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Abstract
Microstructure of the martensitic variant pairs in Ni-Mn-Ga magnetic shape
memory alloys underpins future research and development on the alloys with a large
magnetic-field-induced strain. However, a complete description of the microstructure
and crystallography of all variant pairs (including A-B, A—C, and A-D types) are
unavailable now, because those of the A-B type are still far from being thoroughly
determined. By investigating a non-modulated NissMn2sGazi alloy, this paper
systematically determines the orientation relationships between the nanoscale lamellae

inside all three variant pairs with special emphasis on the A-B type. The microstructure
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and crystallography of both perfect and imperfect nanotwins are characterized in detail.
In order to fully understand the hierarchically twined microstructure, a geometric model
with different variant pairs integrated together is established, by which the formation
mechanism, twinning system, and deformation paths of each variant pair are explained.
Keywords: Ni-Mn-Ga alloy; A-B variant pair; Orientation relationship; Twinning;
Nanotwins
1. Introduction

Ni-Mn-Ga magnetic shape memory alloys (MSMAs) capable of exhibiting a large
strain and fast response when applying a moderate magnetic field have potential
applications in actuators and sensors [1, 2]. The magnetic-field-induced strain (MFIS)
of five-layer and seven-layer modulated structures can reach 7% and 10%, respectively
[3, 4], and that of the non-modulated (NM) structure can reach as high as 12% [5].
Compared to the modulated structures, the NM one has many advantages, such as a
higher performance in thermostability, ductility, and MFIS, which makes the latter
more promising for practical applications [6, 7]. Since the MFIS in NM Ni-Mn-Ga
MSMAs is realized by reorientation of twinned martensites with motion of twinning
interfaces, understanding the microstructure and crystallography of martensites is the
key to the alloys’ MFIS improvement.

The microstructure of Ni-Mn-Ga MSMAs directly results from martensitic phase
transformation. A single crystal of the parent phase (austenite) can transform into at
most 24 variants of martensites. To minimize the shape change caused by the

transformation, the martensitic variants will distribute in a self-accommodated manner.
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The microstructure of the self-accommodated NM martensites is considered to be
hierarchical twins, where higher-order nanotwins form inside lower-order microtwins
[8, 9]. In more detail, the 24 martensitic variants are divided into six plate groups. Each
group comprises four mutually twin-related variants which are arbitrarily designated as
A, B, C, and D (e.g., the geometry of a (1 0 1) plate group is displayed in Fig. S1). To
better describe the crystallography of the above four mutually twin-related variants,
they are further categorized into three types of martensitic variant pairs, namely, A—B
(or equivalently C-D), A—C (or B-D) and A-D (or B-C) [10]. Inside an individual NM
martensitic variant, its substructure is nanotwins. The volume fraction of the narrower
twin domains in a variant is defined as 4 (Fig. S1), and its value ranges from 0 to 0.5.
If no residual stress remains after the rapid martensitic transformation, the
hierarchically twinned microstructure of martensites would have a fixed value of A
(which can be calculated based on a geometrically nonlinear theory of the martensitic
transformation [11, 12]). In reality, however, the residual stress is inevitable, which will
induce twinning/detwinning inside the martensitic variants, resulting in the variation of
A at different regions of the alloys. The twinning systems with such a hierarchically
twinned microstructure are still ambiguous up to now. For that reason, many reported
deformation behaviors of the NM martensites cannot be comprehended satisfactorily
[13-18]. Therefore, a complete description of the microstructure and crystallography of
all variant pairs (including A—B, A—C, and A-D types) in a plate group is indispensable

for future research and development in MSMAs.
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Many efforts have been made to investigate the crystallography of the NM Ni-Mn-
Ga alloys, from their martensitic transformation to their nanotwin substructure. Chulist
et al. studied the orientation relationships (ORs) between the parent austenite and the
martensitic variants, and showed that the OR was not strictly fixed but depended on the
type and width of the martensitic variants [19]. Pond et al. described the internal
twinning process in an individual martensitic variant and revealed the microscopic
formation mechanism of the nanotwins [20]. Cong, Zuo and their co-workers reported
that the ORs between nanotwins across the interfaces of variant pairs generally deviated
by a few degrees from either a perfect twin relationship or an identical orientation [21-
23]. With respect to specific variant pairs, Muntifering et al. investigated the A-D type
[24, 25], and Ouyang et al. focused on the A—C type [26, 27]. Although the detailed
crystallography of the martensitic variant pairs A-D and A—-C are quite different,
generally the ORs between the variants in both types can be expressed as rotations
around a common lattice direction. The rotation angles are mainly decided by the
crucial parameter 4.

