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Abstract: In this work, closed-cell aluminum foams with 4 wt.% contents of short-cut basalt fibers
(BFs) were successful prepared by using the modified melt-foaming method. The pore size of
BF-containing aluminum foam and commercially pure aluminum foam was counted. The distribution
of BF and its effect on the compressive properties of closed-cell aluminum foams were investigated.
The results showed that the pore size of BF-containing aluminum foams was more uniform and
smaller. BF mainly existed in three different forms: Some were totally embedded in the cell walls,
some protruded from the cell walls, and others penetrated through the cells. Meanwhile, under the
present condition, BF-containing aluminum foams possessed higher compressive strength and energy
absorption characteristics than commercially pure aluminum foams, and the reasons were discussed.

Keywords: aluminum foam; melt foaming method; basalt fiber; compressive property

1. Introduction

Closed-cell aluminum foams are a class of novel structure materials with closed pores in pure
aluminum or aluminum alloys [1]. Owing to its unique pore structure, closed-cell aluminum foam
possesses ultra-low density, excellent sound-absorbing properties, vibration damping, electromagnetic
shielding, and good energy absorption performance, which have made them widely used in
transportation, construction, automobile fields, and so on [2–4]. Generally, excellent mechanical
properties are needed to meet the requirement of structural materials. However, up until now,
adjusting the relative density is most commonly applied to obtain higher mechanical properties,
especially compression properties [5]. Besides, alloying and aluminum matrix syntactic foams (AMSFs)
were used to optimize its compression performances. Huang et al. [6] studied the effect of Sc on the
mechanical properties of aluminum foam, and found that minor Sc additions and subsequent proper
heat treatment can dramatically improve the compressive strength of aluminum foams. Xia et al. [7,8]
conducted a series of quasi-static compression tests on Mn-containing aluminum foams, and it was
shown that Mn can significantly enhance the microhardness, compressive strength, energy absorption
capacity, and seawater corrosion resistance of aluminum foam. Orbulov [9] studied the compression
performance of aluminum foam reinforced by two kinds of hollow ceramic balls with different sizes
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and found that smaller hollow ceramic balls can enormously boost the mechanical properties of
aluminum foam. Zhang et al. [10] investigated the characteristics of multi-walled carbon nanotubes
(MWCNTs)-reinforced closed-cell aluminum foam and discovered that MWCNTs can improve the
yield strength, structural stiffness, and energy absorption of closed-cell aluminum foam. Li et al. [11]
investigated the quasi-static and dynamic compressive properties of basalt scale-reinforced aluminum
foam and spotted that basalt scale can improve the plastic crush stress, plateau stress, and energy
absorption capacity of aluminum alloy foam. It can be seen that reinforcements can affect the mechanical
properties of aluminum foam, while it is known that Sc and MWCNTs are expensive, resulting in
increased production costs. The density of Mn is much higher than that of aluminum and its dispersion
uniformity should be fully considered. AMSFs often have lower porosity, weakening the weight
reduction effect of aluminum foam. Although basalt scale possesses lower manufacturing costs,
high specific surface area, and good bond strength with aluminum alloy, the dynamic viscosity of
granular materials and aluminum melt is too low to stabilize the liquid film for a long time, which will
cause pore structural defects and further affect the mechanical properties of aluminum foams [12,13].
Recently, it was proven that, compared to particles or scales, short fiber is more effective in increasing
melt viscosity and stabilizing foam due to its large aspect ratio [14]. Therefore, it is possible to obtain
closed-cell aluminum foam with good structural stability and higher mechanical properties by selecting
a suitable short fiber as the reinforcement.

