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Abstract. The mechanism of thermally driven shape recovery from a single variant of 2H-
martensite to the parent austenitic phase is experimentally studied on a specimen of Cu-Al-Ni
shape memory alloy (SMA). The formation and motion of the martensite-to-austenite tran-
sient interfaces is controlled by a thermal gradient, and recorded by a CCD camera. Indepen-
dently, the moving boundaries are observed by an infrared camera to capture the temperature
evolution accompanying the propagation. Both the velocity profiles of the propagation and
the thermal images indicate that the shape recovery of SMAs is a complex dynamic mech-
anism, which cannot be described by a classical Stefan’s model of phase transitions, known

from the thermal conductivity problem.
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1. Imtroduction

In the past two decades, unique thermomechanical properties of shape mem-
ory alloys (SMAs) became a subject of intensive theoretical investigation. Equi-

librium formation of martensitic microstructure and interfacial structure between



austenite and martensite has been described by Ball and James [!] by means of
minimization of multi-well free energies. Similarly interesting topics have ap-
peared in theoretical description of the martensitic transition itself, i.e. in dynam-
ics of propagating autenite-to-martensite (or viceversa) interfaces and twin bound-
aries. A concept of representing the interfaces by solitary waves (see [*] for main
ideas and further references) has been investigated in 90s, but thermodynamical
models of discontinuity front propagation [> 4] became the most widely used the-
oretical approach. This theory has been verified for rapid, shock-induced motion,
as the austenite-to-martensite transition experimentally studied by Clifton and Es-
cobar [°], where the velocities of moving interfaces are in order of 10'm.s!.
Thermally driven boundaries in a stress-free state described in this paper move as
slow as 10~3m.s . In real applications, where the thermal effects are combined
with applied stresses, one can expect the resulting velocities to cover the whole
range form 10 3m.s ! to 10'm.s L.

The main aim of this paper is to describe the observed thermally activated
shape recovery of SMAs, and to give an experimental evidence that the martensite-
to-austenite boundary can, in stress-free conditions, propagate in wide range of
temperatures and thermal gradients. To the authors’ best knowledge, neither any

well-documented measurements, nor reliable mathematical models of this behav-

ior can be found in recent literature.

2. Theory

The theoretical description of thermomechanical properties of shape memory
alloys originates from microstructural mathematical models of martensite. As it
can be found in the widely cited book by Bhattacharya [°], as well as in extensive
theoretical work by Ball et al. [1>7-3], and many others, the nonlinear elasticity
model based on free energy with multiple minima can be used for reliable descrip-
tion of a quasi-static and isothermal microstructure formation. When the boundary
is set in a motion, the isothermal condition, as well as the assumption of quasi-
statics of the microstructure formation, is no more accessible, as the propagating

boundary generates (or absorbs) latent heat and generates heat by dissipation. The



common approach to this problem is to consider the boundary as a moving surface
of discontinuity in deformation gradient, regardless of how the fine structure looks
like close to the interface [>#]. The possibility of involving the microstructure in
such dynamic models appears to be extremely complicated.

In our case of a thermally induced transition, another possible approach is to
consider the motion of the boundary as a solution of a classical Stefan’s problem,
which is a problem of a phase boundary propagation between two heat-conducting
media [°]. However, this model requires the boundary to have a fixed transition
temperature, which is not valid for SMAs, where the austenite and martensite can

coexist in some interval of temperatures.

3. Experimental Methodology

A shape recovery mechanism of a Cu-Al-Ni single crystal driven by a thermal
gradient was studied. The gradient, instead of homogenous heating, was expected
to prefer the boundary propagation in given direction and to enable observation of
the motion of the boundary in a wider range of temperatures.

The specimen used for the experiments was a prism (12mm x 3mm x 3mm) cut
from a single crystal of Cu-Al-Ni alloy, with mass density 7.055g/cm? (the same
value for both the austenitic and martensitic phase). The experimental procedure
was performed as outlined in Fig.1 The austenitic specimen was pressed in its ax-
ial direction, which induced a transition into a single variant of the 2H-martensite.
To minimize the irreproducibility of the experiments due to the nucleation effects,
a small nucleus of the austenitic phase was initiated in one corner of the specimen
by a rapid localized heating, using a gas burner.

Then, the specimen was placed between a copper heater and cooler with tem-
peratures driven by a pair of Peltier cells, and recorded by thermometers, (see
Fig. 2 for the experimental arrangement,) such that the nucleus of the austenitic
phase was situated on the heated side, and, thus, the boundary was expected to
propagate form this nucleus towards the cooler. The thermal contact between
the cooling/heating device and the specimen was provided by a heat-conducting

grease, and, to insure as stress-free state as possible, the specimen was placed in



Fosalble habic planes

Fig. 1. Experimental procedure outline.

Table 1
Orientations and dimensions of rectangular faces of the specimen. Direction angles
denote deviation of outer normals from principal axes of the corresponding phases.

orientation dimensions orientation dimensions
faces in austenite in austenite in martensite in martensite
[degrees] [mm)] [degrees] [mm]

A,C | [12.1;102.1; 88.9] | 11.85 x 3.18 | [58.1; 88.8;31.9] | 11.01 x 3.30
B,D | [78.3;11.7;89.8] | 11.85 x 3.13 | [34.3; 89.8; 124.3] | 11.01 x 3.23

a pair of thin aluminium plate cradles, which protected the specimen from falling
from the device, but put nearly no constraints on its bending and torsional motion.
For the same reason, the frictionless motion of the heater in the axial direction

‘was enabled.
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Fig. 2. Experimental setup for observation of thermally induced, stress-free shape recovery
of a SMA specimen.

