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Abstract

Al;O3 hollow spheres were implanted in cast Al-Si-Cu-Mg alloy to prepare Al-matrix syn-
tactic foams by gravity infiltration casting. The effects of hollow sphere size and heat treat-
ment on microstructure, quasi-static compressive properties, and energy absorption properties
of the Al-matrix syntactic foams were investigated. The results show that hollow sphere size
is the most critical factor affecting the compressive and energy absorption properties. The
plateau strength and specific energy absorption of the syntactic foam increase with the de-
crease of the hollow sphere size. The as-cast syntactic foams with a sphere size of 0.5-1 mm
have the highest plateau strength and specific energy absorption, reaching 66.55 MPa and
20.38 kJ kg~ !, respectively. The compressive properties of all heat-treated syntactic foams are
significantly improved compared with the as-cast. The maximum plateau strength and spe-
cific energy absorption are 87.71 MPa and 30.45 kJ m 3, respectively. The fundamental reason
why small hollow spheres are more conducive to improving compression performance is that
small spheres in the syntactic foam are subject to less leverage torque and are not accessible
to damage; they can withstand more significant compressive stress. The improvement of the
compressive properties of the heat-treated syntactic foam is mainly attributed to the release
of residual compressive stress.

Key words: Al-matrix syntactic foam, hollow sphere size, heat treatment process, com-

pression performance, energy absorption ability

1. Introduction

Metal matrix syntactic foams (MMSFs) are a new
structural and functional porous material that scien-
tists have been widely attracted in the recent twenty
years. The appeal of MMSFs includes lightweight,
high specific compressive strength, high energy ab-
sorption capacity, high fatigue strength, high thermal
insulation, and low thermal expansion coefficient [1-
9]. High energy absorption capacity is the main ad-
vantage compared to metal foams prepared by the tra-
ditional foaming method [2, 10-14]. Superior perfor-
mances of MMSFs benefit from the core-shell struc-
ture of the filled hollow spheres [15]. The core-shell
structure and high-volume fraction of spheres make
the syntactic foam have high compressive stress and
long plateau strain suitable for energy absorption ap-
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plication. High energy absorption properties provide
MMSF's with great potential for applications in energy
absorbers, sound absorbers, collision dampers, blast
protection, and ballistic armours of aircraft, space-
craft, vehicles, and ship fields [1, 16].

Aluminium alloys are the most used matrix mate-
rials for metal syntactic foams due to their lightweight,
high specific strength, and low cost. Different matrix
materials of aluminium alloy matrix syntactic foams
have been researched a lot in recent years, such as
A6061 [17], 5A03 [2, 4], 5A06 [4], A380 [18], and A356
[15, 19-26], in which cast aluminium alloys containing
silicon were used mainly due to their excellent me-
chanical properties and casting behaviour. At present,
the preparation method of aluminium matrix syntac-
tic foams includes pressure infiltration casting [1, 2,
4, 18, 27, 28], squeeze casting, stir casting [17], grav-
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Table 1. Basic parameters of alumina hollow spheres

Chemical composition (%)

Bulk density (gcm™?) Particle size (mm) Application temperature (°C)

A1203 F6203 Si02 NaQO
>99 0.15+0.05 0.2+ 0.1 0.25 £ 0.05

0.5-1

0.2-5 1800

ity infiltration casting [3, 19, 20, 29, 30], and vacuum
dies casting [10]. Powder metallurgy [31, 32], in which
gravity infiltration casting is the simplest and of the
lowest cost, is more suitable for industrial production.
However, only the static pressure of liquid metal is
often not enough, especially when the gap between
the hollow spheres is tiny (such as micron-scale hollow
spheres). Therefore, large hollow particles (millimetre-
-sized) are often used in gravity infiltration casting [20,
21, 30].

