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ABSTRACT

Carbon fiber reinforced aluminum laminates (CARALL) are often subjected to bending loads in actual working
conditions, resulting in some imperceptible intra-layer or inter-layer damages, such as matrix cracking, fiber
fracture and inter-layer delamination, which degrade the mechanical properties of the structure. In this paper, the
bending performance and damage mechanism of CARALL are tested and simulated by finite element simulation.
Firstly, the mechanical properties are analyzed by three-point bending test, and the fracture morphology of the
specimen after failure is photographed by scanning electron microscope, and the failure damage state from the
microscopic perspective is analyzed. Secondly, the VUMAT subroutine with built-in three-dimensional Hashin
criterion is introduced into ababqus. By comparing the finite element simulation and experimental results, the
rationality and accuracy of using VUMAT subroutine to predict the failure behavior of AI-CFRP-Al laminates
are verified. The results show that during the bending failure process, the aluminum alloy layer suffered local
damage, and the carbon fiber layer suffered a large area of damage. The layer near the indenter was subjected to
large stress concentration during bending, resulting in intensified interlayer interaction and serious damage. The
crack began to expand downward along the stress and gradually became smaller as it expanded. The research
results provide basic data reference for the bending performance and damage mechanism of fiber metal lami-
nates (FMLs), and have important engineering application value for the optimization design of related structures.

Keywords: CARALL (Carbon fiber reinforced aluminum laminates); bending performance; damage mechanism;
three-point bending test; finite element simulation.

1. INTRODUCTION

FMLs are laminated metal materials and composite materials in a multi-layer stacking manner through a certain
processing technology. Figure 1 is a typical FMLs structure [1]. FMLs combine the advantages of composite
materials and metal materials, and show excellent performance in fatigue resistance, impact resistance, specific
strength, specific modulus, lightweight and applicability [2—-6].

Carbon Fiber Reinforced Aluminum Laminates (CARALL), which is made of CFRP and aluminum
alloy sheets, is considered to be the third generation of FMLs [7-9]. With its excellent comprehensive perfor-
mance, it can shine in aerospace, military manufacturing, automobile production and other fields. Because of
its large elastic modulus, carbon fiber can more effectively enhance the mechanical properties of materials such
as tensile, bending and compression resistance when laminated with aluminum alloy [10—13]. And because
the density of carbon fiber composites is significantly less than that of aluminum alloy materials, so that the
laminate can effectively achieve the purpose of lightweight [14]. However, in the actual manufacturing, use and
maintenance process, it is often subjected to bending load, resulting in some imperceptible intra-layer or inter-
layer damage, such as matrix cracking, fiber fracture and inter-layer delamination, which seriously degrades the
mechanical properties of the structure and seriously reduces the structural strength and service life. The bending
performance of laminates is one of the important indexes to test the external force damage resistance of vehicle
body structure, and its bending strength is also the key parameter of vehicle body structure design. Therefore,

Corresponding Author: Xuejun Zhou Received on 27/05/2024 Accepted on 09/06/2024

DOI: https://doi.org/10.1590/1517-7076-RMAT-2024-0310


https://orcid.org/0000-0002-2088-2616
https://orcid.org/0000-0002-7064-8633
https://orcid.org/0009-0005-3106-516X
https://orcid.org/0009-0001-7499-8833

[ er | SUN, J.; ZHOU, X.;WEI, X,, et al., revista Matéria, v.29, n.3, 2024

Reinforced fiber layer

Metal layer

Figure 1: Structure diagram of fiber metal laminates.

the research on the failure mode prediction and damage process of CARALL under bending load is of great
significance to improve the external damage resistance of CARALL structure and the design of carbon fiber
composite body structure.

