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a b s t r a c t

Cellular CuAlMn shape memory alloys with open-cell or closed-cell structure have been manufactured
successfully by sintering–evaporation process. This process consisted of mixing CuAlMn and NaCl pow-
ders, hot pressing and final high-temperature sintering to evaporate the filler material of NaCl powders.
NaCl was eliminated completely during vacuum sintering, and strong metallurgical bonding in the
cell walls was achieved. The pores’ structural parameter (pore size, shape, and direction) and porosity
vailable online 1 December 2010
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(25–70%) have been controlled effectively. The compressing deformation behavior and phase transfor-
mation behavior of the cellular CuAlMn shape memory alloy has been investigated. It was found that the
maximum stress of the cellular CuAlMn shape memory alloys increased with the decrease in porosity, and
the energy absorption per unit volume approached the maximum value of 35.81 MJ/m3 (the compression
direction parallel to the cross-section) and 25.71 MJ/m3 (the compression direction perpendicular to the

sity o
echanical properties cross-section) as the poro

. Introduction

Cellular metallic materials have attracted considerable atten-
ion in both academia and industry because of their characteristic

echanical, thermal, acoustic, electrical and chemical properties
1–15]. A variety of ways can be used to prepare the cellular

etallic materials, such as self-propagating high temperature syn-
hesis (SHS) [16,17], spark-plasma sintering (SPS) [18], infiltration
rocess [19] or capsule-free hot isostatic pressing (CF-HIP) [20].
owever, the pore structure (pore size, shape, and direction) can-
ot be controlled effectively using these methods. And the pore
tructure characteristics of the cellular metallic material have
reat effect on its performance. Zhao et al. [21,22] developed a
intering–dissolution process (SDP) to solve this problem. Using
aCl powder as the filler material, net-shape and open-cell Al foams
ith porosity in the range of 50–85% have been produced by SDP.
lthough other filler materials, e.g. potassium carbonate [23], urea
24] and ammonium bicarbonate [25] can also be used. NaCl pow-
er has the outstanding advantages, such as low cost, no toxicity, no
ollution, and flexible control on the NaCl particle (and thus pore)
hape. However, the principal disadvantage of SDP is that it is hard
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f the alloys was 60% and the pore size was between 355 and 800 �m.
© 2010 Elsevier B.V. All rights reserved.

to eliminate NaCl completely from the prepared foam. In SDP [21],
NaCl was removed using circulating water; the removing process
may last several days, especially for large samples with small pores
[26], during the long removing process, the large surfaces of the
cellular metal were oxidized, and a great deal of water was being
seriously wasted.

This paper develops a sintering–evaporation process (SEP) for
manufacturing cellular CuAlMn shape memory alloy (SMA), which
has potential applications in the fields of sound absorption and
damping, especially for application in health service and medical
environments, due to its low cost, high damping and inhibition
of bacteria. This process can also be used to manufacture other
high-melting cellular metallic materials, including Fe-, Ti- or Ni-
based cellular metallic materials, the filler materials (NaCl) can be
eliminated completely in the manufacturing process and no fresh
water is needed to remove it. The structural characteristics and the
mechanical properties of cellular CuAlMn SMAs with controlling
pores’ structural parameter (pore size, shape, and direction) and
porosity (25–70%) produced by SEP have also been investigated.

2. Experimental procedures
2.1. Fabrication process

The raw materials used in SEP for manufacturing cellular CuAlMn alloy are
CuAlMn and NaCl powders. The particle size of the NaCl powder needs to be selected
according to the designed cell size of the final cellular products. In order to make
sure the NaCl powders can be eliminated successfully and the pores’ structural

dx.doi.org/10.1016/j.jallcom.2010.11.157
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lizhou6931@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.11.157
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Fig. 1. Microstructure of (a) CuAlMn po

arameter can be controlled well, the particle size of the metal powder must be
maller than the NaCl powder. Pre-alloyed Cu–11.9Al–2.5Mn (wt.%) powders were
roduced by a liquid spraying process. The CuAlMn particles (Fig. 1a) were nearly
pherical pattern and had smooth surfaces with sizes less than 75 �m. The NaCl
owder (99.0% purity) had flake-like shape (Fig. 1b), and two sets of the powders
with size in the range of 355–800 �m and 800–1000 �m, respectively) were used.

