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Abstract

The widespread integration of 3D printing technologies across diverse sectors, including prototyping and automotive
industries, underscores their growing importance. This study aims to investigate the influence of aluminium sheet param-
eters (specifically, thickness, number, and perforation diameter) on the mechanical properties of multi-layer specimens
fabricated using Fused filament fabrication (FFF) 3D printing. Polylactic acid sheets were deposited on both sides of alu-
minium sheets, creating a sandwich structure to enhance strength and flexibility. Aluminium sheets of varying thickness
(1 mm and 2 mm) with perforations of 5 mm and 7 mm diameters were examined. Mechanical testing included flexural,
compression, and impact assessments. Results from the flexural tests demonstrated that specimens reinforced with 2
mm thick aluminum sheets exhibited significantly higher force at failure. Compression testing revealed a notable increase
in maximum compressive force for samples incorporating aluminium sheets. Charpy impact testing indicated an 882%
improvement in impact strength for samples with a 2 mm aluminium sheet compared to those without. These findings
highlight the critical role of aluminium sheet parameters in enhancing the mechanical performance of FFF-printed multi-
layer structures. The study provides valuable insights for optimizing the design and fabrication of composite materials in
additive manufacturing applications. The enhanced mechanical properties observed underscore the potential for these
materials in sectors requiring robust and resilient components, such as aerospace and automotive industries.

Highlights

o Thicker aluminum sheet exhibits significantly higher force at failure in both bending and compression tests.

o More perforation size resulted in better adhesion between the PLA and aluminum sheets and more bending strength

e Samples with improved interlayer bonding demonstrated enhanced flexural strength and reduced delamination
upon fractured
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1 Introduction

Multi-layer specimens signify an advancement in hybrid materials, integrating thin layers of polymer materials with
metal sheets (primarily aluminium sheets). This innovative combination enables multi-layer samples to exploit the
advantageous traits of both aluminium and polymer layers [1, 2]. Additive manufacturing, also known as 3D printing,
is a novel fabrication method that produces tangible items from a geometric model by adding materials layer by layer
[3, 4]. Traditional manufacturing methods, such as machining, frequently generate significant waste of raw materials
due to chip formation. In contrast, the 3D printing method constructs the final piece by layering raw materials on
top of one another, effectively eliminating residual manufacturing waste. In most cases, polymer and plastic fila-
ments are the primary materials utilized in 3D printing. PLA is a degradable thermoplastic polymer widely utilized in
biomedical and related fields due to its versatile properties; presenting in filament form with various color options,
it is specifically designed for 3D printing [5, 6]. Production of samples using PLA is straightforward and compatible
with various types of 3D printers.

Sometimes, in order to improve the mechanical and chemical properties of PLA, reinforced samples are produced,
which are referred to as composite materials. In these materials, PLA is known as the base material, and the additives
are called reinforcement materials. These reinforcement materials can be in powdered form at micro and nano sizes,
and there are no restrictions on their composition. Other reinforcement materials have been used by researchers,
including ceramics [7], wood, metals such as stainless steel [8], copper, bronze, and aluminum. Also, fibers such as
glass and carbon fibers are also used to reinforce the base material [9]. This amalgamation augments its mechanical
properties and expands its range of applications. Sandwich panels or multilayer sheets are structures made up of
several different layers of metals and plastics, which have properties distinct from the constituent layers. Depend-
ing on the location and type of application of the sandwich panels, various metals can be used in their construction
[10]. Aluminum being one of the most commonly used metal sheet in the structure of sandwich panels after steel.
Aluminum sheets are characterized by their remarkable flexibility, outstanding resistance to corrosion, energy absorp-
tion capability, and a superior strength-to-weight ratio [11]. Moreover, aluminum sheets are recognized as among
the most popular lightweight metal sheets, extensively utilized in the automotive and construction industries.