Currently, the crystallography of the A—B type martensitic variant pair is far from
being thoroughly understood. This is partly due to the fact that it is challenging to find
a common lattice direction along which the nanotwin boundaries inside both variants
A and B are edge-on oriented, leading to the inconvenience caused when measuring the
crucial parameter A for both variants. As a consequence, a comprehensive study of all
variant pairs (A-B, A—C, and A-D) which includes their microstructures and ORs in a

plate group remains unavailable until now.
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In the present work, we first mainly focus on determination of the ORs between
the nanotwins inside A-B type variant pair by transmission electron microscopy (TEM).
The experimental observations are supported by theoretical calculation according to the
geometrically nonlinear theory of martensitic transformation. We also perform similar
experimental and theoretical analysis of both A-C and A-D type variant pairs. By
integrating all obtained results about the three variant pairs, we build a geometric model
for a whole NM martensitic plate group, which clarifies the twinning systems of its
hierarchical twins. Finally, based on this geometric model, we illustrate the
development of the hierarchically twinned microstructure by describing the formation
mechanisms that underlie different variant pairs, and further proposed a detailed
explanation of the possible deformation paths in an NM martensitic plate group.

2. Experimental

A button ingot with a nominal composition of NisaMn2sGazi is prepared from the
constitutive metals (Ni of 99.99%, Mn of 99.97% and Ga of 99.999% purity) in an
induction melting furnace under argon atmosphere and cast into a steel mold. Since the
martensitic transformation finish temperature (M) of this alloy is about 100 °C, the
parent phase austenite completely transforms into martensite at room temperature. The
austenite has a cubic L2; structure (aa = 0.5840 nm) [28], and the NM martensitic phase
is a tetragonal L1y structure (am = 0.3780 nm, cm= 0.6827 nm) [29]. TEM samples are
prepared through the processes of slicing, mechanical grinding and punching into 3 mm
TEM discs about 80 um thick. The central portions of the discs are further reduced to

about 10 um by mechanical dimpling followed by polishing. Final perforation of the
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TEM samples is conducted via precision argon ion milling using Gatan 691 PIPS
machine operated at an acceleration voltage of 5 kV. High resolution TEM (HRTEM)
observation is carried out on a Tecnai F30 G? electron microscope operated at 300 kV.
The rotation between bright field (BF) images and corresponding selected area electron
diffraction (SAED) patterns is carefully calibrated.
3. Results
3.1. TEM observations on the A—B type variant pair

As shown in Fig. S1, the ORs between the nanoscale lamellae in any variant pair
have two categories, namely, twin relationship of the inner-variant nanotwins, and ORs
between the inter-variant lamellae. The former was determined to be a compound type
[20, 29, 30]. The latter is identified in the following.
3.1.1. Morphology and inner-variant microstructure

Fig. 1a is a BF image of the self-accommodated NM martensitic variants in a plate
group. The four types of martensitic variants (A, B, C, D) have different orientations.
Typical inter-variant interfaces are traced with dashed lines. It is clear in Fig. 1a that
the trace of the A—B interface slightly deviates from the A—C interface and is nearly
perpendicular to that of the A-D (or B—C). Different variant pairs have distinct
morphologies, namely, wedge-like (A-B), spear-like (A—C), and fork-like (A—D or B—
C). For a clear illustration, these featured shapes are sketched in Fig. 1b.

