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AbstractÐThe substructure of martensite and the intervariant boundary structure in the deformed 18R
martensite in a Cu±Zn±Al shape memory alloy have been investigated in detail by a high resolution elec-
tron microscope (HREM). It is found that the deformation-produced dislocations, which mainly appear in
the (0018) plane, extend into partial dislocations with a spacing of between ®ve and eight atomic layers. In
addition to �0018��010� slipping, dislocations in the ��128� plane are also found. To accommodate strain, lat-
tice rotation takes place near the boundary plane to bring close packed planes of the related variants into
parallelism, reducing the resistance for the boundary to move. The intervariant boundaries in the same
plate group or between di�erent groups develop into stepped boundary structure due to deformation.
These steps correspond to twinning dislocations whose movement results in the migration of the boundary
perpendicular to itself. # 1999 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

The martensitic transformation in shape memory
alloys has been the subject of extensive work for
many years, because of the well-known shape mem-

ory e�ect. Despite this fact, it took a long time to
understand the deformation characteristics, since
they are an important aspect of shape memory

e�ect. When stress is applied to a fully martensitic
thermoelastic alloy, several types of microscopic de-
formation can occur in order to produce the macro-

scopic shape change. These include four major
deformation modes, as follows: (a) coalescence and
arrangement of preexisting martensitic plate
variants [1±5], (b) adjustment and development of

internal twinning in individual plates [6, 7], (c) struc-
tural (martensite-to-martensite) transformations,
involving changes in the stacking sequence of close-

packed planes [4, 8, 9], and (d) ordinary slip [10, 11].
On the other hand, it is common knowledge that
the shape memory e�ect is relative to the movement

of the martensite±martensite boundary. But the
mechanism for the movement of a boundary is
lacking direct evidence as yet.

Previous work on deformation characteristics in
shape memory alloys is mainly concentrated on
conventional TEM observation [8±12]. However,
the poor resolving power of TEM prevents us from

making a conclusion directly. So far, no detailed
study of plastic deformation characteristics in Cu±

Zn±Al 18R martensite has been carried out by

HREM. In this work, the characteristics of the
deformed 18R martensite have been observed and
analyzed by using HREM techniques.

2. EXPERIMENTAL

Cu±20.4Zn±5.6Al (wt%) alloy was prepared from
the elements (r99.9 mass%) by an induction fur-
nace using a graphite crucible followed by casting

in an iron mold. After annealing at 8508C for 12 h,
the ingot was rolled into a sheet 1 mm in thickness.
The specimens were held at 8508C for 10 min,

quenched in boiling water, aged at 1008C for
30 min, and then air cooled to room temperature.
The transformation temperatures determined by

di�erential scanning calorimetry were Ms � 788C,
Mf � 408C, As � 508C, Af � 868C, so that the
microstructure was completely martensitic at room
temperature. The specimens, in the form of 1� 4�
200 mm3 plates, were deformed in tension to the
extent of six percent elongation in an Instron-1186
machine at room temperature at a strain rate of

4.1�10ÿ4/s. The specimens were mechanically
thinned to 50 mm and then punched into 3 mm di-
ameter discs. Thin foils were prepared by electro-

polishing with a conventional electrolyte of
HNO3:CH3OH � 1:2 around ÿ358C. Observations
were carried out using a JEOL 2000EX II electron
microscope with a point resolution of 2.1 AÊ oper-

ated at 200 kV using a top-entry type double-tilt
specimen stage with angular ranges of2108.
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The lattice directions and plane normals in the

18R martensite have no subscript such as 18R or
b
0
1, because all the indexes are with respect to mar-

tensite basis in the present analysis.

