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Abstract The present study reports on direct magneto-
microstructural observations made during the stress-
induced martensitic transformation in Coy9NiyGaz( alloy
single crystals with optical, scanning electron, and magnetic
force microscopy (MFM). The evolution of the micro-
structure and the associated magnetic domain morphology
as a function of applied strain were investigated in the as-
grown condition and after thermo-mechanical training. The
results demonstrated that the stress-induced martensite
(SIM) evolves quite differently in the two conditions and
depending on the martensite formation mechanisms, the
magnetic domain configuration was dissimilar. In the as-
grown crystals two twin-related martensite variants were
formed and the growth of these twin variants resulted in
large strain. After thermo-mechanical training a morphol-
ogy similar to a self-accommodating martensite structure
was present at the initial stages of the transformation and
thereafter martensite reorientation (MR) was the main
transformation mechanism. The magnetic domains were
found to be superimposed on the nano-scaled martensite
twins in the as-grown condition, whereas training brought
about the formation of domains on the order of a few
microns without showing the one-to-one correspondence
between domains and the twin structure. After the thermo-
mechanical training detwinning at high-strain levels led to
the formation of stripe-like domain structures. The ramifi-
cations of the results with respect to the magneto-
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microstructural coupling that may cause the magnetic shape
memory effect (MSME) in Co—Ni—Ga alloys under constant
external stress is addressed.

Introduction

Ferromagnetic shape memory alloys (FSMAs) have
attracted increasing interest in recent years because of their
ability to show high reversible magnetic field-induced
strain (MFIS) [1-5]. In contrast to the thermoelastic shape
memory effect, the magnetic shape memory effect
(MSME) can proceed with a higher rate and can be more
efficient in terms of power throughput than the conven-
tional shape memory effect. The fast reaction times in
combination with the high MFIS (on the order of 5-10%)
make the FSMAs promising materials for sensor and
actuator applications.

The MSME can be triggered by two different mecha-
nisms. First, the application of a magnetic field can lead to
a reorientation of martensite twins by twin-boundary
motion, in analogy to the stress-induced deformation in a
conventional twinned martensitic shape memory alloy.
Second, it can result from a magnetic field-induced phase
transformation. However, the required magnitude of the
magnetic field for the latter is often too large for actual
FSMA applications [6].

The MSME resulting from twin-boundary motion in the
martensitic phase was first reported by Ullakko et al. [1], and
based on their findings several models were proposed [7-9].
The essential requirements for the incidence of the MSME
are high magnetocrystalline anisotropy energy (MAE) and
low energy for twin-boundary motion. If the MAE of a
material is sufficiently large, an application of a magnetic
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field can cause twin-boundary motion to increase the volume
fraction of the twin variant with the energetically favored
magnetization direction. In this manner, the twin variants
having the easy magnetization axis along the applied field
grow at the expense of the less favorably oriented ones
instead of magnetization rotation. Therefore, the knowledge
of the relation between the regions of uniform magnetiza-
tion, i.e., the magnetic domains, and the twinned martensitic
microstructure is essential for optimizing the MSME.

This relation has been studied by several techniques for
different FSMAs. Magnetic force microscopy (MFM) [10],
scanning electron microscopy (SEM) [11], interference-
contrast-colloid technique (ICC) [12], Lorentz microscopy,
and electron holography [13-15] have been used to
examine the interaction of magnetic domains and the
martensite twin structure in Ni-Mn-Ga, Co-Ni-Al,
Ni-Fe—Ga, and Fe-Pd alloys. All studies confirmed the
magneto-elastic coupling between the magnetic domains
and martensite, but they are restricted only to thermally
induced martensite. Thus, there currently is no information
regarding the correlation between stress-induced martensite
(SIM) and magnetic domain structure in the literature.
Stress can assist the MSME and reduce the required field
magnitudes to trigger field-induced shape change. For
instance, high actuation stress levels and low magnetic field
magnitudes were reported for Ni-Mn—Ga alloys showing a
stress-assisted magnetic field-induced phase transformation
[16—-18]. However, before actual actuators can be designed
that are based on this mechanism, it is important to identify
the correlation between the magnetic domains and the
microstructure and to understand the kinetics of phase and
twin-boundary motion during the stress-assisted MSME.