Domestic and foreign scholars have carried out a lot of research work on the bending performance and
failure mechanism of CARALL laminates from the aspects of experimental analysis and numerical simulation,
and have achieved rich results. DANIEL ef al. [15] used the finite element simulation technology and the two-
dimensional Chang-Chang damage criterion as the criterion to simulate the failure behavior of CARALL under
bending load according to the tiebreak algorithm, and explored its damage mechanism. LIN et al. [16] used
the VUMAT subroutine to establish the progressive damage model of CARALL three-point bending under the
Abaqus/Expliclt solver. The damage criterion of the fiber adopts the maximum strain criterion, and the damage
failure criterion of the matrix adopts the Puck criterion, which effectively reveals the failure behavior and damage
mechanism of CARALL three-point bending process. KUMAR ef al. [17] showed by finite element (FE) sim-
ulation that in CARALL laminates, the failure is caused by delamination between layers near the middle of the
laminates; HAICHAO et al. [18] used 2D Hashin and 3D Hashin VUMAT models to analyze and compare the
finite element modeling of CARALL composite layer. They found that 2D Hashin and 3D Hashin models have
similarities in predicting bending performance, mechanical response before peak load point and final failure
mode, and emphasized that 3D Hashin model can accurately reveal the failure mechanism and failure propagation
mechanism of CARALL. However, there are few studies on the bending performance and damage mechanism of
CARALL, especially the failure mechanism of CARALL from the microscopic point of view.

In order to further understand the mechanical properties and damage mechanism of CARALL and predict its
mechanical properties failure behavior, the failure mechanism of CARALL is revealed from the microscopic point
of view by means of theoretical and numerical simulation [19]. Using scanning electron microscope to photograph
the fracture morphology of the specimen after failure can effectively understand the failure damage state of the
laminate from a microscopic perspective [20]. In order to more accurately restore the damage state of raw materials,
the finite element simulation of the bending process of CARALL was carried out by using the VUMAT subroutine
in Abaqus software combined with the three-dimensional Hashin criterion. Due to the relatively few studies on the
mechanical properties of the new composite material CARALL, and its stress damage and failure are complex,
the failure behavior prediction and morphology characterization are more difficult than traditional materials. There-
fore, it is necessary to explore the bending performance and damage mechanism of CARALL.

2. PREPARATION OF AL-CFRP-AL LAMINATES

2.1. Aluminum alloy surface treatment

Al-CFRP-Al laminates are composed of 6061 aluminum alloy and T700 unidirectional carbon fiber prepreg. The
chemical composition of 6061 aluminum alloy is shown in Table 1, and the thickness is 0.5 mm.

If the aluminum alloy is directly bonded to the prepreg, the interlayer cracking often occurs in the later
stage, resulting in material damage. In order to enhance the interfacial bonding properties of the laminates, the
surface of the aluminum alloy was anodized. Figure 2 is the surface treatment process of the aluminum alloy:
first, the surface was polished with 180 # SiC sandpaper, and then subjected to acid-base corrosion treatment.
After cleaning and drying, the anodic oxidation treatment was performed. The ultrasonic vibration cleaning
was used to remove impurities. After alkali washing, deionized water was used to quickly rinse to avoid scratch
defects on the surface of the sample.
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Table 1: Chemical composition of 6061 aluminum alloy.

ELEMENT MASS FRACTION (%)

Al matrix
Mg 1.2

Fe 0.7

Si 0.6

Zn 0.25

Cr 0.2

Mn 0.15

Ti 0.15

Cu 0.15
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Figure 2: Aluminum alloy surface treatment process diagram.

Figure 3: Anodizing equipment.

The anodizing equipment is shown in Figure 3. The system supplies a stable voltage through a DC power
supply; the cathode is stainless steel plate, and the anode is aluminum alloy plate after acid and alkali corrosion
treatment. The oxidation solution used is phosphoric acid solution; the thermometer is used to monitor and
adjust the real-time oxidation temperature; the stirrer can make the ions in the oxidation liquid evenly distributed
and improve the oxidation efficiency.

Table 2 shows the chemical composition and related process parameters of the phosphoric acid oxidation
solution used in the system. After the surface of the aluminum alloy plate was anodized, it was dried with cold
air for later use.

Figure 4 is the microstructure morphology of the aluminum alloy surface after anodizing. It is observed
that a dense nano-scale oxide film is formed on the surface of the aluminum alloy after anodizing with phosphoric
acid. The oxide film is a pore-like structure, which is neatly arranged on the surface of the aluminum alloy. This
structure will help the resin to immerse, thereby improving the interface bonding strength of the aluminum alloy
layer and the CFRP layer.
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Table 2: Composition of oxidation tank liquid and process parameters.

