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a b s t r a c t

The martensitic structure in the air-cooled Cu–11.91Al–2.48Mn–0.1Zr (wt%) alloy and its variation upon
heating has been studied by X-ray diffraction and TEM. The forward and reverse thermoelastic transfor-
mation behavior has been studied by voltage measurement. The shape memory ratio of the alloy aged
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at 150 ◦C (in martensite state) for different times up to 100 h, or heated to different temperatures up to
620 ◦C followed by air cooling, has been measured. The air-cooled state of the alloy has a monoclinic
martensitic structure M18R, which closely matches the N18R structure. This structure remains almost
unchanged when the alloy is heated to 400 ◦C. When the alloy is heated to 620 ◦C, only a small amount of
�2 phase precipitates and a shape memory ratio of 92% is achieved. When the alloy is aged at 150 ◦C for

tio o
hase transitions
icrostructure

100 h, a shape memory ra

. Introduction

Cu–Zn–Al and Ni–Ti based alloys are well known to exhibit shape
emory effect associated with thermoelastic martensitic transfor-
ation [1–3]. While Ni–Ti based shape memory alloys (SMAs) have

est properties for most commercial applications, Cu–Zn–Al SMAs
re much cheaper than Ni–Ti alloys. However, martensite stabiliza-
ion is always a problem in Cu–Zn–Al alloys [4–7]. Stabilization may
rise from the pinning of the interfaces between martensite and
arent phases or between the variants of martensite [8] and from
eordering of the martensitic phase during aging [2,9]. One lim-
tation common to both Cu–Zn–Al and Ni–Ti alloys is that their

aximum working temperatures are about 100 ◦C. To overcome
his problem, other alloy systems, e.g. Cu–Al–Ni and CuAlNiMnTi
MAs [10–12], have recently been developed for applications at
igher temperatures.

In the present study, a new SMA, with a composition of
u–11.91Al–2.48Mn–0.1Zr (wt %), is developed. This alloy exhibits
good resistance to irreversible martensite stabilization and has
high Ms temperature of 210 ◦C. It has potential to be used as a
igh-temperature smart material for many applications, such as
ensors.
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2. Experimental procedure

The Cu–11.91Al–2.48Mn–0.1Zr (wt%) alloy was prepared by induction melting.
The cast ingots were homogenized at 850 ◦C for 2 h followed by hot-rolling and cold-
rolling. Intermediate annealing was carried out at 800 ◦C for 30 min after every two
or three passes. The resulting plate had a final thickness of 1.0 mm. Test specimens
were cut from the plate and solution treated at 850 ◦C for 10 min followed by air-
cooling to room temperature. They were then aged at different temperatures for
different times and air-cooled to room temperature before being subjected to various
tests. The heating-rate to the aging temperature was maintained at 5 ◦C/min.

The shape memory ratio, �, of the alloy aged at different temperatures and dif-
ferent times was measured using strips with dimensions of 20 mm × 2 mm × 1 mm.
Each strip was bent to 90◦ around a circular cylinder at room temperature as shown
in Fig. 1 [13] and then heated above the Af temperature. The residual angle was then
measured. The shape memory ratio, �, and the maximum deformation strain, ε, can
be calculated by

� =
(

1 − �

90

)
× 100%, ε =

(
t

D + t

)
× 100% (1)

where � is residual angle after the sample is heated above the Af temperature, t is
the specimen thickness and D is the diameter of the cylinder, i.e. the diameter of
curvature. In this study, t = 1 mm and D = 24 mm; the maximum deformation strain,
ε, was pre-determined to be 4%.

Microstructure analysis on the test samples was carried out by optical
microscopy, transmission electron microscopy (TEM) and X-ray diffraction. The vari-
ation of voltage of the sample, when subjected to a constant electric current, as a
function of temperature was measured.

3. Results
3.1. Transformation temperatures

Fig. 2 shows the variation of voltage of a quenched Cu–11.91Al–
2.48Mn–0.1Zr sample as a function of temperature in 10 heating-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lizhou6931@gmail.com
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Fig. 1. Schematic plan of the measurement of shape memory ratio.
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ig. 2. Voltage–temperature curve of Cu–11.91Al–2.48Mn–0.1Zr alloy. (1) First cycle;
2) second to tenth cycles.

ooling cycles. The heating and cooling rates were maintained
t 5 ◦C/min. The first reverse thermoelastic transformation took
lace at about 420 ◦C and the first forward thermoelastic marten-
itic transformation occurred at about 210 ◦C upon cooling. In the
ubsequent cycles, the forward-reverse thermoelastic martensitic
ransformation became stable and took place between 100 and
75 ◦C.

