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Centrifugal force was used to produce open-cell Zn-22Al-2Cu alloy foams by the replication
method. Three different sizes (0.50, 0.69, and 0.95 mm) of NaCl spherical particles were used as
space holders. A relatively low infiltration pressure was required to infiltrate completely the
liquid metal into the three pore sizes, and it was determined based on the centrifugation system
parameters. The infiltration pressure required was decreased when the diameter of the particle
was increased. The porosity of the foam was increased from 58 to 63 pct, when the pore size was
increased from 0.50 to 0.95 mm, while the relative density was decreased from 0.42 to 0.36. The
NaCl preform was preheated to avoid the freezing and to keep the rheological properties of the
melt. The centrifugal-replication method is a suitable technique for the fabrication of open-cell
Zn-Al-Cu alloy foams with small pore size. The compressive mechanical properties of the
open-cell Zn-22Al-2Cu foams increased when the pore size decreased.
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I. INTRODUCTION

METAL foams have emerged as an important field
of research due to their special structure for impact
energy absorbing and low weight, particularly alu-
minum alloy foams. Metal foam application generally
depends on its macroscopic structure (pore size, pore
morphology, overall porosity, and distribution) as well
as the alloy’s inherent properties (yield strength,
Young’s modulus, and hardness).[1] The interest in the
practical applications of foamed metals drives the
development of several methods to manufacture metallic
foams from aluminum alloys. Among them, a simple
and versatile method is the replication process, where
the liquid metal is infiltrated through the pre-existing
network of a leachable preform. One of the attractive
features of the replication process is the high degree of
control in the size and shape of the pore.[2] The preform
is usually comprised of NaCl particles, which result in
the formation of a porous structure once the metal

solidifies and after leaching of the preform. NaCl
particles are widely used to produce open-cell foams
because of their high degree of control in the size and
shape of the pore, high melting point, and nonchemical
reaction with the alloy.
The driving of the liquid metal into the spaces left by

the preform requests the application of pressure on the
metal, since the metal does not infiltrate spontaneously
because liquid metals usually do not wet the interstitial
spaces of the preform.[3] This application of pressure or
driving force for the infiltration of liquid metal into a
porous material can be generated several ways, such as
by vacuum-assisted pressure, gas pressure, and extrusion
pressure.[4–6] Nowadays, most researchers have focused
their work on foaming aluminum alloys[6,7]; the basic
principles of foaming technology have been transferred
to other low-melting metals, especially in Zn-Al alloys
since they exhibit good capacity to absorb energy and
mechanical damping. Zinc and its alloys have a lower
melting point than aluminum alloys, and they have
compatibility with steel regarding corrosion resistance,
which could be suitable for filling hollow steel sections
to improve their stiffness.[8] Kitazono and Takigushi[9]

pointed out that in the case of metallic materials, an
increase in strain rate sensitivity (m) is desirable for
energy absorbing materials. They reported that the m
value of nanocrystalline Zn-22Al alloys is as large as 0.2
at room temperature, while aluminum alloys have a
small m value. The compressive properties of the
Zn-22Al superplastic alloy foam were evaluated at high
temperature by Sekido and Kitazono.[10] They found
that the compressive flow stress increased with
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with the Instituto Politécnico Nacional - UPIIZ, Blvd. del Bote s/n,
ejido la Escondida cerro del gato, Ciudad Administrativa, 98160,
Zacatecas, Mexico.

Manuscript submitted December 6, 2016.
Article published online November 21, 2017

272—VOLUME 49A, JANUARY 2018 METALLURGICAL AND MATERIALS TRANSACTIONS A

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-017-4390-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-017-4390-5&amp;domain=pdf


increasing the strain rate. The strain rate sensitivity
exponent was determined as 0.55, which is identical to
dense Zn-22Al alloy. Muñoz et al.[11] determined that
the addition of copper to the Zn-Al alloy enhances its
corrosion resistance under the service conditions of
stress and temperature and increases the strength and
creep resistance without seriously affecting the super-
plasticity property of the alloy. Negrete and Torres[12]