Therefore, the present study was undertaken to examine
the magneto-elastical coupling under external stress. The
material investigated is a recently discovered Co-Ni—Ga
alloy, which is known to exhibit promising shape memory
characteristics in the vicinity of the Heusler composition
[19, 20]. The structural, magnetic, and thermo-mechanical
properties of Co-Ni—Ga alloys have been discussed
elsewhere [21-24]. However, data on the interaction
of magnetic domains and martensite twin structure in
Co-Ni—Ga alloys are very limited, and the few studies that
have been carried out on these alloys with regard to mag-
neto-elastical-coupling addressed only thermally induced
martensite [25-28]. Chernenko et al. [21] assumed that
a large MFIS is hardly possible in Co—Ni—-Ga single
crystals in the martensitic state due to the low magnetic
anisotropy energy and the high stress for MR as compared
to a Ni-Mn—-Ga alloy. However, as demonstrated in the
present study, Co—Ni—Ga alloys provide the opportunity to
show a MFIS under constant external stress. After exceed-
ing the critical stress for the forward transformation, only
small changes in stress are needed to increase the strain

through phase boundary motion and MR. In addition,
training effects can reduce the external stress required for
twin-boundary motion.

Experimental

The alloy investigated was cast to a nominal composition
of Co-21Ni-30 Ga (at.%) using vacuum induction melting.
Single crystals were grown in a He atmosphere utilizing the
Bridgman technique. Samples with dimensions of
4 mm x 4 mm x 8§ mm were electro-discharge machined
from the bulk single crystals such that the compression
axes were along the [001] orientation. The austenite finish
(Ap) temperature of the present alloy system was deter-
mined as 14 °C [22], so that the single crystals used in this
study exhibited pseudoelasticity (PE) at room-temperature.

The PE experiments were conducted using an MTS
servo-hydraulic test frame. Strain measurements were
accomplished with the aid of a 3 mm-gage length minia-
ture MTS extensometer mounted directly onto the sample.
In order to monitor the morphology of the SIM and the
magnetic domains at different strain levels, in-situ experi-
ments were carried out using a custom-built mobile
miniature load frame that allowed for studying the samples
under load using optical microscopy (OM), electron
backscatter diffraction (EBSD), and MFM. Prior to these
experiments, one of the [210],-side-surfaces of the crystals
was mechanically and then electro polished in order to
remove any preparation-induced artifacts in the surface
layer, which is known to be a key pre-condition for studies
of magnetic domain structures [29].

A SEM equipped with an EBSD-system was operated at
a nominal voltage of 20 kV to obtain orientation maps. The
EBSD measurements were realized with an orientation
imaging microscopy (OIM) system provided by TexSEM-
Laboratories (TSL). The crystal structures and the corre-
sponding lattice parameters of the austenite and martensite
phases in Co—Ni-Ga alloys determined by Oikawa et al.
[30] were used for indexing the phases detected by the
EBSD-system. The austenite has B2 structure with
a = 2.86 A and the martensite crystal structure is L1y with
a =391 Aand c = 3.15 A. In addition, energy dispersive
X-ray spectroscopy (EDS) system equipped in SEM was
used for the local phase analysis.

For imaging the magnetic domains in exactly the same
areas as examined by OM and EBSD, a Digital Instruments
Dimension 3100 MFM was used. The topography was first
obtained in tapping mode and then the magnetic contrast
was measured at a constant height of 100 nm in lift mode.
Standard MFM CoCr tips were used as stray field sensors
with the tip magnetization perpendicular to the sample
surface.
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After examining the as-grown crystals, iso-stress ther-
mal cycles were employed as a training method. The
samples were thermally cycled ten times at 25 MPa
between temperatures of —120 °C and 140 °C and then
another ten cycles at 50 MPa were conducted in the same
temperature range. Heating/cooling of the sample was
achieved by direct flow of hot/cold nitrogen gas onto the
sample. After the initial PE experiments, the trained sam-
ples were also examined at the same strain levels (1% and
3% strain) using OM, EBSD, and MFM to compare the
microstructure and magnetic domain morphology with
those of the as-grown samples.

Results

Stress-induced martensite in the as-grown
and thermo-mechanically trained crystal

Figure 1a and b shows the PE response of a [001]-oriented
Co-Ni—Ga single crystal in its as-grown and trained state at
room-temperature with a maximum strain of 4.2%,
respectively. It is apparent from the figures that the training
led to a decrease in critical stress for the forward trans-
formation (ai‘r’{[) and plateau stress (0pjatean) from 70 MPa
in the as-grown condition to 48 and 65 MPa, respectively.
Note that the value of opjaeau i the same as that of aﬁ‘r’{t for
the crystal in the as-grown state as seen in Fig. la. The
drop in critical stress levels is attributed to the favorable
internal stresses that were developed during the training
that aid the forward transformation. Moreover, the unal-
tered values of the critical stress for the reverse
transformation (o(; = 40 MPa), and the stress hysteresis
(Ao = 30 MPa), for both cases indicate a very small
influence of deformation history on the onset of the reverse
transformation and the dissipated energy (stress hysteresis)
in the present alloy system at room-temperature.

