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Low twinning stress (TS) is a prerequisite for magnetic shape memory functionality in ferro-
magnetic martensites. We compare NisoMnysGay, (nominal at.%) single crystals from four
different producers to reveal the effect of crystal quality on the TS. Near the reverse martensite
transformation, the TS is generally low, about 1 MPa, regardless of mosaicity of up to 1.7° and
chemical composition deviations of up to 2 at.% of Mn. Pure type I and type II twin boundaries
occur in crystals with smooth chemical composition gradients. The corresponding tempera-
ture dependences of TS follow universal linear trends with the slopes of —0.045 MPa/K for type I
twins and —0.001 MPa/K for type II twins, enabling a very low TS down to 2 K for the latter. An
intermediate slope of —0.023 MPa/K appears for mixed type I/type Il twin boundaries in a crystal

Microstructure with sharp local chemical deviations. We conclude that the crystal quality affects the magni-
Single crystal tude of the TS indirectly, through its impact on the character of the twin boundaries. The effect
Ni—Mn-Ga is weak near the martensite transformation temperature and strong at low temperatures.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
functional properties [5—8]. The other interesting feature is a
1. Introduction

sharp difference in twinning stress for type I and type II twins
in five-layered modulated (10M) martensite of Ni—Mn-Ga. The

A distinct characteristic of Ni-Mn-Ga Heusler alloys with
twinned martensite structure is their extraordinarily low
twinning stress [1-4]. In combination with the material's
ferromagnetic character and a high magnetocrystalline
anisotropy energy, this enables magnetically induced reor-
ientation (MIR) of martensite resulting in a large magnetic-
field-induced strain (MFIS) of up to 12% and related

* Corresponding author.
E-mail address: ladislav.straka@fzu.cz (L. Straka).
https://doi.org/10.1016/j.jmrt.2021.07.081

twinning stress is about one order higher for type I twins,
approx. 1 MPa, in contrast to the extremely low twinning
stress of type II twins, which can be less than 0.1 MPa [2,9,10].

The twinning stress in magnetic shape memory alloys is
usually understood as a stress needed to move an existing
twin boundary (TB), and it does not include the stress needed
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for nucleation of twins [7,11-13]. It can be considered as
consisting of two components,

oW = Oy + T, (1)

where o}, is an intrinsic component, related to the propagation
of a single TB in a perfect crystal, and o2, is a defect component
resulting from the interaction of the moving TB with various
crystal defects, such as crystal mosaicity, impurities, cracks
and other TBs [12—16]. The intrinsic component links directly
to the twinning mechanisms and only this component is
usually considered in theoretical models.

Wang and Sehitoglu [17] found that Ni—Mn-Ga had the
lowest twinning stress (3.5 MPa) compared to other shape
memory alloys (20—129 MPa) in their theoretical calculation
based on a Peierls-Nabarro model. Using an elastic continuum
approach Seiner et al. [18,19] ascribed the different twinning
stresses of type I and type II twins to the different hierarchical
twin arrangement — crossing twins vs branched a/b twin
laminate — in the vicinity of the moving twin interface.
Branched laminate of a/b twins was experimentally observed
in Ref. [20]. Miillner considered the motion of TBs through the
nucleation and growth of disconnection loops [21]. They
concluded that the difference in nucleation (gradual for type II
vs discrete for type I twins) of twinning disconnection loops is
the main cause of the difference in the twinning stresses. The
calculated twinning stress was 0.33 MPa for type II twins and
4.7 MPa for type I twins. Predicted temperature dependences
were in qualitative agreement with the experiment [21].

Although the theoretical studies endeavour to explain the
low twinning stress in Ni-Mn-Ga and its temperature depen-
dence, the available experimental data related to the temper-
ature dependence are in disagreement, as illustrated in Fig. 1.
In the most recent works, Straka et al. suggests nearly linear
temperature dependences with different slopes for type I and
type II twins in 10M martensite of Ni-Mn-Ga alloy without the
intermartensite transformation [22,23]. Preceding reports do
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Fig. 1 — Temperature dependences of the twinning stress
in 10M martensite of Ni—Mn—Ga reported by Straka et al. in
Refs. [22,23] (triangles, only indicative measurement sets
are shown for the sake of clarity), Okamoto et al. in Refs.
[24,25] (circles), Heczko et al. in Ref. [26] (squares) and
Soolshenko at al. in Ref. [27] (diamonds). Solid lines, curve
and colours are provided for the guidance of the eye.

