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Abstract:

A bar of single crystal Ni-Mn-Ga shape memory alloy takes the martensitic phase
transformation via the nucleation and propagation of Austenite-Martensite (A-M) interfaces.
Due to the compatibility between the two phases, very fine martensite twin laminates are
generated near the A-M interface. Our experiments with the full-field observation on the
specimen’s non-uniform deformation by optical cameras and the meso-scale observation on
the twin laminates by high-magnification microscopes reveal that the fine laminates after
cooling are unstable and spontaneously evolve into a single martensite variant, i.e., the
heating-cooling cycles trigger the material to switch between the austenite phase and one of
the martensite variants with large cyclic deformations. Furthermore, to select the desired
single variant among the possible martensite variants, we propose a special design—a single-
crystal cantilever beam under mild heating-cooling cyclic thermal loading at its clamping end
has two different parts: the part near the clamping end takes cyclic phase transformation while
the other part near its free end keeps unchanged. Because of the compatibility requirement

between the two parts, the cooled martensite state of the transformation part is governed by
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the martensite state of the non-transformation part. That means, the compatibility relation can
be adopted to design the cyclic deformation of the stress-free two-way memory.
Keywords: stress-free two-way memory, spontaneous martensite detwinning, martensitic

phase transformation, microstructure compatibility, initial martensite state effect.

1. Introduction

Stress-free two-way memory with cyclic thermal-induced deformation has been
intensively investigated for Shape Memory Alloys (SMAS) in the forms of polycrystal [1-5]
and single crystal [6-11]. To build up the stress-free two-way memory in SMAS, some
intentional training and/or thermo-mechanical treatments or unintentional operations of
fabrication processes introduce microstructure defects and/or internal stresses which help
choose some preferred martensite states and determine the output deformation during the
cooling-induced phase transformation from austenite to martensite. In a very general sense,
the stress-free cooling-induced martensite state can be a single martensite variant, a twin
consisting of two martensite variants with proper relations, a simple mixture of multiple twins,
or a self-accommodation configuration of multiple martensite variants without generating
macroscopic shape change. Among all these possible states, the self-accommodation is
usually assumed to describe the cooling-induced martensite configuration in untrained SMASs
by most SMA researchers [5, 12-18]. However, referring to the experiments reported in
literature, the self-accommodation martensite configuration appears in most normal SMA
polycrystals, but it doesn’t always appear in single crystals.

In literature, there are reports on the cooling-induced non-self-accommodated
martensite with significant deformation strain in untrained SMA single crystals [19-22].
Because microstructure defects always exist and are unavoidable in real materials, those
observations of the non-self-accommodated martensite states would probably be attributed to

the defects which might be generated by unintentional operations of fabrication processes.



But it is not difficult to find another important factor governing the cooling-induced
martensite state if we look into the mesoscopic and/or microscopic process of the phase
transformation which always occurs via the nucleation and propagation of interfaces
separating the two phases. For example, the interface between austenite and martensite (so-
called A-M interface) can have different morphologies: arrow (wedge) [20, 23-24], X-type, A-
type [25-27] and simple planes [28-30]. These A-M interfaces can be nucleated at the
boundaries of single-crystal specimens. For example, the theoretical discussion about the
preference of the heating-induced austenite nucleation at the specimen’s boundary rather than
the specimen’s inside can be found in [31]. Due to the compatibility requirements, the
different A-M interface morphologies lead to different twins with various deformation strains.
The cooling-induced martensite states generated via the nucleation and propagation of such
interfaces can have non-accommodated twins as mentioned in [20]. That means, the existing
experiments already imply that, due to the compatibility of the A-M interface, the stress-free
two-way memory could be obtained in single crystal SMAs that switch between the austenite
phase and the non-accommodated martensite phase during the heating-cooling cycles with
significant deformation. But there are still several different non-self-accommodated
martensite states (multiple twins, single twin, and a single martensite variant) which lead to
different deformations in the heating-cooling cycles. For practical engineering applications of
the two-way memory effect, a repeatable and predictable deformation is needed. So, a
question naturally arises: can we predict and control the cooling-induced martensite state to
achieve a reliable stress-free two-way memory?

In this paper, to utilize the A-M interface compatibility to control the two-way
memory, we propose a special design—Incomplete Transformation System (ITS): a cantilever
beam made from a single crystal SMA is mildly heated and cooled cyclically at its clamping

end; thus, the part near the clamping end takes A<M phase transformation cyclically while



the other part near its free end (being far from the heating-cooling clamping end) keeps the
initial state without taking phase transformation. That means, the specimen (cantilever beam)
has two parts(with and without phase transformation respectively) separated by an interface
whose compatibility would determine (control) the two-way memory and the associated
output deformation of the part taking the cyclic phase transformation.

In order to trace the evolution of the different martensite states and demonstrate
clearly the compatibility relation, we choose a simple SMA single crystal: Ni-Mn-Ga whose
room-temperature stable phase is martensite having approximately tetragonal symmetry with
only 3 variants (M1, Mz, and M3) whose short axis “c” is along the coordinate “X”, “y” and “z”
respectively as shown in Fig. 1(a) [19, 32-36]. Although the magneto-mechanical coupling
behaviours of Ni-Mn-Ga single crystal have been intensively studied [6, 26, 29, 30, 37-51],
systematic detailed observations on the different A-M interface morphologies and the
associated microstructure evolution during heating-cooling cycles have not yet been reported
in literature.