pointed out that the Zn-22Al-2Cu alloy named zinalco
shows a unique combination of properties, such as high
strength, good machinability, and toughness, that make
it suitable to produce metallic foams. The production of
new types of Zn-Al alloys, combined with foaming
metallic technology, has led to a new class of materials
with an optimal combination of mechanical properties
and functionality at minimum weight. Casolco et al.[13]

manufacture Zn-Al-Cu porous alloys by the replication
method using NaCl crystals as space holders. Foams
were produced with porosities in the range of 52 to 64
pct and final pore size between 2 and 7 mm. The
mechanical properties of the evaluated foams showed a
high dependence on the macroscopic pore size and
porosity. Siron et al.[14] manufacture open-cell Zn-22Al
foams by the replication process using NaCl preform.
The foams produced have the equivalent cell size to salt
particles in the range from 840 to 3900 lm. Despite the
fact that the generation of pressure by centrifugal force
has proven the feasibility of manufacturing metal-matrix
composites, this method has not yet been used to
produce metallic foams or is scarcely documented.
Therefore, in this work, the manufacturing of open-cell
Zn-22Al-2Cu alloy foams by a centrifugal-replication
process was investigated. NaCl particles were used to
prepare the preform, and the pressure on the molten
metal was generated by the application of a centrifugal
force field. The effect of three different spherical salt
sizes on the percentage of porosity relative to the pore
size in the foams produced was evaluated. Moreover, the
effect of the centrifugal pressure on the complete
infiltration, final microstructure, and mechanical prop-
erties was determined as a function of the pore size of
the open-cell Zn-22Al-2Cu foams.

II. METHODOLOGY

A. Base Alloy

A master Zn-22Al-2Cu alloy was manufactured by
conventional melting in an electric furnace at 813.15 K
(540 �C) from pure metals. The following chemical
composition was obtained in mass pct (76.27Zn,
21.92Al, and 1.81Cu). Two kilograms of alloy were
melted in a SiC crucible and poured into an iron mold to
obtain ingots of approximately 180 g each. The
microstructure examination of Zn-22Al-2Cu alloy and
a qualitative chemical analysis of the phases formed
were determined with the JEOL* 6300 scanning electron

microscope (SEM) and with the energy dispersive
spectra (EDS) analysis. Images were obtained to differ-
ent magnifications with backscattering electrons of 15
kV and 10 A. The Zn-22Al-2Cu alloy was analyzed in an
X-ray Bruker D8 Focus with monochromatic Cu Ka

radiation working in a h/2h configuration. Data were
collected in an angular range from 30 to 90 deg with a
step size of 0.02 deg and a counting time of 2 deg min�1.

B. Spherical NaCl Particles

In order to manufacture spherical particles, the
as-received NaCl particles were melted using a propane
gas torch; the liquid was dispersed in drops by an
airstream, and the drops were solidified in flight as they
fell. The salt particles produced retain a spherical shape
due to the surface tension of the liquid after solidifica-
tion. Then the spherical NaCl particles were sieved to
obtain the size fractions of 0.39 to 0.63 mm, 0.56 to 0.89
mm, and 0.49 to 1.27 mm with the average particles sizes
of 0.50, 0.69, and 0.95 mm, respectively. The salt
circularity was determined by optical microscopy and
the analyzer Image J 4.1 along with Eq. [1]:

h ¼ 4p
A

P2

� �
½1�

where A is the area and P is the perimeter of the particle.
A circularity (h) = 1 is for a circle.

C. Infiltration Casting

A centrifugal-replication process was used for the
manufacture of open-cell foams from Zn-22Al-2Cu
alloy. Figure 1 shows a scheme of the experimental
arrangement used to produce the composites and further
the open-cell foams after leaching the preform. This
arrangement is constituted by two electrical resistance
furnaces (Figure 1(a)) and a centrifugation system
(Figure 1(b)). One of the furnaces contains a SiC
crucible loaded with the alloy, and the other one
contains a stainless steel cylinder loaded with salt
previously produced. Both furnaces are equipped with
a control temperature unit. Figure 2 shows the appara-
tus used for the centrifugal casting. The system is
constituted by the centrifugation chamber, a variable
frequency drive, and a motor.
The NaCl particles were placed in a stainless steel

