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Review

Thermoplasticity, pseudoelasticity and the
memory effects associated with
martensitic transformations

Part 2 The macroscopic mechanical behaviour

R. V. KRISHNAN,* L. DELAEY, H. TASYt
Departement Metaalkunde, Katholieke Universiteit Leuven, Belgium

H. WARLIMONT

Max-Planck-Institut fir Metallforschung, Stuttgart, Germany

The macroscopic mechanical behaviour (stress-strain-temperature relations in tension,
compression and internal friction) associated with pseudoelasticity and the memory
effects is extensively reviewed. The particular features of the tension and compression
curves (the stress to induce or reorient the martensite, fotal elongation, reversibility and
hysteresis) are analysed and their dependence on temperature and crystal orientation is

discussed.

1. Introduction

In Part 1 the general characteristics of thermo-
elasticity, pseudoelasticity and the shape memory
effects were discussed. In the present paper
experimental evidence on the macroscopic
mechanical behaviour is compiled to correlate
the various phenomena that are associated with
the martensitic transformation. Since the alloys
exhibiting pseudoelasticity and shape memory
effect possess a high damping capacity related to
these effects, this property is also reviewed. The
thermoelastic transformation either on cooling or
on heating in the absence of an external stress
causes no macroscopic mechanical effects.
Therefore it will not be considered in the present

paper.

2. Pseudoelasticity
2.1. Pseudoelasticity by martensite
formation

On stressing a metastable alloy susceptible to
transformation to martensite at a constant tem-
perature, 77, a stress-strain curve as represented
in Fig. 1 is obtained, if 7} is greater than A,
the temperature at which the reverse trans-
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Figure I Schematic representation of a stress-strain curve
showing the pseudoeclastic behaviour. pr/?M = stress
necessary to cause transformation at 7 pr/M~P = stress
necessary for reverse transformation at 7 ; py® = plastic
yield stress of martensite at T;; € = total strain achieved;
AH = irreversible component of the total strain [2].

formation is completed under no stress. Section
AB represents purely elastic deformation of the
parent phase. At point B, corresponding to a
stress level o, M, the first martensite plates
start to form. The transformation is essentially
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cemplete when point C is reached. The slope of
section BC reflects the ease with which the
transformation proceeds to completion. On
continued stressing, the material which is in the
completely transformed condition deforms elasti-
cally as represented by section CD of the curve.
At D, the plastic yield point, op, of the martensite
is reached and the material deforms plastically
until fracture occurs. If the stress is released
before reaching the point D, e.g. at point C’, the
strain is recovered in several stages. Part C'F of
the curve corresponds to elastic unloading of the
martensite. On reaching a stress op,M—F at F,
the reverse martensitic transformation starts
and the fraction of martensite decreases until the
parent phase is completely restored (G). Section
GH represents the elastic unloading of the
parent phase. The total strain may or may not be
completely recovered, the latter being the case if
some irreversible deformation has taken place
either during loading or during unloading. The
magnitudes of o, F~M and or,M~F with respect
to the yield stress, oy¥, of the parent at T}
determine the actual tensile behaviour. The
difference between o7,PM and opM—P deter-
mines the stress hysteresis. The area enclosed
by the loading and unloading curves gives the
amount of the dissipated energy. An experi-
mental stress-strain curve as represented in Fig. 1
was first published by Burkart and Read for
indium-thallium alloys in 1953.

The stress necessary to induce the trans-
formation, o7 ~M, has been found to be a linear
function of temperature (Fig. 2). A similar
relationship exists for opM-P. The stresses
orP™™ and opM-P increase with increasing
temperature while the yield stress of the § phase,
oy, decreases with increasing temperature, as
shown in Fig. 3. The curve shown in Fig. 3 may
be divided into three sections: sections AB and
A'B” correspond to stress-strain curves with a
large hysteresis; sections BC and B'C’ (which
differ in slope from AB and A'B” respectively)
refer to stress-strain curves with a negligible
hysteresis and section CD corresponds to the
deformation of the parent phase preceding the
martensitic transformation.

Further variations of the stress-temperature
behaviour shown schematically in Fig. 3 are due
to variations of the components of applied stress
in relation to the crystal orientation. In their
work on In-Tl alloys Burkart and Read [1]
found that the slopes of the oyM-F and gp¥-M
curves and the hysteresis vary on going from
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Figure 2 The effect of compressive (a) and tensile (b)
loading on martensite formation and disappearance in
20.7% Tl—In alloy [1].
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Figure 3 Variation of stress necessary to form martensite
with temperature (schematic). Same symbols as in Fig.
1 [3L

tension to compression and on changing the
crystal orientation.