Table 1 — Basic characteristics of the studied crystals: ¢/a
ratio at room temperature, martensite transformation
temperature, Ty = (Ms + Mg)/2, reverse martensite

transformation temperature, T4 = (As + Af)/2, Curie
temperature, Tc. Production methods are specified in
footnotes.

Crystal name, year c/a Tm, K Ta K Te, K
CU?, 2019 0.942 300 307 377
BSUb, 2018 0.940 306 312 371
FZU?, 2019 0.937 316 324 372
GF€, 2019 0.939 310 321 375

& Modified optical floating zone, no heat-treatment.

> Modified Bridgman, homogenization at 1223 K for 48 h followed
by ordering at 1023 K for 12 h.

¢ Production method was not specified.

not specify the type of twins. Okamoto et al. demonstrated
linear dependence with a different slope [24,25]. Heczko et al.
presented an exponential-like temperature dependence of the
twinning stress [26]. Soolshenko et al. demonstrated linear
temperature dependence again with a different slope for the
twinning stress in 10M martensite phase [27].

We can speculate that the differences in the previously
reported temperature dependences of the twinning stress are
related to the particular producer's methodology and the
resulting crystal quality. A broader study comparing alloys
from different producers with different preparative methods
can provide a comprehensive explanation of the temperature
dependences.

In this paper, we investigate how the crystal quality affects
the twinning stress in 10M martensite single crystals of
Ni—Mn—Ga. The crystals were obtained from four different
sources to achieve a distinct scatter in chemical and crystal-
line homogeneity. For a comprehensive understanding we
investigate the temperature dependences of the twinning
stress and compare our results with the published data. Apart
from the effort to explain the disagreement in the previous
reports, an additional goal is to identify the effect of chemical
inhomogeneity and mosaicity on the performance of magnetic
shape memory single crystals in a wide temperature interval.

2. Materials and methods

Single crystals, with a nominal composition of NisoMnygGay,,
were grown in the MGML laboratory in Charles University,
Czech Republic (CU), Boise State University, USA (BSU) and in
the Institute of Physics of the Czech Academy of Sciences
(FZU). The fourth crystal was obtained from the global mate-
rial supplier Goodfellow Cambridge Ltd (GF). At least two
different growth methods were used: modified optical floating
zone (CU and FZU with ingot diameter of 6 mm and 12 mm,
respectively) and modified Bridgman (BSU) [9,28,29]. CU and
FZU crystals were not heat-treated, the BSU crystal was ho-
mogenized at 1223 K for 48 h followed by a B2—L2; ordering
treatment at 1023 K for 12 h. Production and heat-treatment
methods for the GF crystal were not specified by the supplier.

The samples for measurements were cut by the producers
into a shape of rectangular prisms with approximate faces
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orientation of {100}.umic in parent cubic austenite lattice cell
basis. The average sample size was about 1 x 2 x 10 mm?, with
the exception of the GF sample, used for mechanical testing,
which had dimensions of 1.2 x 5.2 x 20 mm?, resulting from
the originally obtained crystal sliced in half. The orientation of
the longest edge of the CU, BSU and FZU samples was close to
the growth direction of the single crystal ingots. The position
of the GF sample inside the single crystal ingot was not
specified by the supplier.

To remove any residual surface stresses, all the samples
were electropolished at a temperature of 253 K using an
electrolyte mixture of one part 60% HNO; and three parts
denatured ethanol. Transformation temperatures, summar-
ised in Table 1, were determined from the temperature-
dependent low-field DC-magnetisation, measured using a
vibrating sample magnetometer option of a Quantum Design
PPMS. Martensite transformations occurred very sharply
within a narrow temperature interval, similar to previous re-
ports on single crystalline 10M martensite [30,31]. Differences
between the start and end temperatures of martensite (Ms —
Mr) and the end and start temperatures of reverse martensite
(Ar — Ag) transformations were less than 4 K for all studied
crystals. For the sake of clarity, we present the trans-
formations only by the average transformation temperatures
Tv = (Ms + MF)/Z and Ta = (AS + A}:)/z

Optical micrographs were taken with a Zeiss Axiolma-
ger.Z1 microscope. Stress—strain curves were measured using
an in-house built compression device with a screw-based
displacement control. The Honeywell FSGO15WNPB force
sensor with 15 N range assured higher accuracy in compari-
son to conventional mechanical testing machines with typi-
cally kN ranges. The twinning stress at room temperature was
determined as the average level of the twinning plateau on the
stress—strain curves.

