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Abstract

Glass microballoon filled ZA8 alloy matrix syntactic foams are studied for the effect of heat
treatment on the microstructure, compressive properties and energy absorption capacity.
Normalizing and quenching resulted in reduction or dissolution of eutectic (a+m) phase in the
matrix alloy. Blocky Al3Ni precipitates were observed in the matrix due to the reaction between

matrix and the nickel coating of the particles. The average density and porosity of the syntactic



foam were around 3 g/cm® and 51.5%, respectively. The heat-treated composites had higher yield
strength, compressive strength, plateau stress, densification strain and energy absorption capacity
than the as-cast composite. The normalized and quenched composites showed the highest
compressive strength, plateau stress and energy absorption capacity. In fact, their highest values
were 216.8 MPa and 211.9 MPa, 226.9 MPa and 223.4 MPa, and 125.3 MJ/m® and 117.7 MJ/m”,
respectively. The improvement in the compressive properties is attributed to composition
homogenization of alloying elements and relief of the residual stresses. The superior properties
of syntactic foams compared to those of the conventional metal foams suggest their potential

applications in marine vessels and submarine structures.

Keywords: ZA8 alloy; Zinc alloy; syntactic foam; heat treatment; compressive property; energy

absorption.

1 INTRODUCTION

Zinc alloys have found numerous applications due to their castability, ease of machining and
corrosion resistance [1-3]. Nearly half of the world's consumption of zinc is in the form of
coatings, especially for corrosion protection of steel. However, high density (~7.1 g/cm®) and
low melting temperature of Zn-alloys are limitations in many potential applications, which can
benefit from development of lightweight zinc matrix composites, particularly syntactic foams.

Metal matrix syntactic foams (MMSFs) are synthesized by dispersing hollow particles in a
2



metallic matrix [4-6]. The presence of porosity in the form of hollow particles provides these
materials with closed-cell structure and makes them lightweight compared to the matrix alloy.
Available studies on a variety of MMSFs have shown that these composite foams can possess
high energy absorption, damping of sound and vibration, heat insulation, and specific stiffness [7,
8]. Many existing applications of zinc alloys in automobiles and marine vessels can benefit from
development of lightweight syntactic foams [9].

Aluminum [10-14], steel [15, 16], titanium [17, 18] and magnesium [19-22] matrix syntactic
foams have been studied in recent years, which show great potential for the concept of
incorporating hollow particles for obtaining lightweight composites with desired properties.
These studies have shown that syntactic foams have higher strength and modulus than gas
porosity foams at the same density levels. Open-cell and closed-cell zinc foams have also been
studied. Heydari et al. [23] synthesized ZA22 alloy closed-cell foams by means of melt foaming
using a hydride foaming agent. The resulting foam was found to have high compressive strength
but fractured in brittle mode. Sanchez-Martinez et al. [24] used NaCl particles as space holders
to fabricate Zn-22Al-2Cu open-cell foams by means of centrifugal infiltration casting process.
After solidifications, the NaCl particles were completely dissolved in water using ultrasonic
vibrations. These open-cell Zn-22Al-2Cu foams showed increased compressive properties with
decreasing pore size. Liu etal. [25] fabricated Zn-Al matrix composite foams reinforced with

Al,O3 short fibers by means of melt foaming process. The microstructure of the foam was found to



have a significant effect on the compressive behavior and the composite foam exhibited improved
energy absorption characteristics.

Liu etal. [26, 27] used CaCOj3 as blowing agent to fabricate closed-cell ZA22 foams by melt
foaming method. The study shows that the compressive strength and energy absorption capacity of
foams under dynamic loading are much greater than those under quasi-static loading condition for
certain relative density, which demonstrates remarkable strain rate sensitivity. The plastic collapse
stress of ZA22 foams increases with increasing relative density. The relationship between relative
plastic collapse stress and relative density was found to follow the Gibson-Ashby model.

