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INTRODUCTION

Nowadays, the design of engineering struc-
tures seeks to reduce the weight of components. 
Technological advances make it possible to man-
ufacture thin components made of fiber compos-
ites. Sandwich structures, characterized by their 
unique configuration of a lightweight core mate-
rial sandwiched between two outer layers, have 
garnered significant attention in various engineer-
ing applications due to their exceptional mechani-
cal properties and energy absorption capabilities 
[1, 2]. Among these, aluminum foam has emerged 
as a popular core material owing to its lightweight 
nature, high specific strength, and remarkable en-
ergy-dissipation characteristics [3, 4]. Coupling 

aluminum foam with composite cladding creates 
a hybrid structure that exploits the advantages of 
both materials, enhancing performance in struc-
tural applications such as aerospace, automo-
tive, and civil engineering [5–7]. In the literature, 
numerous materials are utilized as fibers within 
an epoxy resin matrix. The most commonly em-
ployed fibers are glass or carbon; however, many 
publications describe the application of natural 
fibers, including flax, bamboo, or banana [8–10]. 
Depending on the type of reinforcement and ma-
trix used, as well as the orientation of the fibers, 
it is possible to obtain a material with desired 
mechanical and material properties while main-
taining a low mass of the element. Due to their 
modification potential, fiber composites have 
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found applications in various industrial sectors, 
including aviation, marine, and automotive [11–
13]. A crucial aspect of the quality of obtained 
composites is the manufacturing quality, which 
significantly influences the uniform distribution 
of reinforcement material in the matrix [14, 15]. 
Composite materials, through their modification 
capabilities, have been employed as structural 
elements with open or closed cross-sections [16, 
17]. Columns produced in this manner serve as 
load-bearing elements, which, due to their failure 
mechanism, are a more efficient and safer alterna-
tive to traditional columns made of conventional 
materials (steel or aluminum alloys). Numerous 
studies demonstrate a safe range between dam-
age initiation and loss of load-carrying capacity 
in composite materials elements [18–20].

Failure analysis of these sandwich structures 
is crucial to understanding their mechanical be-
havior under various loading conditions. The dis-
tinctive properties of aluminum foam lead to com-
plex failure mechanisms, including core crushing, 
shear failure, and delamination at the interface be-
tween the foam and composite layers. These fail-
ure modes can significantly impact the structural 
integrity and durability of the composite cladding, 
making it imperative to analyze the factors con-
tributing to these failures. Recent studies have uti-
lized advanced experimental techniques and com-
putational methods to investigate these phenom-
ena, providing insights into the stress distribution 
and damage evolution within the structure.

Giammaria’s et al investigated the low-veloci-
ty impact behavior of flax, basalt, and hybrid bio-
composite laminates across a temperature range 
(-40 °C to 80 °C), using experimental testing, ana-
lytical modeling, and numerical simulations [21]. 
Results showed that temperature significantly af-
fected the response of flax composites, while basalt 
and hybrid materials demonstrated greater robust-
ness. Analytical and numerical models provided 
reasonable predictions, highlighting the potential 
of these tools for design and optimization, though 
further refinements are needed to fully capture 
damage mechanisms at extreme temperatures.

Wei et al. [22] conducted research on the re-
sistance of carbon fiber grid sandwich composite 
structures to high-velocity impact, which is of sig-
nificant importance in the aerospace and automo-
tive industries. The investigation encompassed ex-
perimental tests and computational simulations of 
various configurations of these structures to evalu-
ate their strength and capacity for impact energy 

absorption at high velocities. The findings dem-
onstrated that an appropriate lattice structure, in 
conjunction with the properties of the carbon com-
posite, substantially enhances damage resistance 
while maintaining low mass. These structures ex-
hibit exceptional impact energy attenuation perfor-
mance, rendering them promising materials for ap-
plications requiring high-speed impact resistance.