For each individual variant, its width is about 0.5 pm. It is further composed of two
lamellae: the wider major lamella and the narrower minor lamella, as shown in Fig. Ic

(a magnified image of the marked frame in Fig. 1a). A pair of major and minor lamellae
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has a width of about 10 nm. The SAED pattern in Fig. 1¢ shows a coincidence of the 1
1 2 diffraction spots from different lamellae, confirming that the major—minor lamellar
pairs inside a variant are nanotwins. Their twinning elements are identified to be: the
twinning plane K1= {1 1 2}, the twinning direction 71 =<1 1 1>, the second undistorted

plane K> = {T 1 2}, the conjugate twinning direction 772 =<1 1 1>, and the magnitude of

shear s = 0.4941.

Fig. 1. NM martensitic variants in a plate group: (a) A BF image showing the
morphology of self-accommodated martensites; (b) A schematic of the wedge-, spear-
and fork-like shapes. (c) Enlargement of the blue frame region in (a). The inset is an

SAED pattern taken along the [5 0 1]maj// [20 T]min Zone axis.

7

© 2019 This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



http://dx.doi.org/10.1016/j.jallcom.2019.153479

Fig. 2. Microstructural configuration of the variant pair A-B with A = 0.5. (a—b) BF

images of A-B. (c—h) SAED patterns taken from the variant A (c, f), the variant B (d,
g) and the variant pair A—B (e, h). The viewing directions are [2 0 T]I (c, e), [20 1]m

(d), [0 0 171 (f), and [T 1 0] (g, h).
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3.1.2. ORs between inter-variant lamellae

Fig. 2a displays a microstructural configuration of the variant pair A-B with 1 =
0.5. Inside the variant A, the major and minor lamellae are denoted as I and II,
respectively. Inside the variant B, the major and minor lamellae are III and IV,
respectively. Viewed along the [2 0 1] direction of the lamella I, the nanotwin
boundaries inside variant A are edge-on, as shown in Fig. 2a. The edge-on condition
for variant B is [T 1 0] direction of the lamella III, as shown in Fig. 2b. Inside each
single variant, the major—minor lamellar pairs are {1 1 2} nanotwins (refer to Section
3.1.1). From the four crystallographically equivalent {1 1 2} lattice planes, (1 1 2) is
assigned to be the twinning plane of the nanotwins inside variants A and C, and (T 1 2)
corresponds to that inside the variants B and D.

The ORs between inter-variant lamellae across the A-B interface comprise three
components, i.e., OR between the major—major lamellae I-I1I, OR between the minor—
minor lamellae I1I-1V, and OR between the major—minor lamellae I-IV (or II-III).
These three ORs are mutually dependent. If any one of them were determined, the other
two ORs can be deduced based on the already determined nanotwin relationship inside
an individual variant. Here we will determine the OR between the lamellae I-III first.
Then in the next section the ORs between the lamellar pairs II-1V, I-IV are calculated
by means of the already determined ORs.

Figs. 2c—2h show a series of SAED patterns. Figs. 2¢ and 2f are both taken from
the variant A. These two patterns are along the [2 0 T]I and [0 O T]I zZone axes,

respectively. The subscript (I) denotes lamella 1. Figs. 2d and 2g are taken from the
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variant B along its [5 0 1Jmand [T 1 0] zone axes, respectively. The directions [2 0 T]I
and [5 0 1] deviate slightly from each other, and so do [0 OT]I and [T 1 OJm. As a
result, in the diffraction patterns taken from both variants A and B (Figs. 2e and 2h),
the [2 0 1]m diffraction pattern (indicated by blue arrows in Fig. 2e) and the [0 0 1
diffraction pattern (indicated by green arrows in Fig. 2h) are still visible when the [2
0 1]rand [1 1 O] patterns appear clearly.

