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Abstract

Abstract

NiMnSb based Heusler type alloys, as a novel multi-functional material has attracted
considerable attention due to their multiple properties, such as magnetic shape memory effect,
magnetocaloric effect, exchange bias effect, magnetoresistance effect. To date, many aspects
of the NiMnSb alloys, such as crystal structure, microstructure, magnetic properties and
mechanical properties etc., have been widely investigated. However, many fundamental issues
of this family of materials have not been fully revealed, which largely restricts the development
of this new kind of multi-functional materials.

In the present work, a thorough investigation has been conducted on ternary NiMnSb
alloys in terms of crystal structures of austenite and martensite; microstructural and
crystallographic features of martensite; martensitic transformation orientation relationship (OR)
and its correlation with variant organization; transformation deformation characteristics and
self-accommodation of transformation strain.

The work confirmed that the austenite of NiMnSb alloys possesses a cubic L21 crystal
structure belonging to the space group Fm3m (No. 225). The martensite has a four-layered
orthorhombic (40) structure with space group Pmma (No. 051). The lattice constants of the
NisoMn37Shis and NisoMnasSbi2 martensite are am = 8.5830 A, bm = 5.6533 A and cm = 4.3501
A, and am = 8.5788 A, bm = 5.6443 A and cm = 4.3479 A, respectively.

The microstructure of the 40 NiMnSb modulated martensite possesses a hierarchical
organization feature. Martensite fine lamellae are first organized into broad plates. Each plate
possesses 4 distinct twin related variants A, B, C and D forming type | twins (A and C; B and
D), type Il twins (A and B; C and D) and compound twins (A and D; B and C). The variant
interfaces are defined by the corresponding twinning planes. The complete twinning elements
for each twin relation are fully determined. The plates are further organized into sub-colonies
and sub-colonies into plate colonies. The neighboring plates in one sub-colony and plate colony
share one common plate interface orientation. Plate colonies with different oriented plate

interfaces finally take the whole original austenite grain.
[



Abstract

The Pitsch OR, specified as {011}a // {221}m and <011>a // <122>w, is the effective OR
between the cubic austenite and the 40 modulated martensite. Under this OR, a maximum of
24 distinct variants can be produced. The 24 variants are organized into 6 distinct variant
colonies, 12 distinct sub-colonies and finally 6 distinct plate colonies. The twinning plane of
type | twin and the intra-plate plate interfaces all correspond to the same family of {011}a
planes of austenite.

The formation of martensite variant colonies can be both form intragranular and
intergranular during the phase transformation. The sandwich structured variant colony is the
basic microstructural unit of the martensite. This structure is composed of twin related variants
and possesses the full compatible inner variants interfaces and invariant habit planes. The
deformation manner of the twin related variants result in the high occurrence frequency of the
type Il twins and affects the morphology of the sandwich colonies. The wedge-shaped structure
is composed of two compatible sandwiches and conjoined by a midrib plane with a small atomic
misfit. All these results indicate that the martensitic transformation is self-accommodated and
the microstructure is determined by the self-accommodation of the microstructural constituents.

The aim of this work is to provide fundamental crystallographic and microstructural
information of NiMnSb alloys for interpreting their magnetic and mechanical characteristics
associated with the martensitic transformation and further investigations on property

optimization.

Keywords: NiMnSb multi-functional alloys; Twin relationship; Martensitic transformation;

Orientation relationship; Crystallography; Deformation gradient tensor; Self-accommodation.



Résumé

Résumé

Les alliages NiMnSh, matériaux multifonctionnels nouveaux, ont attiré une attention en
raison de leurs multiples propriétés, telles que I'effet de mémoire de forme, magnétocalorique,
de biais d'échange, de magnétorésistance. Jusqu'a présent, de nombreux aspects des NiMnSb,
tels que structure cristalline, microstructure, propriétés magnétiques et mécaniques ont été
étudiés. Cependant, de nombreuses questions fondamentales de ces matériaux n‘ont pas été
entierement révélées, ce qui limite leur développement.

Une étude a été menée sur les alliages ternaires NiMnSb en termes de structures cristallines
de l'austénite et de la martensite; Caractéristiques microstructurales et cristallographiques de la
martensite; La relation d'orientation (OR) de transformation martensitique et sa corrélation avec
I'organisation des variantes; Les caractéristiques de déformation de la transformation et l'auto-
accommodation de la déformation de transformation.

Le travail a confirmé que l'austénite posséde une structure cristalline L21 cubique, groupe
spatial Fm3m (No. 225). La martensite a une structure orthorhombique modulée (40) a quatre
couches, groupe spatial Pmma (No. 051). Les constantes de réseau de martensite de
NisoMn37Sbis et NisoMnssShi2 sont aw = 8.5830 A, bm = 5.6533 A et cm = 4.3501 A, et am =
8.5788 A, bm =5.6443 A et cm = 4.3479 A,

La microstructure de la martensite 40 NiMnSb modulée possede une caractéristique
d'organisation hiérarchique. Les lamelles fines de martensite sont d'abord organisées en larges
plaques. Chaque plaque posséde 4 variantes apparentées aux jumeaux A, B, C et D formant des
jumeaux de type | (A et C, B et D), de type 1l (A et B, C et D) et des macles composéés (A et D;
B et C). Les interfaces des variantes sont définies par les plans de maclage correspondants. Les
éléments de maclage sont entiérement déterminés pour chaque relation de maclage. Les plaques
sont ensuite organisées en sous-colonies et les sous-colonies en colonies de plaques. Les
plaques voisines d'une sous-colonie et d'une colonie de plaques partagent une interface de
plague commune. Des colonies de plaques avec différentes interfaces de plaques ayant

différentes orientations occupent finalement I'ensemble du grain d'austenite original.
i



Résumé

La OR de Pitsch, spécifiée comme {011}a // {221}m et <011>a // <122>m, est I'OR
effective entre l'austénite cubique et la martensite 40 modulée. Sous cette OR, un maximum de
24 variantes distinctes peuvent étre produites. Les 24 variantes sont organisées en 6 colonies de
variantes distinctes, 12 sous-colonies distinctes et enfin 6 colonies de plaques distinctes. Le
plan de maclage de type | et les interfaces intra-plaques correspondent tous a la méme famille
de plans {011}a de austénite.

La formation des colonies de variantes martensitiques peut étre a la fois intragranulaire et
intergranulaire pendant la transformation de phase La colonie de variantes structurée en
sandwich est I'unité micro-structurale de base de la martensite. Cette structure est composée de
variantes de relation macles et possede des interfaces de variantes internes totalement
compatibles et les plans d'habitat invariants. Les caractéristiques de déformation des variants
en relation de macles conduisent a la fraction de volume élevée de macles de type 1l et affecte
la morphologie des colonies en sandwich. La structure en forme de coin est composée de deux
sandwichs compatibles et reliés par un plan de nervure médiane avec une petite incompatibilité
atomique. Tous ces résultats indiquent que la transformation martensitique est auto-
accommodée et la microstructure est déterminée par lI'auto-accommodation des constituants
microstructuraux.

Ce travail vise a fournir des informations cristallographiques et micro-structurales
fondamentales des alliages NiMnSb pour l'interprétation de leurs caractéristiques magnetiques
et mécaniques associées a la transformation martensitique et des recherches complémentaires

sur l'optimisation des propriétés.

Mots-clés: Alliages multifonctionnels NiMnSb; Relation de macle; Transformation
martensitique; Relation d'orientation; Cristallographie; Tenseur gradient de déformation; Auto-

accommaodation.
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Chapter 1 Literature review

Chapter 1 Literature review

1.1 General introduction

Multi-functional materials, as supporting materials for the development of many scientific
domains, such as information technology, energy science, aerospace science and technology
and so on, are highly valued by the governments and widely investigated by researchers in the
past decades. Generally, this kind of materials can produce some specific functions by an
external stimulation, such as light, electric current, magnetic field, stress and heat. Among these
materials, the shape memory alloys (SMAS) as a new kind of multi-functional materials have
attracted great attention with its advantageous mechanical properties. The first discovery of the
shape memory effect (SME) was in an Au - 47.5 at. % Cd alloy in 1951 [1] by studying the
movement of the boundaries between the B2 cubic austenite and the B19 orthorhombic
martensite [2] during the martensitic transformation. Later, the same effect was discovered in a
Ni-Ti alloy in 1963 [3]. Since then, SMAs such as NiTi-based (NiTiCu [4-7], NiTiFe [8, 9],
NiTiNb [10, 11], NiTiPd [12, 13], etc.), Cu-based (CuAINi [14-16], CuZnAl [17, 18], etc.), Fe-
based (FeMnSi [19], FePt [20], etc.) alloys, which are confirmed to have potential applications
in automotive [21] and aeronautic [22, 23] industries, have been developed rapidly. Among
these materials, the Ni-Ti based SMAs are regarded as the best ones since they have high strain
(up to ~ 8 % [24]). However, the SME of these kind of materials is originated from the
reversible martensitic transformation that is driven by a temperature field. Thus, the working
frequency is very low, which greatly restricts the development and applications of these
materials.

To overcome this disadvantage, magnetic shape memory alloys (MSMAS) were developed
in recent years. The common MSMAs contain NiMn-based (NiMnGa [25-28], NiMnlIn [29-31],
NiMnSn [32, 33], NiMnSb [34-36], NiMnAI [37]), NiFeGa [38, 39], CoNiGa systems [40] and
so on. Among these MSMAs, the NiMnX (X = Ga, In, Sn, Sb) alloy systems have been
considered to be the most promising ones. Different from the traditional SMAsS, these materials

can associate the martensitic transformation with their magnetic properties. Thus, the MSMAs
1



Chapter 1 Literature review

with their magnetic transition temperature at the vicinity of martensitic transformation can
realize phase transformation under an external magnetic field incentivisation. The magnetic
shape memory effect (MSME) was first detected by applying an external magnetic field to a
Hustler type Ni2MnGa alloy in 1996 (~ 0.2 % strain along the [001] direction) [41]. Later,
investigations on enhancing the strain and stress of these materials are widely carried out. To
date, the highest magnetic field induced strain of the NiMnGa alloys has amounted up to 12 %,
which is detected in a quinary NissMn24Ga22Co4Cuas alloy [42]. Moreover, the work frequency
of NiMnGa alloys has reached up to kHz [43, 44]. Such an excellent MSME is originated from
the rearrangement of the martensite variants through interface movements driven by the
external magnetic field. However for the other MSMASs systems, the NiMnX (X = In, Sn, Sb)
alloys, the origin of the MSME is quite different from NiMnGa alloys. In these alloys, the
magnetism of austenite is much higher than that of martensite, so the martensitic transformation
experiences a considerable magnetism drop. Hence, a magnetic induced reverse martensitic
transformation phenomenon can be detected in these alloys [30]. When the materials are
prestrained before reverse martensitic transformation, the reversible phase transformation under
a magnetic field cycle can realize a shape change cycle, hence shape memory effect. In addition,
the sharp change of the magnetism accompanying the martensitic transformation also results in
many different magnetic effects, such as the magnetocaloric effect (MCE) [45-47],
magnetoresistance effect [48-50], and kinetic arrest effect [51]. Moreover, since the martensitic
transformation of the NiMnX (X = In, Sn, Sb) alloys is detected in the off-stoichiometric (Mn
rich) Heusler type alloys [34], the interaction between the Mn-Mn atoms also leads to an
ferromagnetism and antiferromagnetism interaction [52-54] below the Néel temperature. All
these novel properties of these materials provide them with great potential as magnetic shape
memory materials, magnetic refrigeration materials and magnetic recording materials. Hence,
investigations on these materials have been widely carried out in the past decade and these

materials also became one of the most promising multi-functional materials.

1.2 State-of-the-art of NiMnSb multi-functional alloy systems
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This thesis selects the ternary NiMnSb alloys systems as the research materials. According
to the chemical composition of the reported alloys and their specific magnetic properties, the
investigations of NiMnSb alloys can be divided into two parts: one is the half-Heusler type
NiMnSb alloy and the other is the off-stoichiometric Heusler type Nie-xyMna+x+)Shy (0 < X,y
< 1) alloys. Since the first discovery of the NiMnSb alloy as a half-metallic ferromagnets in
1980s [55], researchers have mainly focused on preparing the half-metallic ferromagnetic
NiMnSb thin films using magnetron sputtering and studying the magneto-optical, magnetic and
resistivity properties [56-58]. The specific electronic structure of this material makes it valuable
candidate materials in the domains of spintronics, spin-electron device and microelectronics.
Later in 2004, the martensitic transformation was found in the off-stoichiometric Heusler type
NisoMns7Sbais alloy [34], this granted it special value as MSMA. In addition, with the multiple
magnetic properties mentioned above [47, 50, 54] discovered in this kind of alloys, more and
more researchers pay attention to these materials. To date, almost all of the investigations on
this kind of materials are on the magnetic properties, and few are on the crystal structures,
magnetic structures or martensitic transformation features. Next, the research results on the off-

stoichiometric, Mn rich Heusler type NiMnSb alloys will be overviewed in details.

1.2.1 Crystal structure of NiMnSb alloys

As is known, the crystal structures of the constituent phases as basic information of a
material is of great importance for many related investigations, such as microstructure,
crystallographic features, mechanical properties and so on. The conventional examination
methods consisting of the X-ray diffraction (XRD), the neutron diffraction (ND) and the
transmission electron microscope (TEM) selected area electron diffraction (SAED) have been
applied to investigate the crystal structures of NiMnSb austenite and martensite in the past
decade. It is clear that the high temperature austenite processes a cubic L21 structure, whereas
for martensite, its structure varies with the composition. Both modulated and non-modulated
structures have been reported in ternary NiMnSb alloys with different compositions. In addition,
different structures have been reported for some alloys with the same composition. Hence, the

crystal structure of NiMnSbh martensite is complicated and the reports on it are not consistent.
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As the basis of crystallographic analysis as well as the related physical properties, the detailed

crystal structure information is essential.
1.2.1.1 Crystal structure of austenite

Like other NiMn-based (NiMnGa, NiMnIn and NiMnSn) alloys, the high temperature
phase — austenite, was confirmed to possess an L21 (space group: No. 225, Fm3m) cubic crystal
structure, which has been demonstrated by XRD [36, 59-76] and ND [77-79] measurements.
Using the L21 structure information of Ni2MnSb austenite reported in [60] for lattice parameters
and in [77] for atomic position information as an example, the crystal structure of austenite with

stoichiometric composition is illustrated in Fig. 1.1.

Fig. 1.1 llustration of a unit cell of Ni2MnSb austenite.

It can be seen in Fig. 1.1 that the L2: structure is highly ordered with a high symmetry. It
can be represented by 4 interpenetrating face-centred cubic sublattices: Mn atoms at the 4a (0,
0, 0) positions, Sb atoms at the 4b (0.5, 0.5, 0.5) positions, Ni atoms at the 8c (0.25, 0.25, 0.25)
positions and Ni atoms at the 8c (0.75, 0.75, 0.75) positions. When the composition is Mn rich,
i.e. off-stoichiometric, the excess Mn atoms will occupy the 4b position of Sb atoms in
NizMn@+x)Shx (0 < x < 1) type alloys, and 4b and 8c positions of Sb and Ni atoms in Nic-
»Mnx+y)Shy (0 < X, y < 1) type alloys. However the structure is still of L21 cubic type [77-79].

1.2.1.2 Crystal structure of martensite

Different from the explicit structure of austenite, the crystal structure of the low-

temperature martensite is under clarification. In the past decade, the crystal structure of NiMnSb
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martensite have been investigated using XRD [59, 61, 67-69, 71, 73-76, 80, 81], ND [77, 79,
82] and SAED [34]. All the reported experimental results show that the martensite phase

possesses an orthorhombic crystal structure. The results are summarized and shown in Table

1.1.
Table 1.1 Reported crystal structure information of NiMnSb martensite
Composition Reference, Year  Space group/ Lattice parameters
P & Experiment Structure (a, b, ¢) (A)
NisoMn3z7Sbis [34] 2004 SAED 40 (22) (4.305, 2.885, 8.407)
NisoMn3zsSbi2 (4.289(1), 5.670(1), 21.564(1))
NisoMna7sSbizs  [76] 2008 XRD Pmm?2 (4.296(1), 5.645(1), 21.474(1))
NisoMn3z7Sbis (4.303(1), 5.668(1), 21.467(1))

NissMns75Sb1zs (4.3654, 5.5930, 8.5875) Pmma

Pmma & _ Pnnm

NisoMnaoSbi ~ [75] 2009 XRD Pnm (4.3764, 5.5426, 8.5669) F;r::rr?rﬁ
NicsMnesSh P4/mmm &  (7.6489, 7.6489, 6.9967) P4/mmm
PR Phnm (4.2446, 28.8246, 5.5627) Pnnm

NisoMnzsShi2
NisoMnzg5Sb11.5

(4.29, 21.56, 5.67)
(4.30, 21.47, 5.65)

[80] 2009 XRD  Orthorhombic
NisoMnssShi2 [73] 2009 XRD Pmma (8.560, 5.565, 4.351)
NisoMn37Sb1s [79] 2010 ND Pmma (8.553(2), 5.590(2), 4.342(2)) 5K

NisoMnze.5Sb125B1
NisoMnz6.5Sb12B15

(8.593, 5.662, 4.350)
[71] 2010 XRD 40 Pmma (8.579. 5,660, 4.341)
NisoMnssSbizB1  [67] 2011 XRD 40 (8.574(8), 5.625(3), 4.348(1))

NisoMnssSbiz (8.59(2), 5.56(2), 4.38(2)) 6K

[77] 2014 ND Pmma (8.60(2), 5.56(2), 4.38(2)) 300K
NissMn3sCosSbi2 (8.57(2), 5.57(2), 4.36(2)) 6K
NisoMn3sSha2 [68] 2011 XRD Pmma (8.574(8), 5.625(3), 4.348(1))

(8.573(2), 5.7144(9), 4.3272(9))

NisoMnz7Sbis [82] 2011 ND Pmma 270K

‘—— represents the related lattice parameters having not been given in the literature.

Among the above investigations, the crystal structure of NisoMnszSbiz martensite was

firstly investigated by Sutou et al. using TEM in 2004 [34]. According to the SAED pattern
5
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obtained, they suggested that it has a four-layered orthorhombic (40, where ‘O’ stands for
orthorhombic) (22) crystal structure. In addition, they pointed out that the modulation direction
is along the a-axis and one martensite unit cell contains two sub cells arranged along the c-axis.
For explicitly, we refer the direction or axis along which the sub cells stack as the stacking
direction or axis. Later, Khan et al. carried out a thorough investigation on the crystal structure
of NisoMns+x)Sbes-x) alloys using XRD [76]. They found that when x > 13, the alloys possess
a modulated orthorhombic structure with space group Pmm2 (No. 025). However they thought
that one martensite unit cell contains more sub cells and the stacking direction is along the c-
axis, which can be seen from the given lattice parameters in Table 1.1. In 2009, Aksoy et al.
studied the effect of changing Sb-concentration on phase composition and the corresponding
crystal structure of NisoMnso-xShx alloys using XRD (Co Ko radiation) [75]. The results
revealed that for x <12.5, the alloys were in martensite state. By XRD pattern simulation, they
found that the martensite phase of NisoMns7.5Sbi2s and NisoMnsoSbio alloys possesses a mixed
orthorhombic structures, one being 40 with space group Pmma (No. 051) (stacking direction:
c-axis) and the other is seven-fold (7-fold) [75] modulated orthorhombic structure with space
group Pnnm (No. 058) (stacking direction: b-axis). Moreover, they also studied the crystal
structure of NisoMn4sShs alloy and found a 7-fold orthorhombic and L1o tetragonal (space group:
P4/mmm (No.125)) mixed structure. It was the first time that an L1o structure is reported for the
NiMnSb martensite. Similarly, Dubenko et al. also reported such an orthorhombic structure
with the b-axis as the stacking direction, like the 7-fold orthorhombic structure [75] discovered
in NisoMn3sSbi2 and NisoMnsssShiis alloys [80]. For the 40 structure, Rao et al. also held a
different opinion from that of Aksoy et al. on the stacking direction [73]. From the XRD
patterns obtained at different temperatures of NisoMnssSbiz, they observed the changes of the
diffraction peaks during the heating process (reverse martensitic transformation process) and
concluded that the stacking direction is along the a-axis. This structure was later confirmed in
some other ternary and quaternary NiMnSb alloys [61, 68, 71, 77, 79, 82]. However, Najak et
al. thought that this structure should be a ten-layered modulated orthorhombic but not 40.

It can be seen that, owing to the presence of structural modulation, there exist controversies

over the modulation period, the direction and the space group. The alloys with the same or

6
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similar compositions were reported to possess different crystal structures in different studies.
Since the crystal structure information is prerequisite for crystallographic orientation analyses,

it is necessary to obtain accurate crystal structure information of these alloys.

1.2.2 Microstructure of NiMnSb alloys

It is known that the properties of the NiMnX (X = In, Sn, Sb) alloys, especially the shape
memory effect, are closely related to the microstructure features of the parent austenite and the
product martensite. As a kind of multi-functional material, the improvement of the properties
are extremely important and of significance. Hence, a thorough investigation of the
microstructure characteristics of NiMnSb alloys is essential. However, the study is at the
beginning state.

Rao et al. were the very first to conduct such study. With the help of scanning electron
microscope (SEM), they observed the microstructures of NisoMnssShi2 martensite for the first
time [73]. The backscattered electron (BSE) micrograph of martensite is shown in Fig. 1.2.
They observed that the NisoMnssSbi2 martensite has a surface relief and is composed of large
amount of thin plates (~ 5 um wide) with different stretch directions. They believed that these

martensite plates should be twin related.

Fig. 1.2 Backscattered electron (BSE) micrograph of NisoMnssShi2 martensite [73].
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Fig. 1.3 Optical microscope images taken at room temperature for: (a) NissCosMnszsShi2 taken
before temperature cycling, (b) NissCo2MnssShi2 taken before temperature cycling, (c)
NissC02MnssShi2 taken with higher magnification and (d) NissCo2MnssShi2 taken after
temperature cycling [83].

Nayak et al. studied the effects of repeated martensitic transformation on thermal and
magnetic properties in NiCoMnSb alloys [83]. They used the optical microscope (OM) to
observe the original microstructures of NissCosMnssShiz austenite and NissCo2MnssShi2
martensite before temperature cycling as shown in Fig. 1.3(a) and Figs. 1.3(b) and (c). Similar
to the microstructure features of the ternary NiMnSb martensite, the NiCoMnSbh martensite also
consists of large amount of broad plates with different widths and orientations. Within the broad
plates, many fine lamellae can also be observed. After the temperature cycling, the martensite
phase still presents the plate-like microstructure. However, many microcracks are generated
along the boundaries between the neighboring broad plates, as shown in Fig. 1.3(d). This
resulted from the poor mechanical properties of this material. They pointed out that the
appearance of these microcracks plays an important role in increasing the resistivity of this

material.
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To sum up, both the OM and SEM observations demonstrated that the martensite of
NiMnShb alloys possesses a plate-like microstructure. In addition, twin relationships between
neighboring fine lamellae have been speculated. However, all these investigations are confined
to morphological observation. Due to the absence of the detailed crystal structure information,
further crystallographic information of NiMnSb martensite e.g. twin type, twinning elements,
twin interface planes, variants distribution, etc. is not available, imposing difficulty in
interpreting the microstructure-related properties of these alloys. Hence, the corresponding
studies is necessary and can provide fundamental information for these alloys, which will be

useful for further investigations on properties optimization of NiMnSb alloys.

