
MICROSTRUCTURAL DEVELOPMENT INSIDE THE

STRESS INDUCED MARTENSITE VARIANT IN A Ti±Ni±Nb

SHAPE MEMORY ALLOY

Y. F. ZHENG 1, 2{, W. CAI 1, J. X. ZHANG 1, L. C. ZHAO 1 and H. Q. YE 2

1School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, People's
Republic of China and 2Laboratory of Atomic Imaging of Solids, Institute of Metal Research, Chinese

Academy of Sciences, Shenyang 110015, People's Republic of China

(Received 31 March 1998; accepted 9 September 1999)

AbstractÐThe microstructural development inside the stress induced martensite (SIM) variants in Ti±Ni±
Nb alloy with various degrees of deformation have been revealed by electron microscopic observations.
The orientation relationship between the SIM and the parent phase has been found: �1�10�M==�11�1 �B2,
(001)M 58 away from (101)B2. The lattice invariant shear of the SIM variants at the slightly deformed stage
is dominantly �11�1 � Type I twin. Besides the ordinary slip, the adjustment and development of the internal
secondary twinning from �11�1 � Type I twin to h011i Type II/or (011) Type I twin, (001) compound twin
and (111) Type I twin happen concurrently or in combination inside the SIM variants with the further de-
formation. The corresponding deformation mechanisms include stress induced reorientation of SIM sub-
structural bands by the most favorably oriented twin system, stress induced migration of the SIM
substructural boundary through internal twinning and stress induced injection of foreign SIM variant to
the preexisting substructural bands. 7 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All
rights reserved.
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1. INTRODUCTION

Twinning orientation relationships are the prevail-

ing feature of martensites, both thermally induced

[1±7] and stress induced [7±10], in Ti±Ni based

shape memory alloys. These glissile movements of

various twinning interfaces allow the recovery of

the predeformation microstructure and the macro-

scopic shape upon unloading or heating, which cor-

respond to the pseudoelasticity and shape memory

e�ect, respectively. Thus, an understanding of the

nature and the ®ne structure of these twinning

interfaces is essential. Without question, high resol-

ution electron microscopy (HREM) is the most suit-

able and direct experimental technique to give the

above information. Using this technique, some pre-

liminary investigations were successfully conducted

on the twinning boundaries in Ti±Ni based marten-

site [3, 5, 11]. Yet all these past studies were only

con®ned to the thermal martensite.

Extensive studies had been made on the defor-

mation behavior and stress e�ects on Ti±Ni based

alloys [12±16], but the reports about deformation

morphologies and mechanisms of martensite in pre-

vious literature were mainly based on the study by

conventional transmission electron microscopy

(CTEM) and electron di�raction. Since the marten-

site variants are very small in Ti±Ni based alloys

and the morphologies after deformation become

more complex, the results achieved by the CTEM

technique are relatively limited and di�cult to inter-

pret. More detailed information on the atomic scale

needs to be provided to better understand the de-

formation procedure by the moving interface. For

Ti±Ni based alloys, it is still unclear about: (a) the

atomic con®guration at the pre-existing twinning

boundaries after deformation; (b) how the modi®-

cation of the microstructure proceeds through

atomic migration such as the coalescence and re-

arrangement of martensite variants and the adjust-

ment and development of internal twinnings.

Further investigations using the HREM technique

on both the SIM and the deformed martensite in

Ti±Ni based alloys are clearly desirable. The latter

will be reported elsewhere [17].
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The Ti±Ni±Nb alloy system is distinct from other

shape memory alloys for its wide transformation

hysteresis. The wide hysteresis is achieved by the
over-deformation of SIM in a characteristic tem-

perature range [18]. For Ti44Ni47Nb9 alloy, the

microstructure, phase transformation, mechanical

behavior and the mechanism of the As temperature
increased by predeformation had been systemati-

cally studied [18±24]. So far as CTEM studies of

SIM are concerned, annealed Ti44Ni47Nb9 alloy

with As temperature around 203 K is not the opti-
mum experimental material, since it had been found

that only when the deformation strain was higher

than 16% could the As temperature be shifted

above room temperature [18]. In other words, once

the deformation strain was lower, it was di�cult to
®nd the SIM under CTEM without the cooling

stage because the SIM would automatically trans-

form to the parent phase soon after unloading.

Therefore, Ti46.3Ni44.7Nb9 alloy was developed by
the present authors with transformation tempera-

tures near room temperature to facilitate CTEM

observation. Besides the study on its recovery

characteristics, some preliminary studies on the
SIM variants had been carried out in this alloy [25±

29]. However, the ®ne structures inside the SIM

variants, which dominate the stability and reversi-

bility of the SIM, have not been thoroughly
revealed yet.

In the present paper, CTEM and HREM obser-
vations are used to study the various internal

defects, characterize the actual deformation mor-

phologies and understand the deformation mechan-

isms inside the Ti±Ni±Nb SIM variants subjected to
various levels of strain.

