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Highly mobile interfaces in shape memory alloys
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Abstract. Macro-twin interfaces in single crystals of 10 M modulated Ni-Mn-Ga martensite have recently attracted a
lot of attention due to the extraordinarily low twinning stress required to set them into motion; depending on the
particular twinning mode, this stress can range between 0.05 and 1 MPa, and can be either strongly temperature
dependent, or nearly temperature independent. The understanding to these effects is still not satisfactory, mainly due
to the high complexity of these interfaces at the micro-scale (higher-order lamination) as well as at the atomistic scale
(modulations of martensite). This paper brings a brief review of the recent experimental and theoretical achievements
related to these highly mobile interfaces. The uniqueness of the behavior of 10 M martensite is shown by its
comparison with other shape memory alloys with relatively low twinning stresses; then, this behavior is discussed in
terms of its temperature dependence, strain rate dependence and the effect of the micromorphology of the interfaces.

1 Introduction
For several applications of shape memory alloys (SMAs),
the key parameter is the twinning stress, i.e. the stress
required for a twinning plane to set into a steady motion.
Especially for ferromagnetic shape memory alloys
(FSMAs) exhibiting the magnetically induced
reorientation (MIR) effect [1–3] and intended for
applications as magnetic-field driven actuators, the
decrease in the twinning stress directly implies a decrease
of the magnetic field necessary for the actuation.
While the twinning stress in conventional SMAs, such
as in Ni-Ti, is mostly above the level of 20 MPa [4],
extraordinarily low twinning stress has been observed for
the 10 M modulated martensite of the NiMnGa FSMA.
For single crystals of this alloy, as low twinning stress as
0.05 MPa has been observed [5–7]; simultaneously,
higher but still relatively low twinning stresses of about
0.7−1 MPa have been reported for the same alloy by
other authors [8, 9]. This discrepancy has been
sufficiently explained by Sozinov et al. [10] and later in
more details by Straka et al. [11] by showing that the
interfaces with the highest mobility are Type 2 twins,
while those with the approximately ten times higher
twinning stress are Type 1 twins, following the notation
of the twinning systems from [12]. To distinguish
between these two types of twins from the
crystallographic point of view, it is necessary to assume
the unit cell of 10 M martensite as monoclinic, not
tetragonal [13, 14]; then the Type 1 interface is a <110>
lattice plane of the 10 M structure, while Type 2 twinning
plane is a general non-rational plane, inclined from the
nearest <110> plane by approximately 4°. Nevertheless,
both these twinning systems correspond to a rotation of

the c−axis, i.e. the axis of easy magnetization, by 90° and
can be, thus, termed as a−c twins. Hence, these twinning
systems are inducible by external magnetic field and
contributing to the MIR effect.
The difference between the Type 1 and Type 2
twinning stresses, as well as the low value for Type 2
itself has been a subject of intense experimental and
theoretical research during the last few years. In this
paper, a brief summary of this research is given, with the
focus laid on the attempts to explain these phenomena.
The presented summary is far from comprehensive, but
aims to cover the main directions followed by the current
research in the field, and to show that despite of a large
number of experimental and theoretical findings available
in the literature, some part of the understanding to the
behavior of mobile interfaces in Ni-Mn-Ga is still
lacking.

