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Characteristics of stress-strain behaviour
associated with thermoelastic martensitic transformation

N. NAKANISHI (KOBE)

IN THE PRESENT paper, first, the nature of martensitic transformation, especially its thermo-
elastic characters, for example, the mobility of interface and twin boundaries, typical crystal
structures and their mutability under the applied stress, have been briefly reviewed. Secondly,
so-called “pseudoelastic” stress-strain behaviour has been presented in connection with “super-
elastic”, “ferroelastic” and “shape memory” phenomena. In these typical stress-strain curves
the close relation between the shapes of stress-strain curves and the change in morphological
and crystal structures has been discussed.

W pracy omoéwiono przede wszystkim natur¢ przemiany martenzytycznej, a zwlaszcza jej cha-
rakterystyke termosprezysta, np. ruchliwo$¢ powierzchni miedzyfazowych i blizniakow, typowe
struktury krystaliczne i ich zmienno$¢ pod przylozonym obcigzeniem. Ponadto przedstawiono
tzw. “pseudosprezysta” zalezno$¢ miedzy naprezeniem i odksztalceniem w zwiazku ze zjawi-
skami “supersprezystosci”, “ferrosprezystosci i “pamieci ksztattu”, Na przykladzie typowych
krzywych *“napr¢zenie-odksztalcenie” omoéwiono bliskie zwiazki migedzy ksztaltem tych krzy-
wych a zmiana struktur morfologicznych i krystalicznych.

B pabore oGcy)kieHa npexae BCero NpHpoJa MapTeHCHTHOrO INMpPEBpallcHHA, 2 0COOEHHO ee
TEePMOYIIPYTasi XapaKTePHCTHKA, HATIPUMED, TIOJIBHXXHOCTb MeX(a3HbIX MOBEPXHOCTEH H OBOH-
HHKOB, THIIHYHbIE KPHCTaJUIMUECKHUE CTPYKTYPbI M MX INEPEMEHHOCTh MO/ NPHUIIOHKEHHOH Ha-
rpy3Koii. Kpome sToro mpencraBiieHa T. Has. ,,[ICEBAOYNPYras’’ 3aBHCHMOCTh MEXKOY Hanpsi-
JKeHHeM M JedopMaleil B CBsSH C ABJIEHHsMH ,,cymepynpyrocta’’, ,,deppoymnpyrocri’
K ,,mamsaty Gopmbl’’. Ha mpuMepe THNMUHBIX KPHBBIX , HalpshKeHHe-gagopmannsa’ obeysx-
JeHbl OJIM3KHe CBA3H MeYKAY (POPMOM 9THX KPHBBIX M H3MeHEeHHeM MOP(OJOrHYeCKMX ¥ KpHC-
TAJTTHYECKHX CTPYKTYP.

1. Martensitic transformation

1.1. Nature of martensitic transformation

THE MARTENSITIC transformation, the name of which has arisen from the quenched-in
structure of steels, belongs to the first-order phase transition and the volume change
associated with the martensitic transformation requires a few percents. Usually in this
transition, an atomic shear operates cooperatively in the specific direction on the close-
-packed plane and, accordingly, each atomic displacement amounts to considerable per-
cents of lattice distance. The martensitic transformation, therefore, has a character of
diffusionless-type in the crystal lattice in which the atom-vacancy interchange does not
occur. However, this transformation occasionally requires a small atomic displacement
associated with the shear movement. This is called “atomic shuffling” [1].

Moreover, the martensitic transformation has so far been recognized in terms of the
following characteristics: (i) The interfaces between the parent phase and the martensite
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phase remain undistorted and unrotated during the transformation and we call these
habit planes. (ii) There exists a specific orientation relationship between their crystal
lattices. (iii) Recent studies report that premonitory phenomena have been found in the
temperature range above the transition temperature [2].

As the martensitic.transformation is not associated with a composition change, the
free-energy curves of both parent and martensite phases, as a function of temperature,
may be represented as shown schematically in Fig. 1, where T, represents the thermody-
namic equilibrium temperature between the two phases; that is, AFM~F (at To)= FF —FM =
= 0. AFM~F (at M,) = F*—F™ represents the driving force required for the nucleation
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FiG. 1. A schematic free energy-temperature relation between martensite and parent phases.

of the martensite which arises from the involvement of nonchemical energies such as sur-
face and strain energies in the nucleation process. Usually T, is approximated by the
equation T, = (M,+ A,). For example, a fairly large value of the driving force, AF3{*F =
= 1255.5 J/mol (Fig. 1), has been reported in Fe-C alloys, meaning that the nonchemical
energy change associated with the martensitic transformation cannot be explained by
using only the elastic energy term in an iron-based alloy system. Thus the free-energy
change associated with a growing martensite can be expressed as [3] AF = v+ Ag.+
+v-4gay+S: oc+K-9. Here v represents a volume transformed, Ag., and Ag. are
respectively the chemical free-energy change and the elastic energy change, and ¢ and ¢
are the surface energy and the work necessary for plastic deformation, respectively. The
last term K- 6 represents a characteristic of the ferrous-martensite, the energy of which
must be irreversibly dissipated during the martensitic transformation.

