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Abstract: We built a three-dimensional finite element (FE) 
model to investigate the impact response of fiber-metal 
laminates (FMLs). This FE model comprises two metal 
layers as facesheets and a carbon woven fabric-reinforced 
plastic laminate as inner core. Simulation was performed 
on ABAQUS/Explicit platform, and stiffness progressive 
degeneration criteria were implemented to evaluate dam-
ages in composites. The Johnson-Cook model was selected 
to calculate failures in metal, while surface-based cohe-
sive behavior was adopted to simulate the delamination 
phenomenon. We studied the fiber stacking sequence, 
panel thickness, and incident angle effect on the impact 
behavior of FMLs. The critical penetration energy of the 
FMLs was determined, and the impact parameter history 
was discussed.

Keywords: FEM simulation; fiber-metal laminates; impact 
response; progressive damage.

1  Introduction
Lightweight composite materials are currently finding 
extensive applications in load-bearing engineering areas. 
Fiber-metal laminates (FMLs) usually consist of two thin 
metal layers and continuous fiber-reinforced plastic (FRP) 
composite laminates. FMLs are novel hybrid composites 
with high fatigue and impact resistance ability. In real 
engineering fields, high-velocity impact performance is 
one of the important safety issues. Even though FMLs 
could enhance the energy absorption and increase the 
critical penetration velocity when compared with any of 

their components [1, 2], the damage mechanism of FMLs 
after experiencing the impact event need to be investi-
gated more.

According to the velocity, the impact event can 
be divided into low-velocity ( ≤  11  m/s), high-velocity 
( ≥  11  m/s), ballistic ( ≥  500  m/s), and hypervelocity 
impact ( ≥  2000 m/s). All these impact events can result 
in internal damages in FMLs, which could further cause 
severe strength and stability reduction of the structure. 
For the FRP plate in an impact event, internal damage is 
formed extending beyond the contact area [3]. However, 
FMLs did not show such an undesirable response [4]. 
Experiments and simulation researches have investi-
gated the response of FMLs under high-velocity impact 
tests [5, 6]. Compared with experimental methods, the 
finite element (FE) approaches appear to be the best tech-
nique for analyzing the behavior of composite laminates 
[7, 8]. Simulation techniques on FMLs under high-velocity 
impact load rely on four approaches: damage mechan-
ics, fracture mechanics, failure criteria, and plasticity 
[9]. Development of a reliable FE model to predict FMLs 
under high-velocity impact load requires the implemen-
tation of suitable failure criteria. For damages in com-
posite materials, material and geometric non-linearity 
are the limiting factors of analytical models [10]. Many 
criteria are available to detect the failure status of com-
posite laminates, such as maximum stress, Tsai-Wu, and 
Chang-Chang failure criteria. Among these, the Hashin 
criteria are the most classical criteria. To describe the 
elastic-plastic response of the metals, an isotropic consti-
tutive model based on the Johnson-Cook material model 
is always used [11, 12]. Also, modeling of impacts on FMLs 
requires understanding the interaction status between 
composite and metal layers. Even though many methods 
have been developed for delamination prediction [13, 14], 
cohesive-based methods have been frequently applied to 
study delamination growth [8].

We developed a model to simulate FML behav-
iors in high-velocity (V0  ≤  500  m/s) and ballistic 
(500  m/s < V0  ≤  900  m/s) impact tests. The FE work was 
performed by using ABAQUS/Explicit with the assistance 
of a user-defined subroutine program. We tested the 
impact performance of the model with initial velocity up to 
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900 m/s. The effects of fiber stacking sequence, composite 
layer thickness, and incident direction on the impact per-
formance of the built FE model were investigated.

2  Simulation method
A three-dimensional (3D) FE model based on the progres-
sive damage theory is developed to simulate failures in 
FMLs [15]. The flowchart of the subroutine is shown in 
Figure  1. This 3D model is based on the Hashin failure 
criteria that include six different failure modes. In detail, 
the modes consisted of warp and fill fiber tensile failure, 
compression failure, and matrix tensile and compres-
sion failure of the FRP composites, as listed in Table 1. In 
impact simulation, element failure occurs when any of 
the failure criteria is satisfied (e  ≥  1); then, the element 
stiffness will reduce to a special percentage of its original 
value according to Table 2. When eftw  ≥  1 and eftf  ≥  1 appear 
together, the element will be deleted and cannot further 
carry load. All the parameters used in the FE model are 
inputted according to the experimental results in Ref. [16], 
as listed in Table 3. In terms of the interface between metal 
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Figure 1: Degradation criteria flowchart of VUMAT in the FE method.

