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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Twin tapering and elastic change of lat-
tice parameters cause pseudoelastic ef-
fect with a large bending angle of 129°.

« The plastic-elastic response is explained
by an equilibrium between distance of
piled-up dislocations and twinning stress.

« Bending refines {110) twins in order to
maintain the compatibility along the ta-
pered {101) twins.
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Two bending tests around two perpendicular axes were applied to 10M Ni-Mn-Ga single crystals with five-
layered modulated structure. The crystal structure and microstructure evolution were examined using synchro-
tron radiation and electron backscatter diffraction, respectively. The bend stress results in pseudoelasto-plastic
strain due to {101) twins tapering. A close examination of the microstructure reveals an additional pattern indi-
cating microstructural changes in the form of {110) twins. As bending proceeds the {110) twins branch undergo-
ing a significant twin refinement. Additionally, an elastic change of lattice parameters is confirmed yielding a
higher total pseudoelastic strain. Unloading restores the initial twin configuration removing a large amount of
the {110) twin boundaries, however, this process is followed by incomplete recovery since the samples do not
retain its original shape entirely. The paper underlines the differences in mechanism for bending around two per-
pendicular axes explaining the amount of strain observed under pseudoelastic deformation. Additionally, the re-
sults are discussed with respect to minimization of elastic energy due to twin refinement and branching as well as

mobility of the {101) and {110) twin boundaries.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Extremely low twining stress is an outstanding property of Ni-Mn-
Ga magnetic shape memory (MSM) single crystals [1-8]. Consequently,
easy twin boundary motion leads to reorientation of variants resulting
in high permanent strains which can be obtained by a mechanical load-
ing or magnetic field. The applied stress between 0.01 and 1 MPa or the
so-called magnetic field-induced reorientation (MIR) [9] give rise to a
strain up to 12% [10-16].

However, so far the reason for the very high mobility of type I and
type II twin boundaries in 10M Ni-Mn-Ga single crystals is not
completely clear. One of the possible explanations is given by Seiner
et al. where the high mobility of twin boundaries in 10M Ni-Mn-Ga
structure is related with a complex crystal structure of 10M martensite
and the order of compatibility (coherence) between the twinned vari-
ants [17]. The suggested model considered the modulated monoclinic
10M structure with a very small difference in the a and b lattice param-
eters and the resulting microstructures to be the reasons for high mobil-
ity of type Il twin boundaries. This correlates very well with other
reports given by Faran et al. who show some energy barriers, and re-
lated with that microstructural elements, the width of which is consis-
tent with distribution of a-b lamination [18-20]. Thus, it seems that
the {110) twins (further referred to as a-b twins) are strongly related
with high mobility of {101) twin boundaries [21-23].

Extremely low twinning stress and the ability for abundant tapering
of twin planes also enable the whole spectrum of super or pseudoelastic
effects in Ni-Mn-Ga system. For clear distinction between
pseudoelasticity and superelasticity see [24]. Depending on the twin
boundary configuration (parallel, perpendicular or mixed), different ef-
fects can be observed [25-42]. For instance Miillner and Kostorz re-
ported that an interaction of crossing twin boundaries can result in a
significant pseudoelastic and magnetoelastic effect which may result
in magneto-elasticity, magneto-plasticity, and magnetically induced
pseudoelasticity. On the other hand, by means of creating fine parallel
twins improved fatigue properties can be obtained [26,30]. Thus, the
so-called twin domain engineering allows to achieve a wide variant of
effects. It is based on large deformation which can be induced by mag-
netic and/or mechanical fields having potential application in actuation,
medical and aerospace technologies. Among the reported works mostly
superelastic effect is studied using compression-tension loading. How-
ever, bending as another mode of operation of ferromagnetic SMAs
opens a number of opportunities for original design of bending actua-
tors using the coupling between magneto, thermal and mechanical
properties [43].