It is also clear from Fig. 1b that the SIM transformation
proceeds in a more gradual manner after the proposed
training reflecting a dissimilar microstructural evolution in
the martensite phase. In order to gain further insight into
this behavior, systematic in-situ observations were made
using OM, EBSD, and AFM at different stages along the
loading-plateau region of the stress—strain curves marked
as A and B in Fig. 1, which correspond to 1 and 3% strain,
respectively.

Electron backscatter diffraction was employed to detect
the presence of the martensite variants and roughly esti-
mate their respective volume fractions in the various areas
of the sample. Previous transmission electron microscopy
studies conducted on a companion Co—Ni—Ga single crystal
[24] have revealed that the twin size in the present material
is about 40 nm and that one twin variant has a greater
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Fig. 1 Stress—strain response of the Co-Ni—Ga [001]-oriented single
crystal (a) in the as-grown and (b) in the thermo-mechanically trained
conditions at room-temperature showing near perfect pseudoelastic
behavior. The plateau stress (0piaean), the critical stresses for the

forward (¢ ) and the reverse transformations (¢%%) and the stress

hysteresis (Ao) are also defined. The points A and B on the curves
indicate the applied strain levels in the experiments conducted to
study the microstructure and magnetic domain structure present under
applied load

volume fraction. Thus, the electron beam of the EBSD-
system, which has an effective size of about 200 nm, will
always probe many twin-related martensite variants as
depicted schematically in Fig. 2a.

As a result, the experimentally obtained EBSDs con-
sisted of a strong Kikuchi pattern superimposed by a
weaker one resulting from the variant with the lower vol-
ume fraction, cf. Figure 2b. When operated in automatic
mode, the EBSD-system can only index the variant with
the larger volume fraction (Fig. 2c), and manual identifi-
cation of Kikuchi bands (Fig. 2d) was needed to obtain the
orientation of the second variant. In the remainder of this
paper, brackets will be used to designate the variant with
the lower volume fraction.

Figure 3a displays the microstructure of the as-grown
crystal at 1% strain demonstrating a lamellar martensitic
morphology (M) coexisting with the untransformed matrix,
i.e., austenite marked as A in the figure. The martensite
plates consist of twin-related variants labeled as V; and V.



J Mater Sci (2008) 43:6890-6901

6893

Fig. 2 a Schematic showing (a)
the microstructure probed by the
EBSD-system, b actual
superimposed diffraction

twin boundary

pattern with the weak second
component marked by dashed
lines; open and full circle
represent corresponding zone
axes from the variants with low
and high volume fraction, ¢ e
indexed diffraction pattern
revealing the dominant twin
variant and d the weaker
Kikuchi pattern from twin 2

being identified with dashed |
lines |

twin 2

: 0
pill = 178.1° PHI=&3.0"

ph=314.3°

The latter has low volume fraction, and thus, is set in
brackets in Fig. 3a. The martensite plates that have a direct
interface with the austenite are known as habit plane
variants, while the twin-related variants such as V; and V,
are called correspondence variant pairs (CVPs) and are
separated by a twin boundary. The orientations of V; and
V, were determined to be identical with reference to the
loading axis, i.e., [110]y is parallel to [001], as shown in
Fig. 3b. The difference in the variants can easily be real-
ized from the inverse pole figure produced with respect to
one of the surface normals ([210]4) as shown in Fig. 3c,
i.e., the variants V; and V, have their crystallographic
directions [221]y and [112]y; perpendicular to the loading
axis of the sample. A further increase in strain to 3% (point
B in Fig. 1a) results in the growth of the martensite plates
as shown in Fig. 3d. The transformation is almost complete
at this strain level. Note that the variant V, has the higher
volume fraction in regions with residual austenite.

