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ABSTRACT

In this study, the Cr was added into Cu–Al–Mn alloys for replacing Cu and Mn,

and the microstructure, martensitic transformation, stress–strain behavior,

superelasticity and shape memory effect of quaternary Cu–Al–Mn–Cr shape

memory alloys were investigated. All the studied alloys exhibit a mixed

microstructure consisted of dominant L21 parent, small amounts of A2(Cr) and

2H(c1
0) martensite, as well as a reversible martensitic transformation. Although

the alloys are main L21 parent before deformation, partial stress-induced 2H(c1
0)

martensite can be stabilized and retained after unloading. Therefore, the same

alloy under a certain deformation temperature not only exhibits superelasticity

property during deformation, but also the deformed alloy also shows shape

memory effect when heated. The results further show that Cu–12.8Al–7.5Mn–

2.5Cr alloy has a good superelasticity strain of 2.9% as well as a shape memory

effect of 1.5%. Cu–12.7Al–6.9Mn–1.8Cr alloy possesses much the best supere-

lasticity strain close to 5.0% under a pre-deformation of 10% and a shape

memory effect of 2.0%. The best shape memory effect up to 2.5% with 10% of

pre-deformation and a superelasticity strain of 2.8% are obtained in Cu–12.5Al–

5.8Mn–4.1Cr alloy.

Introduction

Shape memory alloys (SMAs) represent a class of

advanced smart materials which have several sig-

nificantly applications in industry and medical fields,

such as pipe coupling, actuator and thrombus filter.

They have two unique functional properties of shape

memory effect (SME) and superelasticity (SE), which

both owe to the reversible thermoelastic martensitic

transformation [1, 2]. As researched in the early lit-

eratures, several types of SMAs have been developed

for practical applications, such as NiTi, Cu–Zn–Al,

Cu–Al–Ni, Cu–Al–Mn, Fe–Mn–Si [3–9]. Among

developed SMAs, NiTi-based alloys are the most

commercially important temperature-controlled

SMAs due to their excellent SME and SE properties,

as well as much better cold workability than that of

Cu–Al-based SMAs [1].
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The Cu–Al-based SMAs have aroused a number of

researchers’ attentions for their easier fabrication and

lower manufacturing cost than those of NiTi-based

alloys. The binary Cu–Al-based SMAs undergo an

ordered transformation of A2 ? B2 ? L21 during

cooling [10–12]. With that, a reversible thermoelastic

martensitic transformation occurs, and different

structural martensite produces, a1
0, c1

0 and b1
0

depending on the alloy compositions [12, 13]. For

those developed Cu–Al-based ternary SMAs, they

usually possess a highly ordered L21 structure and

thus exhibit poor cold workability for production and

further processing. Additionally, poor thermal sta-

bility due to the precipitation of a large amounts of

c1(Cu9Al4) and a(Cu) phases during aging or thermal

cycling is another obstacle for their developments

[1, 14–16]. As mentioned in the literatures, the Cu–Al

alloys could get an excellent plasticity and large SE

strain by alloying Mn, because that Mn addition can

decrease the order degree of parent from L21 struc-

ture to A2 structure and widen the composition

region of b phase to lower Al concentration

[12, 17–19]. Additionally, several investigations on

the microstructure and characteristics of ternary Cu–

Al–Mn SMAs have been reported so far. Their results

show that the grain size has important influences on

the SE and SME properties [20–22], as well as the

damping capabilities in Cu–Al–Mn SMAs [23]. When

the Cu–Al–Mn SMAs have a large relative grain size,

they will exhibit a good SE strain. However, the

critical stress for stress-inducing martensitic trans-

formation and the fatigue strength of Cu–Al–Mn

SMAs are very low, which limit their further practical

applications [24, 25]. These problems can be

improved by the grain refinement and aging

[21, 22, 25]. Alloying is also an effective method to

further reinforce the functional properties of Cu–Al–

Mn SMAs [19, 21, 26, 27].

For the conventional temperature-controlled

SMAs, the occurrence of SME and SE depends on the

relationship between the martensitic transformation

temperature and deformation temperature [28–34].

