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Abstract

In this study, the mechanical properties of layered composite structures were investigated. We achieved the layered structure by hot-

pressing 1 mm, 3 mm, or 5 mm thick polyamide 6 (PA) sheets into the pores on the top and bottom sides of an open-cell metal foam 

at 240 °C and 15 MPa (150 bar). The PA-infiltrated depths varied with the thickness of the hot-pressed PA sheets. According to the 

bending and post-impact bending tests, flexural strengths improved as the infiltration depth of PA increased. Compared to the metal 

foam, a maximum of 15% increase in flexural strength and a 400% increase in residual flexural strength were measured. However, 

using a 1 mm thick PA sheet lowered the flexural strength of the open-cell metal foam. We found that the 1 mm thick PA sheet failed to 

fully infiltrate the foam pores, resulting in residual voids at the metal-PA interface, which caused premature fracture during bending. 
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1 Introduction

The application of lightweight materials in the transporta-

tion industry has become widespread in recent years due 

to their ability to reduce weight, which has improved fuel 

efficiency and reduced environmental impact [1, 2]. Thus, 
the development of new lightweight materials with higher 

specific strength and stiffness has become very important.
Automotive body structures may experience multiple 

impacts throughout their service life, so understanding 

their post-impact residual strength is critical. Many stud-

ies have focused on compression after impact testing [3–5] 
to evaluate the residual strength of impact sandwich pan-

els. However, sandwich panels in automobile bodies are 
typically required to resist bending loads, and therefore, 

it is necessary to test their bending behavior after impact. 
Metal foams are a new class of material, made by a 

range of novel manufacturing techniques. They have a high 
strength-to-weight ratio and good energy absorption capac-

ity, thus, they are often used in the design of lightweight 

materials [6, 7]. Due to their cellular structure, they are filled 
into hollow sections or used as a core material in sandwich 

panels to enhance resistance to bending load [8–10].
Omar et al. [8] studied a metal matrix syntactic foam 

(MMSF) core sandwich panel composed of alumina hol-
low particles reinforced A356 alloy syntactic foam and car-
bon fabric skin, and characterized its performance under 

three-point bending conditions. The test results showed 
that the average flexural strain of the MMSF core sand-

wich composite was 0.49 ± 0.06% and the stiffness was 
20.6 ± 0.7 GPa. Kemény et al. [9] investigated the com-

pressive and flexural strength of MMSF filled into various 
empty hollow sections. They found that an epoxy-bonded 
foam-filled hollow section structure (adhesive thickness 
1.0 mm, density 1.13 g/cm3, overlap shear strength 38 MPa 
at 24 °C) showed a 12% and 25% increase in energy absorp-

tion in square and rectangular geometries, respectively, 

compared to the sum of the energy absorption of the foam 
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and empty hollow section. Huang et al. [10] investigated 
the metallurgical-bonding interface-formation mechanism 

of aluminum foam sandwich (AFS) prepared by powder 
metallurgy and analyzed the bending performance and 

energy absorption of metallurgical bonding AFS and glued 
AFS. The results show that the peak load of metallurgically 
bonded AFS is 24% higher than that of glued AFS, and the 
energy absorption is 12.2 times that of glued AFS. 

The manufacturing process determines the mechanical 

properties of sandwich panels, especially under bending 

and impact loads, which has an important effect on the flex-

ural strength, energy absorption characteristics, and fail-

ure mechanism [11–16]. The performance of a sandwich 
panel depends heavily on the quality of the bond between 

the face sheets and the core material. Delamination can 
happen if the interface layer is improper, which can 

decrease the mechanical properties and the stability of the 

sandwich panel [17–19]. 
Our goal was to produce a lightweight structure with 

enhanced flexural strength and post-impact bending prop-

erties. For that, we designed a new type of layered com-

posite with three layers, where the upper and lower layers 

were metal-polyamide 6 (PA) composites, while the mid-

dle layer was metal foam. To avoid delamination during 
bending, the layered structure was made out of a single 

block of metal foam. The layered structure was achieved 
by hot-pressing PA into the pores in the top and bottom 
layers of the open-cell foam. The effect of PA content on 
the bending and post-impact properties was investigated. 