In addition to the matrix alloy and the prepara-
tion method, the type and size of hollow spheres and
the subsequent heat treatment all affect the compres-
sive properties of aluminium matrix syntactic foam.
A. Kemény’s research [33] showed that the Al-matrix
syntactic foam filled with ceramic hollow spheres is
suitable for use as high-performance and lightweight
structural components. The syntactic foam filled with
the hollow metal sphere is suitable for energy ab-
sorption applications (such as protective devices and
collision dampers). The syntactic foam filled with
lightweight expanded clay particles is suitable for
large quantities of low-cost and high-energy absorp-
tion applications. Alexandra Kemény’s research [29,
34] showed that the compression curves of Al-matrix
syntactic foam jointly filled with large and small ce-
ramic hollow spheres show a double-peak character-
istic, and the proportion of both can be adjusted to
adapt to different application fields. H. Puga [30] re-
searched the effect of expanded clay particle diameter
on the mechanical properties of Al-matrix syntactic
foams, which showed that the syntactic foams filled
with smaller particles have a higher density while get-
ting lower densification strain and compressive yield
strength. The research of T. Fiedler [20] showed that
greater expanded glass particle size increases the grain
size of the matrix of the final Al-matrix syntactic
foams. In contrast, smaller particles decrease plateau
strength oscillation and enhance the energy absorp-
tion properties of the resulting Al-matrix syntactic
foams. H. Puga [35] investigated Al-matrix syntactic
foams filled with different diameters of lightweight ex-
panded clay prepared by gravity casting, which indi-
cated diameters play a predominant role in the den-
sity and compressive properties of the syntactic foams.
Smaller particles generate higher densities while re-
ducing strain densification. Additionally, a higher par-
ticle diameter generates higher yield strength and a
more constant stress value during the plateau region,

which gains higher crushing energy absorption. M.
Taherishargh [19] investigated A356 Al-matrix syn-
tactic foams filled with different size ranges of ex-
panded perlite particles prepared by molten infiltra-
tion, which indicated decreasing the hollow particle
size resulting in improving plateau strength and en-
ergy absorption capacity. However, these references do
not clearly explain the effect of hollow particle size on
syntactic foam compression performance. In addition,
heat treatment also has a significant effect on the com-
pressive properties of metal syntactic foams [36, 37],
mainly due to the change of matrix microstructure
and the elimination of residual stress.

It is worth mentioning that there are few kinds
of literature to comprehensively study the effect of
the size of hollow spheres and heat treatment tech-
nology on the compression performance of aluminium
matrix syntactic foams made by gravity infiltration
casting. In this paper, different size ranges of AloOj
hollow spheres were filled in a cast Al-Si-Cu-Mg alloy
to prepare Al-matrix syntactic foams. The combined
influence of hollow sphere size and heat treatment pro-
cess on microstructure and compressive properties of
Al-matrix syntactic foam were discussed.

2. Methodology
2.1. Materials

Aly03 hollow spheres were provided by Gongyi
City Hongle Mineral Products Co., Ltd (P. R. China).
According to the product data sheet provided by
the manufacturer, some parameters of Al,O3 hollow
spheres are shown in Table 1. The griddle screened
the particle size ranges of 0.5-1 mm, 1-2 mm, and 2—
3mm. The hollow spheres with broken core-shell were
removed from the water by the gravity sedimentation
method. The intact AlsO3 hollow spheres taken from
water were cleaned in an alcoholic solution for 5 min
by the ultrasonic cleaner and then were dried at 200 °C
for 3 h. The matrix alloy is cast Al-Si-Cu-Mg alloy, and
the chemical composition is shown in Table 2. High Si
content gives the matrix alloy good castability. Adding
Cu and Mg increases the mechanical properties of the
matrix due to the presence of the Al;Cu precipitated
phase. Moreover, the presence of Mg also improves
the wettability between the aluminium melt and the
hollow spheres [38].



H. Qu et al. / Kovove Mater. 61 2023 35-48 37

Table 2. Chemical composition of cast Al-Si-Cu-Mg matrix alloy (wt.%)

Si Cu Mg

Ti Mn Al

12.5 £ 0.3 2.5 +£0.2 1.2+ 0.1

0.3 £0.1 0.2 +0.1

remain

Table 3. Heat treatment processes applied to AMSFs

Type of heat treatment Temperature (°C) Time (h) Cooling method Temperature (°C) Time (h) Cooling method

Homogenization 515 1
Homogenization 515 2
Homogenization-ageing 515 1
Homogenization-ageing 515 1