To date, numerous researchers have investigated the properties of PLA printed components as well as multi-layer
sheets—e.g. Fiber Metal Laminates (FMLs): Zal et al. [12] experimentally investigated the mechanical properties
of polyester/fibreglass/stainless FMLs. Their study focuses on FML sheets with a 2 mm thick intermediate layer of
stainless steel 420 reinforced with six layers of woven and mat glass fibres. Various fibre angles (0°, 15°, 30°, and 45°)
are examined. Results show that samples with fibres arranged at 0° exhibit the highest strength. Al Khawaja et al.
[13] examine the mechanical properties of FFF-manufactured 3D printed components, focusing particularly on PLA
samples. Their compression testing methodology assesses consistency across duplicate prints, revealing a high
level of uniformity in the material’s compressive behavior across multiple iterations. Rawabe et al. [14] investigate
the mechanical properties of sandwich structures made from PLA using FDM 3D printing, focusing on rhombus and
honeycomb core shapes. The functional properties through shape evaluations and conducted tensile, three-point
bending, and compression tests were quantified. Results indicate that rhombus structures outperform honeycomb
cores, exhibiting increases in tensile, bending, and compression strengths of 15.3%, 39.8%, and 35.1%, respectively,
highlighting their superior mechanical performance. Solaiprakash and et al. [15] focuses on the mechanical charac-
terization of honeycomb sandwich structures fabricated using advanced 3D printing technology with continuous
carbon fibers and ONYX-FR matrix materials. Edgewise and flatwise compression tests were performed on various
configurations, revealing that a face sheet thickness of 3.2 mm and a core cell size of 12.7 mm provided optimal
energy absorption and minimized delamination and debonding failures. The findings suggest that 3D printing is a
viable method for creating robust sandwich structures, though further parametric studies are needed for broader
structural integrity assessments. Harri and et al. [16] explored sandwich panels featuring a 3D-printed gyroid core
and carbon fiber-reinforced polymer (CFRP) skin, inspired by the structure found in butterfly wings. Utilizing a FFF
printer, gyroid cores with relative densities of 10%, 15%, and 20% were created using PLA filament. Flexural and
compression tests revealed that increased core density enhances flexural characteristics and mechanical properties.
Additionally, incorporating polyurethane foam improved deflection and sustained load post-fracture, though the
unfilled gyroid cores demonstrated superior strength and energy absorption at equal densities. Morettini et al. [17]
conducted a comprehensive assessment of the mechanical and physical properties of PLA structures printed using
FFF-3D printing. Aimed at enhancing finite element modeling accuracy for predicting component behavior, the study
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reveals an ultimate tensile strength of 57.15 MPa, an elastic modulus of 2606 MPa, and a fatigue limit of 13.5 MPa at
cycles for horizontally molded specimens. Yonezawa et al. [18] investigate the degradation of mechanical properties
in FFF (i.e., Fused Filament Fabrication) 3D-printed PLA structures. Uniaxial tensile and four-point flexural tests on PLA
test pieces printed with varying parameters reveal significant changes in mechanical properties after immersion in
saline for 30, 60, or 90 days. The study underscores the influence of fabrication parameters on property evolution and
offers insights for designing durable FFF-printed structures. Ernst et al. [19] explore the fabrication of small porous
structures using Fused Filament Fabrication with an Ultimaker 3, focusing on polymer compounds like PLA, PLA with
carbon nanotubes, and polyvinyl alcohol with titanium dioxide. The study investigates the influence of calibration,
layer heights, and particulate additives on the printing behavior and accuracy of single-printed lines. Results indicate
that small porous structures of PLA/CNT with a line width of 200 um can be achieved with a layer height of 100 um per
layer yielding optimal component quality. Mostafa et al. [20] explored the impact of equi-biaxial fabric prestressing on
the tensile properties of woven E-glass/polyester composites. Using a specialized prestressing apparatus, the study
applied tension ranging from zero to 100 MPa during the curing process of plain-weave fabric composites. Tensile
tests across various orientation angles revealed that fabric prestressing significantly improved elastic modulus and
critical stress to first fracture by 10-20%. Optimal tensile performance, including modulus and critical stress, was
achieved at 50 MPa of prestressing, while maximum tensile-limited toughness occurred at approximately 75 MPa
of fabric prestressing. Tang et al. [21] investigate the mechanical properties of 3D printed PLA lattice structures and
discuss the impact of process parameters. Results reveal that increasing printing temperature initially enhances ten-
sile strength and elastic modulus, peaking at 230 °C with a maximum strength of 50.16 MPa and modulus of 4340.38
MPa. Conversely, yield strength, plastic platform stress, and densification strain of lattice structures decrease with
temperature. Monkova et al. [22] explore the sound reflection properties of 3D-printed open-porous PLA structures,
including Cartesian, octagonal, rhomboid, and starlit designs. Findings reveal that sound reflection is influenced by
structure type, porosity, and thickness, with starlit structures exhibiting lower reflection due to complex pore shapes.
Additionally, thinner, highly porous samples without air gaps demonstrate higher sound reflection, especially at
low excitation frequencies. Zhao et al. [23] present a study on residual stress in 3D-printed porous PLA structures,
which are crucial in medical applications for their mechanical properties. The research establishes a development
model correlating residual stress with the stress concentration coefficient. Results reveal a consistent relationship
between pore size and surface residual stress, confirming the accuracy of theoretical modeling. The study provides
essential guidance for 3D printing porous structures, addressing quality issues arising from residual stress. Khosravani
et al. [24] investigate the failure of 3D-printed PLA components. They simulate environmental conditions and assess
the impact of accelerated thermal aging on mechanical behavior. Results reveal the influence of thermal aging on
structural integrity, offering insights for future design and computational modeling of 3D-printed polymer parts.