2 Materials and methods

2.1 Sample preparation

PA granules and Al - 12 wt% Si (AlSi12) open-cell metal 
foams were selected to produce composites with layered 

structure. The chemical composition of the metal foam 
material is given in Table 1.

The open-cell metal foam was manufactured by the salt 

replication method. First, salt particles with 3–4 mm size 
were sintered at 800 °C for 2 h to form an interconnected 

structure. Subsequently, the AlSi12 was heated in an induc-

tion furnace (Lindberg Blue M), and the sintered salt, pre-

heated to 400 °C, was infiltrated with the molten AlSi12 
using argon gas at 450 kPa (4.5 bar). After the metal was 
cooled down to room temperature, the foam blocks were 

cut into 20 mm thick slices. Finally, the salt was leached 
out by running water, resulting in an open-cell metal foam 

with a pore size of 3–4 mm. 
From these AlSi12 foam slices, metal foam-PA compos-

ites were produced using the hot-pressing method. First, 
PA granules (A. Schulman, Inc., USA) were dried in a 
drying oven (Venticell LSIS-B2V) at 80 °C for 24 hours 
to remove moisture. Then, the granules were hot-pressed 
in a hot-pressing machine (Teach-Line Platen Press 
200E) at 235 ℃ for 5 minutes and cooled for 10 minutes 
to form PA sheets with thicknesses of 1 mm, 3 mm, and 
5 mm. The prepared PA sheets were hot-pressed into the 
top and bottom of the AlSi12 metal foam at 240 °C and 
15 MPa (150 bar) pressure to create the layered compos-

ites. The metal foam-PA composites are referred to as 
PA_1, PA_3, and PA_5, where the number indicates the 
thickness of the PA layers that were hot-pressed into the 
AlSi12 foam's pores. With this procedure, the middle 
layer remained metal foam. With each parameter set, two 
74 mm × 74 mm × 20 mm panels were produced. Fig. 1 
shows the schematic diagram of the fabrication process.

2.2 Material characterization

For each type of metal foam-PA composite, 12 images 
made by a stereomicroscope (Olympus SZX16) were used 
for the structural analysis. The depth of the hot-pressed 
PA in the metal foam (infiltration depth) was measured on 
cross-sections of the samples in 30 points using ImageJ 
image processing software [20]. The fracture surface after 
the bending test was investigated by a scanning electron 

microscope (ZEISS EVO MA 10). 
A Zwick Z020 tester machine was used to carry out 

the three-point bending test at room temperature with a 

cross-head speed of 5 mm/min. The loading head and the 
supports were steel cylinders with a diameter of 10 mm 
and a span of 40 mm. The bending tests of the samples 

Table 1 Chemical composition of the metal material (AlSi12)

Element wt%

Al bal.

Si 12.5

Fe 0.542

Mn 0.152

Ti 0.140

Other 0.037
Fig. 1 The schematic diagram of the manufacturing process
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were video recorded. The size of the rectangular samples 
was 74 mm × 20 mm × 20 mm. For each type of material, 
3 samples were tested. The flexural strength ( σ

f
 ) was cal-

culated from the maximum load ( F
m
 ), according to Eq. (1),

� f
mF L

bh
�
3

2
2

, (1)

where L is the support span and b and h are the width and 

thickness of the specimen, respectively. 
The Charpy impact test was conducted using a Ceast 

Resil Impactor Junior tester. The blocks' size of unnotched 
specimens for Charpy impact tests and post-impact residual 
strength tests were 74 mm × 10 mm × 20 mm. The impact 
damage threshold (critical energy) for the residual strength 
was set as 1 J based on the nearly invisible damage (BVID) 
method [21]. The Charpy impact strength was calculated 
according to the MSZ EN ISO 7438:2021 standard [22]. 
In the post-impact residual strength test, the surface expe-

riencing a 1 J impact was placed flatwise. For the impact 
and post-impact test, 3-3 samples were tested.

