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PRECISE ORIENTATION CONTROL OF SINGLE CRYSTALLINE NiMnGa-BASED ALLOYS
BY IN-SITU EBSD ANALYSIS

The article presents a precise method for the orientation process of NiMnGa-based single crystals. For this method, a scanning
electron microscope equipped with an EBSD camera and a heating stage allowing temperatures exceeding 873 K was used. The
orientation process was carried out in both the high-temperature austenite phase and in the room-temperature martensite phase. The
facilities allowed for determining the orientation of a single grain of austenite at elevated temperatures as well as the orientation
of particular martensitic variants at room temperature. A practically perfect cubic orientation was obtained in the austenitic case
with a deviation of about 1° while the samples oriented in the martensitic phase deviated from the desired orientation by 4.5-5.2°.
Additionally, the training process of single crystals was carried out in order to show the influence of the orientation process on

twinning stress.
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1. Introduction

The NiMnGa alloys are classified as intelligent materials
with a shape memory effect due to the fully reversible ther-
moelastic martensitic transformation occurring during cooling/
heating between two phases, i.e. high-temperature austenite
and low-temperature martensite. In addition, these alloys can
develop a giant reversible magnetic field-induced strain (MFIS)
in the martensitic state. So far, the Ni,MnGa Heusler alloys close
to the stoichiometric composition yield the largest MFIS. The
single crystalline form of the material (single crystal term used
with respect to the austenite state) shows length changes of the
order of 6-12% (depending on the crystal structure) for moder-
ate magnetic fields of about 0.4 T at frequencies of the order of
1 kHz [1-7]. Adjusting the microstructure of Ni-Mn-Ga alloys
by magneto-mechanical treatments is essential to obtain a well-
defined microstructure i.e. to reduce the number of variants and
to decrease the twinning stress for practical applications [8-21].
The training process, as the last step in the preparation procedure
of Ni-Mn-Ga alloys, consists of multi-axis compression and is
necessary to obtain MFIS in Ni-Mn-Ga single crystals [22-31].
Nevertheless, the precondition for larger MFIS and low twin-
ning stress is a proper <001>(100) orientation expressed in the
so-called parent-based coordinate system (CS) [32-34]. In other

words, this orientation provides the highest theoretical strain at
the lowest possible stress. This is due to the optimization of the
Schmid factor for the (101) twin planes as well as the maximum
shear stresses that operate on the above-mentioned planes.
Studying the orientation relationship between austenite and
martensite in non-modulated Ni-Mn-Ga single crystals [35-36]
the Authors revealed a strong asymmetric distribution of mar-
tensitic variants with respect to austenite in self-accommodate
state. Based on the in-situ measurements it was shown that a sin-
gle austenitic grain may transform into 24 different tetragonal
variants. Combining the microstructural and crystallographic
orientation information a hierarchy of twin boundaries was found
[36]. This specific sequence results in a hierarchy within the
martensite variant formation itself affecting the final orientation
of particular martensitic variants. Further investigations on the
orientation relationship between austenite and martensite have
shown two characteristic arrangements of martensitic variants in
Ni-Mn-Ga single crystals. Two groups of variants misoriented
with respect to each other either by 6° or 12.2° were demonstrated
in [36]. The first group is composed of macro-variants that do
not follow twin relations due to nanotwinning and are associated
with that rigid body rotation while the other group consists of
minor variants which satisfy the twin relations perfectly. Ad-
ditionally, it has been confirmed that the so-called orthogonal
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shear process leads to the removal of conjugation boundaries
by coordinated secondary twinning on a macro scale. It has to
be pointed out that the given mechanism [37] is fully consistent
with the asymmetric distribution of martensitic variants reported
in works and it helps to explain the asymmetric distribution of
martensitic variants in Ni-Mn-Ga single crystals.