2. EXPERIMENTAL

The experimental alloy was prepared from
99.93 mass% Ti rod, 99.97 mass% electrolytic Ni
and 99.99 mass% Nb plate by a consumable arc-
melting furnace using a water-cooled copper cruci-

ble, followed by casting into a graphite mold. It
had a composition of 46.3 at.% Ti, 44.7 at.% Ni
and 9 at.% Nb. The resulting ingots were hot

swaged and rolled at 1123 K into 1 mm thick
sheets, which were cut into samples of size 100�
5� 1 mm3: The specimens were annealed at 1123 K

for 30 min in quartz capsules evacuated to 0.4 Pa
and furnace cooled. The phase transformation tem-
peratures of the alloy under this condition were

determined to be Mf � 237 K, Ms � 287 K,
As � 318 K, Af � 333 K by means of electrical re-
sistance vs temperature measurement.
The tensile tests were carried out on an Instron-

1186 testing machine equipped with a constant tem-
perature cabinet at a strain rate of 4:1� 10ÿ4=s:
The tensile specimens were heated to 353 K at the

beginning, then cooled to and kept at 293 K and
subsequently deformed to the total strain of 8, 16
and 24%, respectively, then unloaded. The corre-

sponding tensile stress±strain curves are illustrated
in Fig. 1, with the unloading curves shown as
dotted lines. The parts within the gauge portions
were cut and mechanically polished to 50 mm. The

foils for TEM and HREM observation were elec-

Fig. 1. The tensile stress vs strain curve obtained at room temperature. Separate specimens were
deformed to the points (a) 8%, (b) 16% and (c) 24%, respectively, and unloaded. The unloading curves

are shown as dotted lines.
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trochemically polished by the twin jet method in an
electrolyte of 20% H2SO4 and 80% methanol

around 273 K. TEM observations were carried out
in a Philips CM12 microscope operated at 120 kV
using a side-entry type double-tilt specimen stage

with angular ranges of 2458: HREM observations
were performed by a JEOL-2000EXII electron
microscope operated at 200 kV using a top-entry

type double-tilt specimen stage with angular ranges
of 2108:
The following lattice parameters of the monocli-

nic martensite were used for the analysis in this
alloy: a � 0:299 nm, b � 0:412 nm, c � 0:473 nm,
b � 98:28; whereas the lattice constant of the B2
parent phase was a0 � 0:3018 nm [30].

3. EXPERIMENTAL RESULTS

3.1. Orientation relationship between the SIM and
the parent phase

As is well known, martensite can be formed

above the Ms temperature with the application of
the external stress. There should be a certain orien-
tation relationship (OR) between the SIMs and the

parent phase. TEM observation shows that the
matrix of the specimen almost transforms fully to
martensite after the specimen strained up to 8%,

only in a few regions was a small amount of re-
sidual parent phase retained. Figure 2 shows the

high resolution image of the microstructure in
which the residual parent phase and the SIM coex-

isted, with the corresponding di�raction pattern
superimposed. The OR can be written simply as fol-
lows:

�1�10�M==�11�1 �B2

�001�M 58 away from �101�B2:

This OR established by electron di�raction patterns

is close to that reported by Otsuka et al. [1] between
the thermal martensite and the parent phase in Ti±
Ni binary alloy and that reported by Matsumoto et

al. [8] between the SIM and the parent phase in Ti±
Ni single crystal. It could be noticed that the mar-
tensite±parent phase interface is gradually curved
and nearly perfectly coherent.

3.2. The substructure of SIM variants

In the Ti±Ni±Nb specimen strained to 8%, it is
found that a majority of SIM variants form a self-
accommodating morphology whereas some SIM

variants around the b-Nb particles exhibit less
degree self-accommodation, as shown in Fig. 3.
This can be easily understood since our previous

study [26] showed that the b-Nb particles were plas-
tically deformed when the tensile strain was higher

Fig. 2. High resolution image of the boundary between the SIM and the retained parent phase and its
corresponding electron di�raction pattern.
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than 4.6% whereas no true plastic deformation

occurred inside the matrix when the tensile strain

was less than 9%. The present study recon®rms

that the substructure of the SIM variant is domi-

nantly to be �11�1 � Type I twin, though a few (001)

compound twins [25], antiphase domain boundaries

[25] and (111) Type I twins [29] were occasionally

observed in our previous works. Figure 4 shows the

typical TEM and HREM images of the substruc-

ture inside a single SIM variant in the 8% deformed

specimen. Clearly, the �11�1 � Type I twinning

boundary is straight and well de®ned, with no dislo-
cations at the interface at this deformation stage.

3.3. Internal defects inside the deformed SIM
variants

With the increase of the extent of the defor-

mation, the intervariant boundaries are always the
®rst to react to the applied stress. The expense of
adjacent unfavorably oriented variants and retained

parent phases by the most favorably oriented SIM

Fig. 3. Typical bright ®eld electron micrograph of slightly deformed SIM in the 8% deformed sample.