3. RESULTS AND DISCUSSION

3.1. The slip dislocations

Deformation characteristics with the distorted
zone directions following two main orientations (T1

and T2) were found as shown in Fig. 1 along the

��292� zone axis of the deformed 18R martensite.
There are several ribbons which cross each other,
constituting a network structure. Along trace T1 are

two long and parallel ribbons with a spacing of
about 13 nm, and some segments exist lying in trace
T2 as well. The ribbons can be determined to be the

traces of the edge-on (202) plane and the ��1�28�
plane according to the inserted di�raction pattern.
(To understand the deformation well, the stacking
sequence in 18R martensite is illustrated as shown

in Fig. 2.) Due to the fact that the martensite has
been deformed, the ribbon may be guessed as the
distorted zone of slip dislocation. The possibility of

slip on the two kinds of planes is small, and pre-
vious research has veri®ed the existence of slip in
the planes ��128� and (0018) [10±12]. Plane (0018) is

the shear plane of martensitic transformation in
which the atoms have good coplanarity, therefore
the resistance to glide is small, i.e. gliding takes

place easily. On the other hand, since the ��1�28�
plane is on edge and the distorted zone observed
has a considerable width, the probability of slip on
this plane is small. But gliding on the equivalent

��128� plane is plausible, because the planes (0018)

and ��128� make an angle of approximately 908 with

planes (202) and ��1�28�, respectively, and the projec-

tion of the distorted zone can directly shed light on

the atomic distribution characteristics of the dis-

torted zones in the two close packed planes.

Therefore, the traces along the (202) plane and the

��1�28� plane are the projections of the distorted

zones of slip dislocations on the (0018) plane (trace

T1) and on the ��128� plane (trace T2), respectively.

The distorted zone of the slip trace along T1 may

be composed of partial dislocations which are 5±8

atomic layers apart (site ``S'' in the ®gure), oc-

casionally getting wider to 15±20 atomic layers (site

``L''). Considering that there are two parallel slip

traces along T1, the cue that a superdislocation dis-

sociates and extends is taken from the above defor-

Fig. 1. High resolution image of the deformed martensite in view of the ��292� orientation as shown by
the selected area di�raction pattern.

Fig. 2. Part of the stacking sequence in 18R martensite
showing the ��292� zone axis. Open and solid symbols refer
to the two respective atomic species in the ordered struc-

ture.
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mation characteristics. Since the basal faults are

generally considered to have a lower stacking fault

energy than the ordinary materials, it is possible

that the deformation-produced slip dislocation

extends into partial dislocations.

There is the possibility of having partial dislo-

cations with Burgers vector b1, b2, or b3 in the basal

plane. From the macroscopic slip direction observed

by Cuniberti et al. [12], the total Burgers vector of

the quartet can be assumed to be b � �010�. This

superlattice Burgers vector ®rst dissociates into two

superpartials with the length of the fundamental lat-

tice b0 � 1
2 �010�, where the dislocation with the

Burgers vector b0 � 1
2 �010� � b1 � b2 � 1

12 �230� �
1
12 ��230� further dissociates into two partial dislo-

cations with Burgers vector b1 � 1
12 �230� and

b2 � 1
12 ��230�, respectively [11]. Rodriguez et al. has

calculated the distance r between the superpartials

from the theory of dislocations with a result of

r � 15 nm [11], which is in accordance with the pre-

sent observation (013 nm). The argument above is

theoretical to some extent, therefore, comparison

between the imaging condition and experimental

observation should be made further. Figure 3(a) is

the schematic diagram of the extended dislocation

cd in 18R martensite, and two Shockley partials c

and d with respective Burgers vectors b1 and b2 are

joined by a stacking fault cd. When viewing along

the ��292� direction, the crystal around the two par-

tial dislocations is perfect, and the atomic columns

are distinct, but the corresponding distorted zone

gives a blurred image. At the level of magni®cation

in Fig. 1, it is di�cult to prove the existence of par-

tial dislocations as analyzed above. In the higher

resolution lattice image [Fig. 3(b)] of the framed

region along T1 in Fig. 1, it is further clear that the

distorted zone between two parallel lines (b1 and b2)

shows a blurred image, which is consistent with the

theoretical analysis above. On the other hand, the
Burgers vector b0 � 1

2 �010� is not a lattice vector for

the ordered martensite, the formation of such dislo-
cation damages the ordering in martensite. In fact,
the dislocation-produced anti-phase boundaries

(APBs) are observed along the traces of ��128�,
��1�28�, and (0018), and for severe deformation the
dislocations are tangled on these three planes [10].

