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Deformation behaviour and shape memory
effect of near equi-atomic NiTi alloy
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The mechanical shape memory effect associated with the martensitic-type transformation
which occurs in polycrystalline Ti—50.3 at. % Ni alloy has been investigated using the
techniques of transmission and optical microscopy. Deformation of initially partially
transformed material within the recoverable strain range was found to occur by: (1)
stress-induced transformation of the most favourably oriented existing martensite variants
at the expense of adjacent unfavourably oriented variants and retained high temperature
phase (2) stress-induced re-orientation of favourably oriented martensite by utilizing the
most favourably oriented twin system, and (3) stress-induced twin-boundary migration
within the martensite. The reverse transformation during heating restores the original
grain structure of the high-temperature phase in a highly coherent manner. It was
concluded that deformation modes limited to those involved in the transformation
process and the reversibility of the transformation give rise to the memory effect.

1. Introduction

The mechanical shape memory effect is a phenom-
enon exhibited by several alloys which undergo
thermoelastic martensitic transformation. For
detailed discussions of shape memory alloys, the
reader is referred to [1]. Of particular interest is
the alloy Ni-Ti near the equi-atomic composition.
The classical demonstration of the memory effect
is to bend an object made out of the material at a
temperature below the M (martensite start tem-
perature during cooling) and then heat it. During
heating the object tends to recover its original
undeformed shape. Complete recovery of shape
can be attained only after heating to above the 4
temperature (temperature at which reverse trans-
formation to the high temperature phase is com-
pleted) and provided that the initial strain did not
exceed a certain critical value, otherwise recovery
of shape would be incomplete.

The deformation behaviour of near equi-atomic
Ni—Ti alloys and its relation to the reversible
martensitic transformation which occurs in the
vicinity of room temperature have been studied by
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several investigators [2—13]. Most of this work
was concerned with measuring such properties as
elastic modulii [2], yield strength [3, 5], hardness
{10] and their variation within the transformation
temperature range, obtaining stress—strain data
[3,5, 11, 12] and studying the effect of transfor-
mation cycling on the fatigue strength [8]. Little
attempt has been made by Sastri and
Marcinkowski [4] to clearly establish the defor-
mations mode(s) in the early stages and correlate
these with the microstructural features. However,
their result was inconclusive. In order to explain
the mechanism of the memory effect it is essential
to establish the deformation mode(s) within the
recoverable strain range. This is the subject of the
present paper.

2. Experimental procedure

All the specimens (sheets 1 mm thick) were sol-
ution treated at 1000°C for 24h in quartz
capsules under argon atmosphere,about 107 Torr,
and then quenched in ice water. Chemical analysis
was performed after such treatment since the
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Figure 1 Microstructure of the martensitic phase. (a) Optical micrograph, (b) bright-field transmission electron micro-

graph.

initial nominal composition might be of little
significance in determining properties of experi-
mental specimens [13, 14]. This analysis showed
that:

Ni  554wt% (503 at.%)
O  about 350 ppm
N less than 10 ppm.

The initial M, temperature (without thermal
cycling) as determined from the peak of the elec-
trical resistivity versus temperature diagram [16]
was found to be about 55° C. At room tempera-
ture the material was partially transformed into
martensite. Thin foils for transmission microscopy
were prepared by a jet polishing technique in a
solution containing 1 HNO3:3 methanol by vol-
ume. The foils were examined in a Siemens 1A EM
and Philips 100 EM equipped with deformation
and hot stages. For in situ deformation experi-
ments, the foils were glued to the holder using
Eastman no. 910 adhesive. All the experiments
were carried out at an operating voltage of 100kV.
For optical microscopy, specimens were polished
and etched in a solution containing 1 HF: 4 HNO;:
5H,0 by volume [17] or highly polished only in
order to observe surface relief effects during
progressive straining.
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3. Experimental results and discussion

3.1. Microstructural features

Fig. 1ais an optical micrograph of an etched speci-
men taken at room temperature. Fine parallel
bands within the grains of the high temperature
phase (CsCl structure) can be seen. These bands
are martensite plates as was verified from electron
micrographs. Fig. 1b is a bright-field image taken
at room temperature and showing a zig-zag
arrangement of martensite plates. This mor-
phology is typical of self-accommodating marten-
site. It was very seldom that an isolated martensite
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Figure 2 True tensile stress—strain diagram at room tem-
perature.



