Pseudoelasticity and the Strain-Memory
Effect in an Ag-45 At. Pct Cd Alloy

R. V. KRISHNAN AND L. C. BROWN

A study has been made of pseudoelasticity and the strain-memory effect in g Ag-Cd alloys
having a low temperature martensitic transformation. Tests on single crystals showed that
maximum pseudoelasticity occurred in specimens with the tensile axis oriented close to
{001) at temperatures 20° to 50°C above M. The habit plane for stress-induced marten-
site (SIM) was found experimentally to be ~{(155)3 and agreed well with a value obtained
from the phenomenological theory assuming a (110) [110]3 lattice-invariant shear. It is
suggested that the macroscopic shear accompanying the transformation gives rise to the
pseudoelastic strains, agreement with the experimental strain values being satisfactory.
The strain-memory effect was explained as being due to a change from the (011) [011]g
lattice-invariant shear associated with thermal martensite to the (110) [ITO]B shear as-

sociated with SIM.

THE effect of applied stress on martensitic transfor-
mations is well established.’ The application of an
uniaxial tensile stress can increase the transformation
temperature, the change in this temperature being a
function of the heat of transformation and the volume
change associated with the change parent to marten-
site.’ If the temperature is favorable, the martensite
thus formed reverts to the parent phase on release of
the stress giving rise to the well known pseudoelastic
effect. This effect was first observed in Au-Cd alloys;’
and indeed Au-Cd is probably the prototype system for
nonferrous martensitic transformations. Considerable
amounts of pseudoelastic strain have also been ob-
served in In-T1,? Cu-Al-Ni,*® Cu-Zn-5n,”’" and
Cu-Zn-8i° alloys. The effect is more spectacular in
single crystal specimens compared to polycrystalline
ones.

Another effect related to stress-induced martensite
(SIM) formation is the strain-memory effect in which
a specimen that is deformed at low temperatures
(below M) returns to its initial shape on heating above
Ayf. The strain-memory effect has been observed in
Au-Cd ? In-T1,° Ti-Ni,'® Ti-Nb,"',Cu-Zn-Sn,” Cu-Al-
Ni}*'? and Cu-Zn" alloys. The deformation at low
temperature results in a rearrangement of the mar-
tensitic plates, so as to accommodate the tensile strain.
Almost all alloys which exhibit strain-memory effect
have twinned martensitic structures. The reorientation,
therefore, refers to the preferential growth of one twin
orientation over the other.

The present investigation was undertaken to study
SIM formation in Ag-45 at. pct Cd alloys. Both single
and polycrystalline specimens were examined. Tensile
tests were carried out over a wide temperature range
and direct observation of the stress-induced marten-
site was made. The strain-memory effect was examined
in single crystal specimens. A method was developed
to calculate the amount of pseudoelastic strain that ac-

R. V. KRISHNAN is Research Assistant, Department Metaalkunde,
Katholieke Universiteit, Leuven, Belgium. L. C. BROWN is Associate
Professor, Department of Metallurgy, University of British Columbia,
Vancouver, Canada. This paper is based upon a thesis submitted by
R. V. KRISHNAN in partial fulfillment of the requirements of the de-
gree of Doctor of Philosophy at the University of British Columbia.

Manuscript submitted March 3, 1972.

METALLURGICAL TRANSACTIONS

companies the transformation. The strain-memory
effect is explained on the basis of a special choice of
the lattice-invariant shear accompanying the transfor-
mation.

EXPERIMENTAL

Alloys were prepared by melting known weights of
silver (99.95 pct) and cadmium (99.99 pct) in evacuated
quartz tubes. These were subsequently homogenized at
680°C for 48 h, Polycrystalline specimens were made
by hot rolling at 650°C to give strip 0.030 in. thick,
Single crystal specimens were produced by a modified
strain anneal method.'* Strips 2 by 0.25 in. were cut
from 0.045 in. thick rolled material using a jeweller’s
saw, and these were annealed and quenched to give the
high temperature cubic structure. These specimens
were then strained approximately 5 pct using an Instron
tensile testing machine. Following this the specimen
was slowly lowered into a molten salt bath held at 680°C
at a rate of 10 em/h, so that a crystal of the 8 phase
was grown from one end of the specimen. The speci-
men was then quenched into iced caustic solution to re-
tain the 8 phase single crystal. The surfaces were then
mechanically polished to remove the contaminated lay-
ers and the gage section of the specimen was spark ma-
chined.