1.2. Thermoelastic martensitic transformation

As seen in Table 1, there exist some metals and alloys with ferrous and nonferrous
groups, where the groups A, B and C represent some typical martensitic alloys with differ-
ent characters: (i) Difference in temperature hysteresis (4,—M,): We can see a fairly
large hysteresis ~400 K in an F, — 30 at% Ni alloy (Group A), while with group B the
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Table 1. Classification of various martensitic alloys according to the magnitude of lattice softening.

Group A Group B Group C

no lattice mechanical moderate lattice mechanical drastic lattice mechanical instability
mstabllny 1nstab1llty ;

Fe-C Cu-, Ag-, Au- and Ni- In-X alloys

Fe-Cr-Ni f Hume-Rothery phases (X=TIl, Cd, Hg ...)

Fe-Mn-C U. Al5 compounds (V3Si, Nb;Sn)
Co Fe-Ni (Ni% > 30%)

Co-Ni Fe-Pt (near Fe,Pt) antiferromagnetic alloys

Fe-Ni (Ni% < 30%) (Mn-Cu, Mn-Nj, ...)

hysteresis, (4,— M) =~ 15 K, is seen to be very small in an Au —47.5 at)}, Cd alloy
(Fig. 2). (ii) Significant difference in the manner of reversible transformation: In the
groups B and C, transformation proceeds by continuous growth of the martensite on
cooling. If cooling is stopped, growth ceases, but if it is resumed, the transformation
proceeds by further growth of the martensite until impingement with grain boundaries
or other martensite plates occur. Now, if heat is applied, the reverse transformation occurs
by the backwards movement of the interface, thus annihilating the shape strain originated
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FiG. 2. Difference in trensformation temperature hysteresis 4,—M; between Fe-Ni and Au-Cd alloys.

during the cooling transformation, without leaving any relief, and the martensite crystals,
revert completely to the original orientation. On the other hand, for the group A, once
a martensite plate grows to a certain. size upon cooling, it does not grow any more by
further cooling, because the interface evidently becomes immobile at this stage. Thus
the reverse transformation does not occur by the backwards movement of the interfaces
but rather by nucleation of the parent phase within the martensite plates. We call the
groups B and C “thermoelastic martensite”,

In the thermoelastic martensitic transformation, the last term K- 6 is not so import-
ant, even negligible, but the terms » - Ag., and S o appear to be very important. When
a martensite plate grows up to a certain size upon cooling, the growth can be stopped by
the thermoelastic balance (between two terms Ag., and Ag,,). In the case of iron-alloys,
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where a fairly large driving force is required, this thermoelastic balance cannot be sat-
isfied and, consequently, plastic deformation occurs. It was reported in Fe-Ni alloys [4]
that several hundreds of martensite plates can be formed within 1076 seconds. Figure 3
shows a growing martensite plate which has {121 }-type internal twins. The transforma-
tion such as shown above, which is characterized by a mobile interface and a small driving
force, is called “thermoelastic martensitic transformation”. This interface reversibility
is closely connected with the crystallographical reversibility. The elastic movement of

FiG. 3. A growing martensite plate (Cu-Al-Ni).

interface boundaries associated with a temperature change or applied stress may be real-
ized only when a martensite crystal is coherently connected to the surrounding matrix
crystal and this coherency is maintained during the whole process of the growth or shrink-
age. In order to examine the interface structure, a scanning electron microscopy was
recently carried out with y; martensite subjected to the single interface transformation [5].
Even though constraints from the surrounding matrix are absent in this type of trans-
formation, {121} ) internal twins were observable in the y; martensite, manifesting
that the twins are necessary in order to make the interface an invariant plane, as is assumed
in the phenomenological theory. The width of the twins were different from one specimen
to the other, but they extended right up to the interface under an optical microscope.
The density of twins are usually higher just behind the interface than in the interior of
the martensites, as seen from Fig. 4a [5] and as suggested for the In-TI alloy [6]. This
is because the reduction of elastic energy by thinning of twins becomes more important
near the interface. Although the interface is usually straight under an optical microscope,
some deviations are observed under the scanning electron microscope. The internal twins
are usually tapered toward the interface and pointed there, as seen in Fig. 4b. It was also
sometimes observed that twins are projected into the matrix as if they were independent
variants of the martensite. These observations indicate that, although the elastic energy
at the interface can macroscopically be minimized at the interface by the introduction of
twins, as is shown in Fig. 4c, the local stress concentration or the stress due to coherency
is always present at the interface. This local stress concentration probably makes the
interface very mobile, as is actually observed.
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FIG. 4. Scanning electron micrographs of a thermoelastic interface between §; matrix and y; martensite,
and a schematic interface expected from the phenomenological theory [5].

1.3. Characteristics of the crystal structures observed in thermoelastic martensites

So far, a number of thermoelastic martensitic alloys have been found; these are, TiNi,
AuCd, AgCd, AuAgCd, CuZn, CuAlNi, CuAlZn, CuSn, NiAl, InTI and Fe;Pt [7]. Here
we can recognize a common crystallographic relation among the long period stacking
order structures, which are usually transformed from ordered g, phases, except for In-TIl
(fcc = fet) and Fe,Pt (fecc = bet 7).