Various physical and chemical parameters can be used to
define the crystal quality [32—35]. Ni-Mn-Ga single crystals
are known to exhibit high crystalline mosaicity and their
physical properties highly depend on the chemical composi-
tion [36—38]. Thus, we define the crystal quality using chem-
ical homogeneity and mosaicity criteria, evaluated from the
chemical composition maps and the reciprocal space maps of
the main diffraction peaks.

Chemical composition mapping was performed using an X-
ray fluorescence (XRF) spectrometer, EDAX® AMETEK® ORBIS
PC, equipped with a Rh anode tube (E(K,) = 20.216 keV) and
Apollo XRF ML-50 EDS detector. The polycapillary focusing
optics array was used to restrict the irradiated spot area to
approx. 184 x 69 um? (according to the factory calibration
report) while maintaining high intensity. The samples were
mounted on an XY-positioning table and measured whilst
under vacuum. We estimate the absolute and relative mea-
surement errors to be +0.5 at.% and +0.1 at.%, respectively.

Lattice parameters were measured using a PANalytical
X'Pert PRO diffractometer in line focus parallel beam geome-
try. A Co anode (A(Ka4) = 0.178901 nm, A(Ka,) = 0.179290 nm)
was used as the X-ray source. The sample was attached to an
ATC-3 texture cradle, enabling rotation, inclination and linear
translation of the sample. Crystal mosaicity was determined
from the 26-wosrser maps by integrating the intensity over the
20 axis. All crystal indices used hereafter refer to the

martensite lattice with its coordinates inherited from the
parent L2, lattice [2,39,40]. All the provided lattice constants
relate to the average monoclinic structure, determined from
the main diffraction peaks.

The temperature dependence of the twinning stress was
determined from magnetisation loops following the proced-
ure used in Refs. [23—25]. Magnetisation loops were measured
at different temperatures by using a Cryogenic Ltd. vibrating
sample magnetometer (VSM). To minimise the effect of
demagnetisation, the samples were measured with their
longest dimension parallel to the direction of the applied
magnetic field. Only a single TB of a selected type was created
and/or re-positioned to the middle of the sample prior to each
measurement. The half of the sample that contained most of
the visible defects (scratches, cracks) was reoriented into the
magnetically preferable variant. During the measurement, the
TB propagated through the other half of the sample [41].

MIR occurs at a certain magnetic field, called the switching
field Hsw, which is seen on the magnetization loop as a
distinct jump. At the switching field, the twinning stress, orw,
is equal to the magnetic driving force [42—44]:

oTw = MoMs (st - (i%}) ng) %7 )
where Mg [A/m] is the saturation magnetisation, Ky [[/m?] is
the magnetic anisotropy constant, Hsw [A/m] is the switching
field and ¢y is the tetragonal distortion of the lattice. Ky and
Ms, as functions of temperature, were determined from the
separate measurements of magnetisation loops on single
variant samples, similarly as in Refs. [23,24]. The tetragonal
distortion was calculated as g = 1 — c/a, with c/a (Table 1)
scaled in temperature according to the dependences pub-
lished in Refs. [26,36]. Okamoto et al. [24,25] demonstrated
that Eq. (2) provides reliable results that are close to the
twinning stress measurements, determined by mechanical
testing, even at low temperatures.