Sahib et al. present a comprehensive study on 
improving the performance of composite sandwich 
structures using advanced computational tech-
niques [23]. The scope of the research includes the 
development and application of an artificial neural 
network (ANN) model to accurately predict the 
mechanical properties of these structures, which 
is critical for effective design optimization. Com-
bined with a genetic algorithm (GA), the study 
aims to achieve multi-objective optimization that 
balances competing criteria such as weight reduc-
tion and strength enhancement. The results show 
significant performance improvements in the de-
sign of composite sandwich structures, presenting 
optimal configurations that outperform traditional 
designs in terms of performance metrics. These 
results highlight the potential for integrating ar-
tificial intelligence-based methods into materials 
engineering, providing a path for future innova-
tions in structural design and optimization. The 
use of various neural network models has found 
application in many scientific fields as a tool for 
predicting indicators that determine mechanical or 
material properties [24–26].

The development of new technologies makes 
it possible to produce additive structures with po-
rous composition. An interesting approach in the 
analysis of structures made using 3D technology 
was presented by Epasto et al. [27]. In this paper, 
the author presented a three-point bending analy-
sis of sandwich structures printed from PLA poly-
mer material. The structures in the bending plane 
had a honeycomb arrangement of different sizes, 
which translated into load carrying capacity. The 
results of this research highlight the significant 
potential of foam additive manufacturing (FAM) 
in the field of environmental sustainability.

Manufacturing samples by 3D printing from 
metal powders has numerous benefits, which 
were mentioned in the previous paragraph [28–
30]. However, it is important to note the cons that 
this technology brings. The main disadvantages 
relate to the limitation in the printing of closed 
pores, which are important from a stress transfer 
point of view. Discontinuities in the form of open 
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pores can result in the occurrence of notches and 
stress concentrations that cause sudden cracking 
of the structure [31].

Aluminum foam castings produced by the liq-
uid method, in addition to their many advantages, 
can have some significant disadvantages that af-
fect the chosen mechanical properties [32, 33]. 
The main disadvantage is the formation of mac-
ro and micro pores when gases become trapped 
in the metal during casting, reducing the density 
and strength of the material. The non-uniformity 
of the pore distribution means that the casting can 
have variable mechanical properties at different 
locations, leading to a weakening of the strength 
of selected regions of the material [34, 35]. An-
other defect is cracks and deformations occurring 
due to internal stresses caused by uneven cooling 
of the metal, which can lead to weakening of the 
structure. The last major defect in cast foams are 
gas inclusions and inclusions, i.e. impurities that 
alter the microstructure of the casting, weakening 
its strength and corrosion resistance [36]. In addi-
tion, the rudimentary quality control resulting from 
the specific porous structure of aluminum foams 
makes it difficult to detect defects by traditional 
methods, requiring advanced non-destructive diag-
nostic techniques. Each of these defects affects the 
quality and durability of the castings, so their mon-
itoring during the production process is extremely 
important to obtain a high-quality structure.

Furthermore, improving the design of alu-
minum foam and composite sandwich panels 
requires a thorough understanding of how dif-
ferent parameters, such as core density, compos-
ite type, and loading rate, influence their failure 
behavior. As the demand for lightweight and 

high-performance materials continues to rise, ad-
dressing these challenges through detailed failure 
analysis will pave the way for the development of 
more resilient and efficient sandwich structures.

Theoretical background

Aluminum as well as fiber reinforced polymer 
are two materials distinguished by their mechani-
cal properties and behaviors under stress, making 
them suitable for diverse engineering applica-
tions. Aluminum, a lightweight metal, exhibits 
considerable malleability and enables both elastic 
and plastic deformation (Fig. 1) when subjected 
to external loads [37]. This characteristic allows 
aluminum to endure certain degrees of bending 
and deformation prior to failure. However, once 
the material surpasses its yield strength, it can un-
dergo permanent deformation, ultimately leading 
to mechanical failure through mechanisms such 
as cracking or fracture, particularly in regions of 
stress concentration, including joints and notched 
configurations. Consequently, aluminum’s rela-
tively predictable failure modes make it a com-
mon choice in applications where ductility and 
malleability are advantageous [38, 39].

