect with lower magnetic field
intensity, composition modification to increase the magnetization and to reduce the entropy change
should work. Like MCE and mechanical caloric effect, a large hysteresis loss across the
magnetostructural transition again significantly reduce the work efficiency of the MR effect.
Although low hysteresis loss in the alloys with the structural transition from the weak-magnetic
martensite to the paramagnetic austenite has been reported, the extremely small temperature
window greatly restricts their application range. Consequently, composition modification or other
approaches to decrease hysteresis loss as well as to keep large magnetization difference and low

entropy change is still in great need.
1.2.3.5 Exchange bias effect

Exchange bias (EB) effect is associated with the “unidirectional anisotropy” of magnetic
coupling interaction [178, 179]. When a system consisting of ferromagnetic-antiferromagnetic,
ferromagnetic-spin glass, antiferromagnetic-ferromagnetic, and ferromagnetic-ferrimagnetic
interfaces is cooled under an external magnetic field through the Néel temperature (Tn) of the
antiferromagnetic or the glass temperature (Tsc) of the spin glass, this effect is induced that shows
a negative shift of the hysteresis loop along the magnetic field axis [34, 178-181]. Since the
discovery of EB effect in 1956 by Meiklejohn and Bean [182], it has been extensively studied
during the last half of century due to its technological applications in the ultrahigh-density magnetic
recording and the spin valve devices [34, 183]. The EB effect within a ferromagnetic (light blue)
and antiferromagnetic (orange) system is demonstrated in Fig. 1. 4. The process of field cooling
from higher temperature (above Tn in Fig. 1. 4) is generally used to obtain the magnetic
unidirectional anisotropy in the EB system [178, 179]. The strength of EB effect, indicated by He,
is characterized by the amount of the hysteresis loop shift along the magnetic field axis, as shown
in Fig. 1. 4b.
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Fig. 1. 4 lllustration of exchange bias (EB) effect within a ferromagnetic (light blue) and
antiferromagnetic (orange) system. (a) Magnetization curve against temperature. The magnetic
field H is applied through the Néel temperature (Tn) of the antiferromagnetic. (b) Magnetic

hysteresis loop curve at the temperature below Tn. He and Hc indicate the EB effect and coercivity,
respectively. The small black arrows in EB systems of @ and ® demonstrate the interactions

between ferromagnetic and antiferromagnetic domains under external magnetic field (H).

The EB effect in Ni-Mn-In based alloys was first studied in bulk polycrystalline samples with
alloy composition of Ni2oMnsoxInx (14.5 < x < 15.2) in 2009 by Pathak et al. [35]. It was found
that the EB effects in the samples with 14.8 < x < 15.2 are almost constant. The maximum shift of
the hysteresis loops up to 120 Oe was observed under the field cooling of 5 T. However, for the
materials with compositions of x < 14.5 or x > 15.2, their EB effects sharply decrease to about 20
Oe. Later, an EB effect of around 170 Oe was detected by their research group in Si-doped
NisoMnsslIni11Sia bulk polycrystalline sample at 5 K under a field cooling of 5 T [184].

In addition to bulk samples, the EB effect in melt-spun ribbon samples of Ni-Mn-In based
alloys were also explored [132, 135, 136]. An EB effect of around 150 Oe was observed in
Mnaa.sNis0.4In10.1 melt-spun ribbon at 5 K under a field cooling of 5 T [132]. Besides, it was found
that the EB effect has a great temperature dependence. It drastically decreases with the increase of
temperature. When the temperature is above 30 K, no obvious EB effect was observed in this
material. Furthermore, the influence of annealing and Si-doping on EB effects in Ni-Mn-In ribbons

was explored [135, 136]. Heat treatments were found to be favorable to improve the EB effect in
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melt-spun ribbons. The maximum EB of 456 Oe was observed in an annealed NissMnsglneSia

ribbon at 10 K under a magnetic field cooling of 2 T.

Different from the conventional EB effect of which magnetic unidirectional anisotropy is
obtained by the field cooling across the Néel or glass temperature (Fig. 1. 4), very interesting, an
unusual large EB effect, a novel physical phenomenon, has been observed in Ni-Mn-In bulk alloys
after the zero-field cooling from an unmagnetized state [34]. The origin of this unusual
phenomenon has been related to the newly formed interface between different magnetic phases
during the initial magnetization process. This observation clearly shows that the magnetic
unidirectional anisotropy can be created isothermally below the blocking (Néel or glass)

temperature, and might open a new direction to realize EB effect.

Despite the large EB effects in Ni-Mn-In based alloys, they are generally observed in very low
temperatures (below 10 K), which greatly restrict their application range. Thus, in view of
technological applications, it is critical to increase the work temperatures of EB effect in these
materials. It is clear now that EB effect originates from the coupling interactions between the
ferromagnetic and antiferromagnetic domains. In Ni-Mn-In based alloys, the spin structures of the
ferromagnetism and antiferromagnetism should be closely related to the modulated atomic spacing
between magnetic atoms (Mn and Ni). Thus, the accurate determination of the crystal structures of
modulated martensites should be essential to quantitatively analyze and understand the EB effect

in these materials for subsequent property optimization.
1.2.3.6 Hall effect

When a magnetic field is applied on an electrical conductor with the field direction
perpendiculars to the electric current, a voltage will be generated across the electrical conductor
with the direction perpendiculars to both the electric current and the magnetic field [185]. This
phenomenon is the so-called Hall effect. Since its revelation in ferromagnetic materials in 1879
[186] and especially its counterpart anomalous Hall effect (AHE) [187, 188], i.e. the generation of
a voltage difference without external magnetic field, it has been a subject of intense theoretical and
experimental studies due to its wide potential applications in electric and magnetic field-effect

devices [38]. The Hall effect in ferromagnets is generally characterized by Hall resistivity p , that

can be written as a sum of two terms, as shown in Eq. 1-2.
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Py =Ro B, + R 4n M; (1-2)
where Ro and Rs represent the coefficients of Hall effect and AHE respectively. Bz and Mz indicate
magnetic induction and magnetization components, respectively. The first term in Eq. 1-2 describes
the ordinary Hall effect that is related to the Lorentz force and is proportional to the applied
magnetic field, and the second one is the AHE resistivity and is proportional to the magnetization

of materials.

The Hall effect in Ni-Mn-In based alloys was first reported in 2009 [38]. An unusual field

dependence of Hall resistivity p, was observed in NisoMnsssglnis2 alloy in the vicinity of
martensitic transformation that p, sharply increases up to 50 u2 cm under a magnetic field of 1.5

T that is comparable to the giant Hall resistivity in magnetic nanogranular alloys [38]. Associated

with p,,, the Hall angle reaches a giant value of tan~10.5, which is the highest value for known

magnetic materials [38, 189]. Later, the Hall effect in quaternary Co-doped NissCo2Mnasinis alloy
was explored under the temperature range of 77 ~ 300 K in magnetic fields up to 1.5 T [190]. It
was found that the sign of Ro changes across the magnetostructural transition, which implies a
strong change in electronic structure during martensitic transformation, while the Rs is positive in
both austenite and martensite. Furthermore, the influence of Si-doping on Hall effect and AHE in
NisoMnsslInis-xSix (x = 1.0, 3.0, 4.0) alloys were explored [39]. It was reported that the Ro is negative
that is higher than that of nickel by an order of magnitude at 80 K, decreases monotonically with
increasing temperature, approaches zero in austenite, and does not undergo sharp changes in the
vicinity of martensitic transformation. So far, studies on Hall effect and AHE in Ni-Mn-In based
alloy is still on going. The details of the underlying mechanism, especially for AHE, is still
indistinct. However, it is clear that these two effects are closely related to the martensitic
transformation. Thus, the study on martensitic transformation could be expected to provide some

fundamental knowledge for deep understanding on these two effects.
1.2.3.7 Kinetic arrest effect

Kinetic arrest (KA) effect of martensitic transformation describes the phenomenon that part of
austenite is frozen in the equilibrium martensite matrix when the material is cooled below the
finishing temperature of martensitic transformation under an external magnetic field beyond a

certain critical value or below a certain critical temperature [40, 41, 128, 132, 191, 192]. The
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supercooled austenite phase, termed as “glass formers”, experiences a viscous retardation of
nucleation and growth, and results in the formation of the so-called nonergodic glasslike state [193].
At present, it is still a great challenge to fully understand the nature of this kind of glass transition
[194, 195]. The correlated KA effect has been considered as one of the deepest and most important

unsolved problems in condensed matter physics [196].

The KA effect in Ni-Mn-In based alloys was first reported in bulk samples of NisoMnaslnis
polycrystalline alloy in 2007 [40]. It was found that the magnetostructural transition is partially
kinetically arrested when the applied magnetic field is larger than 4 T, and the material shows a
typical nonergodic glasslike dynamical response. Later, the influence of alloying (Fe and Cr) on
KA effect was studied. Unlike the KA effect in the parent NisoMnaalnis alloy that takes place under
a high external magnetic field (larger than 4 T), the KA effect in the Fe doped alloy occurs even in
zero magnetic field. The Cr-doped alloy, on the other hand, shows no signature of KA effect during
martensitic transformation [191]. Apart from the magnetic field, the influence of the temperature
field on KA effect was also explored [41, 192]. It was reported that the martensitic transformation
in NissCosMnass.7Iniz 3 single crystal is interrupted at about 150 K during field cooling and does not
proceed with further cooling [41]. Later, a critical temperature of around 100 K was observed in
polycrystalline NisoMnaalnis alloy [192]. The temperature influence on KA effect in these alloys
has been related to the extremely low mobility of the phase interfaces (habit plane) and an abnormal

behavior in transformation entropy change at low temperatures [41, 192].

In addition to bulk samples, the KA effects in ribbon samples of Ni-Mn-In based alloys were
also studied [128, 132]. A progressive KA effect was observed in MnagsNiso.4ln10.1 ribbon when
the external magnetic field is larger than 10 T [132]. The amount of austenite frozen in the
martensite matrix was found to increase with the enhancement of the intensity of the external
magnetic field. The metastable character of the supercooled austenite phase was experimentally
verified. Apart from the KA effect of martensitic transformation, very interestingly, the KA effect
during inverse martensitic transformation was also found in the MnagsNi4o0.4lni0.1 ribbon. The

frozen martensite phase decreases with the increases of temperature.

The existence of KA effect in Ni-Mn-In based alloys is obviously unfavorable to some
magnetoresponsive properties, such as MMSME, MCE and MR effect. It could significantly
restrict the range of applied magnetic field or temperature field, and decrease their work efficiency.
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However, if we use it reasonably, the KA effect might become a positive property in some cases.
For example, the frozen austenite within martensite matrix could be utilized as nuclei to decrease
the resistance and thus hysteresis loss during MFIMT. In addition, the broad coexisting two-phase
temperature range, consists of both ferromagnetic and antiferromagnetic interactions, generated by
KA effect might open a perspective to enlarge the work temperature range of EB effect (even at
room temperature). So far, the underlying mechanism of KA effect in Ni-Mn-In based alloys is
still unclear, although the temperature influence on KA effect was related to the lower interface
mobility at low temperature [41, 192]. In origin, the KA effect is associated with the
incompleteness of martensitic transformation, and it should thus be related to the martensitic
transformation path. Consequently, the investigations on the influences of magnetic and
temperature field on material parameters associated with martensitic transformation path, such as
lattice parameters and elastic modulus, should provide some useful knowledge to deeply

understand this effect.
1.3 Crystal structure determination of modulated martensite

Until now, several approaches have been proposed to determine the crystal structure of
modulated martensite [197-200]. At the early attempts [197, 198], the modulated martensite
structure was depicted by a supercell containing certain number of unit cells of the basic structure
in the three-dimensional space. The number of unit cells in the supercell was deduced by counting
the number of satellite reflections between two main reflections in SAED patterns. To achieve
structural modulation, a sinusoidal function [197] or a simple uniform shear [198] was applied on
individual atoms in the supercell. Such structural models are feasible to describe the atomic
arrangements revealed by high-resolution transmission electron microscopy (TEM) or diffraction
analysis for some Ni-Al and Ni-Mn-Ga alloys [201-204]. However, it is not rigorous to specify the
number of unit cells in a supercell according to the number of observed satellite reflections, as
pointed out in Ref. [205]. Moreover, a simple unique shear or a sinusoidal function is, in general,
not enough to accurately represent the structural modulation features. Considering the fact that
these structural models require a predetermination of the unit cell in the three-dimensional space
depicting the crystal structure, they can only be applied to describe the so-called commensurate
modulated structure. In fact, in many cases, modulated martensite refers to the so-called

incommensurate modulated structure, i.e. the translational symmetry of crystal lattice may not exist

-22 -



Chapter 1 Literature review

in the three-dimensional space. Therefore, one cannot accurately define incommensurate
modulated structure in the three-dimensional basis, like the cases encountered for quasicrystals

[206] and composite crystals [207].

An advanced approach to the crystal structure determination of modulated martensite involves
the superspace theory [199, 200]. The basic idea of this theory is to add dimensions of space to
render the aperiodic structure to be periodic in mathematics. In this approach, the crystal structure
of modulated martensite is solved and refined in high-dimensional space, e.g. a (3+1)-dimensional
space. The modulation wave vector q is introduced to describe the periodicity of structural
modulation. If the coefficients of the modulation wave vector are rational, the structural modulation
IS commensurate; otherwise, it is incommensurate. Thus, both incommensurate and commensurate
cases can be treated equally under this scheme, which is considered as the most appropriate and
elegant option for determining the complete crystal structure of modulated martensite. So far, the
validity of this general approach has been demonstrated in Heusler-type alloys with different kinds
of modulated martensite [205, 208-210]. The details of the superspace theory are referred to the
books of Janssen [199] and VVan Smaalen [200].

1.4 Crystallography of martensitic transformation

Martensitic transformation is a diffusionless, military, first-order solid-solid structural
transition [1, 3, 7, 211-220]. Since the crystal structure of the parent and product phase generally
differ from each other, the elastic strain should be generated due to the crystal lattice misfit between
the corresponding phases, as well as between differently oriented variants of martensite [221]. As
a consequence, the microstructure of martensite should be determined by the minimization of the

elastic strain energy and the interface energy.

With the assumption that the interface between austenite and martensite (habit plane) is
invariant across the structural transition to keep a low transformation energy, the so-called
phenomenological theories of martensitic transformation (PTMTSs) were independently proposed
by Wechsler, Leiberman and Read (WLR) in 1953 [222] and by Bowles and Mackenzie (BM)
[223-226] in 1954. In spite of different mathematical descriptions, these two theories were verified
to be equivalent [1-3]. The common feature of these two PTMTs is that both of them are formulated

in a simple pure geometrical terms, and Bain distortion model is generally exploited to determine
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the transformation stretch tensors for various martensite variants [1-3]. The lattice parameters of
the corresponding phases are the only input parameters. The twinning systems, habit plane and
crystallographic orientation relationship between austenite and martensite can be predicted. The

details of PTMTs have been well summarized by Wayman [1], Nishiyama [2] and Christian [3].

With the consideration of elastic strain energy, the so-called nonlinear elasticity theory of
martensitic transformation was developed by Ball and James on the basis of the PTMTs [213, 227].
The essential features of this theory are that it views microstructure to result from energy
minimization and strain compatibility [228]. An energy function dependent on atomic positions
and temperature is postulated, where this function has multiple energy wells for different phases
[228-231]. Such an energy description permits a change of stability between the corresponding
phases upon either a change in temperature or an application of stress [232]. The detailed
information is described in books of Bahattachaya [56], Pitteri and Zanzotto [233], Dolzmann [234]
and Miller [235].

1.5 Content of the present work

During the past twelve years, Ni-Mn-In based alloys have been well developed in both
mechanism explorations and performance characterizations. Despite the revelation of many
excellent properties, such as large MFIS, giant MCE and giant MR, some fundamental knowledge
on Ni-Mn-In based alloys is still not available, such as the accurate crystal structure information of
modulated martensite, the crystallographic features of microstructure and martensitic
transformation, and variant rearrangement mechanism. Moreover, some properties of Ni-Mn-In
based alloys still need to be improved, such as the hysteresis loss across the magnetostructural
transition. This situation greatly hinders the development of this kind of promising multifunctional

alloys.

Based on such a situation, the present work was carried out, as illustrated in Fig. 1. 5. It consists
of three parts. First, the crystal structures and microstructures of Ni-Mn-In based alloys were
systematically characterized. Then, the crystallographic features of martensitic transformation
were studied. Finally, with the determined crystal structure, microstructure and martensitic

transformation information, the behaviors and mechanisms of variant rearrangement under external
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mechanical loadings and the influences of annealing on MCE and its related hysteresis loss were

explored. The main contents are summarized as follows:
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Fig. 1. 5 Framework of the present dissertation.

(1) Crystal structure determinations of austenite and martensite (non-modulated and modulated)

by means of Rietveld method in the frame of superspace theory (Chapter 3).

(2) Microstructure investigations by means of crystallographic theories of martensitic
transformation (CTMT), electron backscatter diffraction (EBSD) and high resolution transmission
electron microscopy (HRTEM) (Chapter 4).

(3) Crystallographic studies on orientation relationship (OR) between austenite and martensite,
martensitic transformation strain path and geometrical compatibility between austenite and
martensite by means of CTMT, EBSD and HRTEM (Chapter 5).

(4) Behaviors and mechanisms of martensite variant rearrangement/ selection under mechanical
loadings in martensite state and across the structural transition by Schmid factor (SF) analysis, in-

situ neutron diffraction investigation and ex-situ microstructure examination (Chapter 6).
(5) Effects of heat treatment on MCE and its related hysteresis loss (Chapter 6).

The present work was expected to provide some fundamental information on crystal structure,

microstructure, martensitic transformation crystallography, variant rearrangement/ selection
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behavior, and mechanism of hysteresis loss in Ni-Mn-In based alloys for the understanding of their

multifunctional properties and the further performance optimizations.
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Chapter 2 Experimental and calculation methods

2.1 Experimental details
2.1.1 Alloy preparations and heat treatments

The polycrystalline alloys with nominal compositions of NisoMnsoxInx (0 < x < 25) and
NissCosMnso-xInx (13 < x < 13.5) were prepared by arc-melting pure constituent elements Ni (99.97
wt. %), Co (99.9 wt. %), Mn (99.95 wt. %) and In (99.995 wt. %) under Ar atmosphere in a water-
cooled copper crucible. The alloys were remelted for four times to ensure composition
homogeneity. The ingots were further remelted and injected into a copper mould to obtain a
cylindrical rod of 8 mm in diameter and ~ 50 mm in length. The as-cast rods were further annealed
in a sealed quartz tube under Ar atmosphere at 1173 K for 24 hours followed by water quenching.
The ribbon samples were melt spun using a single copper roller with a wheel-rotating speed of 15

m-s1, followed by annealing at 1173 K for 24 hours in a sealed quartz tube.
2.1.2 Martensitic transformation temperature measurements

Disk sample with the diameter of 3 mm and the thickness of 1 mm was cut out from the center
of the annealed rod. The critical temperatures of martensitic transformation were determined using
the differential scanning calorimeter (DSC, TA-Q100) in heating and cooling modes at a rate of 5

K-min™.
2.1.3 Crystal structure measurements

Powder samples with particle diameter around 74 um were prepared by mechanically grinding
the bulk sample. To release the stresses induced by mechanical grinding, they were annealed at 823
K for 6 hours in vacuum quartz tube. The crystal structures of the alloys were first examined with
an X-ray diffractometer (XRD, Rigaku, Smartlab) with a 9 kW rotating anode using Cu-Ka
radiation and graphite monochromater at room temperature. The “step” mode was used with a
scanning step of 0.02° (20).

To accurately determine the crystal structure, such as the space group and atomic positions,

of the austenite and the martensite of Ni-Mn-In alloys, neutron diffraction and synchrotron X-ray
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diffraction techniques were utilized. The high-resolution neutron diffraction experiments were
performed at room temperature using the structure powder diffractometer (SPODI) [236] at FRM
Il. For each powder sample, it was filled into a thin-walled (0.15 mm) vanadium container.
Monochromatic neutrons (A = 1.54832(2) A) were obtained using the (5 5 1) reflection of vertically
focused composite Ge monochromator at 155° take-off angle. Two-dimensional diffraction data
were collected using the SPODI position-sensitive *He detector and then corrected for geometrical
aberrations under the procedure described in Ref. [236]. The synchrotron X-ray diffraction
experiments were conducted with the high energy materials science beam line (HEMS) at PETRA
I11. The transmission method with pinhole technique was chosen, where the primary slit system
guided a highly brilliant beam of 500 pum % 500 um on the samples. In order to get good resolution,
one Mar345 area detector with a pixel distance of 100 um was positioned 1110 mm behind the
samples. The Debye-Scherrer rings up to 7.7° in 26 were recorded. To increase the signal-to-noise
ratio of spectra, an exposure time of 4 seconds was selected. The experimental parameters for the

neutron and synchrotron diffraction measurements are summarized in Table 2. 1.

Table 2. 1 Experimental parameters for neutron and synchrotron diffraction measurements.

Radiation source Research neutron reactor High-energy synchrotron radiation
Wavelength (A) 1.5483 0.1423
20 range (°) 20~110 2.10~7.10
Step (°) 0.05 0.0051
Temperature (K) 298 298

2.1.4 Microstructural characterizations

Rectangular parallelepiped samples with a dimension of 5.5 mm x 5.5 mm x 7.5 mm were cut
out of the middle portion of the annealed rod for the microstructural characterizations. The sample
surfaces were mechanically ground and further electrolytically polished using a solution of 20 %
nitric acid in methanol under the voltage of 8 V at around 263 K. The microstructural examinations
and crystallographic orientation investigations were performed in a field emission gun scanning
electron microscope (SEM, Jeol JSM 6500 F) with an EBSD acquisition camera and the Aztec
online acquisition software package (Oxford Instruments). During the EBSD measurements, the
“beam-control” mode was applied. The interfaces between adjacent martensite variants were

examined using a high resolution transmission electron microscope (HRTEM, JEM 2100F). The
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CrystalMaker and Single-Crystal software packages (CrystalMaker software) were utilized to

analyze and simulate the electron diffraction patterns.
2.1.5 Mechanical property investigations

The rectangular parallelepiped samples with a dimension of 5.5 mm x 5.5 mm x 7.5 mm were
cut out of the middle portion of the annealed rod. Ex-situ uniaxial compression with a maximum
strain of 5.44 % along the length direction of the sample was carried out using a conventional

uniaxial compression machine with a strain rate of 0.02 mm-min,

In-situ neutron diffraction thermomechanical compressions were performed at the Heinz
Maier-Leibnitz Zentrum (MLZ), Garching, Germany, with a monochromatic wavelength of 2.1 A.
The uniaxial compressive load was applied by a rotatable multifunctional (tension/ compression/
torsion) loading frame installed at STRESS-SPEX, as shown in Fig. 2. 1, under the “constant load”
model to ensure a fixed load. Three different compression loads, i.e. -10 MPa, -40 MPa and -50
MPa, were successively applied during the cooling process across the martensitic transformation.

A two-dimensional detector at 42° (26) was set to record the neutron diffraction signals.

Beam stop
Incident beam

Compression loading

Neutron detector

Fig. 2. 1 Hlustration of in-situ hot-compression inspected by neutron diffraction.
2.1.6 Magnetic property examinations

Magnetization measurements were performed using the vibrating sample magnetometry in a
Quantum Design cryogen-free physical properties measurement system (PPMS) Dynacool®

platform of 9 T. Needle-shaped samples were cut out of the melt-spun ribbon that were wrapped
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in kapton tape. An external magnetic field was applied along the rolling direction of the ribbon to

minimize the demagnetization effect.