The misorientation angles between above zone axes are calculated as follows. In a
TEM with a side-entry double-tilt holder, the orientation of a crystal is expressed by
two tilt angles: @; around the axis of the specimen holder, and f; around an axis
perpendicular to the holder. The orientation of another crystal is expressed by o, and S,
The misorientation angle between the two crystals, d;.;, can be calculated by [31]

coso, , =cos(a; —a;)cos(f;— ) (1
Substituting the recorded tilt angles (a1, f1), (02, B2), (a3, p3), (a4, f4) given in Fig. 2
into the Eq. 1, two misorientation angles can be obtained:

512A=05)=[201]1A[20 1]m = 9°

934(A=05)=[00 1] A[110]m=10°
The above two sets of zone axes and their misorientation angles represent the OR

between the lamellae I-I11.
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Fig. 3. Microstructural configuration of the variant pair A—B with A = 0.37. (a-b) BF

images of A—B. (c—h) SAED patterns captured from the variant A (c, f), the variant B
(d, g) and the variant pair A-B (e, h). The viewing directions are [2 0 T]I (c,e), [20 1]

(d), [02 1]:(f), [0 2 1]m (g, h).
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Fig. 4. SAED patterns taken from the variant A (a), the variant B (b) and the variant

pair A—B (c) with 4 = 0.37. The patterns are taken along [1 117 (a, ¢)and [11 1] (b).

Fig. 3 (like Fig. 2) displays a microstructural configuration of the variant pair A—
B with 4 = 0.37. In both Figs. 3a and 3b, the nanotwin boundaries appear edge-on in
either variant A or B. By analyzing the SAED patterns with corresponding tilt angles,
which are collected from the variant A (Figs. 3¢ and 3f and Fig. 4a), the variant B (Figs.
3d and 3g and Fig. 4b), and the variant pair A—B (Figs. 3e and 3h and Fig. 4c), we
obtain
S512(A=037)=[201iA[20 1]mu = 6°
934(A=037)=[02 11 A[02 1]m = 6°
956(A=037)=[1 11 A[111]m=7°
It is clear that 61> (4 = 0.5) # d12 (4 = 0.37), which means the ORs between the
lamellae I-III for 4 = 0.5 and 0.37 are not identical. Further analysis shows that the
lamellae I-III are not (1 1 2) twin related. In Fig. 4(c) several diffraction spots from the
lamellae I-III deviate slightly from each other, directly showing that the [1 11]1 and

[11 1]m zone patterns are not coincident exactly. If a perfect twin relationship exists
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between the two lamellae, an exact coincidence of the [1 1 T]I and [T 1 1] zone patterns

should be observed.

Fig. 5. BF images and SAED patterns of the variant pair A—B with 4= 0.1 (a, b) and 0

(c, d). The viewing direction is [2 0 1]1//[2 0 1]

For 4 = 0.1, the width of the paired lamellae in a single variant increases to about
50 nm (Fig. 5a). An SAED pattern (Fig. 5b) shows that
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[2017://[20 1]m and (1 12)//(112)m
Within an experimental error about 2°, the lamellae I-III are identified to be a (1 1 2)
twin. For 4 = 0, the major lamella I (or III) becomes the variant A (or B), as shown in
Fig. 5c, and the lamellae I-1III still maintain a twin relation (Fig. 5d).

Our experimental observations reveal that the OR between the inter-variant major—
major lamellae varies with A: for large 4 (e.g. 0.5 and 0.37) it is close to a (1 1 2) twin
relationship; for small 4 (e.g. 0.1 and 0) it exactly matches the (1 1 2) twin relationship.

Furthermore, the morphology of the A—B interface also changes with 4. In Fig. 6
viewed along the [2 0 1]; direction, the A-B interfaces with different 4 are indicated by
a pair of black arrows. For large 4 (about 0.5 and 0.37 in Figs. 6a—6b), the inter-variant
interface (not exactly edge-on) exhibits a wavy character, while for small 4 (about 0.1
and 0 in Figs. 6¢—6d) it is dominated by a straight (1 1 2) twin boundary, especially