plate was observed in the field of view. This
suggests that growth of self-accommodating groups
of martensite plates is favoured over that of in-
dividual plates because the former is associated
with less macroscopic strain. This type of mor-
phology has been observed in several other alloys,
e.g. Cu—Al [18], Ag—Cd [19], Cu—Al-Ni [20]}.
This observation indicates that the strain
associated with the transformation and which is to

Figure 3 Optical micrographs showing surface relief
effects associated with stress-induced growth and/or re-
orientation of the most favourably oriented existing mar-
tensite. (a) 1%, (b) 2%, and (c) 3% total elongation at
room temperature.

be accommodated by the high-temperature phase
is minimized. This is consistent with the reversi-
bility of the transformation since if the transfor-
mation strain is large enough to cause appreciable
slip, the transformation would be irreversible.
Selected-area diffraction and dark-field imaging
verified that the parallel bands within each mem-
ber of the group shown in Fig. 1b are twin-related
along {1 1 1} plane of the martensite structure (dis-
torted orthorhombic) as reported for similar NiTi
alloys by some other investigators [21,22].
Members of a self-accommodating group of mar-
tensite plates are themselves twin-related along
{111} plane of the martensite structure as has
been verified by trace analysis of electron micro-
graphs and their corresponding diffraction patterns.
Therefore, we can conclude that the martensitic
phase consists of twin-related plates which form
self-accommodating groups. These twin-related
plates are further subdivided into smaller units
which are again twin-related along the same plane.
The significance of these observations is that, as
will be shown, the boundaries separating the
microstructural units were observed to be mobile

under an external stress.
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3.2. Deformation modes in the early stages
of initially partially transformed
material

Fig. 2 shows a true tensile stress—strain diagram

obtained at room temperature. This is a typical

stress—strain diagram of shape memory alloys

[23]. The maximum recoverable strain corre-
sponds to point C. Therefore, in order to explain
the mechanism of the memory effect, the defor-
mation mode(s) within stage BC which is charac-
terized by relatively low rate of strain hardening
has to be established. Fig. 3 is a sequence of opti-
cal micrographs showing the surface of a tensile
sheet specimen which was initially polished and
then deformed in tension at room temperature
with a small calibrated tensile device while under
optical microscope observation (polarized light). It
can be seen that during progressive straining, a
group of parallel bands have developed. These are
believed to be surface relief effects resulting from
stress-induced growth and/or re-orientation of the
most favourably oriented existing martensite. It is
to be noted that during the course of straining, no
new bands have developed. This is probably
because the material was partially transformed to
martensite (thermally) prior to deformation and
since the transformation is thermoelastic {17],
growth and/or reorientation of already existing
martensite would be expected to be much more
likely than nucleation of new martensite. In view
of the observed microstructural features, stress-
induced transformation of the most favourably
oriented martensite would be expected to occur
at the expense of unfavourably oriented mar-
tensite and/or retained high temperature phase.
Fig. 4 shows X-ray diffractometer traces obtained
at room temperature from undeformed and

Figure 5 Example of in situ deformation stage experiment in the electron microscope showing stress-induced growth of
one martensite variant at the expense of other and stress-induced growth at the expense of retained high temperature

phase. (a) Before deformation, and (b) after deformation.
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Figure 6 Another example of in situ deformation experiment showing stree-induced re-orientation of martensite by
utilizing the most favourable twinning mode. (a) Before deformation, and (b) after deformation.

deformed specimens. It can be seen that after
giving 3% total elongation at room temperature
the “integrated” intensities of (020), (11 1) and
(002) martensite diffraction lines have increased
at the expense of the (110)gsq “integrated”
intensity. This indicates that some growth of
already existing martensite has occurred at the ex-
pense of retained high temperature phase. The
deformation behaviour has been further studied on
the finer scale of the electron microscope. Fig. 5
shows the result of in situ deformation experiment.
The foil was imaged in the same area before and
after deformation in tension at room temperature
under the same diffraction conditions. It can be
seen by comparing the two micrographs, that after
deformation, the martensite variant marked A has
grown at the expense of the neighbouring varient
marked B.

