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Abstract: Fiber Metal Laminates (FMLs) are hybrid materials that combine metal components
with fiber-reinforced composites. The properties and failure modes of CArbon fiber Reinforced
composites/Aluminum Laminates (CARALLs) composed of T700/PA6 unidirectional prepreg and
6061 aluminum alloy were studied using experimental and numerical simulation analysis. Through
three-point bending experiments, the bending behavior of CARALLs with different composite/metal
layer methods was examined. It was found that FMLs in the 2/1 patch form (one layer of aluminum
and two layers of T700/PA6 unidirectional prepreg) show the highest bending modulus and strength
compared with other stacking sequences. With the metal volume fraction increased, the bending
properties of CARALLs decreased, suggesting the important role of the carbon fiber composite layer
in the load-bearing capacity. Lastly, the Linde and Hashin failure criteria were employed to analyze
the bending behavior and damage mechanism of CARALLs with different stacking sequences. The
simulation results were in good agreement with the experimental results, which provides more
insight into the prediction of the bending behavior of CARALLs hybrids.

Keywords: hybrid structures; numerical modeling; finite element analysis

1. Introduction

At present, there is an increasing demand for high-performance materials in the indus-
try, requiring them to have high mechanical properties as well as being lightweight. FMLs
(Fiber Metal Laminates) are a modern hybrid material composed of metal alloys and fiber-
reinforced polymers alternating between each other [1,2]. GLARE (Glass Fiber Reinforced
Aluminum Laminates) is a successful example of FMLs, produced by laminating glass
fiber reinforced prepreg and aluminum sheets, and has been commercialized. The FML
materials have been continuously upgraded, including new metal alloys such as aluminum-
magnesium alloys and titanium [3,4], and hybrids such as carbon fiber prepreg and carbon
fiber woven fabric [5]. These laminates have been applied as aircraft components, such as
the fuselage, wings, and other parts of aircraft. Additionally, with the optimization of the
production process of materials and the reduction of production costs, FMLs are also being
used in other industrial fields such as sporting goods and automotive engineering [6,7].

In recent years, numerous experiments have been conducted to analyze the dynamic
and static mechanical properties of FMLs due to their advantages of lightweight, high-
strength properties [8], corrosion resistance [7], favorable impact resistance [9,10], and
damage tolerance [11,12]. The mechanical properties of GLARE have been extensively
studied, and the lower modulus and strength of the glass fiber limited its application in load-
bearing structures [13,14]. Consequently, CArbon fiber Reinforced composites/Aluminum
Laminates (CARALLs), which are a combination of metal alloys and carbon fiber hybrids
with higher modulus and strength, have become a focus of research [15]. In contrast
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with GLARE, CARALLs display lower density, higher specific strength, and superior stiff-
ness [16,17]. However, due to the complex structure and hybrid materials of CARALLs,
the mechanical properties and damage mechanisms are difficult to predict. Therefore, the
damage behavior of FMLs under quasi-static conditions has attracted increasing atten-
tion [18,19]. Costanzo Bellini et al. studied the fracture patterns of FMLs under different
loading conditions by using two different types of interfaces: structural adhesives or relying
on the bonding ability of prepreg resins [20].

At present, most of the CFRP materials in CARALLs are thermosetting resin matrices;
however, thermoplastic resin has superior properties such as higher damage tolerance,
stronger impact resistance, and lower moisture absorption than the traditional thermoset
resins. In addition, thermoplastic resins possess excellent recyclability. Jianing Xing
developed MAPP/GF/Al fiber metal laminates, prepared with continuous glass fiber
reinforced thermoplastic prepreg and maleic anhydride grafted polypropylene (MAPP) as
the matrix resin. Compared with MAPP/GF control, the tensile and bending strength of
2/1 and 3/2 fiber metal laminates (FMLs) were maintained, while the modulus increased
significantly [21]. Balakrishnan et al. also developed two different types of FRP-metal
hybrid laminates and found that compared with epoxy resin polymer, PA6 had better
adhesion to the steel surface, resulting in improved impact resistance of the thermoplastic-
based FMLs [22].