When studying the compatibility effect on the ITS (cantilever beam being mildly
heated and cooled), we observed a surprising phenomenon—Spontaneous Detwinning (SD):
the cooling-induced martensite laminates of different martensite variants spontaneously
evolved almost into a single martensite variant by merging the neighbouring twin boundaries.
Moreover, the compatibility effect is highlighted in our several tests by setting different initial
martensite states (M1, M2, and Ms3) at the non-transformation part of the specimen (the part
near the free end of the cantilever beam). The tests show that the cooling-induced martensite
state of the transforming part always becomes the same state as the initial state of the non-
transformation part. That means, we can control the deformation of the two-way memory of

the beam’s transforming part under mild heating-cooling cycles.



The remaining parts of this paper include the following sections: Section 2 describes
the experimental procedures to observe both the global shape change and the meso-scale twin
laminate structures in the cantilever beam. Section 3 reports the experiments comparing the
behaviours of the ITS (cantilever beam under mild heating and cooling has a transformation
part and a non-transformation part) with the Complete Transformation System (CTS: the
whole cantilever takes phase transformation under strong heating and cooling). Then the
conditions for the two-way memory and the associated spontaneous detwinning phenomenon

are discussed in Section 4. Finally, the summary and conclusions are given in Section 5.

2. Material properties and experimental procedures

The specimens of NisoMn2gGayz (at. %) single crystal (from ETO Magnetic GmbH) are
rectangular bars with all faces approximately along the {100} planes of the parent cubic
austenite. The specimen’s cross-section is2.5mm x 1mm, and its gauge length after clamping
is around 10mm.The specimen has the characteristic phase transformation temperatures: Ms=
45 °C, Ms= 48 °C, As= 52 °C, Ar = 55 °C. As shown in Fig. 1(a), the martensite phase has a
short axis ¢ =~ 0.561 nm, two long axes a =~ 0.595 nm and the austenite phase has a
characteristic length ap = 0.584 nm [48, 52]. So, with the reference of austenite, the martensite
has the deformation strain of —4% along the short-axis direction and the deformation strain of
+2% along the long-axis direction. The deformation strains of a martensite twin consisting of
two different martensite variants can also be determined as shown in Appendix A. Strictly
speaking, the material’s martensite phase is slightly monoclinic with a 10M modulation,
which allows the formation of various twin boundaries (e.g., Type | and Type Il) and
multiscale martensite structures (e.g., twins within twins) [53-56]. However, the tetragonal
approximation was widely adopted to simplify the theoretical calculation and the discussion
on the behaviours of the Ni-Mn-Ga single crystal [51, 57-59]. Here, the tetragonal

approximation is also adopted to help understand the following macroscopic and mesoscopic



experiments. The effect of the approximation on the understanding of microscopic processes
will be discussed at the end of Section 4 (Discussion Section).

The setup of the experiment is shown in Fig. 1(b) where a specimen is clamped at one
end while the other end is free to deform. To monitor the deformation of the specimen, two
optical cameras (CMOS: acA2000-340km, Basler, Germany) equipped with a Nikkor lens are
used to observe the specimen’s top surface (Camera 1) and one of the side surfaces (Camera
2). To observe the detailed deformation features of the Austenite-Martensite (A-M) interfaces,
a microscope (AX70, Olympus, Japan) is adopted. Based on these optical observations and
the technique of Digital Image Correlation (DIC of the software VIC-2D), the local strain
distributions and in turn the distributions of the martensite variants can be determined
(Appendix A). A thermocouple (K-Type of sheath diameter of 0.5 mm) is put at the clamping
end to monitor the temperature evolution. The temperature at the clamping end can increase
up to 60 °C for ITS (Incomplete Transformation System with mild heating) and up to 100 °C
for CTS (Complete Transformation System with strong heating). Detailed procedures are
presented as below.

CTS (Complete Transformation System with strong heating): A heater turns on to
increase the temperature of the specimen’s clamping end to about 100°C to make the whole
specimen take the austenite phase. Then, the heater turns off and the specimen’s temperature
decreases by natural cooling (i.e., by natural heat convection via the specimen’s surfaces as
shown in Figs. 2 and 3) or by ice cooling (i.e., by putting a block of ice at the specimen’s
clamping end as shown in Fig. 4). The different cooling modes lead to the nucleation and
propagation of different A-M interfaces (with different orientations).

ITS (Incomplete Transformation System with mild heating): At the beginning of each
test, the specimen takes martensite phase at room temperature (around 20 °C < My). The initial

state of the whole specimen can be set to be a single martensite variant by mechanical



compression (i.e., the initial states M1, M2, and M3 are set by mechanical compression along
the x-, y-, and z-direction, respectively).The heater turns on to increase the temperature of the
clamping end to near 60 °C; the A-M interface is nucleated and propagates from the clamping
end to the middle of the specimen. Then, the heater turns off and the specimen’s temperature
decreases by natural cooling. Thus, the A-M interface propagates back from the middle to the
clamping end and the final cooled martensite state of the whole specimen depends on the

initial state we set at the beginning.

3. Experimental Results
Before reporting the behaviours of our special design (ITS) in Section 3.2, we
demonstrate the general behaviours of a single crystal SMA bar via the CTS (the whole

specimen taking phase transformation) under different cooling modes in Section 3.1.