Examples of stress-strain curves as a function
of testing temperature are given in Figs. 4 and 5.
Fig. 4 indicates the striking variation of op?—M
and opM—F with testing temperature for Cu—Zn
—Si polycrystals. Plotting these stresses against
temperature, two straight lines are obtained
which intersect the temperature axis (c = 0) at
My and As, respectively; these correspond to
points A and A’ in Fig. 3. The further features of
the o7F~M and oM —F behaviour shown schemati-
cally in Fig. 3 are illustrated by the stress-strain
curves of single crystals of Ag—Cd reproduced in
Fig. 5.In Fig. 5a two types of curves can be differ-
entiated regarding the stress hysteresis and the
occurrence of serrations. The curves obtained at
T > 228 K show nearly no serrations and a small
hysteresis whilst those taken at T < 218K show
pronounced serrations and a large hysteresis.
A plot of op?~M and opM~P values results in the
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Figure 4 Stress-strain curves showing pseudoelasticity in
Cu—Zn—Si alloys as a function of testing temperature

2.

Stress

Celel) 8 218K
7=183K 213K
208K
5 263K
n
228K
{al
Strain
[ 11331, 263 K
g 218K 228K
Elr=213k
n ]
(b ‘
SArain

Figure 5 Stress-strain curves showing the pseudoelasticity
and shape-memory effect in Ag—45 at. %, Cd single
crystals as a function of temperature and crystal orienta-
tion [3].

temperature dependence shown schematically
in Fig. 3.

The martensite plates formed at T < 228K
grow continuously with increasing stress whereas
at T > 228K the plates grow spontaneously. In
this region nucleation is stress-induced whereas
growth is spontaneous, so that a stress relaxation
is associated with each growth event. The
absence of strain recovery on releasing the
applied stress at 7 < 208K indicates that no
reverse transformation occurs in this tempera-
ture range. This behaviour is a prerequisite for
the memory effect. The incomplete strain
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recovery at 7' = 263K arises from plastic strain
of the matrix prior to martensitic transformation
whereas the reverse transformation is complete.

A comparison of Fig. 5a and b indicates that
the stress-strain behaviour is a function of the
orientation of the tensile axis not only quanti-
tatively but also qualitatively.

The total transformation strain on uniaxial
loading, ep®—M, varies from alloy to alloy as a
function of the crystallographic parameters. The
maximum strains «F~M reported from different
measurements on single and polycrystalline
specimens are given in the third column of
Table 1. The range of stress at which the maxi-
mum transformation strain may be obtained at
different temperatures is given in the second
column of Table I. The characteristic differences
arising with different solvent components will be
treated in Part 3. If the values of ¢, for single
and polycrystalline specimens are compared
three main points may be noted.

1. oM ig generally lower for polycrystalline
material than for single crystal specimens. As
mentioned earlier, the stress to initiate the
transformation in single crystals is a function of
orientation whereas in quasi-isotropic poly-
crystalline material the most favourable orienta-
tion is always present. Therefore the stress for
the initiation of transformation in polycrystal-
line material should correspond to the minimum
value for single crystals.

2. The maximum values of ¢F~M for single
crystal specimens are given by Fig. 11a to ¢ in
Part 1, whilst the maximum strains attainable in
polycrystalline specimens of the same alloy will
remain lower because of the mnecessity of
accommodation strains at grain boundaries.

3. The residual strain after releasing the stress

is higher for the polycrystalline material,
implying that the irreversible strain produced by
one transformation cycle is higher in this
case.
Although tensile or compressive stresses are
emphasized as being responsible for pseudo-
elasticity, the macroscopic behaviour is more
clearly revealed on bending. This is caused by
the fact that a small linear strain gives rise to a
large bending strain in thin specimens.