Air cooling - - -
Air cooling -
Air cooling 165 3
Air cooling 165 5

Air cooling
Air cooling

2.2. Matrix alloy smelting

The matrix alloys were smelted in a medium-
frequency induction furnace using a graphite cru-
cible coated with a mixture of zinc oxide and
sodium silicate. Firstly, some piece of pure aluminium
(99.9 wt.%) was independently put into the graphite
crucible and heated. When the aluminium block was
completely melted, a thermocouple was inserted into
the melt to measure the melt temperature. The heat-
ing power was adjusted to keep the melt tempe-
rature at about 760°C for 3—4 min. After that, in-
stantly soluble silicon (95 wt.% Si) was added to the
melt and held for 7-8 min at 760°C after adding the
covering agent. After slagging off, the master alloys
Al-50Cu, Al-10Mn, Al-10Ti, and purity magnesium
sheet were intermittently and orderly added to the
melt. This process lasts about 5—6 min. In the mean-
time, the melt temperature was gradually cooled to
about 720°C. Finally, the melt was degassed by adding
hexachloroethane and poured into a steel mould with
a diameter of 18 mm and a height of 160 mm after
slagging off again. The casting rod was cut into the
dimension ¢ 18 x 150 mm? used for the gravity infil-
tration test.

2.3. Gravity infiltration casting

In this experiment, Al-matrix syntactic foam was
prepared by gravity infiltration casting technology
that our research group had used before [39]. Firstly,
different particle sizes of alumina hollow spheres with
a volume of about 25 cm® were put into a corundum
tube (inner diameter 20 mm, height 250 mm. The tube
was shaken manually to make the hollow spheres com-
pact. Then, the ceramic tube was vertically placed into
a resistance furnace and heated. The furnace tempera-
ture was held at 500°C for 1 h, and then the prepared
Al-Si-Cu-Mg alloy cast rod was placed into the ce-
ramic tube and continued to heat up. When the cast
rod was melted entirely, a certain amount of covering

agent (NaCl:KCl = 1:1; (wt.%)) was added into the
melt to prevent volatilization. Finally, the infiltration
temperature (the melt temperature) was set at 750°C,
and the infiltration time was 60 min. After the infil-
tration, the ceramic tube was taken out for cooling in
the air.

2.4. Heat treatment process and
microstructure observation

The effect of heat treatment on the compressive
properties of metal matrix syntactic foams currently
lacks systematic research. Therefore, most heat treat-
ment processes applied to syntactic foams were based
on strengthening and toughening matrix alloys and
eliminating and releasing the residual stress. Com-
bined with previous studies [2, 40-43], we found that
homogenization and ageing played an essential role in
the compressive properties of metal syntactic foams,
so the homogenization and ageing process (as shown
in Table 3) were applied to Al-matrix syntactic foams
in this study. Heat treatment experiments were car-
ried out in a tubular resistance furnace (model SK2-4-
-12). The microstructure of the matrix and interface of
the syntactic foams for as-cast and heat-treated sam-
ples were observed by Phenom ProX scanning electron
microscope (SEM), and the built-in energy dispersive
spectroscopy (EDS) was used for component analy-
sis.

2.5. Quasi-static compression testing

This study used cuboid specimens for a quasi-static
compression test, and the dimension was 10 x 10 x
15 mm?. The processed specimens are shown in Fig. 1.
Uniaxial compression test for Al-matrix syntactic
foams was conducted on a universal testing machine
(WDW3100) in the atmosphere. The compression
strain rate is constant at 1073s~!. During the ex-
periment, testing machine system software recorded
loading and displacement data, which generated the
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Fig. 1. Macrograph of Al-matrix syntactic foam compres-
sive test samples.

engineering stress-strain curves from which the mate-
rial properties were calculated.

2.6. Fvaluation criteria for energy absorption
performance

In general, the compressive energy absorption
property index of MMSFs mainly included compres-
sive strength (opc), average plateau stress (), densi-
fication strain (ep), energy absorption capacity (W),
specific energy absorption (Es), and energy absorption
efficiency ().

ep is the strain value when the hollow spheres in
the MMSF's are just fully compacted, defined as den-
sification strain [44]. The tangent method is used to
determine the ep value [45, 46].

Plateau strength (7) is the average stress on the
stress platform; the formula is:

nep

62201-/71, (1)

nea

where € and ep refer to the starting point and ending
point of the stress platform, respectively.