1.2.3 Multiple performance of NiMnSb alloys

As magnetic materials, the occurrence of many magnetic responses in NiMnSb alloys
always accompanies the structural and magnetic transitions. Generally, in NiMnSb alloys, there
exist one first-order and two second-order phase transformations: martensitic transformation
(from high-temperature austenite to low-temperature martensite), paramagnetism-
ferromagnetism transition in austenite and paramagnetism-antiferromagnetism transition in
martensite, corresponding to three characteristic temperatures: martensitic transformation
temperature, Curie temperature and Néel temperature, respectively. The MSME, MCE,
exchange bias effect and magnetoresistance effect are all closely related to these
transformations. Since these properties make the materials potential candidates as magnetic
shape memory, magnetic refrigeration and magnetic recording materials, many investigations

have been carried out on properties optimization and enhancement.
1.2.3.1 Magnetic shape memory effect

In NiMnSb alloys, the MSME is originated from the magnetic-field-induced strain (MFIS).
Since the parent austenite is a high-magnetism phase, the application of an external magnetic
field could stimulate the reverse martensitic transformation in these alloys. The relationship
between the intensity change of the external magnetic field AH and the drop of the phase
transformation temperature AT can be associated with the following Clausius—Clapeyron

relation [30]:
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Here AM and AS are the differences of the magnetization and entropy between austenite
and martensite. Obviously, these two parameters are two decisive factors to the magnetic
driving capability. Hence, the alloys whose Curie temperature of austenite (T2) is higher than

the martensitic transformation temperature are more favorable as the MSMAs.
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Fig. 1.4 Recovery strain at 290 K induced by a magnetic field for NisoMns7Sbh1s polycrystalline
alloy [36].

To date, the investigations of the MSME in NiMnSb alloys are not numerous. Du et al.
studied the recovery strain induced by the magnetic field in a polycrystalline NisoMns7Sbh1s alloy
[36]. Fig. 1.4 shows the strain versus magnetic field curves for NisoMnsz7Sb1s polycrystalline
alloy (without prestrain). It can be seen that, a 15 ppm recovery strain was obtained under a 1.2
T magnetic field, and ~ 4 ppm strain was detected in the removing process of the magnetic field.
Higher recovery strain could be acquired by increasing the intensity of the external magnetic
field, since the recovery strain has not reached saturation at 1.2 T. Hence, a reversible, two-way
MSME was detected in this alloy.

Yu et al. investigated large temperature and MFIS in polycrystalline NiMnInSb alloys [35].
Figs. 1.5(a) and (b) show the temperature and magnetic field dependence of the spontaneous

phase transformation for NiMnInSb alloys. In Fig. 1.5(a), it can be seen that with the increasing
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of the Sb concentration, a + 1.7 % spontaneous phase transformation strain was obtained during
the cooling and heating processes for NisoMnssInsSbe alloy, which has been largely enhanced
compared with the Sh-free NisoMnsslnis alloy (¥ 0.08 %). By applying a magnetic field to the
NisoMnsslnsShe alloy at 295 K (in martensite state), a magnetic-field-induce reverse martensitic
transformation and a large strain (up to 1.7 % at 9 T magnetic field) was detected as shown in
Fig. 1.5(b). In the removing process of the magnetic field, no reversible length change was
detected. These results indicate that the magnetic field induced MSME is not reversible. It

happens only during the magnetic-field-induced reverse martensitic transformation.
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Fig. 1.5 (@) Temperature dependence of the spontaneous phase transformation strain for
NisoMnssln@aaxSbx (x = 0, 2, 4, 6) alloys and (b) field dependence of the strain for
polycrystalline NisoMnsslnsShe alloy that measured along the direction of sample solidification
during arc melting [35].

To date, a reversible, two-way MSME has been detected in ternary NisoMns7Sbhis
polycrystalline alloy. With the doping of Sb element, the spontaneous phase transformation
strain of polycrystalline NiMnlIn alloys was largely enhanced. In addition, a large strain that is
originated from the magnetic-field-induced reverse martensitic transformation was also
detected in this alloy. Although large MFIS are frequently reported in NiMnGa alloys systems,
the excellent MSME is only achieved in single crystal. As is known, the cost of single crystal
preparation is much higher than polycrystalline alloy preparation. The shape and size of the
single crystal alloy is also largely restrained. Moreover, the price of Ga element, as well as In

and Sn elements, is much more expensive than Sb. All these factors determine that the
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polycrystalline NiMnSb alloys should be a promising candidate as cost-economic and

performant MSMAs.
1.2.3.2 Magnetocaloric effect and magnetic refrigeration

The MCE is a thermal-magnetic property of magnetic materials. It represents a
temperature change under an actuating magnetic field. To characterize this property, one
conventional way is to calculate the maximum entropy change (ASm) of the material under an
applied magnetic field around the Curie temperature or martensitic transformation temperature
with the help of the measured isothermal magnetization curves and the integrating Maxwell

relation:

H

AS(T,H)y = f

o \aT

(a—M) dH | (1.2)
H
Then, with the obtained AS(T,H),, curve, the refrigeration capacity (RC) can be calculated
by integrating the curve over the full width at half maximum using the following equation:

T,

RC = j AS,,dT . (1.3)

Ty
It should be emphasized that, this RC is composed of two parts: one is the hysteresis loss and
the other is the effective RC. Hence, to acquire the effective RC, the hysteresis loss need to be
calculated by integrating the measured Isothermal hysteresis loops.

Fig. 1.6 shows an illustration of the MCE in NiMnX (X = In, Sn, Sb) alloys [45]. Here we
consider an adiabatic magnetization process. When an external magnetic field is applied to the
paramagnetic martensite, the magnetic moments will be aligned in the field direction. Then the
magnetic entropy will be reduced and the material will be heated and release heat to the
environment, as shown by the top figures in Fig. 1.6. If the magnetic field is applied near the
martensitic transformation temperature, it will induce reverse martensitic transformation. As
the transformation involves entropy increase from martensite to austenite, under an adiabatic
circumstance, the material will be cooled down, as shown by the figures in the middle of Fig.
1.6. The net MCE is a summation of these two MCEs: the MCE from magnetic spin alignment

and from structural transition. As the latter effect is higher than the former, the resultant effect
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is a temperature decrease of the material. Hence, the material will absorb heat from the

environment and generate a magnetic refrigeration effect.

MCE from magnetic
spin alignment

MCE from structural
transition

|

Net MCE

Fig. 1.6 Contributions from the magnetic and structural part for a first-order magnetic transition
to the magnetocaloric effect (MCE) [45].

The investigation of MCE for NiMnSb alloys systems was conducted in ternary
NisoMn@7+x)Sbas-x) (x = 0, 0.5, 1) polycrystalline bulk alloys for the first time in 2007 [47]. A
ASm of 19.1 J-(kg-K)™* and 8.9 J-(kg-K)* were obtained at 297 K by applyinga5 Tand 2 T
external magnetic fields for NisoMn3sSbi2 alloy. In addition, the RC of NisoMns7Shais alloy was
also studied. Results show that it possesses a ~ 32 J-kg™ for RC, while the hysteresis loss is ~
13 J-kg?. Hence, the effective RC is ~ 19 J-kg™. Obviously, the large hysteresis loss in
NisoMn7+x)Sbasx) System is an obstacle for its use as a competent magnetic refrigeration
material.

The MCE for ternary NisoMno-x)Shx (X = 13, 14, 15) alloys were studied by Du et al. and
Chatterjee et al. later [36, 84]. The results revealed that a ASm = 9.1 J-(kg-K)* was detected in
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NisoMns7Shais alloy at 287 K with a 5 T magnetic field. Compared with the reported results by
Khanetal. [47], sucha ASm is much lower thus this material could not be a promising magnetic
refrigeration material.

Later, Feng et al. made a thorough investigation on MCE in the temperature regions of
martensitic transformation and paramagnetism-ferromagnetism transition in austenite for Niso-
»Mn@sx)Shi2 (x = -1, 0, 1, 2) alloy system [72, 85]. The temperature dependences of entropy
change are shown in Fig. 1.7. It can be seen that the entropy change of martensitic
transformation possesses a positive value, while turns to negative for the paramagnetism-
ferromagnetism transition in austenite. The ASm reaches 21.9 J-(kg-K)* at 279 K for
NisoMn3zoShi2 with a 5 T magnetic field, which is the highest one among all the reported results
in ternary NiMnSb alloys. In addition, for NissMnsgsSbi2 alloy, with a 1 T magnetic field, the
ASm also reaches 6.15 J-(kg-K)* and with only 0.9 J-kg? hysteresis loss. Hence, this alloy

demonstrates promising potential as room-temperature magnetic refrigeration material.
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Fig. 1.7 Magnetic entropy changes in the temperature regions of (a) martensitic transformation
[85] and (b) magnetic transition in austenite [72] for Niso-xMnas+x)Sbiz (x = -1, 0, 1, 2) alloys
with a magnetic-field change from0to 5 T.

Although ternary NiMnSb polycrystalline alloys have an excellent MCE compared with
NiMniIn and NiMnSn polycrystalline alloys [46, 86], the ASm is still low. Alloying, as one of
the most efficient way to enhance the ASm, has been widely studied by researchers in recent

years. Element doping using Cu [69], Fe [66], B [67], Co [74, 87] and so on to ternary NiMnSb

14



Chapter 1 Literature review

alloys are studied recently. All the results show that the ASm have a certain increase compared
with the parent ternary NiMnSb alloys, especially for Co doping.

Nayak et al. studied the MCE of forward [87] and reverse [74] martensitic transformation
in NiCoMnSb alloys for the first time. The ASm detected in a NissCosMnssShi2 polycrystalline
alloy with a 5 T magnetic field at ~ 260 K is 68 J-(kg-K). Compared with the one reported in
the parent NisoMnzsSbi2 alloy (17.7 J-(kg-K)* at 273 K with a 5 T magnetic field) [47], the
value has been largely enhanced. In addition, the effective RC of this alloy is 74 J-kg™, also
much larger than the one observed before [47]. Since Co has a lager magnetic moment
compared with the replaced Ni, Co doping is an efficient way to enhance the value of ASm.

Effect of pressure on martensitic transformation and MCE for NiCoMnSb alloy was also
studied by the group of Nayak et al. [88]. The results indicated that pressure can stabilize the
martensitic state, i.e. increase the martensitic transformation start temperature. The martensitic
transformation start temperature has increased by 28 K for NissCosMnssSbi2 under an 8.5 kbar
pressure, while by 25 K for NissC04MnssShi2 under a 9 kbar pressure. In addition, the pressure
can also decrease the ASm. For NissCosMnssSbhiz alloy, the ASm increased first from 41.1
J-(kg-K)* (without pressure) to 46 J-(kg-K)™ (with a 1.1 kbar pressure), and then decreased to
32.5 J-(kg-K) (with a 8.5 kbar pressure). For NissC0osMnssSbi2, the ASm decreased from 32.3
J-(kg-K)* (without pressure) to 16.5 J-(kg-K)* (with a 9 kbar pressure) continuously. The
decrease in MCE can be attributed to the weakening of the martensitic transformation, which
results in smaller difference in the magnetization between austenite and martensitic and causes

a reduction in the (6M/0T)y value.
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Fig. 1.8 (a) ASm as a function of temperature in NisoxCoxMnaoShio (x =9, 9.5); (b) isothermal
magnetization curves and hysteresis losses around the martensitic transformation temperature
for Ni21CosMn4oShio alloy [89].

Moreover, they also studied the MCE in NisoxCoxMn4oShio (x = 9, 9.5) alloy [89].
Although the ASm is very small, 9.2 J-(kg-K)™ and 8.2 J-(kg-K)™* for x = 9 and 9.5 respectively,
the MCE peak is quite broad, i.e. has an excellent RC, as shown in Fig. 1.8(a). In addition, the
hysteresis loss is very low, as displayed in Fig. 1.8(b). Thus, a remarkable 106 J-kg™ effective
RC is finally obtained in Nis1CosMna4oShio alloy.

Based on the reported high ASm in NiCoMnSb alloys system, Roshnee et al. and Sahoo et
al. investigated the effect of Ga, Si [90] and Ge [81, 91] substitutions on the MCE, respectively.
A ASp of 70 J-(kg-K)* was detected in the Si-doped alloy, NisCosMn3sSb11Siz alloy, at 273.5
K under a5 T magnetic field. It is the highest entropy change that has been detected in NiMnShb-
based polycrystalline bulk alloys, so far. For Ga and Ge substitutions, the ASm is decreased
compared with the corresponding parent alloy. However, a remarkable MCE peak broadening
phenomenon was observed for Ga substitution, which is considered to be contributive to the
RC in this alloy.

The MCE of NiMnSb alloys in other states like ribbon and thin films are also investigated.
For an annealed NissC0sMnssSha2 ribbon, a ASm = 32.5 J-(kg-K)* was acquired [92], which
has a 3.5 J-(kg-K)* increase compared with the bulk sample that possesses the same

composition [74]. A 23 mJ-(cm3-K)* and a 15.2 mJ-(cm3K)' ASm were detected in
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Niz9.8Mn32.97Al4.43Sb12.8 [59] and NisoMnse.3ShiosAlss [93] thin films, respectively. All these
results have enriched the MCE investigations in NiMnSb alloys.

Although an excellent MCE and RC have been detected in NiMnSb alloys, there still exists
deficiency with respect to the other types of NiMn-based Heusler alloys [94-97]. This mainly
results from the relatively low ASm, the narrow MCE peak and the high hysteresis loss in these
materials. In addition, decreasing the high actuating magnetic field is also necessary, not only
to reduce the cost but also to increase the practicability. Hence, property optimization is still

needed for the practical applications of these alloys.
1.2.3.3 Exchange bias effect

Exchange bias effect was first discovered at the surface of a Co (core) — CoO (shell) clad
material in 1956 [98]. This effect can be described as a shift of the hysteresis loop as displayed
in Fig. 1.9. It can be seen that after the specimen is cooled under a magnetic field (the so-called
field cooling) to a certain temperature, the hysteresis loop at this temperature shifts toward the
negative magnetic field direction in the figure. The exchange bias field (Hes) is defined by the
shift of the hysteresis loop, as shown Fig. 1.9. For the specimen that is cooled without the
magnetic field (the so-called zero field cooling), a double shifted loop [66] can be observed
which indicates the existence of the antiferromagnetic region and the exchange bias effect in

this material [66].
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Fig. 1.9 Hysteresis loops at 5 K for NisoMnssFe2Sha2 alloy after zero field cooling (ZFC) and
field cooling (FCC). The definitions for the exchange bias field (Hes) is indicated in the figure
[66].
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For a ferromagnetism and antiferromagnetism concomitant system, when it is cooled down
from a temperature between Curie temperature and Néel temperature under a magnetic field to
a temperature lower than Néel temperature, the exchange bias effect will occur. This effect is
originated from a unidirectional magnetic anisotropy at the interface of the ferromagnetic and
antiferromagnetic couplings. The pinning effect of the antiferromagnetic region to the adjacent
ferromagnetic region is the origin of the hysteresis loop shift. Potential technological
applications of the materials as permanent magnet materials and high density recording media
can be achieved by this effect [99].

In NiMnSb alloys, the exchange bias effect was first studied by Khan et al. in 2007 [100].
The experiment was conducted in polycrystalline bulk NisoMnz2s+xSh2sx (12 < x < 13.5) alloys.
A maximum shift of the hysteresis loops, i.e. the Hes, up to 248 Oe was detected in
NisoMnsgsSbi1s alloy at 5 K under a 5 T cooling field. Later, Rao et al. investigated the
exchange bias effect in NisoMnso-xShx (12 < x < 14) alloys. A 230 Oe Hes was obtained in
NisoMn3sSbi2 alloy at 10 K under a5 T cooling field, which is a little lower than the one reported
in NisoMnsssSbis alloy. In 2012, Wang et al. studied the effect of temperature on Hes in
NisoMn3ssShis alloy [101]. With a 5 T cooling field, a 223 Oe Hes was obtained at 5 K, then it
rose to 413 Oe at 55 K, which is the highest Hes that has been reported in ternary NiMnSb
alloys, and finally dropped to 39 Oe at 95 K. In addition, they also carried out an investigation
on the exchange bias effect through zero field cooling from different remanent states in this
alloy [102] and obtained a maximum of 270 Oe Hes with a 2.437 emu-g* remanence.

As a promising magnetic recording material, a high Hes and a high blocking temperature
are essential to the material. In order to obtain a higher Hes, elements like Co [68, 103], Fe [66],
Al [61, 63], Ge [63], Cr [50] etc. are doped into the ternary NiMnSb alloys. Results show that
the doping of these elements can enhance the Hes [50, 63, 66, 68]. Moreover, the doping of Al
can also increase the blocking temperature of the alloy [63]. However, the maximum Hes
obtained was only 480 Oe, which was detected in a NissMn3sCosSbi2 alloy at 3 Kundera5 T
cooling field [68]. In 2011, Nayak et al. prepared powder Niso-xCoxMnssShi2 (x = 0, 5) alloys
using the ball milling method. This time with a same cooling magnetic field and also at 3 K

temperature, a huge Hes up to 3200 Oe for NisoMnssShi2 alloy was detected, just as shown in
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Fig. 1.10 [104], which is ~ 13 times larger than the one reported in bulk sample with the same

composition.
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Fig. 1.10 Magnetization isotherms measured at 3 K after field cooling the sample in different

fields. The inset shows the cooling field dependence of Hes and exchage bias magnetization
(Meg) at 3 K [104].

To increase the blocking temperature, Akkera et al. prepared a NiMnSb (ferromagnetism)
/ CrN (anti-ferromagnetism) heterostructure deposited by magnetron sputtering which can even
show the exchange bias effect at the Néel temperature of CrN (270 K) [64]. Although the
maximum Hes = 148 Oe was detected at 10 K temperature, a 10 Oe Hes can still be detected at
295 K, which proposed a new approach to develop a room temperature NiMnSh based magnetic
recording material.

Besides the bulk sample, the exchange bias effect in ribbon [62, 92] and thin films [54] of
NiMnShb alloys were also investigated. The maximum Hes = 610.83 Oe was obtained in a
NisoMnss.3Shio.4Al33 thin film at 10 K [54], a little higher than the bulk sample but also much
lower than the one reported in the powder sample.

To summarize, a considerable Hes has been acquired in NiMnSb alloys. However, the
material possessing a high blocking temperature together with a high Hes is still not found. As
is known, in NiMnX (X = In, Sn, Sb) Heusler type alloys, all the Mn atoms on normal Mn sites
have a ferromagnetic interaction, while the excess Mn atoms occupying the X sites are coupled

through antiferromagnetic interaction to the surrounding Mn atoms. The antiferromagnetic
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interaction between the Mn atoms will be enhanced with the decreasing of the distance between
Mn atoms at X sites and the normal sites. Hence, a thorough investigation of the crystal and
magnetic structures of these alloys is essential and of significance to understand the exchange

bias effect and further investigations on property optimization.
1.2.3.4 Magnetoresistance effect

Magnetoresistance is a physical quantity to describe the variation of the electrical
resistivity of a material under an external magnetic field. In NiMnX (X = In, Sn, Sb) alloy
systems, during the martensitic transformation, the alloy will undergo a magnetostructural
transformation from the high symmetry austenite to a low symmetry martensite, which results
in the variation of the band structure. This may lead to a density change near the Fermi level
and finally displays as a sharp electrical resistivity change near the martensitic transformation

temperature [105] as shown in Fig. 1.11.
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Fig. 1.11 Temperature variation of electrical resistivity for 0 and 10 T in Niz1CosMn3sShii alloy
[106].

Moreover, the external magnetic field also can lead to an reverse martensitic
transformation. Thus a considerable MR, as demonstrated in Eq. (1.4), can be acquired in the

temperature region of martensitic transformation.

p(H) — p(0)
p(0)

The magnetoresistance effect in NiMnSb alloy system was first studied in 2007 by Yu et

Magnetoresistance = (1.4)

al. [106]. An over 70 % recoverable magnetoresistance was detected in a Nis1CosMn3zgShi1
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polycrystalline bulk alloy between 230 ~ 250 K under a 13 T magnetic field. The discovery of
such a large magnetoresistance in NiCoMnSb alloy attracted the attention of the researchers.
Many approaches have been carried out later with an aim to increase the magnetoresistance
value. Part of the reported magnetoresistance are listed in Table 1.2. However, the magnitude

obtained by Yu et al. [106] has not been surpassed.

Table 1.2 Part of the reported magnetoresistance in NiMnSb alloy systems.

Composition Reference  Magnetic field Temperature  Magnetoresistance
Nis1Co9Mn3zeShi1 [106] 2007 13T 230 ~ 250 K > 70 %
Ni43C07MnssShi2 [87] 2010 5T ~100 K 34 %
NisoMnszFe1Shi2 293 K 10 %
NisoMnssFe2Shaz [66] 2011 5T 289 K 21 %
NisoMn3sFesShi2 210 K 4%
NissCosMnazsShi2 ~290 K 38 %

NissCosMnssSh11Ger  [81] 2012 5T ~ 260 K 39 %
NissCosMnzsShoGes ~250 K 10 %
NisoMn3sCriShis [50] 2013 5T ~320K ~12%

NISOMn3?Sb13 ~ 295 K 4%

as-spun ribbon

NisoMnarSbis [62] 2013 5T ~ 240 K 13 %
annealed ribbon

NisoMn3z7Sb13 ~ 270K 20 %

bulk
N|46C04Mr_1388b12 295 K 10 %
as-spun ribbon
NisgCosMnzeSbiz g1 9393 5T 286 K 14 %
as-spun ribbon
Nis6C04Mn3sSh12 ~ 290 K 28 %

bulk

It can be seen that, the magnetoresistance listed above were all obtained under a large
magnetic field (> 5 T). Although the maximum magnetoresistance amounts to 70 %, the high
external magnetic field is still an obstacle for practical applications. Hence, investigations on
decreasing the external magnetic field and increasing the magnetoresistance of NiMnSb based

alloys are still in need.
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1.3 Martensitic transformation crystallography

1.3.1 Development of the martensitic transformation crystallography

Martensitic transformation is a solid to solid phase transformation, which can be observed
in many materials, e.g. metals, alloys and ceramics [107]. During the transformation there is no
diffusion or rearrangement of atoms. Hence, it is also called a displacive first-order phase
transformation.

In SMAs (containing MSMAS), this transformation plays an important role in the
thermomechanical and thermomagnetic properties of these alloys. During the martensitic
transformation, the material always transforms from a high-temperature, high symmetry parent
austenite phase to a low-temperature, low symmetry product martensite phase with an abrupt
change of the crystal structure. Actually, there is a temperature interval in which the two phases
can coexist. The misfit of the crystal lattice between the two phases will bring out the elastic
strain. Hence, it is essential to reduce the strain during the nucleation and growth processes of
martensitic transformation.

Martensitic transformation crystallography, as an important research field of martensitic
transformation, can reveal the change of crystal structure and the physical mechanism of the
phase transition.

In 1924, Bain proposed a phase transformation mechanism based on an investigation of
the martensitic transformation from body-centered cubic austenite to body-centered tetragonal
martensite in high-carbon steel [108]. This mechanism is based on condition of the minimum
atomic displacements during phase transformation, which is called Bain distortion or Bain
model nowadays. Although Bain distortion is not an invariant plane strain, it is still the
fundamental of martensitic transformation crystallography.

In the early 1950s, researchers realized that the martensitic transformation is an invariant
plane strain, which possesses an invariant (undistorted and not rotated) phase interface, i.e. the
habit plane, together with a special orientation relationship (OR) between the two phases. With
the help of matrix calculations and Bain model, two independent theories, W-L-R theory

(proposed by Wechsler, Leiberman and Read in 1953 [109]) and B-M theory (proposed by
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Bowles and Mackenzie in 1954 [110-113]) were proposed to describe the deformation of
martensitic transformation, respectively, which formed the early phenomenological theories of
martensitic transformation. Although the deformation were described differently in
mathematics in the two theories, they are equivalent.

Later in 1987, with the consideration of elastic strain energy, the knowledge of nonlinear
elasticity theory and continuum theory were combined with the phenomenological theories of
martensitic transformation and finally generated the so-called nonlinear elasticity theory of
martensitic transformation by Ball and James [109, 114]. One of the achievements of this theory
is to predict/construct the microstructure of martensite just based on the lattice parameters of
the two phases. In addition, with the help of crystallographic calculations, information like twin
relationships between martensite variants, the twinning elements, the habit planes and OR
between austenite and martensite and other interfaces in martensite can also be resolved by

applying this theory.
1.3.2 Brief introduction of the nonlinear elasticity theory of martensitic
transformation and microstructure construction

The content of this part are summarized based on the following references: [107, 114-123].
Before the introduction, some basic hypothesizes and theorems are needed to be clarified first.
The first one is the Cauchy-Bron hypothesis [124]. This hypothesis says that with a given
deformation gradient tensor F, any lattice vectors of the original state r, will be transformed to
anew lattice vector rq of the deformed state, which can be described with the equation as below:

ry=Fr,. (1.5)
With this hypothesis, the atomic motion is associated with the macroscopic motion. The
equation indicates that the deformation of martensitic transformation is considered to be linear
and homogeneous.