The martensite stabilization may be another method

to increase the start temperature of reverse marten-

sitic transformation (As), except changing alloy com-

positions. The martensite stabilization is an effect that

the As temperature of the deformed alloy during

heating remarkably raises compared with that with-

out deformation. Picornell et al. reported a

mechanical stabilization of stress-induced martensite

in Cu–Al–Ni single crystal with large increase in

martensitic transformation temperature (about

140 �C). And although the alloy is parent structure

before deformation, a permanent residual strain is

retained after unloading [35]. Similar phenomena

have been also reported in NiTi SMAs [36–38]. In our

previous investigation, a new type of Cu–Al–Mn–Fe

SMAs is found, having the same ‘‘the stabilized

stress-induced martensite’’ phenomenon, in which

the As temperature raises more than 150 �C [39].

Almost all 2H(c1
0) martensite stress-induced from L21

parent during deformation could be retained after

unloading due to the combined resistances of Fe-rich

precipitates and dislocations. Subsequently, large

residual strain could completely recover during

heating, showing an excellent SME. These findings

open a possible avenue to obtain copper-based SMAs

having SE and SME characteristics simultaneously,

under the same composition and deformation tem-

perature through applying stress.

In Cu–Al–Mn–Fe system [39], it is found that the Fe

addition resulting in bcc phase separation of Cu-rich

and Fe-rich phases is a necessary condition to stabi-

lize stress-induced 2H(c1
0) martensite. The existence

of fine Fe-rich precipitates can hinder the movement

of habit plane during reverse transformation. There-

fore, we think that the stabilization of stress-induced

martensite may also take place in other Cu–Al–Mn-

based systems that exist bcc phase separation. Up to

now, although Cr-doped Cu–Al–Mn SMAs have been

investigated, their works focus on those alloys that a

large amounts of Mn replaced Al (Mn: 10–13%, Al:

14–16%, at.% [12]) and have a lower-ordered A2

parent [10, 12, 17]. In this study, higher Al and lower

Mn contents were chosen referring to Cu–Al–Mn–Fe

alloys in our previous report [39]. In Cu–Cr binary, a

metastable liquid two-phase separation exists, and

pure Cr is bcc (A2) structure [40]. From Al–Cr and

Mn–Cr binary systems, it is found that the bcc A2(Cr)

phase has large composition range with Al and Mn

elements [41, 42]. So it is estimated that liquid two-

phase separation of Cu-rich and Cr-rich phases and

the stabilization of stress-induced martensite may

also occur in Cu–Al–Mn–Cr system, just like those in

the Cu–Al–Mn–Fe system. Therefore, the present

study is to investigate the microstructure, martensitic

transformation, stress–strain behaviors, SE and SME

properties of quaternary Cu–Al–Mn–Cr alloys.
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Experimental

Materials preparation

Three samples with the chemical compositions of

Cu–12.8Al–7.5Mn–2.5Cr, Cu–12.7Al–6.9Mn–1.8Cr

and Cu–12.5Al–5.8Mn–4.1Cr (wt%) alloys were pre-

pared. Pure raw materials were provided by General

Research Institute for Nonferrous Metals. The puri-

ties of Cu, Al, Mn and Cr are 99.95, 99.99, 99.7 and

99.98%, respectively. Firstly, the raw materials were

cut and ultrasonic cleared with acetone, in which Mn

previously needed acid pickling. Then, about 30 g

raw materials was put into a water-cooled copper

crucible and re-melted using a non-consumable

tungsten electrode with a current range about

250–400 A. During melting process, each button was

turned over and re-melted for five times in a high-

purity argon atmosphere in order to make sure the

uniformity of samples. Each sample was cut into

small bulks. These small bulks were sealed into vac-

uum quartz ampoules. In this study, in order to make

the studied alloys be solution-treated in the parent

region, the temperature and time of heat treatment

were chosen to be 900 �C and 24 h referring to the

investigations of Cu–Al–Mn by Kaimuna [17] and

Cu–Al–Fe–Mn alloys by our group [39]. Then, the

heat-treated vacuum quartz ampoules were quickly

quenched into ice water.

