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Abstract

The experiments on Ni-Mn-Ga single crystal shape memory alloy under a heating-
cooling cycle demonstrate that the automatically generated twin laminate structure of the
compatible austenite-martensite interface in the forward martensitic phase transition is
significantly different from that in the reverse phase transition, even though the temperature
hysteresis is small (As-Ms around 4 °C). Moreover, after the cooling-induced austenite -
martensite transition, the remaining twin laminate is so fine (layer width around 1 pm) that the
neighbouring twin boundaries merge with each other and disappear, making the fine twin
laminate evolve into a single martensite variant (i.e., spontaneous detwinning). These
observations provide insights into the relation between the hysteresis (phase-transition driving
forces), austenite-martensite interface, and the basic material parameters such as twin boundary

energy and softening modulus during the phase transition.
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Ni-Mn-Ga is a shape memory alloy (SMA) which is able to take a phase transition
between a high-temperature phase (austenite) and a low-temperature phase (martensite) under
certain thermo-magneto-mechanical conditions [1-7]. Because the martensitic phase transition
belongs to the first order phase transition, the lattice microstructure has sudden change (cubic
austenite to approximately tetragonal martensite in Fig. 1(a)) and the macroscopic deformation
stains have sudden jumps across an austenite-martensite interface (A-M interface) [8]. In other
words, from macroscopic point of view, a bar (or a plate) of single crystal SMA takes the phase
transformation via the A-M interface nucleation and the propagation. To avoid large elastic
energy caused by the strain jumps, certain orientations of the A-M interface and the associated
meso-scale structures (laminates of martensite twins) are automatically selected/generated as

predicted by the compatibility analysis [9-12].

Among many meso-scale twin structures, the two patterns in Fig. 1(b) (parallel laminate
and branching laminate) are often observed and have been intensively studied with the energy-
minimization principle [4, 12-16], from which a criterion of the energetic preference for the

two patterns was obtained [14]:

Small —» Parallel laminate

b= (1)

Large — Branching laminate

That means, if the austenite’s elastic modulus (f) is much smaller than that of martensite (a),
the parallel laminate would be energetically preferred; by contrast, if the ratio f/a is large, the
branching laminate would appear. The material properties o and g are usually assumed to be
constants (independent of temperature) for simplicity in the existing models of the twin

laminates; so, their predictions imply that each SMA should choose only one of the two patterns



and it would have the same pattern during the forward and reverse phase transition (without

hysteresis effect).

However, from the basic theories of phase transitions such as Landau theory for SMAs
[17, 18], it is well known that the stability of the two phases (austenite and martensite) changes
significantly at the phase transition. Particularly, austenite becomes unstable and changes to
martensite (stable state) during cooling below Ms (martensite start temperature of phase
transition); that is to say, the austenite’s modulus (5) is much smaller than that of martensite
(), i.e., the ratio p/a is small. On the contrary, during heating above As (austenite start
temperature of phase transition), martensite becomes soft (unstable) and austenite is stable (i.e.,
the ratio fla. becomes large). The material softening in SMAs such as Ni-Mn-Ga near phase
transitions has been measured by Dynamic Mechanical Analysis [19, 20], the inelastic neutron
scattering [21, 22], the thermal diffuse x-ray intensity [23, 24], the surface acoustic waves [25]
and the ultrasonic techniques [26] where modulus reduction around 60% was captured. That
means, austenite is very soft (near unstable) and martensite is stiff (very stable) during the
cooling-induced forward phase transition (A->M) while the opposite case occurs in the heating-
induced reverse transition (M—>A). Combining the concept of material softening and the
criterion Eq. (1), it is natural to expect that the cooling-induced A->M transition and the
heating-induced M—->A transition might have different twin patterns (parallel and branching
laminates respectively). That is confirmed by the following experiments on a bar of Ni-Mn-Ga
single crystal SMA (with As = 52°C, Ar = 55°C, Ms = 48°C, and Mt = 45°C from ETO) under
heating-cooling cycles with the maximum and minimum operation temperatures around 100°C

and 10°C respectively.

As shown in Fig. 2(a), we adopted two optical cameras to observe the bar’s two surfaces
S0 to obtain the full-field DIC strain maps (with software VIC-2D) during the heating-cooling

cycle (with a heater for heating and a block of ice for cooling). It is seen in Fig. 2(b) that both
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the cooling-induced transition (from austenite to the single martensite variant Ms) and the
heating-induced transition (from Ms to austenite) occur via the A-M interface propagation.
Although a transitional zone near the A-M interface can be seen (for example 209 ~ t,co0ling
in Fig. 2(b)), the full-field DIC strain maps have not enough resolution to distinguish the details
of the twin structures. So, we adopted a microscope to replace the optical camera to observe a
small region of the bar’s surface on x-y plane during the cooling-heating cycle; then, the twin
structure formation and evolution were clearly captured and recorded into Movie 1 and Movie

2 (in the supplementary materials) whose typical frames are given in Fig. 3.