2 Comparison with other SMAs
Although the twinning stresses below 0.1 MPa (i.e. of
Type 2) have not been observed yet for any other material
than 10 M modulated NiMnGa, the twinning stresses of
the order of 1 MPa (i.e. of Type 1), is not that rare. The
other possible modulated martensitic structure of
NiMnGa, 14 M, exhibits also relatively low twinning
stress of 1 MPa (i.e reorientation under 2 MPa of
compressive stress), as observed by Sozinov et al. [15].
For non-modulated (NM) martensite, the twinning
stresses are much higher (above 50 MPa [16]); however,
for the NM martensite of the Ni46Mn24Ga22Co3Cu3 alloy,
reorientation under a 1.2 MPa compressive loads was
observed [17]. This indicates that the high mobility of the
interfaces may not be directly related to the modulations
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or to the crystal structure. This is also in agreement with
the fact that while a Ni-Mn-Ga-Co alloy (4.9 at.% of Co)
with very similar structure and lattice parameters as 14 M
Ni-Mn-Ga exhibits a conventionally high twinning stress
Also the Heusler-type atomic order in Ni-Mn-Ga is
probably not the decisive parameter. Kakeshita et al. [20]
estimated the twinning stress of 0.6−1.2 MPa for a fully
disordered
Fe−31.2Pd
alloy
from
magnetic
measurements.
From the non-magnetic shape memory alloys, the lowest
documented twinning stress was observed for the
Compound twins of the 2H martensite of the Cu-Al-Ni:
reorientation under a 0.7MPa shear stress was reported by
Novák et al.[21]. It is interesting to point out that the
Compound twinning system in Cu-Al-Ni is highly
symmetric, with both the shearing vector and the
twinning plane being rational (i.e. the shearing vector is
the lattice vector and the twinning plane is the lattice
plane of Cu-Al-Ni), while the highly mobile interfaces in
Ni-Mn-Ga have either non-rational shearing vectors
(Type 1) or non-rational twinning plane (Type 2).
Nevertheless, the highly mobile Compound twins in CuAl-Ni have not caught comparable attention to those in
Ni-Mn-Ga, mostly because of the non-magnetic behavior
of Cu-Al-Ni and, thus, of its lower applicability potential.
In summary, the comparison of 10 M Ni-Mn-Ga with
other SMAs does not bring any clear explanation neither
of the high mobility of Type 1 and Type 2 interfaces, nor
of the difference between them.

3 Temperature dependence and thermal
activation
The twinning stress in SMAs is typically strongly
temperature-dependent. For NiTi, for example, the
twinning stress is the lowest in the vicinity of the MS
temperature and increases steeply upon cooling [4]. This
increase of the twinning stress at low temperatures may
be understood as a result of the thermally-activated
character of the quasi-static twin boundary propagation
mechanism: if the main resistance of the twin boundary
against the motion originates from pinning of the
boundary on defects and crystal imperfections, activation
by thermal fluctuations is needed to release the interface
from local energy minima. Straka et al. [22] conducted an
extensive experimental study of a set of alloys
Ni50Mn25+xGa25−x (at.%) with x ranging from 3 to 4. For
all studied alloys, the Type 1 interfaces exhibited a fast
increase of the twinning stress with the temperature
decreasing from AS, while the twinning stress for Type 2
was reported as temperature independent for all alloys.
This study was later extended to cryogenic temperatures
by Straka et al. [23] and Heczko et al. [24], showing that
for those alloys, for which the 10 M martensite undergoes
a further transition to 14 M, the twinning stress for Type
2 increases sharply in the vicinity of the intermartensitic
transition temperature. For alloys without the
intermartensitic transition, the high mobility of Type 2
interfaces and the consequent MIR was observed down to
1.7 K [24].
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[18] (reorientation under 25 MPa), the 14 M martensite of
Ni-Fe-Ga-Co alloy has a low twinning stress of
approximately 1 MPa [19].
These results suggest that while the thermal activation
may play an important role for Type 1 interfaces, the
character of motion of the Type 2 interfaces is rather
athermal. This assumption is further supported by the fact
that the stress-strain curves for crystals with Type 1
interfaces show more pronounced jerkiness [10], which
may correlate with stronger pinning of the Type 1
interface on the defects. Faran and Shilo [25–29] studied
this jerkiness in more details, and showed that fine
oscillation of the stress-strain response may correspond to
pinning on obstacles with a characteristic spacing of
approximately 10−50 μm; see also [30] for the analysis of
this jerkiness by acoustic emission measurements.
However, these fine oscillations were reported by Faran
and Shilo [27] for both Type 1 and Type 2 interfaces (for
the latter, this effect was also confirmed by observations
by Barabash et al.[31]), and so the relation between these
’obstacles’ and the difference in thermal dependences of
Type 1 and Type 2 twinning stresses becomes
questionable. The fact that mechanisms of motion of the
Type 1 and Type 2 interfaces are similar, at least from the
point of view of thermal activation, was also confirmed
be the recent acoustic emission measurements [32].
Heczko et al. [33], nevertheless, point out a clear
theoretical reason why the thermal activation should play
a more important role for the Type 1 interface (see also
[34] for a more general discussion). The Type 1 twinning
plane is a <110> lattice plane of the 10 M structure; as
such, it can be up to atomically sharp, and so it can be
assumed as significantly shaper than the non-rational
Type 2 twinning plane. The sharper interface is then
necessarily more sensitive both to the Peierls landscape
and to pinning on defects or other obstacles. However,
the 10 M unit cell is very complex, especially in the case
of incommensurate 10 M modulations [14], and so the
effective <110> plane has similarly general location with
respect to the atomic positions as the non-rational Type 2
interface. Moreover, as seen from the example of
Compound twins in Cu-Al-Ni [21], the high mobility is
possible also for very sharp, highly symmetric twin
interfaces.

