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DEFORMATION BEHAVIOUR AND SHAPE MEMORY EFFECT
OF NEAR EQUIATOMIC NiTi ALLOY
H. A. Mohamed and J. Washburn
Materials and Molecular Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering
" University of California, Berkeley, California 94720

ABSTRACT

The mechanical shape memory effect associated with the martensitic-
type transformation which occurs in polyecrystalline Ti-50.3 at. pct. Ni
alloy has beeﬂ investigated using the techniques of transmission and
optical microscopy. Deformation of initially partialiy transformed
material within the recoverable strain range waé found to occur by:
(i) stress-~induced transformation of the most favorably oriented existing
martensite variants at the expense of'adjacent uﬁfavorably oriented vari-
ants and retained high temperature phase (ii) stress—induced re-orientation
of favorably oriented martensite by htilizing the most favorably oriented
twin system'énd (iii) stress—iﬁduced fwin boundary migration within the
martensite. The reverse‘transformation during heating restores the
original grain\structure of the high temperature phase in a highly co-
herent manner. It was congluded that deformation modes limited to those
involved in the tfansformation proééss and the reversibility of the trans-

formation give rise to the memory effect.



INTRODUCT ION

'The mechanical'shape memory effect is a phenomenon exhibited by
several alloys which undergo thermoelastic martensitic~transformation.

For detailéd discussions of shape memory alloyé, the reader may consult
reference [1]. Of particular interest is the alloy Ni-Ti near the equi-
atomic cémposition. The classical demonstration of the memory effect

is to bend an object made out of the material at a temperature below the
Mg (martensite start temperature during cooling) and then heat it. Dur-
ing heating the object tends to recover its original undeformed shape.
Complete recovery of shaﬁe can be attained only after heating to above
the Af temperature (tempefature at which reverse transformation to the
high temperature phase is completed) and provdded' that the initial strain
did not exceed a certain critical vaiue, otherwise, recovery of shape
would be incomplete.

The deformation behaviour of near equiatomic Ni-Ti alloys and its
relatipn to the reversible maftensitic—transformation which occurs in the
vicinity of room temperature have been studied by several investigators [2—13].
Most of this work was concerned withvmeasuring suéh properties as elastic
moduliif2], yiéld 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 transformation cycling on thé fatigue strength [8].
Little attempt has been made by Sastri and Makcinkowski[4] to clearly
estaﬁlish the deformation mode(s) in the early stages and porrelate these
with the microstructural features. However, their result was inconclusive.

In order to explain the mechanism of the mémory effect it is essentiai
to establish the deformation mode(s) within the recoverable strain range.

This is the subject of the present paper.
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2. EXPERIMENTAL PROCEDURE

All the specimens (sheets lmm thick) were solution treated at 1000°C
for 24 hrs. in quartz capsules under argon atmosphere, about lO_6 torr,
and then quenched in-ice water. Chemical analysis was done after such
treatment since the initial nominal composition might be of little signi-
ficance in determining properties of experimental specimens [13,14].

This analysis showed that:

Ni 55.4wt. pct. (50.3at. pct.)

-0 about 350 ppm
N less than 10 ppm

The initial Mg temperature (withdﬁt thermal cycling) as determined from .
thévpeak of the electrical resistivity vs. temperature diagram [16] was
found to be about 55°C. At room temperature the material was partially
fransformed into martensite. Thin foils for transmission microscopy
were prepared by a jet polishing technique in a solution containing

1 HN03:3—Methanol_by volume. The.foils were examined in a Siemens IA
EM and Philips 100 EMequipped with deformation and hot stages. For in
situ deformation experiments, the foils were gluea to the holder using
Eastman #910 adhesive. All the experiments were carried out at an
operating voltage of 100 kV. For optical microscopy, specimens were
polished and etchéd in a solution contéining 1 HF : 4 HNOg : SHéO by
volume [17] or highly polished only in order to observe surface relief
effects during progressive straining.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Microstructural Features
Figure la is an optical micrograph of an etched specimen taken at

room temperature. Fine parallel bands within the grains of the high
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temperature phase (CsCl-structure) can be seen. These bands are martensite
plates as was verified from electron micrographs. Figure 1b is a bright-
field image taken at room température and showing a zig-zag arrangement

of martensite plates. .This morphology is typical of self-accommodating
martensite. It was very seldom that an isolated martensite plate was
observed in the field of view. This suggests that growth of self-accom-
modafing groups of martensite plates is favored over that of individual
plaﬁés because the former is associated with less macroscopic strain.