The changes in microstructural evolution caused by the
thermo-mechanical training are shown in Figs. 4 and 5 at 1

and 3% strain, respectively. Figure 4a—c represents the
microstructures taken from different locations of the sample
deformed to 1% strain. It is clear from the figure that the
thermo-mechanical training leads to the formation of mul-
tiple internally twinned martensite plates forming a self-
accommodating morphology, and as shown in Fig. 4a—c,
the microstructure after training also became more hetero-
geneous. This change in microstructure is also reflected by
the difference in the critical transformation strain levels in
as-grown and trained samples (Fig. 1). Some areas still
showed the variants V; and V,, which were already present
in the as-grown crystal. In addition, new CVPs namely V3
and V, were observed (Fig. 4b and c). These two variants
have their [102]y; and [101]y; orientations parallel to the
loading axis of the sample (Fig. 4d). Again, weak super-
imposed EBSD patterns were recorded in the areas where
the additional variants V3 and V4 had formed. This indicates
the presence of twin-related variants for V3 and V4 as well
and these are designated as V, and V,. However, due to
their very low volume fraction the Kikuchi bands of these
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Fig. 3 a Formation of the
stress-induced twin variants V,
and V, from the austenite phase,
A, at 1% strain in the as-grown
crystal; the inverse pole figures
parallel b and normal ¢ to the
compression axis. d Optical
micrograph showing the
microstructure at 3% strain in
the as-grown crystal. See main
text for details

Fig. 4 a—c Optical micrographs
of the thermo-mechanically
trained crystal recorded after
straining to 1% showing a self-
accommodating martensite
morphology d Inverse pole
figure illustrating the
orientations of the twin variants
Vi, V,, V3, and V, with respect
to the compression axis
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Fig. 5 a—c Optical micrographs
presenting the microstructure
upon straining to 3% for the
same area as in Fig. 4a—c. d
EBSD-map recorded within the
detwinned area in the lower left
part of (c) (indicated by an
arrow) showing the orientation
relationship between the twin
variants V; and V,

twin variants were too weak to be indexed manually, and
thus are not included in Fig. 4d.

Figure 5a—c represents micrographs that were recorded
when the sample was deformed to 3% strain, i.e., point B
on the stress—strain curve shown in Fig. 1b. These micro-
structures were captured from the same locations as in
Fig. 4a—c and the pores present on the surface of the
sample can be used as reference points. It is clear from the
Fig. 5a—c that the loading to 3% strain resulted in the
growth of the twin variants V; and V, at the expense of the
other variants observed at 1% loading strain, cf. Fig. 4a—c.
It should be noted that variant V, is favored after thermo-
mechanical training instead of the twin variant V, which is
dominant in the as-grown crystal (Fig. 2a—c). This change
in microstructure is also reflected by the difference in the
plateau stress in as-grown and trained samples (Fig. 1).

Figure 5d displays the orientation map of the twin-
related variants V; and V, taken from the bottom left
corner region of the microstructure as pointed out in
Fig. 5c. The coarsening of these twin variants is linked to
the completeness of the transformation and to a partial
detwinning process in this area as the applied strain (3%) is
near the end of the plateau regime. Although the size of
both twin variants V; and V, increased, V, still remains
dominant and would probably grow by consuming V; upon
further loading. From Fig. 5d, the misorientation angle
between these variants is determined to be 82° around the

[110]y axis and may be used to evaluate the orientation
relationship between V; and V,. The same misorientation
angle between neighboring twins has been reported for
Ni—Mn-Ga alloys [31].

Magnetic domain structure in the as-grown
and thermo-mechanically trained crystal

Figure 6a shows a MFM image of the stress-free austenite
phase demonstrating a single magnetic domain morphol-
ogy, which is a commonly observed feature in several
FSMAs such as Ni-Mn-Ga and Fe-Pd. [12, 28, 32, 33]. In
addition, the apparent protrusions with a significant mag-
netic contrast in Fig. 6a are due to the presence of Co-rich
y-precipitates in the present Co—Ni—Ga alloy system.
Figure 6b displays the magnetic domain morphology of
the as-grown crystal loaded to 1% strain and the scanned
area corresponds to a subframe in Fig. 2a. The magnetic
contrast results from small micro-domains (<0.5 pm),
which are almost parallel to the compression axis. Note
that these domain-lines also extend into the regions of
untransformed austenite and the aforementioned single-
domain morphology does no longer exist in the austenite.
The small micro-domains are still present in the crystal
with twin variants V; and V, and in the residual austenite
even at 3% strain as shown in Fig. 6¢ and d. In Fig. 6d, the
two-phase region of residual austenite and martensite with
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Fig. 6 MFM images of the as-
grown crystal showing a the
stress-free austenite phase, b a
two-phase region of austenite
(marked with A) and twin
variants V; and V, at 1% strain,
¢ a fully transformed area at 3%
strain and d needle-shaped
martensite within
untransformed austenite at 3%
strain. Note that the areas shown
in b-d are small subframes of
those seen in Fig. 2a (lower left
part) and b (middle and upper
left part), respectively
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the dominant variant V, demonstrates a variation in the
overall magnetization direction. The brighter appearing
martensite plates indicate a more attractive out-of-plane
magnetization in the martensite than in the austenite
regions.