The crystallographic orientation of the specimen in both phases as well as the
change in the geometry after undergoing the stress-induced transition into a single

variant of the 2H-martensite can be found in Tab.3..

The thermal gradient on a specimen was slowly steepened by increasing the



temperature of the heater 7., which varied between 45°C and 95°C, whereas
the temperature of the cooler, T, was held approximatively between —5°C and
25°C. After the gradient had reached a critical value, the boundary started mov-
ing through the specimen. The critical values of the thermal gradient are plotted
in Fig.3a versus the temperature of the heater, T ,. The critical gradients and
temperatures are naturally dependent on the shape and size of the nucleus, but, in

general, the interface was observed propagating in a wide range of temperatures.

The motion was recorded by a CCD camera in full PAL (640 <480 pts) resolu-
tion. The resulting video-files were then analyzed by common image processing
tools of MATLAB to obtain a record of velocity of the austenite-to-martensite and
twinned-to-detwinned interfaces. As shown in Fig.3b, the velocity in the course
of propagation is not a constant. This figure shows two examples of position vs.
time profiles in two different thermal gradients, recorded in a central section of the
specimen, where the position x stands for the distance from the edge of the ob-
served region and the middle of the moving austenite-to-martensite interface, and
t=0 is identified with time when the interface enters the observed region. Depend-
ing on the thermal gradient, the interface can either accelerate or decelerate, but,
in general, the whole microstructure always propagates together as one object.

This fact will be discussed in more details in the next section.
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Fig. 3. a) Plot of heater temperatures (7;,.x) versus critical thermal gradients. Crosses denote
experiments analyzed in Fig.3b. b) Plots of interface position versus time of propagation for
two various thermal gradients. Position x was measured from the edge of the observed area in
the middle of the observed face. Capital D denotes the observed face by notation introduced
in Tab.3. and outlined in Fig.4.



4. Morphology and Thermal Field of the Moving Interface

As emphasized in the theoretical section, the connection between a single
variant of martensite and the parent austenitic phase is provided by a twinned
martensitic structure, which is able to satisfy the compatibility conditions both
with the austenite (over the habit plane) and with the single variant. As a re-
sult, the propagating interface adopts the shape presented in Fig.4. The transition
front is a combination of two independent habit planes. The intersection of these
habit planes creates a coexistence line of the austenite with the single variant of
martensite, whereas the regions ahead of the habit planes are filled by a twinned

structure, as the compatibility conditions require.
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Fig. 4. Macroscopic morphology of the interface. Capitals A — B — C — D denote particular
faces of the specimen, as introduced in Tab.3.. Dashed lines separate single variant of marten-
site from twinned structrures, solid lines denote boundaries between twinned martensite and
austenite.

This X-like shape of the boundary is similar to the one observed by Shield ['°],
and theoretically derived by Hane ['!], during stress induced transition in Cu-Al-
Ni single crystals working in a superelastic regime. However, Shield concludes
that the two intersecting boundaries he observed can be considered as kinemat-
ically uncoupled. This conclusion cannot be valid for our case of a thermally
driven boundary, which, obviously, reaches and retains one shape during the most
of the propagation.

The stability of the shape was studied by observing the evolution of the in-
terface from variously shaped nucleuses, or from kinked or otherwise distorted
interfaces. Before starting the stable propagation, the boundary always reached
the X-like shape.

To investigate the temperature field evolution during the propagation, the heated

end of the specimen (including a nucleus) was recorded by an infrared camera.



For these experiments, side C of the specimen was painted by a mat black color.
Significant rapid changes of the thermal field were observed at the start of the
propagation. Fig.5 shows an illustrative example of such thermal field evolution.
Here, the time ¢ =0 corresponds to the first observable change of the thermal
field around the nucleus. The boundary started propagating in a thermal gradi-
ent between T}, =57°C and T,,;,,=21°C by a rapid and strongly localized cool-
ing (t=160ms, the second image in Fig.5), as the forming interface moves faster
than corresponding thermal waves. Then, the propagation continues through the
cooled specimen (t=600ms, the third image in Fig.5) at lower velocities. The ther-
mal field changes slowly until a linear gradient is reached again. Such dramatic
changes in temperature cannot be observed around a stable, slowly propagating
interface, where all the heat absorbed by the transition is immediately saturated
by conduction, and the only observable thermal effect is a negligible global cool-
ing of the specimen.

t=-400 ms t= 160 ms
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Fig. 5. Infrared image sequence of the heated end of the specimen during phase transition.
Displayed temperature scale corresponds to emitivity of polished copper (material of the
heater), observed face: C. t=—400ms: Constant thermal gradient 400ms before the start of
the propagation. t=160ms: Rapid localized cooling around the forming interface. t=600ms:
Specimen completely cooled through by the moving interface. t=4s: Thermal gradient re-
stored.

Although at ¢ =—400ms the nucleus is stable at temperature higher than 50°C,
the fully formed interface propagates through areas of significantly lower temper-

atures. The temperature of the interface, varies, thus, during the propagation.



5. Concluding Remarks

This paper gives an experimental evidence of a slow, thermally induced propa-
gation of an austenite-to-martensite interface. As it can be concluded from veloc-
ity profiles in Fig.3b, the interface can both accelerate and decelerate, depending
on the thermal gradient. This indicates, that the observed motion does not obey
a classical Stefan’s model, where the position of the boundary is proportional to
+/t. Observation by an infrared camera shows that the temperature on the interface
is not a constant. This fact is one of the reasons for concluded discrepancy be-
tween our observations and the classical Stefan’s model. More complex models,

including the microstructure formation on the interface, are desired.
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