The density of each sample was calculated as the ratio 

of mass to volume. The volume was calculated as the prod-

uct of the length, width and thickness of the sample mea-

sured with a caliper.

3 Results and discussion

3.1 Microstructure

Fig. 2 shows the cross-sections of the layered composites. 
The resulting structure can be divided into three layers: 
the upper and lower layers are PA-metal composites, while 
the middle layer remains AlSi12 foam, similar to sand-

wich structures.

Table 2 presents the structural parameters of the samples: 
the metal area fraction (S

metal
/S), PA area fraction (SPA/S), 

and pore area fraction (S
pores

/S) that were determined on 
the cross-sectional surfaces of the samples. The Depth_top 
and Depth_bottom indicate the infiltration depth of PA in 
the AlSi12 metal foam, measured on the cross-sectional 
surface from the top and bottom, respectively.

The infiltration depth increases with PA content, indi-
cating that the chosen hot-pressing parameters result in 

a good manufacturing process. The infiltration depth is 
less than the pore size of the AlSi12 foam for PA_1 sam-

ples, indicating that only the pores on the surface are filled 
with PA. In the case of PA_5, the infiltration depth is about 
twice the pore size. As the infiltration depth depends on 
the interconnectivity of the pores, the higher the infiltra-

tion depth, the higher the scatter is. 
During the hot-pressing process, the infiltration of the 

bottom PA sheet into the metal foam was less successful 
as part of the molten PA flow out in the lateral direction, 
while the top PA sheet infiltrated deeper, resulting in the 
asymmetrical infiltration of the PA on the top and bottom 
sides of the metal foam- PA composite.

When the thickness of the PA sheet used increases, 
SPA/S increases and S

pores
/S decreases, and thus, the den-

sity of metal foam-PA composite increases. The infiltra-

tion depth of PA also increases on both the top and bottom 
sides of the foam. 

To investigate the metal-PA interface, the fracture sur-
face of the foam-PA samples was investigated. The SEM 
images of fracture surfaces after three-point bending tests 

are shown in Fig. 3. The red and blue arrows indicate the 
AlSi12 metal foam and the PA, respectively, and the green 
dashed line shows the metal-PA interface.

Fig. 3 (a) shows that in the case of PA_1, the infiltration 
of the foam's pores was not complete, as there are some 

Fig. 2 The structure of the layered composites (The yellow dash lines 

indicate the layers of the composites.)

Table 2 Structural parameters of the samples; S
x
/S denotes the area 

fraction of material X, and Depth is the infiltration depth of PA in the 
metal foam from the top and the bottom

AlSi12 
foam

PA_1 PA_3 PA_5

S
metal

/S (%) 47.2 ± 2.5 49.6 ± 1.8 47.6 ± 5.0 44.5 ± 2.8

SPA/S (%) - 9.4 ± 1.0 18.3 ± 1.8 41.4 ± 2.4

S
pores

/S (%) 52.8 ± 2.5 41.0 ± 2.8 34.1 ± 5.5 14.1 ± 4.5

Depth_top 
(mm) - 2.1 ± 0.6 4.6 ± 0.9 9.8 ± 1.4

Depth_bottom 
(mm) - 1.6 ± 0.1 4.0 ± 1.1 8.2 ± 2.0

Density (g/cm3) 1.21 ± 0.05 1.25 ± 0.05 1.44 ± 0.01 1.54 ± 0.03
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remnant voids between the metal and PA. As the PA con-

tent is increased, the infiltration of the pores is better, indi-
cating that the manufacturing process results in a better 

infiltration process with increasing PA content. However, 
in many cases, the metal and the PA surfaces are partly 
separated (Fig. 3 (b), (c)). 