2.2. Pseudoelasticity by reorientation

On stressing thermal martensite, curves very
similar to the ones represented in Fig. 1 are
obtained, i.e. pseudoelasticity can also be
obtained without being accompanied by a
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TABLE I Stress necessary to induce martensite. Transformation strain of pseudoelastic martensite formation

Alloy ar e F~M specimen remarks Strain recovery Reference
(max. observed) s = single crystal
p = polycrystal
Fe;Be 47-66 kg mm~—2 + 8% critical resolved -+ 100%-0 (after 13
shear stress several cycles)
p
Ti—>51 at. % Ni 50 x 10°psi +1,5% p 100%; 22
Cu—14 wt 9 Al—3  0-40000 psi + 6% from —33 to 120°C 4 100 4
to 4% Ni p
AuCd,,. 9 kg mm—? at 73°C + 1009 23
S
Cu~Zn-Si 0-20.000 psi 15% 0 to 80°C 4+ 1009, 2
Cu—Zn-Sn p
Cu-33%Zn-3wt%Sn 0-30.000 psi 169, 0 to 30°C 17
S +p
Ag—Cd 0-24.000 psi 6% —70 to 0°C + 100, 3
(45 at. % Cd) s
observed for elastic twinning; it is considered to
arise from a resistive energy similar to that
arising from dry friction and from an inter-
AN A N\ facial energy. Sumino [14] included Au-Cd and
o “ In-TI martensites in his study of the mechanical
a 3 2 behaviour of crystals with twinned microstruc-
ture. He concluded that the experimental data on
Ty these alloys (as in Fig. 6) could not be inter-

Figure 6 Stress-strain curve of Au—Cd alloys showing
pseudoelastic behaviour as a function of the number of
cycles [9].

martensitic phase change. This pseudoelasticity
is obtained by reorientation. It has been observed
in Au-Cd [5], In-T1 [6], Cu-Al-Ni [7],
Cu-Al [8] alloys. The stress necessary to
initiate the reorientation decreases with in-
creasing number of transformation cycles. This
behaviour is shown for an Au-Cd alloy in Fig.
6 [9]. Since the reorientation of the martensite
plates can be envisaged as a form of twinning in
most cases (|10, 11], see also Part 1), the pseudo-
elasticity obtained by reorientation can be
compared to elastic twinning and untwinning in
crystals. Elastic twinning refers to the process of
deformation in which a twin, which appears in
the crystal upon the application of an external
stress, changes its dimensions reversibly with
any change in the magnitude of the applied
stress. Elastic twinning has been treated exten-
sively by Kosevich and Boiko [12] and by
Bolling and Richman [13]. A hysteresis is also

preted in terms of conventional theory of
twinning. In fact, the problem is not to con-
sider the nucleation of a twin but rather the
motion of existing twin boundaries.

In considering the growth of deformation
twins at low stresses, the structural defects of
existing twin boundaries have to be taken into
account; more specifically, ledges along twin
boundaries are highly mobile. Consequently, the
stress necessary for twinning along a twin
boundary is considerably lower than for twin
formation in a bulk crystal. The ratio of the two
theoretical shear stresses could be as low as 1/100
in the case of Au-Cd alloy.

The deformation of a martensitic structure
capable of reorientation requires a finite
applied stress. The process consists essentially of
converting martensite of a given variant into a
variant of more favourable orientation. It is to
be expected that mobile defects exist along the
martensite plate boundaries such that an applied
stress will give rise to their motion, yielding
maximum elongation in the direction of that
stress. It has been suggested that the progressing
interface sweeps out the existing defects [14].
This possible mechanism along with the activa-
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Figure 7 Stress-strain curve and the associated micro-structures of a Cu—Zn—Al-—Ni 3R-type of martensite,
showing partial pseudoelastic behaviour (1 to 4). 4 and 5 represents the shape recovery (shape memory effect) of the

residual strain while heating.

tion of suitably oriented mobile defects in the
interfaces during the first loading cycle can
explain the decrease in the stress for the onset of
reorientation in subsequent cycles.

Other mechanisms for the reorientation of the
martensite plates have been proposed by
Wasilewski [26]. He concludes that while a
suitable stress is applied above M the forward
austenite-to-martensite  transformation  can
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always occur, but that while a stress is applied
below A4 only some combinations of stress-and-
variant-orientation can lower the start tempera-
ture for the reverse transformation, martensite-
to-austenite. Therefore the temperature Agq is the
equivalent of My as determined for a specific
transformation variant and not for the onset of
the transformation regardless of the variants
formed. In his review on the nature of martensitic
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transformations, Wasilewski concludes further
that, if the martensite is stressed between M and
Ag, (Aa < Mjy), the stress-assisted austenite
reversion is only a transient intermediate step,
which is followed by the immediate and also
stress-assisted transformation of this austenite to
another martensite variant of orientation dif-
ferent from that of the original martensite.

