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Superelasticity at temperatures between 77 K and 273 K in Cu-17Al-15Mn alloy was investigated. In this alloy, where no thermally-
induced martensitic transformation appears, an excellent superelasticity with recovery strain of 8.5% was confirmed at 77 K. The critical stresses
for stress-induced martensitic transformation decrease with decreasing temperature and its gradient becomes smaller at low temperatures due to
the decrease of entropy change. The entropy change estimated at 77 K is �0:46 J/(mol�K), which is almost one-third of that at 221 K.
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1. Introduction

Conventional Ni-Ti shape memory alloys (SMAs) are
widely used for various industrial and medical applications
such as guide wires because of their excellent shape memory
properties, good mechanical properties and corrosion resist-
ance. However, the operation of superelasticity (SE) in
practical Ni-Ti alloys is limited in a narrow temperature
range near room temperature1) due to the limitation of the
range of martensitic transformation temperature. Although
high-temperature SMAs have been extensively investigat-
ed,2,3) shape memory properties at low temperatures poten-
tially needed in cryogenic technologies has been less
investigated. In the Ni-rich Ni-Ti alloy system, it is known
that the transformation temperature decreases with increasing
Ni composition.4) However, it is difficult to lower the
transformation temperature even for high Ni contents
because the temperature easily increases due to the precip-
itation during aging for shape setting.4) Although SE at 77 K
has been reported in Ni-Ti-Fe ternary alloy at 77 K,5) low
temperature SE has not been widely applied for practical use
up to now.

Cu-based SMAs such as Cu-Al-Ni and Cu-Zn-Al have the
advantage of potential lower costs. It is easy to decrease the
martensitic transformation temperature by choosing a suit-
able alloy composition, and the SE at 77 K has been reported
in Cu-Al-Ni alloy.6) One of the fatal problems of conven-
tional polycrystalline Cu-based alloys, however, is their
brittleness. The present authors’ group has found that Cu-Al-
Mn SMAs offer high ductility of more than 60% in
reduction,7,8) making them attractive for practical applica-
tions due to microstructural control.9–11) Indeed, the Cu-Al-
Mn alloys have begun to be used in the medical field.12) It has
recently been reported that Cu-17Al-12Mn (at%) alloy has a
martensitic transformation starting temperature Ms of 117 K
and that no thermally-induced martensitic transformation
takes place in Cu-17Al-14, 16 and 18Mn (at%) alloys.13) It
has been also reported that Cu-18.4Al-12.2Mn (at%) alloy
deformed at 77 K exhibits shape memory effect when heated

to 293 K with 7% shape recovery.14) However, there has been
no report on SE at cryogenic temperatures in Cu-Al-Mn
alloys. In this study, a superelastic tensile test was conducted
in the temperature range between 77 K and 273 K in a ductile
Cu-Al-Mn alloy.

2. Experiments

A Cu-17Al-15Mn (at%) alloy was prepared by induction
melting under an argon atmosphere. The obtained ingot was
homogenized at 1173 K for 1 day and annealed at 873 K for
6 h in the � (fcc) and � (bcc) two-phase region, followed by
cold swaging to 4 mm in diameter with intermediate anneal-
ing at 873 K. The rod specimen was solution-treated at
1173 K for 1 h followed by water quenching and subsequent-
ly aged at 473 K for 15 min to stabilize martensitic trans-
formation temperatures. The SE was investigated by a tensile
test for one specimen with a gauge length of 16 mm and a
diameter of 2 mm containing four coarse grains. The tensile
test was conducted at various temperatures in the following
order, 77, 127, 177, 227 and 273 K, and finally fractured at
77 K. The fracture surface was observed by scanning electron
microscopy (SEM) and thermomagnetic measurement was
conducted in the temperature range 6–273 K by super-
conducting quantum interference device (SQUID).

3. Results and Discussion

Figure 1(a) shows the stress-strain curves at the initial
stage of the SE at various temperatures in Cu-17Al-15Mn
(at%) alloy. While the plastic strain is observed at 273 K,
stress-induced transformation (SIT) and SE are obtained at
the temperatures ranging from 77 K and 223 K. The critical
stress of SIT (�c) increases with increasing temperature.
Figure 1(b) shows the whole cycles of stress-strain curves
finally tested at 77 K. It is found that this alloy exhibits an
excellent SE with perfect shape recovery at 77 K, where the
recovery strain of 8.5% including the elastic strains of the
parent and martensite phases is obtained. The fracture
elongation ("f ) and ultimate tensile strength (�UTS) are
7.8% and 504 MPa, respectively. It was confirmed by*Graduate Student, Tohoku University
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thermomagnetic measurement that this alloy undergoes no
thermally-induced martensitic transformation. It is interest-
ing to note that the alloy with no thermal transformation
shows stress-induced martensitic transformation in such a
large temperature range. In Fig. 1(b), the stress starts to
increase at a strain of about 2%. The reason for this behavior
is not clear, but it is probably due to formation of other
martensite variants in some different grains and the elastic
deformation of the stress-induced martensite.