Tensile tests were generally carried out on an Instron
machine at a cross-head speed of 0,005 in./min (corre-
sponding to a strain rate of ~1.4 X 107 s™"). Single
crystal specimens were not normally taken to fracture
but rather to a point where the whole gage length was
completely martensitic. Polycrystalline specimens
were taken to a strain of 5 pct before unloading. Chilled
ethanol was used to vary the temperature of the speci-
mens.

Electropolishing of the specimen was carried out
using a 6 pct KCN solution. A stainless steel container
was used as a cathode and a voltage of 2 V gave opti-
mum results, This polishing gave a bright pink color to
the retained g phase. Observations on the change in
microstructure produced on deformation were made
using a low power microscope equipped with a long-
working -distance objective.

The habit plane of stress-induced martensite was
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found by standard two surface analysis within an ac-
curacy of +3 deg, specimen orientations being deter-
mined by the Laue back-reflection technique.

The strain-memory effect was studied as follows:
single crystal specimens were taken to a constant
value of 5 pct strain at various temperatures and re-
leased. This gave the amount of elastic and pseudo-
elastic recovery. The specimen was then allowed to
warm up to room temperature causing the reverse
transformation to the 8 matrix. This resulted in a
build-up of stress in the material which was later re-
leased. The strain associated with this was an approxi-
mate measure of the strain-memory effect.

RESULTS AND DISCUSSION
Single Crystal Specimens

The Ag-45 at. pct Cd alloy used had the following
transformation temperatures: Mg = —74°C, My = -98°C,
Ag = —80°C, and Ar = —67°C,

EFFECT OF TEMPERATURE

Fig. 1 shows a series of tensile curves at different
temperatures for a specimen whose axis is close to the
[001]* corner of the unit triangle. At temperatures

*All indices are given with respect to the parent cubic phase unless indicated
otherwise.

(-90°C) below Mg, the specimen is partially or fully
martensitic to start with, and application of external
stress causes both formation of new martensite and
deformation of existing martensite. The martensite
is stable and the specimen shows very little recovery
on unloading.

At temperatures above Mg, the stress-strain curve
is initially linear up to a stress level at which stress-
induced martensite forms. SIM forms in bursts at
lower temperatures (—60° and —55°C) but forms more
gradually at higher temperatures as is revealed by
the absence of serrations in the transformation por-
tion of the curve (-45° and —10°C).

The martensite formation in these cases is more of
the thermoelastic type considering the fact that there
is virtually no hysteresis associated with the transfor -
mation.

-55%

-90°% -65%

STRESS (1000p.si)
o »

0 2 4 & 8 o0 2 4 ¢ e 10 1
STRAIN {%)

Fig. 1—Stress-strain curves (over a series of temperatures)
for a specimen whose tensile axis is oriented close to [001].
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Fig. 2—Variation of the stress necessary to form SIM with
temperature for a specimen oriented close to [001].
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Upon unloading, the martensite thus formed remains
stable or disappears depending upon the temperature of
the test. The martensite is unstable at temperatures
above Ay, and therefore, should disappear completely
on unloading (see —60°C, -55°C, —45°C). If the tempera-
ture is below Ag, then martensite should remain stable
(e.g. at —90°C). In fact the test at -65°C shows non-
reversible martensite, perhaps indicating that stressing
the specimen hinders the reversion of martensite to
the B matrix. Fig. 2 shows a plot of the stress needed
to form SIM as a function of temperature. It also in-
cludes the stress level corresponding to the point when
the last trace of martensite disappears on unloading.
The stress necessary to form the martensite varies
linearly with temperature, exhibiting a two-stage be-
havior. The transition from one region to the other
corresponds to the change in the nature of formation
of martensite. The stress necessary to form marten-
site is by definition zero at the Mg temperature. The
initial portion of the curve must, therefore, extrapolate
to the Mg temperature at zero stress. The extra-
polated value is -70°C compared to the experimentally
determined value of —74°C,

At higher temperatures, —10°C in Fig. 1, the stress
necessary to form martensite exceeds the yield stress
of the material. At this stage the material deforms
plastically initially until a point is reached when the
material is sufficiently work hardened to support the
stress needed to form martensite at that temperature.
The martensite thus formed is reversible, as it is well
above the Ay temperature. If, however, the specimen
is tested at this temperature again, then martensite
will form from the start without any plastic deforma-
tion having to precede it.
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Fig. 3—Stress-strain curves at different temperatures for
specimens with the tensile axis oriented close to {133] and
[111].

