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ABSTRACT
Due to their excellent mechanical properties, Carbon fiber reinforced aluminum laminates (CARALL) are widely 
used in aerospace, transportation, military and navigation fields. In this study, a method of preparing CARALL by 
molding process was introduced. We used this method to obtain two kinds of CARALL, Al-CFRP-Al laminated 
plate and CFRP-Al-CFRP laminated plate. Then we tested their tensile properties. The experimental results 
indicated that the tensile properties of Al-CFRP-Al laminates were 865.1 MPa, while the tensile properties of 
CFRP-Al-CFRP laminates were 718.2 MPa. In comparison to pure aluminum alloy, the tensile strength of both 
laminates had been significantly improved. By observing the microstructure of the fiber layer of the laminated 
plate, it was found that the carbon fiber is a brittle material, and its fiber bundle can effectively enhance the 
material properties during the tensile process. Finally, the tensile failure behavior of the prepared CARALL 
was analyzed by finite element simulation, which further confirmed that the use of carbon fiber composite 
can effectively enhance the tensile properties of aluminum alloy. Through this study, the tensile properties of 
aluminum alloy were successfully enhanced by CFRP, which provided a method for the study of aluminum alloy 
performance enhancement.
Keywords: FMLs (Fiber metal laminates); CARALL (Carbon Reinforced Aluminum Laminates); Molding 
preparation, tensile test; finite element simulation.

1. INTRODUCTION
With the rapid development of the aerospace and automotive industries, in order to meet the lightweight of struc-
tural parts and maintain excellent mechanics. Fiber metal laminates (FMLs) are formed by stacking metal and 
composite materials in a thin layer, heating and pressurizing the equipment, and finally curing to form FMLs [1]. 
Figure 1 shows the model diagram of FMLS. The laminated plate obtained in this way combines the advantages 
of composite materials and metal materials, and has many advantages such as high fatigue resistance, impact 
resistance, specific strength, light weight, and strong designability. Carbon fiber reinforced polymer (CFRP) has 
gradually replaced many traditional materials and enhanced the mechanical properties of materials by adding 
CFRP due to its excellent properties of light weight and high strength. These characteristics make the applica-
bility of CFRP improved [2]. Carbon fiber reinforced aluminum laminate (CARALL) is considered to be the 
third generation FMLS [3]. Due to the large elastic modulus of carbon fiber, the crack growth rate of CARALL 
is low. So that its fatigue resistance is excellent, with excellent specific strength, specific modulus and impact 
resistance [4, 5]. The excellent comprehensive performance of CARALL makes it have broad application pros-
pects in the fields of aviation, transportation, military and navigation [6]. However, due to the large difference in 
physical properties (thermal expansion coefficient, elastic-plastic) between the two parts of the laminated plate 
after CARALL forming, it is easy to produce interface delamination and fracture under the combined working 
environment of thermal and mechanical [7, 8]. One of the basic methods of tensile evaluation of mechanical 
properties of composite materials [9]. Our experiment aims to test the tensile strength of the prepared samples by 
tensile test. Compared with the aluminum alloy plate, determine whether it can enhance the material properties.

Progressive damage analysis method is considered to be an effective method to analyze the damage of 
composite materials by many scholars [10]. Hashin failure criterion is a widely used failure criterion because of 
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its simplicity and understandability. It has been integrated into Abaqus finite element analysis software [11, 12]. 
The 2D Hashin failure criterion is used as the damage criterion. Considering the linear stiffness degradation after 
composite failure, considering the four failure modes of fiber tensile and compression failure, matrix tensile 
and compression failure, the composite material is modeled by continuous shell element SC8R. The calculation 
results are in good agreement with the experimental results [13, 14].