The energy absorbed per unit volume is called en-
ergy absorption capacity. Through calculation under
compression stress-strain curve until the densification
strain epsilon (ep) area to determine the energy ab-
sorption capacity, the formula can be expressed as fol-
lows [2, 44]:

€D

W = /O’ (e)de. (2)

0

Specific energy absorption (Fs) describes materials’
impact resistance. It can be used to evaluate the ab-
sorbed energy under the same mass, and its formula
is as follows [15, 44]:

Es = ’ (3)

where W, is the energy absorption capacity of the
material and pg is the density of Al-matrix syntactic
foams.

0.5-1 (mm) 1-2 (mm)  2-3 (mm)

ed hollow sphere

Fig. 2. Macrograph of Al-matrix syntactic foam filled with
hollow spheres of different diameters.

Energy absorption efficiency (£) is the ratio be-
tween the energy absorbed by the material in the ac-
tual compression process and the energy absorbed by
the ideal compression process under any strain. The
calculation formula [19, 44] is as follows:

o (e)de
€ _ Areal _ J (4)
Aideal Omax€D ’

where A,eq is the actual energy absorption, Ajgear is
the ideal energy absorption, omax is the compressive
stress, and maximum stress at a point ep.

3. Results and discussion
3.1. Structure of the syntactic foam

The macrograph of Al-matrix syntactic foam filled
with different sizes of hollow spheres is shown in Fig. 2.
It can be seen that the gaps between hollow spheres
are filled with aluminium alloy melt, while the syn-
tactic foam is filled with small hollow spheres or large
ones. It can be seen from the cross-section that the
distribution of hollow microspheres in the aluminium
matrix is relatively uniform, and most of the hollow
microspheres are intact; only a tiny amount is filled
with aluminium liquid, as shown by the red arrow in
the figure. We believe that a small number of hollow
spheres filled by the matrix indicate the shell is fragile
or has congenital disabilities, and the shell cracks dur-
ing the infiltration process, causing the metal liquid to
fill in.

Figure 3 shows the as-cast microstructure of syn-
tactic foam filled with hollow spheres with differ-
ent particle sizes. According to the EDS composition
analysis in Fig. 4 and some references, the syntac-
tic foams are composed of Al;O3, a-Al, AlsCu, Si
phase, Q phase (Al-Si-Mg-Cu) [47], (Si, Al)3Ti. The
hollow sphere shell is composed of the AloO3 phase,
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(a)

b/
Al-Si-Cu-Mg
phase (Q phase)

Hollow sphere shell

Hollow sphere shell

Fig. 3. Microstructure of the as-cast syntactic foams filled with hollow spheres of different sizes; (a) EDS point analysis
positions (1-2 mm), (b) 0.5-1 mm, (¢) 1-2 mm, and (d) 2-3 mm.

as shown by the red arrow in Fig. 3. AloCu phase is
white granular or skeleton, as shown by the red ar-
row in Fig. 3. Some Al,Cu phases are of the network
skeleton structure and a-Al forms eutectic structure.
A small amount of the grey-white Q phase is symbiotic
with the Al;Cu phase. Almost all Si and a-Al are dis-
tributed around the matrix grains in the eutectic state,
and Si is in a granular or blocky state. In addition, the
matrix has a long white strip (Si, Al);3Ti phase [48].
It can be seen from Fig. 3 that the interface of the
syntactic foam filled with different hollow spheres is
relatively straightforward, dense, and continuous, and
there is no gap, indicating that the interface is tightly
bonded. We believe that adding Mg to the melt helps
to improve the wettability [49].

3.2. Heat treatment microstructure
of the syntactic foam

Figure 5 shows the microstructure photo of the
syntactic foams with a hollow sphere size of 0.5—-1 mm
after heat treatment. It can be seen that the mi-
crostructure of the syntactic foam matrix after homog-
enization for 1 and 2h has changed compared with

the as-cast syntactic foam (Fig. 3a), mainly due to
the coarsening of Si particles. The Si particles nor-
malized for 2h are coarser than those normalized for
1 h. It shows that the Si phase is unstable and easy to
coarsen at the homogenization temperature (515°C).
After homogenization, the Q phase and (Si, Al)3Ti al-
most disappear, while the size and morphology of the
Al;Cu phase almost remain unchanged. After homog-
enization and ageing treatment, the most significant
change in the microstructure of the syntactic foam is
that the Si particles have agglomerated and coarsened.
The longer the ageing time is, the larger the Si phase
is. Other phases have little change.

