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In this study, Zn-Al matrix composite foams reinforced with Al,03 short fibers (Al,03¢/Zn-Al compos-
ite foams) were fabricated with the melt foaming process. The compressive properties and the energy
absorption characteristics of the composite foams were investigated. To obtain the failure behaviour, the
deformation of the composite foams was observed by scanning electron microscope (SEM). The results
show that the microstructures of the foams have a significant effect on the compressive behavior of the
composite foams. The strengthen mechanisms of the fiber on compressive properties of the composite
foams were presented. Furthermore, the composite foams exhibit a high energy absorption characteristic.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metallic foams are considered as the structural and functional
materials, which can be used to absorb impact energy during the
collision. Therefore, they are adopted for protective aim in the traf-
fic and aerospace industry [1,2].

Metallic foams can be produced by melt foaming process [1-3].
In this fabrication technique, some viscosity increasing agents such
as SiC, SiO, and MgO particles are added into metallic melt in order
to make the melt get an appropriate viscosity. Some researchers
suggested that the viscosity increasing agent not only stabilized the
cell wall but also affected the mechanical properties of the foams
[3-7].

Generally, the mechanical properties of metallic foams depend
on the relative density of the foams, the macrostructure of the
cell, and the microstructure of the cell wall material [7-10]. There
have been considerable researches about the effect of the cell
macrostructures on the mechanical properties of the foams. How-
ever, the studies on the correlation between microstructure and
compressive properties of metallic foams are scarce. Some investi-
gations exhibited that the secondary phase or component such as
viscosity increasing agent, the brittle phase and eutectic phase in
cell wall material is an important factor affecting the mechanical
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response of the foams [9-14]. Markaki and Clyne [13] examined
the mechanical properties of three closed-cell foams with similar
relative densities and cell structures but evident differences in cell
wall microstructure and found that cell wall ductility and tough-
ness were impaired by high volume fractions of coarse eutectic,
fine oxide films, and large brittle particles. Moreover, Yu and co-
workers [9] found that the presence of SiCp particles in ZA22-SiCp
composite foams resulted in large stress fluctuation during com-
pression, and this led to a slightly high energy absorption capacity
and a low energy absorption efficiencies as compared with ZA22
foams.

Recently, short fibers utilized as a new kind of viscosity increas-
ing agent were proved available for the fabrication of metallic foams
[15,16]. The comparison between the composite foams reinforced
by short Al,03 fibers and the unreinforced foams in macro-scale
highlighted some advantages of fiber reinforcement [15]. However,
further understandings on the deformation of foams in micro-scale
are still required in order to gain the failure micro-mechanisms of
the composite foams. Thereby, the compressive characteristics of
Al,03¢/Zn-Al composite foams were investigated in this paper.

2. Experimental
2.1. Fabrication of the foams

The materials for preparing foams included ZA22 alloy (22.0 wt.%Al, 1.0 wt.%Cu,
0.03 wt.%Mg, and Zn balance) and Al, 05 short fibers. The mechanical and physical
properties of the short fiber are shown in Table 1. Zn-22AIl composites reinforced
with 1-3vol.% Al,03 short fibers were prepared with stir-casting technique, and
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Table 1
The mechanical and physical properties of the short fibers.

Composition Crystal structure

a-Aly 03 (Wt.%) SiO, (wt.%)

Density (g/cm?)

Strength (GPa) Mean diameter (jum)

80 20 «-Al; 03 Mullite

32 0.8-1.5 11

then it was remelted to 590°C. Afterwards, CaCO; powders used as the blowing
agent were added into the vortex of the composite melt at a stir rate of 900 rpm.
Then the composite slurry was held at 700-720°C for several minutes to allow the
blowing agent to release gas bubbles. Finally, the composite foams were cooled
down.

2.2. Compression tests

The dimensions of the compressive specimens were 15 mm x 15 mm x 30 mm.
The compressive tests were carried out at a nominal strain rate of 2.2 x 103,
The obtained data were used for drawing the compressive stress-strain curves.
In order to obtain the deformational micro-mechanism, the small foam samples
(10mm x 10 mm x 12 mm) were utilized. The rectangular sections of these small
samples were polished, and then the samples were compressed at certain strain.
Afterwards, the polished sections of the samples were observed immediately by
scanning electron microscopy (Model JSM-5310, Japan) without any further metal-
lographic treatment. The whole process is described in Fig. 1.