As shown in Fig. 5, the crystal structures of the transformation products are of the
close-packed layer structure, such as fcc and hep-like. It is assumed that the close-packed
layer is transformed from a {110} bcc plane, that is, the transformation shear plane.
For the shear direction there are two possibilities, + [110], on each plane. If shear takes
place in the same direction on every plane parallel to (110), the resulting structure is
fce-like (Fig. Se).

If alternate shear on every other plane takes place, the resulting structure is hcp-like
(Fig. 5b). If plus and minus shears occur periodically, the existence of resulting struc-
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Fi1G. 5. Crystal structures of various stress induced martensites. a) Atomic arrangement and possible
stacking sites in the common basel plane. b—¢) Stacking sequence of each structure, viewed from [010], =
= [010]:+ directions [8].
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tures can be possible, when energetically favourable. For example, f; [18R,(21)6] and
B [18R,(1131),] structures (Fig. 5c and d) often appeared in thermally-formed and
stress-induced martensites of Cu-Al-Ni alloys [8], where the Arabic numeral, 18, indi-
cates the number of layers in one period and the letter, R, or R,, following it stands for
rhombohedral symmetry.

In many cases these close-packed structures have. superlattices. The superlattices are
considered to be formed because the product phases in the martensitic transformation
inherit the atomic ordering of the parent phases. Most § phases in noble metal based
alloys have the Fe;Al-type (DO0,) superlattice or CsCl-type (B2) superlattice. All of these
superlattices are denoted by f;. In the Fe;Al-type structure two kinds of atomic planes,
A, and B, parallel to (110),. are alternately stacked, as shown in Fig. 6. It is then con-
sidered that the martensite structures resulting from shears on these (110),.. planes con-
sist of six kinds of close-packed layers that are shifted relative to each other in the direction

A, B

— [110]
110)

FIG. 6. Fe;Al-type crystal structure: 4, and B, are two kinds of atomic planes which are parallel to (110)sc..

parallel to the close-packed plane. For example, the 2H (hep) structure has the 4 B’ stacking
order, where the prime represents a change in the superlattice structure and the A4’, B’
and C’ planes are produced by shifting the A, B and C planes, respectively, as shown
in Fig. 7.

In the case of the 9R structure, such as Cu-Zn martensite [9], the nine layers
ABCBCACAB are taken as the unit cell, the symmetry is then orthorhombic. While in
the case of the 18R structure, the eighteen layers AB'CB'CA'CA'BA’'BC'BC'AC'AB’ are
also taken because of the D0 ordered structure. Though the so-called long period stacking
order structures have been commonly observed in many g phase alloys based on noble
metals, another kind of martensite structure having different properties such as symmetry,
morphologies, habit plane and lattice relationship between the: parent and martensite
phase, was studied by TADAKI et al. [10]. Analysis was carried out by means of electron
microscopy and electron diffraction. They reported that all the electron diffraction
patterns taken from Au-50 at 9 Cd martensite are well explained by the trigonal lattice
model recently proposed from X-ray diffraction studies.

Two martensite variants are in a mirror relation to each other with respect to the {100}
plane of the #, matrix and the habit plane is approximately parallel to that plane. The
orientation relationship between the trigonal martensite and cubic matrix is obtained as
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FiG. 7. Atomic arrangement in six kinds of close-packed layers in Cus;Al martensite.

follows: (001)//(111)5,, [110),ei//[101]s, or [100],://[112]5,. It is of interest to note
that the trigonal martensite does not undergo intrinsically the so-called lattice invariant
shear.

Figure 8 shows a typical transmission electron micrograph of ] martensite obtained
in a Cu-23.7 at%, Al alloy [11], and streaks in the [001] direction in electron diffraction
patterns indicate that there are a number of errors in atomic shuffling, where the f; mar-
tensite is thought to be produced from the g, structure by shear accompanied by shuffling
of the atomic planes. In the photo, several martensite plates are seen in the layer struc-

FiG. 8. Electron micrograph of a f] martensite in Cu-23.7 at % Al alloy; each plate has many stacking
faults [11].
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ture and striations tending in the same direction are observed in every other plate. The
direction of the streaks seen in the electron diffraction pattern is perpendicular to the
(001) plane. Therefore, the striations are due to stacking faults on the (001) plane,

On the other hand, the y; martensite observed in Cu-Al and Cu-Al-Ni alloys [9]
" has a 2H type stacking layer structure and transformation twins are seen in ;. The twin-
ning plane of the transformation twins is {201} or {121} in orthorhombic coordinates
and {1101} in hexagonal coordinates.

2, Pseudoelastic mechanical behaviour ai'd shape memory phenomena

Recently, pseudoelasticity associating with martensitic transformations of noble-metal
based alloys of the B-brass type has been investigated with great interest [12]. The alloys
are characteristically soft and flexible, like rubber, in comparison with martensites of
ferrous alloys with great hardness. When the martensites of noble-metal based alloys
are deformed and thereafter heated above the transition temperatures (4;), the deform-
ation is removed, thus the original shape is recovered (i.e. the shape memory effect).
This interesting behaviour is strongly related to mechanisms of martensitic transformation
and is, therefore, a suitable subject of investigation of the nature of martensitic transform-
ation. Described in brief below is the pseudoelastic behaviour in stress-strain curves
which were recently measured.