3.3. Density and porosity
The density of the matrix alloy and syntactic foam

is calculated by measuring the mass and volume of the
samples. The calculation formula is:

p=m/v, ()

where m is the mass of composite foam and v is the
volume of composite foam.
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Fig. 4. EDS composition analysis of each point in Fig. 3a.

The porosity is approximately calculated by the
relative density of the syntactic foam and matrix alloy,
and the formula [50] is as follows:

P=1- Psf//)ma (6)

where P is the porosity of the syntactic foam, pss and

pm represent the density of the syntactic foam and
matrix alloy, respectively.

It can be seen from Table 4 that the density and
porosity of syntactic foams prepared with different
hollow sphere sizes are quite different. With the par-
ticle size increase, the density of syntactic foam de-
creases while the porosity increases. The syntactic
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Fig. 5. Microstructure of the syntactic foams after heat treatment: (a) 515°C/1 h/AC, (b) 515°C/2 h/AC, (c) 515°C/1
h/AC + 165°C/3 h/AC, and (d) 515°C/1 h/AC + 165°C/5 h/AC.

Table 4. Density and porosity in syntactic foams

Factors Parameter Density (gcm™?) Porosity (%)
0.5-1 1.82 £ 0.03 35.80 £ 1.58
Hollow sphere size (mm) 1-2 1.67 £+ 0.02 41.04 £+ 0.42
2-3 1.61 £+ 0.04 42.75 £ 0.71
515°C/1 h/AC 1.82 + 0.02 35.77 + 1.53
H 515°C/2 h/AC 1.83 £ 0.02 34.65 £ 0.88
eat treatment process 515°C/1 h/AC + 165°C/3 h/AC 1.75 + 0.08 37.33 + 2.74
515°C/1 h/AC + 165°C/5 h/AC 1.73 + 0.05 38.50 + 2.17

Average 1.75 37.98

foam with an average particle size of 2-3 mm has the
highest porosity, reaching 42.75 %. After heat treat-
ment, the density of composite foam prepared from
hollow microspheres with the same particle size range
changes slightly. The change in the matrix microstruc-
ture should cause it. On the whole, the overall poros-
ity changes little. The average density of all syntactic
foam samples is 1.75 g cm 3, and the average porosity
is 37.98 %.

3.4. Compressive property and energy
absorption property

The compression stress-strain curves of the as-
cast syntactic foam filled with different sizes of hol-
low spheres are shown in Fig. 6a. Figure 6b shows
the compression stress-strain curves of the syntactic
foam after heat treatment. Table 6 shows Al-matrix
syntactic foam’s compression and energy absorption
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Table 5. Compressive properties and energy absorption properties of Al-matrix syntactic foams

Factors Parameters Compressive Plateau Densification Energy Specific Energy
strength  strength strain capacity absorption efficiency
(MPa) (MPa) (%) absorption energy absorption
MIm~) (Jkg ') (%)
0.5-1 88.0 66.55 52.76 37.10 20.38 81.23
Particle size (mm) 1- 60.5 53.46 62.31 32.42 19.53 80.85
2-3 48.8 27.25 37.69 10.71 6.61 80.17
515°C/1 h/AC 120.2 87.71 61.48 56.33 30.45 81.24
Heat treatment 515°C/2 h/AC 106.2 87.10 63.91 54.25 29.48 89.40
515°C/1 h/AC + 165°C/3 h/AC 117.3 76.47 55.81 47.31 27.51 85.27
515°C/1 h/AC + 165°C/5 h/AC 93.0 75.17 58.87 45.46 27.06 87.39

Table 6. The particle size range, average particle size, average wall thickness of AloO3 hollow spheres

Particle size Mean diameter,

Mean wall thickness,

Mean wall thickness Mean wall thickness

range (mm) D (pum) t(pum) to diameter ratio, t/D to radius ratio, t/R
0.5-1 850 41.3 0.049 0.097
1-2 1480 70.1 0.047 0.095
2-3 2580 117.0 0.045 0.091
500 500 3
Sl et et ' \ (a) Strain rate: 10 " /s (b)
— Matrix alloy
400+ e 4001 s
—1-2mm —515°C/2WAC
—3mm ~ e 1 S°C/ W/ ACH165°C/3WAC
= 300- g 3004 [=—s1scacsesciswac
B S
E w
g 200 Z

