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Abstract

Thermally-induced martensitic phase transformations in polycrystalline CuZnAl and thin-film NiTiCu shape memory
alloys were probed using photoemission electron microscopy (PEEM). Ultra-violet photoelectron spectroscopy shows a
reversible change in the apparent work function during transformation, presumably due to the contrasting surface elec-
tronic structures of the martensite and austenite phases. In situ PEEM images provide information on the spatial distri-
bution of these phases and the evolution of the surface microstructure during transformation. PEEM offers considerable
potential for improving our understanding of martensitic transformations in shape memory alloys in real time.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Shape memory alloys (SMA) are advanced intel-
ligent materials, whose properties can be pro-
grammed to perform specific actions. These alloys
exhibit reversible shape changes that can be con-
trolled by the applied stress and/or temperature.
This unique property is associated with a solid state
martensitic phase transformation [1]. Shape mem-
ory alloys are finding important applications in
medicine and in microelectromechanical systems
[2,3]. More recently, SMA thin films are being inves-
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tigated for applications in microsensors and micro-
actuators [4,5]. Phase transformations in SMA
thin films are often accompanied by significant
changes in mechanical, physical, chemical, electrical
and optical properties, including yield stress, elastic
modulus, damping modulus, hardness, electrical
resistivity, thermal conductivity, thermal expansion,
and surface roughness [2,6,7].

Martensitic transformations are first order, diffu-
sionless processes involving a shear deformation
along the invariant plane (or habit plane). A Bain
model (expansion by 12% along two axes with con-
traction by 20% along the third, normal axis) is usu-
ally used to describe the change in structure [§8-11].
Specifically, the lattice structure changes associated
with the martensitic transformations in CuZnAl
(from DO; to 18R) and NiTi (from DOj to B19)
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Fig. 1. Lattice configuration of martensite (dark heavy lines) and
austenite (light thin lines) for (a) a Cu-based alloy: 18R
martensite and DOj; austenite; and (b) a NiTi alloy: B19
martensite and DOj5 austenite.

Fig. 2. Atomic displacements associated with a martensitic
transformation showing both the Bain and shuffle deformations.
The atoms in the center (with open circles) shuffle to the left from
the initial position as indicated by the dashed lines.

are illustrated Figs. 1 and 2. These transitions
involve a Bain deformation, shown in Fig. 1, and
a shuffle deformation, shown in Fig. 2. The shuffle
deformation involves an atomic displacement along
the 7} direction in Fig. 2 and does not contribute to
the macroscopic change in shape. Austenite is usu-
ally the stable phase at high-temperatures. During
cooling, cubic austenite changes into monoclinic
martensite, sometimes via an intermediate rhombo-
hedral phase (R-phase) in NiTi alloys [12].

The transition from austenite to martensite is
typically exothermic. Currently, differential scan-
ning calorimetry (DSC) is a standard technique
for determining the temperature-behavior of phase
changes during cooling and heating [13]. More
recently, modulated differential scanning calorime-
try (MDSC) has been developed. MDSC can distin-
guish reversible and irreversible heat-flow during
heating and cooling [14], and thus provides more

information than conventional DSC. X-ray diffrac-
tion [15,16] and in situ neutron diffraction [17] are
also powerful tools for the study of stress- and ther-
mally-induced martensitic transformations; but the
acquisition of high-quality data is complicated by
the associated crystallographic evolution and resid-
ual strain. None of these techniques probe micro-
structure changes and kinetics simultaneously. In
this work, we describe a new experimental technique
for nondestructive characterization of structural
transitions in SMAs.