.2. Effect of aging on shape memory ratio
Fig. 3 shows the shape memory ratio of the Cu–11.91Al–
.48Mn–0.1Zr samples aged at 150 ◦C for different times. It is shown
hat the shape memory ratio decreased gradually with aging time.

ig. 3. Shape memory ratio of Cu–11.91Al–2.48Mn–0.1Zr alloy as a function of aging
ime at 150 ◦C.
Fig. 4. Shape memory ratio of Cu–11.91Al–2.48Mn–0.1Zr alloy heated to different
temperatures and air-cooled to RT.

At an aging time of 100 h, the alloy maintained a shape memory
ratio of 97.2%.

Fig. 4 shows the shape memory ratio of the Cu–11.91Al–
2.48Mn–0.1Zr samples, which were heated to different tempera-
ture at a heating rate of 5 ◦C/min and immediately air-cooled to
room temperature. The shape memory ratio decreased slowly with
heating temperature; it remained at 92% as it was heated to 620 ◦C.

3.3. Microstructure observation

The martensitic structure of the alloy after air cooling and heat-
ing to 450 ◦C is shown in Fig. 5(a) and (b), respectively. Formation of
�2-precipitates only occurred in the martensite phase when it was
heated to 450 ◦C prior to air-cooling to room temperature (Fig. 5(b)).
Examination of the air-cooled sample by TEM and ED has shown
that it has an M18R type of martensitic crystal structure, the sub-
structure of which is stacking fault (Fig. 6).

3.4. X-ray diffraction

The X-ray diffraction profiles of the samples heated to different
temperatures at a heating rate of 5 ◦C/min are shown in Fig. 7. The
crystal structure of the air-cooled sample is a modified M18R type
martensite, the lattice parameters of which are shown in Table 1.
The crystal structure closely matches the N18R structure. It is very
interesting to note that two pairs of diffraction peaks, the (1 2 l)M

and (2 0 l̄)M , as well as (0 4 0)M and (3 2 0)M, coincide. Detailed
examination of the change of these peaks with temperature shows
that: (1) the relative intensities of the (1 1 1)M and (0 1 9)M peaks,
which are used to judge the nearest-neighbor long-range order
(L2-type), are nearly independent of the heating temperature (see
Table 2); (2) the diffraction profiles of the alloy heated up to 400 ◦C
remain almost the same as that of the air-cooled state; (3) the

diffraction peaks of �2 precipitates only appear when the sample
is heated to above 400 ◦C prior to air-cooling to room temperature
and the integrated intensity of these peaks increases slightly with
heating temperature.

Table 1
Lattice parameters of M18R martensite formed in the air-cooled sample.

a (nm) 0.4475
b (nm) 0.5229
c (nm) 3.814
ˇ (◦) 89.62



J. Chen et al. / Journal of Alloys and Compounds 480 (2009) 481–484 483

F
(
b

4

t
1
h
t
s
f
t
[
(
t
t
s
C

T
R
f

(
(

ig. 5. Optical micrographs of Cu–11.91Al–2.48Mn–0.1Zr alloy. (a) As air-cooled and
b) heated to 450 ◦C prior to air-cooling to RT (polarized light) (�2 phase is shown
y →).

. Discussions

The shape memory effect of Cu-based SMAs is associated with
hermoelastic transformation from B2 (or DO3) phase to 9R (or
8R), 3R and 2H martensite, depending on the composition and
eat-treatment of the alloy. It was reported that the 9R (or 18R)
ype martensite has a monoclinic unit cell [14]. When marten-
ite stabilization occurs, the structure of the martensite transforms
rom monoclinic to orthorhombic [15], and the orthorhombic dis-
ortion is attributed to the reordering of the martensitic phase
16]. If the monoclinic angle of the quenched martensite, ˇ, is 90◦

orthorhombic) or very close to 90◦, the transition from monoclinic

o orthorhombic would be restrained and it would be difficult for
he martensite stabilization to occur during aging in the marten-
ite state. The martensitic structure in the air-cooled samples of
u–11.91Al–2.48Mn–0.1Zr alloy closely matches the N18R struc-

able 2
elatively integrated intensity of (1 1 1)M and (0 1 9)M of the samples heated to dif-

erent temperatures.