Numerical simulation techniques have been utilized to simulate the quasi-static pro-
cess of laminates, explore the specific damage forms inside FMLs, and analyze the energy
absorption characteristics, providing an important reference value for the practical engi-
neering application of laminates. To further understand the mechanical properties and
failure mechanism of CARALLs under three-point bending, Hu et al. conducted experi-
ments and numerical simulations. The results of the study shed light on the influence of
stacked aluminum and carbon fiber hybrid layers on the mechanical properties of CARALL
specimens [23]. Sellitto et al. conducted a study on the mechanical response of rectangular
laminates under low-speed impact, featuring a numerical simulation method for analyzing
the impact behavior of composite laminates [24].

The bending properties of FMLs have been studied by some researchers. Ostapiuk
et al. conducted three-point bending tests to compare the bending and failure of GLARE
and CARALLs under different aluminum thicknesses and fiber orientations [1]. Costanzo
Bellini et al. studied the influence of superposition between the CFRP layer and aluminum
plate and bonding interface on the mechanical behavior of CARALLs [20]. Although
experimental methods are used to study the bending behavior and damage mechanism
of CARALLs, finite element models display a more detailed stress-strain field with high
designability. The simulation analysis could provide better insight into the failure of
CARALLs. Furthermore, Hu et al. simulated the damage mechanism of CARALLs through
Linde failure criteria. Hu H. et al. studied the application of Hashin criteria to CARALLs
progressive failure analysis, but a single criterion alone has limited predictive capability [23].
However, previous studies did not consider complex layer methods, such as the stacking
sequence of aluminum layers and carbon fiber-reinforced thermoplastic layers. Therefore,
it is necessary to investigate the numerical simulation of the bending failure behavior of
FMLs with proper failure criteria.

Typically, CARALL laminates, consisting of carbon fiber hybrids and metal layers,
display outstanding mechanical properties that can be easily adjusted according to specific
requirements by changing the fiber orientation, thickness, and number of layers [25]. When
CARALLs are subjected to bending loading, the carbon fiber exhibits a brittle fracture while
the polymeric matrix part displays toughness, forming a complex damage behavior and
failure mode.

The development of carbon fiber-reinforced thermoplastic metal laminates is a novel
hybrid material with lightweight and superior mechanical properties. However, the sim-
ulated models and failure criterion of CARALLs have been seldom reported. Therefore,
the CARALLs with two stacking sequences were fabricated and the three-point bending



Appl. Sci. 2023, 13, 1667 3 of 16

experimental tests were conducted. Meanwhile, the failure behavior and damage mecha-
nism of CARALLs were investigated by utilizing the Linde and Hashin failure criterion.
The comparison between the two failure criteria and the bending behavior of this novel
CARALL hybrid material are discussed.

2. Materials and Methods
2.1. Basic Materials Preparation

T700 carbon fiber /PA6 unidirectional prepregs (PA6/CF) were provided by the
Ningbo Institute of Materials Technology and Engineering. Thermoplastic adhesive films
were purchased from Foshan Duobang polymer materials Co., LTD. The aluminum alloy
(6061-T6Al, 0.3, 0.6 mm) sheet was purchased from Shanghai Bixuan Metal Materials Co.,
LTD. The surface of the aluminum alloy was pre-treated by polishing. The performance
parameters provided by aluminum alloy manufacturers are listed in Table 1. The material
properties of fiber-reinforced thermoplastic prepregs were listed in Table 2.

Table 1. Material properties of 6061-T6 aluminum alloy.

Symbol Property Value

ρ Density 2700 kg/m3

E Elastic modulus 71.6 GPa
ϑ Possion’s ratio 0.33
σs Yield strength 252 MPa
σb Tensile Strength 374 MPa
ε f Fracture strain 0.18

Table 2. Material properties of T700/PA carbon fiber unidirectional ply.

Symbol Property Value

ρ Density 1000 kg/m3

E11 Longitudinal modulus 115 GPa
E22 Transverse modulus 70 GPa
E33 Elastic modulus 70 GPa