It should also be noted that the contrast from the micro-
domains is not uniform as seen in Fig. 6b—d. This inho-
mogeneity is attributed to the Moiré-effect that can be arise
in atomic force microscopy when there is a mismatch
between the size of the magnetic domain structure and the
scanning line grating [34, 35]. Therefore, the resolution of
the scan was successively increased until the actual domain
structures were captured. Figure 7a shows these domain
structures in a completely transformed region of martensite
with higher volume fraction of the twin variant V. The
domain structures are on the order of the twin size observed
by TEM elsewhere [24]. The fact that one twin (V;) is

@ Springer
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wider than the other (V,) is also visible in the magnetic
domain structure. Figure 7b shows a schematic illustrating
the correlation between the domain and twin structure. It
can easily be perceived from Fig. 7 that there is a one-to-
one correspondence between the magnetic domain and the
twin structure in the as-grown crystal. In addition, it can
also be seen from Fig. 7a that each twin is divided into
magnetic domains with alternating magnetization direc-
tions. However, the details of the fine internal structures of
the magnetic domains could not be resolved owing to their
minute sizes in the present alloys.

Figure 8a and b shows MFM images of a trained
crystal at 1% strain (point A in Fig. 1b). The domains in
this case are on the order of several micrometers, which is
significantly larger than that observed in the as-grown
crystal seen in Fig. 6. This suggests that the changes in
microstructure induced by the thermo-mechanical training
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Fig. 7 a Actual magnetic domain structure as obtained by a high-
resolution MFM scan within the martensite matrix and b correspond-
ing schematic illustrating the one-to-one correspondence between
twin variant V; and twin variant V, and the magnetic domain
structure

also affected the magnetic domain configuration. Fig-
ure 8a displays supplementary domains at the interfaces
between austenite and martensite needles with a higher

Fig. 8 MFM images of the (a)
Vs (+Vy)

thermo-mechanically trained
crystal showing a a two-phase
region of austenite (A) and
martensite needles with higher
volume fraction of twin variant
V3 recorded in the lower part in
Fig. 4c at 1% strain, b austenite
(A) and different martensite
needles consisting of the twin
variants V, V,, V3, and Vy at
1% strain corresponding to the
upper left part of Fig. 4b, ¢ a
two-phase region of austenite
(A) and fine internally twinned
martensite matrix with higher
volume fraction of martensite

volume fraction of the twin variant V3. The supplemen-
tary domains form a fir tree type pattern, in which the
magnetic flux is distributed by 90° domains as indicated
by the arrows. By contrast, in areas, in which austenite
and martensite needles with a higher volume fraction of
the twin variant V, coexist, 180° domain structures are
present (Fig. 8b). In this case the transitions (domain
walls) show up as fine black or white lines, which can be
attributed to 180° domain structures as marked by the
arrows. This kind of domain pattern was found at mostly
all interfaces between austenite and martensite shown in
Fig. 4a—c. The fir tree pattern was only present at the
lower middle part in Fig. 4c.

In Fig. 8c, the growth of the twin variants V; and V,
after the increase in strain to 3% leads to the formation
of a single-domain structure in the trained crystal similar
to that observed in the stress-free austenite phase.
However, the MFM image in Fig. 8d demonstrates
stripe-like 180° domain structures in the region where
the partial detwinnig took place (cf. Fig. 5d). Note that
these domains are 10-fold greater in size as compared to
the domains observed in the as-grown crystal (Figs. 6b—
and 7a).

(b) vy (+vy) V, (+V;) V, (+Vy)

twin variant V, recorded in the
left part in Fig. 5a at 3% strain,
detwinned area with twin
variants V| and V, at 3% strain
corresponding to the lower left
part of Fig. Sc. The arrows in a,
b, and d represent the direction
of magnetization
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Discussion

Stress-induced martensite transformation and operant
mechanisms

In SMAs the external loading leads to the formation of SIM
from the parent austenite phase. Since the martensitic
transformations lower the symmetry of a crystal without
involving atomic exchange or diffusion, a single crystal of
the parent phase is split into many twin-related domains
called CVPs. As the SIM is associated with external stress,
martensite variants with favorable orientation to the
external loading direction will nucleate and grow obeying
the resolved shear stress criterion [24, 36]. The selection of
variants depends on several factors such as crystallographic
orientation with respect to the loading direction, stress-
state, temperature, chemical composition, and thermo-
mechanical history of the material and the selected active
variants govern the macroscopic.

