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a b s t r a c t

The microstructure and shape memory behavior of Ti44.6Ni40.1Cu15.3 thin films annealed at 773, 873, 973 K
for 1 h were investigated. The Ti(Ni,Cu)2 particles precipitated in the grain boundaries and grain interi-
ors. As the annealing temperature increased, the grain boundary precipitates became prominent. With
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increasing annealing temperature, the size of the precipitates increased while the density of precipitates
decreased. Unexpected B19′ martensite formed in the annealed thin films, resulting from the composition
variation in the matrix induced by precipitation process. Both of the maximum recoverable strain and
the critical stress for slip decreased with increasing annealing temperature, which was mainly attributed
to the coarsening of the Ti(Ni,Cu)2 precipitates.
hin film
icrostructure

. Introduction

Ti–Ni–Cu shape-memory-alloy thin films formed by sputter-
ng are attractive candidates for powerful microactuator materials
ecause of their recoverable strain and narrow temperature hys-
eresis, both of which are related to the crystallographically
eversible martensitic transformation [1–4]. The phase transfor-
ation in Ti–Ni–Cu shape-memory-alloys has been extensively

tudied by many researchers [5–11]. Whereas the addition of Cu
lightly changes the transformation temperature, it changes the
ransformation path and drastically reduces the temperature hys-
eresis [12]. The addition of 7.5 at.% Cu changes the transformation
ath into B2 (cubic) → B19(orthorhombic) → B19′ (monoclinic).
ith further increasing Cu content, the transformation temper-

ture from B19 to B19′ decreases [13–15]. Ti–Ni–Cu thin films
ith a Cu content of greater than 10% are known to undergo
2 → B19 martensitic transformation, and the recoverable strain of
he B2 → B19 transformation is smaller than that of the B2 → B19′

ransformation. Recent combinatorial study demonstrated that a
uch broader composition range of the Ti–Ni–Cu system pro-

ides a reversible phase transformation [16]. The present authors
ave also been carrying out systematic research on the shape

emory behavior and microstructure of Ti–Ni–Cu thin films
ith Cu contents up to 35 at.% and Ti contents of 48.5–51.5 at.%

17–19]. In the present study we investigated the phase struc-
ure and microstructure of Ti44.6Ni40.1Cu15.3 thin films, and their
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shape memory behavior was characterized on the basis of the
microstructure.

2. Experimental

Ti44.6Ni40.1Cu15.3 thin films were deposited on glass substrates with a carrousel-
type magnetron sputtering apparatus [17]. Three targets of pure Ti, Ni and Cu were
used to obtain the desired compositions, and the DC powers of these targets were
1000, 270 and 77 W, respectively. The substrate temperature was kept at 473 K and
the Ar gas pressure was 0.13 Pa. The substrate holder was rotated at 60 min−1 to
obtain composition homogeneity during sputtering. The deposition was carried out
for 2.5 h and the film thickness was 9 �m. The film composition was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES).

After sputtering, the deposited films were peeled off the glass substrates and
then annealed either at 773, 873 or 973 K for 1 h to produce crystallization. These
heat treatments were carried out in a vacuum furnace equipped with infrared lamps.
Phase structure was determined by a RINT 2500 X-ray diffractometer with Cu K�
radiation. The microstructure of the annealed films was observed with a transmis-
sion electron microscope (JEM-2000FXII) at an accelerating voltage of 200 kV. Thin
foils for the transmission electron microscopy observation were prepared by double-
jet electropolishing in an electrolyte solution consisting of 95 pct acetic acid and 5 pct
perchloric acid by volume. The shape memory behavior of the annealed films was
also investigated with a small tensile tester equipped with an automatically con-
trolled heater. The size of the samples used for this test was 0.4 mm × 5 mm (gauge
portion) and the thickness was 9 �m. This test involved loading a sample at a high
temperature, cooling it down to 143 K and then heating it back to the original tem-
perature with a heating/cooling rate of 10 K min−1. A series of strain-temperature
measurements under various constant stresses was carried out with one sample
by varying the stress from 20 to 120 MPa in steps of 20 MPa and then from 120 to
600 MPa in steps of 40 MPa.
3. Results and discussion