3.2 Three-point bending test

The effect of PA content on the AlSi12 metal foam's 
mechanical properties was studied. Fig. 4 shows the three-
point bending curves and Table 3 displays the flexural 

strength, specific flexural strength, residual strength and 
specific residual strength of AlSi12 foam and the compos-

ites with different PA content. For better visibility, only 
two load-deflection curves from each type of sample are 
shown in Fig. 4 to reflect the bending behavior.

The PA_1 samples have the lowest flexural strength, 
even lower than the flexural strength of the AlSi12 foam. 
This phenomenon shows that in this case, the PA fails to 
strengthen the AlSi12 foam. As the microstructural inves-

tigation revealed, in the case of PA_1 only the pores on the 
surface were filled with PA resulting in a highly uneven 
reinforcement thickness, and in many cases remnant pores 

at the metal-PA interface were found. During bending test, 
these may lead to stress concentration, thereby triggering 

rapid failure [23–25]. According to Table 3, the flexural 
strength increases with increasing PA content, and PA_5 
has the highest flexural strength. However, the difference 
in flexural strength for PA_3 and PA_5 is not significant, 
indicating that from the point of view of flexural strength, 

Table 3 The flexural strength ( σ
f
 ), the specific flexural strength (σ

f
 / ρ), 

residual strength ( σ
f,res

 ) and specific residual strength (σ
f,res

 / ρ) of metal 
foam-PA composites without and after impact

Sample σ
f
 (MPa) σ

f
 / ρ (MPa·cm3/g)

AlSi12_foam 33.7 ± 2.6 24.8 ± 1.7

PA_1 26.8 ± 2.8 23.0 ± 2.2

PA_3 36.0 ± 1.7 26.8 ± 1.5

PA_5 39.0 ± 3.0 26.3 ± 2.8

Sample σ
f,res

 after 1 J Impact 
(MPa)

σ
f,res

 / ρ after 1 J Impact 
(MPa·cm3/g)

AlSi12_foam 9.2 ± 5.1 8.5 ± 4.6

PA_1 24.7 ± 5.4 18.4 ± 3.4

PA_3 48.5 ± 2.6 31.6 ± 1.6

PA_5 47.4 ± 11.4 29.9 ± 7.0

Fig. 3 Metal-PA interface in metal foam-PA composite with different 
PA content, (a) PA_1, (b) PA_3, (c) PA_5

Fig. 4 The load-deflection curves for AlSi12 foam (black), PA_1 (blue), 
PA_3 (red) and PA_5 (green)
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PA_3 may be the best choice, especially so as the specific 
flexural strength (flexural strength to density ratio) is the 
highest for PA_3. However, as Fig. 4 shows the load-deflec-

tion curves of PA_3 (red curves) stop almost right after the 
maximum stress, which is due to the sudden drop in force.

Fig. 5 shows the macro failure mechanisms of foam and 
foam-PA under the three-point bending condition. After 
reaching the maximum stress, the curve starts to decrease; 
for foam samples the force decreases gradually, for PA_1 
and PA_5 rapidly, and for PA_3, there is a sudden drop 
in force. The video recording showed that the direction 
of crack propagation in the foam samples was not verti-

cal (i.e. in the direction of the load), causing the gradual 
decrease in force. In the case of foam-PA samples, the 
crack propagation was vertical, and for PA_3 the crack 
already propagated through the sample when reaching the 

maximum force, causing the abrupt force drop. In the case 
of PA_5, the upper metal-PA layer hindered somewhat the 
crack propagation, resulting in a rapid force decrease. 

