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Abstract

The microstructure of a Ni-Mn—Ga alloy in the martensitic phase was investigated using transmission electron microscopy. Inter-
variant twin boundaries were observed separating non-modulated tetragonal martensite variants. In addition, intra-variant boundary
structures, referred to here as “conjugation boundaries”, were also observed. We propose that conjugation boundaries originate at
the transformation interface between austenite and a nascent martensite variant. In the alloy studied, deformation twinning was
observed, consistent with being the mode of lattice-invariant deformation, and this can occur on either of two crystallographically equiv-
alent conjugate {101}(101) twinning systems: conjugation boundaries separate regions within a single variant in which the active modes
were distinct. The defect structure of conjugation boundaries and the low-angle of misorientation across them are revealed in detail using
high-resolution microscopy. We anticipate that the mobility of such boundaries is lower than that of inter-variant boundaries, and is

therefore likely to significantly affect the kinetics of deformation in the martensitic phase.
© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ferromagnetic shape memory alloys, such as Ni,MnGa
[1,2], are promising candidates for sensor and actuator
applications due to their large strain and fast response.
The magnetic and mechanical properties of these materials
directly depend on the microstructure [3-7], which, in turn,
is determined by the relative ease of heterogeneous nucle-
ation vs. growth of the daughter variants produced by
transformation from the parent phase. The number of
crystallographically equivalent variants follows from
Lagrange’s theorem, i.e. it is equal to the ratio of the orders
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of the parent and daughter point groups. In the present
study, the martensite exhibited tetragonal symmetry,
4/m mm (order 16), so only three variants arise since the
parent symmetry is cubic, m3m (order 48) [8]. Thus, when
transformation is complete, the microstructure is expected
comprise the three variants, separated by inter-variant
boundaries [9]. However, we show in this work that vari-
ants actually exhibit a substructure of domains. Moreover,
we present transmission electron microscopy (TEM)
images revealing the atomic-scale structure of domain
boundaries, and show that they originate because of
prolific mechanical twinning on conjugate systems within
variants of such relatively high symmetry. Consequently,
we designate the domain boundaries “conjugation
boundaries”.
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2. Conjugate twinning systems

The microstructure of the martensite phase forms as a
result of a temperature-induced self-accommodating
martensitic transformation [9]. For a cubic-to-tetragonal
transformation, the martensite variants formed within
one initial grain belong to three symmetry-equivalent
orientations of the tetragonal ¢ direction, as depicted in
Fig. la. These are interrelated by {110}, mirror planes
of the austenite; one example is indicated in Fig. Ila.
(For simplicity, we have chosen face-centered tetragonal
(fct) cells. The conventional choice would be the body-
centered cell rotated by 45° about [001] with respect to
the face-centered cell [10]. Also, we omit the subscript
when referring to the fct axis system.) We focus on a sin-
gle martensite variant, designated M in Fig. la, which is
shown enlarged in Fig. 1b. Mechanical twinning can
occur on {101) planes with twinning direction (101] in
this variant: these four twinning systems can be subdi-
vided into two conjugate pairs with twinning planes
(101) and (101), and (011) and (011). The former pair
is illustrated in Fig. 1b. Using the terminology of
mechanical twinning [11], (101) is the K; plane and
[101] is the n; direction of this compound twin, which
is shown in red, and (101), [101] is the conjugate system
in blue (K>, 1,). Consequently, we designate these conju-
gate systems T; and T, in the present work. We note
that the conjugate systems (101) and (101) are interre-
lated by the (100) mirror plane which is aligned with
the (100)4 mirror plane in austenite, Fig. la. Thus, the
conjugate twinning systems T; and T, occur on crystallo-
graphically equivalent planes in the tetragonal cell.