The schematics in Fig. 9a and b summarize the micro-
structural evolution during the SIM transformation in the
[001]-oriented Co—Ni—Ga crystals in their as-grown and

(a) One-to-one correspondence
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Fig. 9 Schematic illustrating the evolution of microstructure and
magnetic domain morphology during stress-induced martensitic
transformation in the [001]-oriented Co-Ni—-Ga single crystals (a)
before and (b) after the training. The inverse pole figures produced
normal to the loading axis show the dominant variants. See main text
for details
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trained state. While single internally twinned martensite is
present in the as-grown state during the initial stages of the
plateau region (1% strain), self-accommodating martensite
is formed after training.

Macroscopically, the more uniform microstructure of
the as-grown crystal (Fig. 9a) is reflected by the sharp
transition from elastic deformation of austenite to the onset
of SIM (Fig. 1a), whereas a continuous increase in stress
up to the plateau regime is observed for the trained crystal
(Fig. 1b). The reason for this change in macroscopic
response is 2-fold. First, the interaction and competition
among the various variants and martensite plates (Fig. 9b)
should make the SIM transformation more difficult. How-
ever, the repeated phase transformation during training of
the crystal is also accompanied by generation of defects
such as dislocations. The motion of dislocations is curtailed
in the<100>-oriented crystals due to the zero Schmid
factor as the {110}<001>is the active slip system in B2
structured alloys [24]. The repeated pinning and depinning
of propagating interfaces with these immobile dislocations
during training will build up stress fields favorable for the
nucleation of certain variants.

The initial self-accommodating microstructure present
in the trained crystal first transforms into a single internally
twinned martensite variant (V, in Fig 9b) trough a process
called MR. MR occurs between different internally twin-
ned martensite variants, giving way to the growth of most
favorable ones at the expense of less ideally oriented ones
[36]. Finally, martensite detwinning (MD) of the internally
twinned martensite needles takes place (Fig. 9b). This
mechanism will result in thickening of one of the variants
of the CVP, i.e., the one with favorable orientation to the
applied stress, via twin-boundary motion giving way to
additional detwinning strains. MD is energetically less
favorable as compared to MR, and thus, it only occurs at
the later stages of the transformation [36, 37]. In the
present study only partial detwinning has been observed
and many regions of the sample still demonstrated twinned
martensite at the higher strain of 3% (Fig. 5).

This is also expected based on theoretic calculations of
the detwinning strains made elsewhere [24], which showed
that detwinning is difficult in the case of compression along
the [001] orientation.

Magneto-elastic coupling between magnetic domain
configuration and microstructure evolution

The present results not only reveal that the martensite
transformation mechanisms are different in the as-grown
and in the thermo-mechanically trained crystal, but also
show dissimilar magnetic domain configurations depending
on the microstructural evolution, cf. Fig. 9. The structur-
ally and magnetically homogenous state of the stress-free
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austenite phase associated with low magnetic anisotropy
energy resulting in a single large domain (Fig. 6a) is no
longer present upon SIM transformation. In the as-grown
crystal the magnetization direction varies from one twin to
the other within a CVP and submicron magnetic domains
with alternating magnetization directions are formed from
the austenite’s single magnetic domain state (Fig. 6b—d) as
shown schematically in Fig. 9a. The resulting one-to-one
correspondence between the magnetic domains and the
twins observed in the SIM of as-grown Co—Ni—Ga alloys in
this work (Fig. 7) is similar to results from Lorentz and
OM studies that have been reported elsewhere [26, 27].
Nevertheless, the SIM of the present study showed more
complicated domain patterns as compared to that of the
thermo-elastic martensite studied by Chopra et al. [27].