Table 1: Damage modes for FRPs in the impact simulation in VUMAT 
program.

Damage mode   Criteria

Fiber tensile damage in warp 
direction
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and its neighbor composites, surface-based cohesive 
behavior (SBCB) was employed to simulate the delamina-
tion [17]. The traction-separation damage law of SBCB is 
shown in Figure 2. The maximum separation criterion was 
employed as the damage initiation criteria, which can be 
represented as
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n s t
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In terms of interface damage evolution, a scalar 
damage variable, D, was used to represent the overall 
damage at the contact point. The contact stress compo-
nents are affected by the damage according to
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where nt , st , and tt  are the contact stress components 
predicted by the elastic traction-separation behavior.

The Johnson-Cook model [18] was selected to char-
acterize the metal property degradation due to perfora-
tion. The model can be characterized by the yield stress 
as follows:
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where A, B, C, 0δ , m, and n are model parameters; pδ  
and θ are the equivalent plastic strain and a temperature-
dependent parameter, respectively. Failure occurs when 
the parameter F defined by
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reaches 1. In this expression, the equivalent strain to frac-
ture δf is defined as follows:
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where d1 to d5 are material constants, which can be deter-
mined from experiments; p is the hydrostatic pressure; σ  
is the von Mises stress; and T is the temperature. Assuming 
that the loading states do not change too abruptly during 
deformation, we can assume that d2 = d3 = d5 = 0 as a first 
approximation. The parameters and material constants of 
metal in the simulation are listed in Table 4.

3  Simulation results and discussion
The FE model with dimension of 50 × 50 mm2 is shown in 
Figure 3. All meshes are of type C3D8R, and the element 
is an eight-node hexahedral solid brick element. A refine-
ment mesh region was adopted in the potential contact 
area of the model to catch the results with higher accuracy. 

Table 2: Material stiffness degradation rule for composite layer in FMLs.

Failure mode WGF/epoxy and WCF/epoxy composites

Warp fiber tensile breaking (eftw  ≥  1) E11 = 0.1E11, G12 = 0.1G12, G13 = 0.1G13, v12 = 0.1v12, v13 = 0.1v13

Warp fiber compress buckling (efcw  ≥  1) E11 = 0.2E11, G12 = 0.2G12, G13 = 0.2G13, v12 = 0.2v12, v13 = 0.2v13

Fill fiber tensile breaking (eftf  ≥  1) E22 = 0.1E22, G12 = 0.1G12, G23 = 0.1G23, v12 = 0.1v12, v23 = 0.1v23

Fill fiber compress buckling (efcf   ≥  1) E22 = 0.2E22, G12 = 0.2G12, G23 = 0.2G23, v12 = 0.2v12, v23 = 0.2v23

Z direction tensile breaking (edt  ≥  1) E33 = 0.1E33, G13 = 0.1G13, G23 = 0.1G23, v13 = 0.1v12, v23 = 0.1v23

Z direction compress buckling (edc  ≥  1) E33 = 0.2E33, G13 = 0.2G13, G23 = 0.2G23, v13 = 0.2v12, v23 = 0.2v23

Table 3: Strength properties of composites (MPa) and elastic properties of composites (GPa) in the simulation.

Materials  XT = YT   S12 = S13 = S23   XC = YC   ZT   ZC   E11 = E22   E33   G12   G13 = G23   v12   v13 = v23   ρ (kg/m3)

WGFRP   500   66   370   49.5   22   50.3   8.1   3.79   3.7   0.058   0.037   1460
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Figure 2: Traction-separation theory.
Kn, Ks and Kt are normal and tangential stiffness components; tn

max, ts
max, and tt

max: peak values of the contact stress; δn
max, δs

max, and δt
max: 

peak values of the contact separation; δn
f, δs

f, and δt
f: separations at failure. (A) Traction-separation behavior. (B) Damage modeling for 

cohesive surfaces.

Table 4: Model parameters and material models for the Johnson-Cook damage model.

