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Abstract The deposition of a single-layer piezoelec-
tric thin film on superelastic shape memory alloys
has been experimentally investigated. Therefore, the
ultrasonic-assisted hydrothermal method was used for
preparing a crystalline thin film on various NiTi-based
substrates without an additional buffer layer between
substrate and thin film. The deposited layers were
crystallographically characterized by scanning electron
microscopy, X-ray diffraction, and piezoresponse force
microscopy. Due to the hydrothermal synthesis with
ultrasonic assistance, the PbZrOs thin film—in gen-
eral antiferroelectric—exhibits ferroelectric hysteresis
loops, which has been experimentally tested.
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1 Introduction

Shape memory alloys (SMA) exhibit two inherent
thermo-mechanical effects: pseudoplasticity and super-
elasticity [11, 25]. The most common alloys are based
on NiTi. In almost all cases, SMA are used in (quasi)-
static or low frequency (<10 Hz) applications. On the
other side, piezoelectric materials are predominantly
used for high frequency and ultrasonic applications.
Only few researches have been carried out on the
integration of SMA and piezoelectric materials in order
to combine the respective benefits of both functional
materials.

The flexible ultrasonic wire waveguide in [13, 14]
combines a superelastic SMA wire with a piezoelectric
driven ultrasonic transducer. It is assumed that the
superelastic SMA remains in its austenitic phase dur-
ing ultrasonic transmission and exhibits linear elastic
response. Rather, the superelasticity is used in [30] for
prestressing piezoelectric actuators in order to improve
the stroke. In both cases, the high flexibility of a super-
elastic SMA is used in combination with a piezoelec-
tric transducer, which is not really an integration of
the specific properties of both material types in our
understanding.

The synthesis of PbTiO3 on a NiTi substrate is con-
ducted by a two-step process [19]: first, a transitional
film by an in-situ hydrothermal method and, second, an
outer film on the transitional film by a sol-gel method.
The focus of this work is on the preparation of a
piezoelectric thin film on NiTi. A full integration of
the thermal shape memory effect and piezoelectricity
is used for a multifunctional wire: a thermally activated
SMA wire is coated by a PZT thin film using the hy-
drothermal deposition method [27]. The piezoelectric
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Fig. 1 Stress-strain-temperature diagram of superelasticity,
where the SMA is deformed at constant temperature [29]

thin film is used for sensation rather than for excitation
of the current-heated SMA wire.

Our approach pursues the concept of deposition
of a piezoelectric thin film on superelastic SMA by
hydrothermal method. In opposition to [27, 31], our
solution contains no titanium tetrachloride TiCly be-
cause significant health hazards generally arise from
the release of hydrogen chloride HCI. Rather, tita-
nium dioxide TiO;, (also known as titanium(IV) ox-
ide or titania), which is easier to handle, is preferred
for preparation of a solution in combination with
lead nitrate Pb(NOs3),, zirconium oxychloride octahy-
drate ZrCL,O - 8 H,O, and potassium hydroxide KOH
[10, 16].

2 Superelastic shape memory alloys

The shape memory effect is based on a reversible
martensitic transformation which can be induced by
temperature (thermal shape memory effect) and me-
chanical stress (superelasticity) [3, 17]. The phase trans-
formation between martensite and austenite occurs in
a certain temperature interval. The start and finish
temperatures of the transformation in the particular
directions are defined by the transformation tempera-

load deforms the SMA, and martensitic phase trans-
formation is induced by mechanical stress. Unloading
leads to a re-transformation to austenite, and the SMA
returns to its original shape. The stress-strain diagram
shows a distinctive hysteresis with two stress-plateaus
during loading and unloading. The alternative term
‘pseudoelasticity’ expresses the energy dissipation as a
result of the stress-strain hysteresis, where the stress-
plateau during unloading is significantly smaller than
during loading. Therefore, the mechanical energy for
deforming is not fully released after unloading [29].

Various samples of superelastic SMA have been
used as substrate for the experiments. Details about the
commercial available samples are listed in Table 1. All
samples are based on Nickel and Titanium (NiTi) with
varying surface finish options and heat treatment con-
ditions. Figure 2 shows different stages of processing.

The shape a SMA remembers can be set by a
thermally-induced process that occurs when the SMA is
constrained into its new shape and heated to tempera-
tures of approx. 400. .. 500°C for 5 to 30 min [15, 33, 36].
The shape setting methods, e. g. types of furnaces and
fixtures, are various [32]. In order to straighten the
Alloy N ribbon (as drawn) and Alloy S wire (cold
worked) in a preliminary treatment before hydrother-
mal deposition, the samples were clamped in a vise. The
fixture was put into the hot furnace (450°C) with an
air atmosphere and heated for 20 min. After the heat
treatment, the fixture with the SMA was quenched in
water.