This is a powerful proof for the existence of partial
dislocations.
In addition to the slip traces on the (0018) basal

plane, we observe ribbons (along T2) on the ��128�
plane. But from the atomic con®guration, it seems
impossible that a dislocation extends into two par-
tials, because the ribbon is very narrow (between

two and four atomic layers wide). The higher mag-
ni®cation image [Fig. 4(a)] of the trace along T2

(framed region in Fig. 1) shows that the non-colli-

neation of the atom layers (shown by black dots
and snow¯ake) across the distorted zone along T2

reveals the characteristic of a screw dislocation. The

atomic con®guration of a screw dislocation with
Burgers vector bN � 1

4 �210� is drawn in Fig. 4(b),
which is similar to the observed atomic arrange-

ment near the distorted zone along T2. The
screw dislocations in the ��128� plane do not extend
into two partials, i.e. bN � 1

4 �210� � b1 � b3 �
1
12 �230� � 1

3 �100�. Compared with the better co-

planarity of atoms and the dislocation extension in
the basal plane (0018), two out of three atoms in
the ��128� plane de¯ect from the plane. These two

points might be responsible for the di�culty in dis-
location extension on the ��128� plane.

3.2. Adjustment of basal stacking faults and lattice
rotation

Figure 5(a) is an enlarged area of a certain
variant near the boundary and the inserted is the

Fig. 3. (a) Schematic diagram of the extended dislocation cd showing a [100] projection. Circle symbols
refer to atoms in, and up triangle and down triangle symbols refer to atoms above or below the plane
of the ®gure. Open and solid symbols refer to the two respective atomic species in the ordered structure.
(b) Higher magni®cation of the framed region showing the ®ne atomic arrangement along trace T1 in

Fig. 1.
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di�raction pattern corresponding to the framed

region. It is obvious that the pattern is composed of

two sets of spots which make an angle of about 58.
Because the pattern comes from the same variant,

the splitting of spots means that the basal planes

are not parallel to each other. It is obvious that the

basal plane stacking faults tilt relative to the orig-

inal ones. In Ref. [13], for normal thermal marten-

site, two variants which have approximately parallel

basal planes merge their lattices together by lattice

rotation. But in our deformed sample, this mechan-

ism is more suitable and obvious for the variant to

accommodate strain. The mechanism of lattice ro-

tation may be visualized in Figs 5(b)±(d). This is

Fig. 4. (a) Higher magni®cation of the framed region showing the ®ne atomic arrangement along trace
T2 in Fig. 1. (b) Schematic diagram of a screw dislocation with Burgers vector b � 1

4 �210� in the ��128�
plane. Open and solid circles refer to the atoms in the adjacent layers, respectively.

Fig. 5. (a) Electron micrograph of a variant near the boundary, showing the tilting of the basal planes,
and the selected area di�raction pattern taken from the framed zone. (b)±(d) Schematic drawings of the
lattice rotation mechanism by means of basal stacking faults. (b) Martensite as seen from the [100]
direction, divided into three regions by imaginary planes. (c) Introducing stacking faults by di�erent
amounts in regions 2 and 3 that shear the lattice by proportional amounts in the [010] direction. (d)
Rotation of the lattice about the [100] axis by y deg results. If the fault edges are aligned along the
[010] direction, a rotation about [010] results. By combination, a rotation in any direction may be

realized.
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done by introducing basal plane faults of di�erent

amounts in each imaginary column as shown in

Fig. 5(c), an ultimate rotation of the lattice, y, is

realized when combining the columns together,

Fig. 5(d), the rotation axis being perpendicular to

the plane of the ®gure in this case. If the basal

plane faults are introduced with their edges-on, a

rotation about an axis in the plane of the ®gure will

result. Therefore, a rotation of the lattice in any

arbitrary direction may be easily attained by the

Fig. 6. Lattice image of the deformed A/B type twin boundary. Electron beam//[210]A and ��292�B.