100 4

0 Ll L] ' Ll ”: L} b L]

5 L) L L) L
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Strain (mm/mm)

or
00 01 02 03 04 05 06 07 08

Strain (mm/mm)

Fig. 6. Compressive stress-strain curves of the Al-matrix syntactic foams: (a) as-cast syntactic foams with different hollow
sphere sizes and (b) heat-treated syntactic foams.

performance data. It can be seen from Fig. 6a that
the compression curve of the matrix alloy almost rises
sharply with the increase of strain (strain harden-
ing process). The compression curve of syntactic foam
filled with hollow spheres with different particle sizes
can be roughly divided into three stages, namely the
linear elastic stage (I), platform stage (II), and den-
sification stage (III). The syntactic foam’s compres-
sion curve conforms to the metal foam’s compression
characteristics [15, 32, 40, 51-53]. The strain range
of the plateau area is about 0.05-0.7. It can be seen
that the compressive strength and plateau height of
the syntactic foam show a significant downward trend

with the increase of the hollow sphere size. The com-
pressive strength and plateau height of the syntactic
foam with 0.5-1 mm hollow spheres are the highest,
reaching 88-66.55 MPa, respectively. The compressive
strength and plateau height of the syntactic foam with
hollow spheres of 2-3 mm are the lowest, only 48.8 and
27.25 MPa, respectively. In addition, from the shape of
the compression curve, it can be seen that the smaller
the hollow spheres are, the more even the compression
plateau area is. The plateau of the syntactic foam with
large hollow spheres fluctuates rapidly, which is not
conducive to the energy absorption and vibration re-
duction process. It can also be seen from Table 6 that
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the energy absorption capacity, specific energy absorp-
tion, and energy absorption efficiency of aluminium
matrix syntactic foam are inversely proportional to
the particle size of the filled hollow spheres. The syn-
tactic foam with a hollow sphere size of 2-3 mm has
lower energy absorption capacity and specific energy,
10.71MJm~2 and 6.61kJ kg~!, respectively. The ab-
sorption capacity and specific energy absorption of
the syntactic foam with the hollow sphere size of
0.5-1 mm are the highest, reaching 37.10 MJ m~3 and
20.38kJ kg~ !, respectively.

It can be seen from Fig. 3 that there is no signif-
icant difference in the phase types, size, shape, quan-
tity, and distribution of the as-cast syntactic foams
filled with different sizes of Al;Os hollow spheres,
while the compression performance of syntactic foam
prepared with different hollow sphere sizes is quite dif-
ferent. We believe that hollow spheres’ particle size
mainly determines syntactic foam’s compression per-
formance. In order to more precisely describe the im-
pact of hollow sphere size on the compression per-
formance, we conducted statistical analysis on Aly03
hollow spheres with different particle size ranges. The
particle size range, average particle size, average wall
thickness, and the ratio of average wall thickness to
average diameter (t/D) are shown in Table 6. It can
be seen that the ratio of wall thickness to diameter
(t/D) decreases with the increase of hollow sphere
size, which is consistent with the decrease of syntac-
tic foam compression performance with the increase of
hollow particle size, that is, t/D value is proportional
to the compression strength. According to the mixing
rule of composite materials, the strength of compos-
ite materials is mainly determined by the strength of
reinforcement when the strength of the matrix is un-
changed. In this experiment, the matrix materials are
the same, so the compressive strength of the syntac-
tic foam change is mainly caused by the difference in
the strength or stress of the hollow spheres. When the
hollow sphere diameter D is constant, the ¢/D value
increases with the wall thickness ¢. The greater the
wall thickness ¢, the greater the strength of the hol-
low sphere due to the same hollow sphere material;
the larger the ¢/ D value, the greater the compression
strength of the syntactic foam.