Liu et al. [28] used SiC particles as reinforcement and stabilizing agent, and CaCO3 as blowing
agent to fabricate ZA22/SiC, composite foams. The results show that the presence of the SiC,
makes the composite foams more brittle and causes larger stress fluctuation than Zn-22Al alloy
foams under compressive loading. However, the composite foams exhibit slightly high energy
absorption capacity, although low energy absorption efficiency, as compared with ZA22 foams.
Liu et al [29] prepared Al,O3 short fiber reinforced closed-cell ZA22 composite foams by means
of melt foaming method using CaCO3 as blowing agent. The experimental results indicated that
ZA22/Al,03 composite foams show better compressive properties than ZA22 foams. The
compressive curves of the composite foams exhibited a smooth plateau region. Kitazono [30]
used the powder metallurgical process to prepare closed-cell Zn-22Al eutectoid alloy foams. The

heat treated ZA22 foams show ductile compressive deformation at room temperature. The strain



rate sensitivity exponent and absorbed energy were much higher than those of the conventional
aluminum foams.

Research on Zn-based syntactic foams is scarce [31]. A study used stir casting method to
synthesize ZA22 alloy matrix syntactic foams with varying volume fraction of Ni-coated fly ash
cenospheres [31]. The results showed that the foam displayed superior compressive properties
and energy absorption capacity compared to those of the conventional foams, suggesting their
potential use in engineering structures.

Melt infiltration methods are promising for synthesizing metallic syntactic foams due to their
relatively low cost and near net-shape forming of parts [5, 32, 33]. Such methods are capable of
producing syntactic foams with high volume fraction of particles because a packed bed is first
created to infiltrate with molten metal. In the present work, the pressure infiltration method is
used so that lightweight syntactic foams with a high particle content can be synthesized. The
syntactic foams are subjected to various heat treatment conditions and then investigated for

microstructure and compressive behavior and energy absorption capacity.

2 EXPERIMENTAL PROCEDURES

2.1 Pressure infiltration casting process

ZAS8 zinc alloy from Rotometals with nominal composition of 8-9 wt.% Al, 1 wt.% Cu, and
90-91 wt.% Zn was used as the matrix. K46 glass microballoons (GMBs) supplied by 3M were

used as reinforcement. These GMBs have nominal true particle density of 460 kg/m® and
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diameter of 40 um. GMBs were coated with Ni using a sputter coating method to promote
interfacial bonding with the matrix alloy. Borosilicate glass tubes of 15 mm diameter were used
as mold for synthesizing syntactic foams. The glass tubes were coated with super enhanced
graphite to avoid possible reactions at the tube surface. The tubes were tap-packed with Ni
coated GMBs to a height of 25 mm. A 2-mm-thick layer of zirconia felt was placed on top of the
GMB bed and an ingot of ZA8 alloy was placed on top of the felt layer as illustrated in Fig. 1.
The zirconia felt acts as a filter to remove the oxide layer from the molten metal and a barrier to
avoid any reaction between the molten matrix and the reinforcement before infiltration. The
assembly was heated in a furnace under vacuum to 525 °C and held at this temperature for 60
minutes, at which time the alloy had fully melted and created a uniform seal on the inner
perimeter of the borosilicate glass tube (Fig. 1a). Then, the chamber of the furnace was
pressurized to 1 MPa by argon gas and held for 5 minutes (Fig. 1b). The pressure difference
between the particle bed and outside of the tube causes infiltration. The remaining ZA8 melt
above and the syntactic foam below the zirconia felt were furnace cooled together. The solidified

alloy portion was also tested to obtain the baseline alloy properties.

2.2 Heat treatment process
The existing data about heat treatment of ZA8 alloy is scarce so a variety of treatments were

designed in this study as described in Table 1 [34]. The heating temperatures were set under



365°C because ZA8 alloy melts between 375~390°C. The heat treatment experiments were

performed in a Thermo Scientific Thermolyne Furnace (Model type: F6000).

2.3 Microstructure and phase analysis

Specimens for microstructural observations were prepared using standard metallographic
procedures, including grinding, polishing, and etching. The as-cast specimens were freeze
fractured and sputter coated with gold before scanning electron microscopy. A Hitachi S-3400N
scanning electron microscope (SEM) was used to observe microstructures of ZA8 syntactic foam
and the matrix alloy. An energy dispersive spectroscope (EDS) was used to detect the phase

compositions and elements.

2.4 Quasi-static compression testing

Specimens of nominal dimensions 7 mm diameter and 3.5 mm thickness were machined from
the cast pieces and were tested using an Instron 4467 universal testing frame. Crosshead velocity
was maintained constant during the test as per initial strain rate of 2.6X10° s, Load and
displacement data recorded during the experiment were used to generate the engineering

stress-strain curves from which the material properties are calculated.