The second one is the kinematic compatibility condition. Actually, this theory indicated
that the construction of the microstructure in martensite phase is based on a minimization of the
energy. As we all know, the interfaces between two different oriented regions can be coherent,

semi-coherent and incoherent. Among these three types, the coherent interface obviously has
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the minimum interfacial energy. Hence, when a body is deformed differently along each side
of a plane, as illustrated in Fig. 1.12, this plane could be a coherent interface after the
deformation if and only if the two given deformation gradients, F and G, satisfy the following
condition:

F -G =a®n. (1.6)

Here, a represents a vector on the plane and n is the normal vector of the plane.

y=Fx+¢c

Fig. 1.12 Illustration of the kinematic compatibility condition. F and G are two deformation
gradients of the two regions Qu and Q2 which are separated by a plane with normal vector n
(transformed to m after the deformation) [107].

The third one is the description of the martensitic transformation deformation. In this
theory, the deformation of martensitic transformation F is considered to be composed of two
parts: a first pure stretch distortion U and a subsequent pure rigid rotation R. Hence, the
deformation gradient can be expressed as below:

F = RU. (1.7)
It is worth mentioning that the pure stretch distortion U represents the Bain distortion. Hence,
the rotation R is imperative to keep an invariant plane strain and a minimization of the energy
during the phase transformation.

The last one is the polar decomposition theorem. This is a mathematic theorem describes
that for a given positive definite matrix L, there exists a unitary matrix M and a Hermitian matrix
N such that

L = MN. (1.8)
In physics, the positive definite matrix, unitary matrix and Hermitian matrix can be used to

describe deformation, extension and rotation. Hence, for any deformation, it can be
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decomposed to a pure stretch distortion and a pure rotation. Hence, Egs. (1.7) and (1.8) are
equivalent.

In the study of martensitic transformation and the transformed microstructures, three
typical types of martensite named wedge-shaped, triangle-shaped and diamond-shaped can be
generated at the beginning stage of the phase transformation, as illustrated in Figs. 1.13(a) ~
(c). According to the introduction of the theory, the habit planes between austenite and
martensite as well as the interfaces between different martensite variants should be coherent, to
minimize the interfacial energy. However, this situation is sensitive to the lattice parameters of
the parent and product phases. Hence, more complicated microstructures such as a twin within
a twin [107] (as displayed in Figs. 1.13(d) and (f)) and a twin within a twin within a twin [118]
(as displayed in Fig. 1.13(e)) were found in some alloys. Generally, the lattice parameters of
the two phases cannot make all the observed interfaces coherent. Therefore, the atoms in the
vicinity of some interfaces between martensite variants will have a small mismatch, i.e. an

incoherent interface as marked in Fig. 1.13(f), to keep a coherent habit plane.

(a)austenite (b)

austenite (c) austenite

(d)

Mismatch

Fig. 1.13 Illustrations of different shaped martensite that forms at the beginning stage of the
martensitic transformation: (a) wedge-shaped, (b) triangle-shaped, (c) diamond-shaped, (d) and
(e) wedge-shaped with fine lamellae twins and (f) diamond-shaped with fine lamellae twins
[107, 118-120]. The twin related variants in Figs. 1.13(d) and (e) are marked with blue arrows.
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Thus, with these tools the microstructure construction work can be effectuated. During the
construction process, the first step is to calculate the deformation gradient of Bain distortion
and add a rotation to judge if a single variant can satisfy an invariant plane strain, i.e. can obtain
a coherent phase interface with the austenite with the help of the kinematic compatibility
condition. If it could, then investigations on the compatibility of the interfaces between different
variants with the given models can be continued. If not, more complicated microstructures and
calculations should be taken into account and carried out. Compatibilities on the interfaces of
different variant combinations, and between different variant combinations and the parent
austenite are needed to be considered.

As summarized, the crystal structure information is a decisive factor to the morphology of
martensite. The organization of the phases and martensite variants, characterizations of
different interfaces between martensite variants, deformation gradient tensors of different
martensite variants and even their ORs all can be resolved with the help of the nonlinear
elasticity theory [125] of martensitic transformation and the lattice parameters of the
corresponding phases. In addition, the phase transition path, volume distortion and the misfit
between the two phases which can affect the phase transition resistance can also be studied with
this theory. For NiMnSb alloys, the magnetic properties are closely associated with the
martensitic transformation. The practical applications of these properties require repeated phase
transitions of materials. A high phase transition resistance will be disadvantageous to their
applications. Hence, a thorough investigation through crystallographic analysis of the
microstructural configuration in NiMnSb alloys is essential, which can provide fundamental
information of these materials and be useful for further compositional regulation and control

and the subsequent magnetic and mechanical properties optimization of these materials.

1.4 Content of the present work

As a novel multi-functional material, many aspects of the Heusler type NiMnSb alloys,
such as crystal structure, microstructure, magnetic properties and mechanical properties etc.,
have been widely investigated in the past thirteen years. However, many fundamental issues of

this material have not been fully revealed, which largely restricts the development of this new
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kind of multi-functional materials. For example, the crystal structure of martensite, as the basis
information of the material is still controversial. Due to the lack of the accurate crystal structure
information, further crystallographic orientation analyses have not yet been carried out with the
electron backscatter diffraction (EBSD) technique. In addition, the microstructural and
crystallographic features of martensite, which plays an important role in the consequent
magnetic properties have not been reported until now. Hence, the related investigations are in
great need and of significance.

Based on such a background, the present work was oriented to carry out a thorough
investigation on microstructural and crystallographic features of martensite phase, and the
martensitic transformation mechanism in ternary NiMnShb alloys. The main contents of this
work can be summarized as below:

(1) Crystal structure determination and crystallographic features characterization of
NisoMnssSbi2 martensite by means of XRD diffraction and SEM EBSD techniques.
(Chapter 4)

(2) Study on martensitic transformation OR and martensite variant organization in
NisoMn3sShi2 alloy by means of SEM EBSD technique. (Chapter 5)

(3) Investigation on martensitic transformation strain characters in NisoMns7Sbis alloy and its
impact on microstructural organizations by means of EBSD technique and crystallographic
theory of martensitic transformation. (Chapter 6)

This work aims at resolving the crystal structure of NiMnSb martensite, enriching the
microstructure information and providing fundamental information on crystallographic features
in martensite, martensitic transformation OR, martensite variants organization and martensitic
transformation mechanism for the understanding of the multi properties and further property

optimization of NiMnSb alloys.
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Chapter 2 Materials and experiments

2.1 Materials preparations and heat treatments

Fig. 2.1 shows the process of the sample preparations consisting of arc melting, spray
casting and heat treatments. In the present work, polycrystalline alloys with nominal
compositions of NisoMnssSbi2 (at.%) and NisoMns7Sbis (at.%) were prepared by arc melting
high-purity elements Ni (99.99 wt.%), Mn (99.8 wt.%) and Sb (99.995 wt.%). During this
process, 2 % (wt%) extra Mn and 2 % (wt%) extra Sb were added to compensate for their
weight losses. The ingot was re-melted 4 times to ensure compositional homogeneity. The
prepared ingot was then spray cast into a copper mould in order to obtain a dense bulk
cylindrical sample. To avoid compositional inhomogeneity, annealing was applied before and
after the spray casting at 1173 K for 24 h, followed by water quenching. The arc melting, spray

casting and heat treatments were carried out under an argon atmosphere.

Ni
99.99%
1 Are 1173K for 24h  gpray 1173K for 24h
Mn melting  /~----\ Annealing | casting Annealing
99.8% \ \
Sb Button ingots (~80g) ! —
99.995% | Quenched in water ~ Cylindrical samples Quenched in water

Fig. 2.1 Illustration of the sample preparation process.

Bulk samples with a size of 4 x 6 x 10 mm were prepared by electrical-discharge wire
cutting from the annealed cylinder. A powder sample was ground from the bulk alloy with a
particle size smaller than 74 um. In order to release the stress produced by the grinding, the

powder sample was annealed at 873 K for 5 h in a sealed vacuum quartz tube.
2.2 Experimental details

2.2.1 Forward and reverse martensitic transformation temperature

measurements
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The forward and reverse martensitic transformation temperatures were determined by
differential scanning calorimetry (DSC) (TA Instruments Q100). During the measurement,
powder samples (~ 20 mg) were used. The heating/cooling rate was 10 K-min™ within the
temperature range 183 K ~ 473 K. The measurement was carried out under a nitrogen

atmosphere to avoid the sample from oxidation.

2.2.2 Determination of crystal structures

The powder diffraction patterns were measured using XRD (Rigaku, Smartlab) with a 9
kW rotating anode using Cu Ka (4 = 1.540598 A) radiation and a graphite monochromator. For
NisoMn3sShi2 alloy, the experiment was carried out at room temperature. For NisoMns7Sbis
alloy, two patterns were acquired at 213 K and 333 K, respectively. The cooling/heating rate
was 10 K-min and before the measurements, the sample was held at the set temperatures for
15 minutes. The measurements were conducted under the protection of nitrogen atmosphere.

The *“step” mode was used with a scanning step of 0.02° (260) to obtain high-resolution patterns.

2.2.3 Microstructural and crystallographic characterizations

The microstructural and crystallographic features were characterized on the bulk samples.
The samples were mechanically ground with SiC papers and electrolytic polished using a
solution of 20 % (in volume) nitric acid and 80 % (in volume) methanol. The electrolytic
polishing was conducted at 273 K and 297 K under a continuous multistep mode: 8 V for 10 s,
15V for 5 s and 18 V for 3 s, for NisoMnssShi2 and NisoMns7Shis alloys, respectively. The
microstructural characterizations were performed using a field emission gun SEM (JEOL JSM
6500F). The crystallographic characterizations were conducted using the same SEM equipped
with an EBSD acquisition camera (Oxford) and the AZTEC online acquisition software (Oxford
Instruments). Two modes, manual and automatic, were used in orientation acquisition. To
ensure the certainty of the measurement, the sample was rotated to make the length directions
of the fine lamellar microstructural constituents parallel to the elongation direction of the

electron beam for both modes, as the sample was tilted for EBSD measurements.
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3.1 Coordinate system setting, Euler angle and orientation matrix

Three Cartesian coordinate systems were used in the crystallographic calculations in the
present PhD work in addition to the Bravais lattice basis of the cubic austenite and the
orthorhombic martensite. One, i.e. ‘x-y-z’, is set to the sample, and the other two to the Bravais
lattice of the corresponding phase, i.e. the cubic austenite lattice and the orthorhombic
martensite lattice. The former is termed as sample coordinate system and the latter Cartesian
crystal coordinate system. The relation between the Cartesian crystal coordinate system and the
Bravais lattice basis conforms to the convention described in the Channel 5 software package,

as illustrated in Fig. 3.1.

(2)

Fig. 3.1 Relationship between the Cartesian crystal coordinate system ‘i-j-k” and (a) the Bravais
lattice basis of the orthorhombic martensite ‘am-bm-cm’ and (b) the Bravais lattice basis of the
cubic austenite ‘aa-ba-ca’.

Under the Channel 5 (Oxford Instruments) convention, the three basis vectors of the
Bravais lattice basis am, bm and cwm or aa, ba and ca are parallel to the respective basis vectors
I, j and k of the Cartesian crystal coordinate system ‘i-j-k’. If we define the lengths of the three
basis vectors of the Bravais lattices am, bm and cm for martensite and aa, ba and ca (aa = ba =
ca) for austenite, the corresponding coordinate transformation matrices from the ‘i-j-k’ frame

to the crystal coordinate systems can be written as:
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ay 0 0
Ggy = ( 0 by O ) (3.2)
0 0 ¢y
ag 0 O
Ggg = (O b, O) (3.2)
0 0 ¢4

As is known, in a polycrystalline material there exists large amount of differently oriented
crystals. In order to describe the orientation of the crystals, the concept of a triplet rotations
represented in Euler angles is usually used. In the present work, the Euler angles (p1 @ ¢2) under
Bunge notation [126, 127] is adopted. The definition of the three rotations ¢1, @ and ¢2 are
illustrated in Fig. 3.2, where the “x-y-z’ represents the sample coordinate system. Thus, the
crystal coordinate system is associated with the sample coordinate system with the Euler angles.
The rotation matrix Rse (it should be mentioned that all the coordinate transformation matrices
and rotation matrices used in the thesis for crystallographic calculations are expressed in matrix
notation) from the sample coordinate system to the Cartesian crystal coordinate system can be

described as:
COS 1 COS @, — Sin @, sinp, cos® — cos ¢, sin ¢, — sin @, cos g, cos®  sin ¢, sin P
Rsg = (

sin ¢, cos @, + cos @, sin @, cos® —sin ¢, sin @, + cos @, cos g, cosP — cos ¢, sin CI>>.(3.3)
sin ¢, sin @ cos @, sin @ —cos P

z/lk z/lk Z z

Fig. 3.2 lllustration of the three rotations in Bunge notation. ‘x-y-z’: sample coordination system;
‘I-J-k’: the Cartesian crystal coordinate system.

3.2 Stereographic projection

The stereographic projection is a two-dimensional (2D) map to represent the projection of

a vector (or a plane normal) to the equatorial plane of the sphere, as illustrated in Fig. 3.3.
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Fig. 3.3 lllustration of stereographic projection on the equatorial plane xOy of vector OVs. Point
P is the projection pole of vector OVs on the equatorial plane and point S is the south pole of
the projection sphere.

To calculate the projection of a crystalline direction, this direction should be expressed
under the coordinate system of the projection, for example the sample coordinate frame, with
the following equation:

u
VS:RSE X Si X GEC X <v> (34)
w

Here, Rse is the rotation matrix from the sample coordinate system to the Cartesian crystal
coordinate system, Si is the rotational symmetry matrices of the crystal system, Gec is the
coordinate transformation matrix from the Cartesian crystal coordinate system to the Bravais
lattice basis and [uvw] is the Miller indices of the crystalline direction.
Suppose that the coordinates of vector Vs in the sample coordinate system are [xVs yVs
ZVs], the radius of the projection sphere R should be:
R = (xV& + yV& + zVH) /2, (3.5)

If zZVs > 0, the equation of line VsS can be expressed as:
X Z+R
S . . (3.6)
xVS yVS ZVS + R

Let z=0, the abscissa x and ordinate y of point P can be obtained. After normalization, the

abscissa and ordinate values of the stereographic projection of the vector are:

xVs
X =
ZVS + R
3.7
_ W (3.7)
Y= W+ R
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To plot the projection of a crystalline plane (hkl), the normal vector n should be calculated

h
n=g"x <k> (3.8)
l

where g” is the reciprocal metric tensor of the corresponding crystal:

a-a a' -b* a -c
g“={b*-a* b*-b* b*-c*)| (3.9

ct-a* c¢*-b* c"-c*

first with the following equation:

Here, a”, b, ¢ are the three basis vectors of the reciprocal space of the crystal. Then repeat the
procedures using Egs. (3.4) ~ (3.7), the stereographic projection of a given plane can be

obtained.

3.3 Mean orientation

Since the crystal is hardly perfect, i.e. there exists misorientation at different regions of
one crystal, the mean orientation of the crystal is used to represent the orientation of the crystal
for crystallographic calculations. The algorithm mentioned below is summarized from
reference [128].

To calculate the mean orientation, a four-dimensional orientation vector O is defined:

0 =[01 0z 03 04], (3.10)
where
04 = — cosgcosw
1 2 2
0, = —sincpcos(p1 — 2
, = _ r vl
2 2
3.11
02 = —singsinu ( )
3 2 2
04 = — cosgsinw
4 2 2

and (p1 @ @2) are the measured Euler angles. Thus, the mean orientation vector O that
corresponds to the mean orientation of a group of Euler angles can be calculated with the

equation below:

(‘):Zn:oi/iloil, (3.12)
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where

0 = 07 + 03 +02 +03 (3.13)
and n is the total number of the sets of measured Euler angles. Thus, according to the definition

of vector O shown in Egs. (3.10) and (3.11), the mean Euler angles ((0_1 @ (1)_2) can be calculated

from the mean orientation vector O.

3.4 Misorientation

Generally, the misorientation between two crystals can be expressed in angle/axis pair —
(w, d), which describes a rotation from one symmetrically equivalent Cartesian crystal
coordinate system of one crystal to one symmetrically equivalent Cartesian crystal coordinate

system of the other crystal.

™

Sample

coordinate frame

Rgg, Rgg,

Cartesian crystal | x Cartesian crystal
coordinate frame coordinate frame

Crystal 1

\_/ . Crystal 2
i

Ag

Fig. 3.4 Schematic of misorientation between two crystals. ‘x-y-z’ is the sample coordinate
system. ‘i-j-k” and ‘i'-j’-k"" are the Cartesian crystal coordinate systems. Rgg, and Rgg, are

rotation matrices from the sample coordinate system to the Cartesian coordinate systems of the
two crystals. Ag is the misorientation matrix between the two crystals.

To determine the (w, d), the misorientation matrix Ag between the two crystals should be

calculated first, as illustrated in Fig. 3.4:
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Ag = (S{')_1 X (RSEl)_1 X Rsg, X SJ, (3.14)

where S} and sz represent the rotational symmetric matrices of crystal 1 and crystal 2, Rgg,

and Rgg, represent the rotation matrices from the sample coordinate system to the
corresponding Cartesian crystal coordinate systems of crystal 1 and crystal 2 that are obtained
by experiments. Denote the misorientation matrix 4g as below:
911 912 Yss
Ag = 921 922 923 . (315)
951 932 Uss
The misorientation angle « and the rotation axis d [did2ds] expressed in the Cartesian crystal

coordinate system can be calculated:

+9,,+0,, — 1
W = arc cos (gll 9222 Jss ), (3.16)
(1) w=0°
d=[d, d, ds]=[1 0 O] (3.17)
(2) 0°<w<180°
93 7953 931 =913 Y1 — 97
=[d, d, d:]= .
d=[d dp di] 2sinw 2sinw 2sinw ] (3.18)
(3) w=180°
d=[d dy dg]=[g Sl |92 *l | fGs*],
- 2 - 2 - 2
(3.19)

|d,| = max(|d;|,i =1,2,3)
with dyn >0
Vi#md; = sign(gm) - |dil
Due to the existence of the crystallographic rotational symmetry, the misorientation matrix

between two crystals is not unique (except that the two crystals are both triclinic), but all the

calculated (w, d) are crystallographically equivalent.

3.5 Twin relationship and twinning elements

According to the definition of twin, two twin related crystals should possess at least one
180° misorientation angle w. If the corresponding rotation axis d is the normal vector of a

rational crystalline plane, the two crystals are type | twin. Among the twinning elements (K1 -
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the twinning plane, »:1 - the twinning direction, Kz - the conjugate twinning plane, #. - the
conjugate twinning direction, P - the plane of shear and y - the magnitude of shear), only the
Miller indices of the twinning plane K1 and the conjugate twinning direction - are rational. If
the corresponding rotation axis d is a rational crystalline direction, the two crystals are type Il
twin and the Miller indices of the twinning direction »1 and the conjugate twinning plane Kz
are rational. If the two crystals possess two 180° misorientation angles and the corresponding
rotation axes are perpendicular, the two crystals are compound twin and all the Miller indices
of the twinning elements are rational.

To determine all the twinning elements, the twin relationship between the two crystals
should be first determined by experiments. Then with the known K indices (for type | or
compound twin) or u1 direction (for type Il twin), all the twinning elements can be resolved
using the method proposed in reference [129].

This method is based on the minimum shear operation that transforms the lattice points of
a crystal into their counterpart twin positions. Fig. 3.5 is the schematic of the twinning direction

and twinning shear determination for type I (or compound) twin.
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Fig. 3.5 Schematic of the twinning element determination for type | (or compound) twin.

PO is the twinning plane that separates the twin lattice (the upper part) from the parent
lattice (the lower part). P* and P! are two nearest neighboring crystalline planes that parallel to
the twinning plane. The black points are the initial lattice points, while the red points in plane
P! are the twin lattice points. e1 and e are two reduced basis vectors of the twinning plane that
possesses the shortest moduli and are the most orthogonal to each other. For a point A of the
twin lattice in P! plane, its initial lattice point in the parent lattice maybe one of the 4 points O,
P, Q and R. Based on the minimum shear criterion, the 4 vectors OA', PA"' QA" and RA" which
possesses the minimum moduli should be the twinning direction #1. Denote this vector as s and
the interplanar spacing of Ki plane as dy,, the magnitude of shear is given by:

y = Isl/dk,. (3.20)

For other twinning elements, we can calculate according to the geometric relationship
between them as illustrated in Fig. 3.6. The resolved twinning elements have been marked in
red.
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Fig. 3.6 Geometric relationship between different twinning elements.

The conjugate twinning direction #2 can be obtained such that
n, =AA"/2 —s/2. (3.21)
The normal of plane of shear P can be calculated by the vector cross product of 1 and #2. The
normal of the conjugate twinning plane Kz is the vector cross product of the normal of plane P
and vector #2. Hereto, all the 6 twinning elements in type | (or compound) twin are resolved.
As is known a vector in the direct space corresponds to a plane normal to it in the
corresponding reciprocal space and a plane in the direct space corresponds to a vector normal
to it in the corresponding reciprocal space. Hence, the twinning elements for a type Il twin in
the direct space is equivalent to the twinning elements for a type | twin in the corresponding
reciprocal space. With the measured EBSD data, a rational twinning direction #1 for a type Il
twin can be determined, i.e. the K1 plane of the corresponding type I twin in the reciprocal space.
Hence, the determination of the twinning elements for a type Il twin can be resolved with the

same procedure mentioned above for type | but in the reciprocal space.
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3.6 Trace analysis method

-
- -

- Fig. 3.7 Schematic of trace analysis method.

During the crystallographic characterization and identification processes, the trace
analysis method can be used to characterize the interfaces. Fig. 3.7 is the schematic of this
method. ‘x-y-z’ is the sample coordinate frame. The xOy plane marked in black, i.e. the (001)s
plane, is the observation and measurement plane, where the subscript ‘S’ represents the sample
coordinate frame. Two neighboring crystals indicated in blue and in green are separated by an
interface marked in red. The purple line is the intersection line of the sample surface (001)s and
the interface, i.e. the trace of the interface. Take the xOy plane as the projection plane, the
stereographic projection of the interface normal nin.. should be in the plane that consists of Nint.
and z axis. That is to say the pole should be in the orange line in xOy plane. Since the trace of
the interface is perpendicular to nin. and z axis, it must be perpendicular to the line between
point O and its projection pole. Hence, for a given crystalline plane and the orientation
information of the crystal, the trace of this plane can be calculated. By comparing the calculated

trace with the observed ones, the Miller indices of the interface can be determined.

3.7 Orientation relationship

The transformation OR between the parent crystal and the product crystal is usually
defined by a pair of parallel crystalline planes and a pair of in-plane parallel directions from the

corresponding parent and product phases, as demonstrated in the equation below:

(hik, ll)parent//(hz k, lz)product [u;vq Wl]parent//[uz Vzwz]product (3.22)
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Fig. 3.8 Schematic of coordinate transformation between the parent and the product crystals
under a specific OR.