In contrast, a fiber composite material that 
integrates high-performance fibers with a resin 
matrix, resulting in a material that offers superior 
strength-to-weight ratios and rigidity compared 
to traditional metals. CFRP typically displays 
limited plastic deformation, indicating that while 
it demonstrates significant resistance to bend-
ing, it is also prone to sudden and catastrophic 
failure under excessive loads (Fig. 1). The fail-
ure mechanisms associated with CFRP include 

Figure 1. Exemplary stress – strain curve for aluminum and fiber composite
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fiber pull-out, matrix cracking, and delamination, 
which can render the material’s failure modes 
less predictable than those of aluminum. There-
fore, the selection between aluminum and CFRP 
necessitates careful consideration of the specific 
requirements of the application, including weight 
constraints, desired mechanical properties, and 
anticipated loading conditions. This understand-
ing is essential for optimizing material perfor-
mance in engineering designs.

The plastic deformation of metallic foams devi-
ates significantly from that of monolithic materials 
due to their inherently porous microstructure. De-
formation mechanisms encompass cell wall bend-
ing (dominant in open-cell foams under low hydro-
static stress), cell wall stretching (more prominent 
under higher hydrostatic pressures), ligament shear 
and fracture (often initiating failure), and complex 
node deformation [40–42]. The resulting yield be-
havior is highly sensitive to hydrostatic pressure 
and deviatoric stress components, deviating from 
simple yield criteria such as von Mises, and exhib-
iting substantial stress-path dependence [43].

Yield surfaces are often non-standard shapes 
(e.g., elliptical or quadratic), reflecting the com-
plex interaction of deformation mechanisms. 
Strain hardening is typically accompanied by 
densification, as cells collapse and ligaments frac-
ture, ultimately leading to failure. Accurate con-
stitutive modeling requires consideration of these 
coupled phenomena, necessitating sophisticated 
models that capture the interplay of microstruc-
ture, loading conditions, and evolving material 
properties throughout plastic deformation.

MATERIALS AND METHODS

In this research, the development and manu-
facture of sandwich structures utilizing an alumi-
num foam core reinforced with various cladding 

materials to enhance mechanical properties was 
focused on. The core was constructed from alumi-
num foam, known for its lightweight and excellent 
energy absorption characteristics. The cladding 
consisted of an aluminum sheet, a carbon fiber-re-
inforced polymer sheet, and a flax fiber-reinforced 
polymer sheet, chosen for their superior strength-
to-weight ratios and sustainability (Fig. 2). Each 
specimen was carefully manufactured with dimen-
sions of 140 × 40 × 20 mm through a meticulous 
adhesive process that bonded the cladding layers to 
the aluminum foam core. This methodical assem-
bly aimed to evaluate the mechanical performance 
and potential applications of these innovative com-
posite structures in various engineering fields.

The metal foam used in this study was manu-
factured in-house at the foundry laboratory of the 
Maritime University of Technology in Szczecin. 
The porous structure obtained is characterized 
by closed pores with a regular shape. The foam 
was formed by applying the foaming-in-liquid 
method described in detail in the authors’ previ-
ous publications [44]. The fundamental process 
involved the liquefaction of the aluminum alloy 
AlSi9, followed by the incorporation of calcium 
to enhance the viscosity of the liquid alloy. The 
aluminum alloy was heated above its liquidus 
temperature, after which TiH2 powder was intro-
duced as a foaming agent. Due to the elevated 
temperature, titanium hydride decomposed into 
titanium metal and hydrogen gas. The resultant 
foam was cooled below the solidus temperature 
to stabilize the structure. The porous structure 
formed upon cooling was subsequently cut to the 
desired dimensions. The adhesive bonding of the 
sandwich structures was also performed in-house 
and the subsequent steps are shown in Figure 3.