3 RESULTS AND DISCUSSION

3.1 As-cast microstructure

Fig. 2 shows microstructure of the as-cast ZA8 alloy and syntactic foams. Well-developed
primary Zn-rich dendrites surrounded by the lamellar eutectic structure are observed in the alloy
in Fig. 2(a). It has been reported that the eutectic transformation occurs at 382 °C with
a-aluminum rich face centered cubic phase and n-Zn rich hexagonal close packed phase [35, 36].
Fig. 2b shows microstructure of the polished syntactic foam (the bright filling inside some
GMBs is polishing debris). GMBs are distributed uniformly in the matrix and retained their
sphericity despite a rigorous synthesis process. In the ZA8 matrix, the primary Zn-rich phase and
discontinuous lamellar (o+n) eutectic mixture were observed. In the higher magnification image
Fig. 2(c), dark blocky phases distributed in the matrix are observed. Compared to these images of
polished specimens, Fig. 2(d) shows freeze fractured surface of a syntactic foam, where only a
few crushed GMBs are observed but most of the GMBs are intact. GMBs crushed during
synthesis can be identified because they are usually filled with matrix alloy. GMBs with defects
or thin walls are among those that break during synthesis.

Fig. 3 shows the locations where EDS analysis is conducted to determine the composition of
various phases in the syntactic foam microstructure. According to the results presented in Table
2, the atomic ratio of Al and Ni in the dark blocky phases is about 3:1, corresponding to AlsNi
intermetallic phase. The nickel surface coating of GMBs dissolves during syntactic foam

synthesis, leading to formation of these intermetallic precipitates. The formation of AlsNi phase
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has been reported in aluminum matrix composites below the Al-Al3Ni eutectic temperature of
640°C [37, 38] and this appears before the zinc-aluminum liquidus phase starts solidifying. The
formation of Al3Ni phase consumes aluminum from the liquidus phase, which reduces the
volume of eutectic lamellar structure and increases the primary zinc-rich phase in the
microstructure. Therefore, the matrix microstructure in syntactic foams resembles that of zinc
alloys with low aluminum content, such as ZA3 alloy [39]. EDS results on the GMB surface

shown in Fig. 4 provide evidence of dissolving the Ni layer from GMBs surface.

3.2 Microstructure of heat treated specimens

Microstructures of syntactic foams subjected to various heat treatments listed in Table 1 are
presented in Fig. 5. Annealing (furnace cooling) results in coarser (a+n) eutectic mixture in Fig.
5a compared to the as-cast syntactic foam (Fig. 2c). In comparison, the normalized
microstructures shown Fig. 5b and Fig. 5¢ and the quenched microstructure shown in Fig. 5d
have little eutectic mixture in the matrix. The solution-aged microstructures presented in Fig.
5e-g, show fine (o+n) eutectic precipitates distributed in the matrix. In addition, some dark,
blocky precipitates also appear in the matrix close to GMBs in all heat treated syntactic foams,
which is confirmed to be Al3Ni by EDS results presented in Fig. 6. These precipitates show some
deviation from the ideal composition due to the dissolved Zn and Cu elements. Al3Ni
intermetallic is a common phase seen in Al-Ni alloys [38, 40, 41] and it is known to provide high

temperature strengthening. Little change can be found in the morphology of AlsNi phase after



heat treatment, which is attributed to the long term thermal stability of this phase under 508°C
[42]. These observations show that the cooling rate is one of the primary factors affecting the
microstructure in these materials. The lower cooling rate in annealing produces coarse (o-+n)
eutectic structure, while higher cooling rates of normalizing and quenching produce suppress
precipitation of eutectic mixture. The fast cooling rate of quenching combined with low aging

temperature can provide the desired combination of grain size and eutectic structure.

3.3 Density and porosity content
The matrix porosity is calculated as 53.2 vol.% using the measured matrix alloy density of 7.2
g/cm? in rule of mixtures. In addition, a Skyscan 1172 micro-CT scanner was used to compute
the volume porosity of the as-cast syntactic foams as 52.9%, which deviates by only 0.3% from
the density based calculations and validates the result. The volume fraction of GMBs (Vs) in the
specimens was theoretically calculated by [43]:
3

Po=V; (1-3) )
where Py, is porosity in syntactic foams, and t and R represent GMB wall thickness and radius,
respectively. The wall thickness of GMBs is estimated to be 1.1 um using true particle density
and particle diameter. It can be observed in Table 3 that there is a very small difference among
densities of the syntactic foams, indicating a homogeneous distribution of GMBs across various
specimens. The average density of the syntactic foam is 3 g/cm®, 51.6% lower than that of ZA8

alloy. This density is also lower than those Zn-based syntactic foams reported by Daoud [31], as
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shown in Table 4 [4, 15, 24, 27, 28, 30, 31, 44-49]. Although porosity in syntactic foams
cannot reach to the level of some metal foams (70-95%), the comparison shows the range of
densities that can be obtained in various foams and these values can be used for calculating

specific properties.