DESIGNATION PARAMETER
phosphoric acid 100 g/L
mains voltage 15V~25V
mixing speed 200 r/min
temperature About 25°C
Time 10~20 min

Figure 4: Micro-photographs of aluminum alloy surface: (a) low magnification; (b) High multiples.

Table 3: T700 carbon fiber prepreg material parameters.

FIBER SURFACE DENSITY RESIN CONTENT (%) | PREPREG DENSITY (g/m?) THICKNESS
(g/m’) (mm)
125 42 215 0.125

Figure 5: Molding equipment.

2.2. Molding

The T700 carbon fiber prepreg was used, and the material parameters were as shown in Table 3. The laying
direction was alternated by [0°/90°], to ensure the uniformity of the fiber arrangement inside the laminate. The
epoxy resin is filled at the interface between the aluminum alloy and the carbon fiber layer to further strengthen
the interlayer bonding performance of the laminate.

The molding process has high precision and good quality stability. Therefore, AI-CFRP-Al laminates
were prepared by this process. The molding equipment is shown in Figure 5. The mold was brushed with release
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Figure 6: Bending specimen.

Figure 7: Bending test process.

agent before molding. In order to prevent the resin overflow of the prepreg during the molding process, the mold
was set as a back-shaped frame. The mold was preheated first, and then the prepared material was placed in the
mold. Then the mold was closed, and the closed mold was placed on the press table. Then the temperature was
raised and raised. When the temperature of the upper and lower molds was raised to 370-380°C, the pressure
was increased to 1.5-2.0 MPa and maintained for 120 min. After that, the pressure was unloaded and cooled at
a rate of 2°C/min. When the temperature was reduced to 60°C, the mold was opened.

Waterjet cutting is a non-thermal effect cutting technology. Water flow and abrasives cut the workpiece in
a high-speed impact manner, without thermal deformation, oxidation or cracks, which can ensure the integrity of
the workpiece structure. Therefore, after molding, the water knife cutting method is used to cut into a bending
sample of 100 % 13 x 2 mm, as shown in Figure 6.

3. EXPERIMENTAL PROCESS

3.1. Three-point bending test

The MTS universal testing machine was used to carry out the experiment. The radius of the specimen support and
the indenter was 3mm, as shown in Figure 7. The loading rate is 2 mm/min, and the span ratio is 16:1, that is, 32
mm, which can ensure that the sample will not fall after bending under load. Composite materials often have multiple
fracture points due to their multiple components. The maximum load before the first fracture of general materials is the
maximum bending load. In the three-point bending experiment, the load is usually reduced to 90% of the maximum
load as a failure criterion. This experiment uses the standard and conducts three sets of parallel experiments.

With the increase of load, the specimen will produce bending deformation at the stress point, and the
degree of deformation will increase with the increase of load until the end of the experiment, as shown in Figure 8.
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Figure 8: Damaged bending specimen.
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Figure 9: Load-displacement curve of AI-CFRP-Al laminates in three-point bending.

The whole sample did not break after the bending experiment, showing a plastic deformation state. There is no
obvious fracture failure in the aluminum alloy layer, and finally plastic deformation occurs. The CFRP layer in
the middle shows cracks, accompanied by a certain degree of interlayer dislocation. This phenomenon is mainly
attributed to the inhomogeneity of stress distribution between different layers and the difference of interface
strength. Based on the above observation and analysis, it can be inferred that the failure of the material bending
process is mainly caused by the fracture of the fiber layer.

Figure 9 shows the three-point bending load-displacement curve of AI-CFRP-Al laminates. It can be
seen that the ultimate bending load of the three experimental samples is above 900N, and the average bending
strength is about 855 MPa by calculation. Before the first fracture, the bending stress and strain increase linearly,
indicating that the material has elastic strain before this, and then the load drops directly. There is no obvious
plastic deformation stage, and the load after the drop is much lower than 90% of the maximum load. Through
the load-displacement curve, it can be judged that the reinforced fiber layer plays a dominant role in the bend-
ing process of AI-CFRP-AI laminates, which is mainly due to the high stiffness performance of carbon fiber
composites. Due to the good ductility with the aluminum alloy layer, even if the fiber layer is broken, the
whole sample is not completely broken, and the macroscopic whole only appears bending deformation, which
avoids the instantaneous fracture of the carbon fiber material beyond the stress limit in the practical engineering
application.