The magnetization at low- (10 mT) and high- (5 T) magnetic field as a function of temperature
M(T) were measured from 10 K to 400 K at a sweep rate of 1.5 K-min. The isothermal
magnetizations were measured across the inverse martensitic transformation with a temperature
interval of 1 K. The measurement protocol with a thermal cycling from 400 K to 200 K to the

measurement temperature was performed prior to record each isothermal magnetization curve.
2.2 Calculation methods

2.2.1 Crystal structure determinations

The crystal structure of austenite was solved with the measured powder neutron diffraction
data using the charge-flipping algorithm [237] and refined by the Rietveld method [238]. Due to
the possible aperiodicity of the modulated martensite, the crystal structure of modulated martensite
was determined in the frame of superspace theory. The basic idea of this theory is by adding the
dimension of space to render the aperiodic structure to be periodic in mathematics, as shown in Fig.
2. 2. Then, the unit cell can be defined in a higher dimensional space, such as the (3+1)-dimensional

space.

Superspace theory

Xy

Fig. 2. 2 lllustration of the superspace theory. Pi (i = 1 ~ 4) represent the aperiodic lattice points in
the three-dimensional space (Rs3). Pi’ (i = 1 ~ 4) describe the constructed periodic lattice points in
the (3+1)-dimensional space. X1 and Xa indicate the first and fourth dimensional base vectors,

respectively.
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The general procedure for the crystal structure refinement in the high-dimensional space is
relatively laborious. Numerous structural parameters, including lattice parameters of average
crystal structure, modulation wave vector, coefficients of modulation wave function, atomic
displacement parameters and atom occupancies, etc., are refined at the same time and one
parameter interacts with another. Furthermore, the crystal structure determination would become
particularly difficult if the experimental diffraction data are not “clean”, as frequently encountered
in the case of Ni-Mn-In alloys where some quantity of parent austenite is retained within the
transformed microstructure. As a treatment to simplify the iteration routine for the overall
refinement and to increase the determination reliability, indirect diffraction information, such as
crystallographic inheritance of martensitic transformation that is well represented by diffraction

peak splitting, could be effectively utilized.

With this situation, an attempt was made on the complete crystal structure determination of
modulated martensite in a Mn-rich off-stoichiometric Ni-Mn-In alloy in the frame of the
superspace theory. First, the average crystal structure and the modulation wave vector of the
modulated martensite were determined primarily upon analyzing the diffraction peak separations
induced by the martensitic transformation. The refinement of the modulated structure was

performed in (3+1)-dimensional superspace with Rietveld method [238, 239].
2.2.2 Ab-initio calculations

The atomic sites for the off-stoichiometric elements in austenite were investigated by the first-
principles calculations, in the frame of the density functional theory (DFT) using the Vienna ab-
initio simulation package [240, 241]. The interactions between ions and electrons were described
by the projector augmented wave (PAW) method [242], and the exchange correlation effects were
treated by the generalized gradient approximation (GGA) in the Perdew and Wang 91 formulation
[243]. The In-3d electrons were included as valence states; the kinetic energy cutoff was set to be
270 eV. The Monkhorst-Pack grid [244] with 12x12x6 k-points was employed to sample the
Brillouin zone of the supercell (32 atoms). The lattice parameters and atomic positions were further
optimized for all structures until the total energy decrease was less than 1 meV and the total-force
was smaller than 0.02 eV/A.
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2.2.3 Basic crystallographic calculations
2.2.3.1 Coordinate system setting

Two kinds of coordinate systems are used in the present work. One is the orthonormal system
I- - k (Fig. 2. 3a). The other is the Bravais lattice basis of the corresponding phases, i.e. austenite
cubic lattice basis aa- ba- ca (Fig. 2. 3b) and martensite monoclinic (b-unique) lattice basis am- bwv-
cm (Fig. 2. 3c). The geometrical relations between the orthonormal coordinate system set to the
respective Bravais lattice basis of austenite and martensite and their Bravais lattice basis are
demonstrated in Fig. 2. 3b and c. For martensite, the basis vectors of the orthonormal coordinate

system j, k are set to parallel to bm, cm (Fig. 2. 3c), respectively.

i-j-k a,-b,-c, a,-by-cy

i=j=k=1 ay# by # ey

(b) Cubic austenite lattice ( C) Monoclinic (b-unique) martensite

(a) Orthonormal coordinate system X i
coordinate system lattice coordinate system

Fig. 2. 3 Various coordinate systems used in the present work. (a) Orthonormal coordinate system
i- j- k; (b) austenite cubic lattice basis aa- ba- ca; (¢) martensite monoclinic (b-unique) lattice basis
am- bm- cm. The relations between the orthonormal coordinate system and the corresponding
Bravais lattice basis are demonstrated in (b) and (c), respectively. All coordinate systems are of

right-handedness.
2.2.3.2 Coordinate transformation

Coordinate transformation means the transformation of coordinates for vectors or planes
between different reference systems. The so-called coordinate transformation matrix is generally
utilized to describe this process in mathematics. As shown in Fig. 2. 4a, there are two arbitrary
coordinate systems R and R’ that are defined by the basis vectors X, Y, Zand X’,Y’, Z’, respectively.
V represents an arbitrary vector and its indices with respect to these two references are [uvw]r and
[uv’w’]r, respectively. The relations between the basis vectors of references R and R’ are given
in Egs. 2-1.
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X'= a11X + a21Y + aglz

Y'= a12X + a22Y + a322 (2'1)
Z'= a13X + a23Y + a33Z
Coordinate transformation | X:X-Y-Z Coordinate transformation K:X-Y-Z
R:X'-Y'-Z' R:X'P-Z
Zlh A 4 V=[‘T’ij]'R Z!n\ m=(hk 1)y
\‘ V=[u,v,w]g L o h
\ \ m=(h,k, g
\ V \
\ , \ m ,
\ X \ X
‘\ ,—’7 !I. "a
\ " \ e
\ - - - "f" &
7 > Y % > Y
’ rd
I’ I’
X X
KX' gx’
(a) (b)
Fig. 2. 4 lllustration of coordinate transformation for vectors (a) and planes (b) between two
coordinate systems R (X- Y- Z) and R* (X’- Y’- Z°).

The coordinate transformation matrix between references R and R’, denoted MR—R’, can be
Eq. 2-2.

directly determined by putting the coefficients of each row of Egs. 2-1 as column, as shown in

ajp a1p 13
MR=R = [ay; app a3 (2-2)
d3; dszp Agz
With the coordinate transformation matrix of MR~R’ the coordinate transformation for vector V
(Fig. 2. 4a) from reference R’ to R can by realized by Eq. 2-3.

u u'
Ivl = MR—>R’X |:V|]
WAR wWlg

(2-3)
constituted by the basis vectors of R and R’.

The inverse of MR—R’, denoted MR R, can realize the coordinate transformation from R to R’, as
shown in Eq. 2-4. The determinant of MR—R" equal to the volume change of the parallelepipeds

R W

u' u
) el
w' R

(2-4)

The inverse of transpose (or the transpose of inverse) of MR~R’ denoted (MR—R')T, can realize the
coordinate transformation for planes under these two references, as given in Eq. 2-5, where (hkl)r
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and (h’k’I’)r- are the Miller indices of the plane m under R and R’ (Fig. 2. 4b), respectively. The
h
[k
I

Suppose that S is a coordinate system defined by three non-planar basis vectors a, b and c.

proof is given in Appendix II.

b
= (MR=R)T x [k] (2-5)
R I'1g:

2.2.3.3 Metric tensor

Then, the basis vectors of its correlated reciprocal space S* can be obtained by Egs. 2-6.

_ bxc 5= cxa «_ axb
“a-(bxgc) “a-(bxc) T2 (bxo

*

a (2-6)

The coordinate transformation matrix between these two conjugate references S and S*, i.e. M55,

can be deduced, as shown in Eq. 2-7.
. aa ab ac
MS_’S=[b-a bb bc
ca cb cc

(2-7)

In general, this kind of special coordinate transformation matrix is termed as metric tensor. For a
better distinguish, it is henceforth denoted as G55, Since the metric is symmetrical (Eq. 2-7), the
transpose equal to itself, i.e.

(GS*—>S)T - GS*—»S (2-8)
With metric GS"—S, the scalar product of two vectors, V; [uyvaw, ]g and V, [u,vow,]g with respect

to reference S, can be conveniently calculated by Eq. 2-9.

uz
ViV, = [ug vy wylg x G378 x [Vzl (2-9)
Wo ]

The metric transformation for two references S and So can be realized by Eq. 2-10, where M5~
is the coordinate transformation matrix between references S and So. The derivation is given in

Appendix Il.
GH% = (MS7%) " x G5 8 x M5S0 (2-10)
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2.2.3.4 Orientation representation

(1) Matrix

For two arbitrary coordinate systems S and S’, in addition to realize the coordinate
transformation for vector/ plane between these two references, their correlated coordinate
transformation matrix M5=%"is also generally used to describe their relative orientation. In a special
case, when both these two references S and S’ are orthonormal, their coordinate transformation
matrix MS~S" belongs to a rotation matrix in mathematics. For a clear description, this kind of
coordinate transformation matrix is denoted g5~". The determinant of g5—° is equal to 1. The
inverse of orientation matrix equal to its transpose, i.e.

@)t =(g>°)" (2-11)
(2) Euler angles

For two orthonormal references, their relative orientation can be conveniently described by
Euler angles that involves three consecutive rotations. In this work, the Euler angles under Bunge
notation (p1, @, ¢2) is utilized. Moreover, the HKL convention - the rotation is from the
macroscopic sample reference to the orthonormal reference set to the crystal lattice reference - is
used, as demonstrated in Fig. 2. 5. The relation between Euler angles (¢1, @, ¢2) and orientation
matrix g5—%" is given in Eq. 2-12.

cos @, cos @, — sing;sin ¢, cos ® - cos ¢, sin @, — sing,cos @, cos ®  sin ¢, sin O
558
g = <sin ¢, cos @, + cosgp,sin ¢, cos ® — sin ¢, sin ¢, + cosgp,cos @, cos ® — cos ¢, sin O (2-12)
sin ¢, sin @ cos @, sin ® cos @
[ Orthonormal
Euler angles veferences
Zik # Zy §:X,-Y,-Z,

X -Y, -2,
q)z . (ﬂ‘.r o -ty Ly

X’ Bunge notation

(@1, D, 9,)

Fig. 2. 5 Definition of Euler angles under Bunge notation (p1, @, ¢2) with HKL convention.
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2.2.3.5 Crystallographic orientation relationship

(1) Plane and in-plane direction parallelisms

The crystallographic orientation relationship (OR) between two crystals R and R’ (grains or
phases) can be intuitively described by plane and in-plane direction parallelisms, as demonstrated
in Formula 2-13.

(hkDg // (Wk'T)g [uvw]g // [u'vw']: (2-13)
(2) Axis/ angle pair

Axis/ angle pair is also generally used to describe crystallographic ORs. To determine the axis/
angle pair, the misorientation matrices AgR—R" between these two crystals R and R’ need to be
calculated first, as demonstrated in Fig. 2. 6. It should be noted that all references, S (Xo- Yo- Zo),
R (i- j- k) and R’ (i*- j*- k"), should be orthonormal. However, the crystal lattice of crystal R and
/or R’ are often not orthonormal, thus an orthonormal system should be used to define the crystal
lattice. The setting of the orthonormal references to the crystal lattices of austenite (austenite) and

martensite (monoclinic) in this study are shown in Fig. 2. 3b and c, respectively.

. . . Z Sample Orthonormal
0 P
Mlsorlentatlon coordinate system references
S X,-Y,-Z,
R:i-j-k
g X, Yy N gSH | meres
Crystal R Crystal R’
kyn &7 AN
. k'
J J'
l .y
_ AgR—R’ l
Equivalent * i & » Equivalent
coordinate . § . Y, . coordinate
systems  ° L — * systems
k J i’ i
I k'

Fig. 2. 6 Misorientation matrix between two crystals R and R’. S; and S; represent the rotational

symmetry matrices of crystal R and R’, respectively.
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With the orientation information of domain R and R’, g5~R and g5—F’, their misorientation
matrices AgR—R’ can be determined with Eq. 2-14.

AGR=R = (S 1x (@5R) 1x g5R' x & (2-14)
where S" and S' represent the rotational symmetric matrices of domain R and R’, respectively.
Moreover, the misorientation can be also expressed in the form of the rotation angle » and its
related rotation axis d, i.e., axis/ angle pair. The relation between matrix representation and axis/
angle pair is given in Egs. 2-15 ~ 2-18. Due to the crystallographic rotational symmetry of crystals
R and R’, the axis/ angle pair is generally not unique. The one with the minimum rotation angle
and its correlated rotation axis is generally used to describe the crystallographic OR between these

two crystals.

® = arccos (W) (2-15)
(1) » = 180°
_ — (91t 9+l ggatl
d = (dy by dg) = (215, 225 B
|dm| = max (|d;],i=1,2,3)
with| d,>0, by convention (2-16)
vi#m, sgn(d;) =sgn(g;)
(2)ow=0°
d =(dy,d,,d3) = (1,0,0) (2-17)
(3)  # 180° and © # 0°
d = (dy,dy,d3) = (923'932 9317913 912'921) (2-18)

2sino ~ 2sinm © 2sino

2.2.3.6 Stereographic projection representation

Stereographic projection is a convenient way to demonstrate the three-dimensional (3D)
vectors in a two-dimensional (2D) plane for a better visualization. One of essential features of the
stereographic projection is that the poles in the 2D projection plane can reflect the angle between
their corresponding vectors in the 3D space. Stereographic projection with the projection plane of
Xo- Yo, as an example, is demonstrated in Fig. 2. 7, where OA represents an arbitrary vector with

respect to the 3D orthonormal reference S (Xo- Yo- Zo). Its corresponding projection pole (A’) is
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the intersection of the projection plane (Xo- Yo) with the vector of AS, where S is the south pole of
the projection sphere. The coordinates of A’ (Xo, Yo), with respect to the 2D coordinate system of
the projection plane Xo- Yo, can be determined with the coordinates of OA (X, y, z) in the 3D

reference S by Eq. 2-19.

Yo = X
07 1417
y (2-19)
y =
0™ 14z
: e Orth 1
Stereographic projection references
§:X,-Y,-Z,
S:X,- ¥,
—_
OA = [X7 y’ Z]S
ﬁl
OA' =[xy, Yols'
_ X
=11 7]
. ¥
AP

Fig. 2. 7 lllustration of stereographic projection with plane Xo- Yo as the projection plane. A’ is the
intersection of the projection plane (Xo- Yo) with the vector of AS, where S is the south pole of the

projection sphere. A’’ is the projection of vector OA along the basis vector Zo.
2.2.3.7 Deformation gradient tensor

Deformation gradient tensor is generally utilized to describe a homogeneous deformation in

continuum mechanics. For a clear illustration, in the present work, the deformation gradient tensor

R

is denoted by F,°, ,, where the superscript R indicates the reference system, and D and D

represent the undeformed and its corresponding deformed domains. The determination of

deformation gradient tensor is shown in Fig. 2. 8, where V represents an arbitrary undeformed
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vector, and the corresponding vector after deformation is indicated by V’. Reference R, defined by
basis vectors i, j and K, is an arbitrary coordinate system. OA, OB and OC and OA’, OB’ and OC’

are the resolved along the basis vectors of i, j and k, i.e.

V = 0A + OB +0C
{V’ = 0A'+ OB' +0C (2-20)
The deformation of vector V to V’ equals the deformation of their resolved vectors, i.e., from OA,
OB, OC to OA’, OB’, OC’, respectively. If we suppose the coordinates of vector V with respect to

reference R (i- j- k) are [a b c]r, vectors OA, OB, OC then equal [a 0 O]r, [0 b 0]z and [0 O c]r,

respectively. After homogeneous deformation FR the resultant vectors OA’, OB’ and OC’,

D' «D’
transformed from OA, OB, OC, equal [a1 a2 as]r, [b1 b2 bs]r and [c1 c2 c3]r, respectively. Thus, the

vector V’, can be expressed by [ai+ b1+ C1, a2+ b2+ C2, as+ b3+ c3]r. Then, the deformation gradient

R «
tensor F°_, can be obtained, as expressed by Eq. 2-21.

Vi M Vil To@tbirey)  @utbith)  Aartbitd)] e by o
o M v o@ o) o @ b :]
FR Vi _ v v v |6(62+b2+C2) d(ag+ha+hy) 6(a2+b2+b2)|:|% by G (2-21)
DeDovi |ov oy V| | @ a(b) © | |a c
6Vi( 6V'k 6V [6(a3+b3+c3) O(ag+bz+hz)  A(ag+bz+hg) J %3 bs %3
PR VA o(a) o(b) o(c)
| OV 6Vj 6Vk_
. " Reference |
Deformation gradient tensor Riiik
ii-f-
Projection 0A=[a, 0, 0],
V=[a,b,cly OB=[0, b, 0],
0C=[0,0, ¢l

Homogeneous

Deformation % 7
NS
\

OA’=[a,, a,, ;]
OB™=[b, by. by]z
OC™=[¢y, ¢, &k

s th o
V’=|a,+b,+c,,

av’ a;/a by/b ‘flfc aytbytc,,
Fpp=%,= a/a by/b /¢ aytbytesp

as/a by/b c;/c

Fig. 2. 8 Definition of deformation gradient tensor FDR(_D. V represents an arbitrary undeformed

vector, and the corresponding vector after deformation is V’. Vectors OA, OB and OC represent
the resolved vectors of V along i, j and k, respectively. Their corresponding deformed vectors are
indicated by OA’, OB’ and OC’, respectively.
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R

With the determined deformation gradient tensor F 3, ., the deformed vector [u’v’w’]r can

be calculated from its undeformed initial vector [uvw]r with Eq. 2-22.

u' u
[v-] = FS(_D x M (2-22)
wW'lg WiR

R

The inverse of transpose (or the transpose of inverse) of F', ), denoted (FS-(_D)‘T, can realize

the deformation for planes, as represented in Eq. 2-23, where (hkl)r and (h’k’I’)r represent an
arbitrary plane indices before and after deformation, respectively. The derivation is given in

Appendix 11.

;

Furthermore, if we consider OA- OB- OC and OA’- OB’- OC’ as the coordinate systems, denoted

h
= (Fpeo) " X [k] (2-23)
R g

as D and D’, respectively, the deformation gradient tensor (FS-(_D) and coordinate transformation

matrices (MR?~P" and MR?—P) can be connected by Eq. 2-24.

[an b1 el
oV, S
R Vi _ |2 by C2| — pgR-D’ R—D)-1 -
DD~ v, @ =M < (M) (2-24)
9 by S
|.a b cJ

The change of reference for deformation gradient tensor can be realized by Eq. 2-25,
Ro

I:D(—D

= MRo—R x FS(_ x MR—Ro (2-25)

D
R R : :
where FD-O(_D and Fg_ represent the same deformation but under different references (Ro and R,

respectively). MRo~R and MR~Ro are the coordinate transformation matrices between these two

references.
2.2.4 Predictions of twin relations

For continuous deformation of two adjacent domains R and R’, as shown in Fig. 2. 9a, to keep
their interface MN coherent after deformation, their corresponding deformation gradient tensors F
and G must satisfy the so-called kinematic compatibility condition [56], i.e.

F-G=a®n (2-26)
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where fi represents the normal of interface MN, and a =(F - G) . The martensitic transformation

process, as illustrated in Fig. 2. 9b, generally belongs to this kind of deformation.

Kinematic compatibility condition

Coherent ) i
! interface F-G=a®n
()

Twinning equation

Austenite Martensite variant A

L > s

Martensite variant B

QU,—U;=a®n where,0=0"-Q,

(b)

Fig. 2. 9 Illustration of the kinematic compatibility condition (a) and twinning equation (b).

With the consideration of the features of martensitic transformation, the so-called twinning
equation can be deduced, as given in Eq. 2-27, where U; and Uj; represent the transformation stretch
tensors of two arbitrary martensite variants during the structural transition and Q indicates the pure
rotation to connect these two variants.

QU;-Uj=a®n (2-27)
In the frame of Bain distortion model, with the crystal structure information of austenite and
martensite, in combination with the crystal rotation symmetry of austenite, the transformation
stretch tensors of different martensite variants can be obtained. Then, all possible twin relations
can be predicted by solving twinning equations with different variant organizations. The detailed
information is referred to Refs. [56, 233-235].
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2.2.5 Twinning element determinations

For certain twin related crystals, their geometrical relation can be fully defined by their
twinning elements, i.e. (1) Ki - the twinning plane, the invariant (unrotated and undistorted) plane
of simple shear; (2) n1 - the twinning direction lying in Kz; (3) Kz - the reciprocal or conjugate
twinning plane, the second undistorted but rotated plane; (4) #2 - the reciprocal or conjugate
twinning direction lying in Kz; (5) P - the plane of shear; (6) y - the magnitude of shear, as shown
in Fig. 2. 10a. According to the rationality of Miller indices of K1, Kz, #1 and 72 with respect to the
parent lattice, twins are usually classified into three types: Type-I twin (K1 and 72 are rational),

Type-11 twin (K2 and 71 are rational) and compound twin (K1, Kz, 1 and 2 are all rational).

Twinning elements

K;: Twinning plane nlmﬁ i/ Plane 1
K,: Conjugate twinning plane N

7, Shear direction

#,: Conjugate twinning direction

v : Magnitude of shear
P : Plane of shear Twinning | O Plane 0
plane
/ . /

===

Plane -1

(a)

Fig. 2. 10 (a) Definition of twinning elements. (b) Illustration of the determination of twinning

elements.

With the determined twinning plane K1 (type-1 and compound twins) or the shear direction 71
(type-11 twin), a direct and elegant method to determine twinning elements has been proposed by
our research group. The basic idea is to first find the shortest (AA’) lattice vector (but not
perpendicular to twinning plane) between -1 and 1 twinning planes (type-I or compound twins), as
shown in Fig. 2. 10b. Under the criterion of minimum shear, it should be exactly the conjugate
twinning direction #2. Then, the complete twinning elements can be calculated based on the
geometrical relations between various twinning elements. For type-11 twin, the twinning elements
can be determined in the reciprocal space with the same procedure. The details are described in
Ref. [245].
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2.2.6 Interface determinations by indirect two-trace method

Interface characterizations are important to materials, since both of mechanical and physical
properties are closely related to their interface features. To determine the Miller indices of
interfaces, an indirect two-trace method based on EBSD technique has been proposed by our group.
Different from the traditional two-trace method where two perpendicular sample surfaces are
needed, this method involves the preparation of only one sample surface. The determination
process would be performed in two consecutive steps. First, the two independent and unparalleled
traces (AB and A’B’) coming from crystallographically equivalent interfaces (ABCD and
A’B’C’D’) and the crystallographic orientations of their adjacent crystals (g1, g2, g1 and gz ), as
shown in Fig. 2. 11, should be experimentally determined by SEM/ EBSD technique. Then, the
interface indices can be calculated by coordinate transformation and vector cross production. The
details are referred to Ref. [246].

Indirect two-trace method

Sample surface

Fig. 2. 11 Illustration of indices determination for certain interface by indirect two-trace method.
ABCD and A’B’C’D’ represent two crystallographically equivalent interfaces but with differently
oriented traces on the same sample surface. gi, g2, g1 and g2 represent the crystallographic

orientations of the adjacent crystals by the two interfaces.
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2.2.7 Schmid factor calculations

Schmid factor (SF) is a bridge to link the macroscopic external load with the microscopic stress
resolved to certain slip, twinning/ detwinning or transformation system. It is generally used as a
criterion to determine their activations. The definition of SF for detwinning systems that is the
inverse process of twinning process is shown in Fig. 2. 12. If one twinning system is defined by K1
and 7, the detwinning system is thus Ki and -#;. It is worth emphasizing that the SF under the

tension and compression loads are different. They should have the same value but the opposite

signs.
c=F/A .
Schmid factor
K Detwining F cosh _
1 direction = —x 6 cost cosi
cos0
Twining plane i
Twining ¢ SF tension = €080 cosh
direction ;

compression ~

SF = - cos0 coslg

Fig. 2. 12 Illustration of Schmid factor (SF) calculation for detwinning system.
2.2.8 Magnetocaloric effect calculations

Magnetic entropy changes as a function of temperature and magnetic field can be numerically

estimated using the Maxwell relation (Eg. 2-28) from the isothermal magnetization curves.