3.4 Compressive behavior

3.4.1 Compressive deformation behavior

Fig. 7 presents the engineering stress-strain curves for syntactic foams tested under quasi-static
compression. The ZA8 alloy shows an elastic limit of about 200 MPa, followed by strain
hardening. Stress-strain curve of ZA8 syntactic foams exhibit three distinct regions: an initial
linear-elastic response up to the peak strength (I), followed by a long stress plateau (11), and the
final densification stage that starts at 50-60% strain (I11). These features are similar to those of
other metal foams [4, 9, 49-52]. Generally, the transition from | to 1l has a distinct peek due to
progressive collapse of GMBs in a small region after the fracture of the first one and the stress at
this peek is taken as the compressive strength. The strain hardening behavior seen in the matrix
alloy is not observed in syntactic foams, making them more suitable for energy absorption and
damping applications. The strain hardening in matrix is balanced by the volume compaction due

to collapse of GMBs to result in the stress plateau in the engineering stress-strain curves.
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3.4.2 Compressive properties

Compressive properties of syntactic foams are presented in Table 5. It can be noted that the yield
strength (oy=00.20%) Of syntactic foams is lower than that of the matrix alloy (229.7 MPa). Heat
treatments have helped in improving the yield strength compared to that of the as cast syntactic
foams. Compressive strength and plateau stress op (average stress between the strain
corresponding to the initial peak (ep) and the densification strain (eq) [53]) are also found to
improve by heat treatments. Fig. 7 shows the tangent method used to calculate ¢4 [25, 51].
Among the heat treatments, 360°C/2h/AC normalizing and 365°C/2.5h/WQ quenching processes
are found to be particularly effective in improving the yield strength, compressive strength and
plateau stress. The highest yield strength, compressive strength and plateau stress appear at
360°C/2h/AC normalizing, which reach up to 176.4, 216.8 and 226.9 MPa, respectively. The
highest yield strength shows more than 100% increase over the as-cast syntactic foam. Moreover,
Table 5 shows the densification strain (eq) has improved after heat treatment, with
365°C/2.5h/AC normalizing process achieving over 18% improvement compared to the as-cast
syntactic foams. The comparison of the compressive strength and plateau stress from the present
work with several conventional metal foams is presented in Table 6 [9, 23, 24, 44, 46, 49, 53-56].
The compressive properties of syntactic foams are higher than those of most of the foams listed
in Table 6, indicating that the Zn matrix syntactic foams can find structural applications.

The higher yield strength, compressive strength and plateau stress of the normalized and

quenched specimens are attributed to finer (a+n) eutectic structure (Fig. 5a) obtained under heat
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treatment conditions compared to annealed and solution-aged specimens. In addition, presence of
high temperature stabile AlzsNi phase, even in small amounts, also contributes to strengthening,
especially because of its fine particle size (<10 pum), similar to previous studies reported on
aluminum alloys [38, 41, 57]. This phase is also expected to improve the high temperature
stability of syntactic foams. There are other possible reasons contributing to the improved
compressive properties of heat treated syntactic foams, which are not fully explored in the study
but are likely to affect the results. First, the contrast among phases in micrographs reduces in all
heat treated syntactic foams compared to the as-cast syntactic foams, which is likely due to
composition homogenization. Second, residual stresses due to difference in thermal expansion
coefficient of matrix and GMB materials may decrease in heat treated specimens compared to
the as cast specimens. These residual stresses achieve different degrees of relief after different
heat treatments and improve the compressive properties to different levels. Third, as seen from
Table 3, densities of all the heat treated specimens are higher than the as-cast specimens.
Improvement in mechanical properties due to densification after heat treatment has been reported
previously [58, 59] and is likely to be a factor in the measured mechanical properties in the

present study.