To determine the OR, the coordinate transformation matrix of OR should be calculated
first. As illustrated in Fig. 3.8, a Cartesian coordinate system ‘i-j-k’ is built based on the OR
plane and the OR direction. Basis vector i is parallel to the normal of the OR plane, j is parallel
to the OR direction and k is parallel to the cross product of the OR plane normal direction and
the OR direction. According to the geometrical relations between the OR plane normal and OR

direction, we have

no= (e ki WDxg)

U;

d; = (w) (i=1,2) (3.23)
Wi

ti =n; X di'

After orthonormalization, the three basis vectors of the Cartesian coordinate system can be

obtained:
. n;
li =
J (n)7 x g, x 1y
, d; (i =1,2)
]i = lL=1,
Jaorxg,xa (3.24)
t;

k

i= )
e < xt
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where g, is the metric tensor of the direct space of the corresponding crystal. The coordinate

transformation matrices G¢,g and G¢,r can be written as:
Ge,r =1 J1 K1) Ge,p = (l2 J2  k2). (3.25)
Thus, the coordinate transformation matrix of OR — Gor can be acquired with the equation

below:
-1
Gor = Gcyr X (GCZR) : (3.26)
With a given OR, the coordinate transformation matrix between the parent and product phases
can be easily calculated. Hence, for a two phases coexisting material, the effective OR can be
easily determined with the measured orientation information of the two phases. Moreover, the

orientation of the parent or product phase can also be derived with the given OR even if the

microstructure of the alloy contains only one phase, either the parent or the product.

3.8 Martensitic transformation crystallography

3.8.1 Bain distortion
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Fig. 3.9 Illustration of the Bain distortion in the alloy undergoes a martensitic transformation
from face-centred cubic austenite to body-centred orthorhombic martensite. The black and blue
points represent the Bravais lattice points of the austenite and martensite, respectively.

Fig. 3.9 is an illustration of the Bain distortion in an alloy undergoes a martensitic
transformation from face-centred cubic austenite to body-centred orthorhombic martensite. am,
bwm, cm and aa are the lattice parameters of the martensite and austenite, respectively. The stretch

transformation tensor is as follows [107]:
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N1+ 173 0 N1 —1Ms3
2 2
U, = 0 N, 0 , (3.27)
n1—1M3 0 N+
2 2
where
m= \/?aM/aA: N2 = by/as 13 = \/ECM/aA (3.28)

are the principal strains of lattice distortion under Bain distortion. With the symmetry operations
of the cubic crystal system, other equivalent stretch transformation tensors U,, can be obtained:

U, = (SHU,SE (n = 1~24), (3.29)
where Sy is the n-th symmetry operation of the cubic crystal system. Thus, we can obtain 6

distinct stretch transformation tensors in total, i.e. there exist 6 equivalent Bain distortions.

3.8.2 Sandwich-like microstructure, habit plane and deformation gradient
tensor

As mentioned in Chapter 1, in general a single variant cannot form an invariant-plane.
Hence, the martensite always exhibits a sandwich-like microstructure, as illustrated in Fig. 3.10,
especially in the cubic to orthorhombic transformation. In this figure, two distinct variants are
distributed alternately. Variant Vs is the basic component of this structure and in majority in
volume, whereas variant Va is formed to accommodate the deformation generated by Vs and to
ensure a macroscopic invariant-plane, i.e. the habit plane. Here we define the variant that has a

higher volume fraction in this structure as the major variant and the other the minor variant.

Austenite

Fig. 3.10 Hlustration of the sandwich-like microstructure from martensitic transformation.
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In order to minimize the interfacial energy and keep the coherency of the interfaces (the
variant interface plane and the habit plane), during the formation of such a microstructure, two
geometrical compatibility conditions should be satisfied. One is on the variant interface plane,
expressed as Eq. (3.30) [107] and the other is on the habit plane, expressed as Eq. (3.31) [107].
The following two equations:

QUp — Uy = a,@n, (3.30)

Q,(1Q,Ug — (1 = N)U,) — I = a;,®ny, (3.31)

must have solutions (at, N, an, Nh, Q1, Q2, 1) for given Ua and Us. Here Q1 and Q2 are two
additional rotation matrices for the geometrical compatibility conditions; Us and Ua are two
stretch transformation tensors corresponding to variant Vs and Va; nt and nn are the normal
direction of the variant interface plane and the habit plane that are expressed under the crystal
coordinate frame of austenite; a; and an are two vectors on the variant interface plane and the

habit plane, respectively; 4 is the volume fraction of Vs; I is the identity matrix.

3.8.3 Wedge model and interface mismatch

At the beginning stage of martensitic transformation from cubic austenite to orthorhombic
martensite, two sandwich-like martensite can form a wedge-shaped morphology in some alloys,

as illustrated in Fig. 3.11.

Austenite

Midrib

~Plane

Fig. 3.11 Hlustration of wedge-shaped morphology in austenite.
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It can be seen that on each side of the midrib plane, there are two variants forming a
sandwich-like structure. In order to form such a wedge-shaped microstructure with 2
sandwiches with the minimum interfacial energy, in addition to the 4 geometrical compatibility
conditions for the 2 adjacent variant interfaces (with the normal directions ni and ny) and the
two habit planes (with the normal directions nn1 and nn2), the geometrical compatibility
condition for the midrib plane should also be satisfied. Thus, we have [107]:

Q11Uy — Uy = a1 ®nyy
Q21Up — Uy = a;,@ny;
Q12(41Q11:Uy — (1 = ADUy) — I = ap Onpy (3.32)
sz(/leuUP -(1- AZ)UQ) —I = ap,Qny,
(ap1®npy + 1) — (@R ®npz + 1) = A1y @My,
where Qi (i =11, 12, 21, 22) are additional rotation matrices for the geometrical compatibility
conditions; Ui (i= M, N, P, Q) are the transformation stretch tensors of the 4 variants; a; (i = t1,
t2, h1, h2, mr) are vectors on the corresponding planes with the normal directions ni; i (i = 1,
2) are the volume fractions of variants Vm and Ve, the major variants, as shown in Fig. 3.11.

It should be noticed that the midrib plane constructed by the last equation of Eq. (3.32) is
a coherent and stress free plane without atomic misfits. However, in reality, such conditions are
rarely met. Thus to characterize a non-coherent midrib plane, we can induce a tiny rotation Qmr
[130] to describe the incompatibility of the two sandwiches on the midrib plane, as
demonstrated in:

Qmr(@p1®npy + 1) — (apz @Mz + 1) = Ay @My (3.33)

Then, we can use a rotation angle &mr [130]:

(3.34)

Omr =

2

tT(er) - 1>|

arc cos (

instead of the rotation matrix Qmr to quantify the misfit on this plane. By considering the value
of the rotation angle Omr, we can judge the possibility of the formation of wedge-shaped
structure (with a non-coherent midrib plane) and predict the morphology of a microstructure

produced by martensitic transformation.
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Chapter 4 Crystal structure and crystallographic characteristics of

martensite in NisoMnsgSbi2 alloy

4.1 Introduction

For NiMnSb ferromagnetic multifunctional alloys, the crystal structure and the ORs
between martensite variants are decisive factors for their magnetic-field-induced behaviors and
hence of importance. In this chapter, the forward and its reverse martensitic transformation
temperatures of NisoMn3sSbi2 alloy was explored firstly. Then the crystal structure of
NisoMn3sSbhi2 martensite, including the crystal system, the space group, the lattice parameters
and atomic coordinates, are fully resolved. The morphology of martensite was observed using
SEM. In addition, with the accurately determined crystal structure information, EBSD
measurement was conducted. Twin relationship and twinning elements for different variant
pairs and twin types were determined. Finally, the characteristics of the twinning plane was

investigated with the trace analysis method.

4.2 Experimental

In this chapter, a polycrystalline NiMnSb alloy with nominal composition NisoMnzsSbhi2
(at. %) was used. The detailed information on sample preparation are given in Chapter 2. The
transformation temperatures were detected by DSC. The lattice constants of the constituent
phase was measured by XRD at room temperature. The microstructural and crystallographic

features were investigated by SEM-EBSD.
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4.3 Martensitic transformation and crystal structure of martensite

0.6- Ni Mn, Sb

041

0zl Cooling

Tempernture (K)

0.0

0.2 Heating

dQ/dT (W/g)

-0.41

0.6 T=298K
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Temperature (K)
Fig. 4.1 Cooling and heating DSC curves for the NisoMn3sSbz2 alloy.

Fig. 4.1 displays the heating and cooling DSC curves of the NisoMn3sSbi2 alloy. The sharp
exothermic and endothermic peaks on cooling and heating indicate the first-order phase
transformations (the martensitic transformation and its reverse). The small steps outlined with
the red circle on the cooling curve infer that a second-order transformation has occurred (the
magnetic transformation). It can be seen that, during the cooling process, both the first- and the
second-order transformations can be detected, whereas during the heating process only the
austenitic transformation (first-order) can be detected since the temperature of the magnetic
transformation (second-order) is close to the austenitic transformation temperature. The
martensitic transformation start temperature Ms, martensitic transformation finish temperature
M, austenitic transformation start temperature As and austenitic transformation finish
temperature Ar determined using the tangent method, and the Curie temperature T2 of the
NisoMn3sSbi2 austenite determined from the tangent change at the highest step in the cooling
curve, are summarized in Table 4.1. Compared with the transformation temperatures of the
NiMnSb alloys that have common or similar compositions, obtained by DSC, vibrating sample
magnetometer (VSM) and physical property measurement system (PPMS) in the literature [34,
36, 59, 66, 69, 73, 75, 93], we find that the difference for each temperature in the present
measurements is within = 30K. This is mainly related to the change in composition, as for

NiMnSb alloys the transformation temperatures are very sensitive to the concentrations of the
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constituent elements. Different measurement approaches, like VSM and PPMS, could also have
influences on the transformation temperatures and cause deviations. Obviously, at room

temperature, the martensitic transformation is complete for the present alloy, and a single
martensite phase is obtained.

Table 4.1 Martensitic transformation start (Ms) and finish (Mr) temperatures, austenitic
transformation start (As) and finish (Ar) temperatures, and Curie temperature of NisoMnzsSbhi2

austenite (T2) determined from DSC data (K).

Component Ms M As At Te
NisoMnssSha2 314.79 308.60 328.42 333.76 332.45
=
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Fig. 4.2 Measured (red points) and simulated (black line) XRD patterns for the NisoMnssSbhi2
alloy at room temperature. The difference between the two patterns is shown as a line profile
in black at the bottom of the figure. The agreement factors Rp and Rwp are 0.09 and 0.13,
respectively. For reference, the exact Bragg diffraction positions are indicated with the black

vertical lines.

Fig. 4.2 shows the measured (red points) room-temperature XRD pattern for the
NisoMnssShi2 alloy. Using the 40 crystal structure model [77, 79], the measured diffraction
peaks are all indexed. This indicates that the martensite of the NisoMnzsShi2 alloy possesses a
40 modulated structure, which is in good agreement with the results reported for other alloys
with similar compositions [77, 79]. The lattice constants and the fractional atomic positions of
the present martensite were further refined by the Rietveld method using JANA2006 [131].

Complete crystal structure information, i.e. lattice parameters, fractional atomic coordinates
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and site-occupancy factors (s.0.f.s), for the present martensite, was obtained and is displayed in
Table 4.2. The simulated pattern and its difference from the measured one (in black) are shown
in Fig. 4.2. Good agreement factors, such as Rp = 0.09 and Rwp = 0.13, are obtained. These
values are comparable to those reported for NiMnGa [132, 133] and NiMnin [134] Heusler type
alloys. The results indicate that the measured and simulated patterns are in good agreement.
The determined structural parameters were further verified by EBSD. Fig. 4.3 shows a
measured Kikuchi line pattern for the martensite and the calculated pattern using the determined
structure parameters in Table 4.2. The excellent fit between the experimental and calculated
patterns validates the structure parameters given in Table 4.2. With this complete crystal
structure information, further crystallographic characterizations of the associated martensite

can be realized by EBSD.

Table 4.2 Space group, lattice parameters, atomic coordinates (X, y, z) and site occupancy
factors (s.0.f.s) for NisoMnssSbi2 martensite at room temperature.

Space Lattice Atom Wy<_:lfoff y , sof
group parameters position
Ni 4h 0 0.7547 05 1
4k 0.25 0.2483 0.0731 1
a=85788 A 2a 0 0 0 1
No.051 b=5.6443 A M 2f 0.25 05 05731 1
Pmma  c=4.3479 A n 2b 0 05 0 052
a=pf=y=90° 2e 0.25 0 0.5731 0.52
sh 2b 0 0.5 0 0.48
2e 0.25 0 0.5731 0.48

Fig. 4.3 (a) Measured Kikuchi line pattern of martensite. (b) The calculated pattern (in yellow)
using the 40 crystal structure parameters in Table 4.2.
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4.4 Microstructural features

Fig. 4.4(a) shows a typical SEM BSE image of the present NisoMnssSbhi2 alloy at room
temperature. The original austenite grain boundaries are marked with yellow lines. It can be
seen that, within the original austenite grains, martensite is organized in broad plates 5 - 10
micrometers wide, sometimes running through the whole grain. From Fig. 4.4(b), an enlarged
BSE image of the area enclosed in the red rectangle in Fig. 4.4(a), it is seen that the broad plates
contain a large amount of fine lamellar martensite; the width of the lamellae is in sub-
micrometer range. Within the plates, the lamellae are nearly parallel, whereas from plate to
plate, their length directions change, as indicated by the labels P1 and P2 in Fig. 4.4(b): in plate
P1, the lamellae are oriented vertically, whereas in P2, they are oriented horizontally. In each
plate, there are two kinds of lamellar boundary, one straight (shown in zone Z1 in Fig. 4.4(b))

and the other bent (shown in zones Z2 and Zs in Fig. 4.4(b)).

}_.r

Fig. 4.4 (a) SEM BSE image of the NisoMnssSbiz alloy. (b) An enlarged BSE image of the area

enclosed in the red rectangle in part (a).
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Fig. 4.5 EBSD “All Euler’ (Channel5) orientation maps of 40 martensite in different areas of
Fig. 4.4(b): (a) zone Z1; (b) zone Z2; (c) zone Zs.

Global EBSD analyses demonstrated that the number of martensite variants in terms of
crystallographic orientation in each broad plate is constant, equal to 4. One straight lamellar
martensite corresponds to one orientation variant and the variants appear repeatedly in each
broad plate. The area fractions of the variants change from place to place within the plate, but
the number of variants remains constant. As examples, the EBSD orientation maps of the three
zones marked Z1, Z2 and Zs in Fig. 4.4(b), which belong to one broad plate but have differently
oriented lamellar boundaries, are displayed in Fig. 4.5. In Z1, close to the austenite boundary,
most of the lamellar boundaries are straight, whereas in Zs, in the interior of the austenite, they
are bent. Zone Z2 is between the two and is a mixture of the two. It can be seen that there are
always 4 orientation variants (A, B, C and D) in each zone, although the fractions of the variants
are different. In Fig. 4.5(a) (Z1), variants C (thinner) and D (thicker) are distributed alternately
and are in the majority. Only very occasionally do variants A and B appear. In Fig. 4.5(b), the
fine lamellae begin to bend and the amounts of variants A and B increase. Although the amounts
of variants C and D begin to decrease, that of variant D is still the highest among all the variants.
In Fig. 4.5(c), the fractions of variants A and B increase further and become dominant,
especially variant A. As the lamellae are too fine and oriented unfavorably, the EBSD system
could not distinguish thin variants in neighboring plates, so orientation information on the
variants coloured in grey and pink on the left- and the right-hand sides of the central plate in

Figs. 4.5(a) ~ (c) is not available.
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4.5 Orientation relationships between martensite variants and variant

interfaces

Table 4.3 shows the calculated misorientation between different variant pairs, represented
by a rotation angle w and a rotation axis d. The rotation axes are expressed in the Cartesian
crystal coordinate system of the martensite. For convenient identification of the rotation axis,
the nearest rational lattice direction or the nearest normal direction to a rational lattice plane,

together with the angular deviation, are also given in the table.

Table 4.3 Misorientation angle w, indices of rotation axis d (Cartesian crystal coordinate
system), and angles between d and its nearest rational lattice direction (Miller indices) or nearest
rational lattice plane normal (Miller indices) for different variant pairs.

Angle between d

Angle between d

Variantpair o (°) Rotation axis d and its nearest and its nearest
rational direction plane normal
Aand D 179.5164 [0.70830.0029 0.7059]  0.52° from [102]  0.33° from (201)
179.6647 [0.7059 0.0042 0.7083]  0.37° from [102]  0.53° from (201)
B and C 179.4425 [@ @ 0.7112]  0.07° from [}02] 0.74° from (301)
179.9019 [0.71120.0049 0.7029] 0.77° from [102]  0.30° from (201)
Aand B 93.9657 [w % 0.6995] B
179.7659 [0.51150.6822 0.5225]  0.33° from [122]
candD 94.3951 [0.7085 0.0036 0.7057]
179.6938 [0.5178 0.67950.5198]  0.22° from [122]
Aand C 85.9411 [@ 0.0003 0.7088] )
179.9794 [0.4831 0.7317 0.4808] 0.29° from (221)
Band D 8.7085 [ﬂ 0.0091 @] _
179.2905 [0.48250.7331 0.4793] 0.17° from (221)

It is seen that, within the limits of experimental accuracy, there are two 180° rotation axes
between variant pair A and D (or B and C), but only one between A and B (or C and D) and
between A and C (or B and D). It can also be seen that one of the 180° rotation axis for variant
pair A and D (or B and C) is close to the rational direction [102], and the other is close to the
normal direction of the rational plane (201). For variant pair A and B (or C and D), the 180°

rotation axis is close to the rational direction [122], whereas for variant pair A and C (or B and
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D), the 180° rotation axis is close to the normal directon of the rational plane (221)m. The angles
between the calculated directions and the rational approximations are very small. The small
discrepancies can be considered as systematic errors, within the limits of the accuracy of the
EBSD measurements. Thus, according to the defination of the various twin types, variant pair
Aand D (or B and C) could be a compound twin, variant pair A and C (or B and D) a type | or
mirror twin and variant pair A and B (or C and D) a type Il or rotation twin.

With this twin type information, all the twinning elements can be calculated on the basis
of the method as mentioned in Chapter 3. The results are displayed in Table 4.4. It can be seen
that the indices of the K1 and Kz planes in type I and type Il twins are interchanged, and so are
the »1 and #2 directions. The shear magnitudes for type I and type Il twins are identical but

much higher than that of the compound twin.

Table 4.4 Twinning elements expressed in the orthorhombic Bravais lattice basis of the
NisoMnssShi2 martensite.

e Y -
K1 (221)m (1.374 1.687 1)m (201)m
K2 (1.374 1.687 1)m (221)m (201)m
n1 [12.377 2.755]m [122]m [102]m
72 [122]m [12.3772.755]m [102]m
P (13.602 1 5.801)m (13.602 1 5.801)m (010)m
y 0.1590 0.1590 0.0271

The interface planes between the 6 pairs of variants were further identified using trace
analysis method as mentioned in Chapter 3. With the orientation information of the variants,
the trace of any given crystalline plane of a variant on the sample surface can be calculated
through coordinate transformation of the plane normal to the sample coordinate system and
then through the vector cross product of the plane normal with the sample surface normal. Thus,
the plane having the trace which is best matched with the observed one should be the interface
plane. Analyses show that the interface planes between the variants are very close to their
corresponding twinning planes, i.e. the K1 planes. The results are represented with pole figures

of the K1 planes, as shown in Figs. 4.6(a) ~ (f). For ease of comparison, part of the orientation
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map and the band contrast image of Fig. 4.5(b) are given in Figs. 4.6(g) and (h), respectivly.
The interfaces between different variant pairs are marked with coloured lines on the orientation
map and the band contrast image, and their traces are plotted in the corresponding pole figures

with dashed lines.
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Fig. 4.6 (a) ~ () Pole figures of the K1 planes for different variant pairs. (a) A and C, (b) A and
B, (c)Aand D, (d) Band D, (e) C and D, and (f) B and C. (g) Part of the orientation map of Fig.
4.5(b) and (h) its corresponding band contrast image. For convenience, the interface traces of
different variant pairs in parts (g) and (h) are outlined in different colours that correspond to
those of the related Ka plane traces in the pole figures above.
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For each variant pair, ten interfaces have been verified. The deviation angles between the
calculated trace of the K1 plane and the measured variant interface are listed in Table 4.5. It can
be seen that, the trace of the Ki plane is almost parallel to the variant interface trace. As the
twinning plane is the invariant plane shared by the two variants, the interface between each
variant pair should be coherent. Notably, for type I twins the twin interface of variant pair A
and C is almost parellel to that of variant pair B and D (with a deviation of 0.15°). A similar
situation is also found for compound twins (with 1.93°deviation). However, for type Il twins,
the twin interfaces between different variant pairs (A and B, and C and D) are not parallel. The
angular difference between the two type Il twin interfaces is about 14.5°. This indicates that the
type 11 twins possess two differently oriented interfaces, whereas the type I and the compound

twins each have only one kind of interface.

Table 4.5 Deviation angles (°) between the calculated trace of the K1 plane and the measured
trace of twin interface for different variant pairs.

Twin interface Type | twin Type Il twin Compound twin
No. AandC BandD AandB CandD AandD BandC

1 3.96 0.96 0.03 0.77 0.75 3.64

2 0.04 1.87 3.52 2.84 0.84 0.40

3 0.60 0.25 0.62 1.74 3.90 0.09

4 2.30 0.47 0.07 1.33 0.34 2.04

5 3.40 0.35 2.96 1.98 3.09 1.41

6 2.00 0.15 2.25 0.78 3.83 3.40

7 2.57 0.66 2.22 1.29 2.89 1.77

8 3.87 0.71 0.02 2.53 4.70 4.30

9 3.23 1.71 1.84 2.26 441 3.05

10 1.31 1.94 0.13 0.26 5.03 0.92

Minimum 0.04 0.15 0.02 0.26 0.34 0.09

Maximum 3.96 1.94 3.52 2.84 5.03 4.30

Average 2.33 0.91 1.37 1.58 2.98 2.10

For NiMn-based ferromagnetic multifunctional alloys, the magnetic field-induced strain
effect and the MCE are two important and widely investigated properties that are closely
associated with the crystal structure and the microstructure. So far the highest shape memory
effect and caloric effect have been realized in trained single-crystal alloys [32, 135, 136]. The

aim of the training is to optimize these properties by eliminating the undesired variants.
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Obviously, variant elimination through mechanical training is realized by variant reorientation
via detwinning processes through variant interface movement. The above results on twin
characteristics between variants demonstrate that for NiMnSb martensite the variant
organizations are similar to those of NiMnGa alloys [137-139]. Type | and type Il twins possess
the same amount of shear, which is almost one order of magnitude higher than that of the
compound twin. The type Il twin has an irrational indexed interface as in the case of NiMnGa.
Such interfaces should be composed of stepped planes with rational indices. The
crystallographic information on the martensite variants of the present NiMnSb alloy regarding
their twin relationship, twinning elements and interfaces is essential to the design of effective
training routes and to the understanding of the behaviour of the alloy during the training process.
Hence, the detailed crystallographic information on the martensite variants in NiMnSh alloy
systems revealed by the present work will be helpful for further investigations on property

optimization in these materials.

4.6 Summary

The crystal structure, microstructure and twin relationships of NisoMnssSbi2 martensite
have been investigated in detail. At room temperature NisoMnssSbi2 alloy is in the martensite
state. The crystal structure of the martensite is orthohombic and can be represented with a 40
superstructure, belonging to the space group Pmma (No. 051). The lattice parameters and
atomic positions of the martensite are fully resolved. Within the original austenite grains,
martensite is organized into broad plates, 5 - 10 um wide. The plates are composed of fine
lamellae. In each plate, there are 4 types of orientation variants appearing repeatedly and
forming three types of twins, the type | twin (for variant pairs A and C, and B and D), the type
Il twin (for variant pairs A and B, and C and D) and the compound twin (for variant pairs A and
D, and B and C). The complete twinning elements for each type of twin have been determined.
The twin interfaces are identified to be the corresponding twinning planes, Ki. All these results
provide fundamental information for NiMnSb alloys and could be useful for interpreting their

magnetic and mechanical characteristics.