Fig. 4. (a) Bright ®eld image of the substructure of the SIM variant. (b) EDPs taken from area A in
(a), electron beam==��110�M,T: (c) HREM image of the �11�1 � Type I twinning boundary in the 8%

deformed specimen.
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variants would happen and become more and more

di�cult. Our previous study [29] had reported

about the (100) compound twinning boundary

between SIM variants. It had been found that the

intervariant boundaries were pinned by numerous

dislocations in the 16% deformed specimen, which

impeded the further deformation through variant

coalescence. Therefore, the deformation procedure

would take place inside the SIM variants. The typi-

cal morphologies inside the SIM variants in the

16% deformed specimen are shown in Fig. 5.

Obviously, secondary deformation microtwinnings

happen along several directions inside the �11�1 �
Type I twinning SIM variants, as indicated by

single arrows, double arrows and triple arrows, re-
spectively, in Figs 5(a)±(d). All the �11�1 � twinning
planes in Fig. 5 are nearly perfect Bragg condition,
the included angle between the secondary twinning
plane and the �11�1 � plane could be approximately

measured to be 708, 08 and 20±308.
Correspondingly they turned out to be (001) com-
pound, h011i Type II/or (011) Type I and (111)

Type I twinning plates. The high magni®cation
image will be presented separately to show the
details on the atomic scale in the following.

3.3.1. Adjustment from �11�1 � Type I twinning
mode to h011i Type II twinning mode. The h011i

Fig. 5. (a) Typical bright ®eld electron micrograph of moderately deformed SIM. (b) Enlarged image of
the area marked by A in (a). (c) Another typical bright ®eld micrograph of moderately deformed SIM.

(d) Enlarged image of the area marked by B in (c) in the 16% deformed sample.
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Type II twinning, as the widely recognized lattice

invariant shear of the martensite in Ti±Ni alloys [5,

6, 8], has not been observed experimentally in the

8% deformed Ti±Ni±Nb specimen, yet it was found

to appear inside the deformed SIM variants as a

newly formed deformation twinning instead of the

transformation twinning and con®rmed to be devel-

oped from the �11�1 � Type I twinning.

Figure 6(a) shows the HREM image of one kind

of typical internal defects inside the 16% deformed

SIM variant. The corresponding EDPs taken from

areas A and B in Fig. 6(a) are shown in Figs 6(b)

and (c), respectively. Figure 6(d) presents the

enlarged image of the framed area in Fig. 6(a),

from which several pieces of information can be

obtained as follows:

1. The zone orientations of ``Twin1'' and ``Twin2''

could be indexed as ��110�Twin1 and �101�Twin2, re-

spectively. The angular di�erence between these

two near parallel zone axes was theoretically cal-

culated according to the work by Knowles and
Smith [2] to be:

��110�Twin1 ^ �101�Twin2 � 1:88:

The actual value should be smaller in Fig. 6

since the HREM technique is very strict on the
orientation of the observed areas. The two-
dimensional lattice image could be obtained only

when both ``Twin1'' and ``Twin2'' are nearly per-
fect Bragg condition.

2. Comparing with Fig. 4(c), the �11�1 � Type I twin-

ning boundary becomes irregular with the
increase of the deformation. Some one-atomic-
layer height steps could be found at the interface,
with one marked by a single arrow in Fig. 6(a).

3. The original �11�1 � Type I twin band seems to
subject more severe deformation than the matrix
band. A portion of ``Twin1'' is found to trans-

form into ``Twin2''. Correspondingly its twinning
relationship with the ``matrix'' changes from

Fig. 6. (a) HREM image showing the development from �11�1 � Type I twin to h011i Type II twin inside
the deformed SIM variants. (b) EDPs corresponding to the area A in (a), electron beam==��110�M,T1: (c)
EDPs taken from area B in (a), electron beam==��110�M==�101�T2: (d) Enlarged HREM image of framed

area in (a) in the specimen tensioned to 16%.
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�11�1 � Type I to h011i Type II and the interfacial
feature changes from the straight one to the
gradually and randomly curved one.

4. The dashed lines in Fig. 6(d) represent the

boundaries between the residual untransformed
�11�1 � Type I SIM twin part and the newly
formed h011i Type II SIM twin part. Despite the

boundaries being very ragged, no obvious lattice
distortion could be detected along them. This
phenomenon could be well explained considering

the atomic combinations along the boundaries.
Three types of atomic con®guration between
``Twin1'' and ``Twin2'' might be recognized from

Fig. 6(d) as follows:

�11�1 �Twin1==�11�1 �Twin2 08 �1�

�111�Twin1�d � 0:2044 nm�==�020�Twin2

�d � 0:2060 nm� 3:68 �2�

�002�Twin1�d � 0:2341 nm�==��111�Twin2

�d � 0:2247 nm� 3:48: �3�

Clearly, the reasonably good matching between

planes of types (2) and (3) could be realized
simply by lattice rotation and small adjustments
by means of mis®t dislocations.