We define the following angles for use in later discus-
sion. The acute angle, /o, between the K; and K, planes
is given by o =2 tan! (a/c): using the tetragonal lattice
parameters at the martensitic transformation temperature
(Section 3.1), ¥y =80.45°. The angle between K; and
[100] is designated 60, and can be expressed as
0 =90 — /2 =49.78°. Also, the misalignment of the
[100] directions in T; and T», labeled d, in Fig. 1b, is equal
to 09 =20 — Yo =19.10°.
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In previous work [12-14] it has been demonstrated that
twinning on these systems proceeds by the motion of dis-
connections along the twin boundaries. For the T; system,
the Burgers vector of the disconnections is very close to
b* = 1/12[101], and the step height is /1= d;02), where
di202) is the interplanar spacing of (202) planes. Similarly,
for the T, system, b’ = 1/12[101], and the step height is
h=dg,. The shear for both systems is equal to
|6°)/h = ¢/a — alc, which has the magnitude 0.36 in the
present case.

3. Experimental procedure
3.1. Sample preparation

Two samples were prepared for TEM analysis. The first
was polycrystalline Nigg75sMnsz4Gajgos (at.%), which was
prepared in a Reitel induction furnace from the constitu-
tive metals Ni 99.9% (Alfa Aesar), Mn 99.9% (Alfa Aesar)
and Ga 99.999% (Sigma Aldrich) and cast into a copper
mold. The purity levels quoted specify only metallic impu-
rity concentrations. The crystal structure of the bulk poly-
crystalline sample was analyzed using a Bruker DS
diffractometer with Cu Ko radiation. At room tempera-
ture, the structure was non-modulated tetragonal with lat-
tice parameters a=b=5504002A and
c=6.58+0.04 A. Subsequently, the sample was heated
in the diffractometer until austenite peaks could be seen.
At the transformation temperature, the tetragonal lattice
parameters were a=b=5544+0.02A and
¢=6.55+0.04 A and the austenite lattice parameter was
ay,=5.86+0.02A.

The second sample was a single crystal with composition
Ni53.4MH2549G320A7, which was grown by the Bridgman
method using ultrapure Mn (99.9997%) with less than
100 ppm oxygen (Institute of Physics Polish Academy of
Sciences) in an argon—6% hydrogen atmosphere. The crys-
tal was heat treated at 950 °C for 48 h followed by 750 °C
for 12 h in an argon atmosphere [15]. A slice was cut from
the center of the single crystal and energy-dispersive X-ray
spectroscopy was performed, which showed a composition
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Fig. 1. (a) Three tetragonal variants form as a result of a martensitic transformation and are interrelated through the {110} mirror planes of the parent
phase (A). (b) Variant M (black) and twinning on conjugate systems (red and blue). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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of Nis3 sMny, 9Gay 6. X-ray diffraction confirmed a non-
modulated structure.

TEM specimens were prepared from slices of both sam-
ples. Slices were mechanically thinned to 80-120 pm and
discs with a diameter of 3 mm were obtained using a punch
(model 656 Gatan, Inc.). Thin foils were then prepared in a
TenuPol 3 (Struers) double-jet electropolisher operated at
243 K and 10 V using an electrolyte of 700 ml methanol
(Aldrich) and 300 ml 69.9 vol.% nitric acid (Aldrich).

4. TEM observations

The polycrystalline foils were examined at room temper-
ature in a JEOL 2100 HR TEM operated at 200 kV with a
LaBg filament. The single crystal foils were studied with
high angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) using an FEI Titan
80-300 instrument with c¢s-correction operated at 300 kV
at Pacific Northwest National Laboratory.

The structure of a conjugation boundary separating two
domains is shown at relatively low magnification and
viewed along in [010] Fig. 2a. Each domain was a compos-
ite configuration comprising parallel twins in variant M. In
the left-hand domain the twinning system was T;, so we
designate this domain (M, Ty), and, similarly, the right-
hand domain was (M™, T,): the “+” and “-” superscripts
indicate that the left-hand domain was rotated anti-clock-
wise about [010] by a small angle, ¢/2, and the other clock-
wise by ¢/2. Three features of Fig. 2a are of interest: the
magnitude of the angular misorientation of adjacent
domains, ¢, the twinning fraction, f, in each domain and
the defect structure along the boundary. These aspects
are discussed separately below.

