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ABSTRACT

Aerospace and military defense fields are posing higher requirement on the lightweight feature of structures.
Subject of this study is the Aluminum Alloy 5A02 /CFRTP (Carbon Fiber Reinforced Thermo-Plastic) laminates.
In the paper, aluminum alloy was anodized, compression molding and 3D printing were adopted to prepare
Carbon Reinforced Aluminum Laminates (CARALL) with two different structures: the solid core structure and
the honeycomb structure, and the prepared specimens were then tested for mechanical properties via tensile
test and three-point bending test, and compared with the performance of the conventional aluminum alloy. The
results show that under the condition of a same thickness, the tensile strength of CARALL specimens with
the molded solid core structure and the 3D printed honeycomb structure reaches 256Mpa and 186MPa,
respectively, which is 85.5% and 34.8% higher than that of the tensile strength of Al 5A02; under different
bending modes, the maximum bending strength is 682Mpa and 525Mpa, respectively, which is 62.4% and
25.5% higher than that of Al 5A02. When the specimens are subject to tensile force, the separation of the metal
layer and the fiber layer is the primary failure form, the fiber layer fractures, and the metal layer exhibits the
necking phenomenon as the metal fibers are being pulled out. During the bending process, for different bending
forms, there’re great differences in the bending strength of CARALL specimens prepared by the same method,
the failure modes of the specimens vary greatly as well, and this is determined by the tensile strength of the
carbon fiber layer and the tensile strength of AL 5A02. Enhancing the bonding strength between the metal layer
and the fiber layer can improve the mechanical properties of CARALL. These research findings can provide a
reference for the lightweight design of metals and Fiber Metal Laminates (FMLs).

Keywords: lightweight; CARALL (Carbon Reinforced Aluminum Laminates); compression molding, 3D printing;
honeycomb structure.

1. INTRODUCTION

The rapid advance of military defense, aerospace, rail transit, and navigation fields puts higher demands on the
properties of components and requires them to develop towards to the directions of high performance, light-
weight, precise, reliable, and economical [1-3]. To answer to these requirements, it’s urgent for researchers to
develop materials with higher strength, lower density, and higher damage tolerance. Fiber Metal Laminates
(FMLs) perfectly integrate the good properties of both the conventional fiber composite materials and the metal
materials by overlaying the light metal and the reinforced composite material layer by layer, and it has become
one of the most popular lightweight materials in various fields [4, 5]. Especially in the aerospace industry, about
470 m? of the wall plates on the upper part of the fuselage of Airbus A380 uses FMLs, which reduces the total
weight of the aircraft by nearly one ton. FMLs is also adopted in structures such as the aircraft skin, the flat tail
and the vertical tail front edge [6].

As early as in 1970, the Dutch company Fokker began to experiment on fiber-reinforced resin and
metal composites [7]. In 1980, the FMLs developed by the Delft University of Technology has attracted wide
attention from field scholars, and this has been regarded as the symbol of the birth of FMLs [8]. After that,
world field scholars have conducted a lot of research on the design, development, preparation, mechanical
properties, and damage of FML, the number of varieties of FMLs increases greatly, examples of FMLs include
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the titanium-based FMLs, aluminum-based FMLs, magnesium-based FMLs and stainless steel-based FMLs.
Carbon Reinforced Aluminum Laminates (CARALL) are aluminum laminates reinforced by carbon fibers
developed in recent years, and they are also called the third-generation FMLs. They have the merits of high
elastic modulus, low density, good damage tolerance, and excellent mechanical properties. Different prepara-
tion methods, component materials and fiber layer sequences can produce FMLs with different properties and
functions. REYES V. and CANTWELL [9] prepared CFRP (carbon fiber reinforced polymer) laminates through
molding and analyzed the tensile performance, fatigue performance and stamping performance of the laminates.
BIENIAS and JAKUBCZAK [10] prepared AI/CFRP/AL laminates using an autoclave method and studied the
influence of different laying directions of carbon fibers on the mechanical properties of the laminates. WANG
et al. [11] used rolling process to prepare AlI/CFRP/AL laminates and studied their molding properties.
KHALILI et al. [12] and CORTES and CANTWELL [13] prepared aluminum-based FMLs by means of hot
pressing and studied their fracture toughness and tensile performance. ZAFAR et al. [14] prepared FMLs using
a method based on simultaneous forming of any number of multiple metallic blanks in re-quired shape by
applying hydroforming technology, their study provides an effective method and direction for the fabrication of
FMLs components. WEI et al. [15] added a flexible layer composed of polyether tri-amine between CFRP and
aluminum foil, after subjected to low temperature cycles, the interface bonding performance of the aluminum
foil/CFRP laminates has been improved significantly.