ϑ12, ϑ13 Possion’s ratio 0.33
ϑ23 Possion’s ratio 0.45

G12, G13 Shear modulus 3700 MPa
G23 Shear modulus 2000 MPa
Xt Longitudinal tensile strength 2107 MPa
Xc Longitudinal compressive

strength
814 MPa

Yt Transverse tensile strength 35 MPa
YC Transverse compressive

strength
139.8 MPa

S Shear strength 34.7 MPa
Gm Matrix fracture energy 12.5 kJ/m2

G f Fiber fracture energy 1 kJ/m2

2.2. Fabrication of Fiber Metal Laminates

CARALLs were produced through a series of technological processes. To make the
thermoplastic carbon fiber prepregs and aluminum alloys sheets combine to form FMLs,
thermoplastic adhesive films were selected to assemble the two. The process was time-
saving and high-efficiency without long-time curing of epoxy-based adhesives. The fab-
rication process of CARALLs included two stages. First, two layers of unidirectional
thermoplastic prepreg were pressed into thin laminate (XLB-350 × 350, Qingdao Jinjiuzhou
Rubber Machinery Co., LTD., Qingdao, China) along the direction of 0◦. The forming
temperature of PA6/CF was 250 ◦C with a compression pressure of 5MPa. The thermo-
plastic adhesive films were inserted between the aluminum sheet and the PA6/CF sheet.
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Then, the aluminum alloy sheet and PA6/CF were assembled with adhesive films by hot
pressing at 180 ◦C for 5 min. After cooling to a certain temperature, the formed fiber
metal laminates (120 × 240 mm) were removed from the frame mold and cut into standard
flexural specimens using CNC engraving. The manufacturing process is shown in Figure 1.
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Figure 1. The manufacturing process of thermoplastic fiber metal hybrid laminates (a) The fabrication
process of FMLs, (b) The production process of flexural specimens.

To understand the effect of stacking configurations on the flexural behavior of fiber metal
laminates, two types of fiber metal laminates with different stacking configurations were
designed. For type FMLs, the aluminum alloy sheets are set on the surface layer (top and
bottom) and the fiber-reinforced thermoplastic laminates were placed between the aluminum
alloy sheets. In contrast to the Type FMLs patch laminated structure, the hybrid laminates
were on the external layer. The stack configuration details are shown in Figure 2. Furthermore,
the influence of fiber volume fraction on the mechanical properties of thermoplastic fiber
metal laminates was studied by designing 2/1 and 3/2 stacking structures. The stack details
of sequences were shown in Table 3, and the code method was defined.
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Figure 2. The detailed stacking configurations of thermoplastic fiber metal hybrid laminates.

Table 3. The abbreviation and stacking configuration of FMLs.

Structure Stacking
Configuration Al Thickness (mm) Mass

(g)

2/1 FMLs Al/[0/0]/Al 0.3 2.27
2/1 FMLs patch 0/Al/0 0.6 2.23

3/2 FMLs Al/[0/0]/Al/
[0/0]/Al 0.3 3.66

3/2 FMLs patch 0/Al/0/Al/0/AL/0 0.3 3.83
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2.3. Three-Point Flexural Experiments

The bending performance of CARALLs was investigated by three-point bending
experiments according to ASTM D7264. The specimens used for the tests were 78 mm in
length, 13 mm in width, and a span of the support roll 60 mm. The tests were performed
using a universal electronic testing machine (TSE105D, Shenzhen Wance Testing Machine
Co., LTD.) at a displacement rate of 1 mm/min. To obtain reliable results, four parallel
specimens were tested for each group and abnormal data were removed before calculating
the average values. The loading head and the two supports were equipped with cylindrical
contact surfaces with a radius of 5 mm, which were uniformly contacted across the entire
width of the specimen. More detailed experimental parameters are shown in Figure 3.
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The flexural strength, maximum strain, and bending modulus of hybrid laminates
were calculated as follows:

σf =
3PL
2bh2 (1)

ε f =
6δh
L2 (2)

E f =
L3M
4bh3 (3)

where P is the applied load, δ is the mid-span deflection, and M is the secant slope of the
load-deflection curve.

3. Finite Element Modeling and Damage Criteria
3.1. Finite Element Model of Three-Point Bending of CARALL

To accurately model the behavior of the FMLs in finite element analysis, the radius
of the loading nose and supports, and the size of FMLs were the same as those in the
experiment. Face-to-face contact was adopted between the laminates, loading nose, and
supports, and the normal contact attribute was set to hard contact, tangential contact
attribute to penalty function, and friction coefficient to 0.15. The boundary condition of the
supports was completely fixed, and symmetric constraints were set for the two surfaces of
the laminates to avoid rigid body displacement. A reference point was set for the loading
nose and all degrees of freedom except the loading direction were constrained. The loading
displacement of the reference point was set, and the support reaction and displacement
of the reference point were output to compare with the load-deflection curve obtained
from testing. The aluminum alloy sheets, loading nose, and supports were modeled
using C3D8I and R3D4 elements, respectively. The CFRP layer was modeled using the
C3D8R element [26]. The material parameters used were consistent with those given in the
chapter. Additionally, zero-thickness cohesive elements (COH3D8) were used to simulate
the mechanical behavior between aluminum/CFRP layer and CFRP/CFRP layers [23,27].
The finite element model established according to the above material parameters and
constraints is shown in Figure 4.
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3.2. Damage Model for CARALL
3.2.1. Damage Model for Aluminum Sheets