200nm

4.1. Domain misorientation, ¢

The selected area diffraction pattern from each domain
is inset in its corresponding domain in Fig. 2a. Fig. 2b
shows the diffraction pattern recorded when the aperture
straddled both domains. These diffraction patterns demon-
strate that the two domains were formed of the same
martensite variant, M, and that the twinning system in
the left-hand domain was T; with K; parallel to (101),
while that in the right-hand domain was T, with K, parallel
to (101). The (004) planes on the left and right side of the
boundary were misoriented by ¢ = 7° + 1°, as indicated by
the diffraction spots 004y~ and 004y~ in Fig. 2b. The mis-
orientation ¢ was also evident from the angle between K,
and K5 in the two domains, designated ¢ in Fig. 2a. This
angle was 88° £ 1°, differing from the angle Y, calculated
in Section 2 by 7.55° £ 1°, i.e. consistent with being equal
to Yy = o + ¢ within experimental error. Thus, as a result
of the misorientation, ¢, between M and M~ being intro-
duced, the initial misalignment of T; and T, has been
reduced from Jy to 0 =3y — ¢ = 12.10° &= 1°: this is the
angle between the diffraction spots (400);, and (400)
in Fig. 2b.

4.2. Twinning fraction, f

The dark-field image of domain (M, T») in Fig. 3a was
formed using the reflection g = 202,, where the subscript
indicates indexing with respect to the twinned crystal. Both
domains were aligned along [0 10] with the twin boundaries
oriented edge-on: the twin widths were finest near the con-
jugation boundary. Fig. 3b is a bright-field image of the
same area, but with domain (M™, T,) tilted to a two-beam
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Fig. 2. (a) Conjugation boundary imaged along the [010] zone axis. The insets are diffraction patterns of domains M*/T; (left) and M /T, (right). (b)
Diffraction pattern over both domains aligned along [010] zone axis. The 004 reflections from M " and M~ are inclined at an angle of ¢ = 7° + 1°.
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Fig. 3. (a) Dark-field image with both domains aligned along the [0 10] zone axis, and with the aperture displaced to select the 202, reflection. (b) Bright-
field image with the M~/T, domain tilted into a two beam condition with g =202;_.

condition with g =202y,_, showing that the twin widths
coarsened progressively with distance from the interface.
Additional observations indicated that the extent of coars-
ening was less in domain (M, T)).

Image analysis software was used on the dark-field
image in Fig. 3a. A Hough transformation was applied
to the image for line extraction to identify the twin bound-
ary locations. These lines were smoothed with directional
average filtering and adaptive thresholding was then
applied to create a binary image of the twins. The ratio
of the twin-matrix thicknesses, f, was determined as the
ratio of white to black pixels. This procedure was carried
out with edge-on dark-field images, such as Fig. 3a, from
both domains. The twinning fraction, f, was 0.38 £ 0.05
in both domains.

4.3. Defect structure

Fig. 2a shows that the conjugation boundary exhibited
facets, the largest being ~100 nm in length. These facets
had both “symmetrical” and “asymmetrical” orientations.
Asymmetrical facets were nearly parallel to the twin planes
in the two domains, while the symmetrical facets were ori-
ented close to (100),, i.e. symmetrically disposed between
(100)y+ and (100),,-.

Fig. 4a is a dark-field image showing the conjugation
boundary with the sample tilted ~5° off the [010] axis so
that the (M, T|) domain was in a common two-beam con-
dition with g = 202M+/202T1. Thus, both M* and T,
appear with the same contrast and the twin boundaries sep-
arating them were invisible, whereas the boundaries
between M~ and T, remain visible. Fig. 4b is a magnified
image of the area indicated within the box in Fig. 4a. Alter-
nating black and white contrast lobes were observed along
the conjugation boundary, emanating from the termina-
tions of twins in the (M, T,) domain and extending into
the (M", T;) domain. Fig. 4c is a schematic representing
this contrast feature as a sequence of bright and dark ovals.