EFFECT OF ORIENTATION

Stress-strain curves at different temperatures are
shown in Figs. 1 and 3 for single crystal specimens
with three separate orientations of the tensile axis—
close to [001], Fig. 1, close to [133], and [111], Fig. 3.

At —60°C, all specimens exhibit a serrated stress-
strain curve, indicating that martensite was formed
in bursts. The [001] orientation shows full recovery,
whilst the other specimens do not show any recovery
other than the true elastic recovery.

At -55°C, the martensitic formation is still of the
burst type, but now is recovered in all three speci-
mens (-55°C is well above the Ay temperature for the
alloy, —67°C). The recovery is close to 100 pct for the
[001] orientation, whereas for the other two orienta-
tions it is 90 pct.

At —45°C, the [001] specimen transforms at a con-
stant load giving a significantly higher strain corre-
sponding to complete transformation to martensite.
The other two specimens still show serrated stress-
strain curves. Again recovery is complete for the
[001] orientation, but only ~95 pct for [133] and ~85
pet for {111],

At —35°C, the [001] and {133] specimens behave as
before, but the [111] orientation gives a considerable
amount of permanent set after unloading with only 75
pct recovery. No further higher temperature tests
were carried out on this specimen,

At —10°C, the [001] specimen initially deforms plas-
tically, before the transformation takes over. The re-
versal of martensite is complete, but the initial plastic
deformation gives a permanent set to the specimen.
The [133] specimen transforms on application of stress
and recovers almost 95 pct. However, the amount of
strain given to cause complete transformation to mar-
tensite is small.

The amount of pseudoelasticity obtained is least for
the specimen whose axis is close to [111] and also there
is less tendency for complete recovery in this case.
The specimen whose axis is close to [001] can be ex-
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tended ~9 pct without having any permanent set. This
orientation shows the clearest transition between the
serrated stress-strain curve and the smooth high tem-
perature curve.

Polycrystalline Specimens

Polycrystalline specimens were tested over the com-
plete range of temperatures. Fig. 4 shows representa-
tive tensile curves at different temperatures and Fig. 5
shows the values of the stress at which the curves devi-
ated from linearity. Fig. 5 can be divided into three
different regions, depending on the temperature rela-
tive to Mg.

REGION b

This region covers the temperature range from —75°
to —20°C, i.e. from M; to 47°C above Ay. On loading
the specimen in this temperature region, the matrix
deforms elastically up to a certain value of the stress,
which is a function of the temperature, and above this
stress transforms to martensite.* The stress needed

*The formation of SIM could easily be detected because of the accompanying
color change in the specimen, from pink to silver.
for the formation of martensite increases with increase
in the temperature of testing, as expected.

REGION a: (T < Mg)

In this region, the specimen is partly or fully mar-
tensitic to start with. The increase in the applied
stress causes reorientation and deformation of the
existing martensitic plates and also the formation of
SIM. The formation of SIM is completed at My (-98°C)
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Fig. 4—Stress-strain curves for polycrystalline specimens
over a series of temperatures.

VOLUME 4, FEBRUARY 1973-425



T a T x lb ;<—C‘——’
' o)
\o
|5L \
o)
\
- °
& ]
OlO—
o
o} J
o F
2 | /
 |TTT——— p
%] 5 .
i N
/
o
\
-200 -150 -100 -50 0o

TEMPERATURE °c
Fig. 5—Stress level corresponding to the initial deviation from
linearity in the tensile curves of Fig. 4 plotted as a function of
temperature for polycrystalline specimens.

and below this there is only a reorientation of the
existing thermal martensite.