This type of morphology 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 trans-
formation and which is to be.accommodated by the high temperature phase
is minimized. This is consistent with thé reversibility of the trans-
formation since if the transformation strain is large enough to cause
appreciable slip, the transformation would be irreversible. Selected-
area diffraction and daerfield imaging verified that the paraliel bands
within each member of the group shown in Figure 1b are twin-related along
{111} plane of the martensite structure (distorted orthorhombié) as
reported for similar NiTi alloys by some other investigators [21,22].
Membefs of a self-accommodating group of martensite plates are themselves
twin-related along {111} plane of the martensite structure as has been
verified by trace analysis of electron micrographs and their correspond-
ing 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
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is that, as will be shown, the boundaries separating the microstructural

units were observed to be mobile under an external stress.

3.2  Deformation Modes in the Early Stages of Initially Partially

Transformed Material

Figure_Z 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 corresponds to point C.
Therefore,bin ofder to explaih the mechanism of the memory effect, the
" deformation mode(s) within stage BC which is characterized by relatively
low rate of strain hardehing has to be established. Figure 3 is a
vsequence of optical micrographs sﬁowing 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 paraliel bands have developed.
These are believed to be sufface:relief effects resulting from stress-
induces growth and/or re-orientation of the most favorably oriented
existing martensite. It is to bé.nqted that during the coursé of strain-
ing,'no new bands have devéloped.. This is probably because the material
was partially transformed to marténsite (thermally) prior to deformation
and since the transformation is therm@elastic [17], growth and/or re-
orientation of already existing martensite would be expécted to be
much.more likely than nucleation of new martensite. In view of the
observed microstructural features, stréss—induced transformatioﬁ of the
most favorably oriented martensite would be expected to occur at the
expense of unfavorably oriented martensite and/or retained high tempera-

ture phase. Figure 4 shows x-ray diffractometer traces obtained at
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room temperature from undeformed and deformed specimens. It can be
seen that after giving “pct. total elongation at room temperature the
"integrated" intensities of (020), (lii) and (002) martensite diffrac-

tion lines have increased at the expense of the (110) "integrated"

CsCl
inténsity. This indicates that some growth of already existing marten-
site has occured at the expense of retained high temperature phase. The
deformation behaviour has been further studied on the finer scale of the

veleétron microscope. Figure 5 shows the result of in situ deformation
exﬁerimeﬁt. The féil was imaged in the same area beforevand after
deformation in tension at room teﬁpetature 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 neighboring variant marked "B".

" This observation indicates that the mértensiteﬂ?ﬁ?ﬁ%i§ggx%hich was
found to coincide with the {111} twinning plane is mobile under stress.
Further, it can be seen that a néwlset of thin parallel bands have
appééred at C. Probably these finé bands afe twins within a martensite
variant whichAhas been grown under stress and was outside the field of
view prior‘to deformation. During the course of the in situ deformation
experimenté it was obsérved thatAduring deformation, sets of twins within
martensite variants héve disappeared and been replaced by other sets
running in different directions. Sometimes sets intersecting each’
otber were also observed. These observations indicate the complexity of
the deformation behaviour on the fine scale. Figure 6 shows that after

deformation, only the set of twins at "B" remained parallel to the

corresponding set before deformation at "A'". Further, this set can be
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seen to spread and wipe out the other sets. 1In addition a new set has
appeared and tends to interéect the other set.These observations suggest
that several events may occur during deformation.

The lattice—invariant»deformatioﬁ of the transformation is required
by the crystallographic theories to minimize the aistrotion at the mar-
tensite-high temperature phase interface. In the present case this is
{ill} twinhing. 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 cldse to <123>. It is suggested
that, under an external stress, those sets of twins within a martensite
variant which are nét favorably oriented with respect to the resolved
shear of the apﬁlied 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 tempera-
ture phase as an iﬁtermediate step as has been hypothesized by
Wasilewski [6,7,9,13]. |

Figure 7a showé a bright~fieldrimage of a twinned martensite plate
observed at room temperature. The same area was observed again under
the same diffraction éonditions'aftér the foil had been slightly bent
outside the.microscope at room temperature as shown in Figure 7b. The
image of b was printed to be the ﬁirror.image of a and then both images
were cut along the same line. It can be éeen by comparing the two
images along this common line that one of tHe two sets of twin-related

domains has grown at the expense of the other.
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The above results suggest that all the boundaries present in the
microstructure are mobile and that deformation in the éarly stages occurs
by:

.(a) stress-induced growth of the most favorably oriented existing
martensite at the expense of (i) unfavorably oriented adjacent variant by
motion of the martensite-martensite interface which coincides with the
{111} twin plane and (ii) retained high temperature phase by motion of
thé maftensite—high,temperature phase interface toward the retained high
temperature phase side.