3 Ultrasonic-assisted hydrothermal deposition

Hydrothermal synthesis is a common method for the
deposition of PZT thin films. Also the deposition of PZ
(PbZrOs3) is possible [21]. The main features are low

Table 1 Superelastic SMA

Surface

Condition Shape  Dimension [mm]

samples with variable length / Alloy Supplier
used as substrate for Alloy S Memory-Metalle
hydrothermal deposition
. . All M -Metall
(#: thickness, w: width, oyS$ emory-Metalle
d: diameter) AlloyN  Memory-Metalle
Ni55/Ti45 GoodFellow

Oxide-free (pickled) Cold worked Wire
Oxide-free (pickled) Flat annealed Sheet
Dark oxide
Pickled

d=32.692
txw=2.0x20
tx w=0.55x4.45
txw=0.5x10

As drawn Ribbon
Annealed Foil
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Fig. 2 Photography of Ni55/Ti45 sheets at various process stages
(from top to bottom below the rule: pickled as-delivered from
supplier; changed surface color with minor annealing spots af-
ter annealing process; coated with thin film by hydrothermal
synthesis)

reaction temperatures below the Curie temperature,
no need for post-treatment (polarization or annealing),
and deposition on arbitrary shaped three-dimensional
substrates. The ultrasonic-assisted hydrothermal depo-
sition of piezoelectric thin film is performed using a ul-
trasonic transducer integrated in an autoclave [1, 5, 18].
Direct irradiation of ultrasound during hydrothermal
synthesis improves the fabrication of fine particles.

3.1 Crystal structure

Lead zirconate titanate Pb(Zr,Ti;_,)O3;, where 0 <
x < 1, also called PZT, is a solid solution of antifer-
roelectric PZ (PbZrOs;, see below) and ferroelectric
PT (PbTiO3). In general, the crystals of PZT have
perovskite structure. Above the Curie temperature,
PZT is paraelectric. Below the Curie temperature and
depending on the Zr-Ti ratio, the cubic crystal struc-
ture becomes distorted, leading to ferroelectric-tetra-
gonal (Ti-rich) or antiferroelectric-orthorhombic and
ferroelectric-rhombohedral (Zr-rich) crystals. Because
the direction of the spontaneous polarization can be
aligned (e.g. by applying an electric field), PZT is
ferroelectric and, therefore, exhibits piezoelectricity. In
absence of titanium (x = 1), PZT becomes PZ with
orthorhombic crystal structure. In general, the ions of
PZ are antiparallel and PZ is antiferroelectric. As a
result, the spontaneous polarization of PZ is zero and
PZ exhibits no piezoelectricity [4, 28].

However, self-aligned polarization of PZT and PZ
thin films was observed when deposited by hydrother-

Table 2 Solutions for ultrasonic-assisted hydrothermal synthesis
of piezoelectric thin films

Sol. A Sol. B Sol. C
Pb(NO3), 7.728¢ 2.070g 2.898¢
Ti,O — 0.100g 0.140g
ZrCLO -8H,0 3.652¢ 0.604 g 0.846 ¢
KOH (8N) 40.0ml 5611g 17.5ml
H,O 30.0ml 50.0ml 52.5ml

mal method and the polarization is inherently aligned in
the direction of growth [20, 22, 23]. The reason for self-
aligned polarization during hydrothermal deposition is
not clarified yet, but might be related to the low reac-
tion temperatures (less than Curie temperatures) and
self-accumulated deposition mechanisms. It has to be
proved, if the polarization direction of PZ will be also
aligned when depositing with hydrothermal method.
If this is the case, PZ is inherently ferroelectric and,
therefore, piezoelectric.

3.2 Process conditions

The SMA samples were cleaned in an ultrasonic bath
before and after hydrothermal synthesis. Following
solvents were used: acetic acid CH;COOH, acetone
(CHj;),CO, ethanol C;HsOH, and distilled water H,O.

For hydrothermal synthesis, various solutions
(Table 2) were prepared in an autoclave including
a teflon pressure vessel (inner diameter approx.
@40mm). First, powder of lead nitrate, titanium
dioxide, and zirconium oxychloride octahydrate were
mixed with distilled water. In a second step, a fluid
solution of potassium hydroxide was added. The NiTi-
based superelastic SMA were used as substrate and put
into the autoclave which was approximately half-filled
with the prepared solution.

The reaction time was 48 h at a constant temperature
of 150°C. The ultrasonic transducer was resonantly
driven with a 350 V,,, sine wave (300...400 mA,;) at
30 kHz. The best results were obtained with solution A.
Further experiments with the same substrates but vary-
ing solutions (B and C) resulted in much less homoge-
neous thin films. Therefore, all following experiments
have been performed with solution A.