This observation indicates that the martensite—
martensite interface which was found to coincide
with the {111} twinning plane is mobile under
stress. Further, it can be seen that a new set of
thin parallel bands have appeared at C. Probably
these fine bands are twins within a martensite
variant which has been grown under stress and was
outside the field of view prior to deformation.
During the course of the in situ deformation
experiments it was observed that during defor-
mation, sets of twins within martensite variants
have disappeared and been replaced by other sets
running in different directions. Sometimes sets
intersecting each other were also observed. These
observations indicate the complexity of the
deformation behaviour on the fine scale. Fig. 6
shows that after deformation, only the set of twins
at B remained parallel to the corresponding set

before deformation at A. Furthermore, this set
can be seen to spread and wipe out the other sets.
In addition, a new set has appeared and tends to
intersect the other set. These observations suggest
that several events may occur during deformation.

The lattice-invariant deformation of the trans-
formation is required by the crystallographic
theories to minimize the distrotion at the
martensite ~high-temperature phase interface. In
the present case this is {111} twinning. The
twinning shear direction was determined from the
geometry of the martensite structure and the
formulae given by Andrews and Johnson [24] . This
was found to be close to {123). It is suggested
that, under an external stress, those sets of twins
within a martensite variant which are not favour-
ably oriented with respect to the resolved shear of
the applied stress would be expected to shrink.
The condition that the habit plane should be an
invariant plane strain may be satisfied by another
{111}(123) twin system. This results in re-
orientation of a martensite variant without the
need to pass through the high temperature phase
as an intermediate step as has been hypothesized
by Wasilewski [6, 7,9, 13].

Fig. 7a shows a bright-field image of a twinned
martensite plate observed at room temperature.
The same area was observed again under the same
diffraction conditions after the foil had been
slightly bent outside the microscope at room tem-
perature as shown in Fig. 7b. The image of (b) was
printed to be the mirror image of (a) and then
both images were cut along the same line. It can be
seen by comparing the two images along this com-
mon line that one of the two sets of twin-related
domains has grown at the expense of the other.
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Figure 7 Effect of external deformation on the widths of twin-related domains within a martensite variant. (a)
Undeformed, and (b) after slight bending at room temperature outside the microscope.

The above results suggest that all the bound-
aries present in the microstructure are mobile and
that deformation in the early stages occurs by:

(a) stress-induced growth of the most favour-
ably oriented existing martensite at the expense of
(1) unfavourably oriented adjacent variant by
motion of the martensite—martensite interface
which coincides with the {l 11} twin plane, and
(2) retained high-temperature phase by motion of
the martensite—high-temperature phase interface
toward the retained high-temperature phase side;

(b) stress-induced re-orientation of an existing
martensite. This involves stress-induced transfor-
mation of an existing martensite variant into
another of different orientation by utilizing the
most favourable twin system;

(c) stress-induced  twin-boundary  migration
within a martensite variant. This results in a
change in the relative width of the twin-related
domains within that variant.

Deformation by preferential growth of certain
martensite variants at the expense of others has
been observed in almost completely transformed
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Cu—Sn [25,26] and Cu—Zn—Al [27] alloys. Twin
boundaries within martensite were also observed
to be mobile under stress in In—T1 [28], Au—~Cd
[29] and Cu—Al-Ni [30] alloys.