2.3. Characterization of the foams

The microstructures of the composite foams were observed by means of SEM.
The relative density of the foams, p*/ps, is defined here as the ratio of the apparent
density of the foams (p*) to the solid density of the cell wall material (ps). In this
study, the mean cell size of the foams is about 2.7 mm and the pore shapes are
polygonal.

3. Results and discussion
3.1. Microstructure of the composite foams

Generally, the mechanical properties of metallic foams depend
on the property of cell wall material [4-7], the relative density
[1-3], and the cell structure [8,9]. For Al,03 short fibers reinforced
Zn-22Al composite foams, the microstructure may play an impor-
tant role on the compressive properties of the composite foams.
Therefore, the distribution of the short fibers in the composite
foams was firstly observed to try to clarify the deformation micro-
mechanism of the composite foams.

The distribution of Al,03 short fibers in the composite foams is
shown in Fig. 2. It can be seen that Al,03 short fibers are mainly
situated on three locations in the composite foams: first, some
short fibers entirely embed in the cell wall (Fig. 2(a)). This con-
dition is similar to the distribution of the reinforcements in bulk

Fig. 1. Observational process of composite foams.

metal matrix composites. Fig. 2(a) also indicates the random ori-
entations of Al,03 short fibers in the cell wall because the fibers
are observed in both perpendicular and longitudinal orientation
in the metal matrix. Secondly, according to Fig. 2(b) and (c), some
short fibers partially protruded from the cell wall. This condition
is somewhat different from the microstructure of short fibers rein-
forced bulk metal matrix composites. Thirdly, it also can be seen in
Fig. 2(d) that a single short fiber penetrated through the cell. This
case is evidently different from bulk metal matrix composites. In
addition, it can be observed that the fibers appear to parallel to the
cell wall surface in later two conditions.

3.2. Compressive curves of the foams

The compressive do/de-¢ curve and o-¢ curve of Al,03¢/ZA22
composite foams are shown in Fig. 3. It can be seen that the
compressive o-¢ curve of the composite foams exhibits gener-
ally three regions, i.e. the elastic region, the plastic plateau region,
and the densification region. Precise identifications of densifica-
tion strain and yield strain are difficult for metallic foams because
the stress—strain behavior of metallic foams varies with the type
of foams, the component of alloy, and the fabrication process for
foams [2,8,15]. The densification strain is regarded as the strain at
which the slope of the tangent to the stress—strain curve tends to the
elastic modulus of the matrix metal [17]. The densification strain
was usually determined as the onset of the densification and taken
to be the intersection of tangents to the stress—strain curve for the
cell wall collapse region and densification region, as suggested by
Paul and Ramamurty [18]. However, the application of this method
is somewhat difficult. Thereby, for determining the yield strain and
densification strain, the uniform approach was tried to establish as
follows:

(1) Compressive do/de—¢ curve of the composite foams is drawn
based on the data obtained from the compressive experiment,
as shown in Fig. 3. The stationary points (do/de =0) in the curve
were obtained.

(2) The denotation around the stationary point was checked rang-
ing from =0 to £=0.1. The compressive strength, os, is
identified as the first point around which the left denotation
is positive and simultaneously the right denotation is negative.
The corresponding strain, €, is defined as the yield strain, i.e. the
dividing line between the elastic region and the plastic plateau
region.

(3) The densification strain, €p, is identified as the ultimate station-
ary point in do/de-¢ curves of the foams.

The densification strain and yield strain of composite foams is listed
inTable 2. The value of ¢p is fixed by using the present method, and
&p2 is determined as suggested by Paul and Ramamurty [18]. It can
be seen that the value of ep; is close to that of epy, though there is a
little difference between these parameters. The yield strains of the
composite foams range from 0.022 to 0.052 and the densification
strains of the composite foams are about 0.70, indicating that the
composite foams keep a nearly constant low stress over a wide
range of strain.
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Fig. 2. Distributions of short fibers in the composite foams: Al,03 short fibers (a) entirely embed in the cell wall, (b) and (c) partially protrude from the cell wall, (d) penetrate

through the cells.