5. The existence of the small retained ``Twin1''

island suggests that the deformation originally
occurs at the two �11�1 � Type I twinning inter-

faces, then extends towards the internal of the
``Twin1'', and proceeds along these two twinning

interfaces.

6. The adjustment from ``Twin1'' to ``Twin2'',
based on the geometric considerations, could be

realized simply through the lattice rotation of
74.918 within the �11�1 � plane about the normal

direction of the �11�1 � plane.
7. It can be seen that there exist some partial dislo-

cations and the projections of the atoms elongate

in the transition area where the modi®cation

from the �11�1 � Type I twin to h011i Type I twin
happens [see the area marked by ``P.D.'' near the

upper h011i Type II twinning interface in
Fig. 6(d)]. However, no dislocation can be found

in the region near the twinning plane where the

modi®cation is completed [see the lower h011i
Type II twinning interface in Fig. 6(d)]. These in-

dicate that the local lattice distortion could be
caused by the development of deformation twin-

ning.

8. The stacking faults could be found along the
(001) plane in the �11�1 � Type I matrix interior,

with an example shown by ``S.F.'' in Fig. 6(d).

The presence of (001) faults could be easily
understood since that the slip system �100��001�
was suggested to be the most possible one in the
martensite in Ti±Ni alloy [10].

Fig. 6 (continued)
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9. The defect marked by a double arrow in the
�11�1 � Type I matrix interior in Fig. 6(a) is found

to be a thin newly nucleated h011i Type II twin-
ning plate. A similar situation will be discussed
in the following.

Figure 7 is another HREM image showing the
tapering to its tip of the h011i Type II twinning
plate which is created inside the matrix part of the

�11�1 � Type I twin related bands. It could be noticed
that the twinning interface is stepped at the pos-
itions meeting with (001) stacking faults, as shown

by arrows in Fig. 7. The twinning boundary is
observed to be smoothly matched even at the
faulted regions despite the broad strain contrast.

The appearance of h011i Type II deformation
twinning is considered to be the result of the reor-
ientation of the SIM variant. Similarly, the [111]
Type II deformation twinning had been reported to

convert from the (101) compound twin during stres-
sing on the g 01 martensite (2H type) single crystals
of Cu±Al±Ni alloys, with the corresponding shu�e

mechanism given [31]. The operating mechanism for
the present h011i Type II deformation twinning has
been carried out by the present authors. Clearly,

the monoclinic structure of the present martensite
would be more complex in comparison with the
research work on the orthorhombic g 01 martensite.

3.3.2. Development of (001) compound twinning

plates inside the �11�1 � Type I twinning bands. The
(001) compound twin was found and con®rmed as
a deformation twinning by several researchers in

Ti±Ni alloys [2±4, 7]. In the present alloy, it is also

found to play a role of deformation twinning.

Figure 8 illustrates a HREM image of the micro-

structure inside the 16% deformed SIM variant in

which the (001) compound twinning plates coexist

with the �11�1 � Type I twinning bands. It could be

found that (001) compound twinning plates are

mainly generated inside the matrix parts of the sub-

structural bands. The interfacial steps along the

(001) twinning boundary correspond to the twin-

ning dislocations, which glide and thus can cause

one twin orientation to grow at the expense of the

other. This feature is consistent with that reported

by Knowles [3]. From Fig. 8, it can be suggested

that the coalescence of the �11�1 � Type I twinning

substructural bands could be realized by the nuclea-

tion and growth of (001) compound twins as fol-

lows:

1. At the beginning, a (001) compound twinning

plate appears as the subunit smaller than the

�11�1 � Type I twin related substructural unit.

Since the matrix parts of the �11�1 � Type I twin

related bands are most favorably oriented with

respect to the applied stress, (001) compound

twinning plates nucleate inside them and extend

along the (001) planes. The twinning shear of

these newly generated (001) compound twins

would be hindered by the unfavorably oriented

�11�1 � Type I twin parts. These (001) compound

twinning plates would intrude into and terminate

within them, causing the �11�1 � Type I twinning

Fig. 7. HREM image showing the tapering to its tip of the h011i Type II twinning plate in the 16%
deformed specimen. Electron beam==��110�M==�101�T:
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boundaries to become serrated with a heavy ac-

cumulation of dislocations. The area indicated by

a single arrow in Fig. 8 could be taken as an

example to depict this microstructural condition.

2. On increasing the applied stress, more and more

(001) compound twinning plates nucleate and the

originally formed (001) compound twinning

plates become wider. The �11�1 � Type I twin

parts are gradually consumed by the neighboring

matrix parts from both sides. In some local pos-

itions, the (001) compound twinning plates pene-

trate through the �11�1 � Type I twin parts and

merge into the next �11�1 � Type I matrix parts.