Basalt fiber (BF) is a new type of high-performance material with a low density (2.5–3.05 g/cm3) and
wide operating temperature range (from 4 to 923 K). Besides, it possesses excellent thermal, electric, and
acoustic insulation, radiation resistance, oxidation resistance, and mechanical properties (with Young’s
modulus of 78–110 GPa and tensile strength of 2.8–4.8 GPa). Meanwhile, it is environmentally friendly
as the recycling of BF is much more efficient than other fibers [15,16]. Due to its unique properties
and cost-effectiveness, researchers have recently focused on it, and BF–aluminum composites with
better mechanical properties than other aluminum matrix composites have been developed [17–21].
It was reported that Al-Ca-Si and Al-Fe-Si-Mn intermetallic compounds formed at the A356 aluminum
alloy matrix and basalt fiber interfaces, indicating that BF has good interfacial bonding with aluminum
matrix [22]. Therefore, it is foreseeable that BF should be an ideal strengthening phase, which is
expected to obtain lightweight, high-strength, environmentally friendly, and cost-effective composite
aluminum foam. Hence, in this work, 4 wt.% BF and commercially pure aluminum were used as raw
materials to prepare BF-containing closed-cell aluminum foam. The distribution of BF and its effects
on the quasi-static compressive characteristics of BF-containing aluminum foam were studied.

2. Materials and Experimental

2.1. Specimens Preparation

In this work, the raw materials were commercially pure aluminum ingots (with a purity of 99.5%,
Tianjin Lizhong alloy Group Co., Ltd., Tianjin, China), Ca particles (thickening agent, with diameters
of 1–2.5 mm, Fuchen Technology Co., Ltd., Cangzhou, China), commercially pure magnesium
block (thickening agent and wetting agent, with a purity of 99.5%, Tianjin Dongyi Magnesium
Products Co., Ltd., Tianjin, China), TiH2 powders (foaming agent, commercially pure, 300 ± 20 mesh,
Beijing Xingrongyuan Technology Co., Ltd., Beijing, China), and commercial BF (with diameters
of 7–15 µm, length of about 5 mm, 52–58 wt.% SiO2, 9–14 wt.% FeO+Fe2O3, 0.5–2.5 wt.% TiO2,
14–19 wt.% Al2O3, 5–9 wt.% CaO, 3–6 wt.% MgO, Shijiazhuang Huabang mineral products Co., Ltd.,
Beijing, China). Detailed preparation processes were as follows: (1) Keeping BF at 773 ± 5 K for 30 min
at atmosphere in a heat treatment furnace, then cooling it to room temperature in the air; (2) melting a
certain quantity of aluminum ingot (800–900 g) in a low-carbon-steel crucible to a fixed temperature
of 1000 ± 5 K; (3) adding a 0.5 wt.% pure magnesium block into the melt and holding for 2 min,
then stirring the melt with a speed of 500 r/min for 2 min; (4) pouring BF into the melt with an impeller
stirring speed of 500 r/min for 5 min and holding for 20 min; (5) lowering the temperature to 953 ± 5 K,



Metals 2020, 10, 921 3 of 13

then adding 2.5 wt.% Ca particles to the melt with an impeller stirring speed of 500 r/min for 8 min;
(6) packaging 0.8 wt.% TiH2 (heat-treated at 753 K for 30 min) with aluminum foil and putting it into
the melt with an impeller stirring speed of 1200 r/min for 30 s; (7) holding the melt for 2 min and
then cooling the melt in the air. For comparison, pure closed-cell aluminum foam (without BF) was
prepared under coincident processing parameters.

2.2. Microstructure Observation and Theoretical Calculation

Representative metallographic preparation processes were applied to prepare specimens for
metallographic characterization: Specimens were ground through successive grades of silicon carbide
abrasive papers up to 2000 grit, polished using 0.25µm diamond polishing paste, and then ultrasonically
cleaned with alcohol and dried with cold flowing air in a fuming cupboard. Microstructures and
distributions of BF in aluminum foams were examined by a scanning electron microscope (SEM,
JSM-6510A, JEOL, Tokyo, Japan) equipped with an energy-dispersive X-ray spectrometer (EDS).
Pore size was determined by the software calculation method: Grinding, painting, and re-polishing
the specimens, and then a high-definition camera were used to obtain the image, and Image-Pro
Plus 6.0 software (6.0, Media Cybernetics Inc., Rockville, MD, USA ) was used to calculate the pore
size [23]. An analytical balance (with a precision of 0.0001 g, Shanghai Pingxuan Scientific Instrument
Co., Ltd., Shanghai, China) and caliper (with a precision of 0.05 mm, Shanghai Gaozhi Precision
Instrument Co., Ltd., Shanghai, China) were used to measure the weights and accurate dimensions,
respectively [1,8].