Another interesting feature of the crystal in the as-grown
state is the occurrence of magnetic domain structures in
regions of residual austenite within the plateau regime
(Fig. 6b and d). To find out whether these magnetic domain
structures are stress-induced, an additional experiment was
conducted within the elastic region of the austenite phase
(Fig. 1a). The MFM-images demonstrated that the single
magnetic domain state observed in the stress-free condition
did not change by elastic deformation of the austenite.
Thus, the existence of the magnetic domain structures in
residual austenite within the PE-plateau regime is attrib-
uted to the formation of a precursor phase prior to the
transformation to martensite. Similarly, Lorentz micros-
copy of magnetic domains in Heusler-type Co,NiGa alloys
revealed the presence of a precursor phase [25, 26]. De
Graef et al. [25] have also observed that the magnetic
modulation is on the same length scale as the structural
tweed and attributed this correlation to magneto-elastic
coupling between the magnetic domain structure and the
microstructure before the onset of the martensitic trans-
formation. By the same token, the observed micro-
magnetic domain reconfiguration from the single magnetic
domain state of the austenite phase through a precursor
phase highlights the presence of strong magneto-elastic
coupling in present alloy. However, the structural changes
between the austenite and the precursor phase are small and
were not detectable with EBSD.

After the thermo-mechanical training, the trained crystal
did not exhibit a one-to-one correspondence of the twin
variants with the magnetic domains. Instead, the size of the
magnetic domains became much larger, i.e., on the order of
micrometers, and 180° domain walls coincide with the
interfaces of martensite needles and residual austenite
phases (cf. Figs. 8b and 9 b). The reason for this could be
the difference in the morphology of the SIM of the as-grown
crystal and the martensite present after thermo-mechanical
training. Note that V, is the prominent twin-related variant
after training. The one-to-one correspondence was reported

to be dependent on the thickness of the twin plates [38]. The
twin plates must reach a critical thickness to develop micro-
domains. This criterion has been verified by electron
holography studies in a Fe—Pd alloy [15]. As the one-to-one
correspondence was not observed in martensite present after
training, it is concluded that the twin size is smaller than the
critical thickness.

In addition fir tree patterns were observed at the low
strain level of 1% (see Fig. 8a). These flux-collecting
domain patterns arise when the surfaces are slightly mis-
oriented with respect to the closest easy axis (less than
about 5°) [38]. The domains then collect the net flux
emerging from these mis-oriented surfaces. Similar
observations are also reported for Ni-Mn—Ga alloys by Ge
et al. [39] and were linked to the surface relief due to
martensitic transformations.

Further transformation in the trained crystal to about 3%
strain, has led to the growth of the twin variants V; and V,
through MR, which in turn results in an almost structurally
homogenous crystal. This gives rise to a single magnetic
domain state similar to that of the austenite phase as seen in
Fig. 8c. This can be achieved by migration and elimination
of the 90° and 180° domain walls that were present initially
at 1% strain (Fig. 9b). The coarsening of the twin variants
due to detwinning as in Fig. 8d, give way to a stripe-like
pattern with anti-parallel magnetization vectors as indi-
cated by arrows, which also coincide with the interfaces of
the twin variants V| and V,. The magnetization vectors of
the twin variant V, have perfect in-plane orientation in the
right part of Fig. 8d. In the middle region of Fig. 8d the
stripes proceed not in a straight-line manner due to very
small local changes in the orientation of the twin variant V,
parallel to the surface normal. The magnetic flux of the
magnetic domains changes by about 90° at the twin
boundaries and the magnetization vectors have out-of-
plane orientation within the twin variant V. This kind of
domain structure arises in microstructures consisting of
alternating twins with high magnetic anisotropy energy
[40].

Implications on the occurrence of magnetic field-
induced strain (MFIS) in Co-Ni—Ga alloys under
external stress

In the following, the occurrence of MFIS under constant
external stress through phase and twin-boundary motion as
well as martensite variant reorientation in the as-grown and
thermo-mechanically trained Co-Ni—Ga-crystals will be
discussed based on the different martensite formation
mechanisms and the related magnetic domain configuration.

Magnetic field-induced strain through phase boundary
motion could result from the growth of SIM in the as-
grown crystal. The almost constant plateau stress indicates

@ Springer
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that only a small change in stress is needed to increase the
strain from 1% to 3% due to the growth of SIM (Fig. 1a).
However, a low stress for phase boundary motion is not the
only criterion for obtaining MFIS. The driving force for
phase boundary motion due to external magnetic fields is
the magnetic anisotropy of the martensite phase as com-
pared to the austenite phase [7]. If the energy differences
across the phase boundary are small, an applied magnetic
field would only rotate the magnetization in both phases
instead of propagating the phase boundary. In the as-grown
condition both phases, austenite and martensite, show the
micro-magnetic domain pattern. No distinct changes in
magnetization are visible across the phase boundary
between the martensite needles and residual austenite
(Fig. 6b). Thus, it is unlikely that a phase boundary motion
would occur in a magnetic field in these areas. However, at
the interfaces between the martensite needles with higher
volume fraction of variant V, and the residual austenite
there is a clear variation in the overall magnetization
direction (without considering the micro-domains)
(Fig. 6d). A phase boundary motion by the application of a
magnetic field appears feasible in these regions. Unfortu-
nately, the martensite plates with higher volume fraction of
the twin variant V, are scarce as V; is the dominant variant
(Fig. 9a), thus, the aforementioned situation needed to
observe MFIS may not occur in the present alloy in the
as-grown state.