57






Chapter 5 Martensitic transformation OR and martensite variant organization of NisoMnsgShi2 alloy

Chapter 5 Martensitic transformation OR and martensite variant

organization of NisoMnssSbi. alloy

5.1 Introduction

As is known, in NiMnSb alloys the OR between austenite and martensite is an influential
factor on the microstructure of the resultant martensite. As the mechanical and magnetic
properties of NiMnSb alloys are closely associated with the martensitic transformation and
variant organization, studies on transformation OR and microstructure characteristics of
martensite are of importance. In this chapter, a thorough investigation on the organization
features of the martensite, the martensitic transformation OR and its correlation with variant
organizations of NisoMnssSbi2 alloy have been fully resolved with the help of SEM BSE
imaging, SEM EBSD technique and crystallographic calculations. All these results on
morphological and crystallographic characteristics of NisoMnsgSbi2 martensite (resolved in
Chapter 4 and this chapter) and martensitic transformation will provide basic information for
NiMnSb alloys and could be useful for interpreting the subsequent magnetic and mechanical
characteristics associated with the martensitic transformation and further investigation on

martensitic transformation crystallography of these alloys.

52  Experimental

In this chapter, polycrystalline NiMnSb alloy with nominal composition NisoMn3sSbz2
(at. %) was used. The detailed information on sample preparation are shown in Chapter 2. The

microstructural and crystallographic features were investigated by SEM-EBSD.
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5.3 Microstructure of NisoMnssSbi2 martensite

i, =
3 ¢
L W W2 A3

Fine lamellae  Twinning plane

Sub-colony 1 Sub-colony 2
Plate colony

Fig. 5.1 (a) A typical BSE image of NisoMnssSba2 alloy; (b) the magnified BSE image of the
area enclosed in the red rectangle in (a). The yellow line outlines plate colonies and the light
blue lines sub-plate colonies; (c) a microstructrual schema demonstrating the organization of
plates from sub-colony to plate colony.

Fig. 5.1 shows a typical BSE micrograph of NisoMnssShi2 martensite. It is seen that within
the original austenite grains that are in equiaxed shape and outlined by their boundary cracks,
martensite is, at mesoscopic scale, organized in plates with various plate interface trace
orientations (Fig. 5.1(a)). Locally, adjacent plates share a straight plate interface, as seen in Fig.
5.1(b), the magnified BSE image of the area enclosed in the red rectangle in Fig. 5.1(a). The
plates are composed of fine parallel lamellae. From plate to plate, the orientation of the lamellar
interface trace changes (Fig. 5.1(b)). Here we define a group of plates possessing a common
plate interface trace orientation as plate colony, as outlined with the yellow dashed line in Fig.
5.1(b) and indicated with C1 and Cz in the figure. Global BSE observation reveals that up to 4
distinct plate colonies can be detected in some original austenite grains. Visibly, the plate
colonies are composed of plate units according to the lamellar interface trace orientations. By

repeating this plate unit, the plate colony is produced. For convenience, we denote such a plate
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unit sub-colony and label it Cs, as marked with the light blue lines in Fig. 5.1(b). For easy
understanding of the above definitions from lamella to plate colony, a microstructural schema
is made and shown in Fig. 5.1(c). It should be noted that at the vicinities of the original austenite
grain boundaries, the trace of some plate interfaces become curved. The same situation happens
also in plate colony boundary areas. This may be due to the specific local constraints in these

areas, indicating that the martensitic transformation is sensitive to mechanical constraints.

5.4  Crystallographic characterization of NisoMnssSbi2 martensite

Global BSE observation reveals that there are 6 different kinds of plates in terms of the
internal lamellar interface trace orientation in each original austenite grain. Thus, we manually
measured the orientations of all possible variants in the 6 plates. In total, we found 24 distinct
martensite variants and each plate contains 4 distinct variants. The 4 lamellar or intra-plate
variants are related one another by three kinds of twin relationships (type I, type Il and
compound twin), as revealed in Chapter 4, and share one lamellar interface orientation, i.e. the
K1 plane {221}wm of the type | twin of each variant. The subscript ‘M’ indicates the martensite.
Considering this common feature, we plotted the stereographic projections of the {221}m planes

of the 24 variants in the sample coordinate frame. The projections are shown in Fig. 5.2.

221}, >

Fig. 5.2 {221}wm stereographic projections of the 24 martensite variants. The 4 variants that are
originated from one plate are plotted with the same symbol but different colors.
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It can be seen that the 24 variants are clustered in 6 groups, each representing one plate.
Clearly the number of the variants equals the number of the rotational symmetry elements of
the cubic crystal, i.e. the variants should be inherited under certain OR from the parent austenite.
The transformation ORs will be discussed later.

Using the measured orientation of the variants and their spatial distribution information,
variant configurations in sub-colonies and plate colonies are further analyzed. It turns out that
one plate colony is composed of 2 distinct sub-colonies and 1 sub-colony contains 2 distinct
plates that appear alternately. Thus there are in total 16 distinct variants in one plate colony and
8 distinct variants in one sub-colony. It is clear that the organizations of plate colony and sub-
colony, as shown in Fig. 5.1(c), are selective but not arbitrary as the numbers of the variants
are fixed both in plate colonies and in sub-colonies, hence specific ORs may exist between the
adjacent variants in neighboring plates. To find out the selection rule, crystallographic analyses
were further conducted on the ORs between the variants in the adjacent plates. Here we take
the sub-colony Css in Fig. 5.1(b) as an example and display it with the forward scattered
electron (FSD) image in Fig. 5.3. For convenience, we denote the plate with the horizontal
lamellar interface traces Pn and that with roughly vertical traces Py, and the corresponding
lamellar variants Ai, Bi, Ci and Di (i = 1, 2) (Fig. 5.3). Then we measured the orientations of

these variants manually.

Fig. 5.3 Forward scattered electron (FSD) image of the plates in sub-colony Css in Fig. 5.1(b)
and the 8 distinct variants A1 ~ D1 and Az ~ D2 detected manually by EBSD. (The bulgy points
in the BSE image result from the electrolytic polishing.)
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As seen in Fig. 5.3, the variants in one plate meet the variants in the adjacent plate at the
plate interface. Thus each variant in one plate can have 4 possible combinations with the 4
variants in the other plate. Hence, we calculated the misorientation (w, d) and the plane normal
to the rotation axis d of all the possible variant pairs from plates Pn and Pv. Results show that
for any variant in one plate, there exists only one variant in the adjacent plate that has a 180°
rotation relationship with it. The misorientation information of such variant pairs are given in

Table 5.1.

Table 5.1 180° rotation (w, d) and the plane normal to the rotation axis d of the inter-plate
variant pairs in sub-colony Csa.

Plane normal to d (in the

Rotation axis d (Cartesian crystal Bravais lattice basis of

Variant  Misorientation i .
coordinate system set to the lattice

pair angle o () basis of 40 modulated martensite) the 40 moo!ulated
martensite)
A1&B:2 179.49 <0.03 0.04 1.00> (;3508 f(:fn? 20?641}}'\:/')
Bi&A2 179.42 <0.490.72 0.49> (fj':ol flrl(')(;: 2212?}'\:/')
C1&D> 179.66 <0.48 0.72 0.50> (245111 f‘:(')_onz {22212::)
D1&C2 179.29 <1.00 0.02 0.02> ({1885;7 f?(')_lni’ {ﬁ;“:)
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Ci(+)&Dy(") D,(+)&Cy(v)

Fig. 5.4 Stereographic projections of the common plane normal to the 180° rotation axis of each
inter-plate variant pair from plate Ph and Py that possesses a 180° rotation. The trace of the
common plane is indicated with a solid black line and the rotation axis with a dashed black line.
For comparison, the trace of the plate interface is indicated in the image of the microstructure
(sub-colony Css in Fig. 5.1(b)).

Then we studied the orientation character of the plane that is normal to the rotation axis of
each variant pair. Such a plane should be shared by the corresponding pair of variants. We
found that although the Miller indices of the plane change from pair to pair, the spatial
orientations of these planes are very close and coincident with that of the plate interface, as
shown in Fig. 5.4. In the figure, these planes are represented with their stereographic projections
in the macroscopic sample coordinate system and their traces as well as the plate interface trace
between Pr and Py in the microstructure are indicated with the black solid lines. The deviation

between these planes and the plate interface should be attributed to the experimental uncertainty
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arising from the tilt of the sample for EBSD measurement. This result indicates that the plate
interface should be the mirror plane of the two variants that possess the 180° rotation. The same
results were confirmed by the variants in the plates in the other three sub-colonies Csi, Cs2 and
Css in Fig. 5.1(b). However, such a situation is not applicable to the adjacent plates that border
the sub-colony boundaries and plate colony boundaries as indicated with the respective light
blue lines and yellow lines in Fig. 5.1(b). The characteristic variant organization features
suggest that during martensitic transformation sub-colonies may form coordinately and grow
coordinately. Sub-colony boundaries and plate colony boundaries may form when these sub-
colonies meet during the transformation. The knowledge of transformation ORs should be

useful to understand the organization features of the present martensite.

55 Determination of martensitic transformation OR

5.5.1 Crystal structure and structure simplification

As identified in Chapter 4, the martensite of the NisoMnagSbi2 alloy possesses a 40 (22)
modulated structure of space group Pmma (No. 051) with lattice parameters av = 8.5788 A, bm
= 5.6443 A and cm = 4.3479 A [140]. The austenite has a cubic L21 structure of space group
Fm3m (No. 225) with lattice parameter aa = 5.964 A [72]. The subscript ‘A’ indicates the cubic
lattice of austenite. According to the published atom occupation information of austenite [79]
(in a very similar composition NisoMn37Sb1s) and the structural information of martensite, the

unit cells of the austenite and the martensite can be obtained and shown in Figs. 5.5(a) and (b).
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Fig. 5.5 Crystal structure of (a) cubic austenite, (b) 40 modulated martensite, (c) simplified 40

modulated martensite and (d) average unit cell of the 40 modulated martensite.
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For simplicity and explicitly, the martensite structure is illustrated with only the Mn atoms
and shown in Fig. 5.5(c). By ignoring the structural modulations along the c-axis of the two Mn
at the body centers in each sub cell, the structure can be further simplified and represented with
one sub cell, as shown in Fig. 5.5(d). We denote such a cell average unit cell. The lattice
parameters of this cell are av = 4.2894 A, b = 5.6443 A and ci = 4.3479 A. The subscript

‘M’ indicates the orthorhombic lattice of the average unit cell of martensite.

5.5.2 Determination of transformation OR by crystallographic calculations

Generally, the transformation OR is defined by one pair of parallel crystalline planes and
one pair of in plane parallel directions from the corresponding parent and product phases. By
consulting the literature, 4 representative ORs, namely the Bain [108], the Kurdjumov-Sachs
(K-S) [141], the Nishiyama-Wassermann (N-W) [142, 143] and the Pitsch [144], were selected
as the possible transformation OR for the present alloy. By adapting the Miller indices of the
published ORs to the structures of the present austenite and the average cell of the martensite,

the plane and the direction parallelisms defined by these ORs are specified in Fig. 5.5.

Table 5.2 Plane and direction parallelisms defined by the 4 ORs adapted to the structures of the
austenite and the average structure of the present martensite.

OR Parallel lattice plane and direction in two phases
Bain relation (010)a /1 (010)m & [001]a // [101]m
K-S relation (111)a // (011)m & [110]a// [111]m
N-W relation (112)a // (011)m & [121]a // [011]m
Pitsch relation (011)a // (121)m & [011]a// [111]m

The above microstructural observations of the NisoMnssShi2 reveal that, at room
temperature, the martensitic transformation is completed. All the parent austenite has
transformed to the product martensite without any retained austenite. Thus the OR is determined
indirectly by inspecting the calculated orientations of the austenite from the measured
orientation of the martensite variants originated from the same initial austenite grain under the
4 ORs listed in Table 5.2. The OR that ensure a common austenite orientation should be the

effective one.
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Fig. 5.6 displays an EBSD orientation map of the fine martensite lamellas in one plate of
Co2. 4 orientation variants were detected and marked with A, B, C and D. To ensure the accuracy

of the determination, we used the mean orientation of the 4 martensite variants.

Fig. 5.6 EBSD orientation map of the fine martensite lamellae in one plate.

Thus, a rotation matix Ra that expresses the orientation of the possible original austenite

with respect to the sample coordinate system can be calculated with the following equation:

. \—1
Ry = Ry X Gz X Sk X Gog x (S)) (5.1)
where Rw is the rotation matrix representing the measured orientation of the martensite variant
with respect to the sample coordinate system; G, is the coordinate transformation matrix

from the crystal coordinate frame set to the 40 modulated martensite to the crystal coordinate

frame set to the average unit cell of martensite; Siw (i=1~4)and Sﬁ, (1 =1 ~ 24) are the

corresponding rotational symmetry matrices of the orthorhombic and cubic crystal systems and
Gor is the coordinate transformation matrix of the possible ORs as listed in Table 5.2 from the
crystal coordinate frame set to the average unit cell of martensite to the crystal coordinate
coordinate frame set to the lattice basis of austenite. The detailed calculation method of Gor
has been given in Chapter 3. The calculated orientations of the austenite are represented with

their {001} stereographic projections in the sample coordinate system and shown in Fig. 5.7.
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Pitsch

Fig. 5.7 {001}A stereographic projection of austenite under the 4 ORs. Orientations obtained
from different martensite variants are distinguished with different colors that correspond to
those in Fig. 5.6: pink for variant A, dark brown for variant B, green for variant C and blue for
variant D. The non-equivalent austenite orientations obtained from one martensite variant are
differentiated with the orientations of the triangular symbols. The clusters of poles in each
stereographic projection are further magnified to a convenient visualization of the positions of
the poles.

Due to the symmetry of the cubic system, one austenite orientation is represented with
three distinct but equivalent {001} poles that have been marked with the triangles of the same
color and of the same triangle orientation in the figures. The color of the triangles corresponds
to that of the martensite variants displayed in Fig. 5.6. Due to crystal symmetry, one measured
martensite variant can generate several distinct austenite orientations depending on the OR. If
the OR is effective for the transformation of the present alloy, the orientations of the austenite
calculated from the 4 martensite variants should share a common one. That means that each of
the three {001}a poles from the corresponding variants should superimpose on the {001}a
stereographic projection. It can be seen from Fig. 5.7 that among all the selected ORs, only
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Pitsch relation ensures a common austenite orientation from all the martensite variants,
indicating that this OR could be the effective one. To further quantify the mismatch between
the closest orientations of austenite calculated from the variants under the 4 ORs, the
disorientation angles between every two austenite orientations were calculated and listed in
Table 5.3. Obviously, under the Pitsch OR, the disorientation angles are the smallest, which
confirms that this OR specified as {011}a // {221}m and <011>a // <122>wm is the effective OR

for the transformation from the austenite to the 40 modulated martensite.

Table 5.3 Disorientation angles between calculated austenite orientations obtained under
different ORs.

Disorientation angle for different ORs(°)

Variant Pair Bain K-S N-W Pitsch
A&B 453 0.07 213 0.07
c&D 4.83 0.40 2.30 0.40
A&C 4.66 1.86 2.29 0.18
B&D 4.69 2.06 2.47 0.28
A&D 0.74 2.12 2,67 0.30
B&C 0.76 1.80 2,58 0.20

5.6 Correlation between martensitic transformation OR and

martensite variant organization

Since the parent austenite and the product 40 modulated martensite possess the parallel
relationship {011}a // {221}m and <011>a // <122>m under the Pitsch relation, each {011}a
plane can provide 4 coplanar {011}a - <011>a combinations by reversing the sign of the {011}a
plane and that of <011>a direction, as shown in Table 5.4, thus giving rise to 4 distinct

martensite variants.

Table 5.4 OR between the original austenite and the 4 variants A1, B1, C1 and D1 shown in Fig.
5.3.

Variant OR Variant OR
At (;OE)A 1 (g?I)M B, (}O;)A I (g?i)M
[101]a // [122]m [101]a // [122]m
C (10D // (g?I)M Dy (10D)a // (g?i)m
[101]a // [122]m [101]a /] [122]m
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As the {221}wm plane of the 4 variants that result from one common {011} plane are
parallel, these 4 variants are, in fact, those belonging to one variant plate. According to the
symmetry of cubic crystal system, there are 6 equivalent {011}a planes, hence one original
austenite can produce 6 groups of 4 martensite variants (in total 24 variants) that correspond to
the 6 distinct variant plates revealed by the above microstructural analyses.

With the determined OR between the austenite and the martensite, the interface between
the plates in each sub-colony can be correlated with the plane of austenite. As revealed by the
above experimental results, the plate interface is defined by the plane that is normal to the 180°
rotation axis (listed in Table 5.1) shared by the corresponding martensite variants in the
adjacent plates. Calculations showed that the plate interface corresponds to one of the {011}a
planes (with a very small angular deviation of about 0.75°). In fact the three {011}a planes, one
corresponding to the plate interface and the other two to the type I twin interfaces in the adjacent
plates, are related by 60°. In other words, the three {011}a planes belong to one <111> axis
zone. This indicates that the plate interface and the type I twin interfaces in the adjacent plates
in one sub-colony are also related by 60°. Due to the cubic symmetry, one {011} plane can be
shared by two <111>a axis zones. For example (011)a, (101)a & (110)a in [111]a axis zone
and (011)a, (110)a & (101)a in [111]a axis zone, as shown in Fig. 5.8(a). If we take the (011)a
plane, i.e. the common plane in the 2 axis zones, as the plate interface in the sub-colony, 2
distinct sub-colonies can be constructed, as illustrated in Fig. 5.8(b). Each {011}a group
corresponds to one sub-colony and the 2 sub-colonies correspond to one plate colony as defined

above.
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V100754

0Tt [111] [211],

Fig. 5.8 (a) (111)a standard stereographic projections, where (011)a, (101)a and (110)a planes
that are located on the circumference belong to the [111]a axis zone, whereas the (011)a, (110)a
and (101)a planes that are located on the dash arc line belong to the [111]a axis zone. (b) A
microstructural schema of the corresponding plate colony containing two sub-colonies, one
being related to the (011)a, (101)a and (110)a group and the other to the (011)a, (110)a and
(101)A.

This result is completely consistent with the microstructure features observed above.
According to the symmetry of the cubic crystal system, we can have 6 equivalent {011} planes,
each of which can be associated with one plate colony. Thus in total, one original austenite
grain can produce 6 distinct plate colonies. Our experimental observation has revealed 4 distinct
plate colonies. As our microstructure observations were conducted on a two-dimensional
sample section, it is possible that there exist 6 distinct plate colonies in the three-dimensional
space of one austenite grain. The specific geometrical combination of the martensite plate
colony and sub-colony may result from the self-accommodation of elastic strains generated
from the structural transformation (from austenite to martensite) and will be thoroughly
discussed in Chapter 6. Hereto, the martensitic transformation OR and the associated
hierarchical martensite variant organization features of NisoMnssSha2 are fully detected that will
provide fundamental information for further investigation on property optimization and the

crystallography of martensitic transformation of NiMnSb alloys.

71



Chapter 5 Martensitic transformation OR and martensite variant organization of NisoMnzsSh12 alloy

5.7  Summary

In this work, the martensitic transformation OR and the martensite variant organization in
NisoMnssSbi2 alloy are investigated. EBSD analysis and crystallographic calculation indicate
that the Pitsch OR specified as {011}a // {221}m and <011>a // <122>w is the effective OR for
the transformation from the austenite to the 40 modulated martensite. Under such an OR, 24
martensite variants can be produced during the martensitic transformation. All these variants
can form 6 different plates and each plate contains 4 distinct variants. Plates are hierarchically
organized into sub-colonies and sub-colonies to plate colonies. Each sub-colony contains 2
distinct plates having in total 8 distinct variants. The interfaces of the lamellar variants having
type | twin relation in the adjacent plates and the common plate interface in the sub-colony
correspond to three {011}a planes that are related by 60° and belonging to one <111> A axis
zone. 2 distinct sub-colonies form a plate colony that contains 16 distinct variants. One original
austenite grain can produce at most 6 different plate colonies in theory. All these results provide
basic information for NiMnSb alloys and could be useful for interpreting their magnetic and
mechanical characteristics associated with the martensitic transformation and further

investigation on martensitic transformation crystallography of these alloys.
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Chapter 6 Self-accommodation  character  of  martensitic

transformation and its impact on microstructure

6.1 Introduction

In the last two chapters, the crystallographic and morphological characteristics of the
orthorhombic NiMnSb martensite and the crystallographic correlations between martensite
variants and between variant colonies have been discussed in detail. All these features are
closely related to the martensitic transformation. However, the underlying mechanisms of the
formation of this kind of microstructure and its correlation with the martensitic transformation
have not been studied. To investigate this, a ternary NisoMnszSbis alloy whose martensitic
transformation temperature is near the room temperature was used in this chapter. Since this
alloy is in a dual phase state at room temperature, fruitful morphological and crystallographic
features can be directly observed and detected. Then in the frame of the theory of martensitic
transformation crystallography and the crystallographic calculations and analyses, the
formation mechanism and the morphological and crystallographic features of this orthorhombic

NiMnSh martensite microstructure are thoroughly investigated.

6.2 Experimental

In this chapter, a polycrystalline NiMnSb alloy with nominal composition NisoMns7Sbis
(at. %) was used. The detailed information on sample preparation can be found in Chapter 2.
The transformation temperatures were detected by DSC. The lattice constants of the constituent
phases were measured by XRD at the temperature range from 333 K to 213 K. The

microstructural and crystallographic features were investigated by SEM-EBSD.
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6.3 Results

6.3.1 Martensitic transformation temperatures and crystal structures of

NisoMn37Sbis

0.4
Ni, Mn,Sb ,

0.2 -
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Fig. 6.1 Cooling and heating DSC curves of NisoMn37Sbis alloy.

Fig. 6.1 displays the heating and cooling DSC curves of the NisoMns7Sbis alloy. Similar
to that of the NisoMnssShi2 alloy in Chapter 4, both the forward and the reverse martensitic
transformations (shown as two sharp peaks in Fig. 6.1) and the magnetic transformation of
austenite state (shown as two small steps in Fig. 6.1) can be detected. Thus, the five
characteristic temperatures (Ms, Mr, As, A and T2) are determined using the tangent method.
The results are summarized in Table 6.1. Comparing with the transformation temperatures of
the NisoMnssShi2 alloy from Chapter 4, we can find that with the addition of Sb, the martensitic
transformation temperatures are lowered by about 20 ~ 30K, whereas the Curie temperature of
the austenite T2 remains almost unchanged. Thus at room temperature, as indicated by the red

dot-dash line in Fig. 6.1, austenite is retained for the present alloy.
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Table 6.1 Forward and reverse martensitic transformation temperatures (Ms, Mr, Asand Ar) and
magnetic transformation temperature T2 of NisoMns7Sbis alloy determined from DSC data (K).

Component Ms M As At Te
NisoMn37Sb1s 292.39 282.85 299.37 311.63 332.95
(a) | Martensite (T = 213K) @ (b) [Austenite (T =333K) ° o °
= S o o
& - @ ° Q o o @
@ o o @ ° a
g @ @ o & @Ni @ Vin @ 0.525b+0.48Mn
& A o o oi|% L2, (Fm3m)
@ < DN @ Mn @ 0.525b+0.48Mn 2
: > oo Odmm | 2
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Fig. 6.2 XRD patterns of NisoMns7Sbiz alloy measured at martensite and austenite state,
respectively: (a) T=213 Kand (b) T =333 K.

Fig. 6.2 shows the XRD patterns of the NisoMns7Shis alloy measured at 213 K (pure
martensite state) and 333 K (pure austenite state). Using the published structure models of
austenite (cubic in space group Fm3m (No. 225) [79]) and martensite (40 in space group Pmma
(No. 051) [79]) of NiMnSb alloys, all the diffraction peaks of the two phases are properly
indexed, confirming that the present austenite has a cubic L21 structure belonging to the space
group Fm3m (No. 225) and the martensite possesses a 40 crystal structure belonging to the
space group Pmma (No. 051). The lattice parameters determined from the diffraction patterns
are aa = 5.9749 A for austenite, and am = 8.5830 A, bw = 5.6533 A, and cm = 4.3501 A for

martensite.
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6.3.2 Microstructure

6.3.2.1 Intragranular martensite

Austenite
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Fig. 6.3 (a) BSE micrographs of one martensite colony in an austenite grain. The phase
interfaces are outlined with the light blue dash lines. (b) The magnified micrograph of the zone
enclosed in the white rectangle in (a). The inset shows the alternately distributed lamellae with
two contrasts. The lamellar interface is outlined with the yellow dash lines. The three differently
oriented phase interfaces are denoted T1, T2 and Ts.