3.1 CTS (whole specimen taking phase transformation)

When we strongly heated the clamping end (with the maximum temperature Tmax near
100 °C), the whole specimen was transformed to austenite phase (A-phase), despite the initial
martensite states at room temperature. Austenite (A-phase) is taken as the reference, i.e., zero
strains exx = &y = &z = 0% for A-phase as in the high-temperature state t; of Fig. 2 (note: t;
represents the time, indicated by the temperature-time curve on the left-hand side in Fig. 2).
As shown by the DIC strain maps at t> ~ ts, when the heater was turned off, the specimen
naturally cooled down to trigger the A - M phase transformation via the nucleation and
growth of a martensite twin that consists of the martensite variants Mszand Miwhose volume
ratio is 2:1(denoted as M3z : Mz twin )as the twin’s deformation strains are exx = 0%, &y =~ 2%,
and &z = —2% (the method to determine the relation between the twin’s deformation Strains

and the volume fractions of the two martensite variants can be found in Appendix A).



Because the average strain exx of the twin Ms:Mq is around zero, the transformation (A = twin
M3:M1) has little contribution to the specimen’s elongation (see t1 ~ ts in the elongation-
temperature curve in Fig. 2). It is also seen that the interface between the A-phase and the
twin M3:M;z is almost parallel to the x-direction, which satisfies the compatibility requirement
(detailed compatibility analysis can be found in Appendix B). When the twin grew to almost
occupy the whole specimen (see the state ts of Fig. 2), a domain near the specimen’s free end
(at the position x =~ 7 mm) took the detwinning process (M3z:Ms1 twin = Ms3): the major
component of the twin (i.e., M3) grew at the expense of the minor component (M1). Then,
another detwinning domain appeared near the clamping end (see the states ts and t; of Fig. 2).
The two domains of M3 grew up and merged to occupy the whole specimen as shown in t7 ~
tio of Fig. 2, contributing to a significant elongation: the specimen’s average exx increased
from 0% to nearly 1.6% as shown by the elongation-temperature curve in Fig. 2, indicating
that the cooling-induced A - M phase transformation is via two steps: A —a twin (Ms:My)
—>a single variant (the twin’s major component M3z).

While the first step (A > a martensite twin) is expected, the 2" step (spontaneous
detwinning) is totally out of expectation because martensite detwinning normally needs
external driving forces, e.g., mechanical stress or magnetic field [29,39-42,48,49,51,53]. In
order to confirm the existence of the spontaneous detwinning phenomenon, we improved our
observation by a high-magnification microscope with polarized light and by polishing the
specimen’s surface. The detwinning process was recorded in Movie 1 (attached in the
supplementary materials), and some frames of the movie are shown in Fig. 3. It is seen that
the polarized light can significantly improve the observation by comparing Fig. 3(a) with Fig.
3(b). As shown in the observation with polarized light of Fig. 3(i), when austenite and
martensite coexist, the compatibility of the two phases leads to the formation of a twin with

very fine laminates (layers). After the A-M interface passes through the specimen (i.e.,



without the compatibility constraint), the fine laminates evolve by intermittent annihilation of
the twin boundaries and the narrow laminae/layers finally become almost a single martensite
variant. In fact, this spontaneous detwinning process can be theoretically explained: the high-
energy state of the very fine twin laminates with numerous twin boundaries (causing lots of
twin boundary energy) spontaneously evolves into the single martensite variant by the
reduction of the surface energy (the energy of numerous twin boundaries). Some simple
energetic analyses on the spontaneous detwinning and the description of different types of
twin laminate structures can be found in our recent publication [60].

While the natural cooling mode (near homogeneous cooling) is demonstrated in Figs.
2 and 3, the ice cooling mode (i.e., inhomogeneous cooling with a thermal gradient along the
specimen’s length direction x-axis) is shown in Fig. 4 where the A-M interface is parallel to
the specimen’s width direction (y-axis). To afford such an interface, a twin Mz:M> (2:1) was
formed with the strains exx = 2%, eyy = 0%, and &z = —2%, as shown in the strain maps at t of
Fig. 4. Because the twin had a tensile strain (exx = 2%), the specimen’s global elongation
increased with the growth of the twin (see t2 ~ ts of Fig. 4). Moreover, the spontaneous
detwinning into single variant Ms occurred at ts ~ t10 of Fig. 4.

By comparison between Figs. 2 and 4, it can be seen that the different cooling modes
lead to different A-M interfaces of different orientations and different components of the twin
(M3:M1 = 2:1 in Fig. 2 and M3:M2 = 2:1 in Fig. 4). But, for both twins, the spontaneous
detwinning leads to the single variant M3 as it occupies the main portion of both twins. Then,
a doubt naturally rises: Does the specimen have very strong defects or internal stress to make
the cooled martensite state prefer the single variant Ms? To eliminate this doubt, in the
following tests of ITS (Incomplete Transformation System with mild heating), the initial state

is set into different variants to check whether the cooled martensite is always M3 (influenced



by the unknown defects) or depends on the initial state (governed by the compatibility

relation).

3.2 ITS (Incomplete Transformation System with mild heating)

When the maximum heating temperature at the specimen’s clamping end is not high
(Tmaxnear60°C), the propagating A-M interface cannot reach the specimen’s free end whose
temperature is not high enough to take M- A transformation. So, such heating-cooling cycles
make only a part of the specimen take cyclic phase transformation. At the beginning of each
test (at room temperature), the initial martensite state of the specimen was set to be a single

variant M1, My, or M3 as shown in the following Sections 3.2.1 to 3.2.3, respectively.