Instrumentation for photoemission electron
microscopy (PEEM) has recently become commer-
cially available, with lateral resolutions approaching
10 nm [18,19]. The emission of low-energy photo-
electrons is extremely sensitive to a variety of sur-
face properties, in particular, the work function.
The work function depends on surface chemical
composition, crystal orientation, surface dipole,
and phase [20-22]. The sensitivity of the work func-
tion to surface composition makes PEEM particu-
larly useful for studying surface adsorption,
desorption, and surface chemical reactions [23-25].
In this work, we apply photoemission electron
microscopy to study the thermally-induced martens-
itic transformations in CuZnAl- and NiTi-based
SMAs. This technique takes advantages of the
imaging ability of PEEM and as well as its sensitiv-
ity to the apparent work function difference between
the austenite and martensite phases to characterize
these transformations in situ and in real-time.

2. Experiment

The CuZnAl alloy in this work has a nominal
composition of Cu-20.68 wt% Zn-5.8% Al-0.02%
Ce-0.02% V, and a thickness of 1.0 mm. The sheet
was heat treated at 760 °C for 8 min and quenched
in water at 95 °C. The alloy was kept in 95 °C water
for 30 min, then cooled to room temperature in the
water bath. The lateral grain size is about 1.5 mm.
DSC measurements on this material after heat-
treatment are shown in Fig. 3. The sample was
mechanically polished, ultrasonically cleaned in ace-
tone for 20 min, and then mounted in the ultra-high
vacuum PEEM chamber.

The NiTiCu thin film was deposited onto a
Si(100) wafer by magnetron sputtering a NiTi
target (50/50 atom percent, 400 W AC power) and
a pure Cu target (3-in. diameter, 2 W DC power).
The substrate was held at 450 °C and rotated during
deposition. The deposition rate was 14.6 nm/min,
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Fig. 3. Differential scanning calorimetric plot for CuZnAl during
a thermal cycle.
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Fig. 4. Film stress versus temperature plot derived from curva-
ture measurements after post-annealing. The hysteresis of the
curve during heating/cooling reflects the shape memory effect.

yielding a final film thickness of 3.5 4+ 0.3 pm. Sam-
ples were post-annealed in vacuum (1 x 107° Torr)
at 650°C for 1h. Film stress measurements,
acquired with a Tencor FLX-2908 Thin Film Stress
Measurement System during heating at 1 °C/min
and air cooling (average cooling rate about 1°C/
min), are shown in Fig. 4.

The work functions of both samples were deter-
mined by ultraviolet photoelectron spectroscopy
(UPS), using a GammaData/Scienta SES 200
Photoelectron Spectrometer with a He I UV lamp.
Photoemission electron microscope images were
acquired with an Elmitec PEEM III instrument.
Ultraviolet light, with photon energies up to 5eV,
was provided by an Oriel 100 W DC mercury lamp.
Prior to imaging, the samples were sputtered in
argon (4x107*Pa) for 15min (12mA, 1500 V).
Real-time images during heating and cooling were
recorded as movie frames.

3. Results and discussion

3.1. Microstructure changes during
phase transformation

Fig. 5 shows PEEM images of a polished Cu-
ZnAl SMA before and after the phase transforma-
tion during heating. The spear-like structures in
Fig. 5(a) are martensite plates within a single mar-
tensite grain. Because the sample was polished at
room temperature, while the sample was in the
martensite phase, the transformation to austenite
roughens the surface. Polishing scratches on the
low-temperature phase (marked by the arrow in
Fig. 5(a)) are obscured by this roughness on the
high-temperature phase in Fig. 5(b). Although the
internal plate structure of the martensite is
destroyed by the transformation to austenite, the
associated spear-like surface features are simply dis-
placed. These changes are completely reversible
upon cooling. During cooling, the formation of
martensitic variants within grains (to form marten-
sie plates) is readily observed.