As shown in the left column t:°°°"9 and 2?9 of Fig. 3(b), the cooling-induced A-M
interface is accompanied by a very fine twin parallel laminate consisting of numerous layers
(bands). The layers in fact belong to the two martensite variants, M3 and Mz, whose volume
fraction ratio is approximately 2:1 (i.e., their volume percentages are 68% and 32%
respectively); this twin composition is determined by the observed orientation of the A-M
interface combined with the compatibility analysis [11] and the macroscopic DIC strains of the
twin laminates (details in the Appendix in the supplementary materials). When the A-M
interface passes through and becomes far from the observed region (t:°°"9 and t4°°°'"9 in Fig.
3(b)), the layers of the minor component (M) intermittently disappear and the observed region
changes from the twin laminate to an almost single variant Ms which agrees with the measured
macroscopic deformation strains in the full-field DIC strain maps (t°°"" in Fig. 2(b)). On the
contrary, during heating as shown in the right column t;"¢n9 ~ sheating of Fig. 3(b), the A-M
interface is accompanied by a branching twin laminate whose layers’ width and spacing depend
on the distance (I, measured along x-axis) from the A-M interface which are analysed in the

following Fig. 4.

As shown in the schematic of Fig. 4(a), we can choose a representative area (the yellow

dashed box) where the width (d) of the M2 layer (the layer of the twin’s minor component) and
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the layer spacing (1) can be defined. In analysing the microscopic observation, we choose the
representative area at different distances from the A-M interface as shown in “RA1” ~ “RA4”
of Fig. 4(a). The percentage (1) of Mz layers in the representative areas can be calculated via
ImageJ software and the results are summarized in Fig. 4(b) showing the dependence of # on

the distance . We can also count the number (N) of Mz layers within the representative area
(whose width Ay =~ 0.6 mm) and calculate the M2 layer density p = Aiy (or domain spacing A

:% = %) as shown in Fig. 4(c). Then the width d of the M2 layer can be determined by d = # -

A= %in Fig. 4(d) that demonstrates the significant difference between the two twin structures

— the cooling-induced parallel laminate and the heating-induced branching patterns: the width
d of the M2 layer is small (around 1 um) and keeps almost constant in the parallel pattern; by
contrast, in the branching pattern, it is much larger (maximum near 9 um) and changes non-

monotonically with the distance I.

Nevertheless, the two patterns (parallel and branching laminates) share a common
feature as shown in Fig. 4(b): they have the same volume fraction » of M2 around 32% near the
A-M interface (I < 1mm) as predicted by compatibility analysis [11]. By contrast, when | >
1mm, #» decreases with increasing | (becoming far away from the A-M interface). By the
comparison of the distance-dependent volume fraction # between the heating and cooling
processes in Fig. 4(b), it can be seen that » drops to zero at | = 4 mm for heating branching
laminate, much more drastically than cooling parallel laminate. In other words, the effective
thickness of the A-M interface (the length of the whole twin laminate along the specimen’s
length direction or x-axis direction) in the heating process is smaller than that in cooling process.
On the other hand, the density p of the M2 layers of cooling is much higher than that of heating
as shown in Fig. 4(c): for example, at | = 1mm, there are more than 300 layers per mm (i.e., M2

layer spacing 1 = 1/p around 3.3 um) in cooling parallel laminate while less than 50 layers per



mm (4 larger than 20 um) in heating laminate. In summary, except having the same volume
fraction n = 32% for compatibility at the A-M interface, the two twin laminates during cooling
and heating are significantly different from each other. To explain and understand such
difference, more theoretical analysis combining the existing energy-minimizing models and the

softening properties of the phase transition need to be developed in the future.