The experimental differentiation between the
pure motion of a martensite plate boundary and
the model proposed by Wasilewski will be very
difficult. In Fig. 7, five micrographs out of a
series are reproduced, showing the to-and-fro
movement of such a martensite plate boundary
on stressing (1 to 3), the forward movement on
releasing (3 to 4) and heating (4 to 5) the
sample. As is shown in a film published in
Encyclopedia Cinematographica[25], Wasilewski’s
two-step mechanism cannot be made visible,
but there are indications [27] that this two-step
mechanism can occur on an atomic scale. In
crystallographic terms the two models are there-
fore equivalent, only the atomic position before
and after the application of the stress is consi-
dered but not the path followed by the atoms.

Stress

Strain

Figure &8 Stress-strain curve for a single crystal of Cu—Al
—Ni alloys at 38° C, with a pseudoelastic strain up to 249,
[71.

2.3. Pseudoelasticity by the combined
formation and reorientation of
martensite

A multistage stress-strain curve of the type
shown in Fig. 1 need not be caused by trans-
formation followed by plastic deformation; it
may also be due to transformation followed by
reorientation. A curve reported by Busch er al.
[7] shown in Fig. 8 may be interpreted on this
basis. Martensite formation sets in at point A and
continues until point B is reached. In section BC
the martensite is stressed elastically whereas we
surmise that reorientation takes place in section
CD. Upon unloading, both stages of the process

are reversed. This example shows that pseudo-
elasticity occurs not only on stressing thermal
martensite but also on stressing stress-induced
martensite. It appears that in this case the stress
level for the formation of stress-induced
martensite is less than that required for its
reorientation.

2.4, Internal friction and fatigue

Several of the alloys listed in Table I of Part 1,
show a very high damping capacity. They also
possess favourable fatigue properties. Simple
experiments like bouncing a ball [15] or striking
a strip of material susceptible to pseudoelastic
behaviour at different temperatures can demon-
strate that the damping behaviour is a sensitive
function of temperature. This is associated with
the temperature dependence of the amount of
martensite formed.
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Figure 9 The internal friction (curve b) and the electrical
resistivity {(curve a) in the temperature range of the
formation of thermoelastic martensite in a Cu—Al—Ni
alloy [16].

The relation between internal friction and the
amount of martensite at a given temperature in a
Cu—Al—Ni alloy is shown in Fig. 9 [16]. Curve
a shows the amount of martensite present during
heating and cooling whilst curve b gives the
corresponding changes in internal friction as a
function of temperature. The maxima (A and B)
in internal friction occur at temperatures
corresponding to 50 %, martensite present in the
specimen (points A’ and B’).
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The mechanism giving rise to internal friction
in pseudoelastic alloys has not been fully
established. It is related to the energy dissipation
which is part of the resistive energy reflected by
the hysteresis in the stress-strain curves. The
elementary mechanism of internal friction is
associated with the movement of the interphase,
interplate and/or twin boundaries. In Mn—Cu
alloys the internal friction was found to exhibit
a main peak, associated with the movement of
twin boundaries, and a sub-peak associated with
the movement of the interphase fcc—fct [28].
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Figure 10 Specific damping capacity as a function of the
yield stress for various materials [24].

The specific damping capacity in combination
with the yield strength is the joint criterion for
technological application of highly damping
materials. Fig. 10 shows a plot of these two
properties for a number of materials. It is
evident that some of the pseudoelastic alloys
show a favourable combination of both.

Another particular property of pseudoelastic
alloys is their high fatigue strength. An Ni—Ti
alloy has been shown to sustain 107 cycles before
fracture at a stress level of 70 x 102 psi [15]; a
Cu—AIl—Ni alloy exhibited a fatigue life 102
times that of brass at 29 total strain [7].
Preliminary microstructural investigations indi-
cate that this behaviour is based upon the
relaxation of stress concentrations by pseudo-
elastic martensite formation.
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Figure 11 Schematic representation of a stress-strain
curve showing the shape-memory effect by martensite
formation or reorientation: (a) the deformation stage;
(b) the shape recovery while heating the specimen.

3. Memory effect by transformation

and reorientation
In contrast to pseudoelasticity, the shape
memory effect is achieved by deforming the
material at one temperature and heating it up to
a higher temperature. It recovers its original
shape during heating. Fig. 11, which is a more
detailed drawing equivalent to Fig. 1c of Part 1,
illustrates the process schematically. The rising
portion of the curve (up to point D in Fig. 11} is
due either to the formation of stress-induced
martensite or to the reorientation of the existing
thermally induced martensite. On unloading at
this temperature, the material recovers elastically
first. The recovery of the remaining strain is due
to either transformation or reorientation. In the
ideal case, strain recovery is complete (the whole
of AE in Fig. 11). If the material is heated
recovery commences at a temperature 4 (at F)
and continues until G, corresponding to tempera-
ture A, is reached. Strain recovery is never
complete because along with the stress-induced
transformation some plastic strain will occur
which is not recovered on heating to 4s. Thus the
total strain of the material consists of (a) the
elastically recoverable strain, (b) the reversible
strain accompanying the transformation and/or
reorientation, and (c¢) the irreversible plastic
strain (GH).