Fig. 1 shows the TEM images of the annealed Ti44.6Ni40.1Cu15.3
thin films. The annealing temperature does not affect the grain size

dx.doi.org/10.1016/j.jallcom.2010.06.020
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. BF TEM images of the Ti44.6Ni40.1Cu15.3 thin films anne

n the films. It can also be found that the precipitates are densely
ispersed not only in the grain boundaries but also in the grain inte-
iors for the films annealed at 773 and 873 K for 1 h, whereas there
re almost no precipitates within the grains in the films annealed
t 973 K. The average size of the precipitates increases with the
ncreasing annealing temperature, and the grain boundary precip-
tation becomes prominent in the film annealed at 973 K for 1 h.

Fig. 2 shows the microstructures within the grains for the films
nnealed at 773 and 873 K and their corresponding diffraction pat-
erns in [1 0 0]B2 orientation; photographs of the film annealed at
73 K were omitted since no precipitates can be observed in the
rain interior. One can see plate-like precipitates along the 〈1 0 0〉
irection of the B2 matrix, and these precipitates are considered to
e a Ti(Ni,Cu)2 phase as will be discussed later. The extra diffrac-
ion spots arising from the precipitates cannot be detected in the
lms annealed at 773 K, probably because the precipitates in the
lm annealed at 773 K are very small, as verified by the bright field
mage. The precipitates within the grain lie in the (0 1 0)B2 and
0 0 1)B2 planes. These precipitates are very fine and densely dis-
ributed in the grain interior in the film annealed at 773 K for 1 h,
ut the average size of the precipitates increases and the density
ecreases when the films are annealed at a higher temperature.

ig. 2. Bright field images and corresponding diffraction patterns of Ti44.6Ni40.1Cu15.3 th
1 0 0]B2.
t various temperatures for 1 h (a) 773 K; (b) 873 K; (c) 973 K.

The average thickness of the precipitates in the film annealed at
773 K for 1 h is estimated to be 1–2 nm, and these precipitates
grow almost 10 times in thickness after annealing at 873 K for 1 h.
The distance between neighboring precipitates also increases with
increasing annealing temperature, suggesting the decrement of the
density.

Fig. 3 shows the X-ray diffraction patterns of Ti–Ni–Cu thin films
annealed at 773, 873 and 973 K for 1 h. The diffraction patterns were
taken at room temperature. Whereas the peaks for the parent phase
can be detected in the film annealed at 773 K for 1 h, the diffraction
patterns in the Ti44.6Ni40.1Cu15.3 thin films annealed at 873 and
973 K for 1 h exhibit a B19′ phase at room temperature. The for-
mation of the B19′ phase is unexpected, since it was reported that
Ti–Ni–Cu films with 10 at.% Cu and more undergo a single stage
B2 → B19 martensitic transformation. Other than the martensite
and parent phase peaks, some additional peaks corresponding to
the Ti(Ni,Cu)2 particles can be detected in all the films.
It is known that Ti–Ni–Cu thin films with a Cu content more
than 10 at.% undergo a single stage B2 (cubic) → B19 (orthorhom-
bic) martensitic transformation. However, In the present study,
the diffraction patterns for B19′ martensite were detected in the
films of 15.3 at.% Cu. Meng et al. reported that the B19′ marten-

in films annealed at (a) 773 K and (b) 873 K. The electron beams were parallel to
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ig. 3. XRD patterns of annealed Ti44.6Ni40.1Cu15.3 thin films at room temperature.