This study presents a novel approach to enhancing the mechanical properties of printed PLA sheets through the
incorporation of an aluminum layer as reinforcement. By fabricating three-layer samples composed of two outer PLA
layers sandwiching a central aluminum layer, it's an innovative composite structure that distinguishes this work from
existing research. The key parameters, including the thickness of the aluminum sheet and the size and number of per-
forations within it, to assess their impact on the mechanical strength of the multi-layered composites. Comprehensive
flexural, compression, and impact tests were performed on the resulting samples, providing valuable insights into the
performance improvements achievable through this unique reinforcement strategy.

2 Experimental method
2.1 Sample preparation

Initially, aluminium sheets with thicknesses of 1 and 2 mm were cut into dimensions of 75x 35 mm to reinforce the
multi-layer sheets. Additionally, to improve interface adhesion and facilitate bonding between the layers, perforations
were created on AA1050 aluminum alloy sheets with 5- and 7-mm diameters, the number and diameters of holes is
chosen based on the length and width of the aluminum sheet. The surface of the aluminium sheet was roughened using
sandpaper and metal brushes to enhance the adhesion of the printed layers. Figure 1 illustrates some aluminium sheets,
depicting the scratches alongside the perforations created on them.

Given that the final dimensions of the sample are 80 x40 x 10 mm, two-layer components were designed such that the
aluminium sheet is embedded after printing the bottom layer, followed by printing the top layer. All samples were printed
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Fig. 1 Images of some prepared aluminum sheets

in two stages, but their print designs and layouts were different. First, the lower layer was printed, and after a brief pause
of a few seconds by the printer, the aluminum middle layer was placed within the lower layer, and immediately afterward,
printing of the upper layer began to avoid any issues related to adhesion between layers and temperature reduction. The
difference in sample production lies in the design of the upper layer, which varies based on the sample and the number
and diameter of the holes created in the aluminum sheet. The quality of the final samples is significantly influenced by
parameters related to printing PLA filaments. Exceeding the temperature limits can disrupt the part’s shape, leading to
improper bonding between layers. Finally, the samples were produced at a nozzle temperature of 210 °C and a build
plate temperature of 60 °C, with a nozzle diameter of 0.3 mm. To enhance the adhesion between the printed layers and
the adjacent paths, smaller nozzle diameters can be used. Although selecting a smaller nozzle diameter increases the
print time, a suitable value must be chosen to achieve both maximum quality and minimum print time. In this research,
considering the presence of an aluminum layer in the middle of the part, a 0.3mm nozzle was used to improve inter-layer
adhesion. Therefore, a nozzle diameter of 0.3 mm was selected for printing the samples [25]. Additionally, alongside the
mentioned aspects related to the nozzle, it should be noted that the thickness of the printed layers was set to 0.2 mm,
and the number of outer filled layers was 2. The samples were printed with an infill density of 15% and a triangular pat-
tern at a speed of 30 mm/s. Figure 2 depicts the configuration of the final specimen layers and the samples that were
produced. Table 1 provides the specifications of all produced samples.