Fig. 7. Lattice image of the deformed A/C type twin boundary. Electron beam//[210]A and [210]C.
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combination of any two (or more) rotation axes.

Adjustment of stacking faults on the basal plane is
carried out by the movement of partial dislocations,

which has often been reported [14±16]. We can

demonstrate that this result provides powerful evi-
dence for Adachi et al.'s model of lattice

rotation [13].

As for the e�ect of the applied stress on the

boundary structure between variants which belong
to di�erent groups, in situ TEM observations [17]

have veri®ed that these kinds of boundaries are gen-

erally immobile. Because for these variants, two of
which have a twin relationship across one of the

parent {100}b1- or {110}b1-derived planes, and the
twin boundary (a common junction plane) makes

an angle of over 58 with each other, we have

enough reason to regard these kinds of twin bound-
aries as true grain boundaries, and their immobility

is reasonable. For the 908 or 1208 rotation twin re-

lations, the {100}b1-derived planes of one variant
are always nearly parallel to the {100}b1-derived
planes of the other variant, and similarly for the

{110}-derived planes. For each one of these kinds

of variant combinations, the twinned components
do not have a common conjunction plane of the

same family, and the twin boundary is irregular.

The shear to transform one variant to the other is
di�cult, because the disregistry in atomic matching

on the twin plane and the considerable included

angle between the twin planes in the two com-
ponents make them combine across a semi-coherent

boundary with mis®t dislocations. Due to the stated

immobility of interplate-group boundaries, a stress
accumulation may exist at the boundary during de-

formation. The relatively poor matching can be

improved if the glide of partial dislocations on the
(0018) basal planes introduces additional random

stacking faults or changes the character of the

already existing random stacking faults [14];
whereas at higher stress variations the lattice ro-

tation near the boundary can accommodate certain

changes in the stress distribution. On the other
hand, the changes in stacking fault sequences and

the lattice rotation bring the matching planes of the

Fig. 8±(continued opposite)
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adjoining variants into parallelism, increasing the
possibility for the boundary to move.

3.3. The deformed boundary structures

Figure 6 shows a HREM image of the deformed

A/B twin along the �210�A==��292�B zone axis. (Note:
when the parent phase is transformed to 24 marten-
site variants in a self-accommodation manner, these

24 variants are divided into six groups of four var-
iants, arbitrarily designated A, B, C and D; between
these there are only three types of unique boundary,

namely the A/B, A/C and A/D types.) The bound-
ary exhibits a typical step structure, as marked by
arrows, though the distance between steps is di�er-

ent. The height of a step is between one and three
atomic layers thick. Around the steps there is some
strain contrast. The twinned crystals are directly
and coherently connected to each other before [17]

or after deformation. Both theoretical calculations
and experimental observations indicated that the

f�1�28g planes of variants A and B are exactly in con-

junction with each other and deviate from the A/B

boundary plane by only 12.148 [18], and that the
plane forming the step faces toward the (1010)

plane that is another perfect conjection plane and

the f�1�28g plane makes an angle with the (1010)

plane of some 908. Observation was also carried out
of the A/C twin boundary. Although the ��128� A/C

twin boundary is straight and well de®ned in nor-

mal undeformed martensitic microstructure [17], it

presents a stepped boundary structure with a thick
contrast after deformation as shown in Fig. 7. The

strain contrast at the boundary prevents us from

judging the heights of steps accurately, but several

steps actually exist along the boundary as indicated
by arrows in the ®gure.