REGION c

For temperatures more than 50°C above Ay, the
transformation stress is so high that plastic deforma-
tion of the specimen occurs first. The stress corre-
sponding to the point of deviation in the tensile curves
then equals the yield stress of the material at that tem-
perature. The drop in the yield stress with tempera-
ture is in keeping with the behavior of bcc materials.
Even though the material deforms plastically in the
initial stages, it is possible that the specimen will ulti-
mately transform to martensite provided the stress
level is high enough to cause the transformation, (com-
pare this with Fig. 1 at —-10°C).

The martensite thus formed reverts back to the 3
phase upon unloading if the test temperature is above
Ag. The reversion is nearly complete in the case where
the test temperature is above A and is only partial in
the temperature range Ag to Ay.

The maximum recovery obtained was always less
than 100 pct, unlike single crystals, and this is be-
lieved to be due to the plastic deformation occurring
along the grain boundaries.

Strain-Memory Effect

Fig. 6 shows the strain-memory recovery plotted as
a function of temperature for specimens strained ap-
proximately 5 pct. The amount of pseudoelasticity ob-
served is also included. Eisenwasser and Brown’

showed that the strain-memory effect and pseudoelastic-

ity were complementary in nature and the relative
amounts depended on the temperature of the test. The
present work shows a similar effect. At low temper-

426-VOLUME 4, FEBRUARY 1973

atures there is relatively little pseudoelasticity and
most of the recovery is by the strain-memory effect.
The strain-memory effect drops drastically above Af
and at the same time there is a significant increase in
pseudoelasticity from approximately 15 to 97 pct. The
total recovery, however, is always close to 100 pct.

The changes that take place in the microstructure of
the specimen when deformed at a temperature below My
are shown in Fig, 7. The change in the disposition of
the martensite plates is clearly revealed. Whether
there is a change in the structure of the martensite
associated with this reorientation is not known, since
it was not practical to obtain single crystal diffraction
patterns at low temperatures.

Habit Planes of SIM

Thermal martensite in Ag-45 at. pct Cd alloys has
an orthorhombic crystal structure.” Electron micro-
scopy of these alloys has proved complicated because
of the spontaneous transformation to martensite simi-
lar to the one reported by Hull.'® In the case of Ag-Cd
alloys a twinned fcc structure has been observed in
some thin foils at room temperature.'”’'® However,
this is not the structure of the low temperature marten-
site, which consists of a faulted structure.’® The habit
plane normal was calculated using the analysis of
Wechsler and Otte,'® a modification of the basic W-L-R
theory” for a generalized lattice-invariant shear sys-
tem. A lattice correspondence of [100]. Il [110], and
{001)¢ I (001); (GroupII correspondence in Ref. 19) was
assumed.

The latgice parameters used in the calculations were
a = 3.314A for the cubic phase and a = 3.09684, b
= 4.8651A and ¢ = 4.7536A for the orthorhombic mar-
tensite phase .®> The probable error in the latticg par-
ameters is estimated to be no more than +0.010A,

Two calculations for the habit plane were carried
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Fig. 6—Strain-memory and pseudoelastic recovery vs tem-
perature for a single crystal specimen. The total recovery
(strain-memory + pseudoelastic) is indicated as x.
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{c)

Fig. 7—Changes in the microstructure of thermal martensite on deforming below Mg. Magnification 60 times. (a)— (d) show

changes as the external stress is increased gradually.

through, one using the actual values for the lattice
parameters and one assuming a dilation, &, of 1.0055

so as to give zero volume change on transformation.
This latter concept leads to the total macroscopic dis-
tortion being in the form of simple shear, which simpli-
fies further calculations. As shown in Fig. 8 the ex-
perimental habit planes for thermal martensite lie
intermediate between the two calculated values if a
(011) [011] 1attice -invariant shear is assumed, corre-
sponding to the stacking fault shear observed by electron
microscopy.

In SIM, the habit plane normals show some scatter,
but cluster around [155] as shown in Fig. 8 and so
definitely have a different habit plane from thermal
martensite, If it is considered that SIM has the same
crystal structure as thermal martensite, then the ob-
served habit plane can be explained assuming a lattice
invariant shear of (110) [110], another variant of the
stacking fault shear. Other possible lattice-invariant
shears such as {011} (311) and {112} (111) do not give
habit plane normals close to the experimental values.
The crystallographic parameters calculated from the
theory are given in Table I,

From Table I it is clear that the amount of macro-
scopic shear accompanying thermal martensite for-
mation is less than that associated with SIM. Therefore,
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it is concluded that in the absence of external stress, a
minimum value of the macroscopic shear governs the
choice of particular lattice-invariant shear selected.