2.2 Mechanical testing

Mechanical tests play a pivotal role in the design and production processes, aiding in the identification of material properties.
Common mechanical tests include flexural, compression, and impact tests. The flexural test assesses the sample’s flexural

Fig.2 a Multi-layer sheet
Sketch, b all produced sam-
ples

Table 1 Specifications of

Sample name Thickness of Al middle layer Thickness of Total thick-
produced samples first PLA layer - - last PLA layer ness of final
(mm) Thick-  Number of Dlametgr of (mm) sheet
ness perfora- perforations
(mm) tions (mm)
S(0,0) 5 - - - 5 10
S(1,0) 4.5 1 0 - 4.5 10
S(1,5) 4.5 1 2 5 4.5 10
S(1,7) 4.5 1 2 7 4.5 10
S(2,0) 4 2 0 - 4 10
S(2,5) 4 2 2 5 4 10
S(2,7) 4 2 2 4 10
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Fig. 3. 3-Point bending test: a test configuration, b during the test, and c fractured sample

Fig.4 a Compression test,
and b impact test devices

strength. In this study, the three-point bending test was conducted using a universal machine with a cross-head speed of
5 mm/min, in accordance with the ASTM D790 standard, it should be noted again that the dimensions of the samples dif-
fer from the standard, and only the conditions for conducting the test were performed according to the standard. Figure 3
showcases images related to the flexural test. On the other hand, the compression test serves as a criterion to assess the
compressive strength of multi-layer samples. The test protocol followed the ASTM D695 standard.

Additionally, to ensure accurate testing and create frictional force, lubrication was intentionally omitted between the
surfaces of the sample and the applied force. Finally, the Charpy impact test was conducted on the specimens to determine
impact energy and fracture toughness. During this test, the sample is positioned between two supports and a pendulum
is inserted into the middle of the sample. The amount of impact energy absorbed by the sample is calculated based on
the difference between the primary and secondary angles of the pendulum. The impact test adhered to the ASTM D695
standard, utilizing a pendulum with a mass of 27.24 kg, the height of the drop test of 0.61 m, resulting in an impact speed of
approximately 3.5 m/s. The pendulum was released at a primary angle of 146 degrees, and the secondary angle was meas-
ured. Subsequently, the impact strength of the sample was calculated using Eq. (1):

g, =E'/bxh M

where a,, represents the impact strength of the sample [J/m?], E' denotes the energy loss [J], and b and h signify the
width and thickness [m] of the sample’s cross-sectional area, respectively. Images related to the compression and impact
tests are depicted in Fig. 4.
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Fig.5 Flexural test result 1500
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3 Results and discussion
3.1 Flexural test

The flexural testing aimed to determine the flexural strength of the multi-layer samples, utilizing a pre-force of 2N and a
cross-head speed of 5 mm/min. The results, depicted in Fig. 5, showcased that the S(2,0) sample demonstrated the high-
est force at the breakpoint, measuring 1331.4 N, a remarkable 51% higher than the S(0,0) sample. This enhancement is
due to the presence of the 2 mm-thick aluminium sheet and the strong adhesion between the layers. Generally, samples
reinforced with 2 mm-thick aluminium sheets exhibited the highest force at the breaking point. Moreover, the breaking
force decreased as the perforation diameter increased, resulting in decreasing the cross section area of Aluminum sheet.

In contrast, reinforced samples with a T mm-thick aluminium layer displayed a different trend. Sample S(1,7) demon-
strated a breaking force of 1040.3 N. Enhanced adhesion between the layers, facilitated by larger perforations, improved
bonding among the three layers: the upper and lower PLA layers and the aluminium sheet. Consequently, this improve-
ment led to increased force at the breakpoint compared to S(1,5) and S(1,0), with breaking forces of 1023.7 N and 946.8 N,
respectively. The force-deflection diagram for the samples under study is illustrated in Fig. 6. The overall trend illustrated
in this diagram remains consistent, reaching the maximum force. The fluctuations noted post-peak are linked to both the
failure of the PLA layers and the subsequent detachment between the aluminum and PLA layers. Specifically, the initial
drop in force correlates with the separation of the aluminum sheet from the printed layers, signifying each force varia-
tion as indicative of the separation between successive printed layers. As well, in the sample without aluminium middle
layer S(0,0), a sudden decrease occurred as the outermost layer failed under applied loading, with no prior occurrence
of layer separation.