Fig. 8. (a), (b) The atomic arrangement around A/B type twin boundary: (a) before deformation; (b)
after deformation (unrelaxed structure). (c), (d) The atomic arrangement around the A/C type twin
boundary: (c) before deformation; (d) after deformation (unrelaxed structure). Open and solid symbols
refer to the two respective atomic species in the ordered structure. Indices are all with respect to the

18R lattice of the upper variant.
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Direct structural information of the boundaries
at an atomic level can be drawn from the HREM

image correlation with the crystallography of the
two variants. Figures 8(a) and (b) show the ap-
proximate sketch of atoms on the (1010) plane for

the variants A and B before (a) or after (b) defor-
mation. Although the electron beam is parallel to
the [210]A direction, projection along [801] (near-

common direction for the A/B pair) is selected to
show the �10 9 1� shear direction in the paper plane.
During deformation a step in the ��128� coherent

twin boundary appears which has a stress ®eld
resembling that of a dislocation in a lattice and is
called a twinning dislocation. The smallest possible

step height is equal to the spacing d of the lattice
planes parallel to the ��128� plane. Such a step of
minimum height is called an elementary twin dislo-

cation and since the elastic energy is proportional
to the square of the Burgers vector, twinning dislo-
cations with step heights which are multiples of d

should tend to dissociate spontaneously into el-
ementary twinning dislocations. However, due to
the misorientation of the twinning matching plane

(��128�A==��1�28�B00:038) and lattice rotation, el-
ementary twinning dislocations tend to accumulate
to twinning dislocations with step height of several

d during deformation, as shown in Fig. 6. The
shearing of atoms in the �10 9 1� direction in each

(1010) section advances the steps in the 2[801]
direction, and thus e�ects the movement of the A/B
boundary perpendicular to itself. Similar to the

knowledge of the A/B boundary, we may infer
atomic con®gurations across the boundary from the
relative orientation of the crystals involved and the

HREM images. Figures 8(c) and (d) exhibit atomic
con®gurations of A/C twin across the boundary
before (c) or after (d) deformation (unrelaxed).

Projecting along the zone axis [210], we have both
the basal plane and ��128� A/C boundary plane to
be on edge (perpendicular to the projection plane).

It is noticed that the atomic arrangements in these
two planes are similar. Thus, we may understand
that the straightness of the A/C boundary is a con-

sequence of a nearly-close-packed ��128� plane in
one variant combining completely coherently with
little misorientation (0.318) and an exactly identical

arrangement in the other variant, creating a very
low energy boundary. During deformation a step in
the ��128� twin boundary appears which corresponds

to a twinning dislocation, as shown in Fig. 8(d).
Motion of such a ��128� A/C boundary perpendicu-
lar to itself is easily achieved by the movement of

Fig. 9. Mechanism of the bending-produced tapering in terms of twinning dislocations: (a) geometry of
an imaginary specimen composed of an A/C variant pair; (b) initial state; (c) under bending stress.

ZHANG et al.: MARTENSITE3504



twinning dislocations, i.e. the shearing of atoms in
the Z1 � �1, 0:8, 0:07� direction in the ��128� plane

advances the steps in the 2�2�31� direction.
From the observations on the A/B and A/C twin

boundaries of the deformed martensite, we can

infer that the movement of a boundary is accom-
plished by means of twinning dislocations.