Here the term “pseudoelasticity” involves the following stress-strain behaviour;
(i) “superelaticity” (and or rubber-like behaviour (*)), which means a phenomenon in
that in a stress-strain relation, relatively large strains, attained on loading beyond the
elastic limit, recover completely on unloading at a constant temperature, (ii) “ferroelas-
ticity” [13] and (iii) as will be discussed below, stress-strain curves obtained in the case
where large strains, attained on loading beyond the elastic limit, recover partially on
unloading and the superelasticity is not complete.

—Transformation-superelasticity ) .
—Rubber-like elasticity

Pseudoelasticity— —Twinning-superelasticity

N oF o it
Yerroclasiicity Bending-induced superelasticity

2.1. Rubber-like elasticity

Linear and cross-linking polymers show, in general, rubber-like elasticity and the
Young’s modulus is of the order of 1 MPa which is considerably smaller than that of

(") According to OTsuka and WAYMAN [12], “pseudoelasticity” means two cases: superelasticity
and the rubber-like effect. These authors used the terminology “superelasticity” if the stress-strain
behaviour is caused by a stress-induced martensitic transformation and its subsequent reversion, and
“rubber-like behaviour”, which is generally indistinguishable from superelasticity on the basis of stress-
-strain curves alone, if the behaviour is characteristic solely of the martensitic phase and does not involve
a phase transformation.
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solids, ~1 GPa. The moduls is linear to the absolute temperature, and deformation by
an external stress is attributed to a change in entropy. For example, as shown in Fig. 9
[14], the stress-strain curve of a polymer shows that even a deformation far beyond the
yield value may vanish with the relief of applied stress. The stress-strain curve does not
follow Hooke’s law and is inelastic. Here the superelasticity is realised because while
strain is not proportional to stress, it still vanishes when the stress is removed.
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FiG. 9. Stress-strain curves in a polymer [14]).

2.1.1. Pseudoelastic stress-strain curve of Fe-Al ordered alloys. When a stress-strain curve of
a single crystal with nearly Fe;Al composition was obtained by tensile deformation, strain
of a few percents remained and the superelasticity was not complete [15]. The following
three conditions seem to be important for the superelastic behaviour: (i) Recovery of
strain of ~15% is found only between Al 21 ~ 26 at%; for the {110} {111)y.... shear
system and Al 23~29 at); for the {112} (111)y..... system. (ii) Quenched alloys do not
show superelasticity at all but do when annealed at temperatures where the ordered Fe;Al
lattice is stable. (iii) The superelasticity is not observed at 77 K but when alloys are heated
to room temperature, the strain is recovered to ~90%. This is a shape memory-like
behaviour, though any martensitic transition and or any reversible mobile twins
are not found.

2.1.2. Stress-induced martensites (SIM) of Au-Cd alloys and superelasticity. When a single crystal
of Au-47.5 at%, Cd is under a tensile or compressive stress above Ay, such a double loop
as shown in Fig. 10 is observed [12]. At point M in the figure, martensite is induced by
stress and a sawtooth-like deformation is observed. When the stress is removed, the alloy
is restored to the parent phase following a hysteresis loop. The different shape of the
loops with tensile and compressive stresses comes from the different variants of the SIM’s.

N
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Many other martensitic alloys also show similar superelastic loops. Also some marten-
sites below M, show a similar behaviour. It seems, however, that there is no very clear-cut
explanation of these complex phenomena. Experimental details will be described below.
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F1G. 10. Double hysteresis curves obtained by tension-compression test above M, for Au-47.5 at %, Cd.

2.2, Pseudoelasticity of thermoelastic martensites

2.2.1. Superelastic behaviour above A,. Thermoelasticity means here that the growth of a ther-
mal martensite is interfered by a balance between the thermal driving force and the
elastic strain energy. Thermoelastic martensites show a reversible expans:on and con-
traction depending on temperature, i.e. thermal elasticity.

A direct microscopic observation of the surface of Au-47.5 at%, Cd-0.7 at% Cu single
crystal under stress at 298 K (= A,) was made [16] as shown in Fig. 11. When the yield
point is approached, parallel bands appear at one end of the sample and grow toward
the other end. When applied stress is reduced, the bands move on the other way around.
Stripes appear only near the boundary between the martensite and the parent phase, and
the martensite at some distance from the boundary is a single crystalline as shown directly
by the X-ray Laue method. The martensite is orthorhombic with a: b: ¢ = 1: 1.48: 1.43,
and the orientational relation with the parent phase (CsCl-type) is (011)csei// (001)orin,
[ﬁl)c,,Cl//[ﬁO]o“h in good agreement with that of the thermal martensite reported by
CHANG and REeAD [17]. How SIM is formed depends on the relative orientation between
the stress axis and the crystalline axes. For example, in Cu-Al-Ni alloys showing #,2f :
transition [12], a needle-like martensite appears at various parts of the sample at the same
time in the vicinity of the yield point of the stress-strain curve and grow to cover the
whole sample volume. When a test is made at M; < T < Ay, SIM is formed by the same
mechanism but the strain is not completely recovered because of the remaining martensite
below 4.
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Fi1G. 11. Superelasticity and direct observation of the SIM formed in Au-47.5 at % Cd-0.7 at %
Cu alloys at 298 K, i.e. above Ty.