The twinning stress calculated from Eq. (2) is considered as
the upper estimate as it does not include the effect of the
demagnetisation field. The internal field in which the TB
motion occurs is smaller than the measured external field.
Consequently, the calculated orw can be overestimated
significantly especially for low Hsy observed for type Il TB. The
demagnetisation correction is complex and depends on the
position of the TB [45] and thus is very difficult to include into
experiment precisely. As such we did not take the demag-
netisation field correction into account, which resulted in
about +0.35 MPa stress level shift in comparison to the pre-
vious works, summarised in Fig. 1. The lack of correction,
however, does not affect the temperature dependence of the
orw, Since we can assume a small and constant demagneti-
zation factor for the whole temperature interval.

3. Results and discussion

3.1 Optical characterisation and twinning stress at
room temperature

Various TBs can be created by repeated mechanical com-
pressions and extensions of the samples in 10M martensitic
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phase at RT [46]. With sufficiently good single crystal quality,
the material exhibits a tendency to nucleate a single or a few
twin boundaries under the mechanical load. This is related to
the large nucleation stress and simultaneous low twinning
stress [4,7]. There is, however, no control of the TB type
nucleated in a typical mechanical loading experiment, as the
resolved shear stress is nearly identical for both type I and
type Il TBs. Practically, type I or type Il TBs appear randomly in
the single variant sample under a uniaxial load.

Here we employed the method proposed by Boiko et al. in
Refs. [47,48] for TBs creation. The single variant state was
achieved by a mechanical compression along the longest edge
of the sample. A sharp-edged object (plastic prying tool and
tweezers with plastic ends) was used to induce a shear stress
perpendicularly to the short c-axis of the sample along the
trace line of the desired TB. Then all but one TB were removed
from the sample by applying stress locally in the near region
of such TBs. The result of such procedure was a two variant
sample with type I or type II TB with twinning elements and
exact crystallographic orientations for 10M martensite
described in detail previously [2,10,49]. For optical character-
isation it is helpful that the surface traces of type I and type II
TBs form a distinctive angle on the (100) face. For a typical
{100} cut sample with <100> directions along sample axes the
type II TB trace is tilted 84° from sample edge while type I TB
trace is exactly perpendicular to the sample edge, i.e. they
form a 6° angle [2,9,10,22]. We derived the twin type from this
angle.

Exemplary micrographs of the TBs for each sample are
shown in Fig. 2, containing two boundaries (Fig. 2 a, b) or one
boundary (Fig. 2 c, d), prepared by the method described
above. The arrangement with two almost parallel TBs in the
near proximity to each other (as in Fig. 2 a, b) was created for
the purpose of illustration of TBs traces tilt. For the
stress—strain measurements, arrangements with a single TB
of particular type were preferred (as in Fig. 2 ¢, d). Two straight
traces, one almost perpendicular to the sample edge (i.e. along
[100]) and the other deviated by ~5° angle (i.e. deviated from
[100], Fig. 2 a, b) were ascribed to type I and type II TBs,
respectively, in the CU and BSU samples. Similar observations
of two TB traces forming ~6° angle have been presented before
for Adaptamat samples in Refs. [19,22]. It was not possible to
create TBs with straight traces in the GF and FZU samples,
which we initially ascribed to their inhomogeneity or other

GF 1 mm

FZU

Fig. 2 — Optical micrographs of various TBs configurations
formed in the studied samples.

defects present in the crystal. The larger tilt of the TB trace in
the FZU sample is caused by an approx. 8° deviation of the
crystallographic orientation from the sample faces. Such a
deviation changes the Schmidt factor by not more than 4 %.
Thus, the added error in the twinning stress measurement is
small. Additional tilting of the TB is explained by the presence
of a low-angle-deviated sub-grain.

It was not possible to achieve a single variant state in the
GF sample. We applied mechanical compressions and exten-
sions repeatedly until a uniform twin structure was formed
[50]. The resulting TB traces were never straight. They always
consisted of many segments of various tilts, as shown in detail
in Fig. 3. The segments following the white line in Fig. 3 were
identified as traces of type I TB. The segments that diverged by
about +6° and —6° from the line constituted type II TB
[18,20,49]. Additionally, there were discontinuities on the TB
trace seen as a saw-like pattern with 0° and +6° angles, which
presumably appeared to accommodate the slight elastic in-
compatibility between the type I and type II parts of the
boundaries. Such a mixture of type I and type II character of a
TB was previously reported and its elastic compatibility was
studied in Ref. [19].

