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a b s t r a c t

The effect of rare earth element Ce addition on the microstructure, martensitic transformation, mechan-
ical properties and damping behavior of the Cu–Al–Mn shape memory alloys (SMAs) had been
investigated. It is shown that the Ce addition makes the grain refinement and affects the martensitic trans-
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formation temperature. The tensile strength and the ductility of the Cu–Al–Mn alloys can be enhanced by
the Ce addition. Damping capacity tan ı of the martensite for the Cu–Al–Mn–Ce alloys is strain amplitude
dependent. The Ce addition has obvious effects on the damping properties of the martensite. With the
increase of the Ce content, the damping capacity increases initially and then decreases.

© 2009 Elsevier B.V. All rights reserved.
hase transitions
hermodynamic properties

. Introduction

Cu–Al–Mn shape memory alloys (SMAs) have attracted increas-
ng attention because of their good shape memory effect, relatively
ow cost and good mechanical properties in addition to its out-
tanding damping capacity [1–5]. Several pioneering works have
emonstrated that some characteristics such as superelasticity,
hape memory effect and the damping properties in Cu–Al–Mn-
ased SMAs can be enhanced by the addition of alloying elements
6]. Sutou et al. [7] have reported that the addition of B, Ni, Si can
educe the grain size obviously. They also investigated the effects
f grain size on the damping properties and found that grain size
as very important for enhancement of the damping and mechan-

cal properties. Mallik and Sampath [8] studied the influences of
ight different elements as quaternary additions on the transfor-
ation temperatures, shape memory effects and superelasticity of

u–Al–Mn alloys.
It is well known that rare earth elements are often used as alloy-

ng element to purify the grain boundary, refine the grains and
mprove the mechanical properties. Several rare earth elements
Ce, Gd, Dy, Tb and Sm) have been added to TiNi alloys, NiMnGa

lloys and Cu–Zn–Al alloys [9–12] and some expected good results
ave been obtained. However, little information about rare earth Ce
ddition to Cu–Al–Mn alloys is found up to date. The purpose of the
resent work is to investigate the effect of rare earth element Ce on
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the microstructure, mechanical properties and damping properties
of the Cu–Al–Mn alloy.

2. Experimental procedure

(Cu83Al12Mn5)1−xCex (x = 0, 0.05, 0.1 and 0.15 wt%) alloys were prepared from
high-purity elements (99.9% Cu, 99.9% Al and 99.9% Mn) in a non-consumed vacuum
arc furnace under an argon atmosphere. Each ingot was remelted six times and then
homogenized at 900 ◦C for 6 h. The master ingots were hot-rolled to sheets with
the thickness of about 1.0 mm at 850 ◦C. All experimental specimens were spark-cut
from the sheet and solution-treated at 850 ◦C for 2 h in an evacuated and sealed
quartz capsules followed by quenched into water.

Optical microstructure observations were made using an Olympus optical
metallographic microscope. The morphology, distribution and structure of the pre-
cipitated phase were determined by a HITACHI S-4700 scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectroscopy (EDS) analysis sys-
tem. The phase transformation temperatures were determined using a PerkinElmer
Diamond DSC with a heating/cooling rate of 20 ◦C/min. Phase identification was
performed in a Rigaku D/max-rB X-ray diffractometer (XRD) with Cu K� radiation.

Damping properties of the samples were characterized by a dynamic mechanical
analyzer (TA Q800). Samples with a size of 36 mm × 6 mm × 1 mm were measured
in single cantilever mode. The test was performed at room temperature and the fre-
quency was 1 Hz, while the strain amplitude was in the range of 1 × 10−6 to 1 × 10−3.
To obtain a full martensite structure, the samples were firstly quenched into liquid
nitrogen and then hold at room temperature (lower than the martensitic reverse
transformation temperature).

3. Results and discussion
3.1. Microstructure and phase transformation of Cu–Al–Mn–Ce
alloys

Fig. 1(a)–(d) shows the optical micrographs of
(Cu83Al12Mn5)1−xCex alloys. Obviously, the grain size is clearly

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lusissi1975@126.com
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Fig. 1. Optical micrographs of solution-treated (Cu83Al12M

educed with the increase of Ce content. In addition, the addition of
e markedly changes the microstructure of the Cu83Al12Mn5 alloy.
he ternary Cu83Al12Mn5 alloy exhibits a single martensite phase,
hereas all the Ce-doped quaternary alloys contain a second phase

black dots inside each grain) besides the martensite phase, as
hown in Fig. 1. When x = 0.05, very small amounts of the second
hase disperse in the matrix. With the increase of the Ce content,
he volume fraction of the second phase increases gradually. It is
orth noting that the variant interfaces in the martensite shows

he trend to parallel one to another in each grain with the existing
f the second phase. This microstructural feature suggests that
hese martensite variant interfaces have high mobility [8].