3.2. Fracture morphology analysis

After the experiment, the damage of the fiber layer on the fracture surface of the sample was observed under
the scanning electron microscope. It was found that the aluminum alloy layer did not break. In order to avoid
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Figure 10: Microscopic morphology of fracture surface of three-point bending CFRP laminate.

resin volatilization during electron microscope scanning, the aluminum alloy and CFRP layer were separated
by hot baking treatment. The microstructure of the carbon fiber composite layer was mainly studied. Figure 10
below is the micro-morphology of the fracture CFRP layer after the three-point bending test of the AI-CFRP-Al
laminated plate. The carbon fiber layer is broken as a whole, and the closer to the indenter, the more serious the
damage of the fiber layer. In the observation diagram (a) and (b), it was found that not only all the fiber bundles
of Ply0-1 layer were broken, but also the fiber layers were misaligned and the bonding interface was separated.
The matrix of Ply90-1 was broken, and some bases were even completely separated. It can be seen from Figures
10(c) and (d) that all the fiber bundles of Ply0-2 layer fractured along the tensile direction, and a small part of the
fibers migrated from the matrix to the fracture of Ply90-1 layer due to extrusion. The figure 10(e) shows that the
matrix of the Ply90-2 layer is completely broken under the bending load force, the crack extends to the bonding
interface with Ply0-3, the Ply0-3 layer carbon fiber bundle is completely broken, and the overall structure does
not appear dislocation and spalling. From figure 10(f), it is observed that the matrix of Ply90-3 layer is broken,
and the crack extends to the middle of Ply0-4 layer. The carbon fiber bundle of Ply0-4 layer is partially broken
near the indenter direction, and no obvious failure behavior is observed near the base part and P1ly90-4 layer. The
main reason for the above damage is that the CFRP layer is deformed as a whole under bending load. However,
due to the small deformation space and large local stress in the ‘1’ and ‘2’ layers near the indenter direction,
not only deformation tensile failure will occur, but also inter-layer extrusion will occur, resulting in large-area
material damage and failure. The ‘3’ and ‘4’ fiber layers are far away from the stress loading point, and the load
can be effectively transmitted to the surrounding area. The inter-layer interaction force is small, so the degree
of damage is small.

4. FINITE ELEMENT ANALYSIS

4.1. Finite element damage model

The base and the indenter are set as a cylindrical discrete rigid body with a bottom radius of 3 mm, and the
distance between the two bases is set to 32 mm according to the three-point bending experiment. Figure 11 is
the geometric model of three-point bending.

According to the experimental conditions, the contact and constraint conditions are set in Abaqus
software. As shown in Figure 12, the three rigid bodies of the support and the indenter and the sample are set
to face-to-face contact. The main surface is the upper and lower surfaces of the sample, and the slave surface
is the outer surface of the rigid body. The tangential contact type is set to ‘penalty contact ‘considering friction
factors, and the radial contact is set to frictionless hard contact. Referring to the experimental data, a 3.5 mm
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Figure 11: Three-Point bending geometric model.

Figure 12: Three-point bending model constraints and load conditions.

Figure 13: Triangular mesh division model with curved edges.

displacement load perpendicular to the surface of the laminated plate is set for the indenter, and the amplitude
curve of the smooth loading is set. The degree of freedom in the other directions is 0, and the two bearing rigid
bodies are completely fixed.

Then, the explicit dynamic analysis step is created in the analysis step module, and the historical
variable output variable is set at the contact point between the indenter and the upper surface of the sample to
output the load and displacement of the point. Because the whole sample will produce bending deformation
during the bending process, the homogenization mesh is used. The discrete rigid body does not participate
in the deformation, and the high-density mesh with a size of 0.5 x 0.5 mm is divided, as shown in Figure
13 below.