To determine the properties of the self-gen-
erated metal foam, gas adsorption tests were car-
ried out using the Brunauer-Emmett-Teller (BET) 
method (Table 1). The test determines the quality 

Figure 2. Schematic presentation of research materials
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of the generated porous structure by determining 
its density and the percentage of closed and open 
pores. The analysis was performed using N2 gas 
at 20.3 °C, the target pressure was 5.0 psig. The 
analysis was carried out for four samples with 
volumes in the range 3.68–3.70 cm3.

Aluminum foam and the composite panels 
supplied by the manufacturer were used to create 
a sandwich structure by bonding the cladding to 
both sides of the metal foam (core). The formation 
of a permanent bond was accomplished by using 
Epidian 53 epoxy resin and Z1 polyamide harden-
er at a ratio of 10:1. The resulting adhesive bond is 
characterized by high flexibility and impact resis-
tance, which is crucial for the planned scope of the 
study. Bonding took place according to the guide-
lines presented in the literature as well as the adhe-
sive manufacturer’s instructions. In a first step, the 
bonded surfaces were degreased and then a layer 
of adhesive mixture was applied to the top layer 
of the cladding. The previously prepared metal 
foam (core) was then applied to the upper surface. 
The core was then loaded for 8–12 hours until the 
cladding-core bond was cured. The operation was 

then repeated with the second cladding, creating 
an interlayer structure consisting of a lightweight 
core with composite facings. The prepared speci-
mens were left to fully cure for 7–10 days before 
bench testing at room temperature.

Experimental tests were carried out on an MTS 
793 universal testing machine with a sensor built 
into the head with a test range of 0–50 kN. A 140 × 
40 × 20 mm specimen was placed on 5 mm radius 
supports spaced 100 mm apart (Figure 4). The up-
per crosshead placed centrally moved vertically 2 
mm/min. The experimental test was realized on the 
basis of the standard ASTM C393 [45]. 

The experimental specimens had a core 
thickness of about 18 mm and cladding made 
of different structural materials (Table 2). Two 
samples had CFRP cladding with fiber orienta-
tion [90°, 0°, 90°, 0°]s designated as C1 in the 
results. Two more samples had an arrangement 
[90°, 0°, +45°, -45°]s designated as C2 in the re-
sults. Epoxy resin-reinforced flax fiber specimens 
had an arrangement [90°, 0°, 90°, 0°]s designat-
ed as F1 in the results. For all composite panel 
sandwich specimens, the cladding was placed 

Table 1. Results of gas adsorption analysis
Name Value Standard deviation

Average volume [cm3] 3.6981 0.0037 cm3

Average density [g/cm3] 1.0313 0.0010 cm3

Average open cell [%] 76.3322 0.0236%

Average closed cell [%] 23.6681 0.0236%

Figure 3. Manufacturing process of metal foam sandwich structure
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Figure 4. Testing stand condition (a) actual view (b) schematic view

Table 2. Comparison of research test condition for different specimen
Name Cladding material Core material Crosshead velocity [mm/min] Stacking sequence

C1 Carbon fiber

AlSi9 2

[90°, 0°, 90°, 0°]

C2 Carbon fiber [90°, 0°, +45°, -45°]

F1 Flax fiber [90°, 0°, 90°, 0°]

A1 Aluminum sheet N/A

symmetrically with respect to the foam core. In 
addition, two samples with AA1050A aluminum 
sheet cladding, designated A1 in the publications, 
were tested.

In addition, in order to observe and accurately 
present the damage to the porous core as well as the 
composite cladding, a Keyence VHX 970F digital 
microscope was used for analysis. The microscope 
is equipped with a movable head that allows re-
cording images at any tilt angle. The present study 
was carried out at an approximation of x20, which, 
for all samples, allowed accurate observation of 
the degradation of the sandwich structure.