H oM
ASw (T, H) =y, |

o (50) 4dH (2-28)

Magnetic hysteresis loss during magnetostructural transition can be evaluated by integrating

the area between field-up and field-down magnetization curves, as illustrated in Fig. 2. 13.
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30
Field-down

"_c) hysteresis loss N .
< 20
=
<
c o
= d 1 L
o L 1 il Fieid-up
©
£ |

0 1 L 1 1

0.0 0.5 1.0 1.5 20
uH (T)

Fig. 2. 13 Magnetic hysteresis loss estimation based on field-up and field-down magnetization

curves.
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Chapter 3 Martensitic transformation temperature and crystal

structure

In this chapter, first, the evolution of martensitic transformation temperature of NisoMnso-xInx
(0 < x < 25) alloys was explored. Then, the crystal structure of austenite and various martensites
(non-modulated and modulated) in these alloys were determined by means of Rietveld method with
synchrotron and neutron powder diffraction techniques. For the modulated martensite, with the
consideration of the possible aperiodicity of modulated structure, the crystal structure
determination was carried out in the frame of superspace theory. With the accurately determined
crystal structure information, its relation with the magnetic properties was discussed. Finally, in
view of practical applications, such as EBSD and ab-initio calculation, a threefold layered
superstructure model in the three-dimensional space was proposed to approximately describe the

determined incommensurate 6M modulated structure.
3.1 Martensitic transformation temperatures

Fig. 3. 1 shows the evolution of the critical temperatures of martensitic transformation (Ms,
Ms, As and Ayr), detected by DSC measurements, for NisoMnso-xInx (0 < x < 25) alloys. It is seen
that the martensitic transformation temperatures linearly decrease with the increase of In
concentration. When x < 15, the martensitic transformation temperatures are above 298 K, and then
the alloys should be in their martensite state at room temperature, as indicated in Fig. 3. 1. With
the increase of In content, the transformation temperatures decrease and the alloys are in their
austenite state. When x > 15.5, the martensitic transformation was not detected within the

temperature range from 180 K to 800 K with DSC technique.
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Fig. 3. 1 Evolution of the critical temperatures of the martensitic transformation for NisoMnso-xInx
alloys (0 < x < 25). The start and finish temperatures of the forward and backward martensitic

transformation are denoted as Ms, Mr, As and Ay, respectively.
3.2 Crystal structure

Fig. 3. 2 displays the X-ray diffraction patterns of NisoMnso-xInx (0 < x < 25) alloys at room
temperature. It is seen that the NisoMnsoxInx alloys have a single non-modulated (NM) martensite
when x < 2. With the increase of In concentration, the modulated martensite phase appears, as
indicated by the black arrows in Fig. 3. 2a. The non-modulated and modulated phases coexist in
the alloys with 4 < x < 10. When 11 < x < 14, the alloys possess a single modulated martensite
state. For NisoMnss.2slniazs alloy, as shown in Fig. 3. 2c, it has the austenite and modulated
martensite phases at room temperature. When x > 15, the alloys have a single austenite phase, as
shown in Fig. 3. 2d. Furthermore, it is seen that the intensities of the satellite reflections of austenite,
which represent structural ordering of alloys, are enhanced with the increase of In concentration,
as indicated by the dashed box in Fig. 3. 2d.
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Fig. 3. 2 X-ray diffraction patterns of NisoMnso-xInx alloys (0 < x < 25) measured at room

temperature.
3.2.1 Crystal structure determination of austenite

To accurately determine the crystal structure of austenite, a ternary Mn enriched alloy with
nominal composition of NisoMnasslnis that has austenite phase at room temperature (Fig. 3. 2), was
selected. Firstly, the high-resolution powder neutron diffraction experiment was carried out to
obtain high quality diffraction pattern. Then, the charge-flipping algorithm [237] and Rietveld full
profile fitting approach [238] were employed to determine the statistical crystal structure data.
Detailed site occupations of extra-Mn atoms, with respect to the case of the stoichiometric Niz2MnlIn

alloy, were investigated by ab-initio calculations.
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3.2.1.1 Crystal structure refinement

Fig. 3. 3 shows the powder neutron diffraction pattern of NisoMnssInis alloy, which is in the
austenite state at room temperature. The crystal structure refinements, using the charge-flipping
algorithm [237] and the Rietveld method [238], revealed that the austenitic phase possesses a cubic
L2: structure with space group Fm3m, as illustrated in Fig. 3. 4, being in agreement with that of
the stoichiometric Ni2MnX (X = Al, Ga and In) Heusler alloys [94]. The lattice parameter was
determined to be 6.0062(7) A. The independent atomic coordinates for the constituent elements
were specified as follows: Ni atoms, 8c (0.25, 0.25, 0.25); Mn atoms, 4a (0, 0, 0); In (or extra-Mn)
atoms, 4b (0.5, 0.5, 0.5). Note that in the stoichiometric NizMnlIn case, the 4b sites are fully

occupied by In atoms. The unindexed two small peaks, as indicated by arrows in Fig. 3. 3, were

confirmed resulting from the limited “surface martensite” [247, 248].
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Fig. 3. 3 Powder neutron diffraction pattern (upper) of NisoMnsslnis alloy at room temperature

(dots - measured; lines - fitted with the Rietveld method), and difference (lower) between measured

and calculated patterns.
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L2, austenite

Fig. 3. 4 lllustration of cubic L2: crystal structure.
3.2.1.2 Atomic occupation investigations by ab-initio calculation

By means of the conventional Rietveld refinement [238, 249], one can determine statistical
occupancy rates of In and extra-Mn atoms at the 4b sites in the L21 structure, but not detailed
occupational information of each species. Here, ab-initio calculations were performed to further
figure out the distribution characteristics of extra-Mn atoms at the 4b sites. In view of the
composition of NisoMnssInss alloy, two unit cells containing two extra-Mn atoms were selected in
the calculation scheme. There are three possible site combinations that represent different degrees
of aggregation of extra-Mn atoms, as illustrated in Fig. 3. 5. The distances between the two extra-
Mn atoms in the three settings are 4.22 A (Fig. 3. 5a), 5.97 A (Fig. 3. 5b) and 7.31 A (Fig. 3. 5¢),
respectively. In each case, the formation energy Er - taken as a measure to characterize the stability
of a solid-state phase [250] - was calculated. Results show that the formation energies under the
three settings were -368.51 meV, -478.64 meV and -571.71 meV, respectively. Obviously, the
formation energy Er decreases with the increase of the dispersion degree of the extra-Mn atoms,
suggesting that the extra-Mn atoms tend to be dispersed from each other. Thus, it is reasonable to
consider that Ni-Mn-In alloys with uniformly distributed extra-Mn atoms are more stable than

those with aggregated extra-Mn atoms.
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Fig. 3. 5 Three possible occupation settings for extra-Mn atoms and In atoms at the 4b sites of the

L21 structure. For a clearer illustration, Ni atoms are omitted.
3.2.2 Crystal structure determination of martensite

As shown in Fig. 3. 2, there are two kinds of martensites in NisoMnso-xInx alloys at room
temperature, i.e. the non-modulated structure and modulated structure. For the former, the
NisoMnso alloy was selected to carry out the high resolution X-ray diffraction experiments and
Rietveld refinements. For the latter, a ternary alloy with nominal composition of NisoMnsslnis was
selected. Synchrotron X-ray and neutron diffraction investigations were first carried out to obtain
high quality diffraction patterns. With the consideration of the possible aperiodicity of modulated
structures, the crystal structure determinations were performed in the frame of superspace theory

by means of Rietveld method.
3.2.2.1 Crystal structure of non-modulated martensite

Fig. 3. 6 shows the powder XRD diffraction pattern of NisoMnso alloy at room temperature
and the pattern calculated by Rietveld refinement. Good match between the measured and the
simulated diffraction patterns, Rp = 0.0448, Rwp = 0.0581, suggests that the non-modulated
martensite has a L1o tetragonal structure with the space group of P4/mmm. The lattice parameters
were refined to be a = 3.7319(2) A, b =3.7319(2) A and ¢ = 3.5211(3) A. The independent atomic
coordinates for the constituent elements were specified as follows: Ni atoms, 2e (0 0.5 0.5); Mn
atoms, 1a (0, 0, 0) and 1c (0.5, 0.5, 0). The structural model is illustrated in Fig. 3. 7.
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Fig. 3. 6 Powder X-ray diffraction pattern of NisoMnso alloy at room temperature (dots), and the
calculated pattern by Rietveld refinement (red line) and the difference between the measured and

simulated pattern.
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Fig. 3. 7 Illustration of the non-modulated L1o tetragonal structure of NisoMnso alloy.
3.2.2.2 Crystal structure of modulated martensite

For the modulated martensite, in this work, the crystal structure determinations were
performed on the following three consecutive steps. (1) The average crystal structure of modulated
martensite, i.e. neglecting the structural modulation, was depicted by a unit cell in the three-
dimensional space. The crystal system, lattice parameters and atomic positions of this average
structure were obtained by analyzing the martensitic transformation-induced reflection separations
in the frame of Bain lattice distortion and orientation inheritance, based on the collected neutron

diffraction pattern of austenite and martensite and the determined crystal structure of austenite. (2)
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The modulation wave vector, representing the periodicity of the modulation of atomic positions,
was derived from the peak positions of satellite reflections that exist in the neutron diffraction
pattern of martensite but cannot be indexed using the average structure. (3) The precise crystal
structure of modulated martensite was refined with the synchrotron X-ray diffraction data, through
the Rietveld refinement in the (3+1)-dimensional superspace using the JANA 2006 software [251].
In view of practical needs of experimental and theoretical studies, such as EBSD characterizations
and ab-initio calculations, a three-dimensional superstructure model was set up to approximately

describe the modulated crystal structure.
(1) Average crystal structure

The powder neutron diffraction pattern of the NisoMnsslnis alloy collected at room
temperature is displayed in black in Fig. 3. 8. As a reference, the diffraction pattern of the austenite
phase of the NisoMnssInis alloy is also displayed in grey in Fig. 3. 8. It should be noted that for Ni-
Mn-In Heusler alloys, the crystal structure of parent austenite is not sensitive to the alloy
composition [44, 94]. In the present work, the compositions of the two experimental alloys are
fairly close. Thus, one can reasonably ignore the composition difference between these two alloys
and qualitatively approximate the diffraction pattern of the NisoMnassIni4 austenite with that of the
NisoMnssInis austenite. As the martensitic transformation is a diffusionless phase transformation,
the product martensite is generated by lattice distortion from its parent austenite. Such lattice
deformation would give rise to the “symmetry breaking” of the crystal structure of the austenite
and induce reflection separation or splitting. Accordingly, the crystal structure characteristics of
the martensite could be deduced with the crystal structure of the austenite and the diffraction peak

separations resulting from the structural transformation.

By comparing the diffraction patterns of austenite (in grey) and martensite (in black) shown
in Fig. 3. 8, significant reflection splitting can be clearly detected around the {00 2},, {202},
and {2 2 2}, reflections of austenite. For the {0 0 2}, reflection of austenite, it splits into three
martensite reflections I, 11 and 11 owing to the martensitic transformation. Notice that a set of three
distinct {0 0 2}, planes can bring about only two corresponding diffraction peaks of martensite
under the cubic to tetragonal or orthorhombic transformation. As a deduction, the crystal system
of the average crystal structure of martensite could be either monoclinic or triclinic. For the
{202}, and {2 2 2} , reflections of austenite, they split respectively into four (IV, V, VI and VII)
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and two (VIII and 1X) martensite reflections, rather than six and four reflections even if there are

six distinct {2 0 2}, planes and four distinct {22 2}, planes in the cubic structure of austenite.

Therefore, the crystal system of the martensite can only be monoclinic but not triclinic.
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Fig. 3. 8 Powder neutron diffraction patterns of NisoMnssInis and NisoMnsslni4 alloys at room

temperature.

Since the martensite refers to the monoclinic crystal system and the {0 0 2}, reflection splits
into three reflections (I, 11 and I11) rather than two reflections, the martensitic transformation may
be ascribed to the so-called “cubic axes” [233] or “cubic-to-monoclinic 11" transformation type
[56], i.e. the twofold axis of monoclinic martensite is generated from the fourfold axes ((1 0 0)»)
rather than the twofold axes ({1 1 0),) of cubic austenite. Fig. 3. 9 schematically illustrates the
correspondence between the lattice cells of cubic austenite and monoclinic martensite, uniquely
defined in the frame of the Bain model. Here, a f,,-unique monoclinic right-handed coordinate
system is chosen to represent the lattice cell of the average structure of the martensite that is in
accordance with the reference setting normally used for monoclinic martensite in Heusler-type
alloys [7, 31]. Under such a reference setting (Fig. 3. 9), the [0 0 1], axis is contracted to be the by,
axis after martensitic transformation, whereas the [110], and [11 0], axes are elongated and

monoclinically distorted to be the ¢y, and ay, axes, respectively.
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Fig. 3. 9 Illustration of lattice correspondence between (a) cubic L21 structure of austenite and (b)
monoclinic structure of martensite, defined in the frame of the Bain model. The subscripts “A” and

“M” denote austenite and martensite, respectively.

With the coordinate transformation under the above reference setting, the corresponding
Bragg reflections of the monoclinic martensite can be predicted from the measured {00 2},,
{202}, and {2 2 2} , reflections of the cubic austenite. The calculated results are summarized in
Table 3. 1. By analyzing the peak-position correlations between the martensite and austenite phases
and the lattice distortion characters of the martensitic transformation, some martensite reflections
associated with the three reflection groups of the austenite could be unambiguously identified, as

demonstrated below.
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Table 3.1{002},, {202}, and {2 2 2}, reflections of austenite and corresponding reflections

of martensite. The unambiguously identified reflections of martensite are highlighted in bold and

italic.
Austenite reflections {002}, {202}, {222},
Corresponding
] ) | 1 Il v \% VI VII VIl IX
martensite reflections
Martensite  reflection 121y @21y @20y (022,
101y @01y 20y @O0y OO0y
planes 12Dy (A2 20y (022),

Let us consider first the case of the {00 2}, reflection of austenite. The corresponding I, II

and 111 reflections of martensite are linked to the (0 2 0),, (10 1)y, and (1 0 1),, lattice planes. As
mentioned above, the [0 0 1], axis is contracted to be the [0 1 0],, axis during the austenite to
martensite transformation. In consequence, the interplanar spacing of the (0 2 0),, plane should be
smaller than that of the {0 0 2}, planes, indicating that the 26 value for the (0 2 0)) peak is larger
than that of the {0 0 2}, peak. Therefore, the martensite reflection I11 is univocally identified to be
from the (0 2 0),, plane. For the other two martensite reflections (I and Il), they can only be from
the (1 0 1), or (1 0 1), plane. Taking into account of the separation degree of reflection | and I

from the corresponding {00 2}, peak, one may deduce that the monoclinic angle j,, of the
martensite structure is not far from 90°. In fact, there exist two possibilities for g, ,, i.e. ,, > 90° or
By, < 90°, arising from an interchange of the ay and cy axes set for the monoclinic system. Here,
the convention of g, > 90° (Fig. 3. 12b) is chosen to be in accordance with the traditional

monoclinic cell setting for modulated martensite [25, 52, 208]. As the relative 26 positions of the
two reflections I and 11 (corresponding to the same {0 0 2},) are governed by the value of cos(8y)

(< 0), they can be uniquely indexed as the (10 1),, and (1 0 1), reflections, respectively.

For the case of the {2 0 2}, refection of austenite, the corresponding reflections IV, V, VI and
VII of martensite are associated with the (200),,, (002),,, {121},, (121)y and (121)y) and
{121}, (A2)yand (1 2 1)\) planes. During the structural transformation, the [1 1 0], and [1

10], are elongated and monoclinically distorted into the ay, and cy, axes, respectively (Fig. 3. 9a).
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Both the (200),, and (00 2),, planes have larger interplanar spacing than that of the {202},
planes. Therefore, the two reflections IV and V in Fig. 3. 8 should be from the (20 0),, and (0 0 2),,
planes. However, it is not possible to make a one-to-one correspondence between them, since the
relative 26 positions of the reflections IV and V depend on the relative values of the ay and ¢y,
that are not yet known. With the method of exclusion, the other two reflections VI and V11 can only

be from the {12 1}, and {121}, planes. One may further deduce that the reflection VI
corresponds to the {1 2 1}, planes and the reflection VIl to the {1 2 1},, planes, since their relative

28 positions are just dependent on the value of cos(8,) (< 0).

As for the case of the {2 2 2}, reflection of austenite, it splits into two very close reflections
VIII and IX after the martensitic transformation. These two martensite reflections could be from
the {220}, ((220)y and (2 20)y) and {02 2}, ((022)yand (02 2)w) planes. This indicates
that the lattice parameters ay, and cy, are not equal but very close to each other. Again, a univocal
correlation between the two martensite reflections and the corresponding lattice planes cannot be

obtained, since their relative 28 positions also depend on the relative values of the ay, and cy,.

With the peak position data of the five unambiguously identified martensite reflections, the
lattice parameters of the average crystal structure were estimated to be ay, = 4.38 A, by, = 5.62 A,

cw = 4.33 A, and By, = 93.03°. The rest reflections of the martensite, associated with the austenite
reflections {002},, {202}, and {222}, can then be fully indexed, as display in Table 3. 1.

Moreover, the atomic positions of the constituent Ni, Mn and In elements are attainable using the
determined lattice cell of the average structure. One may consider that the austenite to martensite
transformation involves a simultaneous and cooperative movement of atoms with distance less than
one interatomic spacing. Thus, the atomic coordinates of the three constituent elements in the
average structure of martensite can be roughly derived from those in the parent austenite by
coordinate transformation under the reference setting defined in Fig. 3. 9. Based on the
characteristics of the atomic arrangement of the austenite and the symmetry of the average structure
of the martensite, the average structure can be appropriately described with space group 12/m. At
this stage, the average structure of the martensite has been fully solved in the three-dimensional

space.
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(2) Modulation wave vector

By further examining the neutron diffraction spectrum of the NisoMnsslni4 martensite, it is
found that some minor peaks, as marked by Si, Sz and Sz in Fig. 3. 8, cannot be indexed with the
above average structure model. Those minor peaks should belong to the so-called “satellite”
reflections generated by structural modulation. Notably, the peak intensity of the (20 0),, plane
(reflection 1V) is much lower than that of the (0 0 2),, plane (reflection V) in Fig. 3. 8, in contrast
to the non-modulation case where these two reflections should be comparable in intensity. This
indicates that the periodicity of the (2 0 0),, planes is destroyed mainly by the atomic modulation.
Therefore, the [1 0 0]y, direction should be one of the principal modulation directions in the direct
space. Indeed, such a deduction is in accordance with the structural modulation features found in
many shape memory alloys, i.e. the atomic modulation is mainly associated with the periodical
shuffling of the (0 0 1), atomic layers along the [1 0 0]y, direction [2, 94, 203, 205].

In order to quantitatively analyze the structural modulation of the NisoMnsslni4 martensite, a
modulation wave vector q is defined in the frame of the (3+1)-dimensional superspace model [199,
200], where “3” represents the three-dimensional space and “1” stands for an extra dimension to
build the superspace. Under this model, all Bragg reflections (H) can be indexed with a set of four
integers (h k I m) as follows:

H=ha*+kb*+Ic*+mq (3-1)

gq=kia* + kab*+ ks c* (3-2)

where a*, b* and c* are the basis vectors of the reciprocal lattice of the average crystal structure.

The indices (h k 1 0) and (h k I m) represent the main reflections and the |m| (m # 0) order satellite

reflections, respectively. In view of the above-mentioned atomic modulation feature, that is mainly

associated with (0 0 1),, atomic layers, the parameters ki and k2 are supposed to equal zero. Then,
the expression for g can be written as:

g=ksc* (3-3)

With Egs. 3-1 and 3-3, the interplanar spacing dy, for both main reflections and satellite

reflections from the monoclinic modulated martensite can be derived as:
drm={h?a’2 + k2b"2 + (1 + m kq)?c™2 + 2h (1 + m ky) a"ccos £} 72 (3-4)
Thus, q can be estimated with Eq. 3-4 using the peak positions of some satellite reflections.

Considering that in Fig. 3. 8, the satellite reflections S1 and Sz are located close to the main
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reflections I, 11 or 11, they could be generated by those intense ones through structural modulation.
As the atomic shuffling is not remarkable for the (0 2 0)y, plane, S1 and Sz should be resulted from
either the (1 0 1), reflection (peak 1) or the (1 0 1),, reflection (peak 11). Then, a total of four ks
values could be obtained according to Eq. 3-4, if assuming that S1 and S2 are the -1 and +1 order
satellite reflections of the main reflection (10 1), or (10 1),,. The calculated ks values and

indices of the S1 and S: satellite reflections are given in Table 3. 2.

Table 3. 2 Calculated ks values and satellite reflection indices for S1 and So.

Satellite Satellite
) ks ) ks
reflections reflections
S1 1011y 0.340 (1011)y 0.457
Peaks
So (101 1)y 0.440 (1011)y 0.341

Among the calculated ks values, two of them (0.340 and 0.341) are found to be almost the
same, having significant discrepancy with the other two (0.457 and 0.440). It means that a common
ks value (~0.341) may be chosen to define the real modulation wave vector, and hence to identify
the exact indices for the S1 and Sz satellite reflections (marked in bold in Table 3. 2). The validity
of this common value has been further verified using the Ss satellite reflection, on assuming that it

was generated from the main reflections IV, V, VI and VII around the {2 0 2}, peak. With the

chosen ks value, the Sz satellite reflection can be well indexed as the (1 2 1 1), reflection. Hereto,

the modulation wave vector of the martensite structure has been unambiguously determined.
(3) Incommensurate crystal structure

In the superspace theory [199, 200], each general atomic position is given by the atomic

position X in the average crystal structure plus the deviation specified by a modulation function

U (Xq), i.€.
X¢ =5 + U4 (X,) (3-5)
X =L+x) (3-6)
Xs =0 X+t (3-7)
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where xf, indicates the atomic coordinate of an independent atom p in the unit cell of the average
structure, L represents the lattice translation vector in the average structure, X, defines the fourth
coordinate in the (3+1)-dimensional superspace, and t is the phase factor. In view of the
characteristics of the displacive atomic shuffling in the modulated martensite, the displacements of
atomic layers can be simulated using a harmonic wave-like function, expanded in Fourier series as

a function of X,:

U“(Xg) = Ypzq Af sin (22 nXy) + Bf cos(2z n X,) (3-8)
where AL and Bf represent the amplitudes of the sinusoidal and cosinusoidal parts of the

modulation wave function, respectively.

According to the space group of the average structure (12/m) and the directional characteristics
of the modulation wave vector (mainly along ¢ direction), the superspace group 12/m(a0y)00 [199,
200] is considered as a good candidate to describe the symmetry of this modulated structure in the
(3+1)-dimensional space. Thus, only the amplitude coefficients Ak (x), Ak (z) and Bk (y) are needed
to be refined, while the other coefficients A5 (y), Bi(x) and B, (z) are all equal to zero due to the
symmetry restrictions of the superspace group. As previously mentioned, the structural modulation
is mainly related to the shuffling of the (00 1)y, atomic layers along the [10 0], direction.
Therefore, it is reasonable to assume that the y components BH(y) of the modulation wave function
are zero for all atomic sites. Moreover, one may further assume that the x and z components Ak (x)
and Ak (z) possess the same value for all atomic sites, since the three constituent elements Ni, Mn
and Ga have similar shuffling behavior. These assumptions have proven to be realistic for the
determination of modulated structures in Ni-Mn-Ga and Ni-Fe-Ga alloys [205, 210].
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Fig. 3. 10 High-energy synchrotron XRD spectrum (upper) of NisoMnsslnis alloy at room
temperature (dots — measured; lines — fitted with the Rietveld refinement), and difference (lower)
between measured and calculated spectra. The vertical arrows 1-1, 1-2, 1l and 111 indicate the (12 1
Dm, 121Dy, (1212)yand (121 3),, satellite peaks of martensite, respectively, whereas the
vertical arrow IV indicates the {3 1 1}, reflection of austenite.