3.3 Charpy impact test

Table 4 presents the Charpy impact strength and specific 
Charpy impact strength (Charpy impact strength to den-

sity ratio) of the foam and foam-PA samples.
The Charpy impact test results show that the foam-PA 

sample's ability to resist local impact increases with 
increasing PA content. As the PA content in the foam 
increases, the impact strength of the foam-PA sample 
also increases. Similarly to flexural strength, the Charpy 
impact strength of PA_3 and PA_5 is almost the same, 
which may be due to the similar failure mechanism as 

for bending. The Charpy impact strength of AlSi12 metal 

Fig. 5 The bending behavior of (a) foam at maximum load, (b) foam after removing the load, (c) PA_1 at maximum load, (d) PA_1 after removing 
the load, (e) PA_3 at maximum load, (f) PA_3 after removing the load, (g) PA_5 at maximum load and (h) PA_5 after removing the load 

(The yellow and green arrows show the place of crack initiation and the direction of crack propagation, respectively.)
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foam is the highest, almost 1.5 times higher than that of 
PA_5. As the bending tests showed, adding PA increases 
the maximum force the samples can withstand, and thus, 

it results in an increase in flexural strength. However, 
the absorbed energy during bending is the highest in the 

case of the foam sample, as the addition of PA causes a 
drop in force after the peak stress, reducing the absorbed 

energy during bending. This tendency may be the same 
at a higher deformation rate. The specific impact energy 
also indicates that foams without PA can absorb a higher 
amount of energy as the crack does not propagate in the 

direction of the impact according to the video recording. 

3.4 Post-impact residual strength test

The effect of impact on the residual strength was also 
investigated (see Table 3). After the impact of 1 J, the 
residual flexural strength of the foam-PA samples does 
not change. However, the scatter is much higher, indicat-
ing that due to the inhomogeneity of the material, in some 

cases the impact caused minor damage that led to the pre-

mature fracture during the post-impact test. 
The AlSi12 foam's behavior is very different, the flex-

ural strength of the AlSi12 foam is about the third after 
the impact of 1 J. This huge change can be attributed to 
the impact-initiated crack, which becomes visible on the 

recorded videos even at small loads. The different sample 
width may also affect the results. (The sample width was 
reduced from 20 mm to 10 mm to fit the impactor tester.) 
Further investigations are needed to confirm the role of 
sample's geometry on post-impact flexural strength.

4 Conclusion

The hot-pressing method was applied to produce layered 

structured AlSi12 foam–polyamide 6 composites with dif-
ferent PA content and porosities. The layered structure 
was produced by hot-pressing polyamide 6 (PA) sheets 
with thicknesses of 1 mm, 3 mm and 5 mm into the pores 
of an open-cell AlSi12 metal foam on both sides (PA_1, 
PA_ and PA_5). The following conclusions can be drawn 
from the three-point bending, Charpy impact and post-im-

pact test results:
• The structural investigation revealed that the infil-

tration depth should be at least the pore size of the 

foam to avoid voids at the metal-PA interface and to 
have a satisfactory infiltration.

• The flexural strength and the absorbed impact 
energy of the metal foam-PA composite increased 
with increasing PA content. And PA_3 showed the 
highest specific flexural strength, which was about 
10% higher than the specific flexural strength of the 
AlSi12 foam. 

• The PA_5 had the highest Charpy impact strength 
which was 50.8 ± 10.3 kJ/m2, twice as much the 

impact strength of PA_1. 
• The post-impact test revealed that while the 1 J 

impact affected the residual strength of the AlSi12 
foam, the metal foam-PA samples' bending proper-
ties did not change due to the 1 J impact. 
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Table 4 Charpy impact strength and specific impact strength of AlSi12 
foams and AlSi12 foam samples with different PA content

Sample
Average Charpy 
impact strength  

(kJ/m2)

Average specific Charpy 
impact strength (σ

i
 / ρ) 

(kJ/m2) / (g/cm3)

AlSi12 foam 77.8 ± 2.0 65.1 ± 2.4

PA_1 24.3 ± 3.9 18.4 ± 2.7

PA_3 40.3 ± 8.5 28.0 ± 3.9

PA_5 50.8 ± 10.3 31.2 ± 6.3
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