The �c defined in Fig. 1(a) are plotted with solid squares in
Fig. 2 as a function of the test temperature, where the open
square at 273 K indicates the critical stress for slip deforma-
tion (�s). The �c decreases with decreasing temperature, and
its slope gradually becomes smaller at low temperatures. It is
interesting to note that the �s at 273 K is 680 MPa, that is
located just on the curve of �c extrapolated from the lower
temperatures. This suggests that the slip may be induced by
the SIT. The relation between the �c and temperature (T) is
given by the Clausius-Clapeyron equation:

@�c

@T
¼ �

�S

" � V
; ð1Þ

where �S, " and V are the molar entropy difference between
the parent and martensite phases, the strain caused by the
phase transformation and the molar volume, respectively.
This equation means that the @�c=@T is proportional to the�S
because the temperature dependence of the " is ignorable.15)

It is difficult to obtain the " value in this study. Therefore,
in order to estimate the ", we use the values of �S
(¼ �1:31 J/(mol�K)) at 221 K in the Cu-17Al-11Mn (at%)
alloy16) and V (¼ 7:59� 10�6 m3/mol) in the Cu-17Al-
10Mn (at%) alloy.17) If the compositional dependence of �S
is negligibly small and the �S at 221 K in the present alloy
is the same as that in the Cu-17Al-11Mn (at%) alloy, the "
is estimated by eq. (1) using the experimental value of the
@�c=@T ¼ 2:7 MPa/�C at 221 K in Fig. 2 to be 6.4%, which is
smaller than the recovery strain of 8.5% in Fig. 1(b) because
the recovery strain includes the elastic strain of the parent
and martensite phases. By using this ", the �S, for instance,
at 77 K, can be estimated from the experimental data of the
@�c=@T as being about �0:49 J/(mol�K), which is almost
one-third of that at 221 K. Thus, the decrease in the slope
of critical stress at low temperatures in Fig. 2 is reasonably
explained by the temperature dependence of �S, which
should decrease with decreasing temperature at very low
temperatures and ideally reach zero at 0 K.

Figure 3(a) shows the secondary electron image (SEI) of
the fracture surface of the specimen tested at 77 K and
Fig. 3(b) exhibits its high magnification image. Almost no
reduction of area is observed in this specimen, and the
microstructure seen in Fig. 3 suggests that the fracture at
77 K is mainly due to the cleavage mode. This result is
coincident with the fact that plastic strain is hardly observed
in the tensile test of Fig. 1(b). It has been reported that the
Cu-Al-Mn alloy with a coarse grain structure shows ductile
fracture with large reduction of area and dimple pattern at
room temperature,18) and therefore, the lower ductility in this
study was caused by cold brittleness, as observed in other
shape memory alloys with the BCC structure.19)

In this study, the temperature dependence of SE in a
Cu-17Al-15Mn (at%) alloy with a large grain size was
investigated in the temperature range 77 K–273 K. This alloy

Fig. 1 (a) Stress-strain curves of Cu-17Al-15Mn (at%) alloy in the

temperature range 77 K–273 K. Superelasticity is obtained at temperatures

lower than 223 K. (b) Cyclic stress-strain curves tested at 77 K for the same

specimen as Fig. 1(a). Recovery strain ("re ¼ "elp þ "SE þ "elm), fracture

elongation ("f ) and ultimate tensile strength (�UTS) are 8.5%, 7.8% and

504 MPa, respectively, where "elp, "SE, and "elm are elastic strain of parent

phase, superelastic strain and elastic strain of martensite phase.

Fig. 2 Temperature dependence of critical stresses obtained in Fig. 1(a).

Solid squires are critical stresses for inducing martensite (�c) and an open

squire at 273 K is critical slip stress (�s).
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was found to exhibit the SE at temperatures between 77 K
and 223 K, although no thermal martensitic transformation
takes place, and a large recovery strain of about 8.5% was
obtained at 77 K. The fracture elongation and ultimate tensile
strength at 77 K are 7.8% and 504 MPa. The critical stress to
induce martensitic transformation decreases with decreasing
temperature, the gradient becoming lower at low temper-
atures, which is reasonably explained by the decrease of the
entropy change at low temperatures. The entropy change at

77 K is estimated as being about �0:46 J/(mol�K) using the
Clausius-Clapeyron equation.
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Fig. 3 (a) Secondary electron images (SEIs) of fracture surface of Cu-

17Al-15Mn (at%) after tensile test at 77 K shown in Fig. 1(b), and (b) high

magnification image.
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