An exemplary mechanical compression test with single
type II TB motion in the BSU sample is presented in Fig. 4.
Macrographs referring to the specific points on the
stress—strain curve are shown as insets. The interactions of
the TB with the cracks is observed here as narrow peaks on the
stress—strain curve. The curve does not include the initial
nucleation peak, since the TB was already present in the
sample [7].

Representative stress—strain curves measured at RT for
individual TBs with the specific tilt are shown in Fig. 5. There
were clear stress plateaux observed in most experiments
with distinctive high and low average plateau levels. The
plateau levels were individually evaluated as the twinning
stresses of the TBs. The latter parts of the curves (marked by
grey rectangles in Fig. 5b, d) reflecting the interaction of the
TB with the cracks on the sample edge were not taken into
account.

In the CU and BSU samples, TBs nearly perpendicular to
the sample edge exhibited higher twinning stress whereas
inclined TBs showed lower twinning stress. Following the
previous reports, Refs. [2,9,10,22], we ascribe the high stress
levels (ranging from 0.5 to 0.8 MPa) of the plateaux observed
for nearly straight TBs to type I while inclined TBs with low
plateaux stress levels (~0.1 MPa) we ascribe to type I TBs in the
CU and BSU samples. The higher stress plateau at 0.5 MPa
observed in the FZU sample is ascribed to type I TB. We
observed that the type I TB trace in the FZU sample was curved
(Fig. 5¢), and we were not able to form a type II TB in this
sample. This we ascribed to two factors: (1) a misorientation of
the crystal by about 8° from the {100} planes; (2) the presence
of a low angle grain boundary, almost parallel to the TB mo-
tion direction. The mixed type I/type II TBs in the GF sample
showed the stress plateau at the level of 0.7 MPa.

Cracks were observed in all samples. The interaction of the
moving twin boundary with the cracks increased the instant
measured stress considerably. This was reflected as sharp
upward steps and/or narrow peaks on the stress—strain curve,
particularly in the latter part of the detwinning plateau
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Fig. 3 — Optical micrograph of the twin boundary observed in the GF sample, Nomarski contrast. Dark and light stripes about
perpendicular to the TB relate mainly to the “ghost” surface relief resulting from the sample polishing in the martensitic

state. The white line is parallel to type I TB segments. Red and yellow lines represent the deviation from this line by +-6° and
—6°, correspondingly. Green dashed lines are providing the guide for the eye, denoting the areas of type I and type II twins.

preceding the elastic response (Figs. 4 and 5b, d, shaded areas).
In terms of Eq. (1), we can say the defect component of the
twinning stress increased significantly by the presence of
cracks. To minimise this effect the affected parts of the
plateaux were not considered for twinning stress evaluation.

3.2.  Chemical homogeneity and crystalline mosaicity

Numerous parameters (e.g. porosity, degree of order, in-
clusions, vacancies, dislocation density etc.) can be linked to
the crystal quality. For this study we selected chemical and
crystalline homogeneities as two essential parameters related
to crystal quality which were experimentally available and
were expected to influence the twinning stress.

Chemical composition and homogeneity were determined
using XRF area mapping. The chemical maps for Mn, which

TB interaction
with cracks

Stress (MPa)

Strain (1072)

Fig. 4 — Example of the mechanical compression test
performed for type II TB in the BSU sample. Video stills of
the synchronised video footage at specific points on the
stress—strain curve (marked by filled circles) are shown in
the inset.

exhibited the largest variation for every crystal, are shown in
Fig. 6. For the sake of clear comparison, the map area in figure
was chosen to be the same for all samples (2.7 x 2.7 mm?). The
measured area for the BSU sample (Fig. 6b) was limited by its
width. The CU sample broke during additional experiments,
not related to the present work, and the measured area was
limited to the size of the recovered part.

The chemical composition map of the CU sample (Fig. 6a)
shows a very uniform composition distribution with varia-
tions within the instrumental error. In contrast, heat-treated
BSU (Fig. 6b) and as-grown FZU (Fig. 6¢c) samples have mod-
erate (about 0.5 at.% of Mn) composition gradient perpendic-
ular to the TB motion direction. Despite this gradient,
the samples exhibited twinning stresses comparable to the
CU sample. Thus, we can conclude that moderate smooth
composition gradient does not significantly affect the twin-
ning stress.