4.2. Failure criteria

Abaqus‘s built-in two-dimensional Hashin criterion can only be limited to the analysis of composite materials
in two-dimensional stress state and damage state, and can not predict the damage situation in three-dimensional
stress state. In the actual test, the damage situation of composite materials is generally relatively complex.
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Therefore, the simulation of the failure behavior of composite materials in three-dimensional stress state is
closer to the actual damage situation. Therefore, the VUMAT subroutine written in Fortran language is used in
this paper. The VUMAT composite damage subroutine contains the three-dimensional Hashin failure criterion,
and takes into account the stiffness degradation after the material begins to damage [21]. The energy calculation
formula is as follows:

ED = E[ _EE = SOABD _SOBD (1)

In formula (1), £, is the internal energy, and the value is the area of the quadrilateral OABD of the
curved surface in figure 14; £, is the elastic energy, and the value is the area of the triangle OBD; and £, is the
dissipative energy, which is the area of the shaded part OAB in the figure.

Combined with the stiffness degradation of the composite material, the damage variable d is introduced
as the criterion for judging the initial damage of the material. When d = 0, the material is not in the damage
state; when d = 1, the material completely fails; when 0 < d < 1, the material enters the damage state but not
completely fails, and it also has a certain bearing capacity. The stiffness degradation matrix of the material is as
follows:

0 0 1/(1-d,)

In formula (2), df, dm and ds represent fiber damage variable, body damage variable and shear damage
variable respectively. When the VUMAT subroutine is used for calculation, the stiffness degradation matrix of
the composite material is used as a function of the damage variable, and the bilinear evolution law is adopted.
The matrix damage evolution law is the same as that of the fiber. For the four failure modes of fiber reinforced
composites, the corresponding damage variable calculation formulas are as follows:

c
J o= 2 £ = 2G,.
e e _ o€ 4 [l XTL
I AR .
. . 3)
C C
€ mo (522 —& 22) ¢ 2G
d, .= g, ,=—"
me c c 2 m,2 T
— Y'L
€n (8 m2 "€ 22) .

In Equation (3), &€ is the critical failure strain under the compression failure mechanism, G is the
fracture energy, L _ is the element characteristic strength, and its calculation method is shown in Formula (4).
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In the formula, S is the area of the quadrilateral and V is the volume of the hexahedron.

By introducing the VUMAT composite material damage subroutine in Abaqus, the parameters of carbon
fiber composite materials can be set more accurately. At the same time, the subroutine has a three-dimensional
Hashin criterion as the failure criterion, which can make the material damage more in line with the actual state
and improve the reliability of the analysis results.

4.3. Damage mechanism

Figure 15 is the comparison of the stress-strain curves of simulation and experiment (sample 2). The overall
trend of the two curves is roughly the same. Before reaching the maximum load, the stress increases linearly
with the strain, but after reaching the limit load, it suddenly drops, and the material is damaged. Similar to the
experimental scene, due to the incomplete failure of the material as a whole, secondary fracture will also occur
in the future. This paper mainly studies the load loading and the failure state of the laminated plate during the
primary fracture. The simulation results show that the maximum bending load is 970.6N, and the calculated
bending strength is 896 MPa, which is slightly larger than the experimental data. Because the finite element
simulation is usually based on an idealized mathematical model, the boundary conditions can be set more
accurately, resulting in the simulation results may be better than the experimental results. However, the overall
relative error is within 5%, and it is determined that the simulation results are effective.

Figure 16 below is the finite element simulation damage cloud diagram of the aluminum alloy layer
of AI-CFRP-AI laminates. (a) is the upper plate, which is in direct contact with the indenter, and (b) is the
lower plate. Through the analysis of the cloud map, it can be found that the upper and lower aluminum alloy
layers are damaged below the indenter and spread along the surrounding area. The damage of the upper
layer is slightly larger than that of the lower layer, and the damage variable is less than 1, indicating that the
aluminum plate is not completely failed. In the actual experiment, the bending experiment of the aluminum
alloy layer also did not appear obvious fracture, indicating that the simulation results were consistent with
the actual results.