cylinder (0.06 m in diameter and 0.15 m in length) and
vibrated to ensure efficient packing. The stainless steel
cylinder is a bipartite dispositive with a hanging system
that allows removal and its easy installation in the
centrifugation chamber, as can be seen in Figure 3. It is
worth noting that the centrifugation chamber contains
two additional stainless steel cylinders that act as
counterweights. Besides, the cylinder has a small orifice
located alongside the wall cylinder, which allows
removal of the air contained in the preform as the
liquid metal front advances.
During the trials, the inner walls of the cylinder were

previously coated with a graphite film to facilitate the
removal of the solidified composite from the mold. The

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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system (salt cylinder) was heated at
923.15 K ± 283.15 K (650 �C ± 10 �C) for about
3 hours in an electric furnace; in this stage, a sintered
preform of 0.07 m in height and 0.06 m in diameter was

obtained. Simultaneously, in the second electric furnace,
an amount of 650 g of Zn-22Al-2Cu alloy was melted at
455 �C, and then the temperature was raised to the
pouring temperature of 873.15 K ± 283.15 K
(600 �C ± 10 �C). The stainless steel cylinder holding
the salt preform and the crucible with the molten alloy
were both extracted from their respective furnaces once
the work temperature was reached (283.15 K (600 �C)
for the preform and 283.15 K (600 �C) for the liquid
alloy). Afterward, the molten alloy was poured into the
stainless steel cylinder, which was transferred immedi-
ately into the centrifugation system. The samples were
infiltrated using a rotational speed in the range of 100 to
150 rpm determined by the NaCl particle size during
5 minutes. Once the stainless steel cylinder was cooled at
room temperature, a Zn-22Al-2Cu/NaCl composite was
extracted from the cylinder. The salt was removed by
introducing the composite in hot water using ultrasonic
equipment to leave an open-cell foam.
Salt and liquid metal interfaces are usually low-wet-

ting systems where the infiltration is a process not
spontaneous; therefore, it requires an external force to
drive the metal into the interstitial spaces of the
preform.[3] In this work, the driving force to carry out
the alloy infiltration was the pressure generated by a
centrifugal force. Nishida et al.[15] introduced a rela-
tionship between the revolution number and the fluid
pressure, which acts on the preform surface (Eq. [2]),
considering that x = 2pN:

P ¼ qmx
2

2
r21 � r20
� �

½2�

where x is the angular velocity, N is revolutions per
second, qm is the density of the molten metal
(qm = 5400 kg m�3), and r1 is the distance from the
center of rotation to the inner surface of the preform
(r1 = 0.275 m). The cylinder was placed at 0.215 m
from the center of rotation, and r0 is the thickness of the
molten alloy at the beginning of the operation
(r0 = 0.055 m). A scheme with dimensions of the
system under centrifugation is shown in Figure 4.
The rotational speeds (N) used to achieve complete

infiltration were 100, 120, and 150 rpm, which are
equivalent to 1.7, 2.0, and 2.6 rev s�1 for particles of
0.50, 0.69, and 0.95 mm, respectively.

Fig. 1—Schematic drawing of the experimental arrangement used to produce the composites by a centrifugation-replication method: (a) electrical
furnaces and (b) centrifugation system.

Fig. 2—Photography of the apparatus used for the manufacture of
foams by the centrifugal-replication method.

Fig. 3—Stainless steel cylinder with hanging system.

274—VOLUME 49A, JANUARY 2018 METALLURGICAL AND MATERIALS TRANSACTIONS A



Inserting the previous data in Eq. [2], the experimen-
tal fluid pressure, which acts on the preform top surface
(the surface in contact with the molten metal column at
the beginning of the operation), was obtained for each
particle size and is listed in Table I. In order to perform
a constant infiltration pressure experiment, the angular
velocity was raised as fast as possible up to a given value
and kept constant.