when 4 = 0 the A—B interface becomes a coherent twin boundary (Fig. 6d).
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Fig. 6. HRTEM images of the A-B interfaces with different 4.
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3.2. Theoretical calculation of the ORs
In order to confirm the above experimental results, in this section we employ the
geometrically nonlinear theory of martensitic transformation to perform calculations
[11, 12, 32, 33] . First of all, the OR between the variants A and B (in both of which
there are nanoscale lamellae) needs to be specified. In the supplementary material
(Section 1), the variant pair A-B is predicted to be a type II twin (i.e., rational K> and
n).
Secondly, the OR between a variant and its internal lamellae needs to be clarified
too. The OR between a variant and its internal major lamella can be expressed by a
rotation matrix R
R=CS" ()
where C is the lattice correspondence between variant and lamella; S™ is an average
twinning shear; the superscript —1 denotes an inverse matrix. The twinning shear S is
a function of 4
S"=I+(As)an’ 3)
where 1 is a unit vector normal to the {1 1 2} twinning plane; 4 is a unit vector parallel
to the<11 1> twinning direction; the superscript T denotes matrix transposition. In the
case of variant A between its internal major lamella I (i.e., A-I), 0 is assigned to be
normal to the (1 1 2) twinning plane, and C is equal to an identity matrix. In the case of

B-II1, n is assigned to be normal to the (TT 2) twinning plane, and C denotes [1 1 18
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—[111]jmand(112)s— (T 1 2)m. Hence, the ORs between a variant (A or B) and its

major lamella (I or III) are:

R, = S;l_llz) » Ry = CB—IIISZ]_ilz) (4)
For more details, this issue was studied in our previous work [26].
Finally, the ORs between the lamellae inside variant pair A-B can be deduced.

According to Eq. S2 and Fig. S1, the twin relationships of the inner-variant lamellae I-

IT (in variant A) and III-IV (in variant B) are calculated to be

03801  0.6199  1.2398 03801 06199 —12398
112
R —| 06199 -03901 12308 |, REIH)V =] 06199 -03901 -1.2398 (5)
03801 03801 —0.2398 03801 —03801 —0.2398

Combining the already calculated rotation matrices, Ra-s, Ra-1, Rg-nir, Ri-ii, Ry
(Eq. S10 and Egs. 4-5), the ORs between inter-variant lamellae across the A-B

interface are:

e For major-major lamellae I-1II, R, |, = [SZHZJRA_B [C S - }

B-1II (112)

e For minor-minor lamellae [I-1V, R, ., =R, R, ;R v

e For major-minor lamellae I-IV (or II-1II), R, , =R, ;R . (orR, , =R R, )

I-11" " -1V -1

Above rotation matrices for the inter-variant lamellar pairs across the A—B interface
vary with 4, which are summarized in Table 1. The meaning of each quantitative 3x3
matrix in this table is decoded by a series of rotational operations (also explained in
Table 1).

The theoretically calculated ORs between inter-variant lamellae across the A—B
interface are compared with experimental ones. The angle J is a key parameter

describing the experimentally recorded ORs (Eq. 1). In Table 2 and Fig. S4a, the
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theoretical values of  (calculated according to the rotation matrices in Table 1) are in

general agreement with the experimental ones.
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Table 2. Experimental and theoretical misorientation angle J between two lamellae

with different values of 4.

A 0 Experimental Theoretical

512=[2011A[20 1]m

~ _ 9° 4+ 2° 11.0°
[201]uA[20 1]m
0.5 _ _
034=[0011 A1 10]m
B _ 10° £ 2° 9.2°
[0011A[110]v
012=[2011A[20 1]m
6° £ 2° 8.0°

[201]uA[20 1]m
0.37 L 6° + 2° 8.0°

514=[2011 A[02 1]m 65° + 2° 70.2°

O56=[1T1A[L1 1]m 70 +2° 8.5°

512=[2011A[20 1]m
0.1 ~ ~ 0° £ 2° 2.1°
[201]uA[20 1]m

012=[20 1 A[20 1]m 0° +2° 0°

014=1[20 T]I A[O ET]I(H]) 60°+ 2° 63.3°

Moreover, we also perform similar calculations to predict the ORs between inter-
variant lamellae across the A—C and B—C (or A-D) interfaces (Tables S4-S5). After
analyzing the variant pairs A—C (Fig. S2) and B—C (Fig. S3) and their constitutive
lamellae, good agreements between theory and experiments are obtained too, as
demonstrated in Fig. S4b. More details about the analysis of the variant pairs A—C and