In the present work, porosities of aluminum foams were calculated by Equation (1) [24].

Pd =

(
1−

ρ∗

ρs

)
× 100% (1)

where Pd is the measured porosity of aluminum foam, ρ∗ is the overall density of aluminum foam,
which is calculated from the weight and volume, and ρs the is density of the matrix material (2.7 g/cm3).

Energy absorption capacity, energy absorption efficiency, and ideal energy absorption efficiency
were calculated by Equations (2)–(4), respectively [25–27].

W =

∫ ε

0
σ(ε)dε (2)

E =
1
σ

∫ ε

0
σ(ε)dε (3)

I =
1

σmaxε

∫ ε

0
σ(ε)dε (4)

where W is the energy absorption capacity, E is the energy absorption efficiency, I is the ideal energy
absorption efficiency, σ is the stress, ε is the strain, and σmax is the maximum stress in the selected
region of the stress–strain curve.

2.3. Mechanical Properties Test

Specimens for compression tests were prepared with dimensions of 25 × 25 × 25 mm3 (at least
seven complete cells were included to minimize the size effect [28]) by using an electro-discharging
machine. Quasi-static compression tests were performed by using a SUNS electron universal material
testing machine, with a maximum load of 300 kN (according to China Standard GB/T7314-2005).
All tests were conducted under displacement control with a constant speed of 1.5 mm/min (with
the initial strain rate of 0.001/s) at room temperature. Vaseline was used to minimize the friction
between specimens and plates. Load and displacement were recorded by a data acquisition unit and a
personal computer. Engineering stress and strain were calculated from the recorded data. In order to
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obtain the effect of BF on the compression process, one of the compressed surfaces of BF-containing
aluminum foam specimens was polished, and the specimens were then compressed at a certain strain.
Afterward, the polished sections were observed immediately by scanning electron microscopy without
any further metallographic treatment. Three specimens with similar pore size and porosity for each
kind of aluminum foam were compressed and average data were used in this paper.

3. Results

3.1. Structures of BF-Containing Aluminum Foam

Figure 1a shows a representative cross-section morphology of aluminum foam with a BF content
of 4 wt.%. It can be seen that the pore structures are homogeneous, and the pores are spherical and
isolated. Based on statistical results (Figure 1b), the pore diameter of BF-containing aluminum foam is
mainly distributed in the range of 0.5–4.5 mm, and only about 5% of pores are larger than 3.5 mm.
As for the pure aluminum foam, it is mainly distributed in the range of 0.5–6 mm and about 24% of
pores are larger than 3.5 mm, meaning that BF can reduce the pore size and improve the homogeneity
of the pores.
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3.2. Compressive Stress–Strain Curves

Figure 2 shows quasi-static compressive stress–strain curves of pure aluminum foam and
BF-containing aluminum foam. It is clear that the stress–strain curves of BF-containing aluminum
foams possess three stages, which is typical behavior of metallic foams: Elastic–plastic stage (I),
where stress increases approximately linearly until reaching a local limit; stress plateau stage (II),
where the buckling and plastic collapse of foam cells initiate and the stress is relatively constant
over a large strain range; and densification stage (III), where the stress rises rapidly and the foam
density quickly approaches its constitutive material [1,8]. It should be noted that the addition of BF
substantially increases the compressive stresses of the foams. Meanwhile, the stress drop phenomenon
appears on the stress–strain curves of BF-containing specimens, which is not observed on the pure
aluminum foam. However, when the strain is greater than 0.1, no dentate stress fluctuations occur
in the stress plateau stage, indicating that 4 wt.% BF can play a good reinforcing role during the
compression process.