This situation could be found in the two regions

marked by double arrows in Fig. 8, where a few

residual �11�1 � Type I twin parts could be

observed.

3. On further stressing, the size of (001) compound

twinning plate is developed to the same scale as

that of the original �11�1 � Type I twinning band.

The SIM variant has a tendency to become a

single advantageously oriented colony with in-

ternal (001) compound twinning substructure,

being akin to the microstructural condition in

the area marked by a triple arrow in Fig. 8. A

similar result that (001) compound twin could be

introduced as the dominant defect of the SIM

variant had been reported by Nishida et al. in

Ti±51 at.% Ni alloy [7]. The mechanism for the

formation of (001) compound twin had been pro-

posed by Kudoh et al. [10]. A (001) twin is cre-

ated by slip of a/2 on the (001) plane because of

the presence of a partial pseudo-mirror, therefore
the (001) compound twin is easy to form.

Some blurred regions could be locally found inside
the thin (001) compound twinning plates, as shown

in the areas labeled by ``B.R.'' in Fig. 8. Their pre-

sence indicates that the atomic imaging projected
along the thickness direction becomes irresolvable.

The reason might lie in that the atoms are just par-

tially sheared into their exact twinning positions in

these areas. In other words, the (001) deformation
twinnings proceed incompletely in these regions.

Figure 9(a) shows the typical morphology of the
substructure of the deformed SIM variants in the

24% deformed specimen, with the EDPs corre-

sponding to the whole area of Fig. 9(a) superim-
posed. The key diagram of Fig. 9(b) is illustrated in

Fig. 9(c), which infers several kinds of twinning re-

lationship. Bands A±J are indexed to be alternately

�11�1 � Type I twin related. It could be conjectured
that bands B, D, F, H and J were in the favorable

orientation to the external stress and coalesced by

consuming the unfavorably oriented bands A, C, E,

G and I. Taking bands A±E as an example, it can
be suggested that bands B and D gradually con-

sume bands A and C from the left to the right and

merge into each other, as shown clearly by the local
enlarged image in Fig. 9(d). The boundary between

the coalesced region and the uncoalesced region is

Fig. 8. HREM image showing the twinning development from �11�1 � Type I mode to (001) compound
mode in the 16% deformed specimen, electron beam==��110�M,T:
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confused, as indicated by arrows in Fig. 9(d). Many

needle-like (001) twinning plates could be observed

inside bands D, F, H and J, whose scale are of the

same order as the �11�1 � Type I twins. This fact

could be also taken as evidence for the above sug-

gestion (3) derived from Fig. 8. It can be noticed

that bands E and G rearrange their orientation to a

di�erent extent in Fig. 9(a). Band E twists and

gradually tapers in the deformed region, whereas

band G terminates within bands F and H. It is

Fig. 9. (a) Typical bright ®eld electron micrograph of severely deformed SIM in the 24% deformed
sample. (b) Corresponding EDPs to (a). (c) Key index diagram of (b). (d) Enlarged HREM image of

the area consisting of bands A±F in (a).
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likely that the degree of the rearrangement of the

unfavorably oriented bands is determined by the
quantities of the (001) deformation twins formed in
the neighboring favorably oriented bands from the

two sides. Band K is found to be (111) Type I twin
related to band J. This situation will be discussed
thoroughly in the next section.

3.3.3. Introduction of foreign (111) Type I twin-
ning plate into �11�1 � Type I twinning bands. The
{111} Type I twinning mode is not equivalent to

the f11�1 g Type I twinning mode in the monocli-
nic Ti±Ni martensite. It was ®rst reported in the
SIM by the single crystal X-ray di�raction

method [10], and as yet has not been con®rmed
to exist in the thermal martensite in Ti±Ni alloy
by the TEM technique [6]. In the present study,

(111) Type I twin is frequently observed in the
deformed SIM and recognized as a deformation
twin.

Figure 10(a) shows a typical morphology of a
(111) Type I twinning martensite plate in the
24% deformed specimen. The small wedge-like
plate A is found to intersect band D, then taper

and terminate within band B. Band B is separated

into two parts B and C. It can be found that the

area below plate A consists of alternating platelet

couplings with a certain spacing like bands C and

D pair. The di�raction patterns corresponding to

areas A±D in Fig. 10(a) is shown in Fig. 10(b)

after the calibration of the image rotation.