Generally speaking, it is more appropriate to accurately determine the crystal structure of
materials with complex magnetic structure using XRD data rather than neutron diffraction data.
This is because XRD data contain merely crystal structure information, whereas neutron diffraction
data include both nuclear and magnetic structure information. In order to obtain more details about
the weak satellite reflections of the modulated martensite, the high-energy synchrotron X-ray
diffraction was performed at room temperature for the NisoMnsgslnis alloy. The first-, second- and
third-order satellites of the (1 2 1), reflection were detected, as indicated by arrows I, Il and 111 in
Fig. 3. 10. Here, the series expansion up to n = 3 in Eq. 3-8 is chosen to simulate the structural
modulation in the Rietveld refinement. Furthermore, the effect of preferred orientation of the
(12 1)), reflection, resulting from the particular platelet-like microstructure of the martensitic
phase [2], is approached with a March-Dollase function [252]; the atomic displacement parameters

(ADP) are considered as isotropic.

Based on the above assumptions, the crystal structure of the NisoMnsslnis modulated

martensite was refined by the Rietveld method in the frame of the (3+1)-dimensional superspace
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theory using the software package JANA 2006 [251]. Firstly, the modulation wave vector q was
refined. Due to the symmetry of the superspace group 12/m(«0y)00, the k2 value should be zero.
The refined modulation wave vector was given as ¢ =—0.0046 a" + 0.3437 ¢”. Since the ki
(0.0046) is very close to zero, the first term can be neglected. This is in close agreement with the
above assumption for the modulation wave vector. The output crystal structure data after the final
convergence of the structural refinement are summarized in Table 3. 3 and Table 3. 4. It turns out

the refinement reaches good agreement factors Rwr, Rp and Rwp [249].

Table 3. 3 Refinement details and resultant crystal structure data of NisoMnssInis martensite.

Radiation type Synchrotron X-ray
Criterion for observed reflections I >30(l)
Superspace group 12/m(a0y)00
Modulation wave vector g 0.3437(5) c*
a(A) 4.3919(4)
b (A) 5.6202(1)
c(A) 4.3315(7)
B(°) 93.044(1)
Volume (A3) 106.8
Z 2
Calculated density (g/cm?) 8.109(4)
Calculated formula NisoMnsslnia

Agreement factors

- Rwr (main reflections) 0.0621
- Rwr (first-order satellite reflections) 0.0702
- Rwr (second-order satellite reflections) 0.0598
- Rwr (third-order satellite reflections) 0.0841
-x2 1.66
- Ro/ Rwp 0.0755/ 0.1012
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Table 3. 4 Atomic position (X, y, z), site occupancy factor (s.0.f.), atomic displacement parameter

(Uiso) and amplitude (Ai) of modulation wave function of NisoMnsslnis martensite.

Label Atom Wyckoff position X y z s.o.f. Uiso
Mn Mn 2a 0 0 0 1 0.0125(3)
In In 2d 0 0.5 0 056  0.0115(9)
EXMt:]a' Mn 2d 0 05 0 044  0.0115(9)
Ni Ni 4h 0.5 0.25 0 1 0.0166(7)
AL 0.0872(8) -0.0009(1)
A, 0.0395(8) 0.0030(8)
As  0.0238(2) -0.0008(2)

Apart from the good overall agreement, there are two notable local discrepancies between the
measured and calculated patterns. First, one small reflection peak in Fig. 3. 10 is not recognized by
the present structure of martensite. Further examination has revealed that this reflection is
associated with the {3 1 1}, plane of austenite, though the martensitic transformation temperatures
are significantly higher than room temperature. Very recently, a similar result was reported on
NissMnaslna1 alloy, where the retained austenite was still detected at 75 K that is far below its
martensitic transformation temperature [52]. In the present work, a small amount of retained
austenite, distributed in the form of island-chains, was evidenced along the boundaries of
martensite platelets in the bulk NisoMnsslni4 alloy at room temperature (Fig. 4. 2c). Second, there
exist obvious mismatches for the first-order satellites of the {12 1},, reflection (peak 1-1 and 1-2
in Fig. 3. 10), especially for the 1-2 satellite. This should be due to the anisotropic broadening of
satellite reflections, which is commonly observed in platelets-like martensite microstructures. For
instance, the broadening of the satellite reflections of the {12 1},, planes was detected in the
incommensurate 7M martensite of Ni-Mn-Ga alloys [205], where the (1 2 1)), plane represents the
inter-platelet interface plane. Further microstructure observation has confirmed that the martensitic
phase in the present alloy does possess a platelet-like microstructure and the platelet interface plane
refers to the {12 1}, planes (This will be further discussed in Chapter 4, Section 4.2). As the
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retained austenite is distributed in an island-chain form along the boundaries of martensite platelets,

the distortion degree of the {12 1}, planes would be further enhanced.

(4) Structure verification

For the above-determined crystal structure of the modulated martensite, it is meaningful to
further verify its rationality and explore some structure-dependent magnetic properties. Fig. 3. 11
presents a two-dimensional section of the Fourier electron density map (x2 = 0.25 and x3 = 0.50)
and the curve of the atomic modulation function (red solid lines). It can be seen that the atomic
modulation function is in good accordance with the electron density map. The deviation of the
modulated structure from its average structure can be estimated by comparing the atomic
modulation function curve with the average atomic positions outlined by the black dashed line in
Fig. 3. 11. Clearly, the atomic modulation shows a “zig-zag chain” rather than a perfect “sinusoidal
wave”. Such characteristics have also been revealed in various modulated martensite with different
constituent elements [201, 205, 210]. Moreover, the interatomic distances between different atoms
in this modulated structure were investigated. The typical atomic bond lengths are in agreement
with those in the similar type of intermetallic compounds [253]. The details of the interatomic

distances in this modulated structure are summarized in Table 3. 5.

x2=0.25, x:=0.50

Fig. 3. 11 Xi-Xs section of Fourier map representing a two-dimensional electron density
distribution for x2 = 0.25 and x3 = 0.5. The atomic positions in the average structure and the
modulation wave function are depicted with the black dash line and the red solid curved line,

respectively. Two periods are drawn along the X4 for a better representation.
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Table 3. 5 Selected interatomic distances in incommensurate 6M modulated structure of

NisoMnzs In14 martensite.

Distance in average Average Minimum Maximum
Atoms structure (A) distance (A) distance (A) distance (A)
4.1153(1) 4.131(1) 3.933(1) 4.693(2)
Mn - Mn
4.2344(1) 4.247(2) 3.82(3) 4.44(2)
- 3.0055(1) 3.020(2) 2.750(2) 3.76(2)
3.1666(1) 3.18(2) 2.58(4) 3.43(3)
_ 2.5826(1) 2.61(2) 2.57(2) 2.75(3)
Mn - Ni
2.6099(1) 2.610(3) — —
- 4.1153(1) 4.131(1) 3.933(1) 4.693(2)
4.2344(1) 4.247(2) 3.82(3) 4.44(2)
N 2.5826(1) 2.61(2) 2.57(2) 2.75(3)
2.6099(1) 2.610(3) — —
3.0055(1) 3.015(2) 2.751(2) 3.76(2)
Ni - Ni 4.1153(1) 4.131(1) 3.933(1) 4.693(2)
4.2344(1) 4.247(2) 3.82(3) 4.44(2)

As the magnetic coupling interactions are closely related to the distances of magnetic atoms,

insight into these factors is essential to the understanding of the specific magnetic properties of

Ni-Mn-In alloys. By a variety of experimental studies and ab-initio calculations, it has been shown

that the magnetic interactions in Mn-rich NizMnX Heusler alloys are mainly associated with two

types, Mn(2a) - Mn(2a) (ferromagnetic coupling) and Mn(2a) - Mn(2d) (ferromagnetic or

antiferromagnetic coupling) [250, 254]. For Ni-Mn-In alloys, a weak-magnetic martensite phase is

considered as the prerequisite for inducing inverse martensitic transformation by magnetic field.

To reveal the weak-magnetism of the present modulated martensite, the atomic distances between

the Mn(2a) - Mn(2d) atoms were further investigated.
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Fig. 3. 12 Schematic illustration of 2a-Mn and 2d-extra-Mn positions in the average structure. (b)
Plots of the distances between Mn and extra-Mn atoms in the modulated structure as a function of
the phase factor t in one modulation period. For reference, the distances between Mn and extra-Mn

atoms in austenite are also displayed.

Fig. 3. 12a shows the atomic positions of the 2a-Mn atoms and the 2d-extra-Mn atoms in the
average structure of the martensite. Around one extra-Mn atom, there are six first-neighbor Mn
atoms with distances Ri (i = 1~6) to the extra-Mn atom. The evolutions of these atomic distances
with atomic modulation are plotted in Fig. 3. 12b. As a reference, the corresponding atomic
distance in the austenite phase is displayed with a black solid line. Compared with the average
structure case, the atomic distances Rs and Re (along the [0 1 O]m) with a length of 2.801 A are
reduced after the structural transformation, and they are completely unvaried with the atomic
modulation since the modulation components along the [0 1 O]m equal to zero. However, the atomic
distances Ri, Rz, R3 and R4 are significantly affected by the atomic modulation, as shown in
Fig. 3. 12b. These four distances are either reduced or increased with respect to the corresponding
atomic distances in the austenite. It is clear that during the martensitic transformation, the symmetry
of the magnetic interaction environment of the extra-Mn atoms is severely broken. Some Mn - Mn
atomic distances become shorter, which results in a strong hybridization interaction and an increase
of the antiferromagnetic coupling. Thus, in general, the magnetism of martensitic should be
reduced with respect to that of austenitic [27, 28]. Besides, the ferromagnetic and antiferromagnetic
couplings may coexist in modulated martensite with Mn-rich non-stoichiometric composition. This

could be the origin of the exchange bias effect detected in Ni-Mn-In alloy [34].
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Furthermore, since the environment of magnetic atoms keeps changing with atomic
modulation, the spin orientation becomes locally canted in the modulated martensite. As a
consequence, the magnetic structure of the modulated martensite should be highly anisotropic and
complicated. This may be the reason why the nuclear structure refinements based on neutron
diffraction data are very difficult, as the diffraction data contain the mixed nuclear and magnetic
structure information. Despite this, the lattice parameters and the modulation wave vector,
estimated from the neutron diffraction data, are found to be in good agreement with those

determined from the synchrotron X-ray diffraction data in Table 3. 3.
(5) Superstructure approximation

In view of the needs for the practical experimental and theoretical studies, such as EBSD,
TEM crystallographic orientation analyses and ab-initio calculations, it is essential to establish a
three-dimensional structural model to represent the structural characteristics of the
incommensurate modulated structure as accurately as possible. Here, the modulation wave vector
could be expressed as q = 1/3(1+0) c*, where ¢ represents the incommensurate degree of the
modulated structure and is equal to 0.0104. Hence, a three-dimensional superstructure with three
consecutive unit cells of the average structure can be employed to approximate the incommensurate
structure, as displayed in Fig. 3. 13. However, it is worth emphasizing that this superstructure is
just an approximation rather than the real crystal structure. The atomic shuffling directions of
modulated atomic layers in this superstructure are similar to the (21), stacking sequence in the
frame of Zhdanov model [255]. For the latter, two consecutive layers shift towards a specific
direction and the remaining layers shift in the opposite direction (denoted one block), and the
subscript “2” refers to the number of blocks in the unit cell. Under the present superstructure model,
the incommensurate modulated structure was identified to belong to the monoclinic space group
P2/m, with lattice parameters a = 4.3919(4) A, b = 5.6202(1) A, ¢ = 12.9947(1) A, and g =
93.044(1)°. The fractional coordinates of atoms are displayed in Table 3. 6.
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Fig. 3. 13 Schematic illustration of 3-dimensional superstructure with three consecutive unit cells.

Table 3. 6 Atomic positions of three-fold layered superstructure of NisoMnssInis martensite derived

from the incommensurate 6M modulated structure.

Wyckoff
Atom type . X y z s.0.f. Uiso

position
Mn la 0 0 0 1.00 0.0125
Mn 1h 1/2 1/2 1/2 1.00 0.0125
Mn 2m 0.0416 0 0.3319 1.00 0.0125
Mn 2n 0.6107 12 0.1676 1.00 0.0125
In/ Mn 1b 0 1/2 0 0.56/ 0.44 0.0116
In/ Mn 1g 12 0 1/2 0.56/ 0.44 0.0116
In/ Mn 2m 0.6107 0 0.1676 0.56/ 0.44 0.0116
In/ Mn 2n 0.0416 1/2 0.3319 0.56/ 0.44 0.0116
Ni 2j 1/2 3/4 0 1.00 0.0167
Ni 2k 0 1/4 1/2 1.00 0.0167
Ni 40 0.5416 3/4 0.3319 1.00 0.0167
Ni 40 0.1107 1/4 0.1676 1.00 0.0167
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In order to examine the rationality of the above three-dimensional superstructure model, the
EBSD measurements were performed on a bulk sample of the NisoMnsslnis alloy. Fig. 3. 14a
present a typical EBSD pattern acquired at room temperature. The calculated Kikuchi lines based
on this superstructure model are displayed in red solid lines in Fig. 3. 14b. The exact matches for
the main reflections and the satellite reflections (highlighted with the white dash line as one
example in Fig. 3. 14a) have confirmed the validity of the suggested superstructure model.
Furthermore, the simulated single crystal diffraction pattern, projected along the [0 1 0]y, axis, is
displayed in Fig. 3. 14c. Five satellite spots are predicted between the two main reflections
(200)y and (2 0 6)). Similar satellite reflections were detected in NissMnsssCoslnizs single
crystal, using the high-energy synchrotron X-ray diffraction [25]. With the notation of Otsuka [55]
(i.e. “nM” is referred to the relationship n = s + 1 where s represent the number of satellite spots
between the main reflections and M stands for the crystal system “monoclinic”) this modulated
structure can be defined as the incommensurate 6M modulated structure. In addition, the present
6M superstructure model was verified with several off-stoichiometric Ni-(Co)-Mn-In alloys, in
terms of X-ray and EBSD-based crystal structure analyses. It is found that it is representative for
Ni-Mn-In alloys with martensitic transformation around room temperature that are of particular

importance in view of practical applications.

.IllDG]u (206)m

0 O

(200)

® (008}

L L
LN N

o
Fig. 3. 14 (a) Measured and (b) simulated EBSD Kikuchi patterns. One of the satellite reflections
is highlighted with the white dash line. (c) [0 1 0]y, projection of the simulated single crystal

diffraction pattern.

Clearly, the present superstructure model is different from those reported in the literature for
the alloys with similar composition. It is known that the crystal structure of martensite in Ni-Mn-

In alloys are sensitive to internal stress and external environments (pressure and temperature) [94].
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Different kinds of martensite may be observed for samples undergoing different preparation
processes. Thus, the preparation of stress-free sample is a prerequisite for correct determination of
modulated structure. In addition, the existence of preferred crystallographic orientation has
significant impact on the intensity of reflections [256], affecting the relative intensity of different
reflections. This effect is especially prominent for satellite reflections that bear the information of
structural modulation. Obviously, distinct preferential orientations can be expected in bulk and
ribbon samples. It implies that the determination of modulation structure may be disturbed by the
texture effect. Furthermore, it is not rigorous to determine the modulated crystal structure by
comparing the diffraction patterns of Ni-Mn-In alloys with those reported for other Heusler alloys
such as Ni-Mn-Ga and Ni-Mn-Al alloys. This is because the type of modulation is associated with
the modulation wave vector that is defined by the positions of satellite reflections. In consequence,

the modulated structure determined by mere comparison may bear large inaccuracy.
3.3 Summary

In this chapter, first, the evolution of martensitic transformation temperature of NisoMnso-xInx
(0 < x < 25) alloys were studied. With the increase of In concentration, the martensitic
transformation linearly decrease. When x < 15, the alloys are in martensite state at room
temperature. With the increase of In concentration, the alloys are in their austenite state at room
temperature. The martensitic transformation was not detected for the alloys with In concentration
higher than 15.5 % in the temperature range from 180 K to 800 K.

Then, the crystal structure of austenite and various martensites (non-modulated and modulated)
in NisoMnso-xInx alloys (0 < x < 25) were determined. The austenite of Ni-Mn-In alloys possesses
a highly ordered cubic L21 structure belonging to the space group Fm3m. The extra-Mn atoms have
a preference to be uniformly dispersed. The non-modulated martensite has a tetragonal Ll1o
structure belonging to the space group P4/mmm. For the modulated martensite, with the
consideration of the possible aperiodicity of modulated structure, the crystal structure
determination was performed in the frame of superspace theory. Refinements show that it has an
incommensurate 6M modulated structure with the superspace group 12/m(a0y)00. With the
accurately determined crystal structure of the modulated martensite, its relation with the magnetic

properties was discussed. A three-fold layered superstructure in the three-dimensional space was
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proposed to approximately describe the incommensurate modulated structure. This 6M
superstructure model is considered to be representative for off-stoichiometric Ni-(Co)-Mn-In
modulated martensite with martensitic transformation around room temperature. This part of work
is expected to offer an important basis for reliable crystallographic and microstructural
characterizations on Ni-Mn-In alloys, so as to understand the underlying mechanisms of their

multifunctional magneto-responsive properties.
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Chapter 4 Microstructure characterization

In this chapter, the morphological and crystallographic features of 6M modulated martensite
of Ni-Mn-In alloys were studied theoretically and experimentally. First, the possible twin relations
between martensite variants were theoretically explored in the frame of the crystallographic
theories of martensitic transformation (CTMTS) [56, 222-225, 233-235]. Then, the microstructure
features, such as variant types, crystallographic orientation relationships between adjacent variants,
variant organization manner and variant interfaces, were experimentally investigated by electron
backscatter diffraction (EBSD) and high resolution transmission electron microscopy (HRTEM).
Finally, a comparative analysis on the results of theoretical predictions and experimental
investigations were carried out. In this work, the ternary Mn enriched polycrystalline bulk samples

with nominal composition of NisoMnssIni4 was selected.
4.1 Theoretical prediction of twin relations

So far, many kinds of crystallography based theories of martensitic transformation have been
developed to predict twin relations between martensite variants, such as the classical
phenomenological theories of martensitic transformation (PTMTSs) [222-226] and the nonlinear
elasticity theory [56, 233-235]. In these theories, all possible twin relations are determined with the
crystal structures of the corresponding phases (austenite and martensite). In this work, with the
determined crystal structure information in Chapter 3, all possible twin relations of 6M modulated

martensite of Ni-Mn-In based alloy were first explored theoretically.
4.1.1 Determination of transformation stretch tensors

In this work, the ternary Mn enriched NisoMnssInis4 alloy having the martensitic transformation
temperatures are close to room temperature (Fig. 3. 2) was selected. The high temperature phase,
austenite, has a cubic L2; structure with the lattice parameter of 5.9890 A. The low temperature
phase, martensite, possesses an incommensurate 6M modulated structure that can be approximated
by a three-fold superstructure model in the three-dimensional space (Fig. 3. 13) [257]. As only
lattice distortion across the structural transition is considered in the frame of crystallographic

theories of martensitic transformation rather than the individual movements of atoms [222-226],
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the average structure model (Fig. 3. 12a), henceforth termed “1M”, was used to represent the three-
fold superstructure for simplicity. The lattice parameters of the average structure are aim = 4.3919(4)
A, bim =5.6202(1) A, cim = 4.3316(1) A, and Siv = 93.044(1)°.

In the frame of CTMTSs [56, 233], as shown in Fig. 4. 1, there are two possible Bain distortions
from cubic austenite to monoclinic martensite, i.e. “cubic-to-monoclinic I” (Fig. 4. 1a) and “cubic-
to-monoclinic I1” (Fig. 4. 1b). Their discrepancy is the different origins of the two-fold axis (010)y,
of the monoclinic (b-unique) martensite. In the former, it is transformed from a two-fold axis
(110)4 of austenite (Fig. 4. 1a), whereas it is from a four-fold axis (100), of austenite (Fig. 4. 1b)
in the latter. In the investigated material, considering the lattice parameter of the two-fold axis (biwm,
5.6202 A) is largely different from the others (aiw, 4.3919 A; cim, 4.3316 A), the lattice distortion
of NisoMnsslnis alloy should belong to the “cubic-to-monoclinic 11” type under the minimum

distortion criterion.

(©) (d)

Fig. 4. 1 Schematic representations of the two types of Bain distortions in cubic-to-monoclinic
martensitic transformation, i.e. “cubic-to-monoclinic 1” (a) and “cubic-to-monoclinic 11" (b).
(c) Vector correspondence under the *“cubic-to-monoclinic I1” (b) type Bain distortion. (d)
[llustration of two kinds of coordinate systems, i.e. austenite lattice reference aa- ba- ca and

orthonormal reference i- j- k.
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First, based on the correspondence of vectors under the “cubic-to-monoclinic 11” type Bain
distortion (Fig. 4. 1c), with Eqgs. 2-24 and 2-25, the correlated deformation gradient tensor FE‘)"-(_D

with respect to the austenite lattice reference A (Fig. 4. 1d) can be determined by Eq. 4-1.

= MARxER  x MR™A = MAR x MR~D x (MR=P) 1 5 pR=A (4-1)

A
Fo'ep D «D
Then, the transformation stretch tensor U” can be resolved from the deformation gradient tensor

Fém by polar decomposition [56], as given in Eq. 4-2. Moreover, under the consideration of the

rotational symmetry of cubic system (Appendix I), the transformation stretch tensors for all

martensite variants can be determined, as summarized in Table 4. 1.

1.0022  0.0071 0
U”A=(0.0071 1.0570 0 (4-2)
0 0 0.9384

4.1.2 Predication of twin relations

With the determined transformation stretch tensors U” for all martensite variants (Table 4. 1),
the possible twin types of all combined variant pairs can be obtained by solving the twinning
equations (Eq. 2-27), as summarized in Table 4. 1. It is seen that there are maximum 14 possible
distinct twins, denoted 1, 11, ... XIV, respectively, that can be classified into four categories: type-
I, type-Il, compound and non-conventional twins [56, 233-235]. Different from the generally
observed type-I, type-11 and compound twins of which the twinning elements are partially (even
fully) rational, as shown in Table 4. 1, the twinning plane (K1), twinning direction (71), conjugate
twinning plane (K2) and conjugate twinning direction (2) are fully irrational for the non-
conventional twin. The type-I and type-Il twins might be each generated by the two-fold or four-
fold rotational cubic symmetries. Compound twins are generated by two-fold rotational cubic
symmetries. The non-conventional twins are from the four-fold rotational cubic symmetries. The

three-fold rotational cubic symmetries cannot result in twins in the investigated materials.
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Table 4. 1 Transformation stretch tensors U” of various variants under Bain distortion and all
possible distinct twin relations in NisoMnsslnis alloys. 2 indicates the corresponding rotational
symmetry of various variants. A, is the middle eigenvalue of (U;)T(U;)TU;(U;)* that represents the

relative deformation of variant j with respect to i. The indices of twinning planes K1 and twinning

directions 71 are expressed in the reference of austenite lattice basis.