ite usually appears near the precipitates or grain boundaries in
i48.6Ni35.9Cu15.5 thin films annealed at 873 and 973 K for 1 h as a
esult of the local strain field near the precipitates and grain bound-
ries caused by the B2 → B19 transformation, though the reflections
rom the B19′ phase are not detected in X-ray diffraction pat-
erns [20]. The stress concentration near the precipitates and grain
oundaries may explain the formation of the B19′ phase in the films
nnealed at 973 K where the coarse Ti(Ni,Cu)2 precipitates form.
owever, we could not find the peaks of B19′ martensite in the XRD

esults for thin films with higher Cu contents annealed at 973 K for
h [21]. It is, therefore, not convincing to attribute the presence
f the B19′ martensite to the stress concentration. Zarnetta et al.
eported that a Ti39Ni45Cu16 thin film decomposed to a TiNi(Cu)
hase with a composition of Ti46.0Ni48.5Cu5.5 and a Ti(Ni,Cu)2 phase
ith a composition of Ti33.0Ni44.0Cu23.0 after aging at 773–1273 K

or 100 h, producing the R-phase transformation [22]. This idea can
e applied to the present study. For the present films, the precip-

tation of Ti(Ni,Cu)2 varies the composition of the matrix towards
0 at.% Ti and low Cu content. This variation in the matrix com-
osition is large when the film composition is far away from the
toichiometric composition. The Cu content of the matrix in the
resent films is considered to approach less than 7.5 at.% where the

′
2 → B19 martensitic transformation takes place.
Fig. 4 shows the annealing temperature dependence of the

artensitic transformation start temperature (Ms) under zero
tress in the annealing-treated thin films. The Ms under zero stress
as evaluated by extrapolating the Clausius–Clapeyron relation-

ig. 4. Annealing temperature dependence of Ms under zero stress in the annealing-
reated thin films.
Fig. 5. Strain versus temperature curves measured during heating and cooling under
constant stresses for film annealed at 973 K.

ship. The Ms increases with the increasing annealing temperature
from 773 to 973 K. It is seen that the Ms of the film annealed at 773 K
is lower than room temperature, whereas those of films annealed
at 873 and 973 K is higher than room temperature. This agrees with
the XRD results. The dependence of the martensitic transformation
start temperature on the annealing temperature can be explained
by the strengthening effect. On the basis of the TEM observation,
the size of the Ti(Ni,Cu)2 second phase increases with increasing
annealing temperature. As well known, a fine structure strength-
ens the matrix effectively and, thus, is likely to suppress the shape
change associated with the martensitic transformation. This leads
to a low transformation temperature.

In order to investigate the shape memory behavior in the
films, thermal cycling tests between 173 and 423 K under various
constant stresses were carried out. Fig. 5 presents the strain vs.
temperature curves measured during cooling and heating under a
variety of constant stresses in the Ti44.6Ni40.1Cu15.3 film annealed
at 973 K. It was found that, upon cooling, the specimen starts to
elongate at Ms due to the transformation from the parent phase to
the martensite phase, and the elongation finishes at the martensitic
transformation finish temperature (Mf). Upon heating, the sample
starts to shorten at the reverse martensitic transformation start
temperature (As) due to the reverse martensitic transformation and
the contraction finishes at the reverse martensitic transformation
finish temperature (Af). The strain induced here is estimated as the
transformation strain (denoted as εT). This strain cannot recover
completely under high stresses. The residual strain (denoted as
εP) is attributed to the plastic deformation. The recoverable strain
(denoted as εR) is defined as the transformation strain minus the
plastic strain, as shown in the figure.

Fig. 6 shows the stress dependence of the transformation strain,
plastic strain and recoverable strain in a Ti44.6Ni40.1Cu15.3 speci-
men annealed at 873 K for 1 h. The similar behavior is also observed
in the other two films. With the increasing stress, the recoverable
strain increases due to the volume fraction increasing of the prefer-
entially oriented martensite variants. Under low stresses, a plastic
strain is not introduced, indicating a perfect shape recovery. When
the stress is higher than the critical stress for slip, a plastic strain
is introduced. This critical stress is considered to correspond to the
maximum generative stress of an SMA thin-film actuator in that
it can recover its original shape up to this stress. The maximum

recoverable strain of the film reaches 1.98% at 560 MPa and then
decreases owing to the remarkable increase of a plastic strain.