3.2.1: Initial state M1

As shown in Fig. 5, at the beginning of the heating-cooling cycle, the specimen was
occupied by Mz whose strains are exx =~ —4%, gy =~ 2%, and & =~ 2% at t1 and to. The heating
triggered the nucleation and growth of the A-phase via a propagating A-M interface as shown
by the strain maps at t4 where the A-phase occupied around half of the specimen while the
single martensite variant M1 (the initial state) occupied the other part near the specimen’s free
end. When the heating was stopped and the specimen cooled down naturally with A-phase
shrinking back and disappearing at the clamping end as shown by the strain maps at ts~ts,
during which the part of the specimen near the clamping end changed to a martensite twin
M1:M2 with the volume ratio 2:1 whose strains are exx~ —2%, ey~ 0%, and ez~ 2% (see the
local strain maps/profiles). Then, the twin M1:M (2:1) spontaneously detwinned into the
single variant Miwith the strains ex = —4%, &y =~ 2%, and ¢z =~ 2% at ts~ti0. The heating-
cooling cycle makes the specimen’s global elongation cyclically change between —3.4% and

—1.4% (taking the specimen fully occupied by A-phase as the reference). That means the two-
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way memory with a cyclic strain magnitude (around 2%) was achieved where around half of
the specimen participated in the thermally induced cyclic A <> Miphase transformation.

In order to see more clearly the feature of the A-M interface and the associated twin
formation and detwinning, we repeated the above test by three continuous heating-cooling
cycles with the meso-scale observation by a microscope shown in Figs. 6-8 respectively.
During the heating of the 1% cycle (Fig. 6), the triangular transition zone consisting of twin
M1:M2 (with volume ratio 2:1 whose average strains were ex =~ —2% and gy ~ 0%) was
observed between the A-phase and the single variant M (see the DIC strain maps (i) ~ (vi));by
contrast, during the cooling, the transition zone (twin M1:M3z) grew up at the expense of A-
phase (see (vii)~(xi)) which agreed with the full-field DIC strain maps of the whole specimen
(states ts~ts in Fig. 5 where the transition zone also grew up). Finally, the twin evolved into
the single variant M1 (see (xi) and (xii) in Fig. 6). However, the twin M1:Mz is just one of the
possible configurations of the transition zone for separating the A-phase from the single
variant M1; the heating process of the 2" cycle shows another configuration of the transition
zone (see (i)~(v) in Fig. 7): the triangular transition zone consisting of twin M1:M3s (with
volume ratio 2:1 whose average strains are exx~ —2% and &y~ 2%). With the magnified view
in Fig. 7, we can see that the transition zone is a fine laminate. More interesting is that, during
cooling-induced A->M transformation, the transition zone changed to the twin M1:M> (2:1) as
shown in (vii)~(xii) where the A-phase shrank while the transition zone M1:M> grew up and
was detwinned into My simultaneously. It is easy to apply a compatibility analysis to verify
that both the twin M1:M2 (2:1) and the twin M1:M3 (2:1) can be compatible with A-phase (see
Appendix B).In fact, these two twins can co-exist at the transition zone as shown in the
heating process of the 3™ cycle (see (i)~(iv) in Fig. 8) where an “X” type interface was
observed. But, in the cooling process, only one twin appeared (M1:M3) which detwinned into

M as shown in (vii)~(xii) of Fig. 8.
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The above observations show that the A-M interface can be composed by only one
plane (with only one twin at the transition zone) or by multiple planes (with multiple twins at
the transition zone). The various interfacial microstructures (X-type, A-type, and the
associated twins within twins) were well discussed in [27, 61-63]. In order to double-check
the existence of the X-type A-M interface in the current system, we repeated the above
heating-cooling cycle on the specimen after polishing; the propagation of the X-type A-M
interface during the heating process was recorded in Movie 2 (in supplementary materials). A
typical picture from the movie and the schematic of the associated twins are shown in Fig. 9.
Based on the theoretical analysis on the compatible A-M interfaces and the associated twins
in Appendix B, the components of the twins in Fig. 9 can be identified by the observed
orientations of the A-M interfaces and twin boundaries. From the comparison between the
theoretical predictions and the experimental observation, Fig. 9(b) schematically demonstrates
the interfaces/boundaries OP1, OP2, OP3, and OP4, separating the four domains: A-phase, twin
M1:My, twin M1:M3, and the single variant M1. One point that might be important to point out
is that, in all of our tests, the stable propagation of the X-type interface only appears in the
heating-induced M—>A process. The reason might be related to the different kinetics of the
forward and reverse martensitic phase transformations during the heating-cooling cycles,

which need further study.

3.2.2: Initial state M2

To further verify the initial-state effect, we repeated the above heating-cooling cycle
on the specimen with a different initial martensite state: the single martensite variant My
whose strain components are ex ~ 2%, ey~ —4%, and &; = 2% (achieved by compression
along y-direction). As shown in Fig. 10, the specimen after the heating-cooling cycle returned

to the same martensite variant as the initial state M with the cyclic global elongation between
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1% and 2% (see the DIC strain maps ti~tio and the elongation-temperature curve). Different
from the observed transition zone in Section 3.2.1, the current transition zone between A-
phase and the single variant Mz is a twin M2:Mz (with the volume ratio 2:1 whose average
strain components are exx~ 2%, ey~ —2%, and &z~ 0%) as shown in the strain maps and the
strain profiles at ts ~ ts in Fig. 10. Clearer pictures of the transition zone are shown in Fig. 11
about the observation by the microscope. It is seen, in the strain maps (ii) ~ (iv) during the
heating and (viii) ~ (x) during the cooling, that the transition zone has some coarse spikes
(arrows) pointing to the region of the single variant M2 while the boundary between A-phase
and the transition zone is quite smooth, which in fact is a laminate of fine twins M2:Ms as

shown by the magnified view in Fig. 11.