For stress-induced martensite, the stress at
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point B is a function of temperature given by the
thermodynamic functions associated with the
transformation (see Part 3) and it corresponds to
ap?~M in Fig. 1. In the case of reorientation, the
stress at B is determined by the stress required
for the displacement of plate and twin boun-
daries; its temperature dependence is given by
that of the elastic constants of the martensite.
The temperature at which the strain recovery
commences will be close to 4s < AL where Ag°
is the temperature corresponding to the onset of
reverse transformation after thermal martensite
formation.

The strain recovery is not always associated
with one unique process. For example, a
deformed In-T! specimen recovers in two
distinct stages [8]. The first stage occurs below
AL It is due to the partial reverse movement of
the twin boundaries, i.e. reorientation, which in
this case, is aided by the temperature dependence
of the tetragonality of the martensite. At A the
remaining strain is recovered drastically as the
specimen transforms back to the fcc parent
phase.

Pseudoelasticity and the shape memory effect
are very closely related. As shown in Fig. 5a and
b, the amount of strain recovered during the
unloading cycle is a function of testing tempera-
ture. The strain that is not recovered iso-
thermally is recovered during heating. In other
words, strain recovery by the pseudoelastic
mechanism and by the shape memory mecha-
nism are complementary. This relation has been
established for Ag-Cd [3] and Cu-Zn-Sn single
crystal specimens [17] and is shown for the latter
in Fig. 12,

Since martensitic transformation and reorien-
tation are the basis of the memory effect, any
other transformation that precedes the mar-
tensitic transformation and reduces the volume
fraction of parent phase will reduce the absolute
magnitude of recoverable strain.

4. Transformations under constant
load or constant strain

In a number of investigations where martensitic
transformations were induced by temperature
changes under constant load, the effects discussed
in this paper were also observed. Most of the
experiments were carried out on Fe-Ni [18-20]
and Cu-Zn [24]. The fractions of recoverable
transformation strain and irreversible plastic
strain are sensitive functions of the applied stress.
An example of complete strain recovery which

Total recovery

100+

Pseudoelastic
Shape memory

{9/0}
Recovery (1)

_/

Temperature —»

Figure 12 The total shape recovery and the shape recovery
by pseudoelasticity and shape memory effect (Cu—Zn—
Sn single crystal) [17].

Strain —

Figure 13 The shape deformation obtained by cooling and
heating a Cu—Zn crystal under Ioad [21].

occurred at comparatively low stress is shown in
Fig. 13 [21].

On cooling the specimen initially shrinks
owing to thermal contraction. On reaching
M, which is a function of the applied stress,
the specimen begins to transform and this
continues until M is reached, where the
transformation is complete.

When the external stress is increased below the
yield stress of the parent phase, the transforma-
tion strain is increased. In addition to the
reversible fraction an irreversible fraction is also
obtained. This irreversible component was
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Stress —m

Figure 14 Stress-strain curves of Cu-—Zn—Sn alloys
showing the pseudoelastic behaviour and the shape
memory effect as a function of temperature. The samples
with a residual strain after releasing the stress have been
heated under constant strain. Stresses are built up and are
released by releasing the strain [17]. The first set of
curves showing the pseudoelasticity and memory effect
can be compared with Figs. 1 and 11. The second
set of curves indicates how the stress increases while
heating the sample in the strained state (vertical line).
Upon releasing the strain the stress automatically drops.

termed transformation plasticity (Umwandlungs-
plastizitdt). If the applied stress exceeds the yield
point, the irreversible component increases still
further. It is assumed that the yield point is
lowered during the transformation and that no
increase in stress is required to maintain flow.
The large elongation is attributed to crystallo-
graphic slip occurring during the transformation.

If after stress-induced transformation the
strain is kept constant while the temperature is
increased, a considerable increase in stress
results. This is due to the driving energy of the
reverse transformation which is exerted as a
stress since the transformation is restrained. This
behaviour is illustrated in Fig. 14 for a Cu~-Zn
-Sn alloy [17].
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