In this work a simple pure bending (two-point bending) around two
different axes was applied to Ni-Mn-Ga 10M single crystals. As the
bending stress increases the twin planes start deviating from the
{101) plane (the so-called a-c twins). The {) notation used means that

-
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Fig. 1. A schematic sketch of the initial sample (a) and BSE images taken on two perpendicular surfaces for bent single crystals around x (b) and z-axis (c). Depending on the bent axis
tapering of a-c boundaries on different surfaces can be seen. Illustrations below represent schematic sketches of the bent samples indicating the exchange of a (or b) and c lattice axes
at the inner and outer bending curvature. The bending angle is indicated by o whereas the inner bending deflection is indicted by d. I, and 1, stand for inner and outer lengths, respectively,

while h for sample thickness and r for bending radius.
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the first two indices may be permuted whereas the third index is fixed.
The twin plane deviation mechanism is associated with generation of
piled-up dislocations arrayed on successive twin planes [44]. However,
up to now this mechanism was limited to bending around only one axis
which forms tapering of the twin traces lying under 45° on the YZ
projection as it is shown in Fig. 1a, see also [45]. More complex configu-
rations are studied both experimentally and theoretically by Ganor et al.
showing zig-zag twins and helical martensitic transformations [46].

Nevertheless, the pure bending around the z-axis which results in
deviation of twin plane on the XY projection (twin trace parallel close
to the (100) direction, Fig. 1b) was not considered before. Moreover,
the role of {110) boundaries was disregarded with respect to tapered
twin boundary compatibility. In this work using synchrotron and elec-
tron backscatter diffraction (EBSD) techniques we experimentally con-
firm the existence of {110) a-b boundaries showing their significant
refinement in order to facilitate the compatibility along the tapered
{101) twins (further referred to as a-c or b-c twins). The obtained results
are consistent with a predicted microstructure showing a significant re-
finement of a-b twins near the macro-twin interface.

2. Method

In order to investigate the bending response, single crystal samples
with the composition of NisgMnyg3Gaz; 5 (0.5 at.%) and dimensions
of 0.75 x 2.3 x 20 mm® were used. The single crystals were obtained
from AdaptaMat Ltd. The orientation of samples was (100){001}
expressed in the so-called cubic coordinates [47-52]. The samples
were mechanically polished using silicon carbide paper up to 7000
grit and electropolished with 10 vol% HClO, in ethanol at 0 °C and at
40 V polishing voltage for 7 s. All BSE images and EBSD maps (except
the unbent sample imaged in Fig. 3a) were collected at the stress state
which created the bending angle o equal to 129° (bending deflection
of 5 mm, see Fig. 1a).

The bent and unbent samples were also measured by diffraction of
high-energy synchrotron radiation (87.1 keV) in transmission geometry
using the HZG materials science beamline PO7B at DESY in Hamburg,
Germany. A screw-based compression device with only displacement
control was used to bent the samples for EBSD and synchrotron mea-
surements. The same loadings with an Instron testing machine were
conducted to record load-displacement curves. Additionally, the strain
state was defined by bending deflection given by a distance d, Fig. 1a.
The sample was transmitted with synchrotron radiation with a beam

size of 0.7 x 0.7 mm along the z-direction at different bent conditions
starting with initial unbent sample and gradually increasing the
bending deflection up to the distance of 5 mm. Such an arrangement
allowed to control the distribution of the so-called a and b martensitic
variants. The crystal structure determined by synchrotron X-ray
diffraction at room temperature is 10M martensite with the
following lattice parameters: a = 0.5972 nm, b = 0.5947 nm, ¢ =
0.5583 nm, y = 90.37°.

Investigations of microstructure and orientation were performed
after loading using a FEI Quanta 3D SEM and the TSL system. In order
to determine a very small difference between a and b lattice parameters
a dedicated software based on the extremely small changes in Hough
space was developed. It is based on indexing and comparing only
small regions in Hough space. For distinction between the a and b lattice
parameters only the area in close vicinity to (110) poles was analyzed. It
has to be mentioned that no commercially available EBSD software is
able to distinguish between the a and b-axes in the 10M Ni-Mn-Ga.
Only the so-called a-c and modulation boundaries have been detected
with an automatic EBSD software so far [53-62]. Additionally, a special
channeling contrast condition was used to image the so-called modula-
tion and a-b boundaries using BSE in SEM. To index the Kikuchi lines ob-
tained from EBSD scans the monoclinic long-periodic modulated
structure was used. However, for easy comparison with previous re-
ports and to keep the commonly accepted convention, all results and
the discussion are given in the so-called cubic coordinates.