3.4.3  Energy absorption
The energy absorption capacity (W) is determined by calculating the area under the compressive

stress-strain curve up to the densification strain (e4) by [60]:
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W= [*o(e)de (3)
where W has units corresponding to the energy per unit volume of the material (MJ/m®). The
energy absorption capacity of Zn matrix syntactic foams is given in Table 7, and the energy
absorption capacities at different strains are plotted as Fig. 8. It can be observed that there is no
abrupt transition in the curves at any strain value corresponding to elastic or plateau regions.
Syntactic foams can be divided into three categories based on the energy absorption capacity: (a)
normalized and quenched with W in the range of 117~125 MJ/m? (b) annealed and solution-aged
with W in the range of 102~107 MJ/m® and (c) the as-cast with W. of 75.8 MJ/m?®. This trend of
values with respect to various heat treatments is similar to that observed in the compressive
strength and plateau stress values in Table 5. The comparison of energy absorption capacity
between the present work and metal matrix syntactic foams reported in the published literature is
presented in Table 8 [4, 9, 11, 15, 28, 31, 46, 47, 49, 50, 53, 54, 56, 61-66]. The superior energy
absorption capacity of the present syntactic foams is well above most other foams, indicating that

the Zn syntactic foams can be used in energy absorption applications.

The energy absorption efficiency is defined as the ratio of the energy absorbed by a material to

the energy absorbed by an ideal energy absorber at a given strain and is calculated by [31, 67]:

&
_ Aveal _ foda(e)de

(4)

Aideal Omax €d
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where omax IS the highest compressive stress up to 4. In addition, the specific energy absorption
(Es) is used to describe the crashworthiness of a material. It can evaluate the magnitude of

absorbed energy at the same mass and is defined by [4]:

— WEd
ES B Psf (5)

where W, is energy absorption capacity of the material, and p,f is density. The & and Es of
syntactic foams heat treated under different conditions are given in Table 7. It is observed that
the higher compressive strength and plateau stress correspond to higher energy absorption
efficiency and specific energy absorption efficiency. The group with highest £ and E; is the one
that is normalized and quenched, followed by annealed and solution-aged specimens, while the
values for the as-cast specimens are the lowest. The highest Es is noted for 365°C/2.5h/AC
normalized syntactic foam, 41.8 kJ/kg, which far surpasses the conventional metal foams and is
also higher than the values reported for most metal matrix syntactic foams in Table 8. This
observation indicates that the heat treatment can simultaneously improve the compressive

properties and energy absorption efficiency and can be beneficial for applications.

CONCLUSIONS
The microstructure, compressive properties and energy absorption capability of a ZA8-matrix
syntactic foams filled with Ni-coated GMBs are studied with and without heat treatment. The

main conclusions are summarized as:
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(1) The amount of B-Zn phase and eutectic mixture depend on the cooling rate in the heat
treatment process. The high temperature stable AlsNi phase is stable in the microstructure in
the processing temperature range.

(2) The average density and porosity of the syntactic foam are 3 g/cm® and 51.5%, respectively.
All the heat treated syntactic foams have higher yield strength, compressive strength, plateau
stress and densification strain than the as-cast syntactic foams. The normalized and quenched
foams show higher compressive properties than others, and their yield strength, compressive
strength, plateau stress reach up to 176.4 and 148.1, 216.8 and 211.9, 226.9 and 223.4 MPa,
respectively. Analysis indicates that the improvement in the compressive properties is mainly
attributed to composition homogenization, relief of the residual compressive stress and
presence of AlsNi phase.

(3) The energy absorption capacity and specific energy absorption of the syntactic foams after
normalizing and quenching process are in the range of 117-125 MJ/m® and 39.2-41.8 kJ/kg,
respectively, and for the annealing and solution-aging process, are in the range of 102-107
MJ/m?® and 34-36 kJ/kg, respectively. The syntactic foams show superior energy absorption

capacity than the conventional metal foams and many metal matrix syntactic foams.
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Fig. 1. Schematic representation of the pressure infiltration casting procedure.
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Fig. 2. Micrographs of ZA8 alloy and syntactic foams synthesized by pressure infiltration casting. (a)
ZA8 alloy, (b) as-polished ZA8 syntactic foam, (c) as-polished ZA8 syntactic foam at
higher magnification and (d) freeze fracture surface of ZA8 syntactic foam.
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Fig. 3. Selected regions in the syntactic foam matrix microstructure for EDS analysis.
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Fig. 4. EDS analysis of the surface of a GMB: (a) the region of the GMB surface selected for analysis and (b)
EDS pattern showing various phases present on the surface.
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(9)
Fig. 5. Microstructure of ZA8 syntactic foam after heat treatment. (a) 365°G2.5h/FC; (b) 360°C/2h/AC; (c)