4 Crystallographic characterization

After hydrothermal synthesis, the thin film deposited
on the various samples have been experimentally
investigated by scanning electron microscopy, X-ray
diffraction, and piezoresponse force microscopy.
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4.1 Scanning electron microscopy (SEM)

The SEM was performed using a JOEL Ltd.’s JSM-
5310LV. In general, all samples show a homogeneous
coverage of the hole surface by a thin film. Hydrother-
mal synthesis without ultrasonic assistance produced
less good coverage. Obviously, a preliminary heat treat-
ment (annealing with or without shape setting) of the
SMA samples improves slightly the coverage. Defects
are unavoidable if samples are in contact when hy-
drothermally treated at the same time in one vessel.
Additionally, small holes in the thin film with diameters
in the range of a couple of 10 um can appear when
depositing on large substrates with lateral dimensions
larger than several millimeter.

The SEM photographs of various samples in Fig. 3
show slight differences regarding cubic shape and size
of crystals. The crystals deposited on an Alloy S sheet
and a Ni55/Ti45 foil (both pickled) have a sharp cubic

Fig. 3 SEM images of
topology (left) and
cross-sectional area (right)
of thin films deposited on
various substrates

shape with an edge length of up to 5 um. The crystals
on an Alloy N ribbon (dark oxide) are more frayed
but larger. The thin film thickness is measured by a
scanning electron microscopy image of the polished
cross-sectional area. All thin films contact well with
the various substrates. The thin films deposited on an
Alloy S sheet and a Ni55/Ti45 foil (both pickled) has
an average thickness of 5 um. In case of the Alloy
N ribbon (dark oxide), a thin film with a thickness
of up to 10 um is deposited on a 100 um thick ox-
ide layer. A XRD analysis was conducted for further
investigations.

4.2 X-ray diffraction (XRD)

The crystallographic structure of thin films can be
characterized by XRD. The X-rays passes through the
crystals and are bent at various angles, the so-called
diffraction. High intensity reflection occurs at certain

sheet Alloy S

ribbon Alloy N
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Table 3 Lattice parameters

Table 4 Lattice parameters of tetragonal TiO»: rutile at 30°C and

; Parameter Length [A]
of orthorhomblg PbZrOs3 - 5 8353 anatase at 28°C [7, 8]
(space group G, — Pba2) [9] b 11.7581 Parameter Length [A]
c 8.2222 Rutile Anatase
a 4.5941 3.7845
c 2.9589 9.5143

incident angles (Bragg angles) when the beams in-
terfere constructively. The relationship for scattering
angles

ni = 2dsin(0) (1)

is called Bragg’s law, where n is an integer, A is the wave
length of the incident X-ray beam, d is the distance
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Fig. 4 XRD pattern of various substrates with thin films

between atomic layers in a crystal, and 6 is the angle
of incidence. The X-ray wavelength results from the
emitted radiation of an electron transition to a lower
energy level, and A = K,; = 1.5405 A for the used cop-
per anodes (Cu). For orthorhombic crystals

1 r kP

2 2trta @
where £, k, and [ represent the Miller indices and a, b,
and c are the lattice parameters. The lattice parameters
for PZ are listed in Table 3.

The XRD analysis were carried out using a Mini-
Flex II unit from Rigaku Corp. The results of the
thin film deposited on various substrates are illustrated
in Fig. 4. In addition, the calculated Bragg angles of
PZ with high intensity as stated in [4, 12] are added.
The closeness of agreement between experiment and
calculation indicates a PZ thin film on the oxide-free
substrates (Alloy S and Ni55/Ti45). The XRD of the
blank substrates shows at 26 ~ 42.5° a clear peak of
the austenitic NiTi(110) with cubic structure (B2 type,
a = 3.007 A [26]) which corresponds with the PZ(240)
peak.

The XRD pattern of an Alloy N substrate (dark
oxide) shows a strong congruence with the thin film
deposited after nucleation in [31], where a hydrother-
mal synthesis with a similar solution was conducted
depositing a thin film of PZ plus PZT. The authors
state that even the used solution did not include any
Ti, the titanium oxide layer of the substrate reacts with
the solution containing lead and zirconium to build PZ
and PZT crystals on the surface. In contrast, the thin
film on Alloy N shows the same peaks as the oxide-

Table 5 Parameter settings of PFM analysis (LiA: lock-in am-
plifier)

Parameter Setting
Sweep frequency 0.30Hz
Sweep range [um] 10 x 10
Peak amplitude of sinusodial reference signal 10V
Frequency of sinusodial reference signal 5kHz
Low-pass filter time constant of LiA 1 ms
Sensitivity of LiA 10mV

@ Springer



50

J Electroceram (2012) 28:45-52

000 272230 ~2256.06

[rm] [mv]

451139

Fig. 5 PFM scan of PZ thin film on Alloy S (left: topology; center: A cos ¢; right: A sin¢)

free samples and, therefore, is assumed to be pure PZ.
An additional peak at 26 ~ 29° indicates the austenitic
NiTi(100). The XRD of the blank substrate with dark
oxide surface shows peaks of titanium dioxide TiO,
crystallized in the modifications rutile (R) and anatase
(A) [6, 34]. The accepted lattice parameters for TiO,
are listed in Table 4.