In Fig. 12.(a-g) corresponds to the loading process, and (a’-g") corresponds to unload-
ing. Upon loading, starting from the single crystal state in the §, matrix phase (a),
no structural change occurs in the linear elastic range until point b is reached in the stress-
-strain curve, where a few martensite plates appear (lower right corner b). With increasing
strain more and more plates are nucleated and some of them coalesce into thicker plates
since only one variant is favoured by the Schmidt factor. Eventually at point e the specimen
becomes essentially a single crystal, although a few plate-like matrix regions are still
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observable. Thus the elongation between b and e (~7.2%) corresponds to that obtained
from the shape strain of the stress-induced transformation. The further increase of stress
to point f causes the specimen to become a complete single crystal of martensite. With
further increase of stress no structural change is observable, and the curve between f and
g is almost linear.

a a
b b’
1
c C
o [~))
. E 4
d 3
3
e 1 e'
Fol F
g % gl
FaRE it e
800

8

Stress (GPa)
S
| T

200 b,

RS TR R N T SN WA N SR
7] G 8
Elongation (%)

FiG. 12. Macroscopic morphological change associated with the 8, =p; transformation at 300 K [12].
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In the above example the nucleation of martensite was uniform over the entire speci-
men, but in some specimens martensite formation was inhomogeneous and resembled
Liiders band propagation. In these cases, the martensite was first nucleated nearly at
the center of the specimen, and then with increasing strain several new martensite plates
were nucleated in adjacent regions while coalescence occurred inside. Thus the transform-
ation\process was slightly different from specimen to specimen but the important point
to be emphasized here is that the rate determining process is the nucleation of marten-
sites in both cases, i.e. not the propagation of pre-existing plates. Upon unloading from
point g no structural change occurs until point a’ is reached, and at point 4’ thin plate
matrix regions are nucleated in the martensite. With decreasing strains more and more
matrix regions are nucleated, but the reverse transformation proceeds more or less like
Liiders band propagation in contrast to the loading process. Eventually at point g’ the
specimen reverses to the original #, matrix.

2.2.2. Ferroelastic behaviour below M,. Hysteresis loops on the stress-strain curve of the ther-
mal martensite of Au-47.5 at%, Cd subject to repeated tensile and compressive stresses
is shown in Fig. 13. The loop for the first cycle is comparatively broad. The second and
the following treatments result in quite the same loop, i.e. any work hardening is not
observed. NAKANISHI ef al. termed this elastic behaviour ferroelasticity [18] because it
can be explained by analogy with the H-I curve of a ferromagnet and the E-P curve
of a ferroelectric material. Indeed, boundaries between twins of independent martensites
are shown to move reversibly depending on an external stress (tensile or compressive),
and this is quite similar to, for example, the motion of magnetic domain walls by an exter-
nal magnetic field. The ferroelastic behaviour is missing above A, and the sample is re-
stored to its original shape, i.e. the shape memory effect. Plastic strain obtained below M,
is not due to the slip and, therefore, is not permanent. The deformation strain is, in other
words, recoverable on the occasion of the transformation of the martensite phase to the
parent phase, and the original shape of the parent phase alloy is recovered.
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FI1G. 13. Tension-compression hysteresis loops obtained below M, for Au—47.5 at %, Cd.
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The self-accommodating character of the martensite: Optical microscopy has shown
that the self-accommodating character is valid for the f-type martensite formation in the
copper-base alloys and for some silver- and gold-based alloys. The B-type martensite is
characterized by the formation of groups of martensite plates of four different variants;
since differently oriented groups can be observed in one f-grain. A schematic diagram
showing the spatial arrangement of the four martensite plate variants is given in Fig.
14a [20]. The figure shows the perspective top and front views of such a group. The mac-

iN

1mm

F1G. 15. Microstructural changes on cooling and stressing a specimen. a) Parent £, phase; b) Variants of
y1 martensite produced on cooling; c¢) Single crystal of y; martensite produced after tensile stressing the
b) [21].
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roscopic shape deformations of plates 1 and 4 and also of plates 2 and 3 are equal and
roughly opposite; this is clearly visible in the top and front views. The macroscopic deform-
ations of plates 1 and 2 and also of plates 3 and 4 are exactly equal and opposite. The
formation of a group of nearly parallel martensite plates of variants 1 and 4 will result
in a small shape deformation which is then compensated by changing over to the other
pair of martensite plates of variants 2 and 3. We are thus dealing not only with the plane
of minimum distortion (invariant plane strain) but also with the minimization of the
three-dynensional volume distortion. If the sample is now slightly strained, the volume
fractions of the four variants are not equal any more, meaning that the macroscopic de-
formation is not completely compensated (Fig. 14b). For this it is necessary that the
martensite plate boundaries between the different variants be movable under the influence
of stress. Such movement of the martensite plate boundaries has indeed been observed
in earlier work [19]. A larger amount of macroscopic deformation can be obtained if
only two martensite plate variants are formed instead of four (Fig. 14c). The maximum
obtainable macroscopic deformation through stresssinduced martensite formation is
achieved by the formation of a single martensite plate variant (Fig. 14d).