3. Results and discussions

As a starting material, samples with fine parallel twins of type [ with
a size of about 40 pum and only two variants with respect to c-axis were
chosen. Diffraction of synchrotron radiation showed that only one mod-
ulation direction in each variant was present, Fig. 2. Thus, no modulation
{100) twins were detected in the initial state of the sample. The same
observation was confirmed by BSE imaging and EBSD in the SEM.
Going deeper into the microstructure the initial distribution of a-b lam-
ination was studied. Only small amount of a-b twins was detected with
BSE imaging as portrayed in Fig. 3a. A similar observation was made
employing synchrotron X-ray diffraction in transmission geometry,
Fig. 2a and b. This clearly shows that the initial state of the sample
was dominated by two variants with the common b-axis parallel to z di-
rection, however, some minor variants with a-axis parallel to z direction
were present as well. Such single crystals were subjected to bend

b)

b = 100 140 n 0 10M
V1, V2 [100] e 22 243
o 120 (IU (IU . aJ!b
110 o W e
100 © - 3+2
g o] c-axis
a Ay4Cva £ 7] i\
c @ V1 ' Z 6o 4.2mm
V2 3 g 50_. 3.4mm
= 40 J/\ N\ 25mm
304 /A 1.8mm
20 /\k 0.9mm
104 N__0
‘So = o2 B4 an =5 58 o2 o an W

2Theta (degrees)

Fig. 2. Initial unbent sample transmitted with synchrotron radiation and diffraction pattern showing predominantly two-variant structure with common b-axis and interchanging a-c axes
(a). Integrated X-ray synchrotron diffractions illustrating the lattice parameters as a function of bending deflection (see Fig. 1) (b). Top-right insert illustrates the concept of a-b boundaries

as inverting stacking fault for 10M martensite [16].
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Fig. 3. BSE images show a-b and a-c twins in the unbent (a) and bent (b) single crystals (d = 5 mm) taken on the YZ projection.

testing. The mechanical response of the sample is showed in Fig. 4. Be-
fore the test, the sample was in slightly bent state in order to maintain
the sample in place. After some elastic deformation almost linear re-
sponse of the sample is observed. Upon unloading a similar loading
curve with a hysteresis is detected. The second run reproduces the
loading-unloading behavior exhibiting the same hysteresis. As the sam-
ple contacts the anvils of the machine only at two points the stress dis-
tribution was calculating using a finite element methods. The
calculations were performed for two states employing Von Mises stress
criteria and elastic moduli from [63]. The first stress state was modeled
using a force of 0.4 N which corresponds to point 1 in Fig. 4 and the latter
one for aload of 1 N related to point 2. Both states correspond quite well
to two cases discussed in the paper i.e. bending with d ~ 3 mm and a
situation when the stress is released, Fig. 5.

As deformation proceeded the tapering of twin boundaries began.
The material response was symmetric with an equal distribution of
twins along the whole sample. Bending around the x-axis rotates the
a-c and a-b boundaries around the same axis changing also their distri-
bution which can be clearly seen in Fig. 3. A schematic sketch of the
bending mechanism is given in Fig. 1, where the compressive side is
dominated by the variant with the c-axis (shortest lattice parameter)
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Fig. 4. The load-displacement curve of the two-point bending test performed for two
cycles. The red circles indicate the forces used for stress distribution calculations. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

parallel to the sample longest edge while the tensile side by the variant
with the longest lattice parameters (a-axes) along the sample longest
edge. Fig. 1 shows wedge-like structures on two different projections:
YZ and XY for single crystals bent around x and z-axes, respectively. An-
other schematic diagram replicated after Otsuka et al. is demonstrated
in Fig. 6a. It shows twinning dislocations introduced on twinning planes
which form steps in order to create wedge-like twin boundaries on the
YZ projection. A similar dislocation mechanism is proposed in Fig. 6b to
explain the wedge-like structure obtained on the XY projection.

However, unlike the bending around the z-axis, where the piled-up
dislocations arrayed on successive twin planes have pure edge charac-
ter, in this case curved dislocations with a screw component are intro-
duced to taper twin boundaries on the XY plane. Using the equations
given below the maximum bending angle o can be calculated. For the
given sample geometry and lattice parameters (for element description
see Fig. 1) o and d were determined to be 97.7° and 3.9 mm, respec-
tively.

360
“=Sm (1)
where
L (2)

L—hL

These values are slightly lower than those obtained experimentally
(129° and 5 mm) indicating some additional mechanism for
superelastic strain. Analyzing the lattice parameters under bending
with x-ray synchrotron diffraction a significant change of a and c lattice
parameters was found. The concomitant shortening of c-axis and elon-
gation of the a-axis give an additional elastic strain effect of about
0.9%. Thus, to estimate the total superelastic strain not only tapering of
twin boundaries resulting in exchange of a and c-axes should be taken
into account but also elastic properties of the material.