In this study, carbon fiber reinforced polymer was laminated with aluminum alloy 6061 (AA6061) by 
molding technology to obtain two materials of Al-CFRP-Al and CRFP-Al-CRFP. Then the corresponding ten-
sile experiments were carried out. Compared with the tensile strength of AA6061, the strength of laminates was 
both higher than that of AA6061, but the strength of the two laminates were also different. Then we observed 
the microscopic changes after tensile deformation by electron microscopy and analyzed its enhancement mecha-
nism. Finally, the experiment was verified by finite element simulation to ensure the accuracy of the experiment. 
We found that the CARALL prepared by molding can effectively strengthen the tensile properties of aluminum 
alloy. In this way, an idea of strengthening the mechanical properties of metals by molding CARALL was pro-
vided. It is believed that through continuous exploration and research, CARALL application scenarios will be 
more extensive.

2. MATERIALS AND METHODS

2.1. Raw materials
CARALL is made of T700 carbon fiber reinforced polymer and aluminum alloy 6061. The thickness of carbon 
fiber reinforced polymer is 0.125mm. The thickness of AA6061 plate is 0.5mm. Carbon fiber reinforced 
polymer is provided by Hansort Advanced Materials Co., Ltd. The chemical constituents of AA6061 are 
shown in Table 1.

2.2. Preparation of CARALL
We first carry out some phase treatment on the surface of aluminum alloy. We first perform some treatments on 
the surface of the aluminum alloy. Including mechanical grinding and acid-base corrosion treatment. The pro-
cess flow is shown in the Figure 2. The composition and process parameters of acid-base cleaning solution are 
shown in Table 2. The purpose of this step is to increase the roughness of the aluminum alloy surface to increase 
the interlayer bonding properties of the laminates [15].

The carbon fiber reinforced polymer and the treated aluminum alloy plate were laid according to 
Al-CFRP-Al and CFRP-Al-CFRP, respectively. The carbon fiber reinforced polymer is fully symmetrically ply 
with 0°, 90°, 0°, 90°... This layering method effectively eliminates the residual stress after the laminated plate is 
formed, prevents the laminated plate from warping after cooling to room temperature, and ensures the flatness 
of the laminated plate.

The preparation of laminated plates adopts the molding process. Figure 3 shows the variation of pressure 
and temperature with time during molding process. The laminated material was vacuumized at room tempera-
ture, and then pressurized to more than 0.7 MPa. After holding at 125° ± 5°C for 90–120 minutes, the part with 
a thickness of 2mm was obtained. According to ASTM D3039 standard [16], the two kinds of laminates were 
cut into 250mm × 10mm × 2mm test samples, as shown in Figure 4. Figure 5 shows the CARALL fabricated 
by the above process.

Figure 1: The schematic diagram of fiber metal laminates (FLMs).
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Figure 2: Aluminum alloy surface treatment flow chart.

Figure 3: Molding process parameter diagram.

Table 1: Chemical composition of aluminum alloy 6061.

ELEMENT MASS FRACTION (%)
Si 0.60
Fe 0.70
Cu 0.15
Mn 0.15
Mg 1.20
Ti 0.15
Zn 0.25
Cr 0.20

Table 2: Composition and process parameters of acid-base washing solution.

REAGENT NAME CONCENTRATION TEMPERATURE HANDLING TIME CONCENTRATION
NaOH 100g/L 40–50°C 3–5min Aladdin

HNO3 100g/L 25°C 2–4min Aladdin
Deionized water NONE 25°C 1–3min Self preparation
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Figure 4: CARALL sample size chart.

Figure 5: Laminated plate prepared by molding process: (a) Al-CFRP-Al laminated plate after cutting; (b) CFRP-Al-
CFRP laminated plate after cutting; (c) Cross-section of Al-CFRP-Al laminated plate; (d) Cross-section of CFRP-Al-CFRP 
laminated plate.

Figure 6: MTS tensile test machine.
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2.3. Tensile test
The test sample was subjected to uniaxial tensile test with MTS tensile test machine, as shown in Figure 6. The 
loading rate is 1mm/min. The tensile strength of the specimen is calculated according to Equation (1), where F 
is the ultimate load of the specimen and S0 is the initial cross-sectional area of the specimen.

 	
� �

F
S0 	

(1)

3. RESULTS AND DISCUSSION

3.1. Results of tensile test
Figure 7 shows the state of the two laminates after tensile fracture. It can be seen that the aluminum alloys had 
undergone plastic deformation during the stretching process, and it broke after exceeding the elongation limit. 
On the contrary, the carbon fiber layer had no obvious deformation during the stretching process. Carbon fibers 
were brittle fracture due to their material properties.