The formation of SIM is accompanied by an increase
in length of the specimen in the direction of the applied
stress. The macroscopic shear associated with the
transformation may be considered responsible for this
length increase. Fig. 9 gives the geometrical construc-
tion involved, region ABCD transforming to martensite
with macroscopic shear tan ¥y = EB/OB and a corre-
sponding length change BG. Obviously the larger the
macroscopic shear the greater the length increase.
This is the reason for the selection of the (110)[110]
variant of the lattice-invariant shear for SIM, since it
will give a larger length increase,

In general only one orientation of the habit plane
occurs in SIM, in contrast to the large number of ori-
entations in thermal martensite. The variant that is
selected is the one for which the applied stress provides
the greatest assistance to martensite formation. This
is characterized by the resolved shear stress being a
maximum in the direction of the macroscopic shear
for that variant. The resolved shear stress is given by
cos ¢ cos A where ¢ is the angle between the tensile
axis and the habit plane normal and A is the angle be-
tween the tensile axis and the macroscopic shear di-
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Fig. 8—Experimental habit plane normals for thermal marten-
site (O) and SIM ([1). (A) and (@) are calculated values of the
same in the case of thermal martensite for 6 = 1.0 and

* =1.0055. (W) is in the case of SIM calculated for & = 1.0055.

rection. In Table II observed values of the angle ¢ are
given for various orientations of the tensile axis, and
are compared with the calculated values for the pos-
sible variants in each case. In fact the procedure em-
ployed is to select a particular variant of the habit
plane normal [#; 7, 73] and the corresponding macro-
scopic shear [d: d.—ds] and then to determine the values
of ¢ and cos ¢ cos\ for various possibilities of the
tensile axis {e.g. [911], [911], (911], [¢1I]) that would
result in a positive linear strain. Table II shows
clearly that the observed habit planes do indeed have
near maximum values for the resolved shear stress.
The second variant of the habit plane normal [n; 7 —]
and the corresponding shear direction [d, dz ds] are cry-
stallographically equivalent to the first variant in SIM
and will result in a preferred tensile axis of the form
[nk—1]. However, the value of ¢ remains unaltered.
It is interesting to note that if one considers the re-
solved shear stress on the lattice-invariant shear sys-
tem viz. (110) [110] the different orientations of the ten-
sile axis give the same value and therefore this does
not provide a criterion for the selection of any par-
ticular orientation of the tensile axis.

From Fig. 9 it can be shown that the strain associated

with the formation of a martensite plate is § sin2¢ tany.

However, this is not the general solution since it is as-
sumed that the tensile axis, habit plane normal and the
macroscopic shear direction are coplanar. In the gen-
eral case the linear strain equals 3 sin2¢ tany cos «
where «a is the angle between the plane of tension (plane
containing the tensile axis and the habit plane normal)
and the plane of shear* (plane defined by the habit plane

*The plane of shear is different from the shear plane, which in this case is the
habit plane and remains invariant.
normal and the macroscopic shear direction).

Fig. 10 shows the various planes and angles involved
in the construction. For a given habit plane normal n,
the tensile axis, p, must lie within the two great circles
N and P for posifive elongations to be obtained.

Calculations were made for a large number of ori-
entations of the tensile axis (hkl) with a (155) habit
plane to determine the most favorable variant of the
tensile axis and the corresponding elongation. The re-
sults are plotted in Fig. 11 which shows contour lines
joining orientations of the tensile axis which give the
same value of linear strain. The elongation is greatest
for orientations close to [001] and decreases progres-
sively on moving away from this. Very limited elastic
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strains are possible for orientations close to [111]
and it is clear that any larger strain is taken up plas-
tically and is nonreversible.