Yield strength, plateau stress, and densification strain are important parameters to characterize the
mechanical properties of metallic foams, and are also widely used in the design and analysis of cellular
solids [29]. In this paper, the first peak stress on the stress–strain curve is defined as yield strength [8],
the extrapolation method is used to determine the densification strain [30], and the average stress
within the strain range of 0.1 to 0.5 is defined as the plateau stress [31].
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Figure 3 shows the statistical results of yield strength and plateau stress of two kinds of aluminum
foams with different porosities. It indicates that BF-containing aluminum foams possess significantly
higher yield strength and plateau stress than pure aluminum foams with similar pore structure.
The plateau stress of BF-containing aluminum foams are 1.65 and 1.57 times as much as the pure
aluminum foams, respectively. It can also be seen that the yield strength of two kinds of aluminum
foams all decrease with the increase in porosity. When the porosity is about 83%, the yield strength of
the BF-containing aluminum foam is about 6.18 MPa, which is 1.78 times the pure aluminum foam
(3.48 MPa). Compared to the pure aluminum foam, when the porosity is close to 88%, the addition of BF
has little effect on the densification strain (Figure 2). In addition, densification strains of BF-containing
aluminum foams with different porosities are very similar, indicating that the densification strain of
BF-containing aluminum foam is insensitive to porosity in the investigated porosity range.
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3.3. Energy Absorption Characteristics

Energy absorption characteristics are important for the application of metallic foams [5]. Therefore,
energy absorption capacity (Equation (2)), energy absorption efficiency (Equation (3)), and ideal energy
absorption efficiency (Equation (4)) were utilized to evaluate the energy absorption characteristics of
BF-containing aluminum foams.
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Figure 4 shows the energy absorption capacities of both pure aluminum foams and BF-containing
aluminum foams. It is clear that energy absorption capacities increase with the increase in strain
and decrease in porosity for all of the foams. Generally, energy absorption capacity is defined as the
energy absorbed until densification strain during the compression test [1,8]. As shown in Figure 4,
when the porosities of pure aluminum foam are 87.4% and 82.6%, the energy absorption capacities are
0.84 and 2.21 MJ/m3, respectively, while, for BF-containing aluminum foam, when the porosities are
88.7% and 83.2%, the energy absorption capacities are 1.39 and 3.65 MJ/m3, respectively. Meanwhile,
it can be seen that the energy absorption capacity of BF-containing aluminum foam increases more
significantly than that of pure aluminum foam under higher porosity, e.g., at the strain of 0.5, the W of
BF-containing aluminum foam with a porosity of 88.7% is 74.58% higher than that of pure aluminum
foam with a porosity of 87.4%. At the same strain of 0.5, the W of BF-containing aluminum foam with
a porosity of 83.2% is 56.56% higher than that of pure aluminum foam with a porosity of 82.4%. All of
this means that, compared to pure aluminum foams, BF-containing aluminum foams possess better
energy absorption capacity regardless of the porosity.
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Figure 5 shows the energy absorption efficiency of pure aluminum foams and BF-containing
aluminum foams. It is clear that for both kinds of foams, energy absorption efficiency increases first
and then decreases with the increasing strain. For pure aluminum foams, when porosities are 87.4%
and 82.6%, the maximum energy absorption efficiencies are 0.336 and 0.341, respectively, while the
corresponding maximum energy absorption efficiencies of BF-containing aluminum foams are about
0.418 and 0.384, meaning an increase of 24.4% and 12.61%, respectively. It should also be noted that
when the porosity is close to 88%, the maximum energy absorption efficiency of pure aluminum foam
instead decreases. However, the BF-containing aluminum foam specimen still has a higher energy
absorption efficiency. This indicates that adding BF as reinforcement can greatly heighten the energy
absorption efficiency of aluminum foam.

Figure 6 shows the ideal energy absorption efficiency of pure aluminum foams and BF-containing
aluminum foams. As a general rule, an ideal energy absorption efficiency greater than 0.7 means
cellular materials have good energy absorption capability [32]. In the present work, the stage with
an ideal energy absorption efficiency exceeding 0.7 is defined as a high ideal energy absorption
efficiency stage, and the average ideal energy absorption efficiency at this stage is used to compare
the energy absorbing ability of both kinds of aluminum foam. From the view point of the high ideal
energy absorption efficiency stage, the strain ranges of BF-containing aluminum foams are wider
than those of pure aluminum foams with similar parameters, indicating BF-containing aluminum
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foams can maintain high energy absorption efficiency for a long time. Meanwhile, it can be seen from
Figure 6 that the average ideal energy absorption efficiency for pure aluminum foam is about 0.812
and 0.814, respectively, which are about 0.932 and 0.848, respectively, for BF-containing aluminum
foams, meaning the addition of BF can obviously enhance the ideal energy absorption efficiency of
aluminum foam.