Furthermore, the study on the same orientation relation-
ship but with trained single crystals showed that the orientation
relationship between austenite and martensite is not always
constant and can vary in an orientation range depending on the
volume fraction of particular variants. In the case of the single
variant state, the main tetragonal axes match perfectly with that
of cubic austenite showing that the rigid body rotation which
takes place upon cooling to self-accommodate is completely
revoked during the training procedure [36]. It also suggests that
the training process, which consists of successively compressing
mostly cuboid samples along two or three main axes leading
to a single variant state, can be considered, to some extent, as
a reverse shear process of martensitic transformation in which
the associated rigid body rotation is restored. It is important to
emphasize, that the papers [35,36] provide results questioning
the completeness of theoretical models such as Bain, Kurdjumov-
Sachs, Nishiyama-Wassermann and Pitsch and also other models
for single crystalline Ni-Mn-Ga alloys which show the symmetric
distribution of martensitic variants with respect to orientation of
austenite. In simple terms, the training procedure that leads to
one-variant state in martensite can be considered as a process
that reverses the individual rotations obtained as a result of the
aforementioned transformation. This means that the main aus-
tenitic axes coincide with the tetragonal or orthorhombic axes
of the single martensitic variant of martensite. This also implies
that the main monoclinic axes are very close to the orthogonal
austenite axes. Based on this implication, the final orientation
of the trained single variant of martensite should be consistent
with the austenitic orientation. Therefore in this contribution,
the orientation of single crystalline materials was cut in two
ways; one was based on the austenite orientation and the other
orientation was from the average of all the martensitic variants.

2. Experimental

Niso,Mnyg 3Gay; 5 polycrystalline alloy was obtained by
induction melting in an argon atmosphere of elements with purity
>99.95. The obtained ingot was re-melted three times due to
homogenization. Then the modified Bridgeman method was used
for growing a single crystal rod of dimension 28 diameter and
100 mm long with an induction furnace under vacuum conditions
in order to avoid any reaction during melting. For the sample
orientation process, EBSD measurements were performed us-
ing a high-resolution field emission FEI FEGSEM Quanta 3D
equipped with an EBSD Genesis TSL detector. Additionally, to
induce the austenitic phase and conduct in-situ analysis a Murano
525 heating stage manufactured by Gatan was used. Samples for
EBSD measurements were cut by a spark erosion machine from

an as-grown ingot and prepared roughly on abrasive papers, then
they were polished on a canvas with slurries, and finally, they
were electropolished using a mixture of perchloric acid (1/10)
and ethanol (9/10) cooled to 285 K using a current of 35 V for
5 seconds. In addition, the training process was carried out on
own design testing machine with 1 KN load cell at room tem-
perature under compressive stress up to 30 MPa at a strain rate
of 103s7! and consisted of successively compressing the sample
along two axes to achieve one type of a twin. Further cutting,
after EBSD measuring and proper rotation of the samples, were
carried on the same machine, with respect to the very first cut
(one of the edges of the obtained sample). The specimen during
cutting, was mounted on a special goniometer, which ensures
angle rotation accuracy to one degree.

3. Results and discussion

For the verification of the hypothesis presented in the
introduction part, orientations of sixteen single crystals were
determined, using two approaches i.e. in the austenite and
martensite phase. The measurements were conducted at room
temperature (low-temperature martensite phase) and at increased
temperatures in the range of 328 K to 763 K (high-temperature
austenite phase).

Fig. 1 shows a typical self-accommodated microstructure
for NisoMn;, sGa;g 5 alloy with a tetragonal martensite crystal
structure. This map shows various martensitic variants as well as
colonies formed as a result of the self-accommodation process.
It should be noted that the mentioned variants were formed
from one austenitic orientation and measured prior to the train-
ing process.
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Fig. 1. EBSD mapping of self-accommodated state in NisyMns, sGayg 5
single crystal



The orientations of eight single crystals were measured
at room temperature using the methodology presented above.
The next eight of the tested single crystals were measured above
the reverse transformation temperature i.e. in austenite. In the
case of a multivariate martensite system, the average orienta-
tion of all measured variants was computed for cutting out the
samples.

1173

Fig. 2 shows the sequence of rotations made along the
three main axes A3, Al, and A2 (austenitic phase) to bring the
crystalline CS into the sample CS, i.e. the external reference
system. Using the following sequence of rotations, i.e. rotation
of the sample about the axis A3 by 3° (-), then about the axis Al
by 2° (-) and the axis A2 by 12° (-), they were cut out and then
reoriented to confirm the <001>(100) orientation.