We plotted the load-displacement curves of two laminates based on the tensile test data, as shown in 
Figure 8. The tensile test results show that the maximum load of Al-CFRP-Al laminate is 17.302 kN, and the 
maximum load of B is 14.364 kN. Through calculation, the ultimate tensile strength of Al-CFRP-Al laminate is 
865.1 MPa, and the ultimate tensile strength of CFRP-Al-CFRP laminate is 718.2 MPa. Figure 9 shows the ten-
sile strength comparison between the two laminates and AA6061. It can be seen from the figure that the prepared 
CARALL significantly improved the tensile strength of AA6061.

3.2. Microstructure of CFRP
In order to more carefully see the morphology of the laminates after stretching, we used a scanning electron 
microscope to photograph the microstructure of the fiber layer at the fracture of the two laminates. Figure 10 

Figure 8: Tensile test load-displacement curve.

Figure 7: CARALL after tensile fracture: (a) (b) Al-CFRP-Al laminate; (c) (d) CFRP-Al-CFRP laminate.
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shows a SEM photo taken, where (a) (b) belongs to Al-CFRP-Al laminates, (c) (d) belongs to CFRP-Al-CFRP 
laminates. It can be seen from the diagram that the microstructure of the two laminates is similar after tensile 
fracture. During the tensile process, a large area of fiber bundles in the 0° direction were broken, and some fiber 
bundles were pulled out, which was the direct cause of CARALL failure. Due to the adhesion agent, there is no 
obvious dislocation and deformation of the fiber bundle during the stretching process.

Figure 10: SEM photos of CARALL fracture fiber layer: (a) Al-CFRP-Al laminate magnified 500 times; (b) Al-CFRP-Al 
laminate magnified 1100 times; (c) CFRP-Al-CFRP laminate magnified 500 times; (d) CFRP-Al-CFRP laminate magnified 
1300 times.

Figure 9: Comparison of tensile strength.
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Table 3: Material parameters of carbon fiber composite.

PARAMETER TYPE MATERIAL PARAMETER
Elastic modulus E1 = 120000 MPa, E2 = E3 = 7800 MPa

Poisson ratio v12 = v13 = v23 = 0.3v
Shear modulus G12 = G23 = 4000 MPa, G23 = 3600 MPa

Density ρ = 2000 kg/m3

Ultimate strength XT = 2250 MPa, XC =1520 MPa, YT = ZT = 50 MPa
YC = ZC = 150 MPa, S12 = S13 = 93 MPa, S23 = 50 MPa

Fracture energy GT
11 = G c11 = 40 kJ/m2, GT

22 = 0.25 kJ/m2, G c22 = 0.75 kJ/m2

3.3. Finite element simulation analysis
In order to verify the validity of the experiment and analyze the failure mode of CARALL, we used the finite ele-
ment simulation software Abaqus to simulate the tensile experiment. The model diagram is shown in Figure 11. 
Because the failure modes are basically the same, we simulated the a-laminated plate with better performance. 
Firstly, according to the parameters of carbon fiber composites in Table 3, we established a geometric model. We 
assigned these material properties to the model and set the kinetic display analysis step. Thus, the load applica-
tion state in the whole tensile test process was simulated.

It is found that the model generally breaks when the load reaches about 17kN, which is very close to the 
tensile test results. Figure 12 is the failure cloud diagram of finite element simulation. The failure cloud diagram 
results are also consistent with the experimental results. The aluminum alloy plate of CARALL shrinks and 
deforms under load, and finally breaks. On the contrary, the carbon fiber layer fails due to brittle fracture in an 
instant. The damage area of the carbon fiber layer is much larger than that of the aluminum alloy layer, which 
indicates that the carbon fiber layer plays a major role in the tensile process. The Abaqus model used the 2D 
Hashin criterion as the carbon fiber failure criterion, and there was no obvious mesh distortion at the fiber tensile 
fracture, which was consistent with the experimental fracture morphology and close to the actual results.