Metals 2020, 10, x FOR PEER REVIEW 6 of 12 

 

 
Figure 4. Energy absorption capacity of two kinds of aluminum foams. 

Figure 5 shows the energy absorption efficiency of pure aluminum foams and BF-containing 
aluminum foams. It is clear that for both kinds of foams, energy absorption efficiency increases first 
and then decreases with the increasing strain. For pure aluminum foams, when porosities are 87.4% 
and 82.6%, the maximum energy absorption efficiencies are 0.336 and 0.341, respectively, while the 
corresponding maximum energy absorption efficiencies of BF-containing aluminum foams are about 
0.418 and 0.384, meaning an increase of 24.4% and 12.61%, respectively. It should also be noted that 
when the porosity is close to 88%, the maximum energy absorption efficiency of pure aluminum foam 
instead decreases. However, the BF-containing aluminum foam specimen still has a higher energy 
absorption efficiency. This indicates that adding BF as reinforcement can greatly heighten the energy 
absorption efficiency of aluminum foam. 

  
Figure 5. Energy absorption efficiency of aluminum foams: (a) Pure aluminum foam; (b) 4 wt.% basalt 
fiber (BF)-containing aluminum foam. 

Figure 6 shows the ideal energy absorption efficiency of pure aluminum foams and BF-
containing aluminum foams. As a general rule, an ideal energy absorption efficiency greater than 0.7 
means cellular materials have good energy absorption capability [32]. In the present work, the stage 
with an ideal energy absorption efficiency exceeding 0.7 is defined as a high ideal energy absorption 
efficiency stage, and the average ideal energy absorption efficiency at this stage is used to compare 
the energy absorbing ability of both kinds of aluminum foam. From the view point of the high ideal 
energy absorption efficiency stage, the strain ranges of BF-containing aluminum foams are wider 
than those of pure aluminum foams with similar parameters, indicating BF-containing aluminum 
foams can maintain high energy absorption efficiency for a long time. Meanwhile, it can be seen from 
Figure 6 that the average ideal energy absorption efficiency for pure aluminum foam is about 0.812 
and 0.814, respectively, which are about 0.932 and 0.848, respectively, for BF-containing aluminum 
foams, meaning the addition of BF can obviously enhance the ideal energy absorption efficiency of 
aluminum foam. 

Figure 5. Energy absorption efficiency of aluminum foams: (a) Pure aluminum foam; (b) 4 wt.% basalt
fiber (BF)-containing aluminum foam.

Metals 2020, 10, x FOR PEER REVIEW 7 of 12 

 

  

Figure 6. Ideal energy absorption efficiency of aluminum foams: (a) Pure aluminum foam; (b) 4 wt.% 
BF-containing aluminum foam. 

4. Discussion 

For short fibers-reinforced aluminum foams, the microstructure plays an important role in their 
compressive properties [33,34]. Therefore, the distribution of BF in aluminum foam was first 
observed to clarify the deformation mechanism of BF-containing aluminum foams. From Figure 7, it 
can be seen that there are mainly three distribution forms of BF in the foams. Some of them are 
entirely embedded in the cell walls (Figure 7a,b), which is similar to the reinforcements in bulk 
aluminum matrix composites [17–22], meaning the reinforcement effect of BF on aluminum foam is 
similar to those of BF-reinforced aluminum matrix composites. In addition, from Figure 7b, it can be 
observed that BF is randomly distributed in the cell walls. In addition, no defects along the interface 
of BF and the matrix can be found, indicating favorable interface bonding along the interfaces. As 
shown in Figure 7c, some BF partially protrudes from cell walls. It can also be seen from Figure 7d 
that a single BF penetrates through the cell. Meanwhile, rarely any BF is observed at the cell surface, 
meaning that all BF is located inside the cell walls, not at the interface. Furthermore, no bundles of 
BF in the cell walls and pores are observed, indicating that BF can completely disperse into the 
aluminum foam. Due to the stirring during the preparation process, the distribution of BF in 
aluminum melt is random. Moreover, though the main component of BF is SiO2, due to the presence 
of Mg, it has good wettability with aluminum matrix [35]. Thus, the randomly distributed BF mainly 
constricted in between liquid–gas interfaces during the foaming process, as shown in Figure 7a. In 
addition, they are more effective at trapping liquid, thereby improving the stability of the foam. On 
the other hand, as the bubbles grow up, the liquid film decreases in thickness, liquid–gas interfaces 
will squeeze BF into a denser structure, and some BF will then partially protrude from the liquid film, 
as shown in Figure 7c. In addition, when BF is longer than the thickness of the liquid film, it will 
easily be trapped in the cell walls and will not be able to transfer to the bottom, due to the gravity 
drainage (Figure 7d) [13,14]. 