The situation is complicated when the wall thick-
ness t of hollow spheres is constant, and the diame-
ter D changes. In order to more vividly describe the
stress conditions of small and large spheres, we es-
tablished a two-dimensional plane stress diagram, as
shown in Fig. 7. The three-dimensional hollow hemi-
sphere is simplified into a two-dimensional semicircle
arc for analysis. Oy and O are, respectively, the spher-
ical centres of small- and large-sized spheres, r; and
ro are the radii of the two spheres, and P; and P, are,
respectively, the vertices of the small and large sphere
semicircles. Then, the force passing through the ver-

(a) E | (b)
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Fig. 7. Two-dimensional plane stress diagram of a small
sphere and large sphere based on lever principle: (a) small
sphere and (b) large sphere.

tices P; and P, and perpendicular to the straight line
07105 is most likely to damage the spherical shell. Ac-
cording to the lever principle, for small particles, the
torque (M7) of point A and point B is equal, that
is, My = Fi X ry; similarly, for large particles, the
torque of point A and point B My = Fy X ro. When
F1 and F» are equal, since ro > r1, My > My, large
particles are subject to greater torque and are more
vulnerable to damage, or large hollow spheres can
withstand less pressure. Large lever torque is the fun-
damental reason for the low compressive property of
the syntactic foam prepared by large-diameter hollow
spheres. M. Iser [54] showed that the larger the rela-
tive thickness of hollow microbeads, the higher their
strength and the better the mechanical properties of
syntactic foam materials. With the same thickness, the
strength of hollow microbeads decreases with the in-
crease of particle size, which affects the energy absorp-
tion capacity. M. Teherishargh [21] et al. have shown
that the syntactic foam made by expanded perlite and
A356 aluminium alloy has a similar conclusion. The
smaller diameter and aperture have average distribu-
tion, good mechanical properties, even plastic defor-
mation in compression, and obtain very high and sta-
ble plateau strength.

The syntactic foams with hollow spheres of 0.5—
1 mm diameter were selected for different heat treat-
ments. It can be seen from Fig. 6b and Table 5
that the syntactic foam’s compression curves are obvi-
ously smooth after heat treatment, and the compres-
sion performance is greatly improved compared with
the as-cast syntactic foam. The average compressive
strength is 109.18 MPa, the average plateau strength
is 81.61 MPa, the average energy absorption capacity
is 50.84 MJ m~3, and the average specific energy ab-
sorption is 28.64 kJ kg~!, which is 24.07, 22.63, 37.04,
and 40.53 % higher than for the as-cast state, respec-
tively.

It can be seen from the microstructure of the syn-
tactic foam after heat treatment in Fig. 5 that the
most significant change in the microstructure of dif-
ferent heat treatments is the size of the Si phase. From
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Table 7. Comparison of compressive energy absorption property of syntactic foams of the present work with some
Al-matrix syntactic foams reported in recent years

Synthesis method Matrix alloy W (MIm™%)  FEs (kJkg™h) Ref. Year
Gravity infiltration Al-Si-Cu-Mg alloy 56.33 30.45 Present work 2022
Powder metallurgy 1100 aluminium 48.74 22.15 [55] 2022
Stirring casting Al-Mg alloy 146.88 57.38 [56] 2022
IFM AFS 57.68 - [57] 2021
Gravity infiltration 7055 Al alloy 48.14 28.04 [58] 2020
Stirring casting TiC-TiB; reinforced Al alloy 7.5 - [59] 2020
Gravity infiltration 6061 Al alloy 48.92 31.36 [60] 2019
Stirring casting AA2014 65 32.66 [61] 2019
Gravity infiltration ZL111 Al alloy 47.3 23.1 [62] 2019
Pressure infiltration 5A03 Al alloy 51.2 41.9 2] 2018
Counter-gravity infiltration A356 Al alloy 19.8 18.7 [19] 2018
Pressure infiltration A356 Al alloy 6.6 8.7 [15] 2017
Pressure infiltration 5A06 Al alloy 62.8 44.9 [4] 2017
Stirring casting AA2014 alloy 23.5 11.2 [63] 2017
Vacuum casting Al-12Si alloy 7 6.2 [64] 2016
Pressure infiltration A356 Al alloy 55.2 23.8 [65] 2016
Pressure infiltration A356Al alloy 26.5 24.8 [22] 2015
Pressure infiltration A356 13.9 13.4 [66] 2014
Pressure infiltration A380 Al alloy 57.7 31 [67] 2014
Gravity infiltration A355.0 Al alloy 18 15 [68] 2014
Pressure infiltration A206 Al alloy 63.2 32.8 [13] 2013
Pressure infiltration 6082 Al alloy 30.9 25 [51] 2009

the point of view of the compression properties of
syntactic foams with different heat treatments, the
difference between their compression plateau height
and specific energy absorption is tiny. The maximum
difference of specific energy absorption is only about
2kJkg™!, indicating that the change of microstruc-
ture caused by heat treatment has little effect on the
energy absorption properties. We believe that the re-
markable improvement of compression energy absorp-
tion performance after heat treatment is mainly at-
tributed to the release of residual stress.