The GF sample also exhibited moderate composition vari-
ation across the crystal (about 0.4 at.% of Mn). Moreover, it
contained a number of sharp local composition fluctuations of
more than 1 at.% of Mn (green dots in Fig. 6d). The latter can be
explained by either true manganese concentration fluctuation
or by impurities which can cause an apparent shift in the
measured chemical composition. Notably, the density of these
local defects was comparable to the scale of twin boundary
segments observed within the TB of mixed type (Fig. 3). This
suggests that the presence of such impurities is the primary
reason for the formation of a mixed type I/type II TB. It is
known that variation in composition results in different lat-
tice parameters or even a different martensite phase [36]. The
significant local excess of Mn or local impurities are expected
to generate substantial lattice stresses. These stresses may
assist in nucleating twins and interact with the propagating
TB, causing fragmentation of the TB into multiple parts. The
precise identification of the actual mechanism is beyond the
scope of the present work.

It is known that Ni-Mn-Ga single crystals exhibit signifi-
cant crystal mosaicity [10,29,51]. Crystal mosaicity was
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FZU and (d) GF samples. Greyed areas of the plots mark the interaction of the moving twin boundary with cracks and other

crystal defects.

determined from 26-wosrser maps for (400)/(040) reflections, see
Fig. 7. The maps show splitting of the peaks both along the 26
axis as well as along the wogsser axis. The split along the 26 axis
is ascribed to (400) and (040) peaks resulting from the a-b
laminate ({110} compound internal twins). This internal
twinning near type I and type Il TBs is nearly always present in
10M martensite and was described before theoretically in
Refs. [10,18] as well as observed experimentally [20,38,49]. The
laminate and TB can form so called crossing twins or the
laminate can branch on the TB [10,20].

The distance between (400) and (040) peaks varied between
crystals. This is explained by the variation in lattice parame-
ters (see Table 2), which was in broad agreement with the
compositional and temperature trends shown in Ref. [36]. The
splitting of diffraction peaks along the weffser axis was present
due to the crystal mosaicity. A drop of the intensity of the
most distant peaks’ tails to 50 % was chosen as a criterion for
mosaicity evaluation. Table 2 summarises chemical compo-
sition, lattice parameters and crystal mosaicity for all
samples.

The largest mosaicity of 1.70° was observed in the GF
crystal, followed by 1.20° in the BSU crystal, and the FZU and
CU crystals having mosaicity of 0.77° and 0.66°, respectively.
The large mosaicity may be the reason for our inability to form
a pure type of TB in the GF crystal. In addition, the second
highest mosaicity was exhibited by the BSU sample which had
the highest twinning stress of pure type I TB. On the other
hand, the CU and BSU samples had two times different

mosaicity and exhibited very similar twinning stress for
type II TBs (Fig. 5). Concerning the production methods, opti-
cal floating zone (CU, FZU) results in lower mosaicity in
comparison to modified Bridgman (BSU).

3.3.  Magnetisation measurements and twinning stress
at low temperatures

Despite the difference in chemical and crystallographic im-
perfections the CU, BSU and FZU samples demonstrated
similar mechanical behaviour for type I TBs at room temper-
ature. Mixed type TBs in the GF sample exhibited twinning
stress comparable to type I TBs in the CU, BSU and GF samples.
Based on the previous works (Fig. 1) one can expect that much
larger differences can be seen in the temperature de-
pendences of the twinning stress. In this section we investi-
gate the temperature dependence of the twinning stress in the
interval between the reverse martensite transformation
temperature and 2 K.