 
Figure 7. Distribution of BF in the composite foam: (a) Entirely embedded in the cell wall; (b) enlarged 
image of BF from (a); (c) partially protruding from the cell wall; (d) penetrating through the cell. 

Figure 6. Ideal energy absorption efficiency of aluminum foams: (a) Pure aluminum foam; (b) 4 wt.%
BF-containing aluminum foam.

4. Discussion

For short fibers-reinforced aluminum foams, the microstructure plays an important role in their
compressive properties [33,34]. Therefore, the distribution of BF in aluminum foam was first observed
to clarify the deformation mechanism of BF-containing aluminum foams. From Figure 7, it can be
seen that there are mainly three distribution forms of BF in the foams. Some of them are entirely
embedded in the cell walls (Figure 7a,b), which is similar to the reinforcements in bulk aluminum
matrix composites [17–22], meaning the reinforcement effect of BF on aluminum foam is similar to
those of BF-reinforced aluminum matrix composites. In addition, from Figure 7b, it can be observed
that BF is randomly distributed in the cell walls. In addition, no defects along the interface of BF and
the matrix can be found, indicating favorable interface bonding along the interfaces. As shown in
Figure 7c, some BF partially protrudes from cell walls. It can also be seen from Figure 7d that a single
BF penetrates through the cell. Meanwhile, rarely any BF is observed at the cell surface, meaning that
all BF is located inside the cell walls, not at the interface. Furthermore, no bundles of BF in the cell walls
and pores are observed, indicating that BF can completely disperse into the aluminum foam. Due to the
stirring during the preparation process, the distribution of BF in aluminum melt is random. Moreover,
though the main component of BF is SiO2, due to the presence of Mg, it has good wettability with
aluminum matrix [35]. Thus, the randomly distributed BF mainly constricted in between liquid–gas
interfaces during the foaming process, as shown in Figure 7a. In addition, they are more effective at
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trapping liquid, thereby improving the stability of the foam. On the other hand, as the bubbles grow
up, the liquid film decreases in thickness, liquid–gas interfaces will squeeze BF into a denser structure,
and some BF will then partially protrude from the liquid film, as shown in Figure 7c. In addition,
when BF is longer than the thickness of the liquid film, it will easily be trapped in the cell walls and
will not be able to transfer to the bottom, due to the gravity drainage (Figure 7d) [13,14].
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To investigate the enhancement mechanism of BF, fracture surfaces of BF-containing foams were
observed. Figure 8 shows the failure morphology of the foams with BF completely embedded in
the aluminum matrix. As shown in Figure 8a, it breaks simultaneously with the matrix, BF possess
optimal compressive strength [15,16], and more energy is required to rupture the cell walls during
compression. It has been reported that tensile or shear will occur when forces from other cells are
perpendicular to the compression direction [36]. As shown in Figure 8b,c, BF completely embedded
in the matrix cracked when subjected to tensile stress. This is because the presence of BF limits the
deformation of aluminum matrix, and under tensile stress, BF is subject to greater tensile stress than the
matrix [37]. This process plays a key role in dissipating energy. Meanwhile, BF completely embedded
in the aluminum matrix enable the cell wall to possess greater compressive stress, leading to the
improvement in yield strength. In addition, closed-cell aluminum foam possesses lower thermal
conductivity, and during the solidification process, the cooling speed of BF-containing aluminum foam
would be different, resulting in casting stress in the foam [15,38]. Besides, average thermal expansion
coefficients of BF and pure aluminum are about 7.25 × 10−6 and 24 × 10−6, respectively, which will also
cause residual stress during the preparation process of aluminum foam [39,40]. When the compression
stress exceeds the yield strength of BF-containing aluminum foam, it will generate collapse, resulting in
a significant stress drop.
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Compression deformation diagrams of BF penetrating through the cell are shown in Figure 9.
It can be seen that BF bears both tensile or bend load during the compression process, respectively.
Owing to its higher yield strength and tensile strength of BF compared to aluminum matrix,
penetrated BF can restrict the deformation of the cell structure and enhance structural stability [15,32].
In addition, friction between BF protruding into the matrix and the matrix will also promote the energy
absorption property [41]. Meanwhile, interfacial bonding between BF and the matrix has a critical
effect on the mechanical properties of aluminum foam [42,43].
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Figure 9. Deformation and load of BF during compression and its schematic diagram: (a) Tensile;
(b) bend.