RESULTS

The bench tests were carried out with con-
stant boundary conditions for all specimens with 

the same dimensions. The specimens differed in 
the type of cladding used, which affects the load 
transfer and degradation behavior of the com-
posite sandwich structures. Bench tests carried 
out for a displacement of the upper crosshead of 
20 mm in the vertical direction. Larger crosshead 
displacement resulted in wedging of the wrapped 
sandwich structure. The sampling frequency was 
set as 20 Hz, which allowed obtaining around 
12,000 measurement points. Such a large number 
of points is necessary in order to correctly deter-
mine the location of a structural failure character-
ized by a sudden drop in force value.

All the results presented revealed a higher 
hardening rate characterized by the plateau re-
gion after the point of yielding associated with the 
plastic deformation of the structure. The shape of 
the curve then deviates from those presented in 
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the work of Zhang et al. as a reference for three-
point bending of sandwich structures [46]. 

In the analysis of the test results, several fac-
tors important for the three-point bending test 
were taken into consideration. The first aspect 
analyzed is the extent of elastic deformation of 
the structure, which can be observed in the first 
stage of force increase in the force-displacement 
diagrams in Figures 5–12. The slope of the curve 
in the first stage of bending showed a higher 
Young’s modulus for the two types of cladding 
materials A1 and C2. Specimens C1 and F1 
showed a slightly lower modulus resulting in a 
2 mm deformation of the structure in the elastic 
range. The curve for sample A1 shows a high con-
vergence for both specimens (Fig. 5).

In order to simply identify the deformation of 
the structure with respect to the change in force 
as a function of displacement, a graphical rep-
resentation of the post-crush spacer structures 
was placed next to the curves. This methodology 
was applied to all presented specimens. Static 

three-point bending test of A1 specimens showed 
high compliance of a critical force of about 1200 
N, as well as further deformation of the structure. 
The test specimen with aluminum sheet cladding 
(A1), after obtaining the critical force, obtained 
a constant value called the “plateau” region. The 
specific course of the function of the force value, 
indicates significant energy absorption properties 
confirmed occurrence of a progressive course of 
force values for selected samples. 

The next analyzed samples had a C1 designa-
tion and cladding made of carbon fiber reinforce-
ment polymer. The fiber arrangement is symmet-
rical with respect to the porous core. The analysis 
conducted showed a slight discrepancy in the val-
ue of the critical force. The shape of the curve is 
similar for the two samples tested, while sample 
S1 is characterized by slightly lower force values 
resulting from the indentation of the cladding into 
the aluminum foam.

The force diagram for specimen S1 has a vis-
ible drop in force around the 15 mm crosshead 

Figure 5. Force-displacement curve for A1 specimen

Figure 6. Frontal view of tested A1specimen
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displacement. This drop is related to the detach-
ment of the cladding from the foam core visible 
in the top image in Figure 8. The post-bending 
specimens have a visible uniform distribution of 
pores, which did not crush beyond the central 
part of the specimen. As a result of the bending 
of both specimens, fiber cracking of the upper 
cladding occurred, which is visible in Figure 7 
as spikes in force values. The failure analysis of 
the sandwich structure is described in more de-
tail later in the results.

Another specimen labelled C2 showed a con-
stant crushing force in terms of plastic deforma-
tion of the structure. Specimen C2 had +/- 45° 
fibers, which reinforce the structure during flex-
ural deformation of the cladding in both fiber 
tension and compression. Similarly to specimen 
C1, specimen S1 has a marked decrease in force 

values due to cladding detachment (Fig. 9–10). 
The failure of the structure is caused by signifi-
cant shear stresses. Despite the damage to the ad-
hesive bond, the structure is capable of carrying 
the load. The force values recorded from 10 mm 
of head displacement indicate higher force values 
for the specimen with detached cladding. From 
the diagram (Fig. 9), it can conclude that the use 
of thin cladding allows the sandwich structure to 
effectively absorb mechanical energy even after 
structural failure has occurred. 