Variant . i
transformation stretch Twinning plane I . .

air tensor UA Az normal, K Twinning direction,;n  Shear Twin type

VIVL  1xyz 1.0022 0.0071 0 — — - - -
[0.0071 1.0570 0] —

VIV2  2-x-y,z 0 0 0.9384 — — — — —
VIV3  2x,y,z 1.0022 -0.0071 0 ] [-1,0,0] [0,-1,0] I Compound
-0.0071  1.0570 0 1.0 0.0277
V1V4  2-xy,z 0 0 0.9384] [0,1,0] [1,0,0] 1 Compound
V1V5  2-y-x-z [1.0570 0.0071 0 T 1/v/2[1,1,0] 1/V2[-1,1,0] 11 Compound
0.0071  1.0022 0 1.0 0.1064
VIV6 2yx-z 0 0 0.9384] 1/v2[1,-1,0] 1/v2[-1,-1,0] v Compound
. B Non-
VIVT  4y,-xz 1.0570 -0.0071 0 1 [0.7912,0.6116,0] [-0.6116,0.7912,0] Vo onventional
-0.0071  1.0022 0 1.0 0.1099
VLV8 4t-yxz 1O 0 0.9384] [0.6116,-0.7912,0]  [-0.7912,-0.6116,0] VI Non-

conventional

VIV 3 zxy 1.0570 0 0.0071 — — —
[o 0.9384 0 ] 0.9

VIVI0  3*-z-xy 0.0071 0 1.0022 — - -

VL:V1l  3*-zx-y [1.0570 0 -0.0071 — — -

0 09384 0 0.9

V1V12  3z-x-y [-00071 0  1.0022 — — -

VIVI3 2 X2y 1.0022 0 0.0071 ['0‘0%7%%044" 1/2[0,-1,1] Vil Type |
[o 0.9384 0 ] 1.0 :

VIVI4 4 Xz 0.0071 0 1.0570 1/v2[0,1,-1] [0.0767,0.7050,0.7050] Vi Type II

0.2392
. 0.0873,0.7044,-

VIVIS  4'x-z2y 10022 0 -0.0071 i 0.7044] 1/¥2[0,1,1] IX Type Il
[o 0.9384 0 ] 1.0 00767

. g -0.0071 0 1.0570 . -0.0767,-

V1:V16  2-xzy 1/v2[0,-1,-1] 0.7050,0.7050] X Type |

V1V17  3yzx 09384 0 0 — — -
[01.0022 0.0071] 11

V1V18 3 -y,-zx 0 0.0071 1.0570 — - -

V1:V19 3y,-z,-X 0.9384 0 0 — - -
[o 1.0022 -0.0071] 11

VIV20 3 -yz-x 0 -0.0071 1.0570 — - -

V1V21  2-7,-y,x 09384 0 0 1/v2[1,0,-1] [0.7010,0.1310,0.7010] XI Type |
0 1.0570 0.0071] 1.0

V1V22 47y, [ 0 0.0071 1.0022 [0'6%725%651' 1/v2[-1,0,1] Xl Type Il

0.1331

V1:VvV23 4 -zyX 0.9384 0 0 [0'6%725(;1]651" 1//2[1,0,1] X1 Type Il
[0 1.0570 -0.0071 ] 1.0

Viv24  2z-yx L0 -0.0071 10022 1/V2[10-1] o070 XV Typel

0.1310,0.7010]

-76 -



Chapter 4 Microstructure characterization

4.2 Experimental investigation on microstructure features

4.2.1 Morphological features of martensite

The band contrast and crystallographic orientation micrographs of modulated martensite in
the bulk NisoMnsslnia alloy - measured by EBSD at room temperature - are displayed in Fig. 4. 2a
and b, respectively. It can be seen that the martensite is in plate shape and organized in colonies or
groups within initial austenite grains. In each colony, thin plates are alternately distributed with

four different crystallographic orientations.

Fig. 4. 2 (a) Band contrast micrograph and (b) crystallographic orientation micrograph of
NisoMnssInisalloy measured by EBSD at room temperature. Thick black lines in (a) and (b) outline
original austenite grain boundaries. (c) Zoomed crystallographic orientation micrograph of the area
enclosed with the dashed white rectangle in (b). Four differently oriented martensite plates
(orientation variants) are labeled as A, B, C and D. The discretely distributed red points in (c) were

indexed as the L21 cubic austenite phase.
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As an example, Fig. 4. 2c presents the zoomed orientation micrograph of the area outlined
with the dashed white rectangle in Fig. 4. 2b, where A, B, C and D denote four differently oriented
martensite plates (variants). Adjacent martensite plates are separated by two kinds of interfaces in
terms of the interface trace orientation. One refers to those interfaces with trace roughly paralleled
to the plate length direction (termed interplate interfaces), i.e. the boundaries between variants A
and B, Aand C, B and D, and C and D. The other refers to those interfaces with trace across the
plates (termed intraplate interfaces), i.e. the boundaries between variants A and D, and B and C.
Furthermore, some limited amount of austenite phases distributed as the form of “island-chain”
were also detected, as shown in Fig. 4. 2c. In this chapter, we focus only on the microstructure

features of the martensite phase.

With the measured EBSD orientation data of the four martensite variants A, B, C and D in Fig.
4. 2c, the mean and maximum deviations from their mean orientations were calculated. The results
are displayed in Table 4. 2. It is seen that the mean and maximum angular deviations are
respectively less than 0.3° and 1°, suggesting a homogeneous orientation for each kind of variant.
The small orientation deviations could be ascribed to the retained strains associated with the
martensitic transformation as well as the EBSD imprecision in orientation measurements. Thus,
each martensite variant is considered as a nearly perfect crystal with negligible lattice distortion.
For the subsequent crystallographic calculations, the determined mean orientation data were used

as the input to get better accuracy.

Table 4. 2 Mean and maximum orientation deviations from the mean orientations of four martensite

variants A, B, C and D in Fig. 4. 2c, represented in minimum rotation angle.

Variant Mean orientation (o1, ¢, ®2) Mean deviation Maximum deviation
A (167.4367°, 7.9514°, 246.3696°) 0.2784° 0.9620°
B (14.6294°, 107.6467°, 213.8242°) 0.2792° 0.7975°
C (90.2600°, 59.4931°, 21.9914°) 0.2810° 0.7677°
D (143.2065°, 100.2620°, 87.3843°) 0.2997° 0.9955°
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4.2.2 Crystallographic features of martensite

For the present NisoMnssInis alloy, each colony of martensite plates consists of four variants
(denoted as A, B, C and D in Fig. 4. 2c). The misorientations among various variants were
calculated from their mean orientations, and the results are summarized in Table 4. 3. It can be seen
that there exists at least one 180° rotation (with a small deviation) with the rotation axis either close
to a normal to a rational plane or a rational direction (also with a small deviation) for each variant
pair. According to the classical definition of twin [233, 258, 259], all these martensite variants are
twin-related one another. More specifically, variant pairs A: C and B: D belong to type-I type twin

with the (123),, plane as the twinning plane K1, A: B and C: D to type-I1 type twin with the [331],,
direction as the twinning direction 71, and A: D and B: C to compound twin with the (103),, plane

as the twinning plane Ki and the [301],\,I direction as the twinning direction 1.

Table 4. 3 Misorientation angles and corresponding rotation axes between four martensite variants
A, B, C and D. The subscripts “Ortho” and “M” represent the orthonormal coordinate frame and
the monoclinic superlattice frame, respectively. The geometrical relationship between the two

coordinate frames is consistent with the notation defined in Oxford Channel 5.

Rotation axis

Variant Misorientation Twin type

pair angle o Rotation axis d Deviation angle
AC 83.4766° [0.7288 0.0036 0.6847] oytho 0.1730° from [§OT]M

' 179.7258° [0.4559 0.7462 0.4852] ortho 0.2200° from normal to (123),, Tvoe.]

. ype-

- 83.1465° [0.7300 0.0017 0.6835] orino 0.0790° from [301],,

' 179.8741° [0.4535 0.7481 0.4844]ortho 0.0094° from normal to (123),,
AB 179.9569° [0.5157 0.6654 0.5397]ortho 0.1945° from [§§1]M

' 96.5670° [0.7230 0.0005 0.6908] 1o 0.0411° from normal to (103),, Tvoel]

ype-

oD 96.8185° [0.7198 0.0010 0.6942] 5rtho 0.0543° from normal to (103),,

' 179.9123°  [0.5192 0.6638 0.5383]ortno 0.0667° from [331],,

R — 0.5415 from [301]

. 179.7104 [0.7253 0.0055 0.6884]otho 0.4718° from normal to (103),,

AP 179.3718° 0.6884 0.0025 0.7254 0.3807" from [BOI]M
' [0. ' -7254]ortho 0.5415 from normal to (103),, c g
. 0.6179° from [301],, ompoun

e 179.9587 [0.7245 0.0060 0.6893]ort0 . 4465° from normal to (103),

' I 0.2824° from [301],,

179.3070°  [0.6893 0.0004 0.7245] oo

0.5120° from normal to (103),,
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The determined twinning elements (K1, the twinning plane; 71, the twinning direction; Kz, the
reciprocal or conjugate twinning plane; 72, the reciprocal or conjugate twinning direction; P, the
plane of shear; s, the magnitude of shear) are summarized in Table 4. 4. Notably, the twinning
shears for type-1 and type-Il twins are exactly the same (0.2392), being almost one order of

magnitude higher than that of compound twin (0.0277).

Table 4. 4 Twinning elements of type-I, type-11 and compound twins identified for 6M modulated
martensite in NisoMnssInis alloy. The theoretical minimum rotation angles (w) and corresponding

rotation axes (d) associated with the three twin types are also given.

Twinning elements Type-I twin Type-11 twin Compound twin
Ki {123}, {1.1240 22.6280},, {103},
Ko {1.1240 2 2.6280},, {123}, {103},,
m <3.3264 3 0.8912>), <331>y, <301>y,
172 <331>, <3.3264 30.8912>, <301>,
P {10.1150 3.3451},, {10.1150 3.3451},, {010},
S 0.2392 0.2392 0.0277
Theoretical o/ d 83.20°/ <301>, 96.80°/ normal to (103),, 180°/ <301>),

Based on the indirect two-trace method [246], the interface planes connecting the twin-related
martensite variants of the same group and their deviations from the corresponding twinning plane
K1 were calculated, and the results are summarized in Table 4. 5. It is seen that all the interface
planes are well consistent with their respective Ki. The angular deviations of compound twin
interface planes from K are relatively larger than those of type-I and type-11 twin interface planes.

This is ascribed to the relative short length and *“stepped” feature of compound twin interfaces.
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Table 4. 5 Interface planes between various martensite variants of the same colony and their

deviations from the corresponding twinning planes Ki.

Twin type K1 Variant pair Interface plane Deviation from Ky
(1.3051 2.5541 3.9843),, 0.9432°
A:C __
3 (1.2739 2.5556 3.7714),, 0.3838°
Type-I {123}, o
(1.2452 2.5852 3.8277),, 0.8556°
B:D
(1.3119 2.5617 3.8681),, 0.5571°
(1.5576 2.7012 3.6795),, 0.8684°
A:B __
. (1.4967 2.7387 3.5321),, 0.7186°
Type-lI {1.1240 2 2.6280},, -
(1.1677 2.0000 2.6877),, 0.9707°
C:D
(1.1276 2.0000 2.5333),, 0.8395°
(1.0000 0.0025 3.0540),, 0.4901°
A:D
(1.0000 0.0225 2.8650),, 1.4353°
Compound {103},
(1.0000 0.0369 2.9088),, 1.4206°
B:C
(1.0000 0.0094 2.9984),, 0.2875°

Fig. 4. 3a presents the stereographic projections of interface planes in the macroscopic sample
coordinate frame for the three twin types, where the overlapping poles are enlarged in the dashed
line boxes. The poles of the interface planes of type-I twin pairs (A: C and B: D) are very close to
each other, as represented by the filled circles in Fig. 4. 3a. This means that the type-I twin
interfaces are parallel. The poles of the interface planes of type-Il twin pairs (A: B and C: D), as
indicated by the filled diamonds in Fig. 4. 3a, are distributed around those of type-I twin pairs (A:
C and B: D) with a deviation of about 5°, suggesting that there is a small angular deviation between
the interfaces of type-I and type-II twins. This is in accordance with that observed on the 5M and
7M modulated martensite in Ni-Mn-Ga alloys [260-264]. As for the interfaces of compound twin
pairs (A: D and B: C), they are also almost parallel. These compound twin interfaces are oriented
roughly perpendicular to the type-1 twin interfaces. To obtain an overview of variant organization
in one martensite colony, the interface traces of the twin-related variants are illustrated in a two-

dimensional sample section, as shown in Fig. 4. 3b.
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Fig. 4. 3 (a) Stereographic projections of interface planes of various variant pairs (from one
martensite colony) in the macroscopic sample coordinate frame. The overlapped poles are enlarged
in the dashed line boxes. The interfaces associated with type-I, type-11 and compound twins are
denoted by filled circles, diamonds and stars, respectively. (b) Illustration of variant organization
within one martensite colony. The interface traces associated with type-I, type-11 and compound
twins are highlighted in red solid, blue dashed and green solid lines, respectively. Ki' and K;ompd-

represent the twinning planes of type-1 and compound twins, respectively.

According to the HRTEM observations, the three types of twins are associated with different
interface characters at atomic scale, as shown in Fig. 4. 4. More specifically, the type-I twin pair
A: C possesses a straight interface (outlined with the dashed white horizontal line in Fig. 4. 4a),
whereas the type-11 twin pair A: B has a stepped interface (outlined with the dashed white zigzag
line in Fig. 4. 4b).Thus, different stress-response behaviors could be expected for the type-I and
type-1l twins, although they have the same amount of twinning shear. The interface of the
compound twin pair A: D also possesses step feature (Fig. 4. 4c), just like that of the type-II twin
pair but with larger step size.
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Fig. 4. 4 HRTEM lattice images and corresponding diffraction patterns of (a) type-I, (b) type-1I
and (c) compound twins. The directions of incident electron beam are along <210>wm in (a),
~ <210>wm in (b) and <010>m in (c) with respect to the lattice reference of variant A. The type-I
twin interface is indicated in dashed white straight line, and the type-1l and compound twin

interfaces in dashed white zigzag lines.
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4.3 Comparative analysis of the theoretical and experimental results

As revealed in Section 4.1 and Section 4.2, there are 14 possible twin relations in the
investigated material (Table 4. 1). However, only three twin relations, i.e. type-1 (A: C or B: D),
type-1l1 (A: B or C: D) and compound twin (A: D or B: C), were generally observed between
adjacent variants in each variant colony (Fig. 4. 2). The experimentally observed type-I, type-II
and compound twins (Table 4. 4) correspond to the predicted twin pairs X/ VIII, VII/ 1X, and I/ 1l
(Table 4. 1), respectively. The predicted non-conventional twin is not detected. This situation
should be ascribed to the defined variant organization manner in Ni-Mn-In based alloys, as shown
in Fig. 4. 2 and Fig. 4. 3. In the frame of CTMTSs, twin relations are predicted with consideration
of all possible variant pairs in mathematics. However, in reality, the microstructure of martensite
would generally self-organize in a particular way to minimize the transformation elastic strains.
Thus, some variants could never be adjacent physically although theoretically they are of twin
relation. The underlying mechanism of variant organization in Ni-Mn-In based alloys will be

discussed in detailed in Chapter 5.
4.4 Summary

Crystallographic theories of martensitic transformation suggest that there are in maximum 14
distinct twin relations in 6M modulated NisoMnssIni4 alloy that can be classified into four twin
types, i.e. type-1, type-Il, compound and non-conventional twins. Type-I and type-1l twins might
exist between the two-fold or four-fold cubic rotational symmetry related variants. Compound
twins are between the two-fold rotational cubic symmetry related variants. Non-conventional twins
only exist between the four-fold rotational cubic symmetry related variants. It is not possible to be

of twins for the three-fold rotational cubic symmetry related variants.

Microstructural characterizations by electron backscatter diffraction (EBSD) technique show
that the martensite is in plate shape and self-organized in colonies within which the plates stretch
roughly in the same direction. Each colony has four types of orientation variants. Due to the unique
variant organization manner in Ni-Mn-In alloys, only three twin relations are experimentally
evidenced, i.e. type-l1 (A: C, B: D), type-1l (A: B, C: D) and compound twin (A: D, B: C). The
twinning shears of type-1 and type-Il twins are the same and equal to 0.2392 that is around one
order of magnitude higher than that of compound twin (0.0277). Variant interfaces are defined by
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their corresponding twinning plane Kz in the mesoscopic scale. HRTEM investigations show that
the type-I twin is of a coherent interface at atomic scale, whereas the type-11 and compound twins
have “stepped” interfaces. The step heights of the compound twin interface are much larger than
those of the type-Il twin interface. In view of variant organization, there are only one oriented
type-1 and compound twin interfaces but two distinct type-Il interfaces that have a theoretical

angular deviation of about 5° from the type-I twin interface orientation.
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Chapter 5 Martensitic transformation crystallography

In this chapter, the crystallographic orientation relationship (OR) between austenite and 6M
modulated martensite, martensitic transformation strain path and its effect on microstructure, and
geometrical compatibility between austenite and martensite were studied. First, the
crystallographic OR between austenite (A) and the correlated 6M modulated martensite,
(hkl) /7 (W'K'T') 44 and [uvw], // [u'v'w] ,,, was investigated based on EBSD technique with a
sample having the coexisting two-phases. Then, with the determined crystal structure,
microstructure and crystallographic OR, the martensitic transformation strain path and its effect on
microstructure of martensite were explored. Finally, the geometrical compatibilities between
austenite and 6M modulated martensite were examined theoretically by means of crystallographic
theories of martensitic transformation (CTMTs) and experimentally by EBSD and high resolution

transmission electron microscopy (HRTEM).
5.1 Orientation relationship between austenite and martensite

In this work, the polycrystalline bulk sample of NisoMnssIni4 alloy that has coexisting austenite
and martensite at room temperature (Fig. 3. 10 and Fig. 4. 2c) was selected. The alloys were
prepared by arc-melting. The as-cast ingots were further injected into a copper mould to obtain
dense specimens. The experimental details are described in Chapter 2. For convenience of figure
consultation, the microstructure shown in Fig. 4. 2c is represented here in Fig. 5. 1. As shown in
Fig. 5. 1, apart from four martensite variants A, B, C and D in each colony, some residual austenite
phase as “island-chains” along martensite variant interfaces can be detected, as represented with
the red discrete points in the figure. The observation of the residual austenite below its martensitic
transformation temperatures should be attributed to the kinetic arrest (KA) effect in these materials
[40, 41, 128, 132]. The coexistence of martensite and austenite allow experimentally exploring of

the crystallographic OR between these two phases.

Here, the determinations were performed in three steps. First, with the consideration of crystal
structure features of austenite (L21 cubic) and martensite (modulated monoclinic), the possible ORs
were selected by consulting the literature. Second, the possibilities of various ORs were

qualitatively evaluated by comparing their parallelism degree of OR planes, (hkl) , & (h'k'Tl") ,,
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and OR directions, [uvw], & [u'v'w'],,. Finally, the misorientations between the austenite and the
martensite variants deduced from the theoretical ORs are compared with those calculated from the

measured orientations of the austenite and the martensite variants. The OR provides the highest

match is estimated as the effective OR to analyze the transformation strain path.

.’

Fig. 5. 1 Crystallographic orientation micrograph of the area enclosed with the dashed white
rectangle in Fig. 4. 2b. A, B, C and D represent the four distinct variants. The discretely distributed

red points represent the cubic austenite phase.

Table 5. 1 Possible ORs and their corresponding plane and in-plane direction parallelisms.
Subscript “A”, and “1M” and “6M” represent the austenite, and the average structure and the six-

layered superstructure of martensite, respectively.

. Parallel planes and in-plane directions
Possible ORs ) ]
Simple crystal structure Six-layered superstructure

Bain relation {001},/{010},,, & <010>//<101>yy  {001},//{010},, & <010>,//<301>gy
N-W relation {1113, /{O11},,, & <112>p/I<011>1y  {111},//{013},, & <112>,//<031>y,
K-S relation {111},/{011},,, & <101>,//<111>yy  {111},//{013},, & <101>,//<331>gy
Pitsch relation {101},/{121},,, & <101>,//<111>,y, {101},//{123},, & <101>,//<331>gy

In consideration of the crystal structure features of austenite (L21 cubic) and modulated
monoclinic martensite, it was found that Bain [265], Nishiyama- Wassermann (N-W) [266, 267],
Kurdjumov- Sachs (K-S) [268] and Pitsch relations [269] might be possible in the investigated
material. Their OR expressed in plane and in-plane direction parallelisms are summarized in Table
5. 1. It should be noted that the published ORs are generally defined in simple structures (relative
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to modulated structure), whereas the martensite in the present material possesses a 6M modulated
structure. Thus, the reported Miller indices of OR planes and directions of martensite in the
literature cannot directly be utilized. Considering that the 6M modulated structure in this study can
be approximated by a six-layered superstructure with three unit cells of the average structure along
c axis [257], the corresponding OR indices of martensite are re-expressed with respect to the lattice

of the six-layered superstructure. The results are listed in Table 5. 1.

(b) <010=, & <301=,,, (c) (111}, & {013},

(e) {111}, & {013), (f) <1oi>4&<551>m (0) {101}, & (123}, (h) <107>, & <331>,

+ Austenite O Variant A O Variant B Variant C O Variant D

Fig. 5. 2 Pole figures of OR planes and directions in Bain (a and b), N-W (c and d), K-S (e and f)
and Pitsch (g and h) relations. The poles of austenite are highlighted with red crosses. Variants A,
B, C and D are indicated with Va, Vs, Vc and Vp, respectively. The poles of Va, Vs, Vc and Vp are
indicated with the black, blue, green and magenta circles, respectively. The overlapped poles are

enlarged within the dashed rectangle boxes.

To evaluate the possibilities of various ORs, their pole figures of OR planes and directions
were plotted with the measured orientations of the microstructural constituents in Fig. 5. 1, and
displayed in Fig. 5. 2. To avoid accidental matches, the mean orientations of austenite and
martensite were utilized [270]. Fig. 5. 2a shows the joint pole figure of OR planes under Bain

relation, i.e. {001} , of austenite and {010} ,, of martensite. It is seen that the {010} ,, poles of
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martensite variant pairs Va: Vo and Ve: Vc roughly coincide with two distinct {001} , poles of
austenite. Pole figure of OR directions under Bain relation, i.e. <010>, of austenite and <301>),
of martensite, is displayed in Fig. 5. 2b. It is seen that the <301>¢), poles of Va, Vs, Vc and Vb
almost coincide with one <010>, pole of austenite. With a similar analysis of Fig. 5. 2¢c ~ h, all

good coincidence of OR planes and directions can be observed for N-W, K-S and Pitsch relations.

To further differentiate the match of these four ORs with the experimental results, the
misorientations between the austenite and the martensite generated under each OR is calculated
and expressed in Euler angles with respect to the lattice basis of austenite, as displayed in Table 5.
2, and compared with the misorientations calculated from the measured orientations of the austenite
and the martensite variants. The comparisons are expressed in disorientation angle (w) for each
martensite variant, and displayed in the same table. For the Bain and the N-W ORs, it is seen that
the disorientation angles for most of the martensite variants are larger than 1°, whereas for the K-
S and the Pitsch ORs, the differences between the experimental and theoretical misorientations for
the four variants are around 0.5°. For Va and Vs, the differences under the Pitsch relation are
slightly larger than those of the K-S relation, while their differences under Pitsch relation are
smaller than those under the K-S relation for Vc and Vb. The mean deviations under the Pitsch and
the K-S relations are very close to each other, and are comparable to the measurement error of
EBSD techniques (x 0.5°). Thus, both K-S and Pitsch relations could be possible to describe the

lattice correspondence between austenite and martensite in the present material.

Table 5. 2 The theoretical misorientation between austenite and martensite under the Bain, N-W,
K-S and Pitsch ORs are expressed in Euler angles with respect to the lattice basis of austenite. The
comparison between the theoretical misorientation and the experimental misorientation between
austenite and martensite expressed in disorientation angle and the mean disorientation angles over

the four martensite variants.