The displacement of the spear-like microstruc-
ture during the phase transformation is expected
due to the shear-dominant feature of martensitic
transformation. We attribute the disappearance of
the scratch lines on high-temperature phase to a sig-
nificant increase in surface roughness: the vertical
relief associated with the spear-like structures is sig-
nificantly greater on the austenite than on the mar-
tensite, perhaps due to lattice sliding. This increased
surface relief is responsible for the thicker shadows
in Fig. 5(b) relative to Fig. 5(a). Fig. 6 shows
root-mean-square roughness measurements derived
from profilemetry measurements during three ther-
mal cycles. The RMS roughness of the austenite
phase is at least double that of the martensite phase.
Similar surface relief phenomena have been
observed on NiTi and Fe-Mn-Si SMA surfaces
[26,27].

PEEM images of the NiTiCu SMA film at 25 °C
(martensite phase) and at 100 °C (austenite phase)
are shown in Fig. 7. The most prominent difference
between the images is the presence of wrinkle-like
features on the surface of the low-temperature sur-
face of Fig. 7(a), and their absence on the high-
temperature surface of Fig. 7(b). The transition
between the wrinkled and smooth states is remark-
ably sharp. Sequences of PEEM images indicate
that the wrinkles disappear at 73.1 °C during heat-
ing and reappear at 52.4 °C during cooling. The
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Fig. 5. PEEM images of a CuZnAl surface showing (a) the low-temperature martensite phase and (b) the high-temperature austenite
phase in the same area. The position of a polishing scratch, visible on the martensite surface but not on the austenite surface, is marked by
the arrow. The diamond marks a set of four, self-accommodated variants that are displaced by the transformation.
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Fig. 6. Root-mean-square roughness of a CuZnAl surface versus
temperature during a thermal cycle. Three line profiles are
superimposed: solid symbols for heating and open symbols for
cooling.

appearance and disappearance of these features are
closely related to the martensitic transformation.
Wrinkle formation in thin-film SMAs will be
addressed in a separate report.

3.2. Photoelectron intensity versus temperature

The martensitic transformations in this work are
associated with large changes in PEEM intensity:
the PEEM images of the high-temperature phase
are darker than the images of the lower temperature
phase for both alloys (Figs. 5 and 7). Quantitative
measurements of the integrated image intensities
during heating and cooling are plotted in Fig. 8.

The transition temperatures are readily identified
from these plots. For the CuZnAl sample, the
PEEM intensity drops sharply at 47 °C during heat-
ing and increases sharply at 43 °C during cooling, in
agreement with the transition temperatures mea-
sured by DSC (Fig. 3). The changes in PEEM inten-
sity are more complicated for the NiTiCu thin film.
During heating, the PEEM intensity increases from
30 °C to around 45°C, remains nearly constant
until 70 °C, and then decreases monotonically from
70 to 120 °C. The onset of the monotonic decrease
near 70 °C corresponds roughly to the onset of the
phase transformation in film stress measurements
(Fig. 4). During cooling, the photoelectron intensity
increases slowly from 120 °C to 55°C, then rises
rapidly to levels associated with the early stages of
heating between 55 and 50 °C.

The rapid rise in photoemission intensity near
55°C in the NiTiCu thin film contrasts markedly
with the more gradual change in film stress during
cooling in Fig. 4. We suggest that the martensitic
transformation during cooling proceeds gradually
through the interior of the film, but that the trans-
formation at the surface is more sudden. This would
be the case, for instance, if the transformation to
martensite begins at the film—substrate interface
and progresses toward the surface. When the inter-
face between the (mostly) martensite and (mostly)
austenite phases reaches the surface, a sudden
change in photoemission intensities would be
observed. Since the photoelectrons originate within
nanometers of the surface, PEEM intensities are
especially sensitive to conditions along the surface.



310

M. Cai et al. | Journal of Nuclear Materials 361 (2007) 306-312

Fig. 7. In situ PEEM images of a NiTiCu thin film at (a) 25 °C (martensite) and (b) 100 °C (austenite).
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Fig. 8. Integrated PEEM intensities as a function of temperature for (a) CuZnAl and (b) NiTiCu during complete thermal cycles. The

arrows indicate the temporal order of data collection.