Density (kg/m3)  Young’s modulus (GPa)   Poisson’s ratio   A   B   n   m   d1   d4

8000   207.8   0.3   280   803   0   1   0.69   0.05
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To investigate the model configuration effect on the impact 
response of FMLs, we studied a model with different ply ori-
entation, layer thickness, and impact direction. In detail, 
the FML layer mode comprises [M/90n/M] and [M/45n/M], 

Metal layer

WGRP layer

8-node hexahedral
solid brick element

Impact ball

Mesh refinement 
region

Metal layer

Figure 3: FE model used in the ballistic impact simulation.
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Figure 4: Comparison of velocity-time and deflection-time curves of different FML specimens in high-velocity impact tests (V0 < 500 m/s). 
(A) V-t curve of [M/908/M]. (B) V-t curve of [M/ ± 458/M]. (C) d-t curve of [M/908/M]. (D) d-t curve of [M/ ± 458/M].

and the composites layer thickness varies from one to eight 
layers (with thickness of 0.5 mm for each layer), while the 
projectile direction changes from 10° to 90°.

3.1  �Ply mode effect on the impact 
performance of FMLs

3.1.1  �High-velocity impact response

Figure 4 depicts the velocity and deflection curves of 
[M/908/M] and [M/458/M] as a function of contact time (V-t 
and d-t) with projectile speed from 100 to 400  m/s. With 
increasing of t, the projectile velocity declines from the 
initial velocity (V0) to 0 m/s. Then, the curves show nega-
tive velocities, which implies the rebounding of projectile. 
The residual velocity (Vr) of the projectile appears as a 
negative section in the figure. From d-t curves, deflection 
of both specimens subjected to V0 < 300  m/s recovers to 
the initial position after reaching the maximum deforma-
tion with increasing of contact time. However, when V0 
increases to 300 and 400 m/s, the deformation could not 
completely recover to its initial position and permanent 
deformation occurs. This is mainly due to the existence of 
metal layers in the FMLs. Because plastic deformation in 
metal happens under higher impact energy (V0 = 300 m/s, 
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Figure 7: Variation of impact velocity of different FMLs as a function of deflection in high velocity impact test.
In the bar, N denotes negative, while P denotes positive value. (A) V-d curve of [M/908/M]. (b) V-d curve of [M/ ± 458/M]. (c) Ratio of residual 
velocity to initial velocity.

400  m/s), the stiffer metal layer hinders the deflection 
recovery of composites layers, and this further causes a 
permanent deformation. By comparison, we can conclude 
that the stacking sequence has very little influence when 
V0 < 400  m/s. Figure  5 describes the comparison result 
of maximum displacement (Md) and its corresponding 
contact time. As seen, Md and its contact time show an 

increasing tendency with increasing of V0. For [M/908/M], 
Md is 0.72 mm at 0.035 ms and V0 = 100 m/s. It increases to 
8.88 mm at 0.044 ms when V0 increases to 500 m/s. Gener-
ally, there is no significant difference between the two FMLs 
when V0 < 500 m/s. However, both contact time and Md of 
[M/ ± 458/M] increase significantly at V0 = 500  m/s. This is 
mainly due to the super in-plane shear stress capacity. At 
V0 = 500  m/s, the contact metal surface is perforated and 
the inner composites layers could bear some impact load.

One of the important considerations in designing FMLs 
is their perforation threshold velocity (PTV). Figure 6 shows 
the PTV-t curve of the two specimens. As seen, the curves 
decline from the initial velocity to 0 m/s. The impact energy 
of the projectile is fully absorbed by the specimens through 
various damage modes. However, the PTV of [M/458/M] is 
530 m/s, while that of [M/908/M] is 540 m/s. Figure 7 shows 
the variation of projectile velocity versus deflection (V-d) 
under various V0. Below PTV, the velocity decreases in a 
parabolic shape and reaches zero at the maximum displace-
ment. Afterwards, the velocity shows negative values and 
its absolute value increases with decreasing of displace-
ment. Then, the velocity reaches a constant value, which 
implies the rebounding of projectile. For V0 = PTV, the veloc-
ity declines directly to 0 after reaching the maximum value, 
which represents that the specimens are undergoing com-
plete perforation. The Vr/V0 ratio could be used to further 
describe the behavior of the material under impact load. 
The Vr/V0 ratio calculated from Figure 7A and B is shown in 
Figure 7C. Clearly in the figure, the Vr/V0 ratio changes from 
the negative value to zero with increasing of V0.