Materials characterization

The chemical compositions were determined by

electron probe microanalysis (EPMA) (JEOL, JXA–

8100). The microstructure was observed by optical

microscopy (OM), back-scattered electron (BSE).

Samples for microscopic observation were mechani-

cally polished and chemically etched (10 g

FeCl3 ? 25 ml HCl ? 100 ml H2O). The crystal

structure was identified by PANalytical X’pert PRO

X-ray diffractometer with Cu Ka radiation. The X-ray

diffraction patterns were analyzed using Jade 6.0

software and the previously reported references. The

martensitic transformation temperatures were deter-

mined by differential scanning calorimetry (DSC) at a

heating and cooling rate of 10 �C min-1. The scan-

ning rate of the DSC tests is 30 pts/K.

The stress–strain behaviors and shape recovery

properties were performed by compressive tests. The

cylindrical specimens of 3 mm diameter and 5 mm

height were cut from the quenched bulks. Five sam-

ples were prepared, and then, each sample was

deformed to different pre-deformation from 7 to 11%

at room temperature, respectively. The SE properties

Figure 1 Optical micrographs and the corresponding BSE images of a1, a2 Cu–12.8Al–2.5Cr–7.5Mn alloy, b1, b2 Cu–12.7Al–1.8Cr–

6.9Mn alloy and c1, c2 Cu–12.5Al–4.1Cr–5.8Mn alloy.
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were confirmed and calculated directly by stress–

strain curves as adopted in [24]. For those samples

having the residual strain after unloading, their SMEs

were measured by thermal mechanical analysis

(TMA) under an argon atmosphere at a heating and

cooling rate of 10 �C min-1. In Cu–Al binary system,

the eutectoid reaction leading to the precipitation of

c1(Cu9Al4) phase occurs about 567 �C [41]. Therefore,

in order to investigate the stability of martensitic

transformation, the temperature range of TMA tests

was from room temperature to 600 �C. Then, the

microstructural evolution after TMA tests was

investigated. The height of the sample was measured

before loading (h0), after unloading (h1) and after

recovery (h2). The SMEs (eSME) and recovery rates

after heating were calculated as eSME = (h2 - h1)/

h0 9 100% and rate = (h2 – h1)/(h0 – h1) 9 100%,

respectively [12, 13, 16].

Results and discussion

Microstructure characteristics

Figure 1 shows the optical micrographs and the cor-

responding BSE images of the studied alloys. It can

be seen that three alloys consist of the parent and

some small amounts of precipitates. Both in Cu–

12.8Al–7.5Mn–2.5Cr and Cu–12.7Al–6.9Mn–1.8Cr

alloys, the precipitates dispersively distribute within

the parent. When increasing the Cr content, the

amounts of precipitates clearly increase, and they

converge progressively to a cross-shape in Cu–

12.5Al–5.8Mn–4.1Cr alloy. These results are

Table 1 Chemical

compositions of L21 parent

and A2(Cr) phase in Cu–Al–

Mn–Cr alloys

Alloys L21 (wt%) A2(Cr) (wt%)

Cu Al Cr Mn Cu Al Cr Mn

Cu–12.8Al–7.5Mn–2.5Cr 79.26 13.06 0.61 7.06 3.17 5.58 83.31 7.94

Cu–12.7Al–6.9Mn–1.8Cr 79.67 12.93 0.78 6.62 3.03 4.62 84.61 7.74

Cu–12.5Al–5.8Mn–4.1Cr 80.79 12.69 0.46 6.06 2.17 4.31 89.04 4.48

Figure 2 X-ray diffraction patterns of a Cu–12.8Al–2.5Cr–7.5Mn

alloy, b Cu–12.7A–1.8Cr–6.9Mn alloy and c Cu–12.5Al–4.1Cr–

5.8Mn alloy.

Figure 3 DSC curves of a Cu–12.8Al–2.5Cr–7.5Mn alloy, b Cu–12.7Al–1.8Cr–6.9Mn alloy and c Cu–12.5Al–4.1Cr–5.8Mn alloy.
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obviously observed in the corresponding BSE images

in Fig. 1a2–c2. The chemical compositions of each

phase in the studied alloys were determined by

EPMA measurements and are shown in Table 1.