The CuAlMn and NaCl powders were mixed with a weight ratio of 3:2, 2:1,
:1, 4:1, 6:1, 10:1, respectively. A small amount of ethanol, roughly 0.5 vol% of the
uAlMn and NaCl mixture, was used as the binder during mixing. The CuAlMn and
aCl mixture was poured into a high strength graphite die and put into a vacuum

urnace for hot press sintering. The sintering and evaporation procedure is illus-
rated in Fig. 2. The mixture was first heated to 200 ◦C to evaporate the ethanol and
hen heated to 780 ◦C and hot pressed at pressure of 28 MPa for 3 h with a vacuum
f 0.01 Pa. After the plunger was removed, it was further heated to 930 ◦C for 6 h to
elt and evaporate the NaCl (the melting points of NaCl and CuAlMn are 801 ◦C and

040 ◦C, respectively), and subsequently cooled to room temperature. The compact-
ng process used to manufacture the cellular CuAlMn is that the powders were cold
ompacted before vacuum sintering. The sintering neck of the final products is thin-
er and weaker; the strength of the final product is also lower than that prepared
y vacuum hot pressing.

.2. Characterization

The pore characteristics of the cellular CuAlMn products were analyzed using
canning electron microscopy (FEI Sirion200). The porosity of the product was
btained by the following formula [21]:

=
(

1 − �

�0

)
× 100% (1)

here � and �0 are the density of the cellular specimen and the density of the bulk
lloy, respectively. The density of the specimen was ratio of its weight and volume.

he density of the bulk Cu–11.9Al–2.5Mn (wt.%) alloy is 7.5 kg/m3. And the volume
raction of NaCl (fNaCl) in the initial CuAlMn/NaCl mixture was calculated by the
ollowing formula:

NaCl = �0wNaCl

�0wNaCl + �NaClw0
× 100% (2)

Fig. 2. Schematic of the SEP for manufac
s and (b) NaCl powders (355–800 �m).

where wNaCl and w0 are the weights of the NaCl powder and metal powder,
respectively. Energy dispersive X-ray (EDX), X-ray diffraction analyses and weight
measurement were carried out to detect the residual of NaCl in the specimen.

All the specimens were subjected to the same heat treatment (solution-treated
at 800 ◦C for 10 min then water-quenched), all samples have martensite state. The
transformation temperatures of all specimens are shown in Table 1, which were
measured from differential scanning calorimetry (Perkin-Elmer DSC-7 apparatus)
with a heating and cooling rate of 10 K/min under nitrogen gas protection. The
mechanical behavior of the cellular CuAlMn SMA was characterized by uniaxial
compression at room temperature according to ASTM standard E-9. Uniaxial com-
pression test was carried out at a constant rate of 1 mm/min on Instron testing
machine (8032-type), and the compressive stress–strain curve was recorded. The
absorbed energy per unit volume, W, was defined as the area surrounded by the
segment of stress–strain curve prior to the onset of densification of the sample, and
it was estimated using the following relation [27]:

W =
∫ εD

0

�(ε)dε (3)

In which, strain εD is defined as one at the beginning of the densification of the
sample.

3. Results and discussion

3.1. Microstructure of cellular CuAlMn SMAs

The typical cell structures of the cellular CuAlMn alloy produced
by SEP are shown in Fig. 3. It can be seen that the distribution of
pores in all specimens is uniform. Comparing the pore morphol-

ogy with that of the used NaCl powder, the pore shapes replicate
the particle ones. It is demonstrated that the morphology and
dimensions of the pores in the cellular CuAlMn alloy can be easily
controlled by selecting an appropriate NaCl powder. A purposely
tailored distribution of pore size or porosity in the cellular CuAlMn

turing cellular metallic materials.
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Table 1
The transformation temperatures and the energy absorption per unit volume (W) of cellular and bulk CuMnAl SMA with compression direction parallel and perpendicular
to the cross-section.

Porosity (%) Pore size (�m) As (◦C) Af (◦C) Ms (◦C) Mf (◦C) W|| (MJ/m3) W⊥ (MJ/m3)

70 800–1000 355 420 160 105 10.60 9.51
60 800–1000 366 428 134 102 19.50 16.83
60 355–800 323 439 135 104 35.81 25.71
51 355–800 320 437 125 108 29.70 17.82

a
p
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45 800–1000 381 419
35 355–800 372 432
25 355–800 356 454

0 / 335 450

lloy can also be easily obtained using NaCl powders with designed
article shapes and particle size ranges.