Fig. 5a is a HAADF STEM image of the single crystal
sample viewed along the [010] direction. The atomic reso-
lution image clearly displays the presence of twins in the
microstructure: however, the location and the character
of the twinning disconnections are not immediately evident
based on a casual inspection. In order to visually enhance
the presence of disconnections, we have performed a cen-
tro-symmetry analysis for all atomic columns identified in
the image, and color-coded the images according to this
parameter [16]. The color-coded image is presented in
Fig. 5b. Blue represents sites with a high degree of cen-
tro-symmetry, while warmer colors represent sites with a
broken centro-symmetry, such as those at twin boundaries.
Consequently, steps along the twin boundaries can be read-
ily identified as disconnections. In Fig. 5b, the matrix is
labeled M and the twin is labeled T. This image reveals dis-
connections viewed end-on in the twin boundary. Previous
work [12-14] used alpha-fringe contrast to characterize the
disconnections [17] and the Burgers vector and step height
deduced in that work, 5’ =1/12[101] and h=dy02),
respectively, can be confirmed directly from this image by
circuit mapping [18]. The area indicated by a white box
in Fig. 5b is magnified in Fig. 5c, showing that T is two
d202) planes thick at the left side and tapers to the right
in two discrete steps, as demonstrated schematically in
Fig. 5d. The matrix is colored blue, and grey lines, repre-
sent (507),,/(507); planes, which are straight and parallel
in the twin and matrix, except where strongly distorted
near defect cores.

Fig. 6a is a HAADF STEM image of a conjugation
boundary viewed along [0 10], and Fig. 6b is the correspond-
ing color-coded image. This structure resembles that seen in
Fig. 2a, except that this conjugation boundary exhibited
symmetric and, predominantly, asymmetric micro-facets.
Fig. 6¢ schematically depicts the reactions of disconnections
originating from the T; and T, twinning systems as they
impinge. Six disconnection interactions, numbered 1-6,
were observed: 1-2 correspond to a symmetrical interaction,
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Fig. 4. (a) Dark-field image of the conjugation boundary, with the M"/T, domain in the two beam condition g = 202y, /2027,. (b) Magnified image of
the boxed area in (a). (c) Schematic illustration depicting the alternating black and white contrast.

Fig. 5. (a) HAADF STEM image viewed along [010]. (b) Color-coded image from (a), where blue represents atomic columns with perfect tetragonal
symmetry and warmer colors show deviation from this. (c) Magnified view of area boxed in (b). (d) Schematic illustration of (c) depicting twinning
disconnections. Matrix (M) is blue, with the red twin variant (T) terminating after two twinning disconnections. The gray lines represent the (507),,
planes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and 3-6 correspond to T, disconnections blocked at a T
barrier, resulting in an asymmetrical facet.

5. Discussion

The observations presented in Section 4 are consistent
with the model of formation of conjugation boundaries
depicted schematically in Fig. 7. The variant M nucleates
heterogeneously with nominal habit plane (011), [19]
and {101)/(101] twinning ensues as the mode of lattice-
invariant deformation (LID) [20]. At one location, in the
domain on the left of Fig. 7, the T, twinning mode is oper-
ative, while at another location, in the domain on the right
of the diagram, the conjugate system T, ensues. Conse-
quently, in the wake of the inter-phase boundary as it
advances into the austenite, a conjugation boundary forms
where the domains impinge. These martensitic domains are