3.2.3: Initial state M3

To complete the study on the initial-state effect, the same heating-cooling cycle was
also performed with the initial martensite state Mz as shown in Fig. 12 where the response is
similar to that with the initial state of M in Fig. 10 in Section 3.2.2: both make the specimen
elongation positive (i.e., tensile strain along the specimen’s length direction X-axis)because
the atomic lattices of both M2 and M3z have a long axis along the x-direction, which is a
contrast to the case of the initial state Miin Fig. 5 of Section 3.2.1 where the specimen’s
elongation is negative. Moreover, the composition of the transition zone in Figs.10 and
12arealmostthe same—a combination of M2 and Ms, but with a different volume ratio—the
twin Ms:M2=2:1 for the initial state M3 (see state ts in Fig. 12) while the twin M2:M3=2:1 for
the initial state M (see state t7 in Fig. 10). Comparing these compositions with those for the
initial state M1 (M1:M2=2:1 or M1:M3=2:1 in Fig. 2), we can see that the initial state (the

single variant in the untransformed region of the beam’s free end) is always the major
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component of the twin in the transition zone, and it would be the final cooled martensite state

after the spontaneous detwinning.

4. Discussion
Although the unavoidable material microstructure defects might have an influence on
the martensitic phase transformation, the above experimental results clearly demonstrate the
strong governing factor—compatibility: all the twins generated at the A-M interfaces with
various orientations are always among the six compatible compositions, M1:M>, M1:Ms, and
M2:M3z with the volume ratios 2:1 or 1:2 (Details of the relation of the orientations between
the twin boundaries and the A-M interfaces can be found in Table B1 and Fig. Bl of
Appendix B). That means, the six compatible twins are the only possible cooled martensite
states. Moreover, if the A-M interface sweeping the specimen is a planar interface, only one
of the six twins can exist. Furthermore, when the A-M interface disappears (or the twin is
located far from the compatibility constraint of the A-M interface), the twin can automatically
evolve almost into a single martensite variant, leading to the significant deformation of the
stress-free two-way memory.
In all the above spontaneous detwinning processes, the major component of the twin
(i.e., the martensite variant with the volume fraction 2/3) always grows at the expense of the
minor component (i.e., the martensite variant with the volume fraction 1/3). That can be easily
understood with the simple schematic in Fig. 13. The nearest neighbouring twin boundaries
move to each other, merge together and finally disappear, making the whole region of the
original twin becomes a single martensite variant (the major component of the original twin).
It should be noted that the current Ni-Mn-Ga single crystal is a ferromagnetic SMA which is
sensitive to external magnetic fields [29, 30, 33, 35, 43, 44]. So, the current experimental

setup contains only non-magnetic devices (e.g., the clamping devices are made from
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aluminium) and the experiments are performed far away from any magnetic equipment. That
Is to say, spontaneous detwinning occurs without external mechanical stress or magnetic field.

The compatibility effect is much highlighted in our special design ITS (a cantilever
beam under mild heating-cooling cycles) which has a transformation part and a non-
transformation part. For example, as shown in the DIC strain map (ix) of Fig. 6, the transition
zone (M1:My) between the two domains (A-phase and the single variant M1) has to be
compatible with both domains. As shown in the schematic of Fig. 14, while the volume ratio
2:1 of the two components (M1 and M) makes the twin compatible with A-phase at the
interface “P1P>”, the twin boundaries parallel to the interface “P3P4” naturally make the twin
compatible with the single variant M1. More interesting is that, in all the above observations
on the coexistence of three domains (A-phase, a twin and a single variant), the single variant
is always the major component of the twin. Based on the above discussions, we can
understand why the initial state (a single martensite variant) of the non-transformation part
near the beam’s free end can determine the final cooled martensite state of the transformation
part near the beam’s clamping end. Due to the compatibility of the three domains, the twin’s
major component is the initial state of the non-transformation part; the twin occupies the
transformation part at the end of the cooling process, and then spontaneously evolves into its
major component (i.c., the initial state of the beam’s free end) making the two-way memory
predictable and controllable.

For understanding the implications of the current experiments, it would be helpful to
compare the current experimental observations on the Ni-Mn-Ga single crystal with the
general behaviours of SMAs during the thermally induced martensitic phase transformation.
As polycrystals are adopted in most engineering applications of SMAs, their behaviours have
been well studied; particularly it has been revealed by experiments and modelling [64-67] that

the thermally induced martensitic phase transformation can generate self-accommodated
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martensite structures: triangular or diamond-like patterns consisting of different martensite
variants within the grains due to the constraints from the grain boundaries and the interactions
with the neighbouring grains. The self-accommodation mechanism makes the global shape of
the polycrystals unchanged during the phase transformation. Therefore, the SMA polycrystals
without training or special microstructures/defects would not have stress-free two-way
memory. By contrast, SMA single crystals can have non-self-accommodated martensite
structures leading to the shape change during cooling, especially when the phase
transformation starts at the specimen’s boundary (i.e., without the environmental constraint
like the grain boundaries in polycrystals) [19-22]. It is interesting to note that our material
(Ni-Mn-Ga) with cubic austenite and approximately volume-preserving martensitic phase
transformation satisfies the necessary and sufficient conditions for self-accommodation
according to the reference [73], but the cooling-induced martensite with large deformation is
obviously non-self-accommodation in our experiments (see the elongation-temperature curves
of in Figs. 2, 4 and 5). The reason might be that the nucleation of martensite in our
experiments occurs at the specimen’s surfaces/edges rather than inside the specimen. By
contrast, the reference [73] mainly concerns the martensite nucleation in “the sea of
austenite”—the nucleated martensite is surrounded by a sea of austenite on all sides. That
means, even though the material’s symmetry and lattice parameters satisfy the conditions for
self-accommodation, the single crystals can choose non-self-accommodation by nucleating
martensite at free boundaries (specimen’s surfaces/edges).