Fig. 6.3(a) shows a typical BSE micrograph of an austenite grain partially transformed to
martensite. It can be seen that martensite (with lighter contrast) are formed intragranularly in
the austenite grain (with darker contrast). The martensite colony is in plate shape, enveloped in
three differently oriented phase interfaces, and outlined with the light blue dash lines in Fig.
6.3(a). In order to investigate the phase interfaces (habit planes) and the interior microstructure
of martensite, we choose a zone that contains three differently oriented phase interfaces, as
marked with the white rectangle in Fig. 6.3(a) for further crystallographic analyses. The
magnified BSE micrograph of this zone is shown in Fig. 6.3(b). It can be seen that the
martensite is composed of fine martensite lamellae with two contrasts and distributed
alternately, as shown in the inset of Fig. 6.3(b). The lamellar interface is marked with the yellow
dash lines in the figure. The three differently oriented phase interfaces are labeled with Tz, T2
and Ts, respectively.

Then we manually measured the orientations of the martensite lamellae and the austenite

around the martensite colony. Along each interface, two distinct martensite variants can be
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detected (V1 and V1’ for T1, V2 and V2' for Tz, and V3 and V3' for Ts). Of the two variants, one is
much thicker (denoted Vi) than the other (denoted Vi’). The details of the orientation information

are given in Table 6.2.

Table 6.2 Orientation information of lamellar martensite variants and the adjacent austenite
determined by EBSD.

(The Euler angles listed in the table below represent the mean orientation of the martensite
variants and the austenite, respectively.)

Euler angle (p1 @ ¢2) (°)

Position Austenite Martensite
Major variant Minor variant
T1 Ausi (103.541.6 36.8) V1 (67.0 73.5 56.0) V1' (19.8 25.9 22.9)
T2 Aus2 (105.1 42.3 35.2) V2 (65.9 72.9 56.3) V2' (130.0 80.0 113.2)
LE Auss (103.8 42.0 35.9) V3 (66.4 73.2 55.9) V3' (130.579.6 113.0)

It is seen that V1, V2 and V3 are the same variants. The small deviation in the Euler angles
is either from measurement imprecision or from local lattice distortion. Similarly, V2' and V3'
are also the same variants. Thus in total, there are three distinct variants in the martensite colony
(V1, V1" and V2’). With the measured orientations of the three pairs of variants, we calculate the
misorientation between each pair. Calculations show that all of the three pairs, each possesses
at least one 180° rotation, as listed in Table 6.3. Comparing these 180° rotations with what we
have determined in NisoMnsgSba2 alloy in Chapter 4, we found that the variant pair near T1 (V1
and V1') possesses the type | twin relationship and the pair near T2 and Ts (V2 and V2" or V3 and
V3') the type Il twin relationship. Following the conventional terminology on martensite
variants in NiMn-based alloys (A, B, C and D), we found that variant V1 corresponds to variant
A, V1' to C, and V2' to B. However, in the intragranular martensite colony in the present alloy,
variant D was not detected. Either it has not appeared at beginning of the martensitic

transformation or its volume fraction is too small beyond the detection resolution.

Table 6.3 Misorientation and twin relationships between the measured variants.

Variant pair Viand V1' V2 and V2' Vs and Vs'
Misorientation 179.9079 179.4205 179.6801
angle o (°)
o [12.2755 1.9431]wm [12.02881.9969]m [12.0191 1.9876]m
Rotation axis d 0.34° from (221)m normal  0.43° from [122]m  0.38° from [122]m
Twin type Type | Type Il Type Il
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The OR between austenite and martensite was further verified using the Pitsch relation
({011}a // {221}m and <011>a // <122>wm) that was identified for the NisoMnssSbi2 alloy in
Chapter 5. That material possesses a similar composition with the present alloy, NisoMn3z7Shas.
Result shows that the Pitsch relation is also obeyed by the martensite variants with respect to
the surrounding austenite in the present alloy, as shown by the corresponding OR plane and OR
direction pole figures of the two phases in Fig. 6.4. It can be seen that the three variants share
one {221}wm plane, as enclosed in the red square that are parallel to the (110)a plane of austenite
and the three variants also share one <122>w direction, as enclosed in the green square, that are

parallel to the [110]a direction of austenite.

(a) {221}, & {011}, y (b) <122> & <011>, y

*Aus,
A A
<« B
v(C

Fig. 6.4 (a) {221} stereographic projection of the three measured martensite variants A, B and
C, and the {011} stereographic projection of the measured austenite Ausi. (b) <122>m
stereographic projection of the three measured martensite variants A, B and C, and the <011>a
stereographic projection of the measured austenite Aus.

6.3.2.2 Intergranular martensite

Martensite colonies was also found to form from austenite grain boundaries. Fig. 6.5(a1)
shows a typical BSE micrograph of two martensite colonies separated by a midrib plane

(marked with the orange dash line) formed from the grain boundary of the austenite.
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‘After cooling

]
""”

Plate interface

Fig. 6.5 (a1) BSE micrograph of grain boundary martensite colonies and (az) the magnified
micrograph displaying fine lamellar martensite in the area enclosed in the red rectangle in (a1).
(b) BSE micrograph acquired in the same area after the sample was further cooled to 283K for
2h.

It can be seen that the two colonies form a wedge-shaped zone. The phase interfaces
(marked with blue dash lines, T4 and Ts), the midrib plane and the intra-plate variants interfaces
(shown in Fig. 6.5(a2)) can be easily observed. The martensite lamellae on the two sides of the
midrib plane stretch in different directions. Hereafter we denote the colony on the left side of
the midrib plane Colony 1 and that on the right side Colony 2, as noted in Fig. 6.5(az2). In order
to observe the morphology evolution of the martensite colonies, we cooled the sample to 283K
that is close to the Mt of the alloy (282.85K) and kept it for 2h to allow part of the austenite to

transform to martensite. The BSE micrograph taken at the same sample area is shown in Fig.
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6.5(b). It can be seen that the martensite colonies are enlarged by pushing forward the habit
planes T4 and Ts. After transformation the wedge-shaped martensite colonies were transformed
to plate-shaped colonies (Pa and Ps in the figure) until they meet the plate-shaped colonies from
the neighboring wedges (Pc and Po in the figure). After the transformation, the phase interfaces
T4 and Ts disappeared but the midrib plane remain stationary. The disappeared habit plane T4
and Ts are replaced by the plate interfaces having the same trace orientation as that of the midrib
plane. According to the intra-plate variant trace orientation, we can deduce that plates Pa and
Pc are composed of the same martensite variants; so are plates Ps and Pp. Thus in the area
boarded by the austenite grain boundaries (the yellow lines) in Fig. 6.5(b) there are two distinct
plate colonies alternately repeated in the area. These martensite plates are the constituents of
the sub-colony found in Chapter 5. This implies that the sub-colonies are composed of the same
martensite wedges formed at the beginning of martensite transformation and the final plate
interfaces are the midrib planes.

EBSD orientation measurements conducted in the two colonies in the wedge-shaped zone
demonstrate that there are in total 4 distinct variants A', B, C' and D'. Each fine lamella shown
in Fig. 6.5(a2) corresponds to one martensite variant. Each colony possesses 2 distinct variants
distributed alternately. According to the acquired orientations we calculate the misorientation
between variant pairs A" and B', and C' and D'. It is found that both of the two variant pairs
possess a type Il twin relationship. The related crystallographic information is given in Table

6.4.

Table 6.4 Twin information of the two variant pairs in Colony 1 and Colony 2 in Fig. 6.5.

Variant pairs A'and B' C'and D'
Colony Colony 1 Colony 2
Phase interface Ta Ts
Misorientation 179.6252 179.5053
angle o (°)
. : [12.0075 2.0103]m [12.0140 1.9823]m
Rotation axis d 0.11° from [122]m 0.38° from [122]m
Twin type Type Il Type Il
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{221}, & {011}, Y~ 28

o Austenite

Fig. 6.6 {221}m stereographic projection of variants A', B', C' and D', and the {011}a
stereographic projection of austenite.

Similarly, we studied the crystallographic coincidence between the martensite variants
connected by the midrib plane (inter-colony variants) and with the austenite. As shown by the
stereographic projection of {221}m planes of the 4 variants and the stereographic projection of
the {011} planes of austenite in Fig. 6.6, we found that variants A" and B' in Colony 1 share a
common (221)m plane and these two planes are parallel to the (011)a plane of austenite. The
same relations were also found for variants C' and D'. The two variants share a common (221)m
plane and these planes are parallel to the (101)a plane of austenite. The (221)m planes of the 4
variants are their corresponding twinning plane of type | twin. Moreover, we find that the trace
of the (110)a plane of austenite is almost parallel to the observed trace of the midrib plane (with

0.24° deviation). The three {101}a planes belong to the [111]a axis zone.

6.4 Discussion

6.4.1 Sandwich-like martensite and habit plane

The above experimental results show that all the variant colonies possess a sandwich
structure, i.e., the colonies are composed of lamellar shaped variants and the variants appear

repeatedly in the colonies. It is known that martensitic transformation is realized by coordinated
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movements of the atoms of the parent phase. Hence atomic mismatches may appear at the
interface areas between the product phase and the parent phase, depending on the crystal
structures of the two phases, as illustrated in Fig. 6.7(a). Such mismatches induce a kind of
resistance to the transformation and the resistance increases with the growth of the new phase.
Thus minimization of the elastic strain at the interface region by forming another variant usually
happens. As the crystal is still distorted in the area between the phase interface and the variant
interfaces, as shown in Fig. 6.7(b), the thickness of the lamellar variants are restricted. Thus the
transformation is realized by repeated formation of the lamellar variants by forming the so-
called sandwich structure, as illustrated in Fig. 6.7(b). By adjusting the volume fraction of the
two variants, the interface between the two phases or the so-called habit plane could be invariant

in macroscopic scale. Thus martensitic transformation is realized by an invariant plane strain.

(2)

Austenite

Invariant plane

o — E— —
————
— —

Martensite

(b)

Austenite ] _
Distorted region =

(Habit plane)

Fig. 6.7 Illustration of the (a) atomic incompatibility between the two phases for the single
variant situation and (b) sandwich-like microstructure composed of two martensite variants V;
and Vi to achieve an invariant plane of the phase interface (habit plane).
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It is also known that the structure deformation to realize martensitic transformation can be
described by a stretch distortion, i.e. the Bain distortion, as illustrated in Fig. 6.8, and a pure
rotation. If the habit plane is invariant, one of the three principal strains of Bain distortion, i.e.
the three eigenvalues of the Bain distortion gradient tensor, should be equal to 1. For the present

alloy, the three principal strains of Bain distortion are:

n1 = ay/V2a, = 1.0158
N, = by /a, = 0.9462 (6.1)
ns = V2cy/a, = 1.0296.

None of the three eigenvalues is equal to 1. Thus the phase interface is not invariant by
forming only one martensite variant. Atomic mismatches can be expected, especially when the
variant enlarges its volume. Hence, a second variant is needed to accommodate the elastic
strains generated by the first variant at the interface regions. The appearance of sandwich

structured martensite colonies observed in the present alloy (Fig. 6.3 and Fig. 6.5) should be

for achieving an invariant plane at the phase interface.
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Fig. 6.8 Illustration of the Bain distortion from a cubic lattice to orthorhombic lattice. The black
and blue points represent the Bravais lattice points of austenite and martensite, respectively.

For the present alloy, the martensitic transformation obeys the Pitsch OR ({011}a //
{221}m and <011>a // <122>m), 24 martensite variants in terms of crystallographic orientation

can be produced within one initial austenite grain. Under a stress free environment, the 24
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variants should have equal chance to appear. However, in the present alloy, only 2 variants with
twin relation were detected in the vicinity of the habit plane for both intragranular
transformation and intergranular transformation. Therefore the occurrence of the variants is not
arbitrary, but selective. To find out the selection rule, we need to know how lattice is deformed
during the transformation. In fact, the formation of each possible variant represents a
specifically oriented lattice distortion of the parent austenite. By the examining lattice
correspondences between the parent austenite and the product martensite under the Pitsch OR,
as shown in Fig. 6.9, the deformation gradient tensor to form the martensite variant, For in the

OR frame, can be constructed as below:

0.9854 —0.0102 —0.0776
For=| 0 1.0234  0.0090 |. (6.2)

0 0 0.9823
It can be further expressed in the Bravais lattice basis of austenite by coordinate transformation:

1.0234 0.0064 0.0064
F0=<—O.0072 0.9450 —0.0403>. (6.3)

0.0072 0.0372 1.0226
Thus the deformation gradient tensors of the 24 variants can be calculated with the following

equation:

Fi=SixFyx (817 (i = 1~24), (6.4)

where S} is the rotational symmetry elements of the cubic crystal system.

~
_———————

QN 1),/ @21y
LA 1
Fig. 6.9 Lattice correspondences between the parent austenite and the product martensite under
the Pitsch OR.
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The calculated deformation gradient tensors of the 24 variants of the present alloy are
listed in Table 6.5. According to the phenomenology theory of martensitic transformation [109,
110], the transformation deformation can be decomposed into a stretch distortion represented
with a Hermitian matrix U, i.e. the Bain distortion, and a pure rotation represented with a unitary
matrix R, as mentioned above:

F = RU. (6.5)

By polar decomposition theorem [121], U and R can be resolved. The stretch distortion

U and the rotation R were further calculated for all the 24 variants and also listed in Table 6.5.
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Table 6.5 Deformation gradient tensor Fi, stretch tensor or Bain distortion Ui, rotation matrix Ri of martensite variant i obeying Pitsch OR and the
corresponding OR between the variant and the parent austenite.

Variant i Deformation gradient tensor Fi Bain distortion Ui Rotation matrix Ri OR
1.02338 0.00639 0.00639 1. 02341 0 0. 00693 0.99998 0.00675 -0.00053 (OTT)a /I (22T)u
1 <-0.00720 0.94504 -0.04034) ( 0.94579 ) ( 0.00677 0.99920 -0.03937) [0T1]a // [122]
0.00720 0.03724 1.02262 0.00693 0 1. 02341 0.00027 0.03937 0.99922 A M
1.02338 -0.00639 -0.00639 02341 0 -0. 00693 0.99998 -0.0675 0.00053 (011)a // (22T)u
7 (0 00720  0.94504 -0.04034> < 0.94579 ) (0 00677  0.99920 -0.03937) [01T]a // [122]
0.00720 0.03724 1.02262 0.00693 0 1. 02341 0.00027 0.03937 0.99922 A M
1.02338 -0.00639 -0.00639 1.02341 -0.00693 0.99998 0.00053 -0.00675 (OTT)a /I (22T)u
21 ( 0.00720 1.02262 0.03724) < 0.00693 1.02341 ) < 0.00027 0.99922 0.03937> [01T]a // [122]
0.00720 -0.04034 0.94504 0 0. 94579 0.00677 -0.03937 0.99920 A M
1.02338 0.00639 0.00693 1.02341 0.00693 0.99998 -0.00053 0.00675 (011)a // (227)
24 (0 00720 1.02262 0.03724> (0 00693 1.02341 ) (0 00027  0.99922 0.03937) [Oil]A Il [122]M
0.00720 -0.04034 0.94501 0 0. 94579 0.00677 -0.03937 0.99920 A M
1.02262 0.03724 0.00720 1. 02341 0 0. 00693 0.99922 0.03937 0.00027 (110)a // (22T)u
2 ( 0.04034 0.94504 -0.00720) ( 0.94579 ) < 0.03937 0.99920 -0.00677) [T10]a // [122]
0.00639 0.00639 1.02338 0.00693 0 1. 02341 0.00053 -0.00675 0.99998 A M
1.02262 0.03724 -0.00720 1. 02341 0 -0. 00693 0.99922 0.03937 -0.00027 (TT0) // (23T)m
3 ( 0.04034 0.94504 0.00720) ( 0.94579 ) ( 0.03937 0.99920 0.00677> [170]a // [122]
0.00639 -0.00639 1.02338 0.00693 0 1. 02341 0.00053 -0.00675 0.99998 A M
0.94504 -0.04034 -0.00720 0. 94579 0 0.99920 -0.03937 -0.00677 (TT0)a // (227)
12 <0 03724 1.02262 0.00720) 1.02341 0. 00693> (O 03937 0.99922 0.00027) [IlO]A /I [IEZ]M
0.00639 0.00639 1.02338 0.00693 1.02341 0.00675 -0.00053 0.99998 A M
0.94504 -0.04034 0.00720 0. 94579 0 0.99920 -0.03937 0.00677 (110) // (23T)m
18 (0 03724 1.02262 -0.00720 ( 1.02341 -0. 00693) (O 03937 0.99922 -0.00027) [170]a // [122]
0.00639 -0.00639 1.02338 -0.00693 1.02341 0.00675 0.00053 0.99998 A M
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Table 6.5 (continued)
Variant i Deformation gradient tensor Fi Bain distortion Ui Rotation matrix Ri OR

1.02338 -0.00639 0.00639 1. 02341 0 0. 00693 0.99998 -0.00675 -0.00053 (0T1)a // (227)
4 (0.00720 0.94504 0.04034> < 0.94579 ) <0 00677 0.99920 0.03937) [OII]A /I [I?Z]M
0.00720 -0.03724 1.02262 0.00693 0 1. 02341 0.00027 -0.03937 0.99922 A M
1.02338 0.00639 -0.00639 1.02341 0.00693 0.99998 -0.00053 -0.00675 (0T1)a // (22T)u

6 (0.00720 1.02262 -0.03724> (0 00693 1.02341 ) <O 00027 0.99922 -0.03937> [011]a // [122]
0.00720 0.04034 0.94504 0 0. 94579 0.0067 0.03937 0.99920 A M
1.02338 -0.00639 0.00639 02341 -0.00693 0.99998 0.00053 0.00675 (01T)a // (22T)u

8 ( 0.00720 1.02262 -0.03724> ( 00693 1.02341 ) ( 0.00027 0.99922 -0.03937> [0TT]a // [122]
0.00720 0.04034 0.94504 0 0. 94579 0.00677 0.03937 0.99920 A M
1.02338 0.00639 -0.00639 1. 02341 0 -0. 00693 0.99998 0.00675 0.00053 (01T)a // (23T)m

10 ( 0.00720 0.94504 0.04034) ( 0.94579 ) ( 0.00677 0.99920 0.03937) [011]a / [122]
0.00720 -0.03724 1.02262 0.00693 0 1. 02341 0.00027 -0.03937 0.99922 A M
1.02262 -0.03724 -0.00720 02341 0 -0. 00693 0.99922 -0.03937 -0.00027 (1T0)a // (22T)u

5 (0 04034  0.94504 -0.00720> ( 0.94579 ) (0 03937 0.99920 -0.00677> [TT0]a // [122]
0.00639 0.00639 1.02338 0.00693 0 1. 02341 0.00053 0.00675 0.99998 A M
0.94504 0.04034 -0.00720 0. 94579 0 0.99920 0.03937 -0.00677 (1T0) // (23T)m

14 ( 0.03724 1.02262 -0.00720) ( 1.02341 -0. 00693) ( 0.03937 0.99922 -0.00027> [110]a / [122]
0.00639 -0.00639 1.02338 -0.00693 1.02341 0.00675 0.00053 0.99998 A M
0.94504 0.04034 0.00720 0. 94579 0 0.99920 0.03937 0.00677 (T10)a /I (22T)u

17 < 0.03724 1.02262 0.00720> < 1.02341 0. 00693> ( 0.03937 0.99922 0.00027> [TT0]a // [122]
0.00639 0.00639 1.02338 0.00693 1.02341 0.00675 -0.00053 0.99998 A M
1.02262 -0.03724 0.00720 1. 02341 0 0. 00693 0.99922 -0.03937 0.00027 (T10) // (23T)m

22 (0 04034 0.94504 0.00720> ( 0.94579 ) (O 03937 0.99920 0.00677> [110]a / [122]
0.00639 -0.00639 1.02338 0.00693 0 1. 02341 0.00053 -0.00675 0.99998 A M
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Table 6.5 (continued)
Variant i Deformation gradient tensor Fi Bain distortion Ui Rotation matrix Ri OR

0.94504 0.00720 -0.04034 0. 94579 0.99920 0.00677 -0.03937 (T0T)a // (227)
9 < 0.00639 1.02338 -0.00639) < 1. 02341 -0. 00693) < 0.00675 0.99998 0.00053) [101]A /I [I?Z]M
0.03724 -0.00720 1.02262 -0.00693 1.02341 0.03937 -0.00027 0.99922 A M
1.02262 0.00720 0.03724 .02341 0.00693 0.99922 0.00027 0.03937 (T0T)a // (22T)u

13 <O 00639 1.02338 0.00639> ( 00693 1.02341 ) < 0.00053 0.99998 0.00675> [10T]a // [122]
0.04034 -0.00720 0.94504 0 0. 94579 0.03937 -0.00677 0.99920 A M
1.02262 -0.00720 0.03724 02341 -0.00693 0.99922 -0.00027 0.03937 (101)a // (22T)u

16 < 0.00639 1.02338 -0.00639) < .00693 1.02341 ) <0 00053  0.99998 -0.00675) [101]a // [122]
0.04034 0.00720 0.94504 0 0. 94579 0.03937 0.00677 0.99920 A M
0.94504 -0.00720 -0.04034 0. 94579 0 0.99920 -0.00677 -0.03937 (101)a // (23T)m

23 (0.00639 1.02338 0.00639) ( 1.02341 0. 00693) (0 00675 0.99998 -0.00053> [10T]a // [122]
0.03724 0.00720 1.02262 0.00693 1.02341 0.03937 0.00027  0.99922 A M
0.94504 0.00720 0.04034 0. 94579 0 0.99920 0.00677 0.03937 (10T)a // (22T)u

11 ( 0.00639 1.02338 0.00639) ( 1.02341 O. 00693) ( 0.00675 0.99998 -0.000SS) [101]a // [122]
0.03724 0.00720 1.02262 0.00693 1.02341 0.03937 0.00027 0.99922 A M
1.02262 0.00720 -0.03724 02341 0.00693 0.99922 0.00027 -0.03937 (10T)a // (23T)m

15 (O 00639 1.02338 -0.00639) ( 00693 1.02341 ) ( 0.00053 0.99998 -0.00675> [10T]a // [122]
0.04034 0.00720 0.94504 0 0. 94579 0.03937 0.00677 0.99920 A M
1.02262 -0.00720 -0.03724 02341 -0.00693 0.99922 -0.00027 -0.03937 (T01)a // (22T)u

19 < 0.00639 1.02338 0.00639> < .00693 1.02341 ) (0 00053 0.99998 0.00675) [101]a // [122]
0.04034 -0.00720 0.94504 0 0. 94579 0.03937 -0.00677 0.99920 A M
0.94504 -0.00720 0.04034 0. 94579 0.99920 -0.00677 0.03937 (101)a // (23T)m

20 (0 00639 1.02338 -0.00639) ( 1. 02341 -0. OO693> (O 00675 0.99998 0.00053> [10T]a // [122]
0.03724 -0.00720 1.02262 -0.00693 1.02341 0.03937 -0.00027 0.99922 A M
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It is seen from the table that the 24 distinct deformations represent only 6 distinct stretch
distortions. The differentiation between the variant with the same stretch distortion is made by
the rotation. In the classical theory of martensitic transformation, U, is calculated according to

the Bain distortion model:

N1+ 13 0 m—1M3
2 2
Uy = 0 12 0 . (6.6a)
n1—1M3 0 n+n3
2 2

By symmetry operation, all the possible U; can be calculated:

U, = (1) UoSL (i = 1~24). (6.6b)
The uncertainty left by this method is that the true orientation of the variant or the true variant
in the microstructure is not known, as the orientation of the variant is determined by the rotation
but not only the Bain distortion. Thus the advantages of our method described above are that
all the information about the variants in terms of their deformation gradient tenor, Bain
distortion and pure rotation is known and their spatial correlation with their microstructure is
also known.