3.3. Evidence added in proof of the above
deformation modes

The observed deformation modes in the early
stages were further confirmed by an interesting ob-
servation. It was found that if a virgin specimen
(not cycled) was bent at room temperature and
then cooled further, it continued to bend spon-
taneously in the same direction as shown sche-
matically in Fig. 8. Heating to above about 62°C
caused the specimen to completely recover its
original undeformed shape. Further cooling in the
absence of the initial bending did not cause any
macroscopic shape change. This behaviour is dif-
ferent from the reversible or two-way shape
memory effect [31-36] which seems to require
the recoverable strain limit to be exceeded
[31-35] or several hundred transformation—
deformation cycles [37]. In the latter case, change
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Figure 8 Schematic illustration showing the spontaneous
bending observed during further cooling of a specimen
bent slightly at room temperature. (a) Original shape and
shape after bending at room temperature, (b) and (c)
change in shape which occurs with progressive cooling.

of shape occurs reversibly during both heating and
cooling. The observed spontaneous strain is believed
to be related to the observed deformation modes
in the following way: since further cooling of a
partially transformed specimen causes the marten-
site plates to grow, those plates which have been
preferentially enlarged by the initial bending
would thereafter make the major contribution to
the observed macroscopic strain. Also, further
growth of martesite plates in which one set of twins
had been widened at the expense of the other set by
the initial strain would contribute additional
macroscopic strain. These processes are illustrated
schematically in Fig. 9. It is suggested that the sum
of these two strains is the cause of the observed
spontaneous strain if the material was only par-
tially transformed prior to the initial deformation.
This was taken as a method to determine the My
temperature. Wire specimens were bent at dif-
ferent temperatures below room temperature and
then further cooled. The highest temperature at
which bending was applied and then on further
cooling the specimen did not spontaneously bend
further was taken as the My temperature. This was
found to be about —90° C.

3.4. Deformation in later stages

Fig. 10 shows bright- and dark-field images of a
foil prepared from a tensile specimen given 8%
total elongation at room temperature. The ob-
served microstructure was typical of specimens
given relatively large amounts of strain and is rep-
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Figure 9 Schematic interpretation of the effect illustrated
in Fig. 8. (a) Favourably and unfavourably oriented mar-
tensite plates before (dashed lines) and after (solid lines)
bending. (b) Change in size of the plates shown in (a)
after further cooling. (c) Martensite plates (1) before and
(2) after bending showing growth of one set of twins at
the expense of the other. (d) Further growth of the mar-
tensite shown in c2 due to further cooling.

resentative of deformation within stage DE of Fig.
2. It can be seen that the twin boundaries and the
martensite plate boundary became highly irregular
compared to undeformed specimens and those
given small amounts of strain. The microstructure
of Fig. 10 is to be compared with that of Fig. 11
where the foil was prepared from a tensile speci-
men given 3% total elongation at room tempera-
ture. The irregularity of the boundaries of Fig. 10
compared to that of Fig. 11 suggests that slip has
taken place in stage DE. This is also evident from
the presence of line features within the martensite
in Fig. 10. The microstructure of specimens de-
formed within stage CB was very similar to that
within stage BC. These results suggest that defor-
mation within stage DE occurs by slip while defor-
mation within CD is an elastic deformation of the
martensite configuration formed at C. Specimens
given larger than about 6% total elongation at
room temperature never recovered their original
dimensions upon heating. This is consistent with
the observation that deformation within stage DE
occurs by slip which is, in general, irreversible. Slip
in the ordered martensite structure would be ex-
pected to be a difficult process since it creates
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Figure 10 Microstructure of a tensile specimen given 8% total elongation at room temperature, (a) Bright-field image,
and (b) dark-field image.

anti-phase boundaries and thus it occurs at high
stress levels. The difficulty of slip is evident from
the fracture mode. Fig. 12 shows scanning electron
micrographs of the fracture surface. It can be seen
that the fracture is mostly intergranular. The frac-
ture surface was always normal to the tensile axis
and no necking was observed.

3.5. Nature of the reverse transformation
1o the high-temperature phase

Fig. 13 shows a sequence of bright-field images

and their corresponding selected-area electron dif-

Figure 11 Microstructure of a tensile specimen given 3%
total elongation at room temperature (bright-field images).




Figure 12 Scanning electron micrographs of the fracture

fraction patterns taken during heating from room
temperature. It can be seen that during heating the
martensite plates shrink in a highly coherent
manner until they disappear completely. This is a
typical characteristic of thermoelastic martensites
and suggests that the martensite—high-temperature
phase interface is highly glissile as would be ex-
pected. This observation indicated that reversion
of martensite to the high-temperature phase in a
thin foil occurs by the same mechanism observed
in bulk material {17].