interrelated by a (100), mirror plane. Three features of
this model are considered in greater depth in the following
sections. The first feature is the magnitude of the domain
misorientation, ¢. This misorientation originates from the
extent of LID twinning which is induced in the martensite
plates to remove coherency strains between the two phases
[20]. An ancillary consequence of such misfit removal is
that a small angular misorientation, ¢/2, arises between
the phases, so that the eventual misorientation at the con-
jugation boundary is ¢. In Section 5.1 we show how ¢ can
be estimated. The second feature is the configuration of dis-
locations along conjugation boundaries, and this is dis-
cussed in Section 5.2. Finally, in Section 5.3, we explain
why conjugation boundaries are constituted predominantly
of asymmetric facets, rather than symmetric ones, despite
the expectation that the latter have distortion fields with
smaller stored elastic energy.
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Fig. 6. (a) HAADF STEM image of a conjugation boundary. All twins are viewed along [010]. (b) Corresponding color-coded image. (c) Defect
configuration at the interface: six T;/T, twin interactions are present and labeled 1-6.
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Fig. 7. Schematic illustration of the accommodation of misfit at a (01 1), habit plane between austenite (lower crystal) and martensite (upper crystal). The
lattice-invariant deformation mode is twinning on the T; system in the left-hand domain, and T, in the right-hand domain. The vertical dashed line

represents the eventual location of a conjugation boundary.

5.1. Estimation of ¢

Consider the misfit along [100]4, in the interface
depicted in Fig. 7. The true misfit parameter at a coherent
interface depends on (1) the ratio of elastic moduli of the
austenite and martesnite phases [21] and (2) the true strain
and not the engineering strain [22]. Around the martensite—
austenite transition, the elastic constants depend rather
strongly on temperature and both phases are strongly
anisotropic [23,24]. However, a detailed treatment of elastic
anisotropy is beyond the scope of this work. In the approx-
imation of homogeneous, isotropic, linear elasticity, the
strain in the austenite and martensite phases is equal and

opposite and the difference between engineering strain
and true strain is negligible. Initially, [100]y is aligned with
[100]a, and the resulting misfit, &”, along this direction is
equal to &"=2ay — a,)/(ay+a,): using the lattice
parameters determined by XRD at the transformation tem-
perature, ¢” is equal to 5.61%. The inception of mechanical
twinning relieves this misfit strain in the growing martens-
ite plate [25]. The mechanism is the motion of twinning dis-
connections along the twin interfaces, either from a source
within the martensite plate or nucleated at the austenite—
martensite interface. Whichever mechanism operates,
interfacial dislocations, with Burgers vector equal to 5%,
arise at the austenite—martensite interface, as depicted
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schematically in Fig. 7. In Fig. 7, the twins are shown sche-
matically as though they emerge at a free surface of the
martensite: in fact, the interfacial gaps shown as gray
shaded areas in Fig. 7 would be closed, giving rise to a
short-range distortion field. Let the component of the
Burgers vector which is parallel to the austenite—martensite
interface be designated bj )= b? cos 0, and that perpendicu-
lar to the interface be b} = b”sin 0: at the transformation
temperature their values are 0.462 A and 0.546 A, respec-
tively. An array of such dislocations with appropriate spac-
ing along the interface can accommodate the misfit (by
virtue of the components b‘;’/), but also produces a misori-
entation ¢/2 (by virtue of the components 4?). We note
that the b‘/’/ components have the same sign in both
domains, whereas the b‘i components have opposite sign.
Thus, both twinning modes can accommodate the misfit
present, but give rise to misorientations with opposite sign,
as indicated in Fig. 7.

For simplicity, we assume that these dislocations are dis-
persed individually and are equi-spaced along the interface,
whereas, in fact, they are grouped together, as in Fig. 7, on
adjacent (202) planes, forming narrow twins. The spacing
between individual dislocations necessary to relieve misfit,
L, and the misorientation, ¢/2, can be determined follow-
ing the method described by Hirth and Pond [22]: this iter-
ative procedure takes into account the non-linear change of
the magnitudes of b‘/’/, and b as the misorientation
accrues. Two equations are employed (with signs appropri-
ate for this case):

g = [bj’/ 4! tan(q)/4)] JLo~ b, /Ly (1)
and Frank’s relation:
@/2=2sin"" (b1 /2L,) ~ b /L (2)