In general, heating lowers the work function in
metals, mainly due to the effect of volumetric expan-
sion. In addition, thermal emission increases expo-
nentially with increasing temperature. Both effects
would yield increased emission intensities at higher
temperatures. However, the photoemission intensi-
ties from the two SMAs are significantly lower at
the higher temperatures. This is consistent with
UPS measurements of apparent work function,
shown during complete thermal cycles in Fig. 9.
The apparent work function of the CuZnAl SMA
increases about 0.23 eV when heated through the
transformation temperature, while the apparent
work function of the NiTiCu thin film increases
about 0.16eV. Since photoemission intensities
depend exponentially on work function, a small
increase in work function can significantly reduce
the photoemission intensity. We observe virtually
no changes in the reflectivity (in the range of

200 nm to 400 nm) between 25°C to 120 °C, in
agreement with Ref. [20]. The observed work func-
tion changes can therefore be reasonably attributed
to changes in the apparent work function accompa-
nying the solid state phase transformation. The fail-
ure of the work function measurements in both
materials to return to their initial values during
cooling is attributed to localized surface heating
by the intense UV source. This results in a temper-
ature difference between the illuminated region
and the nearby thermocouple toward the end of
the experiment. Work function measurements after
cooling overnight agreed well with previous mea-
surements on the room temperature phase.
Although the effect of structure changes on sur-
face work functions is complex, one can account
for the lower work function of the martensite phase
on the basis of a decrease in the average number of
close-packed atomic planes exposed to the surface.



M. Cai et al. | Journal of Nuclear Materials 361 (2007) 306-312

a 44F T
s
] Vs
= 40f
S
g3 I
2 g
[V
£ 39}
o
=
38 . . : : .
20 30 40 50 60 70 80

Temperature (°C)

b

Work Function (eV)

311

3.9 T T T T T

3.85

@
o

w
~
(1]

37 . L . :
20 40 60 80 100
Temperature (°C)

120 140

Fig. 9. Apparent work functions determined from UPS data as a function of temperature for (a) CuZnAl and (b) NiTiCu during complete
thermal cycles. The arrows indicate the temporal order of data collection.

Wigner and Bardeen’s double-layer theory [28,29]
relates the lattice structure, interlayer spacing, and
the charge distribution to the work function. In par-
ticular, more closely packed planes generally have
higher work functions (the Smoluchowski effect)
[30,31]. Since the austenite to martensite transfor-
mation involves a 12% expansion along two axes
and a 20% contraction along the third axis, one-
third of the planes become somewhat more close-
packed and two-thirds become quite a bit less
closed-packed. Assuming a random texture distribu-
tion in the polycrystalline material, the surface
would display all three sets of planes with equal
probability. Thus the martensite surface would be
dominated by the less close-packed planes. The
Smoluchowski effect then leads one to expect the
martensite surface to display a lower apparent work
function, as observed.

4. Conclusions

Photoemission electron microscopy was used to
investigate the thermal-induced phase transforma-
tion in two shape memory alloys: polycrystalline
CuZnAl and thin-film NiTiCu. UPS measurements
of apparent work function during thermal cycling
show changes of about 0.23 eV for polycrystalline
CuZnAl and about 0.16 eV for thin-film NiTiCu.
We attribute the drop in work function and increase
in PEEM intensity during cooling to the transfor-
mation of surface material from austenite to
martensite. The transition temperatures inferred by
PEEM are consistent with DSC measurements for
CuZnAl and wafer curvature (stress) measurements
for thin-film NiTiCu, when account is made for the
surface sensitivity of the PEEM technique.

PEEM provides quantitative, spatial resolved
information on the evolution of the surface micro-
structure as the transformation proceeds. Real-time
PEEM shows great promise for the quantitative
measurement of the kinetics of phase transforma-
tions in a wide range of materials and thermal-
mechanical processes.
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