The latest advancement of aerospace and military defense fields has imposed a series of high standards
and demands for the equipment container boxes of electronic devices, requiring them to be mini-sized, light-
weight, and integrated. The equipment container boxes of electronic devices need a large number of screws,
during their service life, they need to bear loads and thermal shocks, and shield the electronic devices contained
in them. The original equipment boxes made of aluminum alloy can no longer meet the increasingly demanding
lightweight requirement, so it’s necessary to develop the AB-type FMLs to lighten the weight of the aluminum
alloy equipment boxes. Taking the load and thermal shock requirements under actual working conditions into
consideration, this paper used PEEK-based compo-sites reinforced by carbon fibers and the aluminum alloy
5A02 material to design and fabricate AB-type CARALL flat plate structure via compression molding and
3D printing, tested its tensile and bending performance and compared with the aluminum alloy flat plate. The
research of this paper could serve as a reference for the lightweight design of electronic device containers, and
it has certain theoretical and practical values.

2. MODELING

2.1. Raw materials

The aluminum alloy material used in the experiment is aluminum alloy SA02, which is commonly used in the
aerospace field, the thickness of the material is 1 mm and is provided by Highsort Advanced Materials (Tianjin)
Co., Ltd. The chemical composition of the material is shown in Table 1.

The CARALL specimens prepared by compression molding adopted the belt prepreg of PEEK-based
composite material reinforced by carbon fibers, the model is EW300 and is also provided by Highsort Advanced
Materials (Tianjin) Co., Ltd., the specific feature parameters are shown in Table 2.

The CARALL specimens prepared by 3D printing adopted the PEEK-based composite material
reinforced by car-bon fibers, the model is Kexcelled peek K10CF and is provided by North Bridge New Material
Technology (Suzhou) Co., Ltd., the specific feature parameters are shown in Table 3.

Names and sources of specimen preparation equipment are shown in Table 4.

Table 1: Chemical composition of aluminum alloy 5A02.

ELEMENT MASS FRACTION (%)

Si 0.20
Fe 0.30
Cu 0.10
Mn 0.25
Mg 2.2
Ti 0.15
Al Remain

Others <0.15
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Table 2: Feature parameters of prepreg.
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INDICATOR VALUE
Weaving form Plain weave
Width (mm) 500 mm x 500 mm
Surface density of fabric(g/m?) 300+ 15
Resin content (%) 50+ 10
Thickness of prepreg (mm) 0.35-0.50
Table 3: Feature parameters of prepreg.
INDICATOR VALUE
Wire diameter (mm) 1.75 £ 0.03 mm
Density (g/cm?) 1.15
Resin content (%) 10+ 0.5
Table 4: Sample preparation equipment.
EQUIPMENT NAME BRAND MODEL REMARK
Flexible integrated technology | Tianjin Sino-German University Self-built Automatic molding
platform of Applied Sciences equipment
3D printer WIIBOOX WIIBOOX D600PRO
Water-jet cutter Shenyang HEAD Science HEAD 20 Cutting machine of
Technology Co. Ltd. specimen

2.2. Preparation of materials

The interface properties of aluminum alloy 5A02 and carbon fiber composites have obvious effects on the
tensile and bending performance and failure mode of the structure of composites. In order to ensure the inter-
layer bonding performance of aluminum alloy and carbon fiber composites, it’s necessary to perform surface
treatment on the aluminum alloy, and the commonly used surface treatment methods of aluminum alloy include
the mechanical treatment, chemical treatment, and electrochemical treatment. Previous research showed that
anodizing can form nanoscale to macroscopic structures on the surface of aluminum alloy [16-18], which can
effectively improve the bonding strength of aluminum alloy and carbon fiber reinforced composites.