D. Foam Characterization

The Zn-22Al-2Cu alloy foams were cut on the cross
section in order to obtain cylindrical samples to evaluate
their density and cell structure. The Zn-22Al-2Cu foam
density (q*) was determined by a volumetric method
considering the weight and the geometry of the

cylindrical samples. The relative density (qrel) was
obtained from the ratio between the Zn-22Al-2Cu foam
density and the metal matrix density (qZn-22Al-2Cu =
5400 kg m�3). The porosity (Pr pct) of the Zn-22Al-2Cu
foams was calculated according to Eq. [3]:

Pr pctð Þ ¼ 1� q�=qZn�22Al�2Cuð Þ � 100 ½3�

The cell structure and microstructure were observed
using the JEOL 6300 SEM along with EDS analysis.
Cylindrical compression samples were obtained from

metallic foams of 20 mm in diameter and 16.6 mm in
height, according to the ASTM E-09 Standard. Uniaxial
compression tests were performed using a universal
testing machine (Shimadzu 100 kN/10 ft capacity). All
tests were applied under displacement control with a
constant crosshead speed of 0.5 mm min�1 (with strain
rate of 3 9 10�3 s�1). Stress strain was deduced from
the recorded load-displacement data, which were
recorded using a data acquisition unit and a computer.
The stress-strain data are reported in terms of engineer-
ing stress and strain.

III. RESULTS AND DISCUSSION

A. Base Alloy

Figure 5 shows SEM micrographs of the
Zn-22Al-2Cu alloy as cast. The Zn-22Al-2Cu alloy
consists of a eutectic microstructure, where dark and
bright areas correspond to aluminum-rich (a) phase and
zinc-rich (g) phase, respectively. The microstructure
shows a fine inter lamellar structure characterized by
regions of a and g phases. Also, the presence of small
copper amounts was observed by SEM microanalysis

Fig. 4—Schematic drawing of the system under centrifugation.
Drawing not to scale.

Table I. Operational Parameters for the Manufacture of Zn-22Al-2Cu Foams by the Centrifugal-Replication Process

df (mm) TNaCl [K (�C)] TZn-22Al-2Cu [K (�C)] Nexperimental (rpm) Nexperimental (rev s�1) Pexperimental (kPa)

0.50 873.15 (600) 873.15 (600) 150 2.6 18.137
0.69 873.15 (600) 873.15 (600) 120 2.0 11.607
0.95 873.15 (600) 873.15 (600) 100 1.6 7.429

Element wt. % wt. %

Al-K 2.1 23.91

Cu-K 2.05 1.91

Zn-K 95.85 74.18

a

b

Fig. 5—SEM micrograph of Zn-22Al-2Cu alloy in the as-cast condition.
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results and confirmed by the XRD pattern of the
Zn-22Al-2Cu alloy, as observed in Figure 6. In addition,
an aluminum-rich (a) phase, a zinc-rich (g) phase, and
the intermetallic (e) phase corresponding to CuZn4 are
observed in Figure 6. Torres-Villaseñor et al.[16]

reported that copper addition to Zn-Al alloy originates
new intermetallic phases (t’ and e), which undergo
time-dependent transformations into equilibrium
phases, and it increases the strength and creep resistance
in the material without seriously compromising the
superplasticity.

B. NaCl Morphology and Particle Size Distribution

Figure 7 shows the morphology and particle size
distribution of NaCl particles used as space holders for
the preparation of the preforms. The circularity of NaCl
particles of 0.940, 0.946, and 0.933 corresponding to an
average size of 0.50, 0.69, and 0.95 mm, respectively,
was determined. It can be concluded that the method-
ology used for the manufacture of spherical particles of
NaCl allows satisfactorily obtaining round particles.

C. Foams Produced

Figure 8 shows open-cell Zn-22Al-2Cu alloy foams
manufactured by the centrifugal casting process using a
NaCl preform of the three spherical NaCl particle sizes
evaluated. Images of the Zn-22Al-2Cu/NaCl composite
and Zn-22Al-2Cu foams produced by the centrifu-
gal-replication method, after they were cut and
machined for the three different spherical NaCl sizes,
are shown in Figure 9. It can be observed from
Figures 8 and 9 that all samples had a homogeneous
infiltration of the Zn-22Al-2Cu alloy into the space
holder for the three different NaCl sizes. SEM images of
foams produced using the 0.50-, 0.69-, and 0.95-mm
spherical NaCl particles are shown in Figure 10.
For all samples, the structure is typical of open-cell

metallic foams with interconnected pores. For the three
NaCl particle sizes, the pores of the foams have a
near-spherical shape with equivalent size and circularity
to the NaCl particle size distribution shown in
Figure 10.
The experimental pressures determined based on