The 6061-T6 aluminum alloy adopted an elastoplastic model. The linear elastic phase of
aluminum alloy was modeled as an isotropic condition, defined by its elastic modulus and
Poisson’s ratio. Furthermore, the aluminum alloy utilized a ductility failure criterion [28]
to judge its initial failure. This criterion suggest that plastic deformation occurs during the
loading process of the material, leading to initiation, expansion, and aggregation of internal
micropores and microcracks, which reduces the stiffness of the material and degrades its
performance. The damage is assumed to occur when the equivalent plastic strain epsilon is
a function of a three-axis stress and strain rate.

wD =
∫ dεpl

ε
pl
D (η,

.
ε

pl
)

= 1 (4)

where η = −p/q, p is the compressive stress, q is the Von Mises equivalent stress, and wD
is the state variable that increases monotonically with the plastic deformation. Based on
the continuum damage mechanics theory, the damage evolution process is as follows [29]:

σ = Dεl :
(

ε− εpl
)

(5)

Dεl = (1− d)Dεl
0 (6)

where Dεl
0 is the initial elastic stiffness, Dεl is the stiffness after performance degradation,

and εpl is the equivalent plastic strain at any time. The stiffness damage variable d changes
from 0 to 1, representing the damage start to complete fracture.

3.2.2. Damage Model for CFRP Layers

The Linde criterion is a strain-based progressive damage model which suggests that
material failure does not occur immediately after damage. Instead, the material still
possesses some residual bearing capacity. This capacity is maintained through matrix
failure, a non-fatal failure mode in which layers can withstand increasing loads even after
the first layer is cracked. As the stress is redistributed, the damaged material is still able
to withstand additional loads. The model takes into account different damage criteria for
matrix and fiber failure [23]:

f f =

√√√√√√ ε
f ,T
11

ε
f ,C
11

(ε11)
2 +

ε
f ,T
11 −

(
ε

f ,T
11

)2

ε
f ,C
11

ε11 > ε
f ,T
11 (7)

fm =

√√√√√√ ε
f ,T
22

ε
f ,C
22

(ε22)
2 +

ε
f ,T
22 −

(
ε

f ,T
22

)2

ε
f ,C
22

ε22 +


(

ε
f ,T
22

)
ε

f
12

2

(ε12)
2 > ε

f ,T
22 (8)
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where f f , fm represent the failure modes of the fiber and matrix, and ε represents the strain
of each side, where the superscript T represents the tensile direction and C represents the
compression direction.

The Hashin criterion is a progressive damage model based on stress, similar to the
Linde model. This model posits that the material still has some bearing capacity even after
damage occurs, and considers the shear effect on fiber tensile failure. The Hashin criterion
predicts four different failure modes: fiber tensile failure, fiber compression failure, matrix
tensile failure, and collective compression failure. Therefore, it is more accurate to assess
the degree of damage:

Ff t =
σ2

11
X2

T
+ α(

σ2
12 + σ2

13
S2

12
)

2

= 1(σ11 ≥ 0) (9)

Ff c = (
σ11

XC
)

2
= 1, (σ11 < 0) (10)

Fmt = (
σ22 + σ33

Y2
T

)
2
+

σ2
12 + σ2

13
S2

12
+

σ2
23 + σ22σ33

S2
23

= 1, (σ22 + σ33 ≥ 0) (11)

Fmc = (
σ22 + σ33

2S23
)

2
+

[(
YC

2S23

)2
− 1

]
σ22 + σ33

YC
+

σ2
12 + σ2

13
S2

12
+

σ2
23 + σ22σ33

S2
23

= 1, (σ22 + σ33 < 0) (12)

Similar to the Linde criterion, Ff t, Ff c, Fmt, Fmc represent fiber tensile failure, fiber
compression failure, matrix tensile failure, and matrix compression failure. σ represents
the upward stress of each side, where the superscript T represents the tensile direction and
C represents the compression direction. Y represents the strength in the direction of the
fiber, X represents the strength in the direction of the matrix, and S represents the shear
strength of each side.