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

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

Deformation 5y preferential growth of ceratin martensite variants
at the éxpense of others has been observed in almost completely trans-
formed Cu~Zn [25,26] and Cu—Zp—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 mbdes

The observed deformation modes in the early stages were further
confirmed by an interesting observation. It was found that if a virgin
specimen (not cycled) was bent at room temperature and then cooled

further, it continued to bend spontaneously in the same direction as

[
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shown schematically in Figure 8. Heating to above about 62°C caused the
specimen to completely recover its original undefprmed shape. Further
cooling in absence of the initial bending did not cause any macroscopic
éhape change. This behaviour is different 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 hundréd transformation-deformation
cyéles [37]. 1In the latter case, change of shape occurs reversibly during
both heating and cooling. The observed spontaneﬁus strain is believed

to be related to fhe observed deformation modes in the_following way :
since further cooling of a partiallyAtransformed specimen causes the-
martensite plates toAgrow, those piates which have been preferentially
enlarged by the initial bending would thereafter make the majorAconfri—
bution to the new thermally transformed volume. This would contribute

to the observed.ﬁacroscqpic strain. Also, further growth of martensite
plates in which oﬁe set of twins had been widened at the expensé of the
other set‘By the initial strain would contribute additional macroscopic
strain. - These processeé are illustrated schemétically in Figure 9. It
is suggested that the sum of these fwo strains is the cause of the
observed spontaneous strain. Therefore, this strain would be expected

to be observed only if the material was qnly partiallytransforﬁedprior
to the initial deformation. This was taken as a method to determine the
M temperature. Wire specimens were bent at different temperatures below
room temperature and then further cooled. The highest temperature at
which bending was applied and then on further Eooling the specimen did
not spontaneously bend further was taken as the Mg temperature. This

was found to be about -90°C.



3.4 Deformation in Latter Stages

Figure 10 shows bright and dark-field images of a foil prepared from
a tensile specimen given 8 pct. total elongation at room temperature. The
observed microstructure wés-typical of specimens given relatively large |,
- amounts of strain and is representative of deformation within stage DE of
Figure 2. It can be seeﬁ 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 Figure
10 is to be compared with that of Figure 11 where the foil was prepared
from a tensile specimen given 3 pct. total elongation at room temperature.
The irregularity of the boundaries of Figure 10compared to that of
Figﬁre 11 suggests that slip has taken place in stage DE. This is. also
evident from the presence of line features within the martensite in
Figure 10. The microstrucutre of specimens deformed within stage CD was
very similar to that within stage BC. These results sﬁggest that
deformation within stage DE occurS'By~slip while deformation within CD
is an elastic deformation of the martensite configuration formed at C.
Specimens given larger than about 6 pct. to£a1 elongation at room tem-
perature never reéovered their original dimensions upon heating. This
is consistent with the observation that deformation within stége DE
occurs by slip which is in.general irreversible. Slip in the ordered
martensite structure would be exﬁected to be a difficult prbcess since
it creates anti-phase boundaries and thué it occurs at high stress
levels. The difficulty of slip is evident from the fracture mode.
Figure 12 shows scanning electron micrographs of the fracture Surfacef

It can be seen that the fracture is mostly intergranular. The fracture
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surface was always normal to the tensile axis .and no necking was observed.

3.5 Nature of the Reverse Iransformation;to the High Temperature Phase

Figure 13 shows a sequence of bright-field images and their correspond-
ing selected-area electron diffraction patterns taken during heating from
room temperafure. It can be seen fhat_during heating the martensite
plates shrink in a highly coherent mannef'until they disappear completely.
This is a typical characteristic'of‘thermoeiastic martensites and suggests
that the martensite-high temperature phase interface is highly glissile
as would be‘expected. fhis observetion indieates that reQersion of
maftensite to the,high temperature_phase in a thin foil occurs by the
same mechanismvobserved.in bulk material [17].

In order to determine whether an almost completely transformed
material still exhibits a memory, a wire was bent at liquid nitrogen
temeerature and then heated. It was found that upon heating to about
70°C., the wire recovered its_originel undeformed shape. This observa-
tion proves that an almost completely transformed material still exhibits
a memory and is in agreement with the results of Otsuka et al [17] on
v49.75 at, pct. Ni alloy. Figure.l4e is an optical micrograph shewing
the microstructure of‘en etched specimen at room tempefature. Figure 14b
shows the same area after the specimen was immersed in liquid nitrogen
fof 20 minutee, 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 occured. 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 A. After ten such
cycles the effect became more pronounced as can be seen from Figure 14C,