We know that the thermal expansion coefficient of
alumina ceramics (6.8-7.8 x 10~% K) is much smaller
than that of metal aluminium (23.2 x 1076 K). The
solidification and cooling shrinkage of the aluminium
alloy matrix are relatively large during the cooling
process. In contrast, the cooling shrinkage of the alu-
minium oxide hollow sphere is minor, resulting in the
aluminium alloy matrix’s residual compressive stress
around the hollow sphere’s shell. This residual com-
pressive stress harms the compression performance
of syntactic foam and will reduce the compression
performance. After homogenization heat treatment,
the composition segregation and residual compressive
stress of the matrix alloy are eliminated, so the com-
pression energy absorption performance of the syntac-
tic foam is greatly improved. Due to the coarsening of
the Si phase after heat treatment, the strength of the
matrix alloy is also damaged, and finally, the compres-
sive strength and compression plateau height of the

syntactic foam is reduced. As the morphology of Si in
the sample normalized for 1 h keeps a small size, it has
the best compression energy absorption performance.
In contrast, the normalized + aged sample with Si
becoming significantly coarse has lower compression
performance.

In this paper, the aluminium matrix syntactic foam
prepared by gravity infiltration technology has good
compression energy absorption properties after heat
treatment, with the highest specific energy absorp-
tion reaching 30.45 kJkg~!. Table 7 compares the
best compression energy absorption performance of
the syntactic foam prepared in this paper and some
Al-matrix syntactic foam reported in recent years.
It can be seen that the compression energy absorp-
tion performance obtained in this paper is superior to
many reported Al-matrix syntactic foams. This result
indicates that the Al-matrix syntactic foams prepared
by a low-cost gravity infiltration and small AlsO3 hol-
low spheres have good engineering application poten-
tial.

4. Conclusions

Al-matrix syntactic foam filled with different
Al;O3_yg sizes was successfully prepared by gravity
infiltration process. The influence of hollow sphere size
on the structure, quasi-static compression energy ab-
sorption of the as-cast syntactic foam, and the influ-
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ence of homogenization and homogenization 4+ ageing
heat treatment on syntactic foam’s compression en-
ergy absorption performance was studied. The follow-
ing conclusions are drawn:

1. The Al;O3_pg is uniformly dispersed in the
prepared Al-matrix syntactic foam, and fewer hollow
spheres are filled with the matrix. The interface be-
tween the hollow spheres and the matrix is smooth,
dense, and well-bonded. The density of the syntactic
foam decreases with the increase of the hollow sphere
size, and the maximum porosity reaches 42.75 %. The
influence of the hollow sphere size on the microstruc-
ture of the syntactic foam matrix is not apparent, and
the phase type and morphology of the matrix are not
changed.

2. The diameter of hollow spheres significantly af-
fects the compressive properties of syntactic foam. The
average plateau strength and specific energy absorp-
tion of the syntactic foam increase with the decrease in
hollow sphere size and the increase in the wall thick-
ness ratio to diameter (¢/D). The plateau strength
and specific energy absorption of syntactic foam with
hollow spheres of 0.5-1 mm diameter are the highest,
reaching 66.55 MPa and 20.38 kJ kg~!, respectively.
The fundamental reason is that the small spheres in
the syntactic foam are subject to less leverage torque
and are not accessible to damage; they can withstand
greater compressive stress.

3. After heat treatment, the syntactic foam’s com-
pression and energy absorption properties are signif-
icantly improved compared with the as-cast foam.
The highest plateau strength, energy absorption ca-
pacity, and specific energy absorption occurred in
the sample normalized for 1h, reaching 87.71 MPa,
56.33MJm~3 and 30.45kJkg~!, respectively. The
improvement in the compressive properties of the
heat-treated syntactic foam is mainly attributed to
residual compressive stress release and compositional
homogenization. The slight difference in the com-
pressive properties among the heat-treated syntactic
foams is mainly attributed to the change in the size of
Si in the matrix.
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