Figure 2 shows the XRD patterns of the studied Cu–

Al–Mn–Cr alloys. Three crystal structures are iden-

tified. The parent has a L21 structure, and A2(Cr)

precipitate is also confirmed. Additionally, the

diffraction peaks of 2H(c1
0) martensite are observed.

From our previous investigation [39], it is found that

the 2H(c1
0) martensite formed due to direct quench-

ing process is very fine in Cu–Al–Mn–Fe alloys.

Similarly in this study, the 2H(c1
0) martensite cannot

be observed in their optical micrographs in Fig. 1.

These results are agreed with those reports in Cu–Al–

Mn–Fe alloys [39]. According to phase equilibria of

Cr–Cu/Al/Mn binary systems [40–42], the

metastable liquid phase two-phase (the Cu-rich and

Cr-rich phases) separation occurs. When the Cu–Al–

Mn–Cr alloys cool from the liquid, the Cu-rich phase

transforms to L21 parent via the ordered transfor-

mations of A2 ? B2 ? L21 [10, 12], and the A2 (Cr-

rich) forms from the rich-Cr liquid [40]. These results

are consistent with what we expected.

Martensite transformation temperature

Figure 3 shows the DSC curves of the studied three

alloys with a heating and cooling rate of 10 �C min-1.

The reversible martensitic transformation peaks are

clearly observed. As shown in Table 2, the start (Ms)

and finish (Mf) temperatures of forward martensitic

transformation are -100.2 and -111.0 �C for Cu–

12.8Al–7.5Mn–2.5Cr alloy, -60.7 and -76.3 �C for

Cu–12.7Al–6.9Mn–1.8Cr alloy, -51.9 and -68.2 �C
for Cu–12.5Al–5.8Mn–4.1Cr alloy, respectively. The

start (As) and finish (Af) temperatures of reverse

martensitic transformation are -90.6 and -77.5 �C
for Cu–12.8Al–7.5Mn–2.5Cr alloy, -53.3 and

-37.3 �C for Cu–12.7A–6.9Mn–1.8Cr alloy, -41.8 and

-29.7 �C for Cu–12.5Al–5.8Mn–4.1Cr alloy, respec-

tively. The transformation thermal hysteresis is cal-

culated using the formula: Af-Ms. As we known, the

reversible martensitic transformation temperatures of

Cu–Al–Mn SMAs sharply decrease with the increases

both in the Mn and Al contents [21, 26, 27]. The Cr

addition in Cu–Al–Mn alloys also decreases the

transformation temperatures with a lower rate than

the effects of Mn or Al contents [26]. In the present

study, according to the compositions of L21 parent in

Table 1, the same results as the previous reports that

the martensitic transformation temperatures gradu-

ally increase with the decrease in Mn and Al contents

are present.

Compression test

Figure 4 shows the compressive fracture stress–strain

curves of Cu–Al–Mn–Cr alloys. The symbol (9) rep-

resents the fracture point. The compressive fracture

stress and strain were measured to be 14.4% and

1232 MPa for Cu–12.8Al–7.5Mn–2.5Cr alloy, 11.7%

and 1081 MPa for Cu–12.7Al–6.9Mn–1.8Cr alloy,

18.2% and 1283 MPa for Cu–12.5Al–4.1Cr–5.8Mn

alloy, respectively. Cu–12.7Al–6.9Mn–1.8Cr alloy has

a relatively lower fracture plasticity than other two

alloys due to a larger grain size (Fig. 1). With

Figure 4 Compressive fracture stress–strain curves of Cu–Al–

Mn–Cr alloys.

Table 2 Martensitic transformation temperatures (�C) of Cu–Al–Mn–Cr alloys.Ms andMf are the start and finish temperatures of forward

martensitic transformation; As and Af are the start and finish temperatures of reverse martensitic transformation

Alloys Ms Mf As Af Hysteresis

Cu–12.8Al–7.5Mn–2.5Cr -100.2 -111 -90.6 -77.5 22.7

Cu–12.7Al–6.9Mn–1.8Cr -60.7 -76.3 -53.3 -37.3 23.4

Cu–12.5Al–5.8Mn–4.1Cr -51.9 -68.2 -41.8 -29.7 22.2
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increasing the amounts of A2(Cr) precipitate for Cu–

12.5Al–5.8Mn–4.1Cr alloy, the plasticity also increa-

ses accordingly.