The strain of the samples falls within the range of 1% to 4%, with the S(2,0) sample exhibiting the highest strain of 3.8%.
Conversely, the S(0,0) sample recorded the lowest strain of 1.4%, indicative of the PLA material’s inherent properties and
the impact of the added aluminium layers, which contribute to increased flexibility and strength. Images of the fractured

Fig. 6 Force-deflection dia- 1
gram of multi-layer samples 1400 ——
1050 —
- 1
£ +
8 700 |
o £
u — $(2,0)
T — 5(2,7)
T — S(1,7)
350 $(1.0)
T —— 5(0,0)
(1] + + + + } + + + + }
0 5 10

Deflection in mm
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Fig.7 Fractured cross-section 2] Sample before test
of samples after flexural
testing

s,

’ $(1,0)

L

specimens were captured, as illustrated in Fig. 7, to assess the fracture results. In Fig. 7a, images depict one typical speci-
men before and three different specimens after the flexural test. For instance, sample S(1,7) exhibited delamination on
the compressive side, with visible crack initiation and failure on the tension side. Furthermore, with increasing the flexural
strength, no visible delamination occurred, indicating enhanced interlayer bonding; sample failure primarily occurred
in the section subjected to the highest tensile force. Also, the fractured surface depict the ductility of the PLA and inter-
layer cracks were visible on the broken surface, revealing the strong bonding layers [26]. In Fig. 7b, images of specimens
with the lowest bending strength are displayed. In sample S(1,5), delamination has occurred both at the top and bottom,
specifically at the junction of the Al sheet where the PLA sheets are in contact. This phenomenon was more pronounced
in sample S(1,0), where complete separation of the Al sheet resulted from inadequate adhesion between the Al sheet
and PLA layers [27]. To further analyze the performance of the S(2,0) sample, which shows the highest flexural strength,
images of the fracture of the specimens are provided in Fig. 8. The absence of layer delamination indicates proper adhe-
sion. However, the layers were wrinkled due to the applied force [28]. Additionally, in samples reinforced with 1mm thick
aluminum sheets, increasing the hole diameter led to a slight change in the increase of bending strength. However, with
thicker aluminum sheets and an increased distance between the top and bottom layers of the print, increasing the hole
diameter resulted in a decrease in bending strength. This reduction could be attributed to lower adhesion between the
PLA layers due to the increased thickness of the aluminum sheet. Since one of the most important advantages of produc-
ing samples using 3D printing is the repeatability of the parts. If production parameters such as filament, fill percentage,
temperature, and print speed remain constant, the mechanical properties of the samples will not significantly change
[28]. There are some investigations that reported high accuracy and repeatability in parts produced using FFF method
in mechanical, chemical properties as well as dimensional error of printed samples with the 3D model. This is indicating
a high degree of similarity between the produced parts [29, 30]. In this study, to ensure this, a random repeatability test
was conducted on samples S(0,0) and S(2,7), and the maximum difference in bending strength results of the samples
was found to be 3%. As a result, further tests were not conducted for other samples.

3.2 Compression test

The compression test was conducted on the multi-layer samples, which were positioned vertically in the machine, with
a pre-load of 2 N and a cross-head speed of 5 mm/min. The results are presented in Fig. 9. The maximum force for the
S(2,7) sample was determined to be 3672.8 N, representing a 41% increase compared to the S(0,0) sample, which exhib-
ited a force of 2595.2 N. Indeed, the inclusion of an aluminium sheet in the multi-layer sample led to an increase in the
maximum compressive force. This increase in force is due to the presence of the aluminium sheet, which enhances the
sample’s strength against compressive force.