In this study, anodizing was adopted to perform surface treatment on the aluminum alloy, and the processing

flow is shown in the figure 1 below.

Liquid components and processing parameters of anodizing bath are shown in Table 5 below.

Polishing using 220# - Remgving impurlities - Washmg using . Alkali cleaning Fast. wa shing using
abrasive paper using ultrasonic deionized water deionized water
. Washing using _ . _ Washing using N .
Drying deionized water [ dnedizemg B deionized water || Acid cleaning
Figure 1: Processing flow of anodizing.
Table 5: Liquid components and processing parameters of anodizing bath.
BATH LIQUID COMPONENTS PARAMETER
Phosphoric acid (HPO4) 100 g/L
Low voltage at bath end 30V
Stirring speed of bath liquid 200 r/min
Temperature 25+2°C
Anodizing time (t) 15 min
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Compression molding was adopted to prepare the CARALL specimens, size of the prepreg is 500 mm %
500 mm. During the experiment, release agent was brushed on the mold; to prevent resin spill of prepreg during
the molding process, a doughnut-shaped frame was set on the mold. The system adopted oil heating and cooling,
and the processing flow of compression molding is shown in Figure 2.

During the process of compression molding, the closed mold was placed on a pressing table, the unit
pressure was maintained at about 0.8 MPa during the heating process. When the temperature of the top and
bottom of the mold reached 370-380°C, the pressure was increased to 1.5-2.0MPa and kept for 20 min, after that,
the pressure was unloaded and the temperature was cooled down at a speed of 5°C/min. When the temperature
declined to 60°C, the mold was opened, the processing flow is shown in Figure 3.

The CARALL specimens prepared by compression molding were cut as shown in Figure 4.

. . | Catthe specified Laminate and
Matedal preperation i d&mensions ™™ Embedded sensor r
Mold compression ) Demolding
Set process parameters —| Die heating — Apply mold dope ‘
Data acquisition and
processing
Figure 2: Experimental process of compression molding.
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Figure 3: Curing process of CFTRP.

Figure 4: CARALL specimens prepared by compression molding: (a) Specimens for tensile test; (b) Specimens for three-
point bending test.
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Table 6: Processing parameters of 3D printed CARALL specimens.

PRINTING PROCESS PARAMETER
Printing temperature 420+ 5°C
Preheating temperature of aluminum alloy 120 + 5°C
Cavity temperature 110 £ 10°C
Printing speed 35+2 mm/s
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Figure 5: CARALL specimens prepared by 3D printing: (a) Specimens for tensile test; (b) Specimens for three-point
bending test.

When using 3D printing to prepare composites in the carbon fiber layer of the CARALL specimens, the
adopted processing parameters are shown in Table 6.

To better achieve the lightweight requirement, based on the good mechanical properties of honeycomb
structure [19, 20], the carbon fiber layer was designed as the honeycomb structure. The CARALL specimens
prepared by 3D printing are shown in Figure 5.

2.3. Testing and characterization

To measure the mechanical properties of CARALL specimens prepared through different methods, their physical
properties, tensile performance and bending performance were tested.

The thickness of the aluminum alloy plates and the CARALL specimens was measured using a digital
vernier caliper, and it’s ensured that the thickness of the laminates processed by the two processing techniques
was consistent, and the accuracy of the digital vernier caliper is 0.01 mm.

After the aluminum alloy was anodized, thin tubular holes that are uniformly distributed, regular shaped,
and nearly perpendicular to the surface of the aluminum alloy were formed on the aluminum alloy surface. The
size and depth of the holes, and the number of holes on per unit area of the surface will affect the interlayer
bonding performance of the CARALL specimens. Porosity is the ratio of the total volume of the holes to the
total volume of the oxide film layer. Then, the surface observer SEM was used for observation and the porosity
was calculated.

According to the ASTM D3039-Standard Test Method for Tensile Properties of Polymer Matrix
Composite Materials [21], the tensile performance of CARALL was tested on a universal testing machine,
and the loading rate was 2 mm/min.