Two different progressive damage models including the Linde criterion and Hashin
criterion are compared in the current work. For the Linde criterion, the failure modes are
classified into fiber failure and matrix failure. On the other hand, the Hashin criterion
includes four failure modes including fiber tensile failure, fiber compression failure, matrix
tensile failure, and matrix compression failure. However, the Hashin criterion does not
always match the experimental results in the case of damage assessment, particularly
for matrix compression failure. When moderate transverse compression impedes the
interlaminar shear fracture of the specimen, the outcome using the Linde criterion might
be different.

3.2.3. Damage Model for CFRP Layers

The interface between aluminum alloy and CFRP and the interface between two layers
of CFRP may stratify. The cohesive zone model is used to simulate the failure behavior of
the interface [30,31]. Material properties were shown in Table 4. The ABAQUS/Standard
uncoupled traction separation constitutive model was selected to define the initial linear
elastic behavior, as shown below:tn

ts
tt

 =

Enn 0 0
0 Ess 0
0 0 Ett

εn
εs
εt

 (13)

where
εn =

δn

T0
, εs =

δs

T0
, εt =

δt

T0
(14)
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Table 4. Material properties of cohesive layers.

Symbol Value

Enn = Ess = Ett 100 GPa
t0
n 5.37 MPa

t0
s 36.62 MPa

t0
t 36.62 MPa

Gc
n 0.23 kJ/m2

Gc
s 0.48 kJ/m2

κ 1.45
T0 10−4 m

In addition, the secondary nominal stress criterion is used to judge the initial damage
to the interface: {

〈tn〉
t0
n

}2
+

{
ts

t0
s

}2
+

{
tt

t0
t

}2
= 1 (15)

The damage evolution is based on the Benzeggagh-Kenane criterion of fracture energy:

GC = GC
n +

(
GC

s − GC
n

)(GS
GT

)η

(16)

4. Result and Discussion
4.1. Influence of Stacked Structure on Flexural Properties

In this section, we discuss the result of the flexural experiment of two types of FMLs
and the results of the simulation. These FMLs consisted of aluminum alloy sheets and
unidirectional prepregs (as shown in Figure 2 and Table 2). The different modulus and
strengths of aluminum alloy and carbon fiber-reinforced thermoplastic materials result in a
distinct mechanical behavior.

Figure 5a,b illustrate the flexural stress-strain curves of FMLs with 2/1 stacking
configurations. It can be seen that there is a significant difference. The curves are split into
three main stages: elastic deformation, plastic deformation of the aluminum layer, and fiber
breakage. In the first stage, the flexural load increases linearly and the specimen exhibits
elastic deformation. At this stage, both the hybrid layer and the aluminum alloys layer
are in the elastic stage and the specimens recover completely when the load is released.
With continued loading, the hybrid layer remains in the elastic deformation stage, while
the aluminum layer undergoes plastic deformation. In the third stage, the hybrid layer
reaches the strain limit, then the fiber breaks and finally the load is reduced. There are
no obvious cracks or fractures found in 2/1FMLs specimens during the bending process,
indicating that the plastic deformation is mainly concentrated at the top and bottom of the
aluminum alloy layer. However, the overall simulation curve is slightly higher than the test
curve, which may be due to defects caused by the specimen-making process or excessive
extrusion of the resin matrix in the molding.