Figure 10(c) is the key index diagram of

Fig. 10(b). Hereafter the discussion about band B

is omitted since it is identical to band C. Bands

C and D are indexed as �11�1 � Type I twin re-
lated, in spite of that the �22�2 �C and �22�2 �D spots

do not coincide well as a consequence of the

severe deformation. In Fig. 10(b), the [001] reci-

procal vector of plate A clearly bisects the (001)

re¯ections derived from bands C and D. Plate A

might be indexed as (111) Type I twin related to

both band C and band D in a broad sense

according to the de®nition of ``twin'' by Bevis

and Crocker [32], because plate A is not in exact

conjunction with bands C and D along the (111)

plane. Some angular di�erences exist between the

junction planes and could be directly measured
from the EDPs since these planes are exactly

Fig. 9 (continued)
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edge-on:

�111�C ^ �111�A � 3:98;

�111�D�d � 0:2044 nm� ^ ��1 �11�A�d � 0:2247 nm�

� 10:18

or equivalently

�111�D ^ �111�A � 3:98; �111�C ^ �111�A � 10:18:

These four planes were all derived from {110}B2
and observed as internal twin planes in Ti±Ni alloy
[8]. The similarity of atomic arrangements along
these planes implies that they could combine rela-

tively easily, with some mis®t dislocations to adjust
the small di�erence in atomic correspondences in

the interfacial junction plane. This kind of so-called
(111) Type I twinning boundary is obviously not

planar but wavy, as partly indicated by the dashed
lines in Fig. 10(a).
The linear contrasts observed in plate A indi-

cate the existence of stacking faults on (001)
planes. So far as the combination between plate
A and band C is concerned, the angular di�er-

ence between the trace of (001) faults and the
trace of ``(111) twinning boundary'' in Fig. 10(a)
(macroscopically 20±308) varies violently around

57.98, the theoretical value of the corresponding
interplanar angle. This also suggests that the
boundary between A and C involves microscopi-
cally other types of atomic combinations except

the ®tting on the (111) plane, owing to the exist-
ence of (001) faults. This situation becomes more

Fig. 10. (a) Bright ®eld image of wedge-like (111) Type I twinning plate intersected with the �11�1 � Type
I twinning bands. (b) Corresponding EDPs to (a). (c) Key index diagram of (b) in the 24% deformed

specimen.
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evident when the plates are internally introduced

by (001) compound twins.
Figure 11 illustrates a HREM image of the (111)

Type I twinning boundary, with the corresponding
EDPs superimposed. The martensite plate A is

found to be internally (001) compound twin related.
The �111�MA , ��1 �11�TA and (111)B spots cluster

together. It could be found in Fig. 11 that plates A
and B ®t one into the other in the vicinity of the

boundary. In some regions the atomic imaging is
not distinct, which might indicate that the elastic

strains accumulate in these areas. This situation
could be understood considering lattice rotation is

needed to increase coherency for the ®tting between
the �111�MA and (111)B planes, whereas the twin part

of plate A might match with plate B through the
local lattice adjustment along ��1 �11�TA and (111)B
planes besides lattice rotation. This wavy interfacial
feature is very similar to that of the ``macrotwin''

with internal polysynthetic microtwin on {111}
planes in Ni±Mn alloy [33].

This kind of wedge-like (111) Type I twinning
plate corresponds most likely to the injection of

foreign variants from other groups, being akin to
the observations for the ``cross-hatch'' structure in

Ti±Ni [16], Ni±Mn [34] and Cu±Zn±Al [35] alloys.

The introduction of SIM variants of di�erent plate
groups could cancel the shape deformation and

relax the shear stress inside the matrix variant, as
proposed by Adachi and Wayman [34].

3.3.4. Formation of (011) Type I twinning plates
inside �11�1 � Type I twinning bands. As reported by
the present authors [29], (011) Type I twinning

plates would be formed inside the �11�1 � Type I
twinning bands of the moderately deformed SIM.
Its morphology under TEM is found to be similar
to that of the h011i Type II twin. This can be easily

understood since (011) Type I and h011i Type II
twinning modes are conjugated. Previous HREM
examinations showed that irregular ledges existed in

the (011) twinning interface in the 16% deformed
specimen [29]. We do not present an HREM micro-
graph here to illustrate it. Figure 12 depicts the

HREM image of the (011) Type I twinning bound-
ary in the 24% deformed specimen, with the corre-
sponding EDPs superimposed. Clearly the interface

is confused and its coherence is partly damaged
after further deformation. Akin to that of the h011i
Type II twin, the appearance of (011) Type I twin-
ning plates is also regarded as a result of the reor-

ientation of SIM variants.

Fig. 11. HREM image of the (111) Type I twinning boundary in the 24% deformed specimen and its
corresponding EDPs, electron beam==��110�M,T:
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4. DISCUSSION

4.1. Deformation process inside SIM variants

In the present alloy, the major deformation
modes derived from the microscopic observations

are: (a) stress induced reorientation of SIM sub-
structural bands by utilizing the most favorably
oriented twin system; (b) stress induced coalescence

of substructural bands within a SIM variant
through internal twinning; (c) stress induced injec-
tion of foreign SIM variant into the substructural

bands and (d) ordinary slip. These deformation
modes might occur concurrently or in combination.
The relative ease of these deformation modes
depends on the actual stress state at the speci®c

position. It is a�ected by several factors such as
Schmid factor, achievable strain, twinning shear
magnitude, energetic stability of each structure, and

so on [36].

