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a b s t r a c t

Martensitic transformation and shape memory recovery property of Cu72Al26.5Nb1.5 alloy have been sys-
tematically investigated by means of differential scanning calorimeter, X-ray diffraction, transmission
electronic microscopy and bending test in this work. The results show that the alloy undergoes one-
step martensitic transformation from the monoclinic ˇ′

1 to DO3 cubic structure during the process of
cooling and heating, and the martensitic transformation starting temperature of the alloy is up to 560 K,
indicating the potential application in high temperature environment. TEM observations reveal that the
martensites exhibit typical spear-like, plate-like and fork-like morphologies, and most of the martensite
variants show self-accommodated state with (0 0 1 8) twin relationship. Two kinds of the substructures
of martensites are determined to be (1 2 1 0) twin and (1 1 0) stacking faults for the alloy. Bending tests
indicate that the aging time has remarkable influence on the shape recovery ratio of the alloy. The shape
recovery ratio firstly decreases and then becomes stable with the aging duration increasing.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Shape memory alloys are metallic compounds that exhibit pecu-
liar shape memory effect and pseudoelasticity, which are related to
the thermo-elastic martensitic transformation and reverse trans-
formation [1]. Both effects can be effective used in sensor/actuator
devices. Recently, a great effort has been devoted to the shape
memory alloys that can possess martensitic transformation start-
ing temperature (Ms) higher than 400 K [2–4]. Cu–Al–Nb alloys are
newly developed high temperature shape memory alloys with the
Ms temperature as high as 473 K, making them very suitable for
the application in high temperature environments [5–7]. As well
known, Cu-based shape memory alloys aged in different states
show various behaviors and have low thermal stability, both of
which are essential for the applications [8,9]. More recently, some
results concerned about the effect of Nb content on microstructure
and shape memory effect have been reported [10,11], however, lit-
tle work has been devoted to the effect of aging time on shape
recovery characteristics. The purpose of this paper is to investi-
gate the martensitic transformation behavior of the Cu72Al26.5Nb1.5
alloy and the influence of the aging treatment on shape recovery
properties.
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2. Experimental

Alloy ingots with the mean chemical composition Cu72Al26.5Nb1.5 were prepared
from pure Cu, Al and Nb of 99.99% purity by consumable arc-melting under the
argon atmosphere in a water cooled copper crucible. The ingots were remelted for
five times and homogenized at 1173 K for 12 h to achieve composition homoge-
nization, followed by ice salt-water quenching. Then the ingots were hot-rolled
into plates with a thickness of 2 mm at 1123 K. After that, the plates were solution
treated at 1173 K for 30 min in a quartz tube with a vacuum of 10−4 Torr and then
quenched into the ice salt-water in order to remove the interference of residual
strain.

The compositions of the hot-rolled alloys solution treated at 1173 K for 30 min
were determined by electron probe micro-analyzer (EPMA, JCXA-733) operating at
20 kV and 100 nA. Phase transformation temperature measurements for these alloys
were carried out by using the differential scanning calorimeter (DSC) (Perkins-Elmer
DSC-7 type) with the heating/cooling rate of 15 K/min in the temperature range from
373 to 723 K. In order to avoid oxidation at high temperature, DSC measurements
were carried out in the argon gas atmosphere. The transformation temperatures
were defined as the points where the peaks started to deviate from the baseline.
The crystallographic structures of the hot-rolled alloys solution treated at 1173 K
for 30 min were analyzed by X-ray diffraction (XRD) at different temperatures. The
microstructures of these alloys solution treated at 1173 K for 30 min were observed
by transmission electron microscopy (TEM) (Philips CM12 TEM/STEM, 120 kV). The
foils for TEM observations were prepared by using twin-jet electro-polishing with an
electrolyte of nitric acid and methanol, 1:2 in volume, at around 233 K. Shape mem-
ory effect (SME) was measured by bending test at various temperatures, as shown in
Fig. 1. The pre-strain, εt = h/(d + h), is about 2% in the present study. The shape recov-
ery ratio (�) was calculated in the terms of � = (�d − �h)/�d × 100%. The temperature
range for bending test was controlled by a resistor furnace with the temperature
accuracy of 0.5 K. The specimens for SME measurements were cut from the hot-
rolled plates along the rolling direction by sparking-cut method into a dimension of
55 mm × 1 mm × 0.4 mm. These specimens were solution treated at 1173 K for 1 h
in a quartz tube with a vacuum of 10−4 Torr, and then aged at 573 and 673 K for
different durations.
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Fig. 1. Schematic illustration of the SME measurement in the bending test.