If the formation of the sandwich structure is to minimize the transformation strain, the
following two conditions should be satisfied. One is that the two variants should cancel out the
elastic strains at habit plane to achieve an invariant plane and the other is that they can offer
maximum lattice match at their interfaces, as the formation of intra sandwich interfaces
represented by an increase of interfacial area also increases the transformation resistance.
According to the crystallographic theory of martensitic transformation [107], the two conditions
can be mathematically expressed with the following two equations:

Q.U; —U; = a,®@n, (6.7a)
Q:(2Q.U; + (1 = N)U;) — I = a,®ny,. (6.7b)
Eq. (6.7a) describes the geometrical compatibility of the two variants at variant interfaces and

Eq. (6.7b) the geometrical compatibility between the sandwich and the austenite at habit plane.

InEq. (6.7a), U; and U, are stretch tensors or Bain distortion corresponding to variant V and
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Vi; Q, is the additional relative rotation between the two variants to keep a minimum atomic
mismatches on variant interface; a, is a vector on the interface; n, is the vector normal to the
interface. In Eq. (6.7b), Q, is another additional relative rotation between the sandwich and the
retained austenite to keep a minimum atomic mismatches on the habit plane; 1 is the volume
fraction of Vs; ay, is a vector on the interface between the sandwich and the austenite or the

habit plane; n, is the vector normal to the habit plane. In the two equations, Q,U;, Uy,
QZ(AQ1U] + (1 - A)U,) and I are the relative deformation gradient tensors of variant V;,

variant Vi, the sandwich structure and the retained austenite, respectively. Since there is no
deformation for the retained austenite, its deformation matrix is the identity matrix 1. If the two
variants represented by U, and U, can provide geometrical compatibility at the two kinds of
interfaces, there should exist two vectors for each equation in Eg. (6.7) such that the left side of
the equation can be expressed by a dyadic product of the two vectors, one being the interface
normal vector and the other a vector on the interface. Thus the variant interface plane and the
habit plane can be respectively resolved. To solve the two equations, only U; and U, should
be known as the initial input. Using the mathematical treatments described in [107], all the other
variables can be solved. Hereafter, all the calculations and results are conducted and expressed

in the Bravais lattice basis of the cubic austenite, unless specified otherwise.
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Chapter 6 Self-accommodation character of martensitic transformation and its impact on microstructure

Table 6.6 Variant pairs that can form a sandwich-like martensite with the best atomic matches on variant interface and habit plane.

Correspondence with the experimental

Variant pair  Volume fraction OR Variant interface Habit plane results
(3.6996 4.7074 1)a Variant 1 — Variant A'
0.7179-0.2821 —— : .
(6.3337 7.0982 1)a Variant 24 — Variant B'

1-24 Type Il twin (15.3126 5.3126)a

0.2821-0.7179 (6.333717.0982)a  Twinning plane — (1 5.3126 5.3126)a

(3.6996 1 4.7074)a Habit plane T4 — (3.6996 4.7074 1)a

0.7179-0.2821 Eggggé Zgggj gA

7-21 Type Il twin (15.3126 5.3126)a 09964, A
0.2821-0.7179 (3.6996 1 Z.7074)a

o (6.3337 1 7.0982)a

(3.9838 4.4407 1)a
(5.0776 6.5193 1)a
(3.9838 1 4.4407)a
(5.0776 1 6.5193)a

0.7201-0.2799
1-21 Type | twin (011)A
0.2799-0.7201

(3.9838 4.4407 1)a
(5.0776 6.5193 T)a
(5.0776 16.5193)a
(3.9838 1 4.4407)a

0.7201-0.2799
7-24 Type | twin (011)a
0.2799-0.7201
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Table 6.6 (continued)

Invariant habit

Correspondence with the experimental

Variant pair ~ VVolume fraction OR Variant interface
plane result
o
2-12 Type Il twin (5.3126 5.3126 1)a ' ' 8
0.2821-0.7179 (4.7074 1 3.6996)a
' ' (7.0982 1 6.3337)a
(14.7074 3.6996)a Variant 3 — Variant A
0.7179-0.2821 _ . .
318 Tvoe 11 twin (5.3126 5.3126 ) (17.0982 6.3337)a Variant 18 — Variant B
0.9821-0.7179 P ' ' 8 (7.098216.3337)a  Twinning plane — (5.3126 5.3126 1)a
' ' (4.707413.6996)a  Habit plane T23 — (1 4.7074 3.6996)a
0.7201-0.2799 (144407 3.9838)a
. (16.51935.0776)a
2-18 Type | twin (110)a -
0.2799-0.7201 (6.519315.0776)a
' ' (4.4407 1 3.9838)a
(16.5193 5.0776)a Variant 3 — Variant A
0.7201-0.2799 — . .
. . : V t12-V tC
312 Type I twin (110)a (14.4407 3.9838)a arian arian

0.2799-0.7201

(4.4407 1 3.9838)a
(6.5193 1 5.0776)a

Twinning plane — (110)a
Habit plane T1 — (1 4.4407 3.9838)a
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Table 6.6 (continued)

Invariant habit

Correspondence with the experimental

Variant pair ~ VVolume fraction OR Variant interface
plane result

o, R
4-8 Type 11 twin (15.3126 5.3126)a 0005l [ A
0.2821-0.7179 (6.3337 1 7.0982)a
| ' (3.6996 1 4.7074)
0.7179-0.2821 Egggg; Zggﬁi g‘\
10-6 Type Il twin (15.3126 5.3126)a ' : A
0.2821-0.7179 (3.6996 1 4.7074)a
| ' (6.3337 1 7.0982)a
0.7201-0.2799 (3.9838 4.4407 1)a
. _ (5.0776 6.5193 1)a

4-6 Type | twin (011)A Nt
0.2799-0.7201 (3.9838 14.4407)a
| ' (5.0776 1 6.5193)a
0.7201-0.2799 (3.9838 4.4407 T)a
10-8 Type | twin (011) (507766.5193 1)a
& 8 (5.0776 1 6.5193)a

0.2799-0.7201

(3.9838 1 4.4407)a
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Table 6.6 (continued)

Invariant habit

Correspondence with the experimental

Variant pair ~ Volume fraction OR Variant interface
plane result

0.7179-0.2821 g Z'ngj ggggg’*
5-17 Type 11 twin (5.31265.3126 1)a _ T eeeEeIA
0.2821.0.7179 (4.7074 1 3.6996)a
' ' (7.0982 1 6.3337)a
0.7179-0.2821 ((i ‘;gg;g 2222?)‘\
22-14 Type Il twin (5.3126 5.3126 1)a _ [ TReaad A
0.2821.0.7179 (7.0982 1 6.3337)a
' ' (4.7074 1 3.6996)a
0.7201-0.2799 (14.4407 3.9838)a
. - (16.51935.0776)a

5-14 Type | twin (110)a —
0.9799.0.7201 (6.519315.0776)a
' ' (4.4407 1 3.9838)a
0.7201-0.2799 (16.5193 5.0776)a
22-17 Type | twin (110) (14.4407 3.9838)
yp A (44407 1 3.9838)a

0.2799-0.7201

(6.5193 1 5.0776)a
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Table 6.6 (continued)

Invariant habit

Correspondence with the experimental

Variant pair ~ Volume fraction OR Variant interface
plane result

0.7179-0.2821 Sgg;g 22223 %A
9-16 Type 11 twin (5.3126 1 5.3126)a - ' ”
0.9891.0.7179 (16.3337 7.0982)a
' ' (13.6996 4.7074)a
0.7179-0.2821 g'gggi 22332 3‘\
23-13 Type lltwin (53126 15.3126)a BN "
0.2891.0.7179 (1 3.6996 4.7074)a
' ' (1 6.3337 7.0982)a
0.7201.0.2799 (4.4407 3.9838 1)a
. (6.51935.0776 T)a

9-13 Type | twin (101)a _
0.9799.0.7201 (15.0776 6.5193)a
' ' (1 3.9838 4.4407)a
0.7201-0.2799 Egi':‘llg; :gsig g’*
23-16 Type | twin (101) BN "

0.2799-0.7201

(15.0776 6.5193)a
(13.9838 4.4407)a

95



Chapter 6 Self-accommodation character of martensitic transformation and its impact on microstructure

Table 6.6 (continued)

Invariant habit

Correspondence with the experimental

Variant pair ~ Volume fraction OR Variant interface
plane result
0.7179-0.2821 ((;1 gg;g 2222? 1))“
11-19 Type Il twin (5.3126 15.3126)a = 220r A
0.9891.0.7179 (16.3337 7.0982)a
' ' (13.6996 4.7074)a
(7.0982 6.3337 1)a Variant 20 — Variant C'
0.7179-0.2821 - . .
. — (4.7074 3.6996 1)a Variant 15 — Variant D'
20-15 Type Il twin 5.3126 15.3126 _— - —
0289107179 yp ( )a (13.699637074)a  Twinning plane — (5.3126 15.3126)a
' ' (16.3337 7.0982)a  Habit plane Ts — (4.7074 3.6996 1)a
0.7201.0.2795 (44407 3.9838 1)a
. _ (6.51935.0776 1)a
11-15 Type | twin (101)a -
0.2799-0.7201 (1 3.9838 4.4407)a
' ' (15.0776 6.5193)a
0.7201-0.2799 (4.4407 3.9838 1)a
20-19 Type | twin (107) (6519350776 L)a
yp A (15.0776 6,5193)a

0.2799-0.7201

(13.9838 3.4407)
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Table 6.6 shows the calculated results of all the possible variant pairs that can form a self-
accommodated sandwich-like variant colony, i.e., producing coherent variant interface and
invariant habit plane. The variant pairs are grouped according to the orientation of the variant
interface planes in the table, i.e., variant pairs with closely oriented interface planes are put in
one group. It can be seen that all the variant pairs that can provide matched interfaces possess
a twin relationship. They can form only two types of twins, type | or type Il twin. This
corresponds to the results obtained experimentally in this alloy where the variants in the
sandwich structure are all twin related either with type | or type Il twin relation. It is seen that
the 24 variants can be divided into 6 groups. Each group contains 4 variants and they share one
common {011} plane. The 4 variants can form two pairs of type | twins and two pairs of type
Il twins. The calculated variant interfaces are further expressed in the lattice basis of martensite
under the Pitsch OR. The type I twin interfaces are the {221}wm planes (corresponding to {011}
plane of austenite) and the type 1l twin interfaces are {1.37 1.68 1}m ({5.3126 5.3126 1}a),
respectively. The calculated variant interfaces coincide with the twinning plane K1 of either the
type | twin or the type 11 twin. The interfaces of the two type | twins possess the same interface
orientation, whereas the interfaces of the two type Il twins are deviated by 15.2° across the type
| twin interface orientation. These features correspond exactly to the characteristics of variants
in a broad plate or variant colony as experimentally revealed in Chapter 4, suggesting that the
4 variants in each group in Table 6.6 are from one variant colony composed of variants A, B,
C and D. The calculation results in Table 6.6 also show that mathematically each variant pair
with fixed fraction ratio could produce two habit planes. The volume fraction of the two variants
can be exchanged. This exchange does not affect the type of habit plane (belonging to the same
family of planes) but affects the orientation of the habit plane. For the variant pairs with type |
twin relation, their habit planes belong to either {1 3.9838 4.4407}a or {1 5.0776 6.5193}a
family and the volume fraction of the main variant is 0.7201, whereas for the variant pairs with
type Il twin relation, their habit planes belong to either {1 3.6996 4.7074}a or {1 6.3337

7.0982}a family and the volume fraction of the main variant is 0.7179.
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For the present alloy, all the variant pairs detected through experiments can be found
among the calculated variant pairs that can provide geometrical compatibility at both variant
interfaces and phase interfaces or habit planes in Table 6.6. For the intragranular martensite
colony (Fig. 6.3), the pair of type | twin, variant pair A and C in the vicinity of interface Ti,
corresponds to variant pair 3-12 in Table 6.6 and the pair of type Il twin, variant pair A and B
in the vicinity of the interfaces T2 and T3, corresponds to variant pair 3-18 in Table 6.6. For the
intergranular colonies in Fig. 6.5, the two pairs of type Il twins, (variant pairs A" and B' at the
vicinity of T4 and C' and D' at the vicinity of Ts), corresponding to variant pairs 1-24 and 20-15
in Table 6.6, respectively. The calculated habit planes related to the variant pairs in the colonies
at the two locations of austenite were verified with the observed habit plane traces. The results
are displayed with the corresponding habit plane pole figures and shown in Fig. 6.10. For the
intragranular colony, among the three observed phase interfaces (T1 ~ Ts) two of them (T1 and
T2) can well match the predicted habit planes with about 1° angular deviation. This indicates
that interfaces T1 and T2 are the invariant planes. However for interface Ts, the observed trace
Is 9.62° away from the theoretical trace. The reason of this discrepancy will be analyzed latter.
For the intergranular colonies (as shown in Fig. 6.5), the observed phase interfaces T4 and Ts
can well match the predicted traces of the habit planes ((3.6996 4.7074 1)a and (4.7074 3.6996
1)) (with about 0.65° angular deviation). For the volume fractions, the experimental values of
the major and minor variants shown in the inset of Fig. 6.3(b) and Fig. 6.5(a2) are basically in
accordance with the calculated ones. These results indicate that the formation of the sandwich
structures in the present alloy is indeed to minimize the lattice mismatches at the phase interface

regions and thus to reduce the transformation resistance.
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(a,) {13.9838 4.4407) y 1213 (a,) {1 3.6996 47074}y (a,) {13.6996 4.7074} y

Fig. 6.10 Stereographic projections of the calculated habit planes compared with the observed
habit plane traces in Fig. 6.3 and Fig. 6.5. (a1)~(as) Habit planes of the intragranular martensite
sandwich and (b) habit planes of the intergranular martensite sandwiches.

In fact, the results shown in Table 6.6 only include variant pairs that provide compatible
variant interfaces and invariant habit planes. There also exist some variant pairs that can form
compatible variant interfaces but cannot produce an invariant phase interface or habit plane.
The details of these variant pairs and the corresponding OR and variant interface are given in

Table 6.7.

Table 6.7 Variant pairs that can only form compatible variant interface and OR between the
paired variants and the Miller indices of the interface.

Vari_ant OR _Variant Vari_ant OR _Variant
pair interface pair interface
1-7 Compound twin (100)a 24-21  Compound twin (100)a
2-3 Compound twin (001)a 12-18  Compound twin (001)a
4-10  Compound twin (100)a 8-6 Compound twin (100)a
5-22  Compound twin (001)a 17-14  Compound twin (001)a
9-23  Compound twin (010)a 16-13  Compound twin (010)a

11-20 Compound twin (010)a 19-15  Compound twin (010)a
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It can be seen that there are 12 variant pairs and all these 12 pairs are compound twin
related. The variant interface is the {001}a plane that correspond to the {201}m twinning plane
of compound twins. Such twins have been found in variant colonies between variant A and D
and between variant B and C, as shown in Fig. 4.5 in Chapter 4. Compound twins are variant

pairs in the length direction of a lamella in the sandwich structure, as illustrated in Fig. 6.11.

Fig. 6.11 Illustration of sandwich structure composed of 4 distinct variants that form 3 different
twin types.

By forming compound twins in the length direction of the lamellae in a sandwich, the
variant combination changes from type | twin relation from one habit plane to type Il twin
relation to another habit plane, as shown in Fig. 6.11, thus the sandwich structure can be
enclosed by several differently oriented invariant habit planes and form a closed variant colony.
Thus the practical sandwich structure in the present alloy is more complicated than that
illustrated in Fig. 6.7(b), where the structure contains only two variants and only one oriented

habit plane.

6.4.2 Dimension characters of sandwich structured variant colony
The above analyses using the crystallographic theory of martensitic transformation well
revealed the underlying mechanisms of the formation of sandwich structure of martensite

variant colonies for self-accommodation of the transformation strains. However there are still
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questions remain un-answered. The morphology or dimension features of the sandwich
structured variant colonies are not explained and the appearance of some phase interfaces not
predicted by the theory, as the case of habit plane Ts, is also not explained. Moreover, the
numbers of the variant pairs with type | and type Il twin relations are not the same, although
the calculated results demonstrate that there is no advantages one over the other in terms of
invariant habit plane and compatible variant interface.

Clearly the dimension singularity of the sandwich structured variant colony is closely
related to the transformation strain characters of the paired variants. Thus with the deformation
gradient tensor obtained by examining atomic correspondences between the parent and the
product phase under the Pitsch OR as described above, the deformation gradient tensor of each
variant can be obtained. Here we use the three variants A, B, and C in the intragranular variant
colony in Fig. 6.3 as an example. The three variants correspond to variant 3, 18 and 12 in Table
6.5. The total deformation gradient tensor for type I twin (F: for variant pair A and C) and type
Il twin (Fu for variant pair A and B) combination with the volume fraction of each variant
indicated in Table 6.6 are calculated and displayed in Egs. (6.8a) and (6.8b). Fa, Fs and Fc are
the deformation gradient tensors of the respective variants. The coefficients before these three
deformation gradient tensors are the calculated volume fraction of the three variants from Table
6.6. All the deformation gradient tensors given in Egs. (6.8a) and (6.8b) are expressed in an
orthonormal coordinate frame “i-j-k’ whose i is [0.6035 0.6035 0.5212]a (the intersection line

of the habit plane T1 (1 4.4407 3.9838)a and the twinning plane of type I twin (110)a), K is

[0.1653 0.7341 0.6586]a (the normal of the habit plane T1), and j is [0.7801 0.3113 0.5428]a

(the cross product of axes k and i) as illustrated in Fig. 6.12.
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Fig. 6.12 Illustration of the ‘i-j-k” frame set respect to the microstructure of the intragranular
variant colony at the vicinity of habit plane Ti.

i j K
1.0002 0.0084 0.0384\ i  (6.8a)
Fy = 0.7201XF, + 0.2799%F, =  -0.0090 0.9999 -0.0071 | j
0.0109 -0.0214 0.9909/ k
0.9977 0.0133 0.0371\ i
Fy=0.7179% F, + 0.2821XFy= <-o.o100 0.9989 -o.o100) j  (6.8b)
0.0121 -0.0201 0.9945/ k

In the deformation gradient tensor, the difference of the 3 diagonal elements F(i, 1), F(j, j)
or F(k, k) from 1 represent a normal strain along the i, j or k axis, while the 6 off diagonal
elements represent a shear (for example the element F(i, ) represents a shear in i direction on
the plane normal to j). For the first matrix we can find that the two elements Fi(i, i) = 1.0002
and Fi(j, j) = 0.9999 are quite close to 1, i.e. the normal strain along the i and j axes are very
small. However, the element Fi(k, k) = 0.9909 is much smaller than 1, i.e. there exists a high
compressive strain (0.0091) along the normal of the habit plane. Among the 6 shear strain
elements, Fi(i, k) is much higher (0.0384), indicating that a large strain can be reached when
the sandwich thickens in the direction of k. The second highest shear component is Fi(k, j) (-
0.0214), inferring that a relative large shear strain can be created when the sandwich enlarges
in the direction of j. The deformation strain of the type Il twin combination (Eq. (6.8b))
possesses almost the same characters as those of the type | twin. Such a deformation will result
in a plate-shaped variant colony whose length along the k axis is much limited (restricted by

the high compressive strain along this direction and the shear Fi(i, k)), whereas the other two
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directions i and j are much longer, especially the dimension in the direction of i (almost stress-
free). This corresponds to the intragranular colony in Fig. 6.3(a) that largely extends along the
habit plane T1. However, the constraint in the direction of j (Fi(k, j)) cannot be ignored. The
habit planes cannot extend unlimitedly. This explains why the sandwich structured variant
colonies are always enclosed by segments of differently oriented habit planes.

Such a deformation character of the sandwiched variant pair with either type I twin or type
I1 twin relation can also explain the appearance of the non-predicted habit plane, Tz in Fig. 6.3.
Calculation results show that the two habit planes T1 and T2 have a 3.68° angular deviation.
Thus, with the extension of the sandwich structured colony along the habit plane T1 and Tz, the
distance between the two habit planes increases. The high compressive strain along the k axis
and the shear component Fi(i, k) will lead to a large accumulated strain in the direction of k.
Thus, another phase interface, i.e. interface Ts, is generated to enclose this plate-shaped
sandwich structure and limits the dimension of the colony in the direction of k. Experimental
results show that the variants composition in the vicinity of interfaces T2 and T3 are the same.
Therefore the orientation change of the habit plane could be realized by introducing steps of the
type Il twin interfaces to Tz, as illustrated with the red dash lines in Fig. 6.13. In this way, the
dimension in k will be limited. The composition of Ts are the planes (T2 and Kz of type Il twin)

with excellent geometrical compatibility and hence of low interfacial energy planes.

Twinning plane
of type II twin

Fig. 6.13 Illustration of the composition of the phase interface Ts. The ‘x-y-z’ coordinate set

with respect to the one shown in Fig. 6.3.
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6.4.3 Selection of variant combination in variant colony

The in-equivalent occurrence frequencies of the type I and the type 11 twin related variant
pairs in the sandwich structured variant colonies are also related to the characteristic
deformation of the paired variants. For convenience, the deformation gradient tensors of the
variant pairs with type I twin or type Il twin relations were further expressed in the type |

twinning reference system and displayed in Eq. (6.9).

i j k
0.9847 0.0056 0.0334 i (6.93)
F'=(-0.0046 1.0240 0.0080|
0 0 09823/ k

—0.0045 1.0234 0.0129
0 0 0.9823

0.9854 —0.0001 0.0325 [
Fy' = ( ) J (6.9b)
k

Distorted region Twinning direction 1,

S~z 4 4 L4
:.55’/ fiim,
Q*@ .
J=kxi
kilng,
i T wiﬁning plane K,
of type I twin

Fig. 6.14 Illustration of the sandwich structure composed of type | twin and the reference
system “i-j-k” set to the twinning system.

Under the twinning reference system as illustrated in Fig. 6.14, the unit basis vector i is
parallel to #1 (the twinning direction [0.7022 0.7022 0.1173]a expressed in the Bravais lattice
basis of austenite), k parallel to the normal direction of K1 ((110)a, the twinning plane and also

the variant interface) and j the vector product of k and i. Comparing the two matrices, one can
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find that the largest difference happens to the shear component F'(i, j). The value of F;,'(i, j) of
the type Il twin combination (-0.0001) is much smaller than that of the type I twin combination
(0.0056). This shear strain will restrict the elongation of the variants in the direction of j. The
large value results in a dimension reduction of the variants in this direction and hence an
increase in the interfacial area. Thus type Il twin combination is more energetically favorable.
For the other components, the type Il twin combination has slightly smaller values except F;,’(j,
k). The value of the type Il twin is 0.0129 larger than that of the type | twin 0.0080. This shear
component restricts the growth of the variant pair in the direction normal to the variant interface.
As the thickening of the lamellae is mainly restricted by the lattice distortion near the habit
plane area, as outlined with the red dash lines in Fig. 6.14, the thickness of the variants are
greatly reduced with respect to the other two perpendicular directions. The accumulated shear
in the direction normal to the variant interface is much smaller thus the adverse influence of the
F;;'(j, k) component of type Il twin become negligible. As a whole, the type Il twin combination
is more energetically favorable than the type | twin combination and thus occurs in majority in

the present alloy.

6.4.4 Selection rule of neighboring sandwich structured variant colonies to

form wedge-shaped martensite and midrib plane

From the above results, it can be seen that the sandwich structured variant colony is the
basic microstructural unit of the orthorhombic martensite in NiMnSb alloys. As revealed by the
experimental results in Chapter 5, the adjacency of variant colonies (sandwiches) is not arbitrary
but also selective, especially in the case of sub-colonies in Chapter 5. Thus the selection of
variant colonies as neighbors exists. Due to the selection, the so-called wedge-shaped
martensite agglomeration composed of two sandwich-like variant colonies that are conjoined
by a straight midrib plane, as illustrated in Fig. 6.15, at the beginning stage of martensitic
transformation is produced and reported in the literature [116]. Such specific microstructural

features also appear in the present alloy, as shown in Fig. 6.5.
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Fig. 6.15 Hlustration of martensite variants in wedge-shaped morphology in austenite.