Eq. [2] are shown in Table I. The optimal temperature
of the preform and the alloy during the casting are also
summarized.
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Fig. 6—XRD pattern of Zn-22Al-2Cu alloy.
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Fig. 7—NaCl spherical particles and particle size distribution produced for a mean diameter of (a) 0.50 mm, (b) 0.69 mm, and (c) 0.95 mm.
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During the infiltration of a liquid in a porous
medium, infiltration pressure can also be considered as
a measure of the resistance of the porous medium to the
infiltration of the liquid. From Table I, it can be seen
that the experimental pressure is decreased when the
diameter of the particle is increased. The behavior of this
system is explained according to Darcy’s Law
(Dp = �lv/K), where the pressure needed to infiltrate
a liquid in a porous medium is inversely proportional to
the permeability, and the permeability (K) of the
preform is proportional to the square of the mean
particle diameter (K / d2f ).

[17] The results obtained

showed that the permeability of the preform is very
sensitive to the particle size, especially for the particle
size of 0.95 mm, where only 7.429 kPa was necessary to

achieve complete infiltration. On the other hand, it is
expected that the pressure at the infiltration front will be
increased from the beginning to the end of infiltration
due to the centrifugal pressure being proportional to the
distance from the center of rotation, and the additional
response of the air compression must also be considered.
It can be concluded that the pressure needed to
manufacture Zn-22Al-2Cu/NaCl composites under the
conditions studied in this work is relatively low, obtain-
ing a complete infiltration of the molten alloy into the
interstitial spaces of the preform.

D. Foam Characterization

The as-cast Zn-22Al-2Cu alloy foam was cut along
the longitudinal direction to observe the microstructure
at different zones according to the metal front advance-
ment, as can be observed in Figure 11. It was observed
that the microstructure in different regions through the
infiltration front is composed of dendrites as well as fine
lamellar eutectic structures. SEM micrographs of the
open-cell Zn-22Al-2Cu alloy foams were captured from
the different regions presented in Figure 12.
The air-cooled foam shows the same microstructure

identified in the as-cast alloy condition for the different
regions evaluated. These are bright regions that corre-
spond to the zinc-rich phase (g), and the darker gray
regions relate to the (a) solid solution richer in Al; the
addition of copper formed a copper-rich (e) phase in the
interdendritic regions. Despite the fact that different
centrifugal force fields were needed in each case accord-
ing to the permeability of the bed, it was observed that
the rate of cooling imposed by the angular velocity of
the cylinder and its surroundings did not show any
appreciable effect on the final microstructure of the
Zn-22Al-2Cu foam. In our case, the same temperature
between the preform and the molten alloy [873.15 K
(600 �C)] did not form a thermal gradient; therefore, a
slow solidification process was carried out, allowing
similar microstructures of the whole casting ingot to be
obtained.

Fig. 8—Open-cell Zn-22Al-2Cu foams manufactured to pore size of (a) 0.50 mm, (b) 0.69 mm, and (c) 0.95 mm.

1 cm

(a)

1 cm 1 cm 1 cm

(b)

Fig. 9—Images of the (a) Zn-22Al-2Cu/NaCl composite and (b)
Zn-22Al-2Cu foams after they were cut and machined.
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Table II summarizes the experimental results of the
foams obtained with different pore sizes. It can be
observed that the density (q*) and the relative density
(qrel) of the open-cell Zn-22Al-2Cu foams decrease when
the pore size is increased from 0.50 to 0.95 mm.
Furthermore, the porosity increased with increasing
pore size, reaching a value up to 63 pct for the NaCl size
of 0.95 mm. The size and shape of NaCl particles have a
considerable effect on large scale structural features,
such as cell-strut thickness, pore size overall porosity
fractions, and mechanical properties of the open-cell
foams.