Fig. 3c and e shows the SEM micrographs of the cross-sections
f the cellular CuAlMn with a porosity of 60% and 35%, respectively.
he pore sizes are in the range of 355–800 �m. High intercon-

ecting open-cell pores are clearly shown in the former one, and
losed-cell pores are uniform distributed in the latter one. Fig. 3c
nd d shows the SEM micrographs of the cross and longitudinal
ections of the cellular CuAlMn with a porosity of 60%, respectively.
n the cross-section, the pores are isometric. On the longitudinal

ig. 3. Microstructure of cellular CuAlMn SMAs. (a) Optical micrograph; P = 70%; por
00–1000 �m; longitudinal section; (c) SEM; P = 60%; pore size: 355–800 �m; cross-sectio
ore size: 355–800 �m; cross-section; and (f) SEM; P = 35%; pore size: 355–800 �m; long
161 96 6.62 3.72
151 98 3.51 1.33
152 99 1.75 0.53
126 100 0.20 0.20

section, however, the pores are elliptically shaped, the major axis
is perpendicular to and the minor axis is parallel to the direction
of the pressure applied during hot press sintering. This is due to
re-arrangement of the flake like NaCl particles under pressure.
3.2. Mechanical property of cellular CuAlMn SMAs

Fig. 4 shows the compressive stress–strain curves of the cellu-
lar CuAlMn specimens produced by SEP with the porosity of 51%.
The compression directions are parallel to and perpendicular to the

e size: 800–1000 �m; cross-section; (b) optical micrograph; P = 70%; pore size:
n; (d) SEM; P = 60%; pore size: 355–800 �m; longitudinal section; (e) SEM; P = 35%;
itudinal section.
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Fig. 5. Porosity dependence of maximum stress (�) of cellular and bulk CuAlMn
S. Gong et al. / Journal of Alloys a

ross-section, respectively. For both cases, the evolution of com-
ressive stress with strain shows the three regimes characteristic of
ellular solids [12]: (1) Linear elasticity. At low strains, the cellular
pecimens deform primarily by cell-wall bending. Young’s modu-
us is the initial slope of the stress–strain curve. (2) Plastic collapse.
he plastic collapse regime has a long, flat or wave-like horizontal
lateau in the stress–strain curve, indicating that plastic yielding of
ell walls occurred. The plastic collapse in open-cell foams occurs
hen the moment exerted on the cell walls exceeds the plastic
oment and plastic hinges are created. (3) Densification. When the

rogressive compressive plastic collapse of the cell walls proceeds
o stage where the opposing cell walls meet each other and touch,

ost porosity has been eliminated and final densification takes
lace. As a consequence, the stress now rises steeply. One issue to
e noted is that the stress–strain curve gained under the compres-
ion direction perpendicular to the cross-section is smoother than
hat gained under the compression direction parallel to the cross-
ection. This is due to the oriented distribution of the elliptically
haped pores in cellular CuAlMn SMAs manufactured by SEP.

During sintering, diffusion is a crucial process, which depends
n the sintering time and temperature. As sintering temperature
ncreases, sintering necks among metal particles are enlarged and
einforced, stronger metallurgical bonding is formed among the
etal particles, and the strength of the pore walls enhances. If

he sintering temperature is not high enough, the sintering necks
mong the particles are weak and the collapse in the pore walls dur-
ng compression test is very likely to occur owing to the fracture of
he weak sintering necks.

Besides to form the strong metallurgical bonding among the
etal particles, the high temperature vacuum sintering is to elim-

nate the NaCl completely through the evaporation of NaCl. As the
olume fraction of NaCl is more than 50%, NaCl particles contact
ith each other, the interconnected open-cell structure is formed

fter NaCl is eliminated completely. As fNaCl is less than 35%, each
aCl particle is coated by metal particles (which are much smaller

han NaCl particles), after NaCl is evaporated totally during vacuum
intering, sintering necks among metal particles are enlarged, the
losed-cell structure is gained. The evaporation process depends
n both thermodynamics and kinetics. The vapor pressure of liquid
aCl can be estimated by the following formula [28]:

og 10 (P ) = A −
(

B
)