The patch specimen 2/1 FMLs, as shown in Figure 5b, exhibits a different flexural
failure behavior compared to the standard 2/1 FMLs. The flexural process can be divided
into three stages. The flexural strength of the hybrid reaches its peak, with the patch-type
2/1 FMLs showing superior flexural strength to the standard 2/1 FMLs. In the following
stage, the stress decreases rapidly due to the damage to the hybrid layer. Unidirectional
prepreg strips placed in the form of patches on both sides of the metal layer cause the upper
hybrid layer to experience compression loads and the lower hybrid layer to experience
tensile loads during the compression process. Because the thermoplastic hybrid has a lower
ductility than the metal layer, brittle fracture of the hybrid layer may occur in the second
stage. In the third stage, the curve tends to become stable, suggesting the aluminum alloy
layer becomes the main load-carrying. It can be seen from the simulation of patch-type
2/1 FMLs that Linde and Hashin criteria can accurately predict the flexural strength and
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modulus, as well as the failure behavior of the hybrid. This indicates that these criteria are
reliable for the prediction of mechanical properties and exploration of mechanical behavior
for the current 2/1 FMLs structure.
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The stress-strain curve of 3/2 FMLs specimens in the flexural experiment is shown
in Figure 5c. Upon increasing the load, the stress curve initially rises linearly with an
accompanying gradual increase in the bearing capacity of the specimens. After the linear
phase, the specimen’s mechanical behavior is manifested as an overall elastic mechanical
characteristic. As the load continues to increase, the slope of the curve decreases noticeably,
and the speed of stress-increase slows down until the peak load is reached. The sudden
drop in load indicates that the tensile stress of the tensile part of the fiber has reached the
failure stress, resulting in the failure of the hybrid material layer. Finally, with further
strain increase, the stress gradually decreases, and the undamaged part of the fiber layer
continues to bear the load.

The stress-strain curve of the flexural experiment of the 3/2 FMLs patch specimen is
shown in Figure 5d. As the strain increased, the stress of the specimen increased linearly
until the first failure strain point was reached, resulting in a sudden decrease in stress. After
this initial drop, the stress of the specimen then increased again without further stability or
decline. It is speculated that the first stress drop is related to the fracture of the first layer of
carbon fibers and matrix failure. Due to the brittle failure mode of the carbon fiber layer,
compression load causes the first layer to be damaged first, thereby reducing stress and
increasing energy dissipation. This then allows the hybrid laminate to withstand higher
strain levels. This is similar to the yield phase of metals, where the stress continues to
increase until the material is destroyed, even though the rate of increase of stress slows
down after the yield stress is reached. After the first stress drop, the load is redistributed
to the following layers, allowing the laminates to bear the load again, and the stress to
begin rising. This process is repeated with each subsequent layer of carbon fibers, resulting
in a gradual decline in stress until complete failure. From this it can be seen that the
3/2 FMLs patch specimen is in a progressive damage mode, with the damage expanding
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at the interface layers and energy dissipation, allowing the specimen to withstand greater
stress. The simulation results of 3/2 FMLs and 3/2 FMLs patch structure specimens show
that the Linde criterion and Hashin criterion are still effective in predicting the mechanical
properties and behaviors of more complex structures.

To validate the accuracy of the finite element simulation results, the bending modulus
and bending strength of different laminated structures are compared and the results are
shown in Figure 6. The experimental results and finite element results of the bending
strength and bending modulus of FMLs with different layering structures show good
agreement. It is observed that the material model adopted and the established finite element
model can accurately simulate the bending performance of laminates. Furthermore, the
finite element simulation results also demonstrated that the stack configuration has a
substantial impact on the flexural property, and the trend was set by the test results with
an error margin of 20%. It is also noticed that the patch-type specimens generally exhibit
a higher modulus, whereas the 2/1 FMLs patch stack configuration displays an optimal
overall mechanical property. Consequently, the validated finite element model is used to
further analyze the stress distribution of each FML structure and the influence of the stack
configuration on the flexural property of FMLs.
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Figure 6. Bending modulus and strength of FMLs with different stack structures.