The relationship between the pore size and porosity
are observed in Table II, where the values obtained in
this work are compared with others previously
reported.[13,14] In this work, the porosity was increased
from 58 to 63 pct, when the pore size was increased from
0.50 to 0.95 mm. Siron et al.[14] manufactured Zn-22Al
foams by the replication method and NaCl as a preform.
They obtained a pore size in the range from 0.84 to 3.9
mm with porosities in the range from 64 to 74 pct,
respectively, under an infiltration pressure of 6 MPa.
Casolco et al.[13] manufactured Zn-Al-Cu foams by the
replication method and obtained pore sizes in the range

(a) (b) (c)

500 µm 250 µm 500 µm

Fig. 10—SEM images of Zn-22Al-2Cu foam cell structure with different pore sizes: (a) 0.50 mm, (b) 0.69 mm, and (c) 0.95 mm.
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Fig. 11—Representative cross-sectional microstructure of the open-cell Zn-22Al-2Cu alloy foam produced by the centrifugal-replication process.
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from 2.3 to 3.9 mm without any external force. This
helps infiltration because the resistance of the porous
medium to the infiltration of the liquid is low based on
the particle size used to pack the preform; on the
contrary, no use of external force requires a column of
metal relatively high, considering that the pressure
exerted in the preform surface is proportional to the
height of the fluid column (qgh). They reported that
porosity was increased with the smallest grain size,
contrary to the results obtained in this work. It is

commonly accepted that the porosity is increased when
the pore size is increased.[17] It is clear that in order to
decrease the pore size by the replication method, an
external force is required to achieve an adequate
infiltration. The porosity results obtained in this work
are in good agreement with the results reported by Siron
et al.[14]; however, in this work, the pressure required to
achieve completely was significantly lower. It has been

Element wt. % wt. % Element wt. % wt. % Element wt. % wt. %

Al-K 2.56 24.88

Cu-K 2.71 2.10

Zn-K 94.73 73.02

Al-K 1.16 19.94

Cu-K 2.41 2.40

Zn-K 96.43 77.66

Al-K 3.21 23.84

Cu-K 2.19 2.20

Zn-K 94.60 73.96

(b)

25 µm

(a)

25 µm

(c)

10 µm

Fig. 12—SEM micrographs of open-cell Zn-22Al-2Cu foam produced by the centrifugal-replication process for different zones: (a) (A) upper
specimen, (b) (D) middle specimen, and (c) (F) corner zone.

Table II. Experimental Densities, Porosity, and Pore Size of the Zn-22Al-2Cu Alloy Foams

Pore
(size mm�1)

Density
(q* kg�1 m�3)

Relative Density
q*/qZn-22Al-2Cu Pr (Pct)

Average Cell-Strut
Thickness (mm)

0.50 2281.86 0.423 58 0.4
0.69 2172.56 0.402 60 0.52
0.95 1984.64 0.368 63 0.76

50 55 60 65 70 75
0

2
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 Casolco et al.
 This work.
 Sirong et al.
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Fig. 13—Pore size vs percent porosity of present results along with
previous work.

Fig. 14—Compressive stress-strain curves for Zn-22Al-2Cu foams
with different pore sizes.
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reported[18] that high infiltration pressures may lead to
the presence of faults as small intrusions into the center
of the cell foams. In this work, the SEM images of
Figure 10 did not show any evidence of cracking or
chipping of the particles or faults due to the low
infiltration pressure applied (Figure 13).

The influence of the pore size on the mechanical
properties of the open-cell Zn-22Al-2Cu foams was also
analyzed in the present work. The compressive stress-
strain curves of open-cell Zn-22Al-2Cu foams with
different relative densities and pore size are shown in
Figure 14. In all cases, the curves display (I) an initial
linear elastic region, where stress increased almost
linearly at very low stress (smaller than 0.05); followed
by (II), a plastic plateau stage, where the stress increased
slowly as the strain proceeded, due to the plastic
deformation of the cell struts; then a densification stage
registered at 0.5 to 0.7 pct strain (III), where stress raised
strongly with a slight increase of the strain, due to the
densification of the collapsed cells. The foam compres-
sion curves obtained are smooth, without the presence
of oscillations or serrations in the plateau regions that
are commonly observed in open-cell Zn-Al foams
manufactured by powder metallurgy[9] or by melt route
adding a blowing agent.[19,20]