The twinning stress as a function of temperature was
calculated from the temperature dependence of the switching
field, determined from the measurements of magnetization
loops. Exemplary magnetisation loops are shown in Fig. 8a
with illustration of how Hsw was determined. The loops
demonstrate all features typical for a single crystal exhibiting
MIR, especially the typical first quadrant jump in magnetiza-
tion and resulting first quadrant hysteresis [6,14,24]. The jump
in magnetization at the switching field, Hsw, is directly related
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Fig. 6 — Chemical composition maps, measured by an X-ray fluorescence spectrometer, depicting the deviation of the
manganese concentration from the average in (a) CU, (b) BSU, (c) FZU and (d) GF samples. Twin boundary motion direction
during the mechanical and magnetic tests was parallel to the ordinates of the maps. Dark green curves represent line scans
along the olive lines, averaged over three neighbouring measurement points. For CU and BSU samples (a, b), the maps are
limited by the size of the samples. Light green points in (d) correspond to the deviation of measured manganese

concentration between +0.5 and +2.1 at.%.

to the occurrence of MIR. More specifically, in our case with
only a single twin boundary initially present in the specimen,
there is no nucleation barrier, and the twin boundary starts
moving at the switching field [9,41]. The switching field as a
function of temperature is depicted in Fig. 8b.

We calculated the twinning stress from Hsw using Eq. (2).
The temperature dependence of the twinning stress is shown
in Fig. 9. Following the suggestion in Ref. [22], that twinning
stress depends on temperature relative to martensite trans-
formation, the twinning stress is plotted as a function of
relative temperature T — Ta, Where T, is the temperature of
the reverse martensite transformation, see Table 1.

The twinning stress measurements, presented in Fig. 9, are
limited to the 10M martensite phase and to temperatures
below Tx. The low-temperature limit for type I and mixed type
I/type II twins is imposed by the rapid increase of twinning
stress with decreasing temperature. The maximum twinning
stress that can be determined by the used method is limited by
the maximum magnetic driving force developed in the studied
crystals, which was found to be about 5 MPa for 10M
martensite single crystals of Ni-Mn-Ga [26,52]. The twinning
stress of type II twins grows very slowly with decreasing
temperature. The low-temperature limit for type II twins is
imposed by approaching an intermartensite transformation
(IMT) [23,26,40]. Below some temperature, at which 10M

martensite and the lower temperature phase are in thermo-
dynamic equilibrium, the twinning stress of type II twins
starts to increase [23]. We observed this behaviour in the BSU
sample with measured IMT and reverse IMT temperatures of
73 K and 220 K, respectively. Just 1 K below the last measured
point we did not detect any MIR indicating a very sharp
dependence in agreement with the data shown in Ref. [23].

The CU sample showed no IMT in the measured tem-
perature range and we were able to determine the temper-
ature dependence for type II twins down to 2 K (T —
Ta = —305 K). The twinning stress (upper estimate) was only
1.2 MPa at 2 K. The low twinning stress of type II twins
approaching 0 K has previously been reported also for
Adaptamat samples [53]. The slight increase near 2 K can be
attributed to either Tpyr = 0 K [23] or to the role of thermal
activation at low temperatures [21].

3.4. Generalized temperature dependences of the
twinning stress

All crystals with pure TB types exhibited similar temperature
dependences of the twinning stress, as depicted in Fig. 9. For
type 1 twins the twinning stress increased linearly with
decreasing temperature while for type II twins it was nearly
temperature independent. The scatter in points was likely
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caused by multiple factors, such as a slight variation of the
sample and initial TB positions during the measurements.

Near the reverse martensite transformation, the twinning
stress was about the same for both types of twins, as shown in
Fig. 9. For type I twins it increased with decreasing tempera-
ture, with the slope of —0.045 MPa/K. The twinning stress of
type II twins increased linearly with decreasing temperature,
with the slope of —0.001 MPa/K. At low temperatures it
increased faster, which was attributed to the IMT as discussed
above.

The temperature dependences of the twinning stress,
deduced from switching field measurements, for both pure
type I and pure type II TBs were in broad agreement with the
previous reports on Adaptamat samples [22,23,40,53],
although our absolute values were about 0.4 MPa higher as
demagnetization correction was not considered. Despite
crossing the low angle grain boundary, type I TB in the FZU
sample exhibited similar twinning stress as in the CU and the
BSU samples. The temperature dependences of the twinning

stress in CU, BSU, FZU and Adaptamat single crystals followed
the same universal trends, marked by red and blue area
shading in Fig. 9 for type I and type II TBs, respectively.