Itis also indicated by the current study that, although the temperature hysteresis is small
(AThysteresis = As - Ms =52 °C - 48 °C = 4 °C for the current Ni-Mn-Ga bar), the hysteresis effect
on the twin formation cannot be ignored because the forward and reverse martensitic phase
transitions generate significantly different patterns of the twin laminates at the compatible A-
M interface. With the energy analysis of the different twin laminates, it is possible to provide
insight into the material phase-transforming behaviours. For example, the authors of [27] have
proposed to link the hysteresis (or the driving force of phase transition) to the energy for
generating the twins of the compatible A-M interface. On the other hand, based on the energy
analysis on a twin laminate of Ni-Mn-Ga single crystal SMA (similar to our sample), the authors
in [4] have estimated one of the basic material properties: surface energy density of the twin
boundary yt8 = 5.8 mJ/m2. As shown in the following with this twin boundary energy yTs, we
can understand the spontaneous detwinning, which makes the parallel twin laminate evolve into
a single martensite variant in the observation t2°°°1"9 ~t,°ling of Fig. 3(b) where the M2 layers

automatically disappear.

The disappearance of a layer can be seen as the merging and annihilation of the layer’s
two twin boundaries, whose energy reduction (driving force for the layer annihilation) is
AEdriving = 2-y18 While the energy dissipation (resistant force) is AEdissipation = otw -eMR- Un Where
ow = 0.2 MPa is the twinning stress (i.e., frictional stress of the twin boundary movement,
which has the same value for both Type I and Type Il twin boundaries near phase transition

temperature [28], emr = 6% is the deformation strain during the martensite reorientation [29]
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and dn is the moving distance of the twin boundary, i.e. the distance between the Mz-layer’s two

twin boundaries along the twin-plane normal direction [0 +%] [11]. So, dn = d-c0s45° =1

1
:E:_

pum- \/% ~ 0.7 um for the Mz layer of the cooling parallel laminate in Fig. 4(d). With these values

of the parameters ytg, ow, emr, and dn, the driving force (AEdriving =~ 11.6 mJ/m?) is larger than
the resistant force (AEdissipation ~ 8.4 mJ/m?), implying that the annihilation of the M2 layers can
spontaneously occur to make the cooling parallel laminates evolve into a single martensite
variant as in t2°°°"9 ~ t,c00ling of Fig. 3(b). To the best knowledge of the authors, this is the first
report in literature about the observation and discussion on the spontaneous detwinning in the
fine twin laminate after the cooling A—>M transition. We wonder whether such phenomenon
only occurs in Ni-Mn-Ga single crystal SMA. More careful experiments on other SMAs are
worthy to perform to reveal the relation among the hysteresis (the required phase-transition
driving forces), austenite-martensite interface, and the basic material parameters such as twin

boundary energy and softening modulus.



Graphical abstract
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(a) Material states
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Fig. 1 (a) The material can take cubic austenite phase at high temperatures and tetragonal
martensite phase at low temperatures. The three martensite variants (M1, Mz, and Ms) have the
short axis ¢ along the x-, y-, and z- directions, respectively; (b) two typical twin patterns at the
austenite-martensite interface: parallel laminate and branching laminate consisting of two

different martensite variants Mi and M.



(a) Experiment setup Ni-Mn-Ga bar
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(b) Full-field strain evolution in Ni-Mn-Ga bar
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Fig. 2 (a) The experimental setup for heating-cooling cycles; (b) the schematics and DIC

measurements of the strain components on the x-y plane and x-z plane. The total cooling time

cooling ,cooling ,cooling

(heating time) is 140 s (200 s) in the current study. The symbols t; , t, , tg ,

£52°Um9 - and t£°°"™9 correspond to the time moments 0 s, 85 s, 100 s, 115 s, and 130 s

respectively during the cooling. The symbols ¢/°*"9, theatng  gheating pheating gnq ¢heating

correspond to 0's, 60°s, 80 s, 100 s, and 200 s respectively during the heating.
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Microscope
AX70, Olympus
CMOS: OV48C, OmniVision
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(b) Laminate evolution in Ni-Mn-Ga bar
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Fig. 3 The observations with a microscope on the evolution of the twin laminates of the

austenite-martensite interface during cooling-heating cycles. The frames ¢£°°""9 ~ ¢Eootng

and t]¢%""9 ~ ¢1°%"9 are from movie 1 and movie 2 respectively in the supplementary

cooling _

materials. The symbols ¢; t2°°""9 correspond to the time moments 0.8's, 3.8's, 11.8's,

and 28 s respectively in movie 1. The symbols ¢/°%*™9 ~ ¢ ¢orrespond to the time

moments 1.6 s, 12.6 s, 18.7 s, and 21 s respectively in movie 2.
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(a) Analysis method
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Fig. 4 (a) Analysis method to extract the features of the twin laminates, which depend on the

distance | from the A-M interface: (b) volume fraction # of the twin’s minor component (M2

variant), (c) Mz layers density p, and (d) Mz layer width d.
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