B-C are given in the supplementary material (Section 2).
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Owing to above good agreements achieved, the ORs between all inter-variant
lamellae across the A—B, A—C, and A-D (or B-C) interfaces are confirmed. This allows,
therefore, the crystallography of all lamellae in a plate group of NM Ni-Mn-Ga alloy to
be unveiled, as summarized below:

i. asimple rotation (< 25°) without {1 1 2} twin relationship.
ii. (1 1 2) twinning operation plus a small (< 12°) rotation, with the twinning plane
nearly parallel to the inter-variant interface.
iii. (112)or (TT2) twinning operation plus a rotation (< 25°), with the twinning
plane exactly parallel to the inner-variant nanotwin boundary.
For all major—major, minor—minor, and major—minor lamellae in the variant pairs A—B
(Figs. 2-6), A—C (Fig. S2), and A-D (or B-C, Fig. S3) of an NM martensitic plate
group, their ORs can be classified into one of the above three crystallographic
characteristics (Table 3).

From the above microstructural and crystallographic results of all nanoscale

lamellae in the variants A, B, C, and D, a geometric model illustrating the configuration

of a martensitic plate group in NM Ni-Mn-Ga alloy can be constructed next.

Table 3. Classification of the ORs between all lamellae across the A-B, A—C, and A—

D (or B—C) inter-variant interfaces.

Lamellar pair A-B A-C A-D /B-C
major—major ii ii i
minor—minor i i i
major—minor iii iii iii
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Fig. 7. A geometric model illustrating the microstructural configurations of an NM

martensitic plate group when 4 = 0.5 (a), 0.37 (b), 0.1 (d), 0 (d) and x« = 0 (e). The

marked angles are theoretical values.
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4. Discussion
4.1. A geometric model of an NM martensitic plate group

Although there are four martensitic variants existing in a plate group, only three
types of variant pairs, namely, A-B, A—C, and B—C (or A-D) with distinctive ORs are
formed. For clearly illustrating the microstructure and crystallography of a plate group,
we only use these three variants A, B, and C to draw the geometric model.

The left column of Fig. 7 schematically shows the microstructural configurations
of a plate group with decreasing values of 4 (marked in each row of this figure). The
middle column displays a projection view along the [2 0 1] direction corresponding to
each A, and similarly the right column is a [110] projection of the left column. In Fig.
7a, the variant A is comprised of two lamellae: I (green) and II (red), assuming I is the
major lamella and II the minor one. In variant B, III (blue) is the major lamella and IV
(yellow) the minor one. In variant C, V (purple) and VI (orange) are the major and
minor lamellae, respectively.

The crystallography of above six lamellae in a martensitic plate group are also
embodied in Fig. 7. In the left part of Fig. 7a, the lamellae I-II in variant A are
nanotwins, with the (1 1 2) plane being their twin boundary. In variant B, III-IV are
nanotwins with the (T 1 2) twin boundary. In variant C, V-VI are nanotwins with the
(1 1 2) twin boundary, which is very similar to the lamellae I-1II in variant A. If viewed
along the [2 0 1] direction, the twin boundaries in variant pair A—C are at edge-on
position, and if viewed along the [11 0] direction, those in B-C become edge-on, as

shown in the middle and right parts of Fig. 7a, respectively. Figs. 7b—7c draw the
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pictures of a plate group as 4 decreases from 0.37 to 0.1. When 4 further decreases to 0
(i.e., all minor lamellae in the three variants vanish, Fig. 7d), the major lamellae I, III,
and V become identical to the variants A, B, and C, respectively. Because the inter-
variant lamellae I-III and I-V are both (1 1 2) twin related (Table 3), the lamellae III
and V (or variants B and C) have an identical orientation (and thus identical blue color
in Fig. 7d). In other words, the six nanotwins in a plate group can form a microtwin as
/ decreases to 0. After A =0, we introduce a new parameter ', which means the volume
fraction of the minor variant in a variant pair. When ¢ = 0 (Fig. 7¢), the microtwin (Fig.
7d) becomes a single crystal.
4.2.  Application of the geometric model
4.2.1. The twinning systems in hierarchically twinned martensites

Theoretically, the ORs between inter-variant lamellae will change during a
twinning process which also changes 4. By analyzing the variation of 4, the twinning
systems in the hierarchically twinned martensites can be revealed. Viewed from bottom
to top of the geometric model (i.e., from Figs. 7e to 7a), a plate group of NM martensites
with a hierarchically twinned microstructure can be understood as originating from a
single crystal, then formed by a two-step twinning process.