Fig. 2 illustrates the typical backscattered electron image and
he corresponding EDS spectrum for the second phase in the
Cu83Al12Mn5)99.85Ce0.15 alloy. The results show that the content of
e in the precipitated phase reaches 19.58 wt%, the content of other

lements are 61.71 wt% Cu, 17.36 wt% Al and 1.35 wt% Mn, respec-
ively. Compared with the composition of the matrix, the second
hase has a larger concentration of Ce, which means that the sol-
bility of Ce in the matrix is very low and the insolvable Ce forms
he Ce-rich phase. The reason for the formation of Ce-rich phase in

Fig. 2. (a) Morphology of Ce-rich phase and (b) the correspon
xCex alloys (a) x = 0, (b) x = 0.05, (c) x = 0.1 and (d) x = 0.15.

Cu–Al–Mn alloys may be explained as follows: the atomic radius of
Ce is much larger than that of Cu, Al and Mn, which means that the
solubility of Ce in the matrix is very low. Insolvable Ce element gets
enriched at the interface between the solid and the liquid during
the cooling process, which will be favor of the formation of Ce-rich
phase. Further details of the Ce-rich phase are under investigation.

The X-ray diffraction patterns of the experimental alloys are
shown in Fig. 3. As compared with those published in the litera-
ture [13,14], the peaks in the patterns are identified. It can be seen
that both �1

′ and �1
′ martensites are present in all the alloys. It

is worth noting that the amount of �1
′ martensite increases with

the increase of the Ce content and reaches a maximum at 0.1 wt%
Ce content, then the amounts of �1

′ martensite decrease as the
Ce content increases further. The existence of different martensite
variants leads to more phase interfaces and twin boundaries.

Fig. 4 shows the DSC curves of the (Cu83Al12Mn5)1−xCex alloys.

It can be seen that there is only one endothermic or one exothermic
peak in the heating or cooling DSC curves, respectively. This indi-
cates that the Cu–Al–Mn–Ce alloys maintain the characteristics of
the typical one-step thermoelastic martensitic transformation of
Cu83Al12Mn5 alloy. The addition of Ce affects the phase transfor-

ding EDS spectrum in the (Cu83Al12Mn5)99.85Ce0.15 alloy.
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ig. 3. X-ray diffraction patterns of (Cu83Al12Mn5)1−xCex (x = 0, 0.05, 0.1 and 0.15)
lloys at room temperature.

ation temperature of the (Cu87Al12Mn5)1−xCex alloys. With the
ncrease of the Ce content, the martensitic transformation tem-
eratures (Ms and Mf) decrease firstly, and the lowest value of Ms

nd Mf is obtained while the content of Ce reaches 0.1%. However,
he Ms and Mf temperatures increase with further increasing the
e content. Two contributions maybe account for these phenom-
na. One originates from the formation of the Ce-rich phase, which
auses the change of composition of matrix. According to the EDS
esults, the Ce-rich phase contains smaller amounts of Mn and more
mounts of Al, which leads to richness of Mn and leanness of Al in
he matrix. It is known that the Ms temperature decreases with the
ncrease of the content of Mn and Al, and the Mn content can affect

ore than Al content on the Ms temperature. Therefore, the addi-
ion of Ce makes the Ms temperature decrease. And the other arises
rom the existence of different amounts of two kind of martensites
n the matrix [15].

.2. Mechanical properties of Cu–Al–Mn–Ce alloys

Fig. 5 displays the stress–strain curves of (Cu83Al12Mn5)1−xCex

lloys at room temperature. It is seen that the tensile strength of
uAlMn alloy is obviously enhanced by the Ce addition. The high-

st tensile strength is obtained in (Cu83Al12Mn5)99.95Ce0.05 alloy,
early 890 MPa. This value is about 300 MPa higher than that of the
lloy without the Ce addition. Additionally, it is noted that the addi-
ion of Ce improves the ductility. The elongation of CuAlMn alloy
ncreases gradually with increasing Ce content. These results prove

ig. 4. DSC curves of (Cu83Al12Mn5)1−xCex (x = 0, 0.05, 0.1 and 0.15) alloys as solution-
reated.
Fig. 5. The stress–strain curves of (Cu83Al12Mn5)1−xCex (x = 0, 0.05, 0.1 and 0.15)
alloys under martensite condition.

that the proper amount of Ce addition significantly enhances the
tensile strength and improves the ductility of the alloys.