The thermo-mechanical training varies the magnetic
domain configuration; still, no MFIS triggered by phase
boundary motion will be obtained. The reason for this is
the dominant 180° domain pattern (Fig. 9b), which coin-
cides with the interfaces of the austenite and martensite
phases. The 180° domain wall motion changes the mag-
netization but the shape of the crystal will be retained [7].

However, Co-Ni—Ga alloys provide an opportunity to
demonstrate a stress-assisted magnetic field-induced twin-
boundary motion. The as-grown crystal showed a one-to-
one correspondence between the twin structure and the
magnetic domains within the plateau regime. Thus, the
magnetic domain structure is magneto-elastically coupled
with the twin structure. When the variation in magnetic
anisotropy energy between the twin variants (change in
magnetization direction across the twin boundary) is suf-
ficiently large, the application of a magnetic field could
cause twin-boundary motion. However, detwinning is
suppressed in compression along the [001] orientation [24];
thus, the stress for twin-boundary motion is very high and
MFIS through twin-boundary motion within the plateau
regime can hardly be obtained in the as-grown condition.

By contrast, MFIS by twin-boundary motion in the
martensitic phase might result after thermo-mechanical
training. Obviously, training decreased the stress for twin-
boundary motion and at the high-strain level of about 3%

@ Springer

partial detwinning finally occurred. Since the MR is mostly
completed at this point, the additional transformation strain
of about 1% is attributed to MD. The detwinned variants
show a stripe-like domain pattern (Fig. 9b), which is a
common feature in Ni-Mn—Ga alloys with high magnetic
anisotropy energy. Therefore, the variation in magnetic
anisotropy energy between the single magnetic domain
state of the fine internally twinned martensite variants V
and V, and their detwinned variants should be high. The
lower stress for twin-boundary motion in combination with
the high anisotropy energy in the detwinned variants pro-
vide an opportunity for MSME. However, in the present
crystals the volume fraction of the detwinned area is small
resulting in only 1% strain. Future work will address this,
and changes in temperature, an additionally thermo-
mechanically training (increase of the numbers of cycles
and/or stress levels) or a heat treatment are options to
change the microstructure morphology of martensite vari-
ants to obtain a higher volume fraction for detwinning.

Conclusions

The results of the present study on the stress-induced
martensitic transformation behavior and associated mag-
netic domain morphology of ferromagnetic Co-21Ni—
30 Ga (at. %) single crystals can be summarized as
follows:

1. The martensite formation under applied stress pro-
ceeds quite differently in the trained and untrained
crystals. In the as-grown crystal SIM is formed and
martensite variants with [110]y; orientation parallel to
the [001], compression axis are favorable. After
thermo-mechanical training MR is the main transfor-
mation mechanism, as a self-accommodated-like
martensitic microstructure with multiple variants is
formed right after the onset of the forward transfor-
mation. Subsequent to MR, partial detwinning occurs
in the trained case at high-strain levels.

2. The different microstructural evolution has a pro-
nounced effect on the magnetic domain configuration
in both conditions. In the as-grown crystals the
magnetic domains show a one-to-one correspondence
with the martensite twin structure. In contrast, thermo-
mechanical training leads to the formation of magnetic
domains on the order of several micrometers, which do
not show the same one-to-one correspondence. The
domain walls coincide with the interfaces of martensite
and residual austenite phases. The difference in
magnetic domain morphologies is attributed to the
variation in the thickness of martensite twins and the
size of the twins after the thermo-mechanical training
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is not sufficiently thick to show the one-to-one
correspondence.

Provided that the volume fraction of detwinned
martensite could be increased, a substantiated MFIS
should originate from the detwinned areas, since the
detwinned martensite variants show a stripe-like
magnetic domain pattern with anti-parallel magnetiza-
tion vectors, pointing to a high magnetic anisotropy.
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