According to the crystallographic theory of martensitic transformation, the combination
of the two sandwiches should produce the smallest atomic misfit at the midrib plane. Obeying
the same geometrical compatibility criterion as for variant interface and habit plane, the
geometrical compatibility conditions of the two variant colonies at the midrib plane should be
satisfied, as mathematically expressed in Eq. (6.10).

(ap1®npy + 1) — (apz®npz + 1) = A1y ONyyyye. (6.10)

The variables in the equation are indicated in Fig. 6.15. To solve Eg. (6.10), the
geometrical compatibility equations for variant interfaces in the 2 sandwiches and for the habit
planes of the two sandwiches on the two sides of the midrib plane can be used to obtain the

needed variables in Eq. (6.10). They are:

Q12(11Q11Uy — (1 = A)DUy) — I = ap1®npyq
(6.11a)
QZZ(AZQ21UP -(1- )lz)UQ) — I = ap,@ny;

for habit planes and

011Uy — Uy = a1 ®ny
(6.11b)
Q21Up — Uy = a,,@ny,
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for the variant interfaces. In Eq. (6.10), the two terms, a1 ®ny + 1 and a,,@ny, + 1, are
the relative deformation gradient tensors of the sandwiches on the left and on the right in Fig.
6.15; n,,, is the vector normal to the midrib plane; a,,, is a vector on the midrib plane. If the
two sandwiches are geometrically compatible at the midrib plane, as the case of variant
interface and the case of habit plane, there should exist two vectors for Eq. (6.10) such that the
left side of the equation, (ap®npyq + 1) — (ap®ny, + 1), can be expressed by a dyadic
product of the two vectors, one being the normal vector of the midrib plane and the other a
vector on the midrib plane. With all the possible variants that can form self-accommodated
sandwiches listed in Table 6.6, we calculate all the possible combinations of variants to form a
wedge-shaped structure. However, the calculations reveal that none of the combinations of
sandwiches can produce a total match at the midrib plane, i.e. a stress-free plane without atomic
mismatch. The same situation has been found for materials undergoing cubic to orthorhombic
transformation [116, 145, 146]. Thus a tiny rotation Qmr is induced in the theory to describe the

degree of misfit at the midrib plane [130], so that Eq. (6.10) is rewritten as

er (ah1®nh1 + I) - (ah2®nh2 + 1) = amr®nmr1 (6-12)
with
t -1
0., = |arc cos (%) : (6.13)

The rotation matrix Qmr Serves as an indicator to characterize the misfit of the two
sandwiches at the midrib plane. Balandraud et al. found that this indicator should satisfy the
critical condition that &mr < 0.3° [130]. Based on this criterion, we calculate all the possible
sandwich combinations. Results show that there exist 48 distinct wedges in total. Their midrib
planes belong to the family of {011}a planes. The 48 wedges can further divided into 6
equivalent groups, each group possessing a common {011}a plane. Here, we take the group
that possess the (101)a plane as the midrib plane as an example and illustrate their geometrical

feature, such as twin type, variant interfaces, habit planes and the misfit angle in Fig. 6.16.
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Fig. 6.16 Geometrical features of the group of wedges possessing the (101)a plane as the midrib

plane.
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It is seen that from Fig. 6.16 the variant pairs in the two sandwiches possess the same twin
type, either type | or type Il. The habit planes of the two sandwiches belong to the same plane
family. The habit planes of each wedge is also close to the corresponding midrib plane (101)a
(with a 6.83° ~ 11.67° angular deviation). For the misfit indicator &mr, we can see that the
wedges that possess the same family of planes as the habit planes have the common misfit
indicator (0.0926° for the wedges in Figs. 6.16(a) and (b), 0.1722° in Figs. 6.16(c) and (d),
0.1122° in Figs. 6.16(e) and (f) and 0.1132° in Figs. 6.16(g) and (h)). The misfit indicator on
the midrib plane for type I - type | wedge with the habit planes in the {5.0776 1 6.5193}a family
(Figs. 6.16(a) and (b)) is the smallest (0.0926°), whereas that for type | - type | wedge with the
habit plane in the {4.4407 1 3.9838}a family (Figs. 6.16(c) and (d)) is the largest (0.1722°).
The other two pairs of type Il - type Il wedges have a slightly higher Gmr, (~0.02°) than the
smallest one. This infers that the type | - type | wedge with smallest misfit and the two pairs of
type Il - type Il wedges are energetically favorable and could be easy to form during the
martensitic transformation. The other 5 groups of wedges are equivalent to the above example
group and can be easily obtained by symmetry operation. The detailed crystallographic
information concerning the twin types, the habit planes, the midrib planes and the midrib plane
misfit indicators of all the wedges are given in Table 6.8. For reference and for completion, the
information about the volume fraction of the variants and their geometrical correlations is also

listed in the table.
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Table 6.8 Crystallographic information of the 48 calculated wedge-shaped martensite.

Wedge Variant Volume OR Midrib ~ Common {011} plane Zone axis of the three {011}a planes misfit
No. pair fraction plane  shared by the two variants  (variant interface and the midrib plane)  indicator Gmr
' zlc;-2145 8%382221 Type Iltwin — (110)a Eﬁ;ﬁ [111]a 0.1122°
? 210_-2119 8;;818;;33 Typeltwin - (110)a Egg%ﬁ [1T1]a 0.1722°
3 171'_2145 gzggigggg Type I twin ~ (110)a Egggi [111]a 0.0926°
) 171_-2119 3%38323 Typelltwin — (110)a Efg%ﬁ [111]a 0.1132°
5 94_'186 gzgggzzi Type Il twin ~ (110)a Egggi [111]a 0.1132°
° 94-_163 3338185?33 Typeltwin — (110)a gggi [111]a 0.0926°
! 2130-186 835318533 Type [twin — (110) gggi [L11]a 0.1722°
8 213({'163 gﬁzggzgi Type Il twin ~ (110)a Egggi [111]a 0.1122°
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Table 6.8 (continued)

Wedge Variant Volume Midrib Common {011}a plane Zone axis of the three {011}a planes misfit
No. pair fraction OR plane  shared by the two variants  (variant interface and the midrib plane) indicator Gmr
9 ;ig 8;2818;;33 Type I twin ~ (110)a Egg%ﬁ [111]a 0.1722°
10 2100_'165 8%38;22 Type Il twin ~ (110)a Egggi [111]A 0.1132°
11 210({'189 gzzgigggg Type I twin ~ (110)a Egggi [111]A 0.0926°
12 ;ié gxggggi Type Il twin ~ (110)a gg%ﬁ [111]a 0.1122°
13 1‘11:2 o ggggggi Type Il twin ~ (110)a Egggi [111]a 0.1122°
14 213'_2116 8;28182;33 Type I twin ~ (110)a Egg%ﬁ [111]a 0.0926°
15 1‘11:(;5 gzggigggg Type I twin  (110)a Egggi [111]a 0.1722°
16 1-240.7179-0.2821 Type Il twin  (110)a (010)a [111]a 0.1132°

23-13  0.7179-0.2821 (101)a
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Table 6.8 (continued)

Wedge Variant Volume Midrib Common {011}a plane Zone axis of the three {011}a planes misfit
No. pair fraction OR plane  shared by the two variants  (variant interface and the midrib plane) indicator Gmr
17 ;i; 822218223 Type Il twin ~ (101)a Eg%ﬁ [111]a 0.1132°
18 éolg 8232382281 Type ltwin  (101)a Ecﬁgi [111]a 0.1722°
19 ;012 gzzigzgg Type Il twin ~ (101)a 832 [111]a 0.1132°
20 ;ij 82;338;?81 Type I twin  (101)a Egg;i [111]a 0.1722°
21 24_'182 822218;1;3 Type Il twin  (101)a ggi [111]a 0.1122°
22 212'_2117 8238385281 Type I twin  (101)a ggi [111]a 0.0926°
23 212'_214 A 822318%3 Type Il twin ~ (101)a Eg%ﬁ [111]a 0.1122°
24 24_'168 gggggggi Type I twin  (101)a Eﬁgi [111]a 0.0926°
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Table 6.8 (continued)

Wedge Variant Volume Midrib Common {011}a plane Zone axis of the three {011}a planes misfit
No. pair fraction OR plane  shared by the two variants  (variant interface and the midrib plane) indicator Gmr
25 ;i; 8:;221:8:;1;3 Type Il twin  (101)a E(ﬁg;ﬁ [111]a 0.1122°
26 éoli 823338281 Type I twin  (10T)a Eggi [111]a 0.0926°
27 2013 gzzigzgg Type Il twin ~ (101)a g(l);i [111]A 0.1122°
28 ;ig 82;338;?81 Type I twin  (101)a Eﬁg;i [111]a 0.0926°
29 ;i; 83338281 Type I twin  (101)a Eﬁggi [111]a 0.1722°
30 2;1:? . 8;2218%3 Type Il twin  (101)a Egii [111]a 0.1132°
31 ;ig 822318%3 Type Il twin ~ (101)a Eﬁg;i [111]a 0.1132°
32 46 0.2799-0.7201 Type I twin  (101)a (011) [111]a 0.1722°

22-17  0.2799-0.7201 (110)a
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Table 6.8 (continued)

Wedge Variant Volume Midrib Common {011}a plane Zone axis of the three {011}a planes misfit
No. pair fraction OR plane  shared by the two variants  (variant interface and the midrib plane) indicator Gmr
33 islg 8;28182;33 Type I twin  (011)a Eg%i [111]a 0.1722°
34 135' _1280 8;1;38;221 Type Il twin  (011)a gégi [111]a 0.1132°
35 153; _1273 gﬁzggzzi Type Il twin ~ (011)a gggi [111]A 0.1122°
36 135' _1121 gzggigggg Type I twin  (011)a 8(1)%2 [111]a 0.0926°
37 129' _1280 gggigggg Type I twin  (011)a 8(1)%2 [111]a 0.1722°
38 2126'_15 gﬁzggzgi Type Il twin ~ (011)a gg%ﬁ [111]a 0.1132°
39 iég gzzgigggg Type I twin  (011)a gg%ﬁ [111]a 0.0926°
40 129' _1121 8;1;38;:;1 Type Il twin  (011)a 8(1)%2 [111]a 0.1122°
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Table 6.8 (continued)

Wedge Variant Volume OR Midrib Common {011} plane Zone axis of the three {011}a planes misfit
No. pair fraction plane  shared by the two variants  (variant interface and the midrib plane) indicator Gmr
41 159' _1240 8:;281:8:;;33 Type I twin  (011)a Eig%ﬁ [111]a 0.0926°
42 i;g 8%38;22 Type Il twin ~ (011)a g;gi [111]a 0.1122°
43 136' _1223 gzzgigggg Type I twin ~ (011)a gégi [111]a 0.1722°
44 159' _1171 gxggggi Type Il twin ~ (011)a 83%2 [111]a 0.1132°
45 i;g gzzgigggg Type I twin  (011)a g(l)%i [111]a 0.0926°
46 ig;g 8%38222 Type Il twin ~ (011)a gggi [111]a 0.1122°
47 123; _1223 gﬁzgggzi Type Il twin ~ (011)a g;gi [111]a 0.1132°
4g 2217 0.7201-02799 Type I twin  (011)a (110) [111]a 0.1722°

15-11  0.7201-0.2799 (101)a
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Comparing the calculated results with the experimentally detected wedge-shaped martensite
agglomeration shown in Fig. 6.5, we can find the observed one corresponds to wedge 1 in Table 6.8.
All the observed interfaces, containing the habit planes, twinning planes and the midrib plane are in
good accordance with the calculated ones. In addition, from the results listed in Table 6.8, more
crystallographic characteristic of the wedge can be revealed. For each wedge, the three {011}a planes
possessed by one wedge, one being the midrib plane and two being the common {011}a planes shared
by the two variants in each sandwich, belong to one <111>a axis zone. These three {011} planes
are interrelated by a 60° rotation along the common <111>a axis. Such crystallographic feature is in
accordance with that of the sub-colony thoroughly explained in Chapter 5. Hence, the formation of
the wedge-shaped martensite structure in the early stage of intergranular transformation is well
correlated with the resultant microstructure of the martensite phase.

Furthermore, the deformation characteristics of the component sandwiches in the wedge is also
studied. Here, we take the wedge shown in Fig. 6.5 as an example. The deformation gradient tensors
of the two sandwiches Fin (for variant pair A" and B") and Fiv (for variant pair C' and D') are given in
Egs. (6.14a) and (6.14b).

i j k

09992 -0.0187 -0.0353\ i (6.14a)
Fy=0.7179%Fy + 0.2821xFy = | 0.0077 0.9952 -0.0050 | j
-0.0161 -0.0192 0.9967/ k

0.9992 -0.0187 0.0353\ i
Fry=0.7179% Fz + 0.2821xF y=| 0.0077 0.9952 0.0050 | j (6.14b)
0.0161 0.0192 0.9967/ k

The two deformation gradient tensors are expressed in the orthonormal coordinate frame “i-j-k’
whose i is [0.6133 0.6133 0.4978]a (the intersection line of the midrib plane (110)a and the K1 plane
of the type Il twin (variant pair A' and B") (5.3126 15.3126)a), k is [0.7071 0.7071 O]a (the normal
direction of the midrib plane), and j to [0.3520 0.3520 0.8673]a (the cross product of k and i), as

shown in Fig. 6.17.
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Fig. 6.17 Illustration of the orthonormal “i-j-k” frame and the microstructure of the martensite wedge.

It can be seen that the components of the two tensor matrices possess a matched edge to edge
deformation character. All the corresponding elements in the two tensors have exactly the same
absolute value with the sign of F(i, k), F(j, k), F(k, i) and F(k, j) reversed. With Fig. 6.17, we can see
that, under such a deformation manner, the two sandwiches keep a matched transformation
deformation along the directions of i and j (the same F(j, i) and F(i, j)). For the shear deformation
either in the direction of k or on the plane normal to k, i.e. on the midrib plane, the sign of the strain
is reversed. This keeps the deformation on the two sides of the midrib plane symmetrical and balanced.
This is why during the transformation process the midrib plane is stationary. For the other 47 wedge-
shaped martensite listed in Table 6.8 the situations are equivalent. Thus the formation of wedge-
shaped martensite structure is also to minimize the transformation strain and mismatches at plate

interfaces and thus energetically favorable.

6.5 Summary

In this chapter, the formation mechanism and its correlation with the morphological and
crystallographic features of the orthorhombic NiMnSb martensite microstructure were studied. The
experimental and theoretical calculation results reveal that the sandwich structured variant colony is
the basic microstructural unit of the martensite. The sandwich colony is composed of alternately

distributed twin related fine lamellar variants. The variant interfaces are totally coherent. The phase
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interfaces, i.e. the habit planes, between the sandwich colony and the parent austenite are all invariant
planes. The formation of this kind of structure can effectively minimize the transformation resistance
and achieving a structure with high atomic compatibility on these two interfaces. Due to the large
normal strain in the direction normal to the habit plane and the large shear strain on the plane parallel
to the habit plane of the paired variants in variant colonies, the sandwich structured variant colony is
always in plate shape, especially at the beginning of the transformation. They mainly stretch along
the habit plane but very less in the direction normal to the habit plane. Due to such deformation
characteristics, habit planes composed of segments of invariant habit plane and variant interface can
be formed to enclose the variant colony. Due to the relative small shear strain that restricts the
elongation of the variant pairs along the twinning direction #1 of type | twin, the formation of type Il
twin related variant pairs in the variant colony is energetically favorable, thus the occurrence of type
Il twins in variant colonies are in majority. The formation of wedge-shaped structure composed of
two selected sandwiches separated by a midrib plane is also to minimize the transformation strain at
the interface of the sandwiches. The midrib plane is the {011} plane and shared by the variants from
the two colonies. The atomic mismatch of the two colonies at the midrib plane &nr is between 0.0926°
and 0.1722° in the present alloy. All these above results indicate that the formation of the martensite
phase obeys the minimum transformation strain and the best atomic matches criteria, i.e. the minimum
interfacial and elastic strain energy criteria and the martensite phase is self-accommodated resulting
in a specific microstructural pattern.

With the experimental and the theoretical results obtain in this chapter, the formation

mechanisms of sandwich colony, habit plane and wedged-shaped agglomeration are resolved.
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Chapter 7 Conclusions and Perspectives

7.1 Conclusions

In the present work, a thorough experimental and theoretically crystallographic study on
microstructure and martensitic transformation has been conducted on NiMnSh metamagnetic multi-
functional alloys. From the experimental and calculation results of the present work, following main

conclusions can be drawn:
Morphological and crystallographic features of austenite and 40 modulated martensite

The austenite of NiMnSb alloys possesses a cubic L2: crystal structure belonging to the space
group Fm3m (No. 225). The lattice constants of the NisoMns7Shis austenite are aa = 5.9749 A.

The martensite has a 40 structure belonging to the space group Pmma (No. 051) with Ni atoms
occupying the 4h (0, 0.7547, 0.5) and 4k (0.25, 0.2483, 0.0731) positions; Mn atoms the 2a (0, 0, 0),
2f (0.25, 0.5, 0.5721), 2b (0, 0.5, 0) and 2e (0.25, 0, 0.5731) positions; Sb atoms 2b (0, 0.5, 0) and 2e
(0.25, 0, 0.5731) positions. The lattice constants of the NisoMns7Shis martensite are am = 8.5830 A,
bm = 5.6533 A and cm = 4.3501 A, and those of the NisoMnssShi2 martensite are aw = 8.5788 A, bm
=5.6443 A and cm = 4.3479 A, respectively. The size of the cell reduces with the increase of Mn and

the decrease of Sb.
Morphological and crystallographic features of austenite and 40 modulated martensite

For the NiMnSb alloy, the high temperature phase is austenite, composed of equiaxed grains
with sizes of about hundreds of micrometres in diameter and the low temperature phase is martensite
in lamellar shape with widths in sub micrometer range.

The microstructure of the 40 NiMnSb modulated martensite possesses a hierarchical
organization of the martensite variants. Martensite lamellae or variants are organized into colonies in
plate shape with widths about 5 - 10 um. In each broad shaped variant colony, there are 4 distinct
variants A, B, C and D distributed alternately and stretching roughly in the same direction, forming a

kind of sandwich structure. The 4 variants are all twin related with either type I twin, type Il twin or
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compound twin relation. The twinning elements of the three types of twins are fully resolved in the
present PhD work. The 4 variants can form two pairs of type | twin (A and C; B and D), two pairs of
type Il twin (A and B; C and D) and two pairs of compound twin (A and D; B and C). The interfaces
between variants coincide with their twinning plane Ki. The two types of type | twin possess the same
interface orientation and so do the two pairs of compound twin interfaces, whereas the two pairs of
type Il twin each possesses an interface orientation. The angle between the two interfaces is 15.2°
and the orientations of the two type Il twin interfaces are in symmetry relation with respect to that of
the type I twin interface. Plate shaped variant colonies having common plate interface orientation are
further organized into sub-colonies. Each sub-colony contains 2 distinct variant colonies, i.e. 8
distinct variants, that are distributed alternately. For any of the 4 distinct variants in one variant colony,
there exists one variant in the adjacent variant colony that possesses a 180° rotation relationship with
it. The planes normal to the 180° rotation axes in these variants possesses the same orientation and
are parallel to the plate interface. Sub-colonies having the common plate interface orientation can
further form plate colonies. Each plate colony is composed of 2 distinct sub-colonies (containing 4
distinct plates and 16 distinct variants) that are also distributed alternately. Eventually, several plate

colonies with different plate interface orientations occupy an original austenite grain.

Martensitic transformation OR and crystallographic correlation between martensite variant

colonies

The Pitsch OR, specified as {011}a // {221}m and <011>a // <122>w, is the effective OR for the
martensitic transformation between the cubic austenite and the 40 modulated martensite of the
NiMnSb alloys. Under this OR, 24 distinct martensite variants can be produced in one original
austenite grain. In fact, the organizations of variants in variant colonies, sub colonies and plate
colonies are all referenced to the {011}a planes of austenite. The 4 variants in each variant colony
are all with their type | twinning planes {221}wm parallel to one of the 6 {011}a planes. The plate
interfaces in each sub colony is parallel to another {011}a plane. The three {011} planes shared by
one sub-colony, one corresponding to the plate interface and the other two to the type I twin interfaces

in the adjacent plates, are related by 60° and belong to one <111>a axis zone. For the plate colony,
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the two groups of three {011} planes, each shared by one sub colony, belong to two <111>a axis
zones but the two axis zones possess one common {011}a plane. This plane is also the plate interfaces

of the constituent plates in the plate colony.

The characters of the self-accommodated martensitic transformation and its impact on

microstructure

During the transformation, variant colonies form intragranularly and intergranularly in austenite.
The sandwich structured variant colony is the basic microstructural unit of the martensite. The
formation of the type I or type Il twin related sandwich structure can cancel the elastic strain produced
by one variant with that produced by the other variant at the phase interface regions, which results in
macroscopically invariant habit planes, and provide coherently matched variant interface. Although
compound twin related variants cannot generate invariant habit plane, it allows variant combination
change from type | (or 1) relation to type Il (or I) relation, thus producing differently oriented habit
planes. Phase interface can also be formed with segments of invariant phase interface and coherent
variant interfaces to close up the variant colony. The sandwich structured variant colonies are in
general in plate shape with the dimension normal to the habit plane smallest, owing to the anisotropic
strain produced by the variant pair. The largest strain occurs to the direction normal to the habit planes
and the strains on the other two perpendicular direction are very small. The relatively small shear
strain of type Il twin related variant pairs that restricts the elongation of the variant pairs along the
twinning direction 71 of type | twinning system makes the occurrence of type 11 twin more favorable
and thus their appearance is in majority. Wedge-shaped structures that composed of two selected
sandwiches separated by a midrib plane also form during the transformation. The two variant colonies
can largely match at the midrib plane. The misfit fnr is between 0.0926° and 0.1722° in the present
alloy. The midrib plane corresponds to one of the {011}a planes of austenite and also the plate
interface of the variant colonies. The two variant colonies in the wedge structure constitute of the two
distinct variant plates of one sub colony. During the transformation process, the habit planes move

toward the austenite and disappear when meeting other variant colonies, whereas the midrib plane
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stays stationary, as the strains from the two variant colonies at the midrib plane are totally symmetrical
and balanced.

To conclude, the martensitic transformation of NiMnSb alloys is self-accommodated to achieve
invariant habit plane, coherent variant interfaces and well matched variant colony interfaces. The
deformation characteristics of the transformation determine the self-accommodation mechanisms and

the resultant microstructure.

7.2 Perspectives

In this PhD work, a thoroughly crystallographic study was conducted on the crystal structures
of austenite and martensite, martensitic transformation OR and its correlation with the martensite
microstructure features, and the transformation deformation characteristics and their self-
accommodations in ternary NiMnSb alloys. Comprehensive information concerning these
fundamental issues was obtained for this new type of multifunctional materials, opening new
perspectives on further investigations of this alloy system and can be summarized as follows:

(1) For NiMnSb alloys, all the magnetic properties are closely related to the magnetic structure
of the martensite and the austenite. Since the crystal structure information of the two phases is clear
now, the magnetic structure can be studied by ab-initio calculations. Thus, the interactions between
atoms, especially the Mn-Mn atoms, can be clarified. This will allow revealing the underlying
physical mechanisms behind the magnetic field driven phenomena of these alloys.

(2) 1t is known that the magnetic properties of polycrystalline NiMnSb alloys can be improved
via texturation. With the knowledge on orientation relationships between martensite variants and
between austenite and martensite, efficient mechanical or thermo-mechanical training schemes can
be designed and practiced for texturation of these alloys.

(3) The crystal structures of martensite and austenite have been proved to be decisive factors on
the transformation strain as well as on the microstructure of martensite phase. Hence, effect of
changing the lattice constants by means of element doping to modify variant organization manners

can be studied for theoretical purpose and for technical purpose.
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