3.3. Damping properties of Cu–Al–Mn–Ce alloys

In order to investigate the effect of rare earth element Ce
on the damping properties, the dynamic thermal analysis tests
were carried out in the martensite condition. As we known,
the damping capacity during phase transformation is not of the
intrinsic value, strongly depending on the cooling/heating rate,
so the damping capacity in the martensite condition is more
essential and important for evaluation of the damping proper-
ties. Thus, this work focuses on the effect of Ce addition on the
damping properties of martensite for Cu83Al12Mn5 alloy. Fig. 6(a)
demonstrates the evolution of the damping capacity tan ı as a
function of strain amplitude in the martensite condition for the
(Cu83Al12Mn5)1−xCex alloys. It is seen that the damping capac-
ity tan ı of the martensite increases gradually with an increase
of strain amplitude for each alloy. It also can be seen that the
damping capacity tan ı of the martensite is obviously affected by
Ce addition. With the increase of the Ce content, the damping
capacity tan ı increases initially and then decreases. The highest
damping capacity tan ı is obtained in the (Cu83Al12Mn5)99.95Ce0.05
alloy. Fig. 6(b) shows the effect of strain amplitude on the storage
modulus of (Cu83Al12Mn5)1−xCex alloys with different Ce addition.
The storage modulus of (Cu83Al12Mn5)1−xCex alloys is obviously
enhanced by the Ce addition. In addition, it is worth noting that
the (Cu83Al12Mn5)99.95Ce0.05 alloy possesses the highest storage
modulus.

It is generally accepted that the self-accommodation of marten-
sitic plates and a high density of mobile twins in the martensite
condition lead to high damping capacity of the martensite of the
alloys [16]. Thus, the experimental results can be explained as fol-
lows: on the one hand, when rare earth Ce is added to Cu–Al–Mn
alloy, Ce is easy to react with the impure elements and can purify
the liquid alloy, which can decrease the inherence of the move-
ments of martensite variant interfaces. Meanwhile, according to

the results of optical micrograph, the martensite variant oriented
due to the Ce addition, which leads to the improvement of the
interface mobility. Additionally, the number of martensite variant
interfaces increase due to the existing different type of martensite,
as indicated by XRD results. Therefore, the damping capacity of the
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ig. 6. The effect of stain amplitude on (a) tan ı and (b) storage modulus of
Cu83Al12Mn5)1−xCex (x = 0, 0.05, 0.1 and 0.15) alloys.

artensite is enhanced by means of increasing the mobility and
he number of martensite variant interfaces. On the other hand,
s mentioned above, the grain size of (Cu83Al12Mn5)1−xCex alloys
ecrease obviously, thus, the mobility of interfaces can be restricted
y the grain boundary. The decrease of the mobility of martensite
ariant interfaces due to an increment of the grain constraint can
ead to the decrement of the damping capacity. In addition, the size
nd distribution of Ce-rich phase play important roles in affecting
he damping properties of the martensite for (Cu83Al12Mn5)1−xCex

lloys. With the increase of Ce content, the Ce-rich phase grows

nd the volume fraction of the precipitated phase increases grad-
ally. The existence of the Ce-rich phase hinders effectively the
ovement of the boundaries between martensite variants and twin

oundaries, which results in the decrease of the damping capacity.
s discussed above, it can be concluded that there exists an appro-

[
[

[
[
[
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priate amount of Ce addition content for achieving a maximum
damping capacity for the Cu–Al–Mn alloy. Combining the tensile
test results, the (Cu83Al12Mn5)99.95Ce0.05 alloy exhibit both high
damping capacity and high strength. Therefore, it can be concluded
that a certain amount of Ce addition not only improves the damp-
ing capacity but also enhances the strength of martensite, which is
very useful for engineering applications.

4. Conclusions

The effect of Ce addition on the microstructure, phase trans-
formation, mechanical properties and damping properties of
(Cu83Al12Mn5)1−xCex alloys is studied. The results show that the
Ce doping refines obviously the grains and causes the formation
of Ce-rich phase. With the increase of Ce content, the Ce-rich
phase becomes larger and the volume fraction increases gradually.
The martensitic transformation type cannot be affected by the Ce
addition. However, the phase transformation temperatures firstly
decrease and then increase with the Ce content increasing. The
mechanical properties of the Cu83Al12Mn5 alloy are improved by
the Ce addition. In addition, appropriate Ce doping can enhance
the damping capacity of the martensite for Cu–Al–Mn alloy and the
(Cu83Al12Mn5)99.95Ce0.05 alloy possesses the best damping capacity
and the tensile strength.
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