Euler angles of theoretical ~ Minimal rotation angle of the experimental and theoretical OR (°)

ORs orientation relations Va Vg Ve Vo Mean angle
Bain (133.06, 90.00, 0.00) 3.2923 3.4033 3.2650 3.7029 3.4159
N-W (133.09, 92.38, 1.39) 0.7994 1.4227 1.0866 1.7560 1.2662
K-S (133.84, 92.41, 2.40) 0.5390 0.3561 0.5724 0.7282 0.5489
Pitsch (3.18, 136.41, 94.93) 0.5793 0.3651 0.2798 0.4517 0.4190
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To reveal the geometrical difference between the K-S and the Pitsch relation, the OR planes
and directions are illustrated in austenite lattice (orange) and the Pitsch relation-related martensite
lattice (green), as shown in Fig. 5. 3. For a clear illustration, here, the average structure of
martensite is utilized [257]. It is seen that K-S and Pitsch relations share the same OR directions,
i.e. [011], and [331],,, as indicated with the bold black arrows in Fig. 5. 3a. The projection of
Fig. 5. 3a along the OR direction is given in Fig. 5. 3b. The normal of the OR planes are indicated

in the dashed arrow lines. It is seen that the corresponding K-S planes, {lil}A and {013},,, is

just deviated by 0.33° when Pitsch relation is exactly satisfied. This small angular deviation
between OR planes should be the geometrical difference between the K-S and the Pitsch relations
in the investigated material. Such a situation arises from the specific geometric features of the
crystal structures of the parent and the product phases. During the structure transformation, when

one OR is followed, the other is almost satisfied.

View direction of (b)

L] = ——
< — I __--"/-T

0
011); | |
Pitsch ( I _] I“‘T‘“"‘h-

2 (1, po
= (013)gy,

(a)

|
Pitsch
(011, /T (123) 454
P OR
directio
K-
(01340
AR,

033 View
direction:

[011],, /(331 har|

(b)
Fig. 5. 3 Hlustration of OR planes and directions of K-S and Pitsch relations in austenite lattice
(orange) and Pitsch relation-related martensite lattice (green). For a better illustration, the average
structure of martensite is utilized. The common OR directions are indicated with the bold black
arrows. Various OR planes with K-S and Pitsch relations are highlighted in different colors.

Projection of (a) along the OR direction ([011], or [331],,) is given in (b).
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5.2 Martensitic transformation strain path

For a transformation, the OR not only describes the geometrical relation between the parent
and the product phase but also provides useful information on the transformation process. Thus
together with the crystal structure information of the two phases, it can be used to analyze the
specific lattice distortion associated with the structure transformation (transformation path) to
understand the transformation resistance and its impact on the resultant microstructural
configuration. It is well known that the martensitic transformation is involved in a diffusionless
and coordinate atomic movement with the relative displacement of atoms, in general, smaller than
the length of atomic band. Consequently, the OR planes of the austenite and the martensite, (hkl),
and (h'k'l') 4, and the OR directions, [uvw], and [u'v'w'] o, could be used as boundary conditions
or confinements to identify the transformation strain path, as the two are not rotated during the
transformation. The lattice distortion under a specific OR thus can be figured out, as illustrated in
Fig. 5. 4, where the OR planes, (hkl), and (h'k'l’) ,,, and the OR directions, [uvw], and [u'v'w'] 4,
in austenite and martensite lattices are represented in red and blue, respectively. It should be noted
that the (hkl), plane is not the so-called invariant plane (or habit plane), as the in-plane direction
[uvw],, might be involved in a dilatational deformation during structural transformation. According
to the lattice distortion in Fig. 5. 4, with the crystal structures of austenite and martensite, the
deformation gradient tensor of martensitic transformation under a certain OR can be obtained,

using Egs. 2-24 and 2-25, for further transformation path analysis.

Z A
OR direction

Lattice distortion

OR plane

Austenite Martensite

X

Fig. 5. 4 lllustration of lattice distortion under certain crystallographic orientation relationship (OR)

between austenite and martensite across the structural transition.
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5.2.1 Strain components of lattice distortion

Since both the K-S and the Pitsch relations are possible in the investigated material, in this
work, their corresponding transformation paths, henceforth termed K-S and Pitsch path, may be
identified. In this work, the average structure of martensite [257] is utilized for simplicity, as the
atomic position modulation does not affect the lattice distortion during martensitic transformation.
The lattice distortions under the K-S and the Pitsch paths are illustrated in Fig. 5. 5.

K-S OR

(111),, 1/ (013)gy O11), 1 (123)5

[011],,// [331] gy

(@) (b)

e Aus.
e Pitsch mar.
® K-5 mar.

Fig. 5. 5 Illustration of lattice distortions under the K-S (a) and the Pitsch (b) relations. OR plane
and direction of austenite and martensite are represented in red and blue, respectively. The unit

cells of martensite (average structure) under the K-S and the Pitsch paths are shown in (c).

The strain components of their related deformation gradient tensors are summarized in Table
5. 3. It is seen that the normal strain components (dilation) under the K-S path are larger than those
of the Pitsch path, whereas the shear strain components under the K-S path are smaller than those
that under the Pitsch path. It should be noted that the amount of all normal and shear strains of the
K-S and the Pitsch paths are comparable to each other and also comparable to those reported in
other shape memory alloys [271], which implies that both the K-S and the Pitsch paths are possible
in the present material. The corresponding theoretical unit cells of martensite under the Pitsch
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(green) and the K-S (blue) path are demonstrated in Fig. 5. 5c. It is seen that these two unit cells
seem to largely overlap, although they are associated with two different transformation strains

(Fig. 5. 5a and b). The disorientation between these two lattices is as small as 0.44°.

Table 5. 3 Components of lattice distortion from austenite to martensite under K-S and Pitsch paths.

K-S path Pitsch path
Dilation in [ﬁil]A -0.5114 % Dilation in [100],, 0.4058 %
Dilation in [011],, -0.1299 % Dilation in [011],, 0.1298 %
Dilation in [111], 0.6832 % Dilation in [011],, -0.5788 %
Shear in (111),[211], 0.0061 Shear in (011),[100], 0.0091
Shear in (211),[011],, -0.0769 Shear in (011),[011], -0.0103
Shear in (111),[0T1],, -0.0908 Shear in (011),[011], -0.1185

5.2.2 Relation between martensitic transformation strain path and microstructure of

martensite

Due to the singularity of crystal symmetry involved in different transformation path (the OR
plane and the OR directions), the microstructures of the product phase, such as the number of
martensite variant, variant organization manner and variant interface, could be different and should

be explored.
5.2.2.1 Theoretical martensite variants under K-S and Pitsch paths

With the crystal structure of the austenite and the martensite, all possible martensite variants
within one austenite grain under the K-S and the Pitsch path were first theoretically deduced.
Results show that the numbers of the distinct orientation variants under the two paths, henceforth
termed as K-S and Pitsch variants, are the same and equal to 24, as demonstrated in Fig. 5. 6, where
the K-S and the Pitsch variants were indicated with blue open circles and red solid crosses,
respectively. It is seen that the orientations of the 24 K-S variants are almost equivalent with their
corresponding Pitsch variants with a small misorientation angle of 0.44°. For a clear identification,

the predicted variants are numbered 1 ~ 24, as shown in Fig. 5. 6. The counterpart variants with
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similar orientations under the K-S and the Pitsch path, such as variant 1, are termed as K-S 1 and
Pitsch 1, respectively. The specific transformation strain paths for the 24 K-S and the 24 Pitsch
variants were detailed and listed in Table 5. 4. It is seen that for the counterpart K-S and Pitsch

variants, they conserve the same direction but different planes during transformation.

[010] ,

Fig. 5. 6 (001)g)\ stereographic projection representing all theoretical martensite variants under the
K-S and the Pitsch path. The crystal lattice basis of their corresponding austenite is utilized as the

projection reference.
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Table 5. 4 Martensitic transformation strain paths for various K-S and Pitsch variants and their
related crystallographic rotational symmetry elements. For K-S variants, their corresponding
Bishop-Hill notation [272, 273] for each variant are also listed, where a, b, ¢ and d represent four

kinds of {111}, shear planes and I, I and 111 indicate the distinct shear directions.

Variant  Rotational K-S transformation path Pitsch transformation path
wpe symmetry Plane direction Bishop_— Hill Plane direction
notation
1 (X, Y, 2) 111) [101] all (101) [101]
2 (X, -y, -2) 111) [101] cll (101) [101]
3 (x,-z-y) (111 [110] -alll 110 [110]
4 (-X,2,Y) 111) [110] -cll (110) [110]
5 (X, Y, -2) ain [101] dil ol [101]
6 (X, -y, 2) 117) [107] bll To1) [107]
7 (X, -2, Y) d11 [110] -dlll (110) [110]
8 (X, Z, -y) din [110] -bill (110) [110]
9 @ X, ) din [110] alll (110) [110]
10 (-, X, -Y) ain [110] dill (110) [110]
11 (y,x-2)  (111) [011] -al (017) [011]
12 (Y, -, 2) A1) [0171] -dl (011 [0I1]
13 (-z,-x,y) (111) [110] blll (110) [110]
14 z, X, -Y) i1 [110] clil (110) [110]
15 -y, X, 2) aii [017] -cl (011) [017]
16 v, X, -2) dim [011] bl (017) [011]
17 v, z, X) 117) 011] al (011) 011]
18 -y, -z, X) 117) [011] bl (011) [011]
19 (z,-y,x)  (111) [107] -all ol [101]
20 @Y, -X) din [107] bl (107) [T07]
21 (v, -z, X) i1 [017] cl (0I71) [0171]
22 (+y, z, -X) 111 [011] dl (011) [011]
23 (-2, Y, X) 111) [101] -cll (101) [101]
24 @, -y, X) A1) fo1] -dIl (101) [101]
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5.2.2.2 Theoretical variant organization features under K-S and Pitsch paths

To explore the relation of the martensite variants with their related “transformation plane” (the
OR plane), the stereographic projection of the transformation planes for the K-S ({103},,) and the
Pitsch ({1§§}6M) variants were plotted and illustrated in Fig. 5. 7. For the K-S path, it is seen that
the 24 variants are gathered into four variant clusters (Fig. 5. 7a). The pole of each variant cluster
that consists of six K-S variants perfectly coincide with one {111}, pole of austenite. As a
consequence, each {111}, plane of austenite would generate six K-S variants across the structural
transition. For example, K-S variants 1, 3, 9, 11, 17 and 19 correspond to the same transformation
plane (111),, as shown in Fig. 5. 7a. Different from the K-S path, the 24 Pitsch variants are located
into six variant clusters and each cluster is composed of four variants (Fig. 5. 7b). It implies that
each {110}, plane could produce four Pitsch variants.

[010], [010],

{123} 6
74,10 |
CoAL,15/17,21

1013} 65

2,4,14,15,21,23
R
- 1,3,9,11,17,19

2,6,20,23 1 :

...... [100],,

6,8,13,16,18,20
TR . o

5,7,10,12, 22, 24

12, 16,f 18,22

3,13 7,14

(a) K-S variants (b) Pitsch variants

Fig. 5. 7 (a) Stereographic projections of {103}, for 24 K-S variants; (b) Stereographic
projections of {1§§}6M for 24 Pitsch variants. The lattice basis of their related austenite is utilized

as the projection reference. The numbering of K-S and Pitsch variants is consistent with that in
Table 5. 4.

The K-S and the Pitsch path with respect to the L2: austenite lattice are illustrated in Fig. 5. 8.

For a better illustration, only one transformation plane in each path, e.g. (111),, under K-S path and
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(101)A under Pitsch path, is plotted. The normal of transformation plane and transformation
direction are indicated with the green and red arrow, respectively. It is seen that there are three
distinct <110>a transformation directions, [011],,, [110], and [011],, on one transformation plane
under the K-S path. However, there is only one <110>a transformation direction, [101],, in each
transformation plane, for the Pitsch path, as shown in Fig. 5. 8b. The specific transformation paths
of the six (111),, plane-related K-S variants 1, 3,9, 11, 17 and 19, and the four (101)A plane related-
Pitsch variants 2, 6, 20, 23, are illustrated in Fig. 5. 9 and Fig. 5. 10, respectively. Under the K-S
path, it is seen that one certain transformation direction together with the transformation plane will
generate two distinct martensite variants. For example, [101]a direction with (111), plane will
generate K-S variant of 1 (Fig. 5. 9a) and 19 (Fig. 5. 9f) by changing the sign of the normal of the
transformation plane. Thus, three distinct transformation directions ([Oli]A, [110]A and [Oil]A)
would generate six K-S variants (1, 3, 9, 11, 17 and 19), as shown in Fig. 5. 9a ~ f. Different from
the K-S path, one certain transformation direction together with the transformation plane will
generate four distinct Pitsch variants. For instance, the transformation direction [101], would
generate Pitsch variants 2 (Fig. 5. 10a), 6 (Fig. 5. 10b), 20 (Fig. 5. 10c) and 23 (Fig. 5. 10d) by
changing the sign of the normal of the transformation plane and that of the transformation
directions. This difference in crystallographic symmetry of transformation plane and direction

between the K-S and the Pitsch path would result in different variant organization.

Cy

’ Ay

(a) K-S path (b) Pitsch path
Fig. 5. 8 lllustration of K-S (a) and Pitsch (b) transformation strain path with respect to L21 austenite
lattice. The transformation planes and directions are highlighted with the blue planes and the red
arrows, respectively. The normal of the transformation planes are indicated with the green arrows.

For a clear illustration, only Mn atoms (in orange) are plotted.
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Fig. 5. 9 Illustration of the specific transformation paths for six K-S variants within (111), cluster.

@) 1; (b) 3; (c) 9; (d) 11; (e) 17; (F) 19. The normal of transformation planes and directions are

highlighted with the green and red arrows, respectively. For a clear illustration, only Mn atoms (in

orange) are plotted.

P

]

()
Fig. 5. 10 Illustration of specific transformation paths of the four Pitsch variants within (101)A

£

(@

cluster. (a) 2; (b) 6; (c) 20; (d) 23. The normal of transformation planes and directions are

highlighted with the green and red arrows, respectively. For a clear illustration, only Mn atoms (in

orange) are plotted.
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It is known that the evolution of the microstructure across the martensitic transformation is
involved in a self-accommodated manner. Thus, variant organization should simultaneously satisfy
the strain and stress compatibility requirements. The former guaranty that the material is continuous
and no crack is created between variant interfaces. The latter insure that the stress in the vicinity of
the interface varies continuously and no stress mutation occurs. In theory, the satisfaction of these
two conditions in variant interface requires that the two adjacent variants are generated from the
same (or opposite) transformation plane and direction of the parent phase. Under the K-S path,
since one pair of transformation plane and direction can only generate two martensite variants, the
self-accommodated “sandwich-like” structure with two alternately distributed variants (AB...AB)
should be observed in the material. However, for the Pitsch path, one pair of transformation plane
and direction can produce four different martensite variants, as shown in Fig. 5. 10. Thus, it should
be possible to form four variants that are alternately distributed to form a self-accommodated

cluster in a local area of the material.

Moreover, the microstructural evolution across the structural transition should also satisfy the
minimum interfacial and bulk elastic strain energy. First, the interfacial energy of possible variant
organization is analyzed. As examples, variant organizations of the six (111), plane-related K-S
variants (V1, V3, Ve, V17, V11 and V1) and the four (101) , Plane-related Pitsch variants (V2, Vs,
V20 and V23) are analyzed. Based on the misorientation calculations, we found that only 3 variants
are twin-related with one arbitrary variant under the K-S path. For instance, only V3, V11 and V19
are twin-related with V1. Then, the interfaces of variant pairs Vi: V3, Vi: V11 and Vi: Vg could be
the twinning plane between each pair and thus could be coherent low-energy interfaces, whereas
the interfaces of V1: Vg and V1: V17) could not be coherent low-energy interfaces. Thus, only three
twin-related variant organizations are possible in view of minimum interface energy. Different
from the K-S variants, all the four Pitsch variants are mutually twin-related and could have their

twinning planes as variant interfaces to achieve low-energy interfaces.
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Second, the bulk elastic strain energy of variant formation is analyzed. In theory, the bulk
elastic strain energy across the structural transition should be closely related to the volume change
between the parent and the product phase. The three eigenvalues of the combined deformation
gradient tensor of the variant group of (Eq. 5-1) should be close to 1 for a minimum elastic strain
for the transformation. The combined deformation gradient tensor of two variants can be expressed

as follows:

FA=xxFM+(1-x)xF  (0<x<1) (5-1)

where F£ and FJ-A represent the deformation gradient tensors of variant i and j, and x is their
relative volume fraction. The evolution of the eigenvalues for the K-S and the Pitsch organization
are shown in Fig. 5. 11 and Fig. 5. 12, respectively. Under the K-S path, it is seen that the three
eigenvalues significantly increase with the organization of Vi: V3 and Vi: Vi1. Thus, these two
kinds of organizations are not unfavorable. For the organization of V1. V19, all the three eigenvalues
are close to 1 and stay constant with the variation of their relative volume. Thus, this variant
organization could be possible. Under the Pitsch path, as shown in Fig. 5. 12, the three eigenvalues
for any arbitrary two variants are close to 1 and stay constant with the variation of their relative
volume, suggesting that one variant can freely organize with other three variants under the Pitsch
path without increasing the volume change. The results are in good agreement with the analysis
based on the strain and stress compatibility conditions.

104y gy —A,—A,—A, L0y Ly —A, A, —, L0y py —A A, —,
R - o A S ']
103 © 103 103
Loz 102 102
g g g
2 3 2 b g E
§ 1.01 ; 1.01 ; 101 -
z 7 % £
= 4 = 4 = 3
=l IK ——————————————————— ;’“ IK ——————————————————— 7’“ R
2 2 2
= = 3 = -
Bk &t &t
0.99 " 0.99 0.99
098 - 0.98 - 0.98 -
097 ¢ 0.97 ¢ 0.97 ¢
Ha) () (o
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1 0 02 04 0.6 0.8 1
Volume fraction x Volume fraction x Volume fraction x

Fig. 5. 11 Eigenvalue evolution of the combined deformation gradient tensor for the twin-related
K-S variant organizations with volume fraction x. (a) Variant 1 and 3; (b) Variant 1 and 11; (c)
Variant 1 and 19. As a reference, the principal strain equals to zero is illustrated with the dashed

red line.
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Fig. 5. 12 Eigenvalue evolution of the combined deformation gradient tensor for the twin-related
Pitsch variant organizations with volume fraction x. (a) Variant 2 and 6; (b) Variant 2 and 20; (c)
Variant 2 and 23. For a comparison, the scale of the vertical axes are set to be equal to those in Fig.
5.11.

5.2.2.3 Determination of martensitic transformation strain path

With the predicted variant organization features under the K-S and the Pitsch path, in
combination with the observed microstructure features, the transformation path in Ni-Mn-In alloys
can be uniquely determined. As shown in Fig. 5. 1, there are always four kinds of martensite
variants rather than two in the local areas and the “sandwich-like” structure has never been
observed. It implies that the Pitsch path should be the effective transformation path for Ni-Mn-In
alloys. Fig. 5. 13 shows the (001)), stereographic projection of the measured four kinds of variants
in Fig. 5. 1. It is seen that they are in good accordance with the predicted Pitsch variants 2, 23, 20
and 6 (Fig. 5. 6a). As shown in Fig. 5. 7b, these variants exactly come from the same {101},
variant cluster under the Pitsch path. It is in good agreement with our deductions that the self-
accommaodated four variants should be associated with the same transformation plane and direction
in the investigated material. Moreover, the interfaces between Va and Vc or (Vs and Vbp) is

{1§§}GM that corresponds to the transformation plane {101} ,, Of the austenite phase. This further

confirms that the Pitsch path is the transformation path in Ni-Mn-In alloys.
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[010],
O Experiment
+ Pitsch

<001>,,

\A ﬂ; 2
RRVIENIRRTR S————— [100],,

Vp ® 6

Fig. 5. 13 (001)g\ stereographic projection of experimental and theoretical martensite variants.
The blue solid circles represent the measured martensite variants within one martensite colony in

Fig. 5. 1. The red markers indicate the corresponding predicted Pitsch variants.
5.2.3 Mechanism of martensite variant organization

With the determined transformation strain path of the structural transition, the underlying
mechanism of variant organization in Ni-Mn-In alloys can be revealed. It is clear now that the four
distinct variants within one colony are generated from the same (or opposite) transformation plane
and direction. Due to the crystallographic symmetry of austenite (cubic), there are six groups of
independent transformation systems. Thus, in theory, it should generate at maximum six distinct
martensite colonies and 24 distinct orientation variants within one austenite grain. It is in good
agreement with the observed experimental results, as shown in Fig. 5. 14. Independent martensite

colonies are highlighted in different colors and labeled in G1 ~ G6 in Fig. 5. 14b.
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Fig. 5. 14 Crystallographic orientation (a) and band contrast (b) micrograph of NisoMnsslnis at
room temperature. Individual martensite colonies in (b) are highlighted in different colors and
labeled in G1 ~ G6.

5.3 Geometrical compatibility between austenite and martensite

For Ni-Mn-In based alloys, the relatively large hysteresis loss, associated with the
magnetostructural transition, is an important negative factor limiting their pratical application. It is
well recongnized that the hysteresis loss across the magnetostructral transition is closely related to
the stressed transition layer between austenite and martensite that would give rise to an energy
barrier to cause energy consumption [139, 274]. The general strategy to eliminate the stressed
transition layer is to increase the geometrical compitability between the corresponding phases.
Thus, the study on geometrical compatiblity between austenite and martensite in Ni-Mn-In based

alloys should be meanningful.

In this work, a Co-doped quaternary NissCosMnss.slnis2 alloy that has coexisting two-phases
at room temperature was chosen. The ingots were fabricated by arc-melting. The as-cast rods were
further annealed in a sealed quartz tube under Ar atmosphere at 1173 K for 24 hours followed by
water quenching. The experimental details are described in Chapter 2. The lattice parameters of
austenite was determined to be a = 5.9823 A. The lattice parameters of the average structure of
martensite was refined to be a = 4.3969A, b = 5.5769A, ¢ = 4.3269 A, and p = 93.6774°. Then,

OR

with the determined transformation path, the deformation gradient tensor FJ~ . and

transformation stretch tensor U °R for lattice distortion across the structural transition can be

determined, as given in Eq. 5-1 and 5-2, respectively, where OR represents the orthonormal
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coordinate system defined by the OR direction, the OR plane normal and the cross product of these

two vectors as the basis vectors.