3. Results and discussion

3.1. Martensitic transformation

DSC curve of the Cu72Al26.5Nb1.5 alloy solution treated at 1173 K
for 30 min is shown in Fig. 2. The exothermic peak on the DSC
cooling curve indicates that the forward martensitic transforma-
tion from austenite to martensite occurs, and the Ms temperature
is approximately 560 K. The endothermic peak on the DSC heating
curve is associated with the reverse martensitic transformation,
where reverse martensitic transformation starting temperature
(As) and finishing temperature (Af) are 585 and 632 K, respec-
tively. The forward and reverse martensitic transformations exhibit
a typical thermo-elastic feature with a narrow temperature hys-
teresis (As–Ms) of 25 K. Consequently, one can know that the
Cu72Al26.5Nb1.5 alloy is in martensite state at room temperature.
Moreover, the transformation characteristics of the Cu72Al26.5Nb1.5
alloy coincides with that of the first type thermal transformation
described by Wayman [12] because of Af > As > Ms > Mf.

Fig. 3 presents XRD patterns of the Cu72Al26.5Nb1.5 alloy at vari-
ous temperatures. It is found from Fig. 3(a) that the crystallographic
structure of the alloy at room temperature (lower than Mf) can be
identified as monoclinic ˇ′

1 martensitic structure. In terms of (1̄ 2 2),
(0 0 1 8), (2 0 8) and (0 4 0) martensitic reflections, the lattice param-
eters of the martensitic structure are a = 0.440 nm, b = 0.523 nm,

Fig. 2. DSC curve of the Cu72Al26.5Nb1.5 alloy annealed at 1173 K for 30 min.

Fig. 3. XRD patterns of the Cu72Al26.5Nb1.5 alloy at various temperatures: (a) at room
temperature; (b) at 723 K.

c = 3.845 nm, ˇ = 89.45◦. The profile of this diffractogram is quite
similar to that of molten Cu–Al–Ni SMA reported by Zhang et al.
[13]. The XRD pattern of the alloy at 723 K (>Af) is indexed in Fig. 3(b)
and identified as DO3 cubic austenitic structure with the lattice
parameter of a = 0.507 nm. It is also found from Fig. 3(b) that many
extra peaks are observed in the XRD pattern, which is attributed to
Cu9Al4 (�2) precipitate.

Fig. 4 shows the transmission electron microscopy (TEM)
image and select-area electron diffraction (SAED) pattern of the
Cu72Al26.5Nb1.5 alloy. It is seen from Fig. 4(a) that the microstruc-
ture of the alloy mainly consists of spear-like martensites and
displays typical self-accommodated morphology which is usually
observed in the shape memory alloys undergoing thermo-elastic
transformation. It is also found from the SAED pattern that the
martensite variants are internally twinned structure, and the rela-
tionship between martensite variants is determined to be (0 0 1 8)
twin in terms of the indexed SAED pattern. Fig. 5 presents the TEM
bright-field image and corresponding SAED pattern of the marten-
site in another area for the specimen. It is clearly seen from Fig. 5(a)
that the boundaries of martensite variants are clear and straight. It
is also found that two sets of electron diffraction patterns can be
obtained in Fig. 5(b), revealing that the substructure of martensite
variants is (1 2 1 0)M type I twins. In addition to twin substruc-
ture found in the Cu72Al26.5Nb1.5 alloy, stacking faults are observed
by TEM in this alloy as shown in Fig. 6. It is seen from Fig. 6(a)
that the studied martensitic domains consist of fine and dense
stacking strips with different orientations. It is also worthy of not-
ing that the angle of these strips and the martensite interface is
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