Figure 11: Geometric model of CARALLL specimen.

Figure 12: Finite element simulation failure cloud diagram: (a) failure cloud diagram of aluminum alloy plate; (b) Carbon 
fiber layer failure cloud diagram.
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4. CONCLUSIONS
This study introduced the preparation and tensile test process of two kinds of CARALL. Then we observed the 
microstructure of the fracture position of the laminate with the help of scanning electron microscope. The ratio-
nality of the experimental data was verified by finite element simulation. And its failure behavior was further 
analyzed.

In general, the two kinds of CARALL prepared by molding process have greatly enhanced the tensile 
properties of aluminum alloy. The results of tensile test of CARALL showed that, which the tensile strength of 
Al-CFRP-Al CARALL can reach 865.1 MPa, and the tensile strength of CFRP-Al-CFRP CARALL can reach 
718.2 MPa. The tensile strength of Al-CFRP-Al CARALL is 326.4% higher than that of AA6061, and the tensile 
strength of CFRP-Al-CFRP CARALL is 271.0% higher than that of AA6061.

By observing the microstructure of the fiber layer on the fracture surface of the laminate, it was found 
that the fiber bundle fractured brittlely during the tensile process. Because the height of 0 ° fiber bundle was in 
the same direction, the tensile properties of the material were greatly enhanced.

Overall, the finite element simulation results were consistent with the experimental results. The Abaqus 
model used the 2D Hashin criterion as the carbon fiber failure criterion, and there was no obvious mesh dis-
tortion at the fiber tensile fracture, which was consistent with the experimental fracture morphology and close 
to the actual results. By analyzing the failure cloud diagram, it was further confirmed that carbon fiber could 
effectively enhance the tensile properties of aluminum alloy.

Through this study, we have clarified that the use of carbon fiber composite materials to prepare laminates 
has a good reinforcing effect on the metal matrix in terms of tensile properties. This method can effectively achieve 
the material requirements of light weight and high strength. This study only introduces the preparation of CARALL 
by molding process to enhance the tensile properties of aluminum alloy. Through the idea of this research, we can 
also use this method to enhance the mechanical properties of materials such as titanium alloys to meet various 
application scenarios. It is believed that through the continuous innovation and research of researchers, CARALL 
will have better performance in the fields of aerospace, ship and automobile manufacturing.

5. BIBLIOGRAPHY
[1]	 SUGIMAN, S., CROCOMBE, A.D., KATNAM, K.B., “Investigating the static response of hybrid fibre 

metal laminate doublers loaded in tension”, Composites. Part B, Engineering, v. 42, n. 7, pp. 1867–1884, 
2011. doi: http://dx.doi.org/10.1016/j.compositesb.2011.06.013

[2]	 RAJAK, D.K., WAGH, P.H., LINUL, E., “A review on synthetic fibers for polymer matrix composites: 
performance, failure modes and applications”, Materials (Basel), v. 15, n. 14, pp. 4790, 2022. doi: http://
dx.doi.org/10.3390/ma15144790. PubMed PMID: 35888257.

[3]	 CHEN, Q., GUAN, Z., LI, Z., et al., “Experimental investigation on impact performances of GLARE 
laminates”, Chinese Journal of Aviation, v. 6, n. 6, pp. 9–9, 2015. doi: http://dx.doi.org/10.1016/ 
j.cja.2015.07.002

[4]	 CORTES, P., CANTWELL, W.J., “The tensile and fatigue properties of carbon fiber-reinforced peek- 
titanium fiber-metal laminates”, Journal of Reinforced Plastics and Composites, v. 23, n. 15, pp. 1615–
1623, 2004. doi: http://dx.doi.org/10.1177/0731684404039796

[5]	 XIE, J.M., ZHOU, X.J., WU, J., et al., “Mechanism of curing behavior for CFRP compression molding 
under thermo-mechanical-chemical multi-field coupling”, Matéria (Rio de Janeiro), v. 27, n. 3,  
pp. e20220108, 2022. doi: http://dx.doi.org/10.1590/1517-7076-rmat-2022-0108