Superelasticity and shape memory effect

In order to investigate the SE and SME properties in Cu–

Al–Mn–Cr alloys. Each alloy was compressed to dif-

ferent pre-strains (epre) from 7 to 11% and unloading.

Figure 5 shows the compressive stress–strain curves of

the studied alloys. The SE strain (eSE) is directly mea-

sured from the stress–strain curves. The deformed

samples were heated to 600 �C for 5 min with a heating

and cooling rate of 10 �C min-1 using TMA tests. Then,

the SME strain (eSME) was obtained through measuring

the height changes of the samples (See the Experimental

procedure). All the residual strain (er) after unloading,

eSE and eSME are summarized and their relationships

with the total epre are shown in Fig. 6.

From Fig. 5, the SE properties are observed for all

the studied alloys. In Cu–12.8Al–7.5Mn–2.5Cr alloy,

the residual strain almost linearly increases with the

increase in the pre-strain, but the SE strain decreases

from 2.9 to 2.1%. Similar stress–strain behaviors exist

in Cu–12.5Al–5.8Mn–4.1Cr alloy. According to the

increase in the pre-strain from 7 to 11%, the residual

strain increases from 1.0 to 5.0%, but the SE strain

decreases from 2.8 to 2.1%. There are some differ-

ences on the stress–strain behaviors of Cu–12.7Al–

6.9Mn–1.8Cr alloy in Fig. 5b, showing much more

excellent SE properties. When the pre-strain is B10%,

the SE strain gradually increases to a maximum value

of about 5.0%, while the residual strain is B0.9%.

When increasing the pre-strain to 11%, the SE strain

suddenly reduces to 2.6%, whereas the residual strain

rises to 3.9%.

It is interesting when the deformed samples after

unloading are heated, the residual strain can recover,

namely SME. The SMEs gradually increase from 0.7

to 1.5% according to the increase in the pre-strain

from 7 to 11% for Cu–12.8Al–7.5Mn–2.5Cr alloy. Cu–

12.5Al–5.8Mn–4.1Cr alloy shows much better SMEs,

Figure 5 Compressive stress–strain curves of a Cu–12.8Al–7.5Mn–2.5Cr alloy, b Cu–12.7Al–6.9Mn–1.8Cr alloy and c Cu–12.5Al–

5.8Mn–4.1Cr alloy.
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in which the largest SME is about 2.5% under a pre-

strain of 10%. Small SME of 0.9% is obtained even the

pre-strain is up to 10% for Cu–12.7Al–6.9Mn–1.8Cr

alloy. However, this alloy possesses a large SME of

about 2.0% when the pre-strain increases to 11%. The

shape recovery rate of Cu–12.8Al–7.5Mn–2.5Cr alloy

due to SME property during heating clearly decrea-

ses. The recovery rate of Cu–12.7Al–6.9Mn–1.8Cr

alloy is almost 100% when the pre-strain is B10%, but

decreases to 51% when the deformation further

increases to 11%. The shape recovery rate of Cu–

12.5Al–5.8Mn–4.1Cr alloy is between the above two

alloys. When the pre-strain is B9%, the recovery rate

is about 80% and gradually decreases to 44% with the

increase in the deformation. From the results in

Figs. 5 and 6, it is found that the stress–strain and

shape recovery properties of the present Cu–Al–Mn–

Cr alloys are similar to those of the reported Cu–Al–

Mn–Fe alloys [39]. Although the Cu–Al–Mn–Cr

alloys are dominant L21 parent before deformation,

the same alloy under a certain deformation temper-

ature not only exhibits superelasticity property dur-

ing deformation, but also the deformed alloy also

shows shape memory effect when heated.

Figure 6 a Residual strain, b SE strain, c SME, d shape recovery rate of Cu–Al–Mn–Cr alloys as a function of the pre-strain.