When 4 =0, Figs. 7e to 7d show the primary twinning which generates a microtwin
A-B from a single crystal A. The system for this primary twinning (represented by K1,

n1) corresponds to (1 1 2)[T 1 1] (marked in Fig. 7e).

1 and u are very similar in terms of definition. The former is related the minor (thinner) lamella with nanometer
thickness in a variant, while the latter is related to the minor (thinner) variant with micrometer thickness in a variant
pair.
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When 4 > 0, Figs. 7d to 7a display a series of secondary twinning which generates
nanotwins in the microtwin, and finally forms a hierarchically twinned microstructure.
The secondary twinning is subject to a pair of conjugated twinning systems*. These two
systems for the secondary twinning (still represented by Ki, #1 for simplicity)
corresponds to: (1 1 2)[1 11] and (TTZ)[] 1 1] (Fig. 7d). From Figs. 7d to 7c, the
conjugated twinning systems operate respectively on the two twin domains A, B in the
already formed microtwin, cause their internal twinning, and generate the martensitic
variant pair A—B. Still this pair of conjugated twinning systems, if both operate on a
single twin domain (e.g., B in Fig. 7d) of the microtwin A—B, will create the internally
twinned variant pair B-C (or A—D). At the same time, a single twinning system (1 1
)11 1] operates on both domains of the microtwin, causes their internal twinning
likewise, and produces the martensitic variant pair A—C.

All the above twinning systems are depicted in Fig. S5 for the convenience of
directly viewing their geometric relationships. A detailed process of deriving those
twinning systems is given in the supplementary material (Section 3). In addition, by
analyzing Fig. S5, a common lattice direction along which the nanotwin boundaries in
both variants A and B are edge-on can be predicted (though this common direction
shared by A, B was not found in our experiments), which is explained in the

supplementary material (Section 4).

T If a twinning system is defined by its four twinning elements: (K1, 771, K2, #2), then the indices in a conjugated
twinning system are (K2, #2, K1, 1) [24]
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4.2.2. Explanation of the deformations in an NM martensitic plate group

Generally speaking, during the deformation of a nanotwin system under a proper
external stress, the twin domains with a favorable orientation relative to the applied
stress will grow at the expense of the other domains [13-18]. This transition between
twin domains occurs through a purely twinning/detwinning process which necessitates
aperfect {1 1 2} twin relationship [20]. Nevertheless, the inter-variant lamellae are not
perfectly or even not twin-related at all when 4 > 0 (Table 3). Moreover, the inter-
variant interfaces may have a high density of defects and are often considered as
immobile [25, 27] (though their short-range motion about 100 nm may happen
occasionally [14]). For above-mentioned reasons, our geometric model does not
consider the motion of inter-variant interfaces when 1 > 0. Therefore, the deformation
occurred in an NM martensitic plate group starts from twinning/detwinning of the
inner-variant nanotwins (i.e., lamellae I-II, III-IV, and V-VI in Fig. 7), and then by
analyzing the model, many deformation phenomena of the NM martensites can be
reasonably explained.

In the variant pair A—B, there are only three possible deformation paths. a) In both
variants, the major lamellae grow at the expense of the minor ones. b) Still in both
variants, the minor lamellae grow at the expense of the major ones. c) In one variant
the case a) operates, while in another the case b) operates.

In the first two cases, crystal rotations will occur not only to reduce the interfacial
energy but also to accommodate the variation of defect density in the interfaces. Either

the major lamellae in case a) or the minor ones in case b) can grow and form a microtwin
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and eventually evolve into a single crystal. However, the significant difference between
these two cases lies in the way how a single crystal is produced.