According to the ASTM D7264-Standard Test Method for Flexural Properties of Polymer Matrix

Composite Materials [22], the CARALL specimens were subject to three-point bending test on the universal
test machine, the pre-pressure was 5N, and the loading rate was 1 mm/min.
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3. RESULTS AND DISCUSSION

3.1. Test on physical properties of CARALL
The thickness of CARALL specimens prepared by the two methods was tested, as shown in Figure 6.

According to Figure 6, the thickness of CARALL specimens prepared by the two methods was the same.
For the CARALL specimens prepared by compression molding, under the action of pressure during the molding
process, the overall thickness of the CARALL after molding was slightly less than the laying thickness before
molding. For the CARALL specimens prepared by 3D printing, through the compensation of printing thickness,
the consistency of the thickness of CARALL specimens was ensured.

3.2. Interface microstructure of CARALL

Figure 7 gives SEM photos of anodized film formed on the surface of aluminum alloy after subjected to acid
and alkali corrosion and polished by the 220 # abrasive paper. In low-power SEM photo, it can be seen that the
anodized film of the aluminum alloy shows a bumped appearance similar to the crystal cell structure of metals,
this is because during the anodizing process, the phosphoric acid did not destroy the original appearance of the
aluminum alloy surface after subjected to the acid and alkali corrosion. In high-power SEM photo, it’s found
that on the aluminum alloy surface, a porous nano-structured oxide film had been formed, the pores distributed
uniformly and the arrangement was regular.

Figure 6: Thickness test of CARALL: (a) Specimens prepared by compression molding; (b) Specimens pre-pared by 3D
printing.

Figure 7: SEM photos of anodized aluminum alloy surface: (a) Low-power SEM Photo; (b) High-power SEM Photo.
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3.3. Test on tensile performance of CARALL

The process of the CARALL tensile performance test is shown in Figure 8. For each group of specimens, the test
was performed for five times, and the test results were averaged.

Tensile test was carried on the CARALL specimens prepared by the two methods, all of them showed
obvious separation and facture of the metal layer and the fiber layer, and the separation behavior was prior to the
fracture, exhibiting as the primary failure form of CARALL. Figure 9 shows the macroscopic structure of CAR-
ALL after the tensile test, it can be seen from the figure that for the CARALL specimens prepared by the two
methods, during the tensile process, the aluminum alloy layer shows obvious necking and fracture behaviors.
For CARALL specimens prepared by compression molding, the fibers in the carbon fiber layer were pulled out
from the matrix and fractured, during the experimental process, the carbon fiber layer exhibited failure prior to
the aluminum alloy layer. In the 3D printing process of CARALL, the carbon fiber layer showed the fracture
behavior of honeycomb structure. Similarly, the fiber layer showed the failure behavior before the aluminum
alloy layer during the experiment.

Figure 8: Process of the tensile test.

Figure 9: Macrostructure after tensile test: (a) Molding process specimen; (b) 3D printing process specimen.
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Tensile test was performed on CARALL specimens with a plate thickness of 2 mm prepared by the two
methods. Under the condition of a same thickness, the tensile strength of CARALL specimens prepared by
compression molding reached 256MPa and the tensile strength of CARALL specimens prepared by 3D printing
reached 186Mpa, which were respectively 85.5% and 34.8% higher than the tensile strength of Al 5A02. The
ten-sile strength of CARALL prepared by 3D printing was lower. On the one hand, the 3D printed honeycomb
structure had greatly reduced the cross-sectional area of the fiber layer; on the other hand, under the action of the
tensile force, stress was concentrated at the sharp corners on each edge of the honeycomb structure.

3.4. Test on bending performance of CARALL

Figure 10 shows the process of the three-point bending test of CARALL. For the AB-type CARALL specimens,
three-point bending test was performed on the A-side and B-side (namely the fiber layer and the metal layer) of
the specimens from different directions, as shown in the two photos of Figure 10.

During the test on the three-point bending performance of CARALL prepared by two methods, the
specimens all showed obvious separation of the metal layer and the fiber layer. Figure 11 shows the mac-
rostructure of the different surfaces of molded CARALL after the three-point bending test, wherein photos
(a) and (b) are the three-point bending test on the metal layer, and photos (c¢) and (d) are the three-point
bending test on the fiber layer. As can be seen in (a) and (b), at the bending positions, the separation of fiber
layer and metal layer is not obvious, but on the edge of the bending parts, the separation appears, and the
fiber layer shows obvious cracks, which is the fracture between the matrix. As can be seen in (¢) and (d), the
fiber layer and metal layer show obvious separation, there’s no obvious crack, and the metal layer exhibits
slight necking phenomenon.