Using equations given in [31,44] the repulsive force per unit length
between pure edge dislocations due to elastic interaction for the tapered
twins can be determined. This repulsive force can be treated as the ori-
gin for restoring the initial unbent configuration. However, as observed
experimentally, even if the bending stress is released completely the
samples do not recover fully the initial straight shape. It seems that
the reason for that is the equilibrium between the distance of the
piled-up dislocations and twinning stress. If the restoring stress (repul-
sive force) is smaller than the twinning stress of type I boundaries the
shape recovery is suspended. For the studied samples the o angle at
which the above mentioned equilibrium is achieved was calculated to
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Fig. 5. Stress distribution of the bent sample after application of 0.4 N and 1 N using finite element method and Von Mises stress criteria.

be about 30° [31,44] being in a good agreement with experimental ob-
servation. This also indicates that due to a very low twinning stress
which is obtained in 10M martensite bending causes rather a mixed re-
sponse of the material i.e. pseudoelasto-plastic strain. The obtained an-
gles correspond also very well with the stress distribution modeled by
finite element method since stresses of about 0.5 MPa are detected in
the center part of the sample at the very early deformation stage indi-
cating an equilibrium state.

Studying the mechanism of superelastic strain tapering of {101)
twin boundaries was considered so far. These twins, tapered on the YZ
and XY projections, are prominently indicated and clearly visible in
the BSE and EBSD mode in SEM, Fig. 1. However, a closer look with a
higher magnification revealed an additional pattern in-between the
{101) twin boundaries (a-c), Fig. 3. These variants exhibiting a signifi-
cantly lower contrast are a-b or {110) twins. They are only visible at spe-
cific diffraction conditions in BSE mode. Any bright to dark contrast
change seen in Figs. 3 and 7 is related to a change of staking fault from
(32) to (23) sequence according to Zhdanov notation creating a mirror
plane (a/b boundary) schematically illustrated in Fig. 2. As the bending
stress increases an increased number of a-b boundaries can be observed.
It is evident in Fig. 2 where an increasing intensity of the a-axis taken
from the upper part of diffraction pattern is observed. The same obser-
vation can be made in Fig. 3b or Fig. 7 where a much dense contribution
of a-b twins is revealed. Moreover, a characteristic branching of a-b
twins is observed [64]. Interestingly, the a-b twins branched only on
some a-c twin boundaries, Fig. 3b and Fig. 7d. Since the conventional

N
PO

a) X

EBSD software did not distinguish any differences in these lamellae,
Fig. 7c, a dedicated software was applied to index the additional pattern.
Taking into account an extremely small differences between a and b lat-
tice parameters (~0.4%) a specific scan in Hough space focused only on
the {110} planes has revealed {110) twinning with a misorientation of
about 90.3° around the (001) axis, Fig. 7d.

An extensive twinning of the a-b variants was also confirmed by X-
ray synchrotron diffraction. Diffraction taken from a large sample vol-
ume in transmission geometry has clearly indicated that the initial sam-
ples show mainly two variants schematically demonstrated in Fig. 2a.
With increasing bending curvature more variants with a-axis parallel
to the z direction show up in the diffraction pattern, Fig. 2b. It has to
be mentioned here that a higher intensity of a-axis which is integrated
in the form of 26/Intensity graph in Fig. 2b is coming from the upper part
of the 2D diffraction pattern. It strongly confirms the appearance of a-b
lamination. Fig. 2 refers to the sample bent around the z-axis. Similar re-
sults were obtained for bending around the x-direction, where a-b lam-
ination was also distinguished.

The substantial refinement of the a-b twinning in the bent samples
can be, from the theoretical point of view, explained based on two dif-
ferent mechanisms. The first one follows from the compatibility condi-
tions at the a-c twin planes, the second one then from the
characteristic length of the a-b twins, which significantly differs be-
tween the bent and the unbent samples. As described in detail in [17]
the a-b twin planes can cross compatibly with the type I a-c interfaces
running exactly along the {110} planes. The term compatible crossing

S 2N
W

b) twin boundary

Fig. 6. Mechanism of twin boundary tapering with regard to twinning dislocation for bending around x-axis [30] (a) and z-axis (b). Arrows indicate tension and compression side.
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Fig. 7. BSE images showing a-b twins and a-c twins in the bent single crystals taken on the YZ (a) and XY (b) projections. EBSD maps done with conventional TSL (c) and dedicated Hough

space software taken on the YZ projection (d).