Al Al

001 001

a) b)

A1 Al

001 001

c) d)

Fig. 2. EBSD maps of the 10M NiMnGa alloy recorded at the temperature of 343 K in the austenite phase showing the steps in the orientation
process of single crystals a) initial orientation, b) rotated by A3 axis, ¢) rotated about A1 axis and d) rotated about A2 axis

g
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Fig. 3. (a) Superposition of (110) and (001) pole figures in the te-
tragonal system (both planes represent planes of the (001) type for a
cubic system) for single variant of martensite after cutting using room
temperature measurements with deviation ~6°and (b) for a sample cut
in the austenitic phase (343 K) showing deviation ~1°

Using the same approach, the orientation process and cut-
ting of the samples in a martensitic phase were made assuming
the average orientation of all martensitic variants.

Fig. 3 presents two cases with a deviation close to the
mean for the measured 8 single crystals in martensite and 8 in
austenite. For clarity, they are depicted along with EBSD maps
showing the deviation from the <001> orientation colored ac-
cording to the inverse pole figure with the red color designated
as <001>.

Fig. 2 presents the same convention in order to show the
progressive development of single crystal orientation on the way
to perfect cubic orientation. The mean deviation from the cubic
orientation in the case of orientation of single crystals in the
austenitic phase was 1.2°, while materials oriented in the mar-
tensitic phase were characterized by a deviation from the ideal
cubic orientation of about 4.5°. The above-mentioned deviation
from the <100> orientation is also visible on EBSD maps using
the so-called inverse pole figure color coding with reference to
the A3 sample direction, where the orientations closest to <001>
are red in accordance with the colors of the basic triangle.

In the next step, the oriented and cut samples were subjected
to compression tests along the longest edge (1x2.5x10 mm®)
in order to determine the level of twinning stress. The compres-
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sion along the longest dimension was chosen because of the
lowest friction contribution and the most reliable determination
of the twinning stress level.

Fig. 4 shows four stress-strain curves of NiMnGa 10M
single crystals with the same chemical composition and geom-
etry between samples. Two of them were cut using the orienta-
tion determined in the martensitic phase (deviation at the level
of 5.2°; red curve and 4.5°; reddish curve), and the other two
others were cut in the austenite phase (about 1° deviation)).
Significant differences in the twinning stress level have been
observed. As can be seen, single crystals oriented and cut using
the orientation measurement in the austenitic phase, are charac-
terized by a lower twinning stress of about 1.2-1.4 MPa (mean
stress from the plateau area). On the other hand, single crystals
that have been oriented and cut based on measurements at room
temperature, i.e. in the martensitic phase, were characterized
by twinning stress amounting to 2.1 MPa and 2.7 MPa. In the
case of other single crystals, similar relationships were noticed,
but due to differences in chemical composition, they were not
taken into account in the direct comparison. Changing chemi-
cal composition which also changes the crystal structure was
intended to develop a universal orienting method independently
of the martensite type.
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Fig. 4. Stress-strain curves for 4 different NisoMn,9Ga,; single crys-
talline samples with a 10M crystal structure of the same chemical
composition cut in the martensite phase (red) and austenite phase (blue)

4. Conclusion

An important preliminary conclusion of the study is that
measurements of single austenite orientations provide much
more precise control for cutting single crystals as compared
to measurements based on the multivariant state in martensite.
It confirms that the training process can be considered as a coun-
terproductive process to martensitic transformation in which
the shear processes associated with the rigid body rotations are
restored. In other words, the training procedure that leads to
a one-variant state in martensite can be regarded as a process

that reverses the individual rotations obtained as a result of the
aforementioned transformation. Therefore, the way in which
the single variant of martensite is achieved (training process)
does not affect the final orientation being consistent with the
austenitic orientation. For these reasons, the orientation process
in the austenite phase is more effective separately on the orienta-
tion relationship or the transformation mode. On the other hand,
proper orientation of single crystalline materials maximizes
Schmid factor, increasing the given strain and decreasing the
twinning stress. This has a great impact on the functional prop-
erties of these alloys, which are mainly based on highly mobile
twin boundaries.
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