The last type of specimen analyzed had clad-
ding made of flax fibers in an epoxy resin matrix. 
The deformation of the structure followed a simi-
lar pattern throughout the three-point bending 
stage. Despite the visual similarity of specimens 
S1 and S2 (Fig. 12), differences in the force-short-
ening curves are apparent (Fig. 11). Furthermore, 

Figure 7. Force-displacement curve for C1 specimen

Figure 8. Frontal view of tested C1specimen
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Figure 9. Force-displacement curve for C2 specimen

Figure 10. Frontal view of tested C2 specimen

Figure 11. Force-displacement curve for F1 specimen

in the region of 17 mm, a sharp drop in force 
values associated with complete fracture of the 
lower lining is evident. As the linen composite 
has a significantly lower tensile strength than the 

carbon composite, a different failure mode of the 
sandwich structures was observed. Observing the 
recorded force values for all samples, it is worth 
noting that the F1 model with flax fiber showed a 
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progressive course for both specimens. The dif-
ference in the height of the curves may be due to 
the pore distribution in the aluminum foam.

Based on all the results presented above, two 
characteristic values were determined for flexural 
specimens with different cladding materials. The 
values determined refer to the critical force, i.e. 
the value of the force recorded at the transition 
from elastic to plastic deformation. The force val-
ues are summarized in Table 3, allowing the force 
values relating to the energy absorbed by models 
with specific parameters. The critical force varies 
from 969 to 1232 N, which is due to the type of 
cladding used. The highest values of both force 
and energy absorbed were obtained for sample 
C1-S2. The significant variations in the values 
shown in Table 3 are due to the nature of the plas-
tic deformation and structural failure as should be 
observed in the force-displacement curves above. 

In a three-point bending test, structures with 
metal foam and adhesive fiber composite clad-
ding can be damaged by several types of failure. 
Fiber composites can failure by matrix cracking, 
separation of fibers from the matrix, fiber crack-
ing, crushing under compressive forces, as well 
as delamination, which is the separation of com-
posite layers. During the test, when the load is 
applied at the center point, local deformation of 
the metal foam core can occur, leading to crush-
ing or cracking. In addition, in the case of an 

adhesive joint, bending of the specimen can cause 
the detachment of the composite cladding from 
the core, leading to a loss of structural integrity 
and a significant weakening of the load-bearing 
capacity of the structure most often caused by sig-
nificant shear stresses. All this damage leads to 
a weakening of the mechanical properties of the 
hybrid sandwich structure, reducing its strength 
and stiffness. Despite the occurrence of signifi-
cant damage to the structure, the study showed 
that the application of appropriate cladding al-
lows the structure to continue to carry loads. The 
following figures illustrate in detail the types of 
damage that occurred during the bench tests. The 
first type of damage involving metal foam crack-
ing, shown in Figure 13, refers to specimen A1. 
The metal foam under three-point bending under-
goes shear cracking between the cladding layers. 

The next two photos present cladding failure 
made of carbon-fiber reinforced polymer. Fig-
ures 14 and 15 show the break line occurring at 
the pressure point of the upper crosshead. The 
shape of the line differs for specimen C1 and C2, 
which is due to the additional reinforcement of 
the ± 45° layer. In Figure 15, the breakthrough 
line of the top layer is skewed, which is visible in 
both the top photo and the close-up of the dam-
age. In addition, comparing the damage figure 
of the structure with the force-displacement dia-
gram, a gradual cracking of the composite layer is 

Figure 12. Force-displacement curve for F1 specimen

Table 3. Critical force value all tested specimen
Specimen A1-S1 A1-S2 C1-S1 C1-S2 C2-S1 C2-S2 F1-S1 F1-S2

Pcr [N] 1152.8 1187.6 977.4 1232.6 1002.8 1167.7 969.0 1087.6
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noticeable, visible as gradual drops in force val-
ues at different moments of displacement. Based 
on the results, it can then be concluded that during 
deformation the load-carrying capacity is due to 
the foam core applied. The cladding used and the 
orientation of its fibers intensify the performance 
of the sandwich structure improving its ability to 
carry loads in the complex state.