[6]	 XUE, J., WANG, W.X., ZHANG, J.Z., et al., “Progressive failure analysis of the fiber metal laminates 
based on chopped carbon fiber strands”, Journal of Reinforced Plastics and Composites, v. 34, n. 5,  
pp. 364–376, 2015. doi: http://dx.doi.org/10.1177/0731684415571659

[7]	 LIU, H.B., LIU, J., KABOGLU, C., et al., “Experimental investigations on the effects of projec-
tile hardness on the impact response of fibre-reinforced composite laminates”, International Journal 
of Lightweight Materials and Manufacture, v. 3, n. 2, pp. 77–87, 2020. doi: http://dx.doi.org/10.1016/ 
j.ijlmm.2019.10.001

[8]	 KIMIYOSHI, N., HIROYUKI, O., “Tensile properties of novel carbon/glass hybrid thermoplastic 
composite rods under static and fatigue loading”, Matéria (Rio de Janeiro), v. 22, n. 2, 2017.

[9]	 WEI, Z., XIAO, H., WANG, J., et al., “Characterization and properties of AA6061-based fiber metal 
laminates with different aluminum-surface pretreatments”, Composite Structures, v. 227, n. C, pp. 111321–
111321, 2019.

https://doi.org/10.1016/j.compositesb.2011.06.013
https://doi.org/10.3390/ma15144790
https://doi.org/10.3390/ma15144790
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35888257&dopt=Abstract
https://doi.org/10.1016/j.cja.2015.07.002
https://doi.org/10.1016/j.cja.2015.07.002
https://doi.org/10.1177/0731684404039796
https://doi.org/10.1590/1517-7076-rmat-2022-0108
https://doi.org/10.1177/0731684415571659
https://doi.org/10.1016/j.ijlmm.2019.10.001
https://doi.org/10.1016/j.ijlmm.2019.10.001


SHE, C.; XIE, J.; MAO, Z., et al.,  revista Matéria, v.28, n.4, 2023

[10]	 TSAI, S., WU, E.M., “A general theory of strength for anisotropic materials”, Journal of Composite 
Materials, v. 5, n. 1, pp. 58–80, 1971. doi: http://dx.doi.org/10.1177/002199837100500106

[11]	 CHANG, F.K., CHANG, K., “A progressive damage model for laminated composites containing stress 
concentrations”, Journal of Composite Materials, v. 21, n. 9, pp. 834–855, 1987. doi: http://dx.doi.
org/10.1177/002199838702100904

[12]	 HASHIN, Z., “Fatigue failure criteria for unidirectional fiber composites”, Archive of Applied Mechanics, 
v. 48, n. 4, pp. 846–852, 1980. doi: http://dx.doi.org/10.1115/1.3157744

[13]	 HASHIN, Z., ROTEM, A., “A fatigue failure criterion for fiber reinforced materials”, Journal of Composite 
Materials, v. 7, n. 4, pp. 448–464, 1973. doi: http://dx.doi.org/10.1177/002199837300700404

[14]	 SOLTANI, P., KEIKHOSRAVY, M., OSKOUEI, R.H., et al., “Studying the tensile behavior of GLARE 
laminates: a finite element modelling approach”, Applied Composite Materials, v. 18, n. 4, pp. 271–282, 
2011. doi: http://dx.doi.org/10.1007/s10443-010-9155-x

[15]	 ZHAI, B., WANG, S., ZHANG, B., et al., “Effect of anodizing process on the mechanical properties of 
glass fiber reinforced aluminum laminates”, Acta Materiae Compositae Sinica, v. 30, n. 3, pp. 154–159, 
2013.

[16]	 AMERICAN SOCIETY FOR TESTING AND MATERIALS, ASTM D3039 Standard Test Method for 
Tensile Properties of Polymer Matrix Composite Materials, New Jersey, West Conshohocken, Wiley, 
2008.

https://doi.org/10.1177/002199837100500106
https://doi.org/10.1177/002199838702100904
https://doi.org/10.1177/002199838702100904
https://doi.org/10.1115/1.3157744
https://doi.org/10.1177/002199837300700404
https://doi.org/10.1007/s10443-010-9155-x