365°C/2.5h/AC; (d) 365°C/2.5n/WQ; (e) 365°C2.5h/WQ+150°C/2h/AC (f) 365°C/5h/WQ+150°C2h/AC; (g)
365°0/2.5h/WQ+150°C5h/AC.
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Fig. 6. EDS analysis of the Al;Ni phase: (a) location of point spectrum and (b) EDS pattern and composition.
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Fig. 8. Energy absorption capacity of syntactic foams at different strains.
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Table 1. Heat treatment processes applied to ZA8 syntactic foams.

Type of heat Temp. Time . Temp. Holding Time Cooling

# Cooling method
treatment °C) () (°C) (h) method

1 Annealing 365 2.5 Furnace cooling — — —
2 Normalizing 360 2 Air cooling — — —
3 Normalizing 365 2.5 Air cooling — — —
4 Quenching 365 2.5  Water quenching — — —
5 Solution-aging 365 2.5  Water quenching 150 2 Air cooling
6 Solution-aging 365 5 Water quenching 150 2 Air cooling
7 Solution-aging 365 2.5  Water quenching 150 5 Air cooling

Table 2. Atomic concentration of various elements in the as-cast syntactic foams (%6).

Spectrum number* Al Ni Cu Zn
R1 3.18 0.00 2.24 94.58
R2 4751 0.00 0.08 52.41
P1 67.27 28.38 3.39 0.97
P2 63.69 31.28 4.79 0.23
P3 64.12 23.56 6.15 6.16
P4 64.63 22.68 1.77 10.91
P5 65.10 31.68 3.22 0.00

*R represents region and P represents point scan in EDS at locations shown in Fig. 3.
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Table 3. Density, porosity and GMB volume fraction in syntactic foams.

. Density Porosity GMB volume fraction
Samples condition s
(g/cm’) (%) (%)

ZA8 matrix alloy (as-cast) 7.2 -- --

Syntactic foam (as-cast) 2.9 53.2/52.9* 63/62.7*
Syntactic foam, 365°¢/2.5h/FC 2.92 52.9 62.7

Syntactic foam, 360°G2h/AC 3.03 51.1 60.6

Syntactic foam, 365°¢/2.5h/AC 3.01 51.5 61.0

Syntactic foam, 365°¢/2.5h/WQ 3.13 49.5 58.7

Syntactic foam, 365°C¢/2.5h/WQ+150°C/2h/AC 2.98 51.9 61.5

Syntactic foam, 365°C/5h/WQ+150°G2h/AC 3.11 49.8 59.0

Syntactic foam, 365°C¢/2.5h/WQ+150°C/5h/AC 2.96 52.3 62.0

Average value (syntactic foam) 3.00 51.5 61.0

*Measured by micro-CT scan and image analysis.

Table 4. Comparison of porosity in some metal cellular foams and the syntactic foam of the present work.

Foam materials Process Porosity (%0) References
ZA8 syntactic foam Pressure infiltration casting 53.2 Present work
ZnAl22 syntactic foam Stir casting 24.5 [31]
ZnAl22 syntactic foam Stir casting 37.7 [31]
Zn-22Al alloy foam Powder metallurgy 30-64 [30]
Zn—22Al alloy foam Melt foaming 59-68 [24]
Zn-22Al foam Melt foaming 82-94.3 [27]
ZA22/SiCp foam Stir-casting+melt foaming 81.4-82.3 [28]
A356/SiCHS syntactic foam Pressure infiltration casting 38 [44]
A2014 Al syntactic foam Stir-casting 23-38 [45]
A356/pumice syntactic foam Infiltration casting ~45 [46]
A355.0/ LECA composite foam Gravity casting 56 [47]
6061 Al syntactic foam Melt infiltration 54 [48]
Ferritic-pearlitic steel foam Gravity-fed infiltration 46 [15]
6082 Al syntactic foam Melt infiltration casting 49-59 [49]
A356 Al/ perlite syntactic foam Counter gravity infiltration casting 79 [4]
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Table 5. Compressive properties of syntactic foams after different heat treatments.