The last type of samples analyzed (F1) is 
a sandwich construction of metal foam and flax 
composite cladding. Natural fibers in a polymer 
resin matrix became popular through their high 
availability and low price. On the other hand, 
natural fibers have a heterogeneous structure by 

which they must be carefully controlled during 
the flax pad manufacturing process. On the basis 
of the realized research, it was found that the fi-
bers have the ability to carry relatively high loads, 
while undergoing rapid damage associated with 
fiber cracking. The breakage line seen in Figure 
16 for sample F1-S1 occurred when the crosshead 
displaced by 17 mm. This damage resulted in a 
complete loss of load carrying capacity visible in 
the force-displacement diagram (Figure 11), a sig-
nificant drop in force from 1400 N to 200 N. 

In the case of the last graphic for sample F1-
S2, the detachment of the cladding in the area of 
the upper crosshead is visible. As a result of the 

Figure 13. Foam fracture presentation based on A1 specimen (zoom x20)

Figure 14. Matrix cracking on the fracture line for C1 specimen (zoom x20)

Figure 15. Fracture line for CFPR cladding based on C2 specimen (zoom x20)
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Figure 16. Total damage of the lower flax cladding for the F1-S1 specimen (zoom x20)

stuck upper roll, there was fiber damage visible 
in the close-up (Fig. 17). Cladding cracking oc-
curred from the front edge of the model and pro-
gressed toward the rear edge of the sample.  In 
fact, the different types of cladding used translate 
into load-carrying capacity, as shown in the re-
sults in the charts and the graphical failure of the 
materials. The material that mainly accounts for 
the load-bearing capacity of the structure is metal 
foam, whose deformation and failure mode has 
large plateau ranges during compression, which 
translates into a high capacity to absorb mechani-
cal energy. In addition, the porous structure en-
sures stress distribution regardless of the direction 
of stress, making the structure highly isotropic. 

CONCLUSIONS

The presented research results concerned the 
experimental analysis of three-point bending of 
hybrid sandwich structures. The study analyzed 
the effect of the application of different types of 
cladding on the load-carrying capacity, as well as 
the structural degradation analysis of both the core 

and cladding. The tests were carried out on a uni-
versal testing machine. Analyses were conducted 
with a fixed support arrangement for a displace-
ment of the upper crosshead of 2 mm/min up to 20 
mm. This value for all types of specimens showed 
significant plastic deformation of the structure and 
accompanying failure of the core and cladding. 
Based on microscopic analysis, it was revealed 
that during three-point bending it is possible to ob-
serve pore cracking of the metal foam, detachment 
of the cladding or fiber cracking of the composite 
material. The influence of materials with different 
deformation character on the application possibili-
ties in sandwich structures with metal foam was 
analyzed. Based on the study, it was found:
	• the load-carrying capacity strongly depends 

on the porous core applied,
	• the cladding material affects the way the sand-

wich structure deforms, in addition different 
cladding caused an increase in critical force of 
sandwich structure by nearly 26% comparing 
samples C1 and F1,

	• in the case of high stiffness cladding (CFRP), 
there is a risk of cladding debonding caused 
by high shear stresses,

Figure 17. Fiber crack based on F1-S2 specimen (zoom x20)
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	• despite the occurrence of cladding debonding 
at the early stage of bending (C2-S1), the sub-
sequent stage of bending reveals a high capac-
ity for further absorption of mechanical ener-
gy even higher than for sample C2-S2 whose 
crushing proceeded with no prior detachment, 

	• linen composite, despite its lower strength 
than carbon composite, has similar load-car-
rying capacity,

	• the quality of the cast foam, the distribution 
of pores their quality and shape greatly affects 
the ability to carry loads.
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