In this paper, a finite element model is established. It consists of an aluminum alloy
layer of 0.6 mm, two thermoplastic prepreg layers, and three cohesive interface layers for
the 2/1 FMLs structure, along with two aluminum alloy layers of 0.3 mm, two thermoplastic
prepreg layers, and two cohesive interface layers for the 2/1 FMLs patch structure. These
two types of stack configurations ensure that the metal and fiber volume fractions are the
same. The longitudinal stress distribution contours at 2/1 FMLs failure time are shown
in Figure 7a. During the three-point bending experiment, the top aluminum layer of the
specimen of this structure is under compressive stress, while the bottom aluminum layer is
under tensile stress. The upper half of the CFRP layer is compressed, while the lower half of
the CFRP layer is stretched. As seen in the stress cloud diagram, the two simulation criteria
have a similar trend in the simulation of longitudinal stress. The deflection at the time of
failure of the Linde criterion is earlier than that of the Hashin criterion. The longitudinal
stress distribution contours of the 2/1 FMLs patch structure are shown in Figure 7b. It can
be seen that with the prepreg strips laid on the upper and lower sides of the aluminum
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alloy, the CFRP layer is further away from the neutral layer and the difference between
tensile and compressive stress is more distinct compared to the 2/1 FMLs structure. The
CFRP1 layer of the 2/1 FMLs patch is primarily under compressive stress, while the CFRP2
layer is primarily under tensile stress, which is quite different from 2/1 FMLs since the
neutral layer is located between the CFRP layers in the 2/1 FMLs structure.
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Similarly, in the finite element model established in this paper, the structure of 3/2 FMLs
and 3/2 FMLs patch is, respectively, composed of 3 layers of aluminum alloy (0.3 mm),
4 layers of thermoplastic prepreg zone, 5 layers of the cohesive interface, as well as 3 layers of
aluminum alloy (0.3 mm), 4 layers of thermoplastic prepreg zone, and 6 layers of cohesive
interface. These two types of stack configurations ensure that the metal volume fraction and
the fiber volume fraction are the same. Figure 8a shows the longitudinal stress distribution
contours at the failure time of 3/2 FMLs. In a three-point flexural experiment, the specimen of
this structure is similar to 2/1 FMLs in that the top aluminum layer is subjected to compressive
stress and the bottom aluminum layer is subjected to tensile stress. Between each of the two
aluminum layers, two layers of CFRP are inserted. Therefore, the upper half of the CFRP
layer is subjected to compressive stress, while the lower half of the CFRP layer is subjected
to tensile stress. As shown in the stress contours, it can be seen that the stress trend of the
simulation of longitudinal stress is consistent between the two simulation criteria. Since one
layer of CFRP layer is formed by the molding of two thermoplastic prepregs, except in the
upper and lower aluminum alloy layers, the remaining structure and its failure mechanical
behavior are very similar to that of 2/1 FMLs, which can also be seen from the stress-strain
curve. Also, because the Linde criterion is relatively strict, the deflection at the time of failure
is earlier than the Hashin criterion. The specimen contours of the 3/2 FMLs patch structure
are shown in Figure 8b. It can be seen that when the prepreg belt is laid separately in the
form of a patch instead of molding, the CFRP layer is further away from the neutral layer,
and the difference between tensile stress and compressive stress of 3/2MLs, on the whole,
is more distinct, especially for the lower part of CFRP layer. Due to the characteristics of
the thermoplastic carbon fiber prepreg material, its tensile strength is much greater than the
compression strength, and because the CFRP in the form of patch is not molded together, its
synergy is worse than that of 3/2 FMLs, which can also be seen from the bending strength
where 3/2 FMLs bending strength is greater than 3/2 FMLs patch.
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4.2. Failure Prediction and Damage Propagation Feature

In general, multi-material structures such as metal/fiber-reinforced hybrids may ex-
hibit complex failure modes when subjected to load, such as metal fracture, buckling, fiber
fracture, matrix cracking, and delamination. Depending on the stacking configuration and
operational conditions, these failure modes can occur singly or in combination. Consequently,
finite element analysis is necessary to accurately assess the failure of laminates. Both Linde
and Hashin’s models use two damage variables to describe hybrid material damage. The
post-processing module’s state that SDV1 represents the fiber damage variable, and SDV2
represents the matrix damage variable. The predicted damage of laminates is illustrated in
Figures 9–12. For failure analysis, both three-dimensional constitutive models used in this
paper can predict the progressive failure mode of hybrids in laminates. The failure mechanism
layers are divided into two regions. The region above the neutral layer is the compression
region, and the region below the neutral layer is the stretching region.
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As shown in Figure 9, for 2/1 FMLs, fiber breakage may begin at the 0◦ fiber layer
above the neutral layer due to the relatively low compressive strength of carbon fiber
than its tensile strength. The simulation results show that fiber fracture occurred in the
CFRP1 layer above the neutral layer, while no damage is observed in the CFRP2 layer in
the remaining tension area. The Linde criterion is stricter than the Hashin criterion, and
thus causes more obvious fiber failure. Both criteria accurately simulate the matrix failure
less result. The SEM images of microstructure of the side-section of FMLs specimens after
three-point bending are provided in Figure 9. First, the hybrid Al and CFRP structures
can be seen clearly. Except for local fiber fractures, no obvious damage is observed in the
flexural specimen, which is consistent with the simulated results.
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Figure 12. Damage of each CFRP layer in 3/2 FMLs patch.