The current experiment on the cantilever beam of the Ni-Mn-Ga single crystal not only
gives an example of the non-self-accommodated martensite structure (very fine twin
laminates) but also captures the spontaneous detwinning process making the twin laminates
evolve into the “single martensite variant” to provide a large global deformation during

cooling. Here the “single martensite variant” means a tetragonal martensite variant which is
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an approximation of the slightly monoclinic martensite variant (Ni-Mn-Ga with 10M
modulation) that has not only the short axis (c-axis), but also two different long axes (a and b
axes) and the characteristic angle 90.37° [55]. It has been revealed that the monoclinic
martensite variants can form complicated multi-scale martensite structures with the lower-
scale twins (e.g., modulation twin [54] and a/b twins [56]). A simple example of the
multiscale martensite structures (a/b twins within macro-twins) is sketched in Fig. 15(a). It is
seen that the macro-twin boundary (1%-order twin boundary) separates the domains with
different orientations of the c-axis; within each domain, there are 2"%-order twin boundaries
separating the sub-domains of different orientations of the long axes (a and b axes). So, the
“single martensite variant” demonstrated in the above DIC strain maps in tio of Fig. 2 and
(xii) of Fig. 7 should have numerous sub-domains that could be revealed by microscopic
observation facilities with higher resolution. Moreover, the microstructure would become
much more complicated when the magnetic influence is taken into account in the current
material (Ni-Mn-Ga magnetic SMA).

It has been revealed by both experiments and modelling [68-71] that the magnetic
domains can be embedded in the martensite twins of the magnetic SMAs as schematically
shown in Fig. 15(b) where the macro twin boundary (1%-order twin boundary) and the 90°
domain wall are overlapped. It is implied that the magnetic energy (particularly the90°
domain wall formation/evolution) would influence the surface energy and the mobility of the
macro twin boundary. That might be the reason for the current material to have some special
behaviour different from other non-magnetic SMAs. To the best knowledge of the authors,
there are no experiments or models able to clearly describe the magnetic domains embedded
in the multiscale twins by the combination of Fig. 15(a) and (b) that would provide physical

insights into the kinetics of the magnetic domains and the twin evolution (e.g., the correlation
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between the movement of the multiscale twin boundaries and the movement of the different
domain walls and the associated magnetization rotation).

In a nutshell, while the non-self-accommodating twin laminates generated by the
thermally induced phase transformation in SMA single crystals are not surprising, the current
experiments on the Ni-Mn-Ga single crystal demonstrate an unexpected spontaneous
detwinning process making the twin laminates evolve into “single martensite variant” which
so far has not been observed in other SMA single crystals; the reason might be related to the
high mobility of the twin boundary and the associated magneto-mechanical coupling within

the multiscale martensite structure correlated with the magnetic domains.

5. Summary and conclusions

The stress-free two-way memory and the associated compatibility effects are
demonstrated in a cantilever beam of SMA single crystal which takes full transformation
(CTS in Section 3.1) and partial transformation (ITS in Section 3.2) with different initial
states under different cooling modes (natural cooling and ice cooling). With the help of the
optical cameras, the microscopes and the DIC technique (determining the distributions of the
local deformation strains), it is revealed that the compatibility always governs the phase
transformation processes with the compatible A-M interfaces and the associated twins’
formation and evolution leading to the two-way memory. Although the current material under
study (Ni-Mn-Ga single crystal) is assumed to have simple symmetry (tetragonal symmetry),
the experiences and the concepts from the study could be extended to other materials. Two

major conclusions can be drawn from the study:

1. When the martensitic phase transformation under cooling occurs via the nucleation and

propagation of a planar A-M interface, the final cooled martensite state is achieved by
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two steps: (1) austenite—>a twin; (2) detwinning into single martensite variant. The major
component of the twin is the final martensite state.

The compatibility between the three domains (austenite phase, a martensite twin and a
single martensite variant) makes the stress-free two-way memory predictable and
controllable when only part of the specimen takes the cyclic phase transformation under

heating-cooling cycles.
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Appendix A Determination of twin’s composition via local strains

The three martensite variants M1, M2 and M3 with their short axes along x, y and z
respectively are shown in Fig.1(a) where the variant’s short axis ¢ = 0.561 nm, long axis a =
0.595 nm and the austenite characteristic length ap ~ 0.584 nm. Therefore, the martensite
variants have the deformation strains of —4% and +2% along their short- and long-axis
directions respectively, taking austenite phase as the reference. That means the characteristic
transformation strains of the three variants are: M1 (exx = —4%, &yy = 2%, and &z ~ 2%), M2 (exx
~ 2%, ey =~ —4%, and &z = 2%) and M3 (exx = 2%, &yy =~ 2%, and & = —4%). As shown by the
DIC strain maps in Figs. 2, 4~8 and 10~12, some regions of the specimen are not transformed
to these three single variants, but their combinations. So, we need to determine the volume
fractions of My, M2 and M3 (denoted as fi, f> and f3) based on the measured local strain
components. At the temperature lower than the characteristic phase transformation

temperature My, the material is in martensite state; so there is a relation between f1, f> and fa:

St =1 (A1)
Usually two principle strain components can be measured by one camera; for example, the
DIC strain maps and profiles of surfaces observed by Camera 1 in Fig. 2 or by a microscope
in Fig. 6 showing the two components &ex and &yy of the local strains. Two equations can be

derived from these two strain components:

~0.04f, +0.02f,+0.02f, = ¢, (A2)

0.02f,—0.04f,+0.02f, = ¢, (A3)

Combining Egs. (Al), (A2) and (A3), we obtain the volume fractions:
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0.02-¢,
f = m
0.06

0.02-¢
f=— W Ad
2 0.06 (A4)
f 0.02+¢, +¢,
i 0.06

Similarly, for the two components exx and ez of the strain mapsmeasured by Camera 2 in Fig.