N
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F1G. 16. Microstructural change on cooling and heating.
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Self-accommodating transformation (zero macroscopic shape change on cooling
and variant coalescence on stressing) in Ag-45 at 9, Cd: [21] Fig. 15a is an optical micro-
graph showing the surface of the entire gauge length of an unstressed tensile specimen
at room temperature (f; phase). When this specimen was cooled below the M tempera-
ture, a self-accommodating thermoelastic martensitic transformation occurred, resulting
in the distribution of habit plane variants, as shown in Fig. 15b below the M; temperature.
Further details concerning the thermoelastic and reversible nature of the transformation
during cooling and heating are given in Fig. 16, where the region shown corresponds to
the upper part of Fig. 15a. On cooling, the parent phase shown in Fig. 15a transforms
thermoelastically, forming martensite plate groups (Fig. 16a-d), and on heating the
plates reverse in an inverse manner (Fig. 16e) to the original parent phase.

N

(33t

(133)

GROUP I¥

14

GROUP'1

GROUP II_
(133)

F1g. 17. Schematic representation of six types of martensite variant groups.

Stereographic analysis (Fig. 17) based on the observations that the boundaries between
two variants in a shear are parallel to {110}z and that the habit planes of the variants
are close to {331}, shows that there are five types of variant groups in Fig. 15b, namely
groups I, II, IILIV and V, each of which is composed of four variants. The transformation
twins in each plate of the variant group are extremely thin, and it was therefore not possible
to contrast the twins in different colour although the twins could be detected as fine stri-
ations within the plates.
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When the self-accommodating variant morphology shown in Fig. 15b was stressed
in tension, variant coalescence occurred, and the entire gauge length region of the specimen
eventually became a single crystal of martensite, except for regions near the grip ends
of the specimens, Fig. 15c, upper. Similar observations were made on other specimens
with the same orientation and on those with different orientations, and the final deforma-
tion product consisted of a single crystal of martensite. However, even though the end
result is rather simple, the intermediate deformation processes can be somewhat complex,
in that a different type of behaviour is generally observed for each variant group.

2.2.3. Superelasticity in Au-49.5 at%; Cd alloy. In an Au-49.5 at %, Cd alloy, since M, is about
298 K, the thermal martensite f”/, whose crystal structure has been determined as hexa-
gonal or trigonal [22], was obtained at room temperature. In Fig. 18 the superelasticity
of this alloy at 291 K is shown. A lamellar structure appeared just behind the moving
interface during deformation, and a few millimeters behind the interface the lamellar
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Fi1G. 18. Superelasticity and surface observation of the SIM in Au-49.5 at %, Cd alloy at 293 K (i.e. below
To).
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merged into a single crystal of S; SIM (Stress-Induced Martensite). Upon unloading, the
reverse motion of the interface was observed. However, the Laue-patterns show that this
stress-strain curve is accompanied by a structural change from " to f;, the same structure
as that obtained in the SIM of Au-47.5 at 9, Cd-0.7 at %, Cu alloy.

According to TADAKI et al. [10], the junction plane between two adjacent martensite
variants is parallel to the (121) plane of the trigonal martensite, which corresponds to
the {100} plane of the matrix, and the two martensite variants are in a mirror relation
to each other with respect to that plane. The habit plane of the martensites is approxima-
tely parallel to the junction plane. The orientation relationship between the trigonal
martensite and cubic martix is definitely obtained as follows: (001)//(11 Dg, [I—IO]M//[IOT]g
or [100],//[1 1.72]5, being nothing but the lattice correspondence between the two lattices
previously adopted. The trigonal martensite does not undergo intrinsically the so-called
lattice invariant shear, so that there exists no mobile twin boundary upon stressing. There-
fore, it is understood that the ferroelastic loop cannot be obtained even below M, upon
applying stress in this alloy.

2.2.4. Superelastic (or rubber-like) behaviour of ageing below M,. If a thermal martensite which
shows a ferroelastic behaviour upon deformation is kept at room temperature and then
examined, the stress-strain curve becomes superelastic and the critical stress increases
with an increase in the keeping time. This phenomenon is observed in Au-Cd [23] and
Au-Cu-Zn alloys [24]. For example, Au,Cu,gZnys with M, = 305 K shows an almost
superelastic behaviour if quenched to and kept at room temperature for 43200 sec. The
ageing effect is missing above 4, and when cooled to room temperature again the sample
shows a ferroelastic rather than superelastic stress-strain curve, as shown in Fig. 19. It
was found that e,/e, increased with ageing time at 291 K below M, temperature, where

o -0 7=108 T=216 T=4.32 T=144 (x10%sec)
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FiG. 19. Effects of ageing time on the stress-strain curves in Au,¢—Cu,s—Zn,¢ martensite.
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&, was the total strain and &, the strain recovered upon unloading the specimen. As shown
in Fig. 20, the critical stress ¢, increased with an increase in ageing time.