3.1.2  �Ballistic impact response

Figure 8 shows the velocity history (V-t), V-d, and Vr/V0 
ratio as the function of V0 in the ballistic impact test 
(V0 < 900 m/s). As seen, all the FMLs are penetrated, and 
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Table 5: Fitting results of [M/ ± 458/M] specimens.

Equation y = a + bx Standard error

Adj. R-square 0.99529 –
Intercept 51.788 2.69
Slope 0.47 0.015

the velocity decreases to a special value after impact. 
Unlike the V-d curve in rebounding case, the velocity of 
the panel decreases directly to its minimum value with 
increasing of deflection. The difference of the Vr/V0 ratio 
between [M/458/M] and [M/908/M] at V0 = 550 and 600 m/s 
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Table 6: Fitting results of [M/908/M] specimens.

Equation y = a + bx Standard error

Adj. R-square 0.99658 –
Intercept − 51.06 2.15
Slope 0.52 0.012

Upper surface Upper surface

Bottom surface Bottom surface

100 mm

100 mm

[M/908/M] [M/ ± 458/M]

[M/908/M] [M/ ± 458/M]

10 mm

10 mm

Figure 10: Comparison between delamination areas between fiber 
and metal in the two specimens (V0 = 900 m/s).

Figure 11: Cross-section stress history in [M/908/M] in the impact event at various velocities.

is larger, and it becomes smaller when V0 is increased. 
Figure 9 shows the residual and absorbed impact kinetic 
energy calculated by Newton’s law. The fitting results 
between absorbed energy (EA) and initial energy (E0) 
of [M/458/M] and [M/908/M] are listed in Tables 5 and 6. 
By comparison, all the incident energy is absorbed by 
[M/458/M] and [M/908/M] once the incident energy is 
smaller than the critical penetration energy. However, if 
the incident energy is beyond the penetration energy, the 
stacking sequence with the structural style of [M/458/M] 
absorbs more energy. The delamination area on both 
sides of the FML laminates after V0 = 900 m/s impact test 
is shown in Figure 10. As seen, the delamination area on 
both the upper and bottom surfaces of [M/ ± 458/M] is 
larger than that of [M/908/M]. Mainly due to the mismatch 
of deformation between metal and ± 45° fiber layers, the 
opportunity of delamination between them is improved.

3.1.3  �Damage patterns of FMLs in impact simulation

The damage patterns of [M/908/M] are shown in Figure 11. 
From the failure morphology of the panel under various 
impact situations, the impact event finished in 0.08 ms 
when V0  ≤  540 m/s, while it takes merely 0.04 ms when 
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V0  ≥  700 m/s. The initial impact energy exceeds the pen-
etration threshold of the FML panel at V0 = 540  m/s. 
Below this velocity, the impact energy is consumed by 
contact metal face deformation (V0 = 100 m/s) or the dent 

formed in the material (V0 = 400 m/s). When the panel is 
completely penetrated, severe stress in the bottom metal 
is found. Mainly because of the brittle nature of fibers, 
fiber breaking in the FMLs after being penetrated is the 
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Figure 12: Velocity history as the function of specimen thickness (V0 = 540 m/s).
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Incident angle: θ
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Figure 15: Schematic diagram of the incident angle in ballistic 
impact simulation.
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Figure 16: Contact time-based curves of the FMLs as the function of incident angle (V0 = 600 m/s for all cases).
(A) V-t curve. (B) d-t curve.
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Figure 17: Vr/V0 ratio and displacement when contact time equal to 0.1 ms is the function of incident angle.
(A) Vr/V0-θ. (B) Projectile displacement-θ.

major damage mode. With increasing of contact duration 
between FMLs and projectile, cracks in metal are gener-
ated and then propagate to the inner composite layers.