The mechanical properties of the Zn-22Al-2Cu foams
obtained by compression test are listed in Table III. The
results show that all mechanical parameters, yield stress
ry
*, plateau stress rpl, and Young’s modulus E, increase

when the relative density increases and the pore size
decreases. The reduction of the pore size increased the
relative density and decreased the cell strut thickness of
the open-cell Zn-22Al-2Cu foam; consequently, the
mechanical properties were also increased. For instance,
the highest mechanical properties, yield strength ry

*

(8.6 MPa), Young’s module E (0.559 GPa), and average
Plateau stress rpl (19.3 MPa), were obtained for the
open-cell Zn-22Al-2Cu foam with the lowest pore size of
0.50 mm.

A similar behavior was reported in a previous study
for the open-cell magnesium foams[21] and open-cell
steel foams.[22] These researchers discovered that the
mechanical properties were increased when the porosity
and pore size were decreased. This behavior was
attributed to the hardening capacity of the cell struts
of the foams; i.e., as the pore size decreases, the
porosity decreases and the cell strut of the open-cell
foams becomes thinner, obtaining a refined microstruc-
ture resulting in a higher hardening capacity. There-
fore, an effective hardening of the cell-strut metal of
the foams is produced causing higher stress in the
plastic region.[23]

Another important parameter influencing mechanical
properties is the morphology of the pores. According to
Goodall et al.,[18] open-cell aluminum foams with
spherical pores exhibit higher mechanical properties
compared with open-cell aluminum foams with angular
pores due to stiffness of the angular pores. According to
the results of the open-cell Zn-22Al-2Cu foams of this
work, the mechanical property results were consistent
with those reported for the open-cell Zn-22Al alloy
foams with irregular pore morphology.[24]

A centrifugal infiltration process was used in this
work for the manufacturing of open-cell Zn-22Al alloy
foams. This technique requires simple and economical
casting equipment that allows the infiltration of low
melting point alloys into a salt preform by applying low
infiltration pressure. Some limitations of the present
technique are that the preform needs to be at high
temperature to improve wetting, since the column of
metal is small, and the pressure achieved with such fluid
column is relatively lower than necessary to improve
wetting. Moreover, when permeability of the preform is
low because the NaCl particle used is smaller, the
angular velocity needs to be increased, and it is believed
that this could cause agglomeration of the intermetallic
phases and cracking of the preform.

IV. CONCLUSIONS

The centrifugal-replication method is a suitable tech-
nique for the fabrication of open-cell Zn-22Al-2Cu
foams. The salt particles melted and solidified in air
allow production of a wide range of spherical particle
sizes. Low infiltration pressures were required to obtain
fully dense composites Zn-22Al-2Cu/NaCl. It was pos-
sible to obtain open-cell Zn-22Al-2Cu foams having
nearly spherical cells with 0.50-, 0.69-, and 0.95-mm
diameter. The infiltration pressure required was
decreased as the diameter of the particle was increased.
The porosity of the open-cell Zn-22Al-2Cu foams were
increased from 58 to 63 pct, when the pore sizes were
increased from 0.50 to 0.95 mm. In order to achieve an
adequate melted infiltration in the NaCl preform, it was
necessary to preheat the NaCl preform. The rate of
cooling imposed by the angular velocity of the cylinder
and its surroundings did not show any appreciable effect
on the final microstructure of the open-cell Zn-22Al-2Cu
foam. The highest mechanical properties, yield strength
ry
* (8.6 MPa), Young’s modulus E (0.559 GPa), and

plateau stress rpl (19.3 MPa), were obtained for open-
cell Zn-22Al-2Cu foams with the smallest pore size of
0.50 mm and the highest relative density, qrel = 0.423.

Table III. Mechanical Properties of the Open-Cell Zn-22Al-2Cu Foams

Pore Size (mm) Yield Strength r*y (MPa) Elastic Modulus E (GPa) Average Plateau Stress rpl (MPa)

0.50 8.6 0.559 19.3
0.69 7.0 0.365 15.57
0.95 4.5 0.234 8.47
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