To further investigate the effect of BF on the microstructure of aluminum matrix, SEM analysis
was performed along the interface of BF and aluminum matrix (Figure 10). Figure 10b shows line
scanning analysis results of a single axially distributed BF and its adjacent aluminum matrix. It can be
seen that the intensity of Mg and O is similar with the decrease in aluminum intensity, meaning that
there may be a Mg-Al-O enrichment area at the interface. In addition, the intensity of Si fluctuates
on the left side of the matrix, meaning that BF may react with the aluminum matrix, leading to Si
migrating out of the BF into the matrix [21,37]. Combining with Figure 10a, it can be inferred that
strong interface bonding exists between BF and the aluminum matrix. When BF was debonding during
compression (Figure 11), more energy will be dissipated.
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Figure 12 shows surface scanning results of BF-containing aluminum foam. As shown in
Figure 12b,d, Mg and O are mainly distributed along BF surfaces. Moreover, a certain amount of Si is
distributed in the matrix (Figure 12f), which is consistent with the line scanning results as described
above. Furthermore, it is noteworthy that the distribution of Ca in aluminum matrix is similar to that
of Si (Figure 12e). Table 1 displays EDX results of different regions in Figures 10a and 12a. It can
be seen that the Al/Mg/O ratios are different from different areas. Combined with the line scanning
results (Figure 10b), it can be inferred that the BF surface should be coated with a layer of Mg-Al-O
intermetallic compounds with its thickness of about 3 µm, which gives further evidence of a good
interface combination between BF and aluminum matrix. In addition, according to Al/Ca/Si ratios
and surface scanning results in Figure 12, it can also be inferred that the Si diffused into the matrix
may form Al-Ca-Si intermetallic compounds with Al and Ca [22]. The presence of these intermetallic
compounds can greatly improve the strength of cell walls, thereby improving the mechanical properties
of BF-containing aluminum foams.
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5. Conclusions

Closed-cell aluminum foams with 4 wt.% contents of BF were fabricated by the melt-foaming
method using Ca, Mg as a thickening agent, and TiH2 as a foaming agent. The distribution of BF and
its effect on the quasi-static compressive properties of closed-cell aluminum foam were investigated,
and the following conclusions were obtained: Addition of BF prominently reduced the pore size,
enhanced the homogeneity of the pores, and improved the yield strength, plateau stress, and energy
absorption capacities of aluminum foams. Compared to pure aluminum foam, the densification
strain of BF-containing aluminum foam is insensitive to porosity in the investigated porosity range.
In BF-containing aluminum foams, it was observed that some BF embedded entirely in the cell walls,
some BF protruded from the cell walls, and some BF penetrated through the cells, and no bundles of
BF were found, which is beneficial for the improvement in mechanical properties of BF-containing
aluminum foam. Meanwhile, BF has a significant enhancement effect on stabilizing the pore structure
and strengthening the matrix. Mg-Al-O and Al-Ca-Si intermetallic compounds formed along the
interface of BF and the matrix, respectively. In addition to the traditional way of dissipating energy
during the compression process, the fracture of BF, and the debonding and friction of BF/matrix
interfaces were also significant for the improvement in energy absorption characteristics.
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