A pre-treatment of the SMA samples by heating
(annealing with or without shape setting, see Section 2)
does not change the XRD pattern of the deposited
crystals.

4.3 Piezoresponse force microscopy (PFM)

The PFM is a modification of the atomic force mi-
croscopy (AFM) for the measurement of local prop-
erties of ferroelectric and piezoelectric materials [2].
Therefore, the silicon tip is replaced by a conductive
tip and an AC voltage is applied between the tip and
a electrode on the opposite side of the specimen. The
PFM was performed using a NanoNavi IIs (probe sta-
tion) and Nanocute (general-purpose small unit) from
SII NanoTechnology Inc. In addition, a FG-281 15 MHz
waveform generator from Kenwood and a 5610B lock-
in amplifier from NF were used. The overall settings are
listed in Table 5.

The topography as well as the demodulator outputs
of the lock-in amplifier, Acos¢ and A sing¢, respec-
tively, are shown in Fig. 5. While A cos¢ represents
the intensity of polarization, Asin¢ is an index for
damping. The domain structure of the PZ thin film is
visible in the A cos¢ measurement, and the regions
of differing piezoresponse on the surface of the PZ

@ Springer

thin film imply ferroelectricity [24]. This supports the
assumption of self-aligned polarization of PZ crystals
when a thin film is hydrothermally deposited (see
Section 3.1).

5 Ferroelectric hysteresis

In order to prove the assumption that the PZ thin film
is ferroelectric instead of antiferroelectric, the depen-
dence of the polarization on the applied electric field
was measured.

Two alternate electrodes are required for electric
excitation of the thin film: the SMA substrate as in-
ner electrode and an outer electrode on the thin film.
Therefore, the electric field is applied in the direc-
tion of growth. Gold electrodes were sputtered with
approx. 5 mA ion current on the thin film using a
Quick Coater SG-701 from Sanyu Electron Co., Ltd.
A long sputtering time or large area can cause an
electric short-circuit between the inner and outer elec-
trodes. For our investigations, a sputtering time of 5 to
10 min and a sputtering area of approx. 3.5 mm? were
feasible.

The hysteresis measurements were carried out on a
Precision LC testing unit (material analyzer and high
voltage interface) from Radiant Technologies, Inc. in
combination with a NF AC/DC amplifier HVA4321.
The measured hysteresis in Fig. 6 confirm that a PZ
thin film synthesized by hydrothermal method is fer-
roelectric. The PZ thin film on an Alloy S sheet and
a Ni55/Ti45 foil show similar shaped hysteresis curves.
The break-through voltage of the PZ thin film on the
Alloy S substrate was 120 V (approx. 24 kV/mm).
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Fig. 6 Ferroelectric hysteresis loops of thin film on various sub-
strates under different voltages

The remanent polarization 2P, and coercive electric
field reach more than 40 uC/cm? and nearly 6 kV/mm,
respectively.

6 Conclusion and discussion

The deposition of piezoelectric thin films by the
ultrasonic-assisted hydrothermal method on superelas-
tic, NiTi-based SMA has been carried out, followed
by a crystallographic characterization of the tin films
by SEM, XRD, and PFM. A suitable solution includ-
ing lead nitrate, zirconium oxychloride octahydrate,
and potassium hydroxide have been identified. With
it, a 5 pm thick PZ thin film has been successfully
deposited on various substrates. Measurements of the
polarization hysteresis has shown that the PZ thin film
is ferroelectric instead of antiferroelectric.

The anomalous PZT ferroelectricity is related to
the hydrothermal deposition mechanism. In previous
studies, PZT [23] and PT [20] epitaxial thin films were
deposited with the hydrothermal method, and their
polarizations were perfectly self-aligned during the de-
position process. This self-aligned polarization came
from the low reaction temperature below the Curie
temperature. According to these results, the present

polycrystalline PZ thin films might have as well the
aligned polarization; in other words, they show ferro-
electricity instead of antiferroelectricity.

Another reason for ferroelectricity of ultrasonic-
assisted hydrothermal deposited PZ thin films might
be contamination, because the ultrasonic transducer
could be slightly melted into the solution. The chemical
components measurement of the PZ thin film is on-
going research. First results indicate that even if there
were some contaminations inside the film, these values
are negligible; therefore, contamination cannot be a
conclusive reason for ferroelectricity of the deposited
PZ thin film.
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