Figure 12 shows the macrostructure of 3D printed CARALL with a honeycomb structure after the three-
point bending test. Photos (a) and (b) are the three-point bending test on the metal layer, and photos (c) and (d)
are the three-point bending test on the fiber layer. As can be seen in (a) and (b), the fiber layer shows fractures
and it separates obviously from the metal layer at the bending part, the metal layer shows obviously necks and
cracks. During the test, the fracture of fiber layer is prior to the separation, which is the main failure form of the
three-point bending of CARALL. In (c) and (d), the fiber layer and the metal layer show obvious separation,
three groups show fiber layer fractures, and the metal layer of all groups shows obvious necks and slight cracks.
It is considered that for the 3D printed CARALL with a honeycomb structure, during the three-point bending
test, the fracture of the fiber layer and the necking and cracking of the metal layer happen at the same time, and
it’s the main failure form.

CARALL specimens with a plate thickness of 2 mm prepared by the two methods were subjected to the
three-point bending test. Under the condition of a same thickness, the bending strength of CARALL prepared
by compression molding reached 682MPa and 616MP respectively. This is because during the three-point
bending, the carbon fibers were subjected to the action of tensile force, and it had a higher strength. The alumi-
num alloy layer was under the action of compression and had a better toughness, therefore, its bending strength
was high-er. The bending strength of the 3D printed honeycomb-structured CARALL reached 465MPa and
525MPa re-spectively, this is because the tensile performance of the honeycomb structure is lower, which
has resulted in that the bending strength under tensile state is smaller. For the CARALL prepared by the two
methods, the maximum bending strength is 62.4% and 25.5% higher than the bending strength of Al SA02,
respectively.

Figure 10: Process of the three-point bending test: (a) Fibre layer on top; (b) Metal layer on top.



e | XIE, J.; SHE, C.; SUN, I., et al., revista Matéria, v.28, n.1, 2023

b

Figure 11: Macrostructure of molded CARALL after the three-point bending test: (a) The metal layer is lay-ered on top;
(b) Cracks when metal layer is on top; (c) The fiber layer is layered on top; (d) Necking when fiber layer on top.

Figure 12: Macrostructure of 3D printed CARALL with a honeycomb structure after the three-point bending test: (a) The
metal layer is layered on top; (b) The metal layer breaks when it is up; (c) The fiber layer breaks when it is up; (d) The fiber
layer is layered on top.
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4. CONCLUSIONS

To respond to the lightweight requirement of aerospace and military defense fields, this paper adopted
compression molding and 3D printing to design CARALL specimens with two types of structures: the solid
core structure and the honeycomb structure. Then, the paper tested their tensile performance and bending
performance, and analyzed their failure forms and principles. After the metal surface was anodized, thin tubular
holes formed and distributed on the metal surface, which can enhance the bonding effect between the carbon
fiber layer and the metal layer. The results of tensile test of CARALL showed that, under a same thickness, the
tensile strength of CARALL prepared by compression molding can reach 256MPa, and the tensile strength of
3D printed CARALL with a honeycomb structure can reach 186MPa, which is 85.5% and 34.8% higher than the
tensile strength of Al 5A02, respectively. The results of three-point bending test of CARALL showed that, under
a same thickness, the bending strength of CARALL prepared by compression molding can reach 682MPa, and
the tensile strength of 3D printed CARALL with a honeycomb structure can reach 525MPa, which is 62.4% and
25.5% higher than the tensile strength of Al SA02, respectively. In the three-point bending test, under different
bending modes, there’re great differences in the bending strength of CARALL specimens prepared by the same
method, and there’re large differences in their failure form as well, this is mainly determined by the tensile
strength of the carbon fiber layer and the tensile strength of AL SA02. Research results showed that, during
the stretching and bending process of CARALL, the separation of fiber layer and metal layer is obvious, by
effectively enhancing the bonding strength between the layers, the tensile and bending performance of CARALL
can be improved to a certain extent.
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