Fig. 3. Compressive do/de-¢ curve and o-¢ curve of Al,03¢/ZA22 composite foams.

3.3. Failure micro-mechanisms of the composite foams

Metallic foams could fail by several mechanisms, i.e. elastic
buckling, plastic yielding or brittle crushing, brittle fracture, relying
on the properties of the metal matrix [17].

Table 2

The densification strain and yield strain of Al,03¢/ZA22 composite foams.
Sample Es €Dp1 €p2
1 vol.%Al,05¢/ZA22 0.022 0.74 0.75
3vol.%Al,03¢/ZA22 0.023 0.65 0.68
3 vol.%Al,03¢/ZA22 0.027 0.63 0.66
3vol.%Al,05/ZA22 0.052 0.68 0.70

In present study, the failure of the composite foams in macro-
scale was almost controlled by the plastic yielding and a few
fractures could be found which is reported in our earlier literature
[15]. To understand the failure mechanism in micro-level, these
fracture surfaces were observed by SEM when the composite foams
failed after compression. The observations of the fracture lateral
surfaces after compression revealed that the failures were primar-
ily interfacial or matrix-dominated. Four different failure modes
were obtained as follows:

First, it can be seen from Fig. 4 that the fibers were pulled out
from the metal matrix and the matrix surface presented ductile
dimple. There was some debris of metallic matrix on the surface of
the fiber. Therefore, it can be inferred that the interface can transfer
the load from the matrix to the reinforcement.

Fig. 4. Micrographs of Al,03¢/ZA22 composite foams during compression: the fiber
pull-out of the matrix.
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Fig.5. Micrographs of 1 vol.% Al,03¢/ZA22 composite foams during compression: (a)
a crack in a low magnification; (b) the bond of the matrix/fiber interface disengages
in a higher magnification.

On contrary, a different failure mode was observed from lat-
eral fracture surface of 1vol.%Al,03¢/ZA22 composite foams, as
shown in Fig. 5. The micrograph in a low magnification displays
that the failure starts in the interface between the fiber and matrix
(Fig. 5(a)). The high magnification micrograph of the crack, as
shown in Fig. 5(b), suggests the surface of the fiber is smooth. That
case illuminates the interface is physical combination, which pro-
vides insufficient binding force. Consequently, the poor interface
results in a lower compressive strengths.

Thirdly, the failures are primarily matrix-dominated. The micro-
graph of Al,03¢/ZA22 composite foams during compression is
shown in Fig. 6. It can be seen that the crack occurs in the matrix
rather than the matrix/fiber interface. The progress directions of
crack appear to suggest the fiber has a countercheck to the progress
of cracks.

Fourthly, when the fiber penetrates through the cell, the
strengthening effect of the fiber on the foams is different with
the corresponding bulk composites. As shown in Fig. 7, the failure
appears in the metal matrix without any interfacial debonding. It
can be inferred that the short fiber bears the tensile and bend load,
respectively. In this case, the fibers can restrict the deformation of
the cell structure and reinforce the structural stability, as indicated
in Fig. 8.

It can be concluded from the microstructure observations of the
fracture lateral surfaces that the influencing mechanism of the fiber
on compressive properties of the composite foams can be under-
stood not only by altering the microstructure of Zn-Al matrix alloy
but also by restricting the deformation of the cell structure. As

Fig. 6. Micrograph of Al,03¢/ZA22 composite foams during compression: the crack
appears in matrix rather than the matrix/fiber interface.

shown in Fig. 2(a), the distribution of the short fibers is similar
to that of bulk Zn-Al matrix composites. Therefore, the enhancing
effects of these short fibers are similar to short fibers reinforced
Zn-Al matrix composites [19,20]. Another enhancing effect can be
understood from the deformation of the cell structure. As shown
in Fig. 2(d), single short fiber penetrates through the cells. In this
case, some cells are coupled with fiber. Increased resistance to
deformation and greater structural integrity are achieved by con-
junctive effect of the fiber. Whichever condition is, the interface of

Fig.7. Deformation and load of short fiber during compression: (a) tensile; (b) bend.
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Fig. 8. Schematic diagram of the deformation and load of short fiber during com-
pression: (a) tensile; (b) bend.

the fiber/matrix is crucial in mechanical properties of the foams.
The stronger interface favors fiber-assisted localized plasticity or
matrix-dominated damage whereas the weaker interface favors
fiber-induced damage.