Fig. 7 presents the annealing temperature dependence of the
critical stress for slip. The critical stress is determined as the stress



84 Z.Y. Gao et al. / Journal of Alloys and Compounds 505 (2010) 81–85

F
a

b
s
d

t
t
m
(
a
t
w
a
i
e
t
s
t
p
s
t
p

m
f
s
r

F
T

strain is caused by both the decrease of a transformation strain and
the increase of a plastic strain. It seems that the volume fraction of
ig. 6. Shape memory characteristics as a function of stress for Ti44.6Ni40.1Cu15.3

nnealed at 873 K for 1 h.

elow which a plastic strain less than 0.2% is introduced into the
pecimen. It is seen that the critical stress for slip significantly
ecreases with the increasing annealing temperature.

From the strain–temperature curves, another important charac-
eristic, i.e. the temperature hysteresis which is determined as the
emperature difference between the forward and reverse transfor-

ation, was also measured. Fig. 8 shows the temperature hysteresis
Af–Ms) as a function of applied stress for the Ti44.6Ni40.1Cu15.3 films
nnealed at 873 and 973 K. Both the curves can be divided into
wo regions: the hysteresis of the specimen decreases effectively
ith the increasing applied stress until the critical stress for slip,

nd then starts to increase remarkably with the further increas-
ng applied stress. The decrease of the temperature hysteresis is
xplained by the stress dependence of the forward and reverse
ransformation temperatures; the former temperature is more sen-
itive to stress than the latter temperature. And the increase of the
emperature hysteresis under high stress may be related to the
lastic deformation introduced during thermal cycling. It is con-
idered that the dislocations induced by plastic deformation retard
he forward and reverse transformations, thus increasing the tem-
erature hysteresis.

Fig. 9 depicts the annealing temperature dependence of the

aximum recoverable strain. Since the thin film annealed at 773 K

or 1 h does not show any plastic strain even under the 720 MPa
tress (see the inset), it is reasonable to believe that the maximum
ecoverable strain of the film annealed at 773 K is higher than the

ig. 7. Effect of annealing temperature on the critical stress for annealed
i44.6Ni40.1Cu15.3 thin films
Fig. 8. Effect of stress on the transformation hysteresis of annealed Ti44.6Ni40.1Cu15.3

thin films.

recoverable strain of 1.98% obtained under 720 MPa, suggesting
that the maximum recoverable strain decreases with the increasing
annealing temperature. This decrease of the maximum recoverable
the B2 phase decreases with increasing annealing temperature. As
well known, only the matrix of materials exhibits a shape memory

Fig. 9. Annealing temperature dependence of the maximum recoverable strain in
the annealed Ti44.6Ni40.1Cu15.3 thin films; Inset: stress dependence of the Transfor-
mation strain, plastic strain and recovery strain in a specimen annealed at 773 K for
1 h.
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ffect and contributes to a transformation strain. Moreover, coarse
recipitates are likely to restrict the rearrangement of martensite
ariants and allow for the introduction of dislocations. These cause
he decrease of the maximum recoverable strain with the increas-
ng annealing temperature.

. Conclusions

1) The Ti(Ni,Cu)2 phase precipitates during the annealing pro-
cess, and the B19′ martensite is detected in the films annealed
at 873 and 973 K for 1 h. The composition variation in the
matrix is responsible for the formation of B19′ martensite in
the Ti44.6Ni40.1Cu15.3 films.

2) As the annealing temperature increases, the grain boundary
precipitates become prominent, and the density of the precip-
itates within the grains decreases.

3) With increasing annealing temperature, the martensitic trans-
formation start temperature first increases and then levels off
for annealing temperature above 873 K.
4) Both the maximum recoverable strain and the critical stress for
slip significantly decrease with the increasing annealing tem-
perature, which is related to the variation in the microstructure.
The Ti(Ni,Cu)2 precipitates play an important role in improving
the shape memory effect of Ti44.6Ni40.1Cu15.3 films.
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