Fig.8 Fracture of the sample
S(2,0): a front view, b top view

@ Discover



Research

Discover Applied Sciences (2025) 7:236 | https://doi.org/10.1007/542452-025-06690-2
Fig.9 Compression test result
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Moreover, the maximum force for samples with solid aluminium sheets was observed to be lower than for sam-
ples reinforced with perforated aluminium sheets. Accordingly, the increase in perforation diameter contributed
to a higher force. This phenomenon is due to the establishment of bonding between the aluminium layers and the
printed PLA layers. Figure 10 illustrates the force-displacement curve of multi-layer samples for the compression
test. To evaluate the performance of the produced multi-layer samples under compressive forces, photographs were
captured of two samples (1,5) and (2,5), as shown in Fig. 11. The strong connection between the layers prevented any
delamination during the test. However, due to the existence of the force reaction, wrinkled deformation occurred at
the end of the sample in contact with the support. Nevertheless, failure in the specimens observed at the mid-parts
upon compressive force application, resulting in the samples fracture.
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Table2 Impact test results Sample name Primary angle Secondary angle  Energy loss (J) Impact

strength

(J/m?)
S(0,0) 146° 143 0.5 125
S(1,0) 127 3.73 93.25
S(1,5) 135 20 50
S(1,7) 138 141 35.25
S(2,0) 122 4.91 122.75
S(2,5) 125 4.19 104.75
S(2,7) 131 2.84 71

3.3 Impact test

The Charpy impact test was conducted with the primary angle of the pendulum set to 146°. The secondary angle after
hitting the sample was measured, and based on these two angles, the energy loss of the pendulum was calculated.
The results are summarized in Table 2: The highest impact strength was observed for the S(2,0) sample, reaching
122.75 J/m?, which represented an increase of 882% compared to the 5(0,0) sample. On the other hand, the impact
strength of the S(2,5) and S(2,7) samples was determined to be 104.75 J/m? and 71 J/m?, respectively. For the S(2,0)
sample, the minimum secondary angle of the pendulum was found to be 122°, with a corresponding energy loss of
4.91 J. In fact, the presence of a 2 mm aluminium sheet without perforations leads to maximized absorbing energy.

In contrast, the secondary angle in the S(0,0) sample reached 143 degrees, only 3° less than the primary pendulum
angle. The energy loss of the sample was only 0.5 J, reflecting the low fracture toughness of the pure PLA material.
Generally, samples reinforced with a 2 mm aluminium sheet exhibited higher energy absorption than those with
a 1 mm sheet. Furthermore, as the diameter of the perforations increased, the impact energy decreased. This phe-
nomenon could be attributed to the increased stress concentration in these samples, resulting from reducing the
effective cross-sectional area against the pendulum impact [31].

4 Conclusions

This study aims to investigate how variations in aluminium sheet parameters (such as sheet thickness, number, and
perforation diameter) impact the mechanical properties of Fibre Metal Laminate specimens fabricated using 3D
printing. PLA sheets were printed on both sides of aluminium sheets, creating a sandwich structure that enhances
strength and flexibility. Different thicknesses of aluminium sheets (1 and 2 mm) with perforations of varying diam-
eters (5 and 7 mm) were explored. Subsequently, the samples underwent flexural, compression, and impact tests to
evaluate their performance. The findings reveal that:

1. The flexural test results revealed that samples reinforced with 2mm-thick aluminum sheets exhibited significantly
higher force at the breaking point than those without aluminium-reinforced sheets.

2. Enhanced adhesion between layers, especially in samples with larger perforations, led to improved bonding and
increased force at the breaking point for samples with Tmm-thick aluminium layers during 3-point bending tests.

3. Compression testing showed that the inclusion of aluminium sheets in Multi-layer samples increased the maximum
compressive force, with perforated sheets contributing to higher forces due to improved bonding with PLA layers.

4. Charpy impact testing demonstrated that samples reinforced with 2 mm aluminium sheets exhibited higher energy
absorption. For instance, the sample featuring a 2 mm aluminium middle layer and a 7 mm perforation displayed an
impressive 882% increase in impact strength compared to the sample without aluminium middle layer.

5. The impact energy decreased with increasing perforation diameter, indicating increased stress concentration in
samples with larger perforations, affecting their ability to absorb energy efficiently.
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