2, two equations can be derived:

~0.04f,+0.02f, +0.02f, =&, (A5)

0.02f,+0.02f,—0.04f, = ¢, (A6)

By solving equations (Al), (A5) and (A6), the volume fractions can be obtained:

0.02-¢,
f=———
0.06
0.02+¢._+¢
f — XX 7z A?
2 0.06 (A7)
0.02-¢,
fp=— 2
0.06

Example: The strain maps of (iii) in Fig.6 show that, between A-phase and the single variant
My, there is a triangular transtional zone with the strain components ex =~ —2%, &y =~ 0%.
Then, Eq. (A4) gives the volume fractions: fi = 2/3, f2 = 1/3 and fz =0. Therefore, this
transition zone consists of only two variants M1 and Mzwith the volume ratio 2:1, denoted as

M1:M2 (2:1).
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Appendix B Compatible austenite-twin interfaces

The following compatibility analysis is based on the previous results in [51,72]. The
Bain matrix of the three different tetragonal variants M1, M2 and M3 (whose short axes

respectively along x, y and z) are:

a 0 0 B 0 0 B 0 0
U=l0 g 0|, U,=|0 a 0|, Uy=/0 g 0
0 0 B 0 0 p 0 0 «
where S = a. 1.0188 and a = L= 0.9606 (a, ¢ and ap are the lattice paremeters of the
a'O a0

material as shown in Fig. 1(a)). The compatible interfaces between the austenite phase and the
martensite twins can be obtained by solving the following two equations, so-called twinning

equation and the austenite-martensite interface equation:

QU,;-U;=a®n (B1)

Q(AQU, +(1-A)U,) =1 +b®m (B2)

where Ui and Uj are the Bain matrix of the i" and the j™ martensite variants; | is an identity
second-order tensor representing the Bain matrix of the A-phase; Q represents the rotation of
the variant U;with respect to the variant Ui when the twin is formed; Q’ represents the rotation
of the martensite twin (consisting of the i and the j™ martensite variants) with respect to the
A-phase; a®n is a dyadic product of a non-zero vector a and a unit vector n; the vector n
represents the normal of the twinning plane in the reference cubic coordinate system while the
vector a is the shearing vector. m is the normal of the A-M interface while the vector b is the
shear vector; A and (1-2) are the fractions of the j" and the i'" martensite variants.

The approximatedsolutions to the two equations provide all the possible compatible

interfaces between austenite phase and martensite twins that are listed in Table B1, and
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schematically drawn in Fig. B1 for the x-y plane that were observed by Camera 1 and by the

microscope in the experimental results in Figs. 2 ~ 14,

Martensite A
variant pair

(fraction of

n

(normal of fine

m

(normal of A-M

Trace of A-M

interface

(on observation

Mi :M; M) twin) interface) surface)
1 1
—=[101] [0 1 £1]
32% \/15 \/_ horizontal
— ] 01 #1 (Fig. B1(a))
o 7 [1 0-1] \/—[ ]
o 1 [x1 1 0]
—=[101 =k
68% */15 Jf 45°
il - —[+x1 10 Fig. B1(b
S0 SR (Fig. B1(b))
1 1
—=[110  —=[0+11]
32% \f \/15 horizontal
—[- — [0 %11 Fig. B1
| ﬁ[llo] \/E[ +1 1] (Fig. B1(c))
M1:M> 1 1
il —[+x1 01
ﬁ[l 1 0] JE[ ] _
68% 1 1 I:yertle)(iald))
— - —[+¥1 01 9.
110 JE[ ] (Fig. B(
1
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- —~— 1 +10 (Fig. B1(e))
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Table B1 Theroretical compatible interfaces between austenite phase and martensite twins
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Fig. B1 The schematics of the theroretical compatible interfaces between austenite phase and

martensite twins

In case we need the accurate orientations of the A-M interface for comparison with
very precise experiments, the procedures in [72] to obtain the accurate solutions of Egs. (B1)
and (B2) can be adopted. For example, the following formula Eq. (B3) can be used to

determine the orientation (the vector m) of the A-M interface compatible with a martensite
twin.

mt = Lfpl g o )
p 2 2

_ a2+32_2 _ zaZﬁZ_QZ_BZ
§= =2, 1= /—Hz Eq. (B3)

With the parameters of the tetragonal martensite variant, # = 1.0188 and a = 0.9606 , the

vector m can be expressed:
~ [+0.7253 + 0.0252 0.6879]
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L [4£1.0257 + 0.0356 0.9728]

Sl= =

[m, m,, my]

Eq. (B4)