where the approximate forms would be accurate in the lim-
it of small ¢. L is estimated from the approximate form in
Eq. (1), and ¢ is determined from the exact form in Eq. (2).
This value of ¢ is substituted into the exact form of Eq. (1)
to give an updated value L, and iteration proceeds. The
convergence is rapid because of the weak dependence of
¢ on Lo In the present case, the initial values are
Ly=8.24 A and @o/2 =3.80°, and the final values are
L=28.53 A and ¢/2=3.67°. The increment in L reflects
the fact that the sense of ¢ enlarges the component of 5“
parallel to the equilibrium interface plane, while the decre-
ment in ¢/2 arises because the component of 57 perpendic-
ular to the interface diminishes and the defect spacing
increases. As a consequence, when impingement of do-
mains (M ", Ty) and (M, T») occurs, the adjacent domains
are expected to be misoriented by ¢ = 7.33° about [010],
which is in good agreement with the measured value of
7° £+ 1°. We note that the value of ¢ is much larger in the
present case than commonly found in phase transforma-
tions, typically <1° [22,25]. This is a consequence of the
large value of b, which does not contribute to misfit
accommodation, which, furthermore, is a testament to

the low energy and ease of nucleation of twinning in this
alloy [12]. (In a fuller treatment of the austenite-martensite
interface structure it is necessary to consider the line direc-
tion of the twinning disconnections and the contribution of
a further array of transformation disconnections to misfit
accommodation [25]. However, these contributions are
small parallel to [100].)
The twinning fraction can be expressed as

_ d202)
/= Leos(0- 972) G
which has the value 0.36 in the present case, which is in
good agreement with the measured value of 0.38 + 0.05.

5.2. Defect structure of conjugate boundaries

Two principal types of disconnection interactions occur
where the twinning systems T; and T, meet. The first type
of interaction, as at sites 1 and 2 in Fig. 6, is schematically
depicted in Fig. 8a. Here, a twinning disconnection of sys-
tem T; with Burgers vector b‘f meets a twinning disconnec-
tion of system T, with Burgers vector bg and reacts to form
a “grain boundary” dislocation [26] with magnitude
b¥ = 2b%in(\y/2), which is oriented parallel to [100]s.
According to Frank’s rule, this reaction is energetically
favorable if ° < v/2b’: as shown schematically in Fig. 8,
this is the case since ¥y <90°. A wall of such dislocations
creates a symmetrical tilt boundary with modest stored
elastic energy.

The second type of interaction, as at sites 5 and 6 in
Fig. 6¢, occurs when incident disconnections of system T,
encounter a T; twin, forming a wall at the T; barrier,
Fig. 8b. This defect arrangement constitutes a local energy
minimum and is metastable (i.e. not in equilibrium) and
results in an asymmetrical facet. The component of 53 per-
pendicular to the T, twin boundary is 5% sin(yy) = 0.714 A,
and the small component parallel to the interface is
b cos(i) = 0.025 A. Fig. 4a was taken with g =202,/
20271, and shows contrast consistent with the stress field
of such defect walls: the black/white lobe contrast in
Fig. 4 extends into the M+/T1 domain to a distance which
corresponds to the thickness of the twins in the M~/T,
domain at the interface. Here, the width of the T, twins
is of the order of 10 nm, i.e. much larger than in Fig. 6.
In-plane Burgers vector components, b¢ cos(), would
generate a long-range stress field. However, if, overall,
there are equal areas of the two orientations of asymmetric
facets, as observed experimentally in e.g. Fig. 2, these
stresses would cancel at long distance, thereby reducing
the strain energy of the conjugation boundary.

It can be advantageous to model such defect arrays as a
disclination dipole array, as illustrated in Fig. 9. This
approach significantly reduces the numerical effort when
calculating the stress field [27,28], albeit by neglecting the
small in-plane component of the Burgers vectors at the
asymmetrical facets. Such an approach is appropriate in
situations where the stresses of the asymmetrical facets
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(a) Symmetrical Facet b4, + bd, = be
be
bY, b,
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(b) Asymmetrical Facet

Fig. 8. Schematic illustration of twinning disconnection interactions at symmetric (a), and asymmetric (b) facets of a conjugation boundary.