Heat treatment Mook h Compresiive oo &
process S?I’\slr;%t) SERSIrI:g[) (MPa) (%)

Syntactic foam (as-cast) 86.8 137.8 148.1 53.6
Annealing, 365°C/2.5h/FC 129.9 188.9 1974 59.7
Normalizing, 360°C/2h/AC 176.4 216.8 226.9 60

Normalizing, 365°C/2.5h/AC 140 210.9 214.3 63.6
Quenching, 365°C/2.5h/WQ 148.1 211.9 2234 56.8
Solution-aging, 365°C/2.5h/WQ+150°C/2h/AC  130.6 191.6 192.2 57.8
Solution-aging, 365°C/5h/WQ+150°C/2h/AC 132.8 193.7 194.7 56.8
Solution-aging, 365°C/2.5h/WQ+150°C/5h/AC  135.2 200.2 199.6 58.5

Table 6. Comparison of the compressive properties of syntactic foams of present work with other metal

foams.
Foam materials Yield strength  Compressive strength Gpl Reference
(MPa) (MPa) (MPa)
ZA8 syntactic foam 87~176 138~217 148~227 Present
work
6082 Al syntactic foam 53~115 ~80-120 44~77 [49]
Al matrix syntactic foam 9~35 36 89.9 [9]
Cp-Al syntactic foam 64.7 75.5 60.8 [54]
A356 Al syntactic foam 48 50~80 76.4 [46]
Zn-22Al foam 2.7~6 [23]
Zn-22Al-2Cu foam 8.6 19.3 [24]
A356 syntactic foam 129.6 143 118.7 [55]
Al-A206 syntactic foam 168.5 1215 [56]
Mg-AZ91 syntactic foam 118.2 63.7 [56]
A356 syntactic foam 163 110 [44]
Mg-AZ91D Syntactic Foam 168~376 96~205 [53]
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Table 7. Energy absorption properties of ZA8 syntactic foam heat treated under different conditions.

Energy Specific Energy
Densific.ation Absorption energy absorption
Heat treatment process strain . . L
(%) capacity absorption  efficiency

(MJ/m®) (kJ/kg) (%)
Matrix alloy (as-cast) - — — —
Syntactic foam (as-cast) 53.6 75.8 25.3 63.2
Annealing, 365°C¢/2.5h/FC 59.7 107.7 35.9 64.4
Normalizing, 360°C/2h/AC 60 124.9 41.6 66.9
Normalizing, 365°C/2.5h/AC 63.6 125.3 41.8 66.1
Quenching, 365°C¢/2.5h/WQ 56.8 117.7 39.2 66.7
Solution-aging, 365°C¢/2.5h/WQ+150°¢/2h/AC 57.8 104 34.7 64.6
Solution-aging, 365°G/5h/WQ+150°G2h/AC 56.8 102.9 34.3 64.6
Solution-aging, 365°C¢2.5h/WQ+150°C/5h/AC 58.5 105.2 35.1 63.7
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Table 8. Comparison of compressive energy absorption capacity of syntactic foams of the present work with
some metal matrix syntactic foams reported in recent years.

Energy absorption Specific energy
Syntactic foam matrix capacity absorption capacity Reference Year
(IMJIIm3) (/kJ/kg)
ZA8 alloy 125.3 41.8 Present work 2017
5A03 Al alloy 51.2 41.9 [11] 2017
A356 Al alloy 6.6 8.68 [4] 2017
AA2014 alloy 23.5 11.15 [61] 2017
Zr-Ti-Cu-Ni-Be metallic glasses  113.6 35.5 [62] 2016
Al-12Si alloy 7 6.2 [63] 2016
Pure Al 15.42 7 [54] 2016
A356 Al alloy 55.19 23.78 [64] 2016
A356Al alloy 26.5 24.8 [46] 2015
Pure Al 34.88 14.8 [9] 2015
AZ91D Mg alloy 124 53.68 [53] 2015
A380 Al alloy 57.7 31 [65] 2014
A355.0 Al alloy 18 15 [47] 2014
A206 Al alloy 63.2 32.75 [56] 2013
AZ91 Mg alloy 50.7 42.2 [56] 2013
TRIP-steel 104.78 29.2 [15] 2012
6082 Al alloy 30.9 25 [49] 2009
Zn12Al alloy 7 6.7 [66] 2009
Zn-22A\l alloy <25 <0.9 [28] 2009
ZnAl22 alloy 65.5 19.85 [31] 2008
Pure Al 20~35 14~23 [50] 2007
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