This calculated vector m is close to that in [57] where m = 1

7 [-1.05 —0.03 0.94].
Considering that |m, | = 1.0257 ~ 1, |m,| = 0.0356 =~ 0,and |m,| = 0.9728 ~ 1, we

obtain the approximated vector m = % [£1 0 1].
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Fig. 1(a) The material is cubic austenite phase at high temperature and tetragonal martensite phase at low temperature (the three martensite
variants My, M2 and M3 have their short axes along the x-, y- and z-direction, respectively); (b) Experimental setup: a specimen is clamped at one
end and the other end is free to deform.
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Fig. 2 The specimen’s global elongation and the local strain evolution (DIC strain maps and the typical strain profiles along the specimen’s
length direction at the specimen’s middle line) during the natural cooling of CTS (Complete Transformation System with strong heating). The
A->M transformation was via two steps: A=>twin Ms:M: (with volume ratio 2:1) and the detwinning into the single variant M. The specimen’s

global elongation was mainly due to the detwinning at ts ~ tio. The symbols t1 ~ tio represent the time moments of the thermal loading indicated
by the temperature-time curve on the left-hand side of the figure.
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Fig. 3 The spontaneous detwinning can be better captured by the microscope with polarized light (a) than with normal light (b). Typical frames
from Movie 1 of the supplementary materials: (i) Coexistence of austenite and martensite twin laminates (ii) Evolving twin (twin boundaries

intermittently disappear); (iii) A single martensite variant dominates.
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Fig. 4 The specimen’s global elongation and the local strain evolution during the ice cooling of the CTS (Complete Transformation System with
strong heating). The A=>M transformation was via two steps: A>twin Ms:M2 (with volume ratio 2:1) and the detwinning into the single variant

Ma. The specimen’s global elongation was mainly due to the A->twin transformation. The symbols t1 ~ tio represent the time moments of the
thermal loading indicated by the temperature-time curve on the left-hand side of the figure.
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Fig. 5 Heating-cooling cycle of ITS (Incomplete Transformation System) with the initial martensite state of the single variant M. The transition
zone consisting of the twin M1:M2 (with the volume ratio 2:1) between A-phase and M1 was clearly captured during the cooling process.
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Fig. 6 The observation by the microscope (in terms of DIC strain maps) on the local strain evolution during the 1% cycle of the three continuous
heating-cooling cycles of ITS (Incomplete Transformation System) with the initial martensite state M1. A small transition zone of the twin M1:M>

(volume ratio 2:1) separating A-phase from M1 during the heating process; then the transition zone grew up and was detwinned into M1 during

the cooling process.
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Fig. 7 The observation by the microscope on the local strain evolution during the 2" cycle of the three continuous heating-cooling cycles of ITS
(Incomplete Transformation System) with the initial martensite state M:. A small transition zone of twin M1:Mzs (volume ratio 2:1) separated A-

phase from Mz during the heating process; the transition zone consisted of a laminate of the twin as shown by the magnified view. During the

cooling process, a different twin was formed (M1:Mz2), grew up and was detwinned into M.
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Fig. 8 The observation by the microscope on the local strain evolution during the 3" cycle of the three continuous heating-cooling cycles of ITS
(Incomplete Transformation System) with the initial martensite state M1. An “X” type A-M interface consisting of two different transition zones
(twins M1:M. and M1:Mz3) were formed during the heating process. During the cooling process, there was only one transition zone of the twin

(M1:My) that grew up and was detwinned into M.
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Fig. 9 The microscope observation (a) (from Movie 2 in supplementary materials) and the schematic (b) of the X-type A-M interface and the

associated twin laminates.
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Fig. 10 The specimen’s global elongation and the local strain evolution during the heating-cooling cycle of ITS (Incomplete Transformation

System) with the initial martensite state of M.. The heating-cooling cycle led to the cyclic A-M phase transformation with a significant cyclic
deformation and the single variant M2 occupied the specimen at both the initial and final states of the cycle.
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Fig. 11 The observation by the microscope on the local strain evolution during the heating-cooling cycle of ITS (Incomplete Transformation

System) with the initial martensite state of M. The transition zone consisting of the twin M2:Ms (with volume ratio 2:1) had a fine-needle pattern

near the region of A-phase (shown by the magnified view) and a coarse-arrow pattern near the region of M.

44



1, >t >t >t > tgm——>
- A7 M A /M A/ LA
Schematies (M) AZ Mg B ST (A M‘.MW

3 2

gxx

Camera 1 €pj
(top surface)

Strain profiles (%)|

~ SH

- Camera 2 &, |8
=N (side surface)

=

= Strain profiles (%)|

g 2
‘=

<

&n

g
—~ Cooling
= 60 —--=l

0

wh
<

.
(=1

Exx[!

Camera 1 &y

w
(=3

Temperature (°C)

=]
(=1

o 20 Tiﬁ?& (5(300 800 Strain profiles (%)

20 30 40 50 60 _—
Temperature (°C) Camera 2 &,

Strain profiles (%)

Fig. 12 The specimen’s global elongation and the local strain evolution during the heating-cooling cycle of ITS (Incomplete Transformation
System) with the initial martensite state of Ms. The transition zone of the twin Ms:M> (with volume ratio 2:1) was clearly captured during the

cooling process. The heating-cooling cycle led to the cyclic A-M phase transformation with a significant cyclic deformation and the single
variant Mz occupied the specimen at both the initial and final states of the cycle.
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Fig. 13 The schematic of spontaneous detwinning: the nearest neighbouring twin boundaries move to each other, merge together and finally

disappear, leaving the whole region occupied by the major component (the state of single martensite variant M;).
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Fig. 14 Example of a twin compatibly separating the A-phase from the single martensite variant.
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Fig. 15 Schematics of multiscale martensite structure (a) and the magnetic domains embedded in twins (b).
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