Fig. 9. Disclination dipole representation of the defect structure at
symmetric (SF) and asymmetric facets (AF) of a conjugation boundary.

are small and cancel at relatively short distance. While
compromising accuracy of the strain fields, a disclination
approach predicts the misorientations produced by certain
hierarchical defect arrangements comprising large numbers
of dislocations and disconnections [29]. A similar approach
has been taken to model the defect content of the film/sub-
strate interfaces of epitaxially grown thin films of twinned
ferroelectric systems [30-32]. In those cases, the Burgers
vectors of twinning dislocations had large components par-
allel to the substrate/film interface and were modeled as
Somigliana dislocation dipoles.

5.3. Predominance of asymmetric facets

Symmetric facets have no Burgers vector content paral-
lel to the interface and are therefore energetically more
favorable than asymmetric ones. Thus, symmetric facets
would be expected to dominate at equilibrium. However,
Figs. 2 and 6 show that asymmetrical facets actually dom-
inate. We suggest that this arises for kinetic reasons associ-
ated with the stochastic occurrence of the two twinning
modes at austenite-martensite interfaces. In order to form
an entirely symmetrical conjugation boundary, each pair of

abutting twins from domains (M™", T;) and (M, T,) would
have to exhibit the same thickness and meet in registry.
This improbable mechanism is depicted schematically in
Fig. 10a, where dashed black lines represent {202} planes
in the twins of the adjacent domains and both domains
have a twinning fraction of 0.4. A less symmetrical but
more probable arrangement, leading to the formation of
a mixture of symmetric and asymmetric facets, is illustrated
in Fig. 10b. Here, the twinning fraction is the same as
above, but the twin widths are different in each domain
so only partial registry occurs. In Fig. 10c the twin widths
are again different and meet without registry so that only
asymmetric facets form.

Conjugation boundaries are likely to affect the kinetics
of shape deformation in response to an applied stress or
magnetic field. Because of their complex structures and
low energies, we anticipate that their mobility is likely to
be lower than that of inter-variant boundaries, and in situ
TEM observations are currently in progress to establish the
mechanism of motion.

In conventional treatments of martensitic microstruc-
tures [9], only the three tetragonal variants are considered.
These are relatively disposed so that their mutual interfaces
are consistent with the notion of kinematic compatibility,
or, alternatively expressed, as invariant plane interfaces.
However, the present work demonstrates that further
mechanistic considerations may be necessary. The conjuga-
tion boundaries observed here are thought to have arisen
through the mechanism of stress accommodation at aus-
tenite-martensite interfaces: mechanical twinning is pro-
posed as the active mode of lattice-invariant deformation,
and introduces ancillary tilting by the angle ¢ between
intra-variant domains. It is on the basis of this mechanism
that the authors choose to use the terminology of deforma-
tion twinning, in addition to the generic term “transforma-
tion twinning” widely used in this field. Of course, this
mechanism does not violate the fundamental principle of
symmetry conservation encapsulated by the Lagrange
expression [8]. The two domains shown in Fig. 2, for exam-
ple, are interrelated by a (100), mirror plane. Ni-Mn-Ga
alloys with other compositions exhibit monoclinic symme-
try [33]. In such cases, more variants arise, but conjugation
boundaries may be avoided because conjugate twin planes
may not be crystallographically equivalent.
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Fig. 10. Schematic illustration of the formation of symmetric and asymmetric facets: (a) entirely symmetric conjugation boundary requiring twins of equal
width to meet in registry, (b) mixed symmetric and asymmetric facets and (c) entirely asymmetric facets.

6. Summary

We have identified a microstructural feature which
arises in the non-modulated martensitic phase of a
Ni-Mn-Ga alloy. These “conjugation boundaries” were
observed within tetragonal variants of the martensitic
phase, and are formed where domains of (101)[101] and
(101)/[101] conjugate deformation twins impinge. We
attribute this intra-variant substructure to two primary fac-
tors. First, the variants exhibit relatively high symmetry,
4/m mm, so that lattice-invariant deformation can occur
on conjugate twinning systems. Second, these modes of
twinning are very easily induced.
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