4 Behavior under dynamic loads
The extraordinary low twinning stress of the Type 1 and
Type 2 interfaces observed under quasi-static loadings
affects also significantly the behavior of Ni-Mn-Ga single
crystals under higher strain rates. For pulse-like magnetic
field loads, a detailed study of mobility of Type 1 and
Type 2 interfaces can be found in the above mentioned
papers by Faran and Shilo [25–29]. The main conclusion
from this study is that the dynamic behavior of the
interfaces exhibits some kind of bimodal behavior: for
low driving forces, the interfaces move by a nucleationand-growth mechanism, which involves thermal
activation. Above some critical level of the driving force,
however, this mechanism is overridden by fast athermal
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motion of twinning dislocations. This critical level of the
driving force was found to be significantly smaller for
Type 2 than for Type 1; this, again, somehow indicates
that the Type 2 interface is less affected by the Peierls
landscape or by interaction with defects.
Other interesting results were obtained for periodic
(vibrational) loadings. Pascan et al. [35] studied the
energy dissipation in Ni-Mn-Ga crystals with highly
mobile interfaces in a frequency range up to 300 Hz.
They observed that while in the quasi-static tests the main
source of the dissipated energy are the Type 1 interfaces,
the dissipation from Type 2 interfaces becomes dominant
in the dynamic case. This may indicate that the motion of
the Type 2 interfaces can be described by means
relaxation mechanics, in which the vibrations induce
some energy dissipation even in the high-frequency limit
[36].
Furthermore, Techapiesancharoenkij et al. [37]
showed that the acoustic vibrations at even higher
frequencies (up to 5 kHz) have a significant impact on the
mobile interfaces, most probably Type 1 twins in this
case. In particular, a decrease in the twinning stress by
from 0.7 to 0.45 MPa due to the assistance of the
vibrations was observed. The amplitude of the vibrations
was comparable to the twinning stress for the interfaces,
and so the resulting applied stress was a superposition of
the quasi-static and dynamic components. The highamplitude ultrasound was also shown to be able to
actuate the mobile interfaces in Ni-Mn-Ga single crystals
by Chambers [38] and Simon [39] (see also the
references therein).
Recent ultrasonic experiments by Sedlák et al. [40]
show that the Type 2 interfaces are able to interact also
with low-amplitude vibrations at as high frequencies as
100 kHz. Even in this frequency range and for
displacement amplitudes of few nanometers, the single
crystals with Type 2 interfaces exhibit strongly
dissipative, non-linear vibrational response, revealing
hysteretic dynamic behavior of the twins.