Therefore, we can use the twinning dislocation

model of a tapering twin boundary to treat the
movement of the interplate boundaries, similar to

the idea proposed by Basinski and Christian [19]

for the deformation of In±Tl martensite and devel-
oped by Otsuka et al. [20] for the bending pseudoe-

lasticity in a Cu±Al±Ni alloy. Figure 9(a) is the
geometry of an A/C variant combination with the

directions �2�31� and Z1 � �1, 0:8, 0:07� in the ��128�
A/C twinning plane. Suppose that the considered

region su�ers a bending stress, it changes from the
state in Fig. 9(b) to that in Fig. 9(c). Due to the

bending deformation, the twinning dislocations are

introduced on every ��128� plane as shown in

Fig. 9(c) to make the twin boundaries tapered, i.e.
under the imaginary bending the twinning dislo-

cations in variant A and those in variant C move in

the opposite direction. In fact, the stress inside of
materials is complex, and by means of those twin-

Fig. 10. Lattice image (a) of the deformed (202) twin boundary and the di�raction pattern (b) taken
from the boundary region.
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ning dislocations, the boundary structure develops
into the situation observed above.

As to the interplate-group boundary, it has simi-
lar deformation characteristics to the A/B or A/C
boundary observed above. Figure 10 is the

deformed (202) twinning boundary with steps on
the boundary, as shown by arrows. Although the
severe strain appears on the boundary, we can

judge that the steps are several atom layers high.
The twinning dislocations corresponding to these
steps glide on the K1 � �202� plane of A1/D6 twin

combination, resulting in the movement of the
boundary. According to the calculation [17] by
WLR phenomenological theory of martensitic
transformation, the �202�A1

plane deviates from the

�202�D6
plane by approximately 10.298. But we can

see that the two planes are nearly parallel in
Fig. 10(a). There are two points to be considered:

(i) The calculation by WLR theory is based on the
supposition that the habit plane is an invariant
plane, and this condition is expected to be nulli®ed

in a fully martensitic state. (ii) During the defor-
mation, lattice rotation exists by means of adjust-
ment of stacking faults in order to attain a

maximum boundary coherency and further relaxes
the boundary strain.
In summary, the interplate boundaries in the

deformed martensite exhibit typical stepped struc-

tures, and the movement of the various bound-
aries is accomplished by means of twinning
dislocations related to the steps, which result in

tapering boundaries. On an atomic scale, the
tapering must be accomplished by the introduc-
tion of steps into the invariant plane interfaces,

i.e. twinning planes among variants. On the other
hand, for the two twinned variants, they nucleate
and grow with an invariant plane strain condition
for the habit planes, but the boundary plane

between the two variants is not an invariant
plane. The randomly distributed faults in a mar-
tensite plate are introduced as a result of strain

minimization responsible for the existence of an
invariant plane. As stated above, the invariant
plane strain condition for the habit plane is nulli-

®ed in a fully martensitic state, because the habit
planes do not exist now. During deformation,
these steps are perhaps introduced periodically in

order to keep the boundary plane straight and
¯at, since the deformation must be an invariant
plane strain, i.e. the boundary plane must be
undistorted and unrotated.

4. CONCLUSIONS

1. The existence of a deformed structure can be
inferred for the slip on the basal plane (0018)

and plane ��128� of M18R-type martensite in a
Cu±20.4Zn±5.6Al (wt%) alloy; the slip superdi-
slocation with Burgers vector b � �010� ®rst dis-

sociates into two partials with the length of the

fundamental lattice b0 � 1
2 �010�. Each one of

these partials will further dissociate into two

Shockley partials with b1 � 1
12 �230� and

b2 � 1
12 ��230�. The dislocation on the plane ��128�

is of screw dislocation, which does not extend

into partials.
2. To accommodate strain and improve coherency

between two neighboring variant lattices, lattice

rotation by the adjustment of basal plane stack-
ing faults exists near the boundary zone.

3. The intervariant boundaries in the same plate

group or between di�erent groups develop into
stepped boundary structure due to defor-
mation. These steps correspond to twinning dis-
locations whose movement results in the

migration of the boundary perpendicular to
itself. Macroscopically tapering of variants is the
behavior of twinning dislocations, which is one

of the key issues in the deformation mechanism
of the Cu±Zn±Al martensite.
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