(4)
v
T − C

here Pv is the vapor pressure (bar) of the liquid NaCl and T is
emperature (K). Between 1138 K and 1738 K, the parameter of A
s 5.07184, B is 8388.497, and C is 82.638 [28]. The equilibrium

ig. 4. Compressive stress–strain curves of cellular CuAlMn SMA with the porosity of
1%. The compression directions are parallel and perpendicular to the cross-section.
alloy with compression direction parallel and perpendicular to the cross-section
and the volume fraction of NaCl (fNaCl) in initial mixture.

vapor pressure of liquid NaCl at 1203 K (930 ◦C) is calculated to be
384.2 Pa, which is much higher than 0.01 Pa used in the experi-
ments. The rate of evaporation depends on the sintering time and
temperature.

Fig. 5 shows the influence of porosity, pore size and compres-
sion direction on maximum stress (�) of cellular and bulk CuAlMn
alloy and the relationship between final porosity and the volume
fraction of NaCl (fNaCl) in initial mixture. In order to comparison,
the bulk material (P = 0) is also studied. �, defined as the maximum
stress on the stress–strain curve prior to the onset of densification.
Porosity has a significant effect on the maximum stress of cellular
CuAlMn alloy. It is revealed that the equivalent cell wall thickness
is a predominant factor on the maximum stress. By decreasing the
porosity from 70% to 25%, much higher maximum stress was gained
in the two compression directions. The maximum stress of the sam-
ple under the compression direction parallel to the cross-section is
higher than that under the compression direction perpendicular
to the cross-section, which is attributed to the difference of effec-
tive stress area in two directions. The effective stress area of the
sample on cross-section is smaller than that on longitudinal sec-
tion owing to the oriented distribution of the elliptically shaped
pores. Comparing the measured porosity with calculated fNaCl, the
final porosity is equivalent to the volume fraction of NaCl particles
in the initial mixture, which indicates that the porosity of cellular
metallic materials manufactured by SEP can be controlled effec-
tively by selecting the weight ratio of metal and NaCl powders. In
principle, cellular metallic materials with melting point higher than
the melting point of NaCl (801 ◦C) can be manufactured by SEP. In
addition to Cu-based alloy, cellular TiNi have also been manufac-
tured.

Table 1 shows the transformation temperatures and the energy
absorption per unit volume (W) of cellular and bulk CuAlMn SMA
with compression direction parallel and perpendicular to the cross-
section. Among all the samples, the absorbed energy of the cellular
CuAlMn alloy with a porosity of 60% and pore size in the range
of 355–800 �m approaches the maximum value of 35.81 MJ/m3

and 25.71 MJ/m3 in the two directions, respectively. W is related
to the width of the flat or wave-like horizontal plateau and the
stress corresponding to the plateau in the stress–strain curve.
With decreasing porosity of the cellular CuAlMn alloy from 60% to
25%, the width of the horizontal plateau in the stress–strain curve
decreased greatly. As a result, the energy absorption decreased
accordingly in both directions. On the other side, the cellular

CuAlMn alloy with porosity higher than 60% or with larger pores
has much smaller stress corresponding to the plateau in the
stress–strain curve, and then W also decreased.
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. Conclusions

The following conclusions can be drawn from this work.

. A novel process, sintering–evaporation process, has been devel-
oped for manufacturing cellular CuAlMn SMA, the pores’
structural parameter (pore size, shape, and direction) and poros-
ity (25–70%) can be controlled effectively.

. Complete elimination of NaCl and strong metallurgical bonding
in the cell walls of cellular CuAlMn were achieved during SEP.

. The cellular CuAlMn SMAs with oriented distribution of the ellip-
tically shaped pores were produced successfully by SEP. The
anisotropy of the pore structure resulted in the anisotropy of
mechanical properties.

. The maximum stress on the stress–strain curve prior to the
onset of densification of cellular CuAlMn SMAs increases with
the decrease of porosity. And the energy absorption per unit
volume reaches the maximum value of 35.81 MJ/m3 (the com-
pression direction parallel to the cross-section) and 25.71 MJ/m3

(the compression direction perpendicular to the cross-section)
as the porosity of the alloys was 60% and the pore size was
between 355 and 800 �m.
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