Figure 7 TMA curve of Cu–12.5Al–4.1Cr–5.8Mn alloy with a

heating and cooling rate of 10 �C min-1, in which the alloy is

deformed to a pre-strain strain of 10% and unloading.
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Thermal mechanical analysis

Figure 7 shows the shape recovery curve of the Cu–

12.5Al–5.8Mn–4.1Cr alloy deformed to 10% and

after unloading measured by TMA test. The start

temperature for shape recovery due to reverse

martensitic transformation is about 29.7 �C. Here, a

remarkable martensite stabilization is observed, in

which the shift of start temperature of reverse

martensitic transformation (As) is about 71.5 �C.

Additional three transformation peaks shown by the

arrows in Fig. 7 are observed. In order to investigate

these transformations, Cu–12.5Al–5.8Mn–4.1Cr alloy

was aging at 500 �C for 3 h and air cooling to room

temperature. Then, the microstructural evolution

was observed, and the results are given in Fig. 8. We

find that three transformation peaks may be related

to the precipitation and dissolution of c1(Cu9Al4)

phase. From Fig. 8a, it is seen that some precipitates

appear along the grain boundaries or within the

grain, except the parent and A2(Cr) phase. Its

chemical composition is Cu66.38Al30.06Mn2.85Cr0.71

(at%), which accords to that of the compound c1-

(Cu9Al4) phase in Cu–Al-based SMAs [13, 16]. The

diffraction peaks of c1(Cu9Al4) phase are also iden-

tified in Fig. 8b. Combined with the results in Fig. 7,

the deformation process may lead that this precipi-

tation is more likely to happen at lower temperature

(below 500 �C), as shown by the arrow (1). Subse-

quently, this alloy annealed from 500 �C was further

heat-treated at 750 �C for 3 h and followed by ice-

water quenching. The compound c1(Cu9Al4) dis-

solves back to L21 parent, and the corresponding

microstructure is the same as that in Fig. 1c1. This

dissolution process of c1(Cu9Al4) phase is indicated

by the peak (2) during heating. The precipitation of

c1(Cu9Al4) phase during cooling with a slow rate

may occur as shown by the peak (3).

Figure 8 Optical micrograph a and X-ray diffraction pattern b of Cu–12.5Al–5.8Mn–4.1Cr alloy annealed at 500 �C for 3 h and air

cooling to room temperature.

Figure 9 Microstructures of a Cu–12.8Al–2.5Cr–7.5Mn alloy, b Cu–12.7Al–1.8Cr–6.9Mn alloy and c Cu–12.5Al–4.1Cr–5.8Mn alloy,

in which three alloys are compressed to a pre-strain of 10% and unloading.
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Stabilization of stress-induced martensite

In order to uncover the SME behaviors of the present

Cu–Al–Mn–Cr alloys, three alloys were deformed to

a pre-strain of 10% and unloading. The microstruc-

tures of the deformed alloys as shown in Fig. 9

clearly differ from those before deformation (Fig. 1).

A martensite feature is observed after deformation

and unloading in Fig. 9, whereas is main L21 parent

before deformation in Fig. 1. The results imply that

the stabilization of stress-induced martensite hap-

pens in Cu–Al–Mn–Cr alloys during deformation

and unloading. The corresponding X-ray diffraction

pattern of the deformed alloys is provided in Fig. 10,

in which the intensities of the diffraction peaks of

2H(c1
0) martensite clearly reinforce. The occurrence

of stabilization of stress-induced martensite results

from the precipitates and the dislocation induced by

compression deformation restrain the movement of

the habit plane [39]. Thus, the reverse martensitic

transformation does not take place during unloading,

whereas it occurs when the deformed alloys are

heated. Although the ‘‘stabilized stress-induced

martensite’’ phenomenon is consistent with those

findings in reported Cu–Al–Mn–Fe alloys [39], the SE

or SME strains of Cu–Al–Mn–Cr alloys are clearly

smaller compared with the Cu–Al–Mn–Fe alloys.