Figure 17 is the damage cloud diagram of CFRP layer after bending of the finite element model of
Al-CFRP-Al laminated plate. (a) is the damage of 0° fiber layer. The cloud diagram results show that the four
layers of 0° ply carbon fiber have fiber tensile failure, and the maximum damage variable is ‘1°, indicating that
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Figure 15: Stress-strain curve.
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Figure 16: Aluminum alloy layer bending damage cloud map.
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Figure 17: Damage cloud diagram of CFRP layer in three-point bending model.

it has completely failed. The failure position is directly below the indenter. Ply0-1, Ply0-2 and Ply0-3 layers
are completely broken, and Ply0-1 is the most severely damaged. The damage extends from the fracture to the
surrounding, and Ply0-4 layer is not completely broken. This is very consistent with the fracture morphology
observed by scanning electron microscopy. (b) For the 90° fiber layer damage, the upper three layers of CFRP
layers are judged to be the complete failure of the matrix tension. Ply90-1 and Ply90-2 are seriously damaged,
so that the element mesh distortion is too large and deleted, and the model appears fracture. Although Ply90-3
does not break, it is also determined that the matrix at the stress point is completely invalid. The damage variable
of Ply90-4, which is the farthest from the loading point, is ‘0’, that is, no damage occurs. The damage cloud
diagram of the CFRP layer is in good agreement with the fracture morphology observed above, which further
verifies the accuracy of predicting the failure behavior of laminates through the VUMAT subroutine.

From the simulation results, the failure state of the bending damage model established by the VUMAT
subroutine is in good agreement with the experimental situation. The ultimate bending load value predicted
by the model is not much different from the actual value, which is within a reasonable range. The specific
damage of each layer of the finite element model is also consistent with the observed actual situation. The
microstructure of the CFRP layer is highly consistent with the damage state shown by the damage cloud map.
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By analyzing the simulation damage results, we can intuitively understand the damage status and failure modes
of each layer, and further understand the failure mechanism of AI-CFRP-Al laminates: aluminum alloy is not
completely invalid in the bending process due to its good ductility. The CFRP layer and the interface layer are
the main failure structures. Their large-area failure or even fracture during the bending process leads to the
overall failure of the laminates. The upper structure bears the maximum stress during the bending process and
is easily affected by stress concentration. The interlayer interaction intensifies, resulting in large-area failure.
The lower structure is due to the transfer and diffusion of load between layers. The local bending stress is small
and the damage degree is low.

5. CONCLUSIONS

In this paper, the three-point bending test of AI-CFRP-Al laminates was carried out, and the micro-morphology
of the bending fracture of CFRP layer was observed. The fracture failure state of the fiber layer was analyzed.
Then the three-point bending failure model of laminates was established, and the damage cloud diagram of
each layer was analyzed to further explore the bending failure mechanism. The main conclusions are as fol-
lows: (i) Through the three-point bending experiment, the ultimate bending strength of AI-CFRP-Al laminates
is measured to be about 855 MPa. The bending stress and strain in the load-displacement curve increase lin-
early, and the fracture failure occurs after the elastic deformation stage, and the load drops sharply. During the
bending failure process of the laminated plate, the aluminum alloy layer did not break. The fracture crack of
the fiber layer was observed by scanning electron microscope. It was found that the fracture crack of the fiber
layer extended downward along the indenter. The upper carbon fiber was seriously damaged and the damage
gradually decreased downward. (ii) Combined with the stress-strain curve of the bending process and the dam-
age of the sample after the three-point bending test, it is judged that the main damage is the large area damage
of the CFRP layer. The brittle fracture leads to the failure of the AI-CFRP-AI laminates. Because of its good
ductility, most of the aluminum alloy is only plastic deformation, so the material is not completely broken,
which protects the integrity of the material to a certain extent. (iii) Comparing the finite element simulation
and experimental results, because the damage model is more idealized than the actual, the bending strength
predicted by the simulation is slightly higher than the experimental results, but all within a reasonable range,
the stress-strain curve trend is basically the same, and the fracture position and damage state are also consistent
with the actual situation, which proves the rationality and accuracy of using the VUMAT subroutine to predict
the failure behavior of AI-CFRP-Al laminates. (iv) In the process of bending failure, the finite element damage
cloud diagram and fracture morphology of the sample are analyzed. It is concluded that the local damage of
the aluminum alloy layer, the carbon fiber layer produces a large area of damage during the bending failure
of the laminated plate, and the layer near the indenter is due to the stress concentration during the bending
process. The interaction between the layers is serious, the degree of damage is large, and the crack propagates
downward along the stress and gradually decreases. The failure mode of the 0° carbon fiber layer is fiber tensile
failure, the 90° fiber layer is matrix tensile failure, and the Ply90-4 layer does not appear damage.
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