In case a), the initial major-major lamellae across the inter-variant interface
approach to a twin relationship (type ii OR in Table 3). After the major lamellae in both
variants grow from nanotwins into a microtwin, one twin domain in the newly formed
microtwin grows at the expense of the other domain (like the domain growth in
nanotwins), which eventually leads to the formation of a single crystal. From Figs. 7a
to 7e shows a complete deformation path in the case a).

In case b), the initial minor—minor lamellae across the inter-variant interface are
not twin-related (type i OR in Table 3). With the domain growth in nanotwins, the
growing minor lamellae accompanied by crystal rotation will form two variants with

an identical orientation, which then naturally merge into a single crystal.

Fig. 8. A schematic showing the deformation path of the case c).

In case c), its deformation path can also be deduced from Fig. 7. For clarity, it is
drawn in an individual figure (Fig. 8). Like the cases a) and b), the first step of case c)

is domain growth in the nanotwins by means of twinning/detwinning. The initial
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orientation of A—B interface is close to the (1 1 2) plane of the major lamellae (Fig. 8a).
After the first step, the A—B variant pair grows into a microtwin, and the orientation of
its interface (twin boundary) becomes parallel to the (1 1 2) twinning plane of the
nanotwins (Fig. 8b). This reorientation of the A—B interface needs a large crystal
rotation (about 60°), which implies the improbability of the deformation path in case c)

to form a single crystal.

The deformation paths of the variant pair A—C are the same as those of A—B, due
to their crystallographic similarity (Table 3). For the same crystallographic reason
demonstrated in Table 3, the variant pair B—C also has deformation paths similar to A—
B. The only difference lies in the fact that, because the major—-major and minor—minor
lamellae in the variant pair B-C have exactly the same OR type, both cases a) and b)
for this variant pair share a same way to form a single crystal (i.e., via crystal merging
incurred by their identical orientation, as illustrated from Figs. 7c to 7d).

The above deformation paths deduced from the geometric model (Fig. 7) for
different variant pairs in an NM martensitic plate group can be substantiated by many
reported experimental results. For the variant pairs A—B and A—C, their deformation
path in case a) was supported by the work observed by Zarubova et al. [13], and their
case b) was reported by Dai et al. [17]. For the variant pair A—D (or B-C), its two
deformation paths in cases a) and b) were both verified by Szczerba and Chulist [15].
Unsurprisingly, there is no convincing experimental evidence hitherto that can validate

the deformation path described in case c).
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So far the deformation of NM martensites is still an open topic, and new
deformation phenomena are expected to be observed. To completely clarify all
deformation phenomena happened in the NM martensites, more knowledge about the
characters of twinning dislocation, twinning stress, and interfacial defects is required.
With the help of our geometric model, many current deformation phenomena of the
NM martensites in Ni-Mn-Ga alloys can be rationally elucidated. The present results
reported in this paper lay a foundation for further study on the NM martensites in
MSMAs, including their interface structure, microscale deformation mechanism, as
well as MFIS improvement.

5. Conclusions

This paper systematically determines the ORs between the nanoscale lamellae in
an NM martensitic plate group with a special emphasis on the A—B type variant pair.
Inside an individual variant, all lamellac are nanotwins. Across the inter-variant
interfaces, the ORs between all major—major, minor—minor, and major—minor lamellae
in the three martensitic variant pairs A—B, A—C, A-D (or B—C) can be classified into
three crystallographic characteristics:

i.  asimple rotation (< 25°) without {1 1 2} twin relationship.
ii. (1 1 2) twinning operation plus a small (< 12°) rotation, with the twinning plane
nearly parallel to the inter-variant interface.
iii. (I 12)or (T 1 2) twinning operation plus a rotation (< 25°), with the twinning

plane exactly parallel to the inner-variant nanotwin boundary.

28

© 2019 This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



http://dx.doi.org/10.1016/j.jallcom.2019.153479

By integrating both experimental observations and theoretical calculations, a
geometric model for a whole NM martensitic plate group is established, in order that:

e The twinning systems with a hierarchically twinned microstructure be clarified.

e  The formation mechanisms that underlie different variant pairs be revealed.

e  The deformation paths in an NM martensitic plate group be explained.
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