5 Finer structure of the mobile interface
Already the μX-ray measurements in [11] showed that
the mobile interfaces are not simple twinning planes, but
are rather complex interfaces between martensitic
laminates. Due to the monoclinic symmetry of the lattice,
the 10 M martensite is able to form the modulation twins
((100)−Compound twins) and the a−b twins
((110)−Compound twins), which are both such types of
twins that the orientation of the c−axis does not change
over the twinning plane. Fine laminates of these types of
twins were found in the vicinity of the highly mobile
interfaces also by Straka et al. [11], Heczko et al. [33]
and Chulist et al. [41]; as a result, the mobile interface is
then a macro-twin interfaces between these laminates.
The micro-morphology of such interfaces was shown to
have a multi-scale hierarchical character by Barabash et
al. [42] for the case of 10 M martensite of NiMnGaFeCu.
Typically, this complex structure is not discussed in the
theoretical models of motion, including those of the
mobility of the twins by Faran and Shilo [25–29] as well
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as continuum mechanics or phase field models of MIR
[43, 44]. Nevertheless, the theoretical twinning stress
calculated for the symmetric Type 1 interface as for a
perfect twinning plane by first-principles atomistic
simulations [45] (3.5 MPa) is significantly higher than
the experimentally observed values (0.5–1 MPa); this
discrepancy may indicate that the finer structure may
destabilize the interface and affect the twinning stress.
The EBSD analysis by Chulist et al. [41, 46] also
revealed that there can exist interfaces composed of
segments of Type 1 and Type 2 twins (see also [33] for a
theoretical compatibility analysis of such interfaces and
for the corresponding optical micrographs). The critical
twinning stress for such an interface is then between the
twinning stresses for Type 1 and Type 2.
Another possible effect of the complex micromorphology was discussed by a microstructural model
[47] formulated within the frame of continuum
mechanics. The model was formulated at three different
length-scales: the effect of the modulation laminates was
considered at a milimeter-scale, the effect of the a−b at
the micrometer-scale, and at the nano-scale, it was
assumed that the the motion of the interface can be
affected by an interaction with the modulated structure.
At all these spatial scales, the model predicted a
possibility for pinning of the interface at locally
compatible states for Type 1 interfaces but not for Type 2
interfaces. However, it is hard to decide whether such
pinning is in any relation with the experiments and at
which of the spatial scales it can be expected. The
characteristic spacing between the obstacles (∼10−50μm)
resulting from the analysis of mobility given in [25–29]
seem to relate to the characteristic thickness of the a−b
lamina observed by Chulist et al.[41]. However, the
differences between the Type 1 and Type 2 interfaces
were observed also for alloys with a ≈ b [48], which
proves that such a pining is not a dominant mechanism.
At the nano-scale, the fine structure of the Type 1 and
Type 2 interfaces was observed by HRTEM by Matsuda
et al. [49]. The results confirmed the assumption that the
Type 2 interfaces are broader: while the periodic contrast
from the structural modulations was clearly visible
directly at the Type 1 interface, the contrast around the
Type 2 interface was blurry and the interface itself
appeared to be largely and randomly curved. This
observation indicates that the nano-scale compatibility
conditions between the modulated structures may affect
strongly the character of the interface, and, possibly, also
its mobility. However, there are not available any
theoretical tools for modelling the nano-scale
morphology of such interfaces; the currently developed
continuum models based of multi-well Fourier multipliers
[50] that aim to open such a possibility are still at their
infancy. According to Li et al. [51] the structure of the
interface at this scale may be significantly affected by the
commensurateness or incommensurateness of the 10 M
modulated structure.

6 Concluding Remarks
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There are several other directions of research related to
high mobility of Type 1 and Type 2 twins in Ni-Mn-Ga
that are not addressed in this paper. In particular, there
have been a lot of development in the smart applications
of Ni-Mn-Ga single crystals in the past few years (e.g.
[52–54]). Also the works concerned with appearance of
Type 1 and Type 2 interfaces in Ni-Mn-Ga thin films
(e.g. [55, 56]), those discussing the role of these
interfaces for the nucleation of martensite in austenite
(e.g. [57, 58]), or those documenting the effect of the
motion of these interfaces onto the microstructure of
magnetic domains [59] fall beyond the scope of this
review. On the other hand, this review naturally overlaps
with other general papers summarizing the properties of
the highly mobile interfaces and their role for the
magnetic shape memory effect [60, 61], although these
papers are written from a slightly different point of view.
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