3.2  �FML thickness effect

In Figure 12, the velocity history of [M/ ± 45n/M] and 
[M/90n/M] at V0 = 540  m/s is compared. Here, we use 

subscript n to indicate the composite layer numbers in the 
FMLs. At the same V0, velocity decreases with increasing 
of t. The contact time also decreases with decreasing of 
FML thickness. Except the [M/908/M] specimen, all the 
panels are penetrated and they leave a positive Vr after 
impact. Vr shows an increasing tendency with decreasing 
of FML thickness, which indicates the decline of absorbed 
energy. A comparison between absorbed energy-thickness 
curves is given in Figure 13A. As seen, when the incident 
impact energy is beyond the critical penetration energy, 
the incident energy absorbed by [M/ ± 45n/M] is higher 
than [M/90n/M]. The situation is opposite while incident 
energy is equal or near the penetration value. Figure 13 
also shows the Vr/V0 tendency as the function of thickness. 
Generally, the Vr/V0 value changes similarly with energy. 
With increasing of thickness, Vr/V0 decreases. However, 
data for [M/90n/M] decline to 0 at eight layers, while the 
other specimens have positive values, which indicate that 
the panel was completely penetrated. Figure 14 compares 
the damage pattern of the two FMLs with different thick-
nesses at V0 = 540  m/s. As seen, all the specimens with 
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composite thickness less than eight layers are completely 
penetrated.

3.3  �Effect of projectile incident angle 
on the impact properties of FMLs

Figure 15 is the schematic diagram of the incident angle 
definition. Figure 16 depicts the V-t and d-t curves of 
[M/908/M] at V0 = 600  m/s and θ = 10–90°. As seen, no 
negative velocities are shown. With increasing of θ, the 
residual velocity (Vr) firstly decreases and then increases. 
The Vr/V0 ratio as a function of θ is shown in Figure 17A. 
All the Vr/V0 is positive, and it decreases from 0.75 (θ = 10°) 
to the minimum value at θ = 50°. Then, the curve shows an 
increasing tendency. This phenomenon can be explained 
as follows: with small θ, the projectile is rebounded, attrib-
uted to the smaller velocity component in normal direc-
tion. With increasing of θ, the panel is penetrated, and the 
increased traveled path consumes the projectile energy. 
As a result, the residual velocity is becoming smaller. 
However, the panel is completely penetrated when θ > 60°, 
and the energy is absorbed by various damage modes in 
FMLs. From the d-t curves at various θ, the displacement of 
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Figure 18: Damage pattern of [M/908/M] FMLs in V0 = 600 m/s 
impact test with various incident angles.

projectile shows the same tendency at t = 0.1 ms. The defor-
mation increases with increasing of contact time for θ = 10° 
and 20°, while it keeps the same level after reaching the 
maximum for θ = 30°–60°. A comparison of projectile dis-
placement when t = 0.1 ms is shown in Figure 17B. As seen, 
the displacement for θ = 30°–60° is the smallest among all 
the specimens. The damage pattern of the contact surface 
of FMLs after impact is shown in Figure 18. As seen, when 
θ = 10° and 20°, the three panels are not penetrated, and 
the projectile leaves a large broken area. For θ = 30°–60°, 
the panels are penetrated and an oblique hole on the spec-
imens is found. This is especially obvious for θ = 50°. For 
θ = 70°, 80°, and 90°, the panel is completely penetrated 
mainly due to the larger incident energy. The hole shape 
is circular for θ = 90°; however, it is elliptical instead in 
oblique impact.

4  �Conclusion
We built a 3D FE FML model to simulate the impact test. We 
implemented a user-material subroutine to evaluate com-
posite damage, the Johnson-Cook material model to calcu-
late metal broken failure, and the SBCB method to simulate 
delamination. The following conclusions can be drawn:

–– Under critical penetration velocity, the fiber stack-
ing sequence in FMLs has very limited influence on 
the impact performance; while above this velocity, 
[M/458/M] could absorb more incident energy than 
[M/908/M] due to the larger delamination area.

–– The critical penetration energy of [M/908/M] is larger 
than that of [M/ ± 458/M]. With increasing of thick-
ness, the absorbed energy increases. [M/ ± 45n/M] 
absorbs more energy than [M/90n/M] when the com-
posite layers are less than seven.

–– The projectile incident angle affects the damage pat-
tern. The projectile is rebounded when θ < 30°, and 
the panel is penetrated for other cases. The residual 
velocity of the projectile is the least among all the 
researched conditions when θ = 50°.
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