[65-67] shall be construed as a situation where two twinning systems
can intersect without inducing additional elastic stress fields in the ma-
terial. This results in a specific low-energy morphology define by a char-
acteristic zigzag pattern of a-b twin traces going continuously across the
a-c interfaces. As a consequence, exactly the same volume fractions of
the corresponding a-b variants on both sides of the a-c interface is ob-
tained. Concurrently, both the a-b twins and the a-c twins are pinned
(prevented from spontaneous motion) on the crossing points. Such a
microstructure can be expected to appear in the unbent sample
(Fig. 8a).

When the sample is bent (Fig. 8b), the a-c interfaces become in-
clined, and the geometric condition for compatible crossing becomes
broken. While the a-c interfaces may remain macroscopically compati-
ble (i.e., being planes providing compatible connection between the two
a-b laminates under given bending stress), microscopically, the a-b lam-
inates must undergo refinement to facilitate compatibility along the a-c
interfaces. At least, such refinement might be expected for significantly
inclined interfaces or pronounced jumps in a-b volume fractions. How-
ever, the real microstructure at each a-c interface in the bent sample is a
result of energy balance between the macro-scale and micro-scale com-
patibility requirements. It seems to be most energetically favorable for
the material to break the compatible crossings only at a certain number
of interfaces, but keep it at the others, especially at those which do not
incline when the sample is bent, Fig. 8. Hence, patterns of different
levels of refinement of the a-b microstructure at neighboring a-c inter-
faces, as observed in Figs. 3b and 7d, can be expected.

The secondary effect of breaking the compatible connections at the
inclined interfaces is the reduction of the characteristic lengths of the
a-b twinning planes. In the unbent sample, continuous, undisturbed a-
b twinning planes may run from one free surface of the crystal to an-
other, changing their orientation by 90° any time they compatibly
cross with the a-c twinning planes. In the bent sample, the continuity

of the planes is broken, and the refined a-b laminates appear in regions
bounded by pairs of planes being just tens of micrometers from each
other (Fig. 8). From the theoretical models [65,68], it is known that
the energy of such a constrained laminate is minimal if the width of
the twins is proportional to square root of the length of the twins, in
case that no branching appears. If the branching appears, the laminate
can get coarser in its middle part, but significantly finer at the interfaces.
In any case, the a-b laminate constrained between two near a-c twin-
ning planes can be expected to exhibit significantly lower characteristic
length-scale than the laminate spreading undisturbed over the whole
sample (Fig. 8).

Nevertheless, although the above given theoretical considerations
enable some insight into the mechanisms leading to twins rearrange-
ment and refinement in the bent sample, they do not give any quantita-
tive predictions, such specific twin thickness which leads to energy
minimization or what are the critical levels of bending stress required
for the rearrangement of the twin interfaces. Such an analysis falls be-
yond the scope of this paper, and would require accurate knowledge
of the material parameters, such as the critical stress for motion of the
a-b twins or the specific surface energy of the twin interfaces, which
are both very hard to determine experimentally. Further theoretical
analysis of the bent structures is therefore needed.

4. Conclusions

As a conclusion the paper underlines the importance of tapering of
a-c twins and elastic change of lattice parameters as the main reasons
for pseudoelastic effect in the bent 10M Ni-Mn-Ga single crystals. The
plastic-elastic response can be explained by an equilibrium between
the distance of the piled-up dislocations and twinning stress. Addition-
ally, synchrotron radiation and electron backscatter diffraction have re-
vealed that the tapering of a-c twin boundaries is inseparably linked



R. Chulist et al. / Materials and Design 171 (2019) 107703 7

a-b boundaries [\ L

a-b boundaries

Fig. 8. Differences in microstructure in the unbent (a) and bent (b) single crystals with
mixture of a-b and a-c twins seen on the YZ projection. (a) all twinning planes are crossing
compatibly, and the characteristic length of the a-b interfaces L is given by the size of the
crystal; (b) the compatible crossing is disturbed at the inclined interfaces, refinement of
the a-b laminates appears at these interfaces via branching, and the length L is significantly
reduced.

with interchange of a and b-variants or a-b lamination. The refinement
and branching of a-b laminate can be understood on the base of the con-
tinuum mechanics of twin microstructure. Upon unloading the initial
parallel twin configuration is recovered and the initial coarse configura-
tion of the a-b boundaries is restored. As a result bending with a large
bending angle in ferromagnetic Ni-Mn-Ga single crystals of desired
functionality was obtained.
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