The amounts of strain obtained experimentally are
in good agreement with the theory. The specimens
shown in Figs. 1 and 3 were stressed until they had
completely transformed to martensite, so that the
length of the plateau corresponds to the strain associ-
ated with the martensite transformation. Subtracting
any permanent set from this gives very approximately
the experimental pseudoelasticity. Results at —45°C
where all the specimens had maximum elasticity gave
pseudoelastic strains of 6 pct, 33 pet, and 24 pet for
specimens oriented close to [001], [133], and [111],

Table 1. Crystallographic Parameters Calculated From the Theory for § = 1.0055

Stress-Induced

Thermal Martensite Martensite
Lattice-invariant shear system (011)[011] (110)[170}
Amount of lattice-invariant shear g 0.054 0.059
Habit plane normal n 0.6723 0.7136
0.2822 0.1482
0.6844 0.6847
Macroscopic shear direction 0.6533 0.6704
) 0.2092 0.1392
-0.7276 -0.7288
Amount of macroscopic shear 0.071 0.125

Table 11. Comparison Between the Observed and Calculated Values of ¢
(Angle Between the Habit Plane Normal and the Tensile Axis}

¢ Observed,  Possible Variants ¢ Calculated,
Tensile Axis deg of Tensile Axis deg cos ¢ cos A
42 911 37.2 0.476
<o1> 911 40.2 0.433
40 911 49.8 0.489
911 52.2 0.446
511 - 321 0.450
<511> 55 511 37.8 0.378
511 54.3 0.473
511 58.2 0.399
13,7,5 28.2 0.341
<13,7,5> 62 13,7, 5 416 0.195
13,7,5 63.8 0.377
13,7,3 72.0 0.225
6,5,2 37.5 0.320
<6,5,2> 69 6,52 52.5 0.141
6,52 63.1 0.347
6,5,2 74.4 0.159
16,10, 5 33.3 0.363
<16, 10, 5> 65 16,10, 5 46.8 0.199
’ 16, 10,5 61.0 0.391
16,10,3 70.5 0.222
X A 8 G Vs Y
-
U

Fig. 9—Geometrical construction to calculate the tensile strain
involved in the transformation.
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Fig. 10—Stereographic projection showing the various angular
relationships involved in the calculation.

respectively. The corresponding theoretical strains
are 6.3 pct, 3 pct, and 1.9 pct for the three orientations
in agreement with the experimental values. Note that
the total elastic strains in the specimens are consider -
ably greater owing to the large amount of elastic strain
prior to the martensitic transformation. This is due to
the low resistance of the 8 matrix to {011}{011) shear
and has been discussed by Eisenwasser and Brown.’

A calculation similar to the one above can also be
carried through for the case of thermal martensite.
However the maximum strain possible is + tany (for
the case when ¢= 45 deg and « = 0 deg); therefore,
even if thermal martensite were to form in an ori-
ented manner, the maximum possible strain would be
~3.5 pct. Hence, it is suggested that on stressing the
thermal martensite, a change to SIM takes place, with
the SIM forming in such an orientation as to give the
required specimen elongation. The change in the
microstructure shown in Fig. 7 supports this view. The
amounts of strain associated with this structure change
will be similar to the strains calculated for the case of
pseudoelasticity.

CONCLUSIONS

1) Pseudoelasticity occurs in both singie and polycry-
stalline Ag-45 at. pct Cd alloys on deformation at tem-
peratures above Ay. At lower temperatures the strain-
memory effect is observed.

2) Pseudoelasticity is greatest for orientations of the
tensile axis close to [001] and least for orientations
close to {111].

3) The habit plane for SIM is close to (155), different
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6-23 3-06
Fig. 11—Stereographic projection showing the magnitudes of
strain associated with the formation of SIM for various ori-
entations of the tensile axis.

a2

from the (133) orientation found for thermal martensite.
The habit plane calculated from the phenomenological
theory assuming a (110)[110] lattice -invariant shear is
in good agreement with experiment.

4) The macroscopic shear associated with the forma-
tion of SIM appears to be responsible for the large
pseudoelastic strains observed. These are calculated
to be 6, 3, and 2 pct for orientations of the tensile axis
of [001], [133], and [111], respectively, in moderate
agreement with experiment.

5) At temperatures above My, the strain-memory ef-
fect is due at least partly to the formation of SIM which
is stable on removal of the stress. Thermal marten-
site also shows a strain-memory effect and this appears
to be due to a change from thermal martensite with a
(011) [011] 1attice-invariant shear to SIM with a
(110) [110] lattice-invariant shear.
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