It should be noted that in this study, it is very useful that the
fiber/matrix interface could be observed and expatiated quantita-
tively instead of speculating. Some researchers carried out the fiber
pull-out test to probe the mechanical properties of fiber/matrix
interface. They found that the low strength of the composite is the
direct consequence of weak bonding of the interface [21,22]. Note
that the illumination of the interface for the composite foams is
rather difficult because of a number of irregular holes. Although
the experimental results presented in this study were addressed
phenomenally, further scientific signification was indicated.

3.4. Energy absorption characteristic

One of the important technological properties to estimate the
application of metallic foams is energy absorption characteristic
[1,2,17]. In present study, two parameters, i.e. energy absorption
capacity and energy absorption efficiency were utilized to evaluate
the energy absorption characteristic of the composite foams.

Fig. 9. Energy absorption capacities of 3 vol.%Al,03¢/ZA22 composite foams with
different relative densities.

Fig.10. Energy absorption capacities of Al;03¢/ZA22 composite foams with different
volume fractions of reinforcement.

Energy absorption capacity of metallic foams can be obtained
from the stress—strain curve [1,2], namely:

W:/ ode )
0

where W is energy absorption capacity, ¢ the compressive strain,
and o the compressive stress.

Energy absorption efficiency can be calculated using the follow-
ing method [23]:

&€
B o ode
max olje

3)

where I'is energy absorption efficiency, and max o|j is the maximal
stress.

It is generally accepted that metallic foams can dissipate energy
by the yielding, buckling, fracture of the cell structure, the fric-
tion between the cell wall fragments, and sticky flow of the gas
trapped in the foams [17]. While for Al,03¢/ZA22 composite foams,
the additional dissipating energy mechanism, i.e. the fiber pull-out
energy and the debonding energy of fiber/matrix interface which
is observed in Section 3.3, is responsible for the energy absorption.

The energy absorption capacities of Al,03¢/ZA22 composite
foams are shown in Figs. 9 and 10. The energy dissipated by the
composite foams during compression increases with increasing
relative density. The composite foams absorb little energy in the

Fig. 11. Energy absorption efficiencies of 3 vol.%Al,03¢/ZA22 composite foams with
different relative densities.
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Fig. 12. Energy absorption efficiencies of Al,03¢/ZA22 composite foams with differ-
ent volume fractions of reinforcement.

elastic region whereas they can dissipate much plenty of plastic
deformation energy in plastic plateau region. Moreover, the foams
exhibit a dependence on the volume fractions of the reinforcement.
Therefore, it is drawn that the energy absorption of the composite
foams derives from the resistance of metallic matrix and fiber to
the compressive loads.

Energy absorption efficiencies of Al,03¢/ZA22 composite foams
are shown in Figs. 11 and 12. It can be seen that the energy absorp-
tion efficiency exhibits an irrelevant tendency to relative density
and the volume fractions of the reinforcement. Also, the high energy
absorption efficiencies of Al,03¢/ZA22 composite foams keeping
about 0.8 during the plastic plateau region indicates that the com-
posite foams possess high energy absorption characteristic.

4. Conclusion

The deformation and energy absorption characteristic of
Al;03¢/Zn-Al composite foams during compression were inves-
tigated. It is clear that, besides noticeable features like relative
density, the microstructure of the foams do have a significant influ-
ence on the compressive behavior of metallic foams. There are three

kinds of distributions of short fibers in the composite foams: Al;03
short fibers entirely embed in the cell wall, or partially protrude
from the cell wall, or penetrate through the cells. The presence of
the fibers affects compressive properties of the composite foams
not only by influencing the microstructure of Zn-Al matrix alloy
but also by restricting the deformation of the cell structure. The
strength of the fiber/matrix interface is crucial in affecting the
mechanical properties of metallic foams. The energy absorption
capacity of the composite foams during compression increases
with increasing relative density and the content of reinforcement
whereas the energy absorption efficiency exhibits irrelevant ten-
dency to relative density and the content of reinforcement.
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