This is closely relative to the grain size of L21 parent

[22, 39]. For Cu–Al–Mn–Fe alloys [39], it is found

when the alloys exhibit excellent SE and SME prop-

erties, they usually have a very large grain size.

Therefore, it is suggested if we want to obtain more

excellent SE or SME properties induced by the sta-

bilization of stress-induced martensite, the prepara-

tion of single crystal or large grain structure may be

an effective method, such as a cyclic heat treatment in

Cu–Al–Mn ternary alloys [43].

From Figs. 1 and 9, it can be seen that the grain size

of L21 parent gradually decreases with the increases

in the Cr addition and the A2(Cr) phase amounts.

The best SE characteristic is obtained in Cu–12.7Al–

6.9Mn–1.8Cr alloy with the largest grain size of par-

ent. Meanwhile, almost 100% shape recovery rate is

obtained with the pre-strain B10%. In Figs. 9 and 10,

under the same pre-strain of 10%, less amounts of 2H

martensite are induced and stabilized in Cu–12.7Al–

6.9Mn–1.8Cr alloy. Only when the deformation

increases to 11%, more obvious stabilization of stress-

induced martensite occurs along. At this time, the

SME clearly increases, but recovery rate drastically

reduces due to the plastic deformation. For Cu–

12.8Al–7.5Mn–2.5Cr and Cu–12.5Al–5.8Mn–4.1Cr

alloys, with the increase in the pre-strain, the SE

strain gradually decreases, whereas the SME increa-

ses with a decreasing shape recovery rate due to the

plastic deformation. However, it is found that the

SME properties are much better in Cu–12.5Al–

5.8Mn–4.1Cr alloy than those of Cu–12.8Al–7.5Mn–

2.5Cr alloy. The reason may be related to the rever-

sible martensitic transformation temperatures of the

alloys. When the transformation temperature is

lower, the needed stress to stabilize the stress-in-

duced martensite is much higher. It will produce

more plastic deformation, resulting in a decrease in

SMEs of the alloys.

Conclusions

In this study, the microstructure, martensitic trans-

formation, stress–strain behaviors, SE and SME

properties of Cu–12.8Al–7.5Mn–2.5Cr, Cu–12.7Al–

6.9Mn–1.8Cr and Cu–12.5Al–5.8Mn–4.1Cr SMAs

were investigated. The obtained results lead to the

following conclusions:

Figure 10 X-ray diffraction patterns of a Cu–12.8Al–2.5Cr–

7.5Mn alloy, b Cu–12.7Al–1.8Cr–6.9Mn alloy, c Cu–12.5Al–

4.1Cr–5.8Mn alloy, in which three alloys are compressed to a pre-

strain of 10% and unloading.
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(1) Three alloys have a complex microstructure

consisted of dominant L21 parent, small

amounts A2(Cr) and 2H(c1
0) martensite. With

the increase in the Cr content, the amounts of

A2(Cr) phase increase accordingly, and the

grain size of L21 parent decreases. The rever-

sible martensitic transformation temperatures

gradually increase with the decreases in Al and

Mn concentrations.

(2) Three alloys exhibit different SE properties.

With the increase in the deformation, the SE

strain gradually decreases from about 2.9 to

2.1%. Cu–12.7Al–6.9Mn–1.8Cr alloy exhibits

much better SE properties due to a larger grain

size of L21 parent. The SE strain increases to a

largest value of about 5% with a pre-strain of

10%. Further increasing the deformation to

11%, the SE strain decreases due to the plastic

deformation.

3) Although three alloys are dominant L21 parent

before deformation, the stabilization of stress-

induced 2H(c1
0) martensite happens. When the

deformed alloys are heated, the residual strain

recovers, showing SME properties. When

increasing the pre-strain, the SME gradually

increases up to the largest values of 1.5 and

2.5% with the decreasing recovery rate in Cu–

12.8Al–7.5Mn–2.5Cr and Cu–12.5Al-5.8Mn–

4.1Cr alloys. For Cu–12.7Al–6.9Mn–1.8Cr alloy,

almost 100% of recovery rate is obtained when

the pre-strain is B10%. Further increasing the

deformation to 11%, the SME increases to 2%

while the recovery rate drastically decreases.
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