Figure 21 shows a superelastic loop in the first yielding stage of Au-47,5 at %, Cd-0.3
aty, Cu alloy which was aged at 293 K for one day after a thermal transformation. Without
ageing after transformation, this first yielding stage exhibited a ferroelastic loop, i.e.
residual strain existed. By direct observation of the electrolytically polished surface, it is
seen in Fig. 21 that upon tensile loading after the ageing, one orientation of the twin
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c T<T, ﬁﬂ]ﬁ
0
20 |- 8 o
0 A 1 1 1 °
2 4 & /700 710
Stratn (%s) [ ]'3 [ ]ﬁ

o Tensile axis .
e Normal of inferface
between 8 and B’

B,D c

Fi1G. 21. Superelasticity and twin boundary motion in Au—47.5 at %, Cd-0.3 at % Cu which was aged
at 293 K for a day after the transformation. The normal to the habit plane of martensite is also shown.
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relation grows at the expense of the other and finally a single oriented martensite is ob-
tained (4— B— C); that upon unloading, these mobile twin boundaries, which have already
been stabilized during the ageing, move back to the original positions (C—D— A), and
a superelastic loop is obtained. This superelasticity is not related to the stress-induced
martensitic transformation, but is considered to be associated with the reversible motion
of the twin boundaries. :

Concerning stabilization of twin boundaries by annealing, LIEBERMAN [25] proposed
that shuffling of each atom becomes complete only after ageing so that boundaries can
be mobile by a higher stress. In any case, an increase in the Young’s modulus on ageing
was found experimentally, indicating that a larger restoring force acts on the boundaries.

2.2.5. Superelasticity associating with martensite to martensite transformation below M. Figure 22 [26]
shows typical stress-strain curves of the Au-47.5 at%] Cd-0.25 at%] Cu martensite phase
alloy at room temperature just after the multiple interface transformation. Continuous
yielding occurred at two stages, and the critical stress for the first plateau was extremely
low (about 13.7 MPa) while that for.the second plateau was high (107.6~ 137 MPa).
When the applied stress was removed, the former left a residual strain but the latter did
not. It is to be noticed that the second yielding is due to the formation of stress-induced
martensite, i.e. martensite-to-martensite transformation. This residual strain was completely
recovered on heating above the 4, temperature, indicating that the deformation did not
occur by slip.
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FI1G. 22. Stress-strain curves obtained in the martensite specimen made by the multiple interface transfor-
mation.

Two-step yield points on the stress-strain curve are observed for Cu-Al-Ni by OTsuka
[27] and RopRIGUEZ and BrRowN [28]. The stress-strain two step superelastic loop below
M, of a single crystal of Cu-14.0 wt%, Al-4.2 wt%; Ni with M; = 306 K, M, = 292 K,
A = 301 K and A; = 341 K is shown in Fig. 23. The first yield corresponds to y; (ther-
mal martensite) —f; transition and the second from Bj—aj. The inverse transitions
a;—B1—y] take place on decreasing the stress. Laue patterns indicate that vy is of AB’
type (2H) and B} of AB'CB'CA’CA'BA’... type (18R) and o of AB'CA’CB’ type (6R).
OTSUKA et al. [29] assume phase relations between the parent phase §; and martensites
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1, B1 and o« as functions of stress and temperature as shown in Fig. 24. According to
this phase diagram, several multistage superelasticities can be expected depending upon
test temperatures. If the path {1} is taken in Fig. 24, the stress-strain behaviour as shown
in Fig. 23 is obtained. If the path (3} is chosen, then the stress-strain curve of Fig. 25 is
obtained. Although this is also a two-stage superelasticity, the nature and the shape of
the curves are remarkably different from that of Fig. 23. In the former, the first stage
superelasticity is due to the transformation between the matrix §, and martensite f;
instead of the martensite-to-martensite transformation, the second stage being the same
in the two cases. -

Recently, OTsuka et al. [8] have studied successive stress-induced martensite trans-
formations in Cu-Al-Ni alloys, and their typical stress-strain curves as a function of
temperature are shown in Fig. 26. These stress-strain curves may be divided into four
temperature regimes according to the characteristics of the stress-strain curves: (I) T< M,
(DM, <T< Ay, (III) 4, < T < T, (IV) T, < T, where T, is a certain critical tem-
perature to be described later.