[ 0.99750 0 0.01051

FOR o=[-0.01207 1.00015 -0.13122] (5-1)
0 0 0.99145
0.99754  -0.00586  0.00586

U °R=-0.00586 0.99797 -0.06574] (5-2)
0.00586  -0.06574  0.99797

The three eigenvalues of the transformation stretch tensor U°R were determined to be
A1 =0.93223, A2 = 0.99652 and A3 = 1.06473. Unexpectly, it is seen that the A2 is very close to 1,
suggesting the austenite and martensite phase has a relative good geometrical compitablitiy in the
present material. It seems that this is not the origin of the large hysteresis losses that has been
observed in the materials with similar compositions [28, 59, 137, 138]. Fig. 5. 15a shows an EBSD
crystallograhic orientation micrograph of NissCosMnssslnis2 alloy at room temperature. It is seen
that two phases, austenite and modulated martensite, coexist. The habit plane is bordered by single
martensite variant with austenite, rather than the generally observed “sandwich-like” two variants.
It is in good agreement with the theoretical result that the A2 is very close to 1. However, with high
resolution transmission electron microscopy (HRTEM), a stressed transition layer with a thickness
of about 20 nm between austenite and martensite was detected, as shown in Fig. 5. 15b. This could
be one of the reason of the relative large hysteresis loss in the investigated materials [28, 59, 137,
138]. Furthermore, it implies that the criterion of A2 = 1 is not sufficient to guarantee the well
geometric compatibility between the austenite and the martensite. The more effective criteria to

evaluate the geometric compatibility are still in need.
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Fig. 5. 15 (a) SEM/ EBSD orientation micrograph of NissCosMnssslnis2 alloy measured at room
temperature showing two coexisting phases and (b) HRTEM phase contrast micrograph

demonstrating the transition layer at the habit plane region.
5.4 Summary

In this chapter, the crystallographic orientation relationship (OR) between austenite and
martensite, martensitic transformation strain path and its effect on the microstructure of martensite,
and geometrical compatibility between austenite and martensite were investigated. With the
measured crystallographic orientation information of austenite and martensite by EBSD technique,
Both Kurdjumov- Sachs (K-S) and Pitsch relations are found to be possible to describe the lattice
correspondence between austenite and martensite. The magnetostructural transition in Ni-Mn-In

alloys follow Pitsch type of transformation path, i.e. {101}, (101),. Investigations show that four
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distinct martensite variants within one colony are transformed from the same (or opposite)
transformation plane and direction of austenite. Due to cubic symmetry, a maximum 6 distinct
martensite colonies and 24 distinct variants within one austenite grain can be obtained. With the
determined martensitic transformation strain path, the geometrical compatibility between austenite
and martensite are explored. The middle eigenvalue of the transformation stretch tensor across the
structural transition is close to 1 (0.99652) and the habit plane is bordered by single martensite
variant with austenite, suggesting a relative good geometrical compatibility between the austenite
and the martensite. A stressed transition layer of around 20 nm near the habit plane evidenced by
HRTEM implies that the criterion of A2 = 1 is not sufficient to guarantee the geometric

compatibility.
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For Ni-Mn-In based alloys, metamagnetic shape memory effect (MMSME) and
magnetocaloric effect (MCE) are two important properties. With the determined information on
crystal structure, microstructure and martensitic transformation, these two effects were further
studied in this chapter. For the former, we focused on variant rearrangement/ selection under
external mechanical loading. Two kinds of loading strategies, i.e. loading at martensite state and
loading across the structural transition, were investigated by means of ex-situ SEM/ EBSD and in-
situ neutron diffraction (ND). Schmid factor for martensitic transformation strain path was
introduced to evaluate the efficiency of martensite variant selection during loading across the
structural transition. For the latter, the influences and correlated underlying mechanisms of heat

treatment on MCE and its related hysteresis loss were explored.
6.1 Martensite variant rearrangement under external mechanical loads

To obtain shape memory effects in SMAs, an appropriate prestrain to martensite is generally
required, prior to applying an actuating temperature/ magnetic field to induce the inverse
martensitic transformation and realize the shape recovery. In fact, this process is realized by
rearranging martensite variants under external loads [2, 7, 56]. In this section, the behaviors and
mechanisms of variant rearrangement under mechanical loading in martensite state and across the

structural transition were studied.
6.1.1 Mechanical loading in martensite state

Mechanical loading in martensite state, generally utilized to induce a prestrain for SMAs,
were first studied. The investigations were performed in two steps. First, with determined
morphological and crystallographic information of modulated martensite in Ni-Mn-In based alloys,
all favorable loading orientations were explored theoretically by means of Schmid factor (SF)
calculations. Then, ex-situ microstructure examinations were carried out by electron backscatter
diffraction (EBSD). In this work, the polycrystalline NisoMnssIni4 bulk samples was selected. The
alloys were prepared by arc-melting technique and injected into a copper mould to obtain dense

specimens. The as-cast rods were further annealed in a sealed quartz tube under Ar atmosphere at
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1173 K for 24 hours followed by water quenching. The experimental details are described in
Chapter 2.

6.1.1.1 Favorable loading direction predictions by Schmid factor calculations

As shown in Chapter 5, at most 24 orientation variants of the 6M modulated martensite can
form in one initial austenite grain (Fig. 5. 14). These 24 orientation variants are self-accommodated
into 6 distinct groups. Although the absolute crystallographic orientations of the 4 intra-colony
orientation variants vary from one group to another, their interrelationships (i.e. the three twin
relations) and boundary characteristics keep constant over the entire martensite microstructure. In
this sense, individual groups (colonies) are crystallographically equivalent and can be treated as
mechanical units to an external load. Considering the fact that martensite variants within one
colony are twin-related one another, the variant rearrangement under external loading should be
attributed to the so-called “detwinning” process [275]. Due to the specific variant organization
illustrated in Fig. 4. 3b, the loading orientations with respect to the detwinning systems of the
variants would play an important role during variant reorientation. Here, an attempt was made to

explore possible effective loading orientations for the detwinning of the three types of twins.

First, we take one variant (variant A) as the host crystal of the other three variants (variants B,
C and D). This implies that B, C and D could be regarded as the twins of A realized via the
respective type-11, type-1 and compound twinning, as summarized in Table 6. 1. Fig. 6. 1 presents
the stereographic projections of the twinning planes Ki and twinning directions 71 of the three
twinning systems in an orthonormal reference frame set to the Bravais lattice basis of variant A. In
view of the polarity of twinning process [276], we specially select the projection plane that allows
the K1 and 71 of the three twinning systems to be stereographically projected from the same
hemisphere. It is seen that for the type-1 and type-I11 twins, the respective K1 and 7 are very close
to each other. For the compound twin, its K1 is approximately perpendicular to the twinning planes

of the type-1 and type-I1I twins.
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Table 6. 1 Twinning systems and twin types required for the formation of variants B, C and D via
twinning of variant A. The twinning planes Ki and twinning directions 71 are referenced to the

lattice basis of the 6M superstructure.

Twin variant Ki m Twin type
B {1.1240 2 2.6280} ,, <3.3264 3 0.8912> 4 Type-II
C {123}, <33 1>y Type-I
D {103}, <30 1>4 Compound

Fig. 6. 1 Stereographic projections of twinning planes K1 and twinning directions 71 of type-I, type-
Il and compound twins of variant A. The orthonormal basis set to the monoclinic lattice basis of
variant A under the Oxford Channel 5 convention is chosen as the projection reference. The poles
of twinning planes (K1', K1'" and K1©°™%) and twinning directions (71!, m" and 7:©°™9) of type-I,
type-11 and compound twins are represented in filled and open circles, triangles and squares,

respectively.

With the specified twinning systems of one variant to produce the other three variants, it is
possible to find out the optimum loading orientations for the reverse (detwinning) process to obtain

single variant state. This can be done by applying an external load in all possible orientations with
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respect to the host crystal. In what follows, we shall consider only the uniaxial compression mode
due to its convenience for practical operation. If one twinning system is denoted by K1 and 7, the
detwinning system is thus K1 and -7:. The Schmid factors (SFs) of the three detwinning systems
were calculated as a function of loading orientation, as shown in stereographic projections in Fig.
6. 2.

[100]

E M Type-II: Bi
| Compd.:[)i

Variant A

....................

' M Type-II: (.‘,E
i =9 Compd.: J\‘E

Variant D

[001]

(b)
Fig. 6. 2 SF distributions of (a) variants B, C and D (host crystal A) and (b) variants A, B and C

(host crystal D) under uniaxial compression. Contour lines for type-I, type-1l and compound

detwinning systems are plotted with gradient red, blue and green lines, respectively. The cross and

the rotated cross indicate two different loading orientations for the ex-situ compression tests.
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For the case of variant A as the host crystal (Fig. 6. 2a), the efficient SF zones for the type-I
and type-Il detwinning systems overlap to a large extent. It suggests that variant C (type-I twin)
and variant B (type-Il twin) could be simultaneously transformed into variant A under the same
favorable loading orientation. Moreover, if choosing variant D as the host crystal of variants A, B
and C (Fig. 6. 2b), the efficient loading orientations to eliminate variants B and C are the same as
the above case. This means that under a favorable loading orientation to obtain variant A, variant
D could also become favorable. Interestingly, in either case, there are two common zones where
the detwinning of three variants (variants B, C and D for host variant A or variants B, C and A for
host variant D) has positive SF values. However, in the two cases, the common zones are not the
same in terms of loading orientations. It should be noted that in the above analyses, the choice of
variant A or D as the host crystal is arbitrary. The rest variants can also be taken as the host crystal,

and the analysis procedures remain the same.
6.1.1.2 Ex-situ microstructure examinations

Based on the above theoretical analyses, ex-situ uniaxial compression tests were performed
on the polycrystalline NisoMnsslnis bulk samples. Two special martensite colonies with different
variant orientations with respect to the compressive loading orientations, as shown in Fig. 6. 3a and
c, were presented to verify the above analyses. For the former (Fig. 6. 3a), the uniaxial loading
direction was along one orientation with high SF for both type-I and type-Il detwinning systems
(marked with the rotated cross in Fig. 6. 2). For the latter (Fig. 6. 3c), the uniaxial loading direction
was located within one common orientation zone with positive SF for all the three detwinning

systems (marked with the cross in Fig. 6. 2).
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1©) _
Fig. 6. 3 (a and c) Initial configurations of martensite variants within one colony and (b and d)
corresponding microstructures after uniaxial compression. The loading orientation in (b) is
approximately along the optimum orientation with high SF for both type-1 and type-I1 detwinning
systems, and that in (d) is within the common zone with positive SF for type-I, type-Il and

compound detwinning systems.

In both cases, the area fractions of the four martensite variants A, B, C and D are comparable
before compression but greatly changed after compression depending on the loading orientations.
When the loading orientation is favored only for the type-1 and type-II detwinning systems, variants
B and C disappear while variants A and D are left with almost the same area fraction (Fig. 6. 3b),
as we predicted above. Such a loading orientation is not beneficial to eliminate variant D or A,
since the SF value for the compound detwinning system is nearly zero. When the loading
orientation falls into the common zone with positive SF for all the three detwinning systems, the

situation changes drastically. As evidenced in Fig. 6. 3d, most part of the variant colony is occupied
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by variant A and only very small area fractions of variants B, C and D are present. Clearly, the
most efficient loading orientation to obtain the single variant configuration is the one located in the
common positive SF detwinning zone, although it does not provide the highest SF for any

detwinning system.

Taking into account the remaining variants B, C and D in Fig. 6. 3d, one can further explore
the detwinning behaviors of the three different types of twins. It is seen that variant B (in type-1I
twin relation with variant A) has a less remaining area fraction than variant C (in type-I twin
relation with variant A), although the type-11 detwinning system possesses a smaller SF value (0.31)
than that of the type-1 detwinning system (0.35). This suggests that type-1 twin has a larger
detwinning resistance, which is in good accordance with the results obtained in Cu-Al-Ni and Ni-
Mn-Ga alloys that the type-Il twin requires a much smaller twinning stress [260, 277-281]. This
small twinning stress for type-11 twin might be associated with the step feature of the twinning
plane, as evidenced in Fig. 4. 4b. Besides, most of variant D that is of compound twin relation with
variant A has also been detwinned as shown in Fig. 6. 3d, although the associated SF value is only
0.10. This implies that compound twin possesses very small detwinning resistance, which could be
attributed to its tiny shear amount (0.0277) and highly stepped interface, as displayed in Fig. 4. 4c.
In addition, the shape of variant D becomes irregular after the uniaxial compression, as indicated
in Fig. 6. 3b and d. The heavily curved interfaces between variants A and D further confirm the
high mobility of the compound twin interface. Thus, in addition to the loading orientation, the

intrinsic resistance of detwinning system plays an important role during detwinning.

It is worth noting that under mechanical loading, martensite variants do react within colonies
through detwinning of unfavorably oriented and less resistant variants. In some circumstances, it
is possible to obtain single variant state in some colonies by one uniaxial compression. The efficient
loading orientation is one located in the common zone where the SF values for the type-I, type-11
and compound detwinning systems are all positive, profiting the different detwinning behaviors of
different twins. If knowing the loading orientation with respect to a chosen colony, the detwinning

process and the efficiency of variant reorientation can be deduced.
6.1.2 Mechanical loading across the structural transition

In addition to load in martensite state, the appropriate mechanical loading across martensitic

transformation, henceforth termed thermomechanical loading, is another alternative to induce
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prestrain to martensite. In this part of work, in-situ neutron diffraction investigations and
microstructural examinations by electron backscatter diffraction (EBSD) were performed. Schmid
factor for martensitic transformation strain path was introduced to evaluate the efficiency of variant

selection during loading at martensite state and during loading across structural transition.
6.1.2.1 In-situ neutron diffraction investigations

In this part of work, the polycrystalline bulk sample of NisiMnasslnis alloy with the martensitic
transformation temperature slightly above room temperature, Ttm = 316 K, was chosen. The alloys
were fabricated using arc-melting technique. The as-cast ingots were further injected into a copper
mould to obtain dense specimens. Three compression loads, i.e. -10 MPa, -40 MPa and -50 MPa,
were successively applied across martensitic transformation. The experimental details are

described in Chapter 2. Under consideration that the {002}, reflection of austenite splits into three
distinct reflections of martensite {1O§}6M, {103}, and {020},,, as shown in Fig. 6. 4, the

splitting of {002}, reflection, was thus utilized to inspect the transformation and variant selection.
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Fig. 6. 4 Neutron diffraction images of austenite (a) and martensite (b) at 26 from 35° to 50°. Their

corresponding diffraction patterns against 20 (37° to 47°) in intensity profiles are displayed in (c).

By comparing peak positions of austenite and martensite around {002}, reflection (Fig. 6. 4c),

one can see that the {002}, planes suffer a large negative or a positive normal strain, to form the
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{020}, or the {103}6,\/I planes during martensitic transformation, whereas those for the {103},

planes involves a very small normal strain since its interplaner spacing is almost the same as that

of {002}, planes. If the external compressive load is applied along (001), direction, the splitting
to {020}, might be favored, but that to {10§}6NI might be eliminated.
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Fig. 6. 5 Temperature dependent neutron diffraction patterns across the structural transition under
different loads, i.e. (a) -25 MPa; (b) -40 MPa; (c) -50 MPa. Intensity variations of
{1O§}GM (d) and {020}, (e) reflections with temperature.

Fig. 6. 5 shows temperature dependent diffraction patterns across the structural transition under
the loads, i.e. -25 MPa, -40 MPa and -50 MPa, and the temperature resolved intensity variations of

{10§}6,\,I and {020}, reflections under these three loads. It is seen that with the increase of the

load, the transformation start temperature shifts toward the higher temperature, as indicated with
the green dashed arrow in Fig. 6. 5e, indicating the occurrence of stress induced transformation.

Meanwhile, with the increase of the load, the intensity of the {10§}GM reflection decrease
(Fig. 6. 5d), whereas that of {020}, reflection increases (Fig. 6. 5e), indicating an orientation

selection during the transformation. With the changes of the relative intensities of these two
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reflections, the macroscopic strain gradually increases, as shown in Fig. 6. 6, i.e. 1.08 %, 1.30 %
and 1.89 % under the loads of -20 MPa, -40 MPa and -50 MPa, respectively.
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S‘—s‘ -0.01
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0015
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-0,025 |
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Fig. 6. 6 Macroscopic strains across the structural transition under the three successively
compressive loads -20 MPa, -40 MPa and -50 MPa.

6.1.2.2 Variant selection under thermomechanical process

To explore the microscopic process of the orientation selection during the thermomechanical
loading revealed above, the morphological and crystallographic features of martensite after the
thermomechanical treatment were investigated by SEM/ EBSD. Fig. 6. 7aand b show band contrast
and orientation micrographs of the specimen after hot compression under 50 MPa in which the
grain boundaries of austenite are marked with the black solid lines. It is seen that only one or two
martensite colonies, outlined by the black dashed lines, are observed within initial austenite grains,
which is significantly different from the microstructure of the undeformed polycrystalline samples
where many martensite colonies are generally observed within austenite grains, as shown in
Fig. 4. 2 and Fig. 5. 14. The traces of the variant interfaces in Fig. 6. 7a is generally at about 45°

from the compression direction.

- 118 -



Chapter 6 Performance

Compression direction

Max: 51.5

Fig. 6. 7 Microstructure feature of the polycrystalline sample after hot compression (-50 MPa). (a)

band contrast micrograph; (b) crystallographic orientation micrograph; (c) {1O§}6NI pole figure.

The compression axis is parallel to Xo.

The pole figures of {1O§}6NI planes, derived from the orientation information in Fig. 6. 7b, are
plotted in Fig. 6. 7c. It is seen that after the hot compression most of the variants are oriented with
their {103}6,\,I planes, resulting from the extended {002}, plane across the structural transition (Fig.
6. 4c), perpendicular to the compression direction (Xo). Furthermore, three characteristic martensite
colonies, indicated in the white dashed boxes I, Il and 11l in Fig. 6. 7b, are chosen and zoomed in
Fig. 6. 8a1, b1 and ca, respectively. The area faction histogram of the four variants in each colony
is inserted in the figure. It is seen that the area fractions of the four variants within different colonies

are significantly different, which is different from the cases of the undeformed polycrystalline
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samples in which the four variants are of comparable area fractions (Fig. 5. 14 and Fig. 6. 3a and

C).

Area fraction (%)
o 8 &

o 62.7% W 37.3%

Fig. 6. 8 Zoomed orientation maps of the dashed boxes in Fig. 6. 7b where the area faction

histogram of the four variants is inserted, and their corresponding micrograph of normalized
Schmid factor (NSF) of the transformation path. (a1 and a2) colony I; (b1 and b2) colony II; (c1 and

c2) colony I1I.

Despite the change of the microstructures induced by the hot compression (Fig. 6. 8a1, b1 and
c1), it was found that the variant interfaces still coincide with the twinning plane of type I twin or
the {101} plane of austenite (the Pitch OR plane), suggesting that the martensitic transformation
under the compressive load still obeys the Pitch type strain path, i.e. {101}a & (101),. The specific

transformation paths for variants in colonies of Fig. 6. 8a1, b1 and c1 were determined and listed in

-120 -



Chapter 6 Performance

Table 6. 2. As shown in Fig. 5. 5b and Table 5. 3, under the Pitsch strain path, the highest lattice
distortion of the structural transition is the {101}a / (101), shear component, hence this
deformation could be dominant for the structure transition, and the path having the highest the
resolved shear stress may have the largest chance to be activated. Based on such a consideration,
the Schmid factor (SF) of the strain paths for the formation of the variants in Fig. 6. 8a1, b1 and c:
were evaluated, using Eq. 6-1.

SF = cosa - cosy (6-1)

where o and vy are the angles of the loading orientation with respect to the respective transformation
path plane and direction. The SFs are further normalized with the maximum SF of all the 24
possible variants within the same austenite grain and termed as normalized Schmid factor (NSF).
Due to the negative magnitude (-0.1185) of the shear component {101} / (101),, as shown in
Table 5. 3, the variants with the largest negative SFs should be the one receiving the highest

resolved shear stress from the external load.

Table 6. 2 The martensitic transformation paths, their corresponding Schmid factors (SF) and
normalized Schmid factors (NSF), and the observed area fractions for variants in Fig. 6. 8a1, b1 and
ci. Euler angles of austenite, deduced with the Pitsch orientation relationship, for these three

martensite colonies are also listed.

Martensitic Area fraction
Colonies  Euler angles of austenite ~ Variants transformation SF NSF %)
path 0

A (101)[101] -0.31 -1 67.4

B (101)[101] 0.31 1 0.5
I (88.8,128.4, 176.1) o

C (101)[101] 0.31 1 294

D (101)[101] -0.31 -1 2.7

A (101)[101] -0.25 -1 42.2

B (101)[101] 0.25 1 0.03
1 (258.4, 47.2, 29.5) o

Cc (101)[101] 0.25 1 33.2

D (101)[101] -0.25 -1 24.6

A (101)[101] -0.25 -1 51.3

B (101)[101] 0.25 1 37.3
i (258.4, 47.2, 29.5) _

C (101)[101] 0.25 1 0

D (101)[101] -0.25 -1 11.4
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Table 6. 2 displays the results of the SFs and the NSFs for the martensite variants in the three
colonies in Fig. 6. 8a1, b1 and c1. The distribution maps of NSFs for colonies in Fig. 6. 8a1, b1 and
ciare shown in Fig. 6. 8az, b2 and cz, respectively. It is seen that all the three colonies are mainly
occupied by variants with the largest NSFs (-1), as highlighted in red. It shows that the martensite
colonies with certain variants having the largest SFs are preferred to be generated under the
mechanical loading across the structural transition. This might be the reason why the number of

martensite colonies within one austenite grain is significantly reduced by compression.

However, it should be noted that in all the three colonies some variants, occupied around 1/3,
with positive maximum NSF is also selected, as highlighted in black in Fig. 6. 8az, b2 and ca. It
may be related to the self-accommodation requirement of martensitic transformation to decrease
the transformation elastic strain energy. Thus the displacement gradient tensors of the structure
distortion from austenite to martensite expressed in the sample reference Xo-Yo-Zo
(Xo/l compression axis) for variants A, B, C and D in the three colonies in Fig. 6. 8, as an example,
were analyzed. The displacement gradient tensors of variant A, B, C and D in colony 1 in

Fig. 6. 8aiwere given in Egs. 6-2 ~ 6-5.

[—0.0359  0.0424  0.0212 ]
Dy =[-0.0459 0.0523  0.0244 (6-2)
[ 0.0403 —0.0450 —0.0202]

[0.0399  —0.0445 —0.0197]
Dp =] 0.0519 —0.0598 —0.0283 (6-3)
[-0.0269  0.0320  1.0161 |

[0.0273  —0.0375 —0.0236]
Dc=1|0.0430 —0.0598 —0.0384 (6-4)
[—0.0288  0.0421  0.0286 |

'—0.0355  0.0506  0.0336
Dp =|-0.0380 0.0537  0.0353 (6-5)
[ 00269 —0.0359 —0.0220]

It is seen that the signs of all strain components for variants with negative SFs (A and D) are
opposite to those with positive SFs (B and C). Element esj have particular importance, as “1” is the
compression direction and the specimen is subject to a dimension reduction in this direction. Thus
variants with e11 < 0 can accommodate the macroscopic reduction and could be selected. Thus
variant A and D could be selected by the macroscopic strain. However, the large ei2 and ei3 that
means shears in the compression direction will increase the dimension in the compression direction
when these variants are formed and should be compensated. Thus, the generation of variants B and
C can just compensate these two shears for variants A and D. This is why A and C or D and B

appear in pairs. Moreover, A/ C and B/ D are type | twins. Their interfaces are the coherent K
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plane and should possess low interfacial energy. Consequently, the generation of twin-related
variants with positive SFs could greatly reduce the transformation elastic energy and further
promote the structural transition. For a detailed exploration about the variant selections, the strain
compatibilities between the macroscopic strain and the microscopic accommodations, between

different austenite grains, and between different colonies, should be further considered.

Consequently, it could be concluded that the mechanical loading across the structural transition
is an effective approach to apply prestrains at martensite by decreasing the number of martensite
colonies and changing the self-accommodated microstructure features within colonies for the
polycrystalline Ni-Mn-In alloys. The colonies or variants with large transformation SFs should
have preference to be generated. However, to compensate the transformation strains for variants

with large transformation SFs, some variants with unfavorable SFs could also be generated.
6.2 Influence of annealing on magnetocaloric effects

With the determined information of crystal structure, microstructure and martensitic
transformation crystallography, the effect of annealing on magnetocaloric effect (MCE) and its
related magnetic hysteresis loss were explored. In this work, the as-spun and annealed quaternary
NissCosMnss.sln13.2 ribbons were studied. The as-spun ribbons were melt spun using a single copper
roller with a wheel-rotating speed of 15 m/s. Part of ribbons were annealed at 1173 K for 24 hours

in a sealed quartz tube.
6.2.1 Magnetic property investigations

Fig. 6. 9a shows the magnetization variations of the as-spun and annealed ribbons as a function
of temperature. It is seen that with the decrease of the temperature, both specimens transform from
the paramagnetic austenite to the ferromagnetic austenite, and further to the weak-magnetic
martensite. The martensitic transformation temperature (Ttwm) of the annealed ribbon is about 34.5
K lower than that of the as-spun ribbon. It shows that the heat treatment could significantly stabilize
the austenite phase, implying that the annealed ribbon need a larger drive force to trigger the
structural transition than that of the as-spun ribbons. Different from the martensitic transformation
temperature, it is seen that the heat treatment can greatly increase the magnetic transition

temperature (by 17.1 K), as shown in Fig. 6. 9a. It shows that the heat treatment is favorable to
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stabilize the ferromagnetic state of austenite, suggesting that the magnetic interaction is enhanced
with the annealing process. This is further confirmed with the increased saturation magnetizations

of the austenite of the annealed ribbon under a magnetic field of 5 mT.
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Fig. 6. 9 Temperature dependence of magnetization (a) under a magnetic field of 5 mT; Variations
of magnetic entropy change ASm (b) and magnetic hysteresis loss (c) against temperature across

magnetostructural transition for as-spun and annealed ribbons under a magnetic field of 2 T.