The twinning elements are calculated from the

Bilby±Crocker theory [37] for all the twinning

modes observed so far inside the SIM variant, as

listed in Table 1. The last column represents

whether or not a solution exists for the phenomeno-

logical crystallographic theory when each twinning

mode is used as a lattice invariant shear. Evidently,

producing the necessary lattice invariant shear is on

the ®rst place for the SIM variant to choose its in-

ternal twinning mode at the slight deformation

stage. Both the �11�1 � Type I twinning and the h011i
Type II/or (011) Type I twinning are found to have

crystallographic solutions, but only the �11�1 � Type
I is preferably selected inside the slightly deformed

SIM for Ti±Ni±Nb alloy. The addition of Nb

might cause the change of the substructure of the

SIM from the h011i Type II twinning in binary Ti±

Ni alloy [8] to �11�1 � Type I twinning. Similarly,

�11�1 � Type I twin has been reported to be the sub-

Fig. 12. HREM image of the (011) Type I twinning boundary in the 24% deformed specimen and its
corresponding EDPs, electron beam==�100�M,T:

Table 1. Twinning modes observed inside Ti±Ni±Nb SIM variant

Twinning mode K1 Z1 K2 Z2 s Sol.a

f11�1 g Type I �11�1 � [0.3395 0.6605 1] (0.1598 0.6805 1) �21�1 � 0.3462 yes
h011i Type II �0:7473 1 �1 � [011] (011) �1:5495 1 �1 � 0.3365 yes
{011} Type I (011) �1:5495 1 �1 � [011] �0:7473 1 �1 � 0.3365 yes
(001) compound (001) [100] (100) [001] 0.2882 no
{111} Type I (111) �1:2339 0:2339 1� �0:5680 0:1359 1� [211] 0.1034 no

a Existence of a solution for the phenomenological crystallographic theory.
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structure of the martensite, instead of h011i Type II

twin, in Ti50Ni47Fe3 [38], Ti50Ni50ÿXCuX �X � 1±8�
[39], Ti50Ni40Au10 [40] and Ti50Ni30Pd20 [41] alloys.

The magnitude of the twinning shear was taken

as one clue to evaluate the mobility of the twinning

planes in Ni±Mn alloy [34]. For the present alloy, it

is of interest to note that the sequence of the var-

ious twinning modes according to the magnitude of

s is the same as that reported in Ti±Ni binary alloy

[5]. The twinning shear magnitude for �11�1 � Type I

twinning is the largest one whereas that for the

(111) Type I twinning is the smallest one. This indi-

cates that the probability for the formation of twin-

ning on (111) and (001) planes should be much

larger than that for the other two twinning modes.

Yet the (111) Type I and (001) compound twins are

not found to play the dominant role in the moder-

ately deformed specimen, as summarized in Table 2.

This means that other factors might be essential to

microstructural development during deformation.

The sheet specimens are employed in the present

study, which imply the existence of texture.

Therefore, the relationship between the texture

orientation and the shear direction may be crucial

for the choice of the twinning mode during the for-

mation of SIM, whereas the relationship between

the loading direction and the shear direction may

play a critical role in the deformation of SIM twin-

ning structure. The corresponding twinning plane

and shear direction for di�erent twin modes are

listed in Table 2. The tensile stress can be resolved

along two directions, parallel to the shear direction

and perpendicular to the shear direction. The

resolved stress would be di�erent along the shear

direction for di�erent twinning mode. When the

resolved shear parallel to the shear direction can

reach the s value in Table 2, the corresponding twin

can be formed, otherwise it can only cause minor

lattice distortion. The resolved shear perpendicular

to the shear direction seems favorable to adjust the

orientation of SIM. The present study indicates that

the resolved shear stress along the [100] direction in

the (001) plane and [211] direction in the (111)

plane are relatively small at the moderate defor-

mation stage whereas the resolved shear stress for

rotation is relatively large which favors the for-

mation of h011i Type II/or (011) Type I twinning

plates. With further deformation, the SIM variant

gradually adjusts its internal band orientation to

provide the largest extension along the tensile axis,

correspondingly the included angle between the
loading direction and the shear direction decreases.

The resolved shear stress for continued rotation
decreases and consequently the nucleation and
growth of (001) and (111) twinning plates become

dominant in the severely deformed specimens. For
the Ti±Ni sheet, Liu et al. [42] also found that the
h011i Type II twin is easy to shear during the 6%

deformation along the rolling direction, whereas the
(001) compound twin is generated during the 6%
deformation along the transverse direction. It might

be taken as evidence that the h011i Type II twin
would be favorable to be formed at the slight defor-
mation stage of martensite since the present speci-
mens were also cut along the rolling direction.