By comparing a and ¢ one may notice that there has been migration of
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some grain boundaries. Whether this observation reflects a real shift

or is due to the effeét of re~etching on some boundaries that lie_nearly
parallel ;0 the surface needs further investigation. The sequence of

the micrographs of Figure 14 illustrates that the material even while it
is ‘almost completely transformed to martensite, always remembers the
ofiginal grain structure of the high temperature phase. This suggests
that there is a unique path for the atoms to follow during fhe reverse
trénsformation. Wayman and Shimizu [38] were the first to point out that
ordering places a severe restriction on the available lattice correspon-
dences or inverse Bain strain for'the reverse transformation. The
present case is very similar to thé transformation in Au-47.5 at. pct. Cd
alloy [39,40] (CsCl-structure - orthorhombic). While there are six
eqdivalent lattice corréspondences for the forward tranéformatiqn to
mar;ensite, there is only one cofreépondence for the reverse transforma-
tion. Therefore, the material always remembers the original grain struc-
ture of thevhigh temperature phase as is evident from the sequence of
micrographs of Figure 14. In addition, the observed microstructurall
features_(self-accommodating groups of mértenéite plates which are twin-
related) suggest that.the tfansformation strain to be accommodated’by

the high temperature phase is very limited. This transformation mode‘
undoubtedly contributes to the reversibility of .the transformation.

3.6 Mechanism of the Memory Effect

It was shown that the deformation modes within the recoverable
strain range (stage BC of Figure 2) are limited to those modes involved
in the transformation process itself. Further, the reverse transforma-

tion occurs by a martensitic mechanism that restores the original grain

[
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structure of the high temperature phase. Therefore, the strain associated
with these modes would be expected to be reversed when the martensite
reverts to the high temperature phase.

4. CONCLUSIONS

The deformation behaviour and shape memory effect in polycrystalline
Ti-50.3 at. pct. Ni alloy have been investigated. From this work the
following_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
transformation process. These are: (i) stress—inducedvtransformation of
the mést favorably orieﬁted existing‘martensite.variant at the expense
of adjacent unfavdrably oriented variant and retained high temperature
phase. (ii) stress-induced re-orientation of martensite by utilizing the
most.favorably oriented twin system. (iii) stress-induced twin-boundary
migration within a martensite variant.

“(2) The reverse transformétibn 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: (i)vreversibility of the trans-
formation and (ii) the limitation of.deformation modes within the recover-
able strain range to those involved in the transformation process itself.
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Fig. 1. Microstructure of the martensitic phase (a) Optical micrograph

(b) bright-field transmission electron micrograph.

Fig. 2. True tensile stress-strain diagram at room temperature.

Fig.

Fig.

Fig.

Fig.

3-  Optical micrographs shéwing_surface‘relief effects associated
with stress—-induced growth and/of re-orientation of the most favorably
ofiented existing martensite. (a) 1% (b) 2% and (c) 3% total elonga-
tion at room temperature.

4. X-ray diffractometer traces of undeformed and deformed specimens
(a) Undefo;med (b) specimen\giyen 3% total elongatioﬁ at room temper-
ature.

5. Example of iﬁ situ deformation stage experiment in the electron
microscope showing stress—-induced growth of one martensite variant at
the expense of other and stréss—induced growth at the expense of
retained high temperature phase. (a) Before deformation and (b)

after deformation.‘

6. Another example of in situ deformation experiment showing stress-

- induced re-orientation of martensite by utilizing the most favorable

Fig.

Fig.

Fig.

twinning mode. (a) Before deformation aﬁd (b) aftef deformation.

7. Effect of external deformation on the widths of twin-related
domains within a martensite variant. (a) Undeformed and (b) after
slight beﬁding at room temperature outside the microscope.

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 €:))

and (c) change in shape which occurs with progressive cooling.

9. Schematic iﬁterpretation of the effect illustrated in Figure 8.

(a) Favorably and unfavorably oriented martensite plates before
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(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
martensite shown in C-2 due to further caoling.

Fig. 10. Microstructure of a tensile specimen given 8% total elongation
at room temperature (a) Bright-field image and (b) dark-field image.

Fig. 11. Microstructure of a tensile specimen given 37 total elongation
at room temperature (bright-field images).

Fig. 12. Scanning electron micrographs of the fracture surface of a
tensile specimen tested at room temperature.

Fig. 13. Example of a hot-stage electron microscopy experiment showing
skrinkage of martensite plates during heating (bright-field images
and their corresponding diffraction patterns). (a) Room temperature
(b) 200°c. (e) 250°C.

Fig. 1l4. Optical micrographs showing the effect of complete transformation
cycles. (a) Initial microstructure (b) same area of (a) after
immersion in liquid nitrogen for 20 minutes, heating to 100°C, cool-
ing back to room temperature and slightly re-etching. (c) same area

after 10 such cycles.
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