Fig. 6. 9b displays the variations of magnetic entropy change ASm against temperature,
estimated from the isothermal magnetization curves across the inverse martensitic transformation
under a magnetic field of 2 T, using the Maxwell equations (Eg. 2-28). It is seen that the ASwm,
generally used to represent the MCEs in Heulser alloys, is significantly enhanced by the heat
treatment from 4.5 J-kg?-K™to 11.5 J-kg ™K. The variations of hysteresis loss against temperature
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across the inverse martensitic transformation, calculated by integrating the areas between the field-
up and the field-down isothermal magnetization curves, are given in Fig. 6. 9c. It is seen that the
as-spun ribbon has a relative small hysteresis loss of -11.8 J-kg™. For the annealed sample, the
magnetic hysteresis loss is greatly increased and equal to -66.5 J-kg™*. As a consequence, despite
the enhancement of the magnetic entropy change after heat treatment, the correlated magnetic
hysteresis loss is also greatly increased simultaneously. Thus, the explorations on the underlying
mechanisms of annealing effect on the magnetic entropy change and the hysteresis loss should be

meaningful for further property optimizations.
6.2.2 Crystal structure and microstructure characterizations

Fig. 6. 10 shows the X-ray diffraction patterns of the as-spun and the annealed ribbons. It is
seen that the as-spun ribbon has two-phases i.e. austenite and martensite, coexisting at room
temperature, whereas the annealed ribbon has only austenite phase. This difference should be
associated with the significant decrease of the martensitic transformation temperatures with the
annealing (Fig. 6. 9a). Moreover, the superlattice reflections of (111), and (113),4 of austenite,
representing ordering degree of the constituent elements, are clearly observed in the X-ray pattern
of the annealed ribbon (Fig. 6. 10b), but they do not appear in the as-spun ribbon (Fig. 6. 10a), as
marked with the dashed box in Fig. 6. 10. This suggests that the as-annealed ribbon possesses a
highly ordered L2: structure (Fm3m), whereas the as-spun ribbon seems to have a B2 structure
(Pm3m). The peak positions of the other reflections of the austenite in the two ribbons are almost

the same, suggesting that the lattice parameters are not sensitive to the heat treatment.
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Fig. 6. 10 X-ray diffraction patterns of as-spun (a) and annealed ribbons (b) measured at room

temperature.

Fig. 6. 11 displays the BSE images of the as-spun and the annealed ribbons. For the as-spun
ribbon, it is seen that the austenite (with flat surface) and the martensite (with corrugated surface)
are present (Fig. 6. 11a). For the as-spun ribbon, the grain sizes of the austenite are relatively small
(around 10 um). Fine plate shaped martensite can be observed in many austenite grains. After the
heat treatment, the grains of austenite are greatly coarsened (about 100 um), as shown in Fig. 6.
11b. Very limited amount of martensite plates appear in some austenite grains. The orientation
micrographs of the as-spun and the annealed ribbons are shown in Fig. 6. 11. It is seen that the
habit planes between austenite and martensite in both ribbons are bordered by single martensite
variant. These results are in good agreement with those observed in bulk specimens with the same

alloy composition, as shown in Fig. 5. 15a.
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Austenite L g

Martensite

micrograph of martensite in the as-spun ribbon in which the residual austenite is highlighted in red.
(d) Orientation map of austenite and martensite in the annealed ribbon where the two phases are

colored according to their crystallographic orientations.
6.2.3 Discussions

With the information of the crystal structure, the microstructre and the magnetic properties,
the influence of the heat treatment on the MCE can be further analyzed. The increased entropy
change by heat treatment (Fig. 6. 9b) should be ascribed to the enhanced magnetic interactions
resulting from the increased chemical ordering, as shown in Fig. 6. 10. The enhanced magnetic
interaction is also experimentally evidenced by the increase of the magnetic transition temperature
of austenite (Tc) after annealing (Fig. 6. 9). Thus, the enhancement of chemical order should be an

effective way to increase MCEs.
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Unfortunately, the hysteresis loss across the magnetostructuaral transition is also greatly
enhanced with the heat treatment (Fig. 6. 9¢). As discussed in Section 1.2.3.2, two types of material
parameters would have influence on hysteresis loss. One is the resistance of martensitic
transformation, such as the geometrical compitability between austenite and martensite. The other
is material factors to promote the magnetostructural transition, such as crystal defects. As shown
in Fig. 6. 10, the lattice paramters of austenite in the ribbon samples are not very sensitive to heat
treatment. Both the as-spun and the annealed ribbons hae good geometrical compitability between
austenite and martensite, as shown in Fig. 6. 11c and d, just like the case in bulk specimens as
discussed in Section 5.3 (Fig. 5. 15a). Thus, the variations of geometrical compitabilities between

austenite and martensite should be not the prominent factors to influence hysteresis loss.

Furthermore, as shown in Fig. 6. 11 a and b, the heat treatments can significantly promote the
growth of grains. The average grain diameter of as-spun ribbon (around 10 pum) is about 10 times
samller than that of annealed ribbon (around 100 um). The big grain of annealed ribbons could be
one of the important reasons for the large hysteresis. The similar effect of grain size on hysteresis
loss was also found in GdsGes alloy [282]. The influence of grain size on hysteresis loss could be
ascribed to the promotion of grain boundary on nucleation for phase transformation. Crystal defects
constituted by grain boundaries offer numerous favorable nucleation sites for phase transformation.
Thus, the refined microstructure should promote structural transition. It could be indirectly
evidenced by the microstructure feature that only one martensite colony is generally observed in
one initial austenite grain (Fig. 6. 11 c), which is significantly different from samples with a larger
austenite grain in which many martensite colonies are generally observed within one austenite grain
(Fig. 4. 2 and Fig. 5. 14). Moreover, some other crystal defects, such as dislocation and vacancy

should have a simlar effect like grain boundaries.

As discussion above, the materials parameters to dominate the magentic entropy change and
the hysteresis loss are different in the investigated material. For the magentic entropy change, the
chemical ordered degree should play a prominent role. For hysteresis loss, the grain boundaries
could be one of the most important parameters. Due to the different origins of these two effects, it
could be possible to find an appropriate treatment process, such as rapidly heat treatment, to

enhance MCE but to keep low hysteresis loss.

- 128 -



Chapter 6 Performance

6.3 Summary

In this chapter, first, the behaviors and underlying mechanisms of variant rearrangement under
external compressive loads were investigated. Two kinds of loading strategies are considered, i.e.
loading in martensite state and across the structural transition. For the former, Schmid factor (SF)
predictions and ex-situ microstructural investigations were carried out. SF calculations show that
under uniaxial compression condition, the loading orientation zones with high SFs for type-1 and
type-1l1 detwinning systems are close to each other, being at about 90° away from those of
compound detwinning system. The detwinning resistances of different types of twins are
considered to be associated with their twinning shears and twin boundary structures. Type-I twin
possesses much larger detwinning resistance than that of type-I1 twin, although they have the same
amount of twinning shear (0.2392). Compound twin has the smallest detwinning resistance, which
is benefited from its tiny twinning shear (0.0277) and “stepped” twin interface. Under external
loading, martensite variants react locally within colonies through detwinning if the loading
orientation is favorable. It is possible to obtain single variant state in some colonies when the

loading orientation is in the common positive SF zone of the three detwinning systems.

For loading across the structural transition, in-situ neutron diffraction investigations and
microstructural examinations were performed. Results show that the thermomechanical loading
can significantly reduce the number of martensite colonies and change the self-accommodated
microstructure within colonies for Ni-Mn-In polycrystalline alloys. The martensite colonies/
variants with large transformation SFs appear preferentially, however, to accommodate the
transformation strains generated by variants with large transformation SFs, their twin-related
variants could also be generated even though they possess unfavorable SFs. The combination of
these two loading strategies might produce complimentary effects to induce a prestrain in the
materials. The treatment could be performed into two consecutive steps. First, the uniaxial
compression load is applied across structural transition to decrease martensite colonies and variant
numbers within colonies by variant selections. Then, loading in martensite state along some

characteristics directions to obtain the single variant state by detwinning processes.

In addition to variant rearrangement/ selection under different mechanical loadings, the
influence of annealing on MCE and its related hysteresis loss were explored. It is found that the

heat treatment can significantly enhance the magnetic entropy change ASwm, but increase the
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magnetic hysteresis loss simultaneously. For the ASwm, the enhanced chemical ordered degree
should play a prominent role. Thus the treatments to increase chemical ordered degree should be
an effective way to promote the MCE. The magnetic hysteresis loss might be closely related to the
crystal defects. Fine grained microstructures could be favorable to promote the nucleation for
structural transition and then result in a low hysteresis loss. Due to the different dominating
parameters of these two effects, it might be possible to find an approach that could increase MCE

but keep a low hysteresis loss simultaneously.

The results of this part of work are expected to be served as a basis to understand the underlying

mechanisms of these two properties and to guide subsequent performance optimizations.
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Chapter 7 Conclusions and perspectives

7.1 Conclusions

From the above theoretical and experimental investigations, the following conclusions can be

drawn:

Evolution of martensitic transformation temperatures in NisoMnsoxInx (0 <x <25) alloys

With the increase of In concentration, the martensitic transformation temperatures linearly
decrease. When x < 15, the alloys are in martensite state at room temperature. The alloys are in
their austenite state at room temperature for the compositions x > 15. The martensitic

transformation was not detected for the alloys with In concentration higher than 15.5 % in the

temperature range from 180 K to 800 K.

Refinements of crystal structures of austenite and various martensites in Mn enriched Ni-Mn-

In alloys

The austenite of Ni-Mn-In alloys possesses an ordered cubic L21 structure belonging to space
group Fm3m. The extra-Mn atoms have a preference to be uniformly dispersed. The non-
modulated martensite has a tetragonal L1o structure belonging to space group P4/mmm. For the
modulated martensite, with the consideration of the possible aperiodicity of modulated structure,
the crystal structure determination was performed in the frame of superspace theory. Refinements
show that it has an incommensurate 6M modulated structure with the superspace group
12/m(a0y)00. With the determined crystal structure information, its relation with the magnetic
properties was discussed. A three-fold layered superstructure in the three-dimensional space was
proposed to approximately describe this incommensurate structure. This 6M superstructure model
is considered to be representative for off-stoichiometric Ni-(Co)-Mn-In modulated martensite with

martensitic transformation around room temperature.
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Investigations of the morphological and crystallographic features of 6M Ni-Mn-In modulated

martensite

Crystallographic theories of martensitic transformation suggest that there are in maximum 14
distinct twin relations in 6M Ni-Mn-In modulated martensite that can be classified into four twin
types, i.e. type-I, type-Il, compound and non-conventional twins. Type-1 and type-Il twins might
exist between the two-fold or four-fold cubic rotational symmetry related variants. Compound
twins are between the two-fold rotational cubic symmetry related variants. Non-conventional twins
only exist between the four-fold rotational cubic symmetry related variants. It is not possible to be

of twins for the three-fold rotational cubic symmetry related variants in the investigated materials.

The microstructure of martensite is in plate shape and self-organized in colonies within which
the plates stretch roughly in the same direction. Due to the unique variant organization manner in
Ni-Mn-In alloys, only three twin relations are experimentally evidenced, i.e. type-I (A: C, B: D),
type-1l (A: B, C: D) and compound twin (A: D, B: C). Variant interfaces are defined by their
corresponding twinning plane Ki in the mesoscopic scale. However, at atomic scale, the type-I
twins have a coherent interface, whereas the type-11 and compound twins have “stepped” interfaces.
The step heights of the compound twin interface are much larger than those of the type-Il twin
interface. In view of variant organization, there are only one oriented type-I and compound twin
interfaces but two distinct type-I1 interfaces that have a theoretical angular deviation of about 5°

from the type-I twin interface orientation.

Studies on crystallographic orientation relationship (OR), transformation strain path and

geometric compatibility of the martensitic transformation

Both Kurdjumov- Sachs (K-S) and Pitsch relations are found to be possible to describe the
lattice correspondence between austenite and martensite in 6M Ni-Mn-In alloys. However, the
strain path related to the Pitsch relation is evidenced to be the effective one to realize the structural
distortion. With the Pitsch transformation path, four distinct martensite variants within one colony
are transformed from the same (or opposite) transformation plane and direction of austenite. Due
to cubic symmetry, the maximum 6 distinct martensite colonies and 24 distinct variants within one
austenite grain can be obtained. The middle eigenvalue of the transformation stretch tensor across
the structural transition is close to 1 (0.99652) and the habit plane is bordered by single martensite

variant with austenite, suggesting a relative good geometrical compatibility between the austenite
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and the martensite. A stressed transition layer of about 20 nm near the habit plane, evidenced by
HRTEM, implies that the criterion of A2 = 1 is not sufficient to guarantee the geometric
compatibility.

Exploration of the behavior and the mechanism of martensite variant rearrangement/ selection

under compressive loadings in martensite state and across the structural transition

For the compressive loading in martensite state, variant arrangement is realized by the
detwinning processes. SF calculations show that under uniaxial compression condition, the loading
orientation zones with high SFs for type-1 and type-Il detwinning systems are close to each other,
being at about 90° away from those of compound detwinning system. The detwinning resistances
of different types of twins are considered to be associated with their twinning shears and twin
boundary structures. Type-I twin possesses much larger detwinning resistance than that of type-II
twin, although they have the same amount of twinning shear. Compound twin has the smallest
detwinning resistance, which is benefited from its tiny twinning shear and stepped twin interface.
Under external loading, martensite variants react locally within colonies through detwinning if the
loading orientation is favorable. It is possible to obtain single variant state in some colonies when

the loading orientation is in the common positive SF zone of the three detwinning systems.

For loading across the structural transition, the prestrain is obtained by variant selection in
which the number of colonies is significantly reduced and the variant organization within colony
is greatly changed. The SF for transformation strain path is introduced to evaluate the possible
selection of variants. The martensite colonies/ variants with large transformation SFs appear
preferentially, due to the self-accommodation requirement of the transformation, their twin-related
variants with unfavorable SFs could also be generated to compensate the transformation strain and
guarantee the transformation.

Exploration of the influence of heat treatment on magnetocaloric effect and its related hysteresis

loss

Heat treatment can significantly enhance the magnetic entropy change ASwm but simultaneously
increase the magnetic hysteresis loss. For ASw, the chemical ordered degree should play a
prominent role. The treatments that increase chemical order should be effective to enhance the ASw.

The hysteresis loss might be closely related to the crystal perfectness of austenite. Crystal defects,
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such as grain boundaries, could be favorable to promote the nucleation for structural transition and

then result in a low hysteresis loss.
7.2 Perspectives

Since 2004, studies on Ni-Mn-In based alloys have well been developed both in experimental
investigations and theoretical explorations. Plenty of excellent properties, such as large magnetic-
field-induced strain, giant magnetocaloric effect and giant magnetoresistance, and their related
underlying mechanisms have been revealed. However, some basic knowledge is still not available,
and some properties, such as the large hysteresis loss, are still need to be improved before large-
scaled applications of these materials. With the studies on this PhD work, we see some new

perspectives on the study of Ni-Mn-In alloys that are summarized as follows:

(1) For Ni-Mn-In based alloys, all their multifunctional properties are found to be closely
related to the modulated crystal structure features of their martensite. However, until now, the
origin of modulation of the crystal structures in these alloys is still unclear. Detailed information
on the nature of structure modulation is needed. The investigations with molecular dynamic

simulation might offer some useful clues.

(2) The multiple magnetoresponsive behaviors of Ni-Mn-In alloys mainly originate from the
magnetic-field-induce inverse martensitic transformation. Thus, the detailed knowledge on
martensitic transformation will be quite essential. However, little attention has been devoted to

study on the nucleation and growth processes of martensitic transformation in these materials.

(3) As revealed in Section 6.1.1, the structures of variant interfaces are closely related to the
applied prestrain and the resultant metamagnetic shape memory effect. So far, the precise
crystallographic components of the interfacial segments between martensite variants with type-II
and compound twin relations are still not unclear. Knowledge on these two kinds of interface could
be helpful to further optimize the metamagnetic shape memory effect. The atomic scale interface
characterizations and theoretical analysis with the consideration of geometrical misfit could

provide us some useful information.

(4) As revealed in Section 6.1, the mechanical loading in martensite state along some
characteristic directions could obtain a single martensite variant state in some colonies, and the

mechanical loading across the structural transition can significantly reduce the number of
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martensite colonies. Thus, the combination of these two loading strategies might produce
complimentary effects to achieve low number variant state for polycrystalline materials. The
treatment could be performed into two consecutive steps. First, the uniaxial compression load is
applied during the structural transition to decrease the number of martensite colonies and variant
numbers within colonies by variant selections. Then, loading in martensite state along some

characteristics directions to obtain the single variant state by detwinning processes.

(5) For a detailed exploration on martensite variant reactions under the mechanical loading in
martensite state, or variant selections under the mechanical loading across the structural transition,
the strain compatibilities between the macroscopic deformation and the microscopic structural
distortion, between different austenite grains, and between different colonies, should be considered.

The crystal plasticity finite-element approaches could be an efficient tool.

(6) For hysteresis effect, as revealed in Section 5.3, the criterion of A2= 1 is not sufficient to
guarantee good geometric compatibility between the austenite and the martensite. A more realistic
criterion to evaluate the geometric compatibility beteen the parent and product phase is still in need.
Apart from the geometrical compatibility, a comrehensive criterion, containning the related
material parameters, such as crystal structure and microstructrue, to evaluate the hysteresis loss

across the structural transition is in still need.

(7) As revealed in Section 6.2, the magnetic entropy change ASwm across the magnetostructural
transition, generally used to characterize the magnetic refrigeration capacity, is closely related to
chemical ordered degree, but the correlated magnetic hysteresis loss could be associated with the
crystal defects, such as grain boundaries. Due to the different dominating parameters of these two
effects, it might be possible to find an approach that could increase magnetic refrigeration capacity
but simultaneously keep a low hysteresis loss.
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Appendix I: Symmetry matric of cubic and monoclinic crystal system

Table A.1 Symmetry elements of cubic crystal system.

Element Rotation Euler _angles Matrix Element  Rotation Euler a_ngles Matrix
of rotation of rotation
1 0 O 1 0 O
1 x,y,z) (0,0,0) ( 01 0 > 4+x,0,0 (xzy) (0,90,0) (0 0 -1)
0 0 1 0 1 0
1 0 O 0 0 1
2x,0,0 (x,v,z) (0,180,0) (O -1 0) 4+ 0,y,0 (zy,X) (90,90,270) (O 1 0)
0 0 -1 -1 00
-1 0 O 0 -1 0
20,y,0 (%y,z) (180,180,0) ( 01 O ) 4+0,0,z (¥,x2z) (90,0,0) <1 0 0)
0 0 -1 0 01
-1 0 O 1 0 O
20,0,z (x,v,z) (180,0,0) <0 -1 0) 4-x,0,0 (x,z,y) (180,90,180) ( 0 0 1 )
0 0 1 0 -1 0
3+ 0 0 1 0 0 -1
2 % % (z,x,y) (90,90,0) 1 0 O 4-0,y,0 (z,y,x) (270,90,90) 0 1 O
) X, 0 1 0 1 00
3+ 0 0 -1 0 1 O
2 % x (z,x,y) (270,90,180) 1 0 O 4- 0,0,z (v,x,z) (270,0,0) -1 0 0
T 0 -1 0 0 01
3+ 0 0 -1 0 1 O
< %X (zZ,%y) (270,90, 0) -1 0 0)]2xx,0 (v,x,z) (90,180,0) 1 0 O
T 0 1 0 0 0 -1
3+ 0 0 1 0 -1 0
2 % % (z,%y) (90,90,180) -1 0 0)]2x%0 ¥.%z) (270,180,0) -1 0 0
T 0 -1 0 0 0 -1
0 1 0 0 0 1
3-xxx (v,z,x) (180,90,90) (0 0 1) 2x,0,x (z,y,x) (90,90,90) (0 -1 0)
1 0 O 1 00
0 1 0 -1 0 0
3-%%x (1,zx) (0,90,270) <0 0 -1) 20,y,y x,z,y) (180,90,0) ( 0 0 1 )
-1 0 O 0 1 0
0 -1 0 0 0 -1
3-x%X (y,z%) (180,90,270) (O 0 1 ) 2%0,x (z,y,X) (270,90,270) (O -1 0>
-1 0 O -1 00
0 -1 0 -1 0 0
3-%x%X (V,z,x) (0,90,90) (O 0 -1) 20,y,y (%,z,y) (0,90,180) (O 0 —1)
1 0 0 0 -1 0
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Table A.2 Symmetry elements of monoclinic crystal system.

) Euler angles ) ) Euler angles )
Element Rotation ) Matrix Element  Rotation ) Matrix
of rotation of rotation

1 0 0 1 0 0
1 xy,2) (0,0,0) (o 1 o> 20,y,0 (%y,z) (180,180,0) (o 1 o)
0 0 -1
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Appendix I1: Deformation gradient tensor in the reciprocal space

Fig. 1. A demonstrates the metric transformation between GSS_>SO and GS*_’S , Where S and So
represent the two arbitrary reference systems and M~ indicates the coordinate transformation
matrix between the references S and So. With the equations of the magnitude of vector # under
these two references (Fig. Il. A), the relation of metric transformation can be determined, as shown

in Eq. 1I-A.

* T *
GSOHSOZ(MS—)SO) x GS -S MS—>So (”'A)
Metric transformation , References
Sy Xy-Y,-2,
S:X-Y-Z2
Z(; [ay, by, yls,
[a, b, clg
g a
4 7T =(agbyCy) X G 0750 x [bu]=(a be) XG5S x [b]
Co c
gy
Xy & Yy =(agby o) X (M550)T x G575 x M550 x b“]
K . Co

X i

e, 50—+5 BT (MS—rSD)T' % G 5t X MS—)SO

Fig. 1. A Matric transformation between references So and S.

The coordinate transformation for crystal plane under two different references So and S can be

realized using the transformation matrix between their correlated reciprocal spaces SS and S’ as

ho

lo

demonstrated in Eq. 11-B.

h
k
k

(11-B)

— MSg—»S X[

So S
With the equation of matric transformation (Eqg. 11-A), the relation between the coordinate
transformation matrices for references under the direct and reciprocal spaces can be determined,

as given in Eq. I1-C.
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MSSHS*: GS;—’SO X MSQ—)S X GS_)S*
:(MS_’SO)T x GS —S x MS—>SO x MSQ—»S x GSHS

With Egs. 11-B and 11-C, the coordinate transformation for crystal plane between references Sp and
S can be obtained, as shown in Eq. II-D.

ho h
[ko = (MSO_’S)'Tx[k] (11-D)
lolg, kls

Like the coordinate transformation, the homogeneous deformation for crystal plane can be
determined in the reciprocal space, i.e.

h' . h
HR e
R R

With Egs. I1-C and 2-24, the relation for the deformation gradient tensors under the direct and
reciprocal space can be obtained, as given in Eq. II-F.

* * '* * * -1
FI?'*<—D*= MR =P (MR )

T 1T
:(MR—>D) % ((MR—>D) 1)
:(MR—>DIX (MR—>D)-1)'T
_ER T

=(Fy .p) ("-F)
Thus, the homogeneous deformation for crystal plane can be realized by Eq. I1-G.

h' h
H :(FE-(_D)_TX[k] (N-G)
I'lq g
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