As can be seen from Figure 10, since the 2/1 FMLs patch CFRP layer is far away from
the neutral layer and directly contacts the loading head during the test, its fiber fracture
failure and matrix failure are relatively obvious. Both simulation criteria show that the
fiber fracture in the CFRP1 layer located in the compression zone is obvious, and the matrix
fracture characteristics are typical. However, the CFRP2 layer below the neutral layer was
not damaged. By comparing the real photos and the finite element analysis results, the
damage condition is the same, and the failure prediction of the finite element model of
2/1 FMLs and 2/1 FMLs patch under a three-point bending condition is verified.

For 3/2 FMLs and 3/2 FMLs patch structures, the damage situation is more complex
than usual. As seen in Fig. 11, the damage presented in the specimen of 3/2 FMLs structure
is concentrated in the compression area at the upper part of the specimen. The fiber fracture
failure and matrix fracture failure in the CFRP1 layer are predicted to be the same; however,
the Hashin criterion suggests a different outcome for the matrix fracture failure in the
CFRP2 layer. Linde criterion shows that the matrix failure is widespread around the matrix
damage in the upper CFRP1 layer. Thus, the damage position predicted is in line with
that of the CFRP1 layer, whereas the Hashin criterion predicts that the matrix failure in the
CFRP2 layer is concentrated in the middle of the specimen, rather than at the edges. By
SEM observations, matrix cracking and fiber fracture are observed in the CFRP-1 (upper)
in 3/2 FMLs specimens, which is caused by the excessive bending displacement. But for
the bottom part of 3/2 FMLs, minor damage exists in the CFRP-2 (bottom) layer. The
damage of CFRP-1 and CFRP-2 layers in the experimental results are consistent with those
by simulated analysis.

Regarding the specimens with the 3/2 FMLs patch structure, the CFRP layer is located
further away from the neutral layer and directly contacts the loading head, resulting in more
severe damage to the CFRP layer in the upper compression region of the specimen. The
predictions of fiber fracture failure by the two criterion show consistency. Hashin criterion
predicts fiber failure and matrix failure to be more serious than the Linde criterion in the
CFRP1 layer. For the CFRP2 layer, the two criteria predict fiber failure in the same way, but
in line with the 3/2 FMLs, the Linde criterion still predicts that the matrix failure is more
spread around the matrix damage of the upper CFRP1 layer, while the Hashin criterion
predicts that the matrix failure in the CFRP2 layer is more severe in the specimen that is
far away from the two sides of the boundary line, and the CFRP layer in the tensile area



Appl. Sci. 2023, 13, 1667 15 of 16

is mostly undamaged. The comparison of physical figures further confirms that the finite
element prediction results are generally consistent with the macroscopic representation.

5. Conclusions

In this paper, the three-point bending experiment and the numerical simulation anal-
ysis of Al/CFRP fiber metal laminates were conducted, and the relevant results were
obtained. The failure behavior and damage mechanism of CARALLs were investigated by
utilizing the Linde and Hashin failure criterion, and the feasibility of the failure criterion
was discussed. The preliminary conclusions were as follows:

(1) The experimental results indicated that fiber fracture and matrix failure occurred in
the CFRP layer above the neutral layer of the four structures of the laminates. Among the
four stacking structures of laminates, the flexural modulus of FMLs of the patch-type was
relatively higher because the CFRP layer directly contacted the loading head. Furthermore,
the bending strength and modulus of laminate increase with the increase of fiber volume
fraction, suggesting that the carbon fiber-reinforced hybrid layer played an important role
in the bending property of laminates. The good consistency between the finite element
simulation with the experimental results also demonstrated that the model is effective in
predicting the performance of CARALLs.

(2) The macroscopic performance of the specimens and the finite element simulation
both revealed that the CFRP layer in the compression region played an essential role in
the bending property of the laminate. The main failure mechanism of the laminates was
fiber compression fracture and matrix cracking of the CFRP layer. The tensile strength of
fibers was much greater than the compression strength. The Linde and Hashin models
implemented with the UMAT accurately predicted the failure behavior of the CARALLs.

(3) Some future work is still needed with the FE models involving failure criterial of
hybrid materials being addressed. When analyzing the large deformations and damage
evolution, implicit analysis is difficult to converge. More accurate material models in
explicit analysis needs further exploring. Additionally, the effectiveness of the FE model
proposed in this paper should be verified in future work.
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