(I) T < M,. This temperature range may be subdivided further into the two regions
T < My and M; < T < M,. In the former case, a specimen is brought into this tempera-
ture range by cooling in the absence of stress. Such a specimen consists of many variants
of the y; martensite initially, and it exhibits a three-stage yielding typically as shown in (b).
The first stage represents the reorientation of the variants into a single crystal y| marten-
site. At the second stage the nearly single crystal of the y; martensite transforms into
the B, martensite. This f; martensite was termed by MARTYNOV and KHANDROS [30]
and its crystal structure and stacking sequence are shown in Table 2 and Fig. 5, respect-
ively. At the third stage the B}’ phase transforms into the «; one. The structure of this
phase is essentially of the 6R type. The behaviour upon unloading from this stage is quite
surprising. A recent study has shown clearly that the o) phase transforms not into By
but into 8, upon unloading. That is, the transformation upon unloading is not an exact
reverse to that upon loading, but the strain attained upon loading almost completely
recovers upon unloading. Similarly, the transformation from f$; to y| upon unloading
is not an exact reverse to that at the second stage upon loading, but the strain attained
upon loading at the second stage completely recovers upon unloading. The reason for
this is simple. A macroscopic strain associated with the ¥;— g}  transformation is the same
as that for the 8;—»y; one. The same reasoning applies to the ) —»«; and «;—f] trans-
formations. The product phase in the §;—y} transformation upon unloading is a nearly
single variant y; martensite with {101 }y; twins, which is stable at this temperature in
the absence of stress. Thus the strain attained at the first stage does not recover at all.
Next, if a complete single variant p; martensite is loaded, the curve as shown in (b") is
obtained, which is quite similar to that in the second cycle in (b).

"When a test temperature lies between M, and M, a stress-strain curve of (c), which
is similar to (b), is still obtained. The only difference is the first stage, where it now con-
sists partly of the stress-induced transformation and partly of the reorientation of the Y1
martensite, other general features being the same.

(I) M, < T < Ay. The stress-strain curves in this temperature region exhibit three-
-stage yielding as typically shown in (d). They are similar to those in the region (I), except
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for the first stage. It now represents a stress-induced transformation rather than reorien-
tation of the y; martensite, since T > M,. According to the phase diagram described
later, it is expected that the y; martensite is stress-induced in this temperature and stress
region. But it is confirmed experimentally in the present alloy that the f; martensite is
- stress-induced and it subsequently transforms into the more stable ; martensite at this
stage. The reason for this is ascribed to the gasiness of the nucleation of the f; martensite.

Tensile stress

Temperature

FIG. 27. Schematic stress-temperature phase diagram of a Cu-Al-Ni alloy. The diagram delineated by
dashed lines is the one proposed previously [29], while that delineated by solid lines is the one deduced
by the recent investigation [8].

compared to that of the ; martensite. Since the resulting ) martensite is stable in this
temperature region, the strain attained at the first stage does not recover upon unloading.
The behaviours of the second and third stages‘are essentially the same as before. Thus
the well-defined stress-strain curve obtained from a single variant 97, (d), is also quite
similar to those at lower temperatures [(b") and (a)].

(II) Ay < T < T.. The stress-strain curves in this temperature region exhibit typical
two-stage pseudoelasticity as shown in (e) and (f). The first stage is associated with a very
small hysteresis, characteristic of the 8, z2f] transformation, while the latter with a large
hysteresis. The critical stress for the §,—f] transformation increases with increasing
temperature according to the Clausius-Clapeyron equation, while that for the fi—u;
transformation is rather temperature insensitive. Thus the stress gap between the critical
stress for the «;— g} transformation and that for the f—p, one decreases with increasing
temperature defined as T.. The curve of (f’) shows that the linear portion between the
first and second stages represents an elastic deformation of the 8 martensite.

(IV) T. < T. The stress-strain curve in this region exhibits two-stage yielding upon
loading but only one-stage yielding upon unloading, as shown in (g), and the hysteresis
at the first stage is much larger than those in the region (III).
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Table 2. Crystal structures of the various stress-induced martensites in the present alloy.

Phase 1 g1 i ay
Space group Pnmm A2/m P2,/m A 2/m

Lattice parameter

a (nm) 0.4382 ~0.44 0.4437

b 0.5356 ~0.53 0.5301

c 0.4222 ~3.80 3.814

B ~90° 89.24°
Ramsdel notation 2H 18R, 18R, 6R
Zhdanov symbol 1 1) (1131); s
Stacking sequence AB’ AB'CB'CA’ AB'AB'CA’ AB'CA’BC’

CA’BA’BC’ CA'CA’BC’
BC’'AC’AB’ BC’BC’AB’

Otsuka et al. deduced a phase diagram where an equilibrium point was determined
by taking a mid-point of the two critical stresses for the forward and reverse transforma-
tions and this diagram, as shown in Fig. 27, has three complexities which must be compared
with that already shown in Fig, 24,

One is the phase field O,CDO,. At first sight, based on the phase rule, it looks like
a single-phase field of A}, but the fact that 8}’ is stress-induced from ;| contradicts this
statement. This contradiction may be rationalized by a more recent work by SHIMIZU
et al. [31]. They indicated from the back-reflection Laue photography under tension that
By is simply a metastable phase, and that the real stable phase in this phase field is f;.
The reason for the appearance of the f; martensite can be explained by considering the
transformation mechanism.

Another complexity is the high temperature region. In Fig. 24 Otsuka et al. predicted
the presence of the triple point O, or the direct transformation from B, to «}, but this
prediction was not observed in this investigation. The stress-strain curves in Fig. 26 have
shown that the 8, matrix phase always transforms to the &, phase via the 8 phase. The
third complexity is the region including the line 40;. We expect direct transformation
from B, to y; in this region. However, direct transformation was not detected in the
present alloy, as already shown in Fig. 26d. If the line 40, is short, the nucleation of
B1 is favoured even though ) is more stable thermodynamically.
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