In order to determine whether an almost com-
pletely transformed material still exhibits a
memory, a wire was bent at liquid nitrogen tem-
perature and then heated. It was found that upon
heating to about 70°C, the wire recovered its
original undeformed shape. This observation
proves than an almost completely transformed ma-
terial still exhibits a memory and is in agreement
with the results of Otsuka er al. [17] on 49.75 at.
%Ni alloy. Fig. 14a is an optical micrograph
showing the microstrucutre of an etched specimen
at room temperature. Fig. 14b shows the same
area after the specimen was immersed in liquid
nitrogen for 20 min, heated to 100° C to revert all
the martensite, cooled to room temperature and
then slightly re-etched to reveal any microstruc-
tural change which might have occurred. It can be
seen that the specimen had regained its original
grain structure, however a slight change in the
shape of some grains has occured as can be seen at

surface of a tensile specimen tested at room temperature.

A. After ten such cycles the effect became more
pronounced as can be seen from Fig. 14¢. By com-
paring (a) and (c) one may notice that there has
been migration of some grain boundaries. Whether
this observation reflects a real shift or is due to the
effect of re-etching on some boundaries that lie
nearly parallel to the surface needs further investi-
gation. The sequence of the micrographs of Fig. 14
illustrates that the material even while it is almost
completely transformed to martensite, always
remembers the original grain structure of the high-
temperature phase. This suggests that there is a
unique path for the atoms to follow during the
reverse transformation. Wayman and Shimizu [38]
were the first to point out that ordering places a
severe restriction on the available lattice corre-
spondences or inverse Bain strain for the reverse
transformation. The present case is very similar to
the transformation in Au—47.5at.%Cd alloy
[39,40] (CsCI structure > orthorhombic). While
there are six equivalent lattice correspondences for
the forward transformation to martensite, there is
only one correspondence for the reverse transfor-
mation. Therefore, the material always remembers
the original grain structure of the high-temperature
phase as is evident from the sequence of micro-
graphs of Fig. 14. In addition, the observed micro-
structural features (self-accommodating groups of
martensite plates which are twin-related) suggest
that the transformation strain to be accommo-
dated by the high-temperature phase is very
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Figure 13 Example of a hot-stage electron microscopy experiment showing shrinkage of martensite plates during
heating (bright-field images and their corresponding diffraftion patterns). (a) Raom temperature, (b) 200° C, (¢} 25¢° C.
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limited. This transformation mode undoubtedly
contributes to the reversibility of the transfor-
mation.

3.6. Mechanism of the memory effect

It was shown that the deformation modes within
the recoverable strain range (stage BC of Fig. 2)
are limited to those modes involved in the trans-
formation process itself. Further, the reverse trans-
formation occurs by a martensitic mechanism that
restores the original grain structure of the high-
temperature phase. Therefore, the strain associated
with these modes would be expected to be

Figure 14 Optical micrographs showing the effect of com-
plete transformation cycles. (2) Initial microstructure, (b)
same area of (a) after immersion in liquid nitrogen for
20 min, heating to 100° C, cooling back to room tempera-
ture and slightly re-etching. (¢) Same area after 10 such
cycles.

reversed when the martensite reverts to the high
temperature phase.

4. Conclusions

The deformation behaviour and shape memory
effect in polycrystalline Ti—50.3at.%Ni alloy
have been investigated. From this work the fol-
lowing conclusions could be drawn:

(1) Deformation within the recoverable strain
range of a partially transformed material occurs by
modes limited to those involved in the transfor-
mation process. These are: (a) stress-induced trans-
formation of the most favourably oriented existing
martensite variant at the expense of adjacent un-
favourably oriented variant and retained high tem-
perature phase; (b) stress-induced re-orientation of
martensite by utilizing the most favourably
oriented twin system; (c) stress-induced twin-
boundary migration within a martensite variant.

(2) The reverse transformation during heating
occurs in a highly coherent manner that restores
the original grain structure of the high temperature
phase.

(3) The memory effect arises from: (a) reversi-
bility of the transformation, and (b) the limitation
of deformation modes within the recoverable

479



strain range to those involved in the transfor-
mation process itself.
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