Air-cooled state 160 ◦C 280 ◦C

I1 1 1/I1 2 8̄) × 10−2 6.80 6.77 6.79
I0 1 9/I1 2 8̄) × 10−2 8.60 8.61 8.62
Fig. 6. TEM of Cu–11.91Al–2.48Mn–0.1Zr alloy air-cooled. (a) TEM BF and (b) selected
ED pattern (zone axis of [0 1 0]M).

ture, the variation in orthorhombic distortion in the tested samples
of the alloy is less obvious than those found in CuZnAl alloys
[16,17].

The alloy exhibits a good resistance to irreversible martensite
stabilization. A stable forward-reverse thermoelastic martensitic
transformation takes place between 100 and 275 ◦C after the first
thermal cycle. The shape memory ratio is maintained at a high
value of 97.2% when the alloy is aged at 150 ◦C for 100 h. This may
also be due to the addition of Mn, which may increase the binding
force between the constituent atoms, leading to increased activa-
tion energy for diffusion and decreased diffusion rate of the atoms
for re-ordering [18].

For the Cu–Zn–Al alloy, the parent phase � either transforms
to bainite or directly decomposes into � + �1 (eutectoid reaction)

during aging. This reduces the amount of the parent phase avail-
able for martensitic transformation. Consequently, shape memory
capacity of the alloy decreases accordingly [18]. For the Cu–Al–Ni
alloy [19], the eutectoid decomposition (� → � + �1) occurs when
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Fig. 7. X-ray diffraction profiles of Cu–11.91Al–2.48Mn–0.1Zr alloy, heated to differ-
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nt temperatures followed by air-cooling to room temperature: (a) direct air-cooling,
b) 160 ◦C, (c) 280 ◦C, (d) 400 ◦C, (e) 450 ◦C, (f) 500 ◦C, (g) 550 ◦C, and (h) 600 ◦C. (1)
1 1, (2) 0 1 9, (3) 1 2 2̄ (202), (4) 0 0 1 8, (5) 1 2 8 (2 0 8), (6) 1 2 1 0 (2 0 1 0), (7) 0 4 0

3 2 0), (8) 2 0 8 ((3 3 0)�2, (4 1 1)�2), and (9) 3 2 2�2.

eated to 550 ◦C. Only 10% of the � phase remained untransformed,
esulting in a significantly decreased mass fraction of thermoelastic
artensite. For the Cu–Al–Ni–Mn–Ti alloy [20], bainite is precipi-

ated at about 300 ◦C, resulting in a drastic depression in martensitic
ransformation temperatures and loss of the shape memory capac-
ty.

The parent phase of the Cu–11.91Al–2.48Mn–0.1Zr alloy is stable
nd does not decompose easily during aging. A high shape memory
atio of 92% was achieved when the alloy was heated to 620 ◦C. This
an be explained by the fact that addition of Mn to Cu–Al alloys
elps to stabilize the � phase and widen the � phase region [21].
ccording to the Cu–Al binary phase diagram [22], the � phase is
table in the composition range from 20 to 30 at% Al at tempera-
ures higher than about 560 ◦C. A composition with 11.91 wt% of
l, in the tested alloy, is close to the eutectic composition of the

inary Cu–Al alloy. Addition of 2.48 wt% Mn to the Cu–Al alloy sta-
ilizes the � phase and widens the � phase region. As a result,
nly a small quantity of �2 precipitates is present when the alloy is
eated to 620 ◦C. The eutectoid reaction (� → � + �1) does not take
lace.

[

[

[

mpounds 480 (2009) 481–484

5. Conclusions

Monoclinic martensitic structure M18R is observed in the air-
cooled Cu–11.91Al–2.48Mn–0.1Zr samples, which closely matches
the N18R structure. When the alloy is heated to a temperature up to
400 ◦C, the martensitic structure remains almost the same as that
of the quenched state. When the alloy is heated to 620 ◦C, only a
small amount of �2 phase precipitates and the eutectoid reaction
(� → � + �1) does not take place; a shape memory ratio of 92% is
achieved. When the alloy is aged at 150 ◦C for 100 h, a shape memory
ratio of 97.2% is achieved.

In the first thermal cycle, the reverse thermoelastic transforma-
tion takes place at about 420 ◦C upon heating, and the forward
thermoelastic martensitic transformation occurs at about 210 ◦C
upon cooling. A stable forward-reverse thermoelastic martensitic
transformation takes place between 100 and 275 ◦C during the sub-
sequent thermal cycles.
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