The observed universal trends indicate that the relatively
large variation of the mosaicity in the studied crystals has
only small effect on the twinning stress. In contrast, chemical
inhomogeneity can be the primary reason for the formation of
mixed type I/type II TB in the GF sample with altered tem-
perature dependence of the twinning stress. This lays in-
between the universal dependences for type I and type II
TBs (Fig. 9), which suggests that the measured twinning stress
is a superposition of the twinning stress values for type I and
type I TBs. A linear fit gives the slope of —0.023 MPa/K for the
temperature dependence of the twinning stress in the GF
sample. On closer inspection, the dependence is initially flat,
then rises at lower temperatures, meaning it can be alterna-
tively seen as non-linear, exponent-like one. The intermediate
character of the dependence resembles the temperature de-
pendences reported by Heczko at al. and Okamoto at al. in

Table 2 — Averaged composition, lattice parameters (in monoclinic approximation) and crystal mosaicity of the studied

samples measured at room temperature.

Sample name Ni, at. % Mn, at. % Ga, at. % a, nm b, nm ¢, nm v mosaicity
CU 50.1 27.5 22.4 0.5952 0.5938 0.5609 90.3° 0.66°
BSU 51.9 25.3 22.8 0.5947 0.5944 0.5593 90.3° 1.20°
FZU 50.0 28.1 21.9 0.5968 0.5944 0.5593 90.4° 0.77°
GF 50.1 27.8 22.1 0.5962 0.5944 0.5597 90.3° 1.70°
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position and the sample location within the instrument. (b)
Switching field, Hsw, as a function of temperature for type I
(red), type II (blue) and mixed type I/type II (green) twin
boundaries. Solid lines are provided for eye guidance.

Refs. [24—26], Fig. 1. It can be inferred that the mixed type TBs
were measured in these reports, which explains the signifi-
cant deviations from the general trends for type I and type II
twins.

The BSU and CU samples exhibit nearly the same twinning
stress dependences despite the difference in composition of
2 at.% in Mn and 2 at.% in Ni, see Table 2. This indicates that
10M martensite structure always shows the same properties
as a function of a relative temperature (T—T,), practically in-
dependent of composition. In other words, if a pure 10M
martensite structure is established in a close to perfect crystal,
the twinning stress dependences are expected to be universal
and independent from the fluctuations in the chemical
composition.
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Fig. 9 — Calculated upper estimate for the twinning stress
of type I (red), type II (blue) and mixed (green) twin
boundaries. Solid lines and area fills are provided for the
guidance of the eye.

4, Conclusions

We compared Ni—Mn-Ga single crystals from four different
producers to evaluate the effect of the crystal quality on the
behaviour of twin boundaries. The variation in the crystal
mosaicity in different crystals and moderate composition
gradients across the samples had no significant effect on the
twinning stress nor its temperature dependences, which fol-
lowed the universal linear trends for type I and type Il twins. In
contrast, the mixed type I/type II twin boundary, observed in
the crystal with sharp local chemical defects and larger
mosaicity, exhibited an intermediate slope of the twinning
stress dependence, being relatively far from the universal
trends for type I and type II twins.

We conclude that the crystal quality affects the magnitude
of the twinning stress mainly indirectly, through its impact on
the character of the twin boundaries. The resulting effect in-
creases at low temperatures. If pure twin boundaries, either of
type I or type II, can be created and maintained in the crystal,
then they follow the respective universal trends in the tem-
perature dependences of the twinning stress. However, for
mixed type twin boundaries one can expect nearly arbitrary
temperature dependences of the twinning stress, depending
on the distribution of twin boundary types. They fall in be-
tween the temperature dependences of the twinning stress for
type I and type II twins. The finding explains the notable
disagreement between previous works that did not report the
types of twins investigated. Mechanical discontinuities such
as cracks always cause significant increase of the instant
twinning stress in the respective part of the crystal, regardless
of the twin boundary type.

From a functionality point of view, the modest chemical
and crystalline inhomogeneities of 10M martensite single
crystals of Ni—Mn-Ga have little to negligible effect on their
twinning stress and expected magneto-mechanical response
at room temperature near the martensitic transformation.
However, use at lower temperatures may require better
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control of chemical and crystallographic homogeneities to
achieve the desired type of twins and corresponding temper-
ature dependence of twinning stress.
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