4.2. Stability of deformed SIM

Our previous work [29] on the e�ect of tensile
strain on the transformation temperatures and
strain recovery ratio indicated that over-defor-

mation could e�ectively prevent the normally re-
versible transformation and increase the As

temperature. Irrespective of the additional e�ects of

the Nb-rich phase in Ti±Ni±Nb alloy, we focus
attention on the microstructural factors inside
deformed SIM which might contribute to the stab-

ility of martensite. On the one hand, over-defor-
mation relaxes some of the stored elastic strain
energy inside SIM variants. As is well known, one
distinguished feature of thermoelastic martensite is

its ability to store the elastic strain energy at its in-
ternal twinning interface position, which favors the
reverse martensitic transformation. Di�erent inter-

face structures inside SIM correspond to di�erent
energies. The present study shows clearly, with the
increase of the tensile strains, the twinning inter-

faces become stepped, the lattice distortions happen
and the coherency of twinning boundaries decrease,
which imply the stored elastic energy is partially
relieved and results in the increase of As tempera-

ture. This point is in agreement with the mechanism
proposed by Piao et al. [24] who did not present the
direct TEM evidence, probably due to the alloy

composition reason described in Section 1. On the
other hand, the irreversible defects in the SIM var-
iants could be found to increase severely with the

increase of the macroscopical strain in the present
alloy. The dislocations are observed in virtually
every martensite variant at both the heavily inter-

Table 2. The substructure of SIM variant observed in the tensile specimens

Total strain (%) Internal defects inside SIM variants

8 mainly �11�1 � Type I twin
16 mainly �11�1 � Type I twin, h011i Type II twin and (011) Type I twin partially (001) compound twin, (111)

Type I twin and dislocations
24 mainly (001) compound twin, (111) Type I twin and dislocations partially �11�1 � Type I twin, h011i Type II

twin and (011) Type I twin
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locked boundaries due to intrusions and generated
twins and the interior, as typically shown in Figs 8

and 9(d) in the present study. Melton and Mercier
[13] suggested that the dislocation density was lower
in areas where martensite lath intersection had

occurred compared with the lath interior. Anyway,
these dislocations would hinder the migration of the
interfaces, decrease the mobility of the correspond-

ing SIM and raise the critical driving force for the
reverse transformation. This point could also be
inferred by our previous in situ observation of the

reverse martensitic transformation [29]. As a conse-
quence of these two aspects, over-deformation
would stabilize the SIM variants and widen the
transformation temperature hysteresis. One thing to

notice is that the irreversible defects induced by
over-deformation would degrade the shape memory
e�ect. So to obtain the useful combined character-

istics of wide transformation temperature hysteresis
and better shape recovery ratio. It is necessary to
limit the over-deformation strain and temperature,

the optimum predeformation condition for the pre-
sent alloy is found to pre-strain the specimen to
16% around its Ms temperature [29].

5. CONCLUSIONS

The microstructural change inside the SIM var-
iants with the extent of the deformation in Ti±Ni±

Nb shape memory alloy have been investigated in
this paper. The following results are obtained from
CTEM and HREM observations:

1. The stress induced martensite is found to own a
orientation relationship with the parent phase:
�1�10�M==�11�1 �B2, (001)M 58 away from (101)B2.
The interface between these two phases is well

coherent.
2. The lattice invariant shear of the slightly

deformed SIM variant is found to be dominantly

�11�1 � Type I twin. The �11�1 � Type I twinning
boundary is straight and well de®ned in the
slightly deformed specimen, and becomes stepped

with further deformation.
3. The h011i Type II deformation twinning plates

appear inside the deformed SIM variants in two
types of forms. The ®rst one is found to be trans-

formed from the �11�1 � Type I twin part, with a
rather ragged boundary between them; the sec-
ond one is found to be created inside the �11�1 �
Type I matrix part, exhibiting a spear-like mor-
phology. This kind of h011i Type II twinning
interface is stepped at the positions meeting with

(001) stacking faults. The appearance of h011i
Type II deformation twinning is considered to be
the result of the reorientation of SIM substruc-

tural bands.
4. The (001) compound twinning plates are fre-

quently observed in the moderately and severely
deformed specimens. They are believed to nucle-

ate inside the substructural bands in the SIM
variants ®rstly, then grow up under the external

stress to perform the coalescence of the �11�1 �
Type I twinning bands and have a tendency to
act as the new substructure of the SIM variant

with the further deformation.
5. The wedge-like (111) Type I twinning plate is

seen inside the deformed SIM variants, exhibiting

a wavy interfacial feature. It corresponds to the
injection of foreign SIM variant to accommodate
the shape deformation inside the substructural

bands.
6. The (011) Type I twinning plate is found in the

moderately and severely deformed specimens. Its
formation is also believed to be the result of the

reorientation of SIM substructural bands.
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