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Abstract: In the process of use and manufacture, carbon fiber foam sandwich structures were often damaged
by low-energy impact, resulting in performance degradation. Therefore, it was necessary to study the damage
caused by low-speed impact of composite sandwich structures. In this paper, based on Hashin failure criterion,
an equivalent finite element model of carbon fiber foam sandwich panel under low velocity impact was
established. The model was used to simulate the damage of foam sandwich panel with [+45°/+45°/ (core)
/+45°/+45°] ply structure under the impact energy of 10.58], 21.17], 31.75] and 42.34]. The simulation results of
impact damage depth were compared with the experimental results. The error was less than 10%, which
proved the rationality of the impact equivalent model. The model was used to predict and analyze the damage
of foam sandwich panels with [+45°/ (core) /+45°], [+45°/ (0°, 90°) / (core) /+45°] and [+45°/ (0°, 90°) (core) / (0°,
90°) /+45°] ply structures under 21.17] impact energy. By comparing and analyzing the damage situation,
impact force response time and impact velocity response time, the low energy impact resistance was analyzed.
The results showed that increasing the number of ply structure of [+45°] can reduce the impact damage degree
and improve the bearing capacity of sandwich panels.

Keywords: carbon fiber foam sandwich structure; Hashin failure criterion; low-velocity impact;
impact damage; finite element numerical simulation

Introduction

Carbon fiber foam core structure had high specific strength and specific stiffness, good stability,
corrosion resistance, structural designability and other excellent properties. It was widely used in the
industrial sector [1-3]. However, in the daily use and maintenance process, it was often subjected to
low-energy impacts from various external objects such as hailstones and maintenance tools, resulting
in damage and causing significant performance degradation [4]. Therefore, it was very necessary to
study the damage of carbon fiber foam core structure after low-speed impact.

Domestic and foreign scholars had done considerable research on low-energy impact of
composite foam sandwich structures. Azimpour-Shishevan F et al. [5] added graphene nanosheets to
the composite material, reducing rebound by increasing contact force, thereby enhancing the ability
of the composite material to resist low-speed impact. Zhang Wenping et al. [6] conducted a
mechanical analysis of the dynamic response characteristics of a new bionic honeycomb sandwich
structure under low-speed oblique impact by establishing a finite element model. With the increase
of the impact angle, the peak value of the load and the damage area decreased. Li Jing [7] analyzed
and studied the pollution in the production of composite honeycomb sandwich structure. The
research showed that oil pollution and other pollution of the honeycomb cannot be inspected by non-
destructive testing, and it will lead to debonding defects and expansion of sandwich structure. Gao

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202402.0426.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2024 d0i:10.20944/preprints202402.0426.v1

Chunyun et al. [8] studied the low-velocity impact response of symmetrical sandwich structures. The
results showed that when the total thickness of the upper and lower panels is constant, increasing
the thickness ratio of the upper and lower panels is helpful to improve the low-velocity impact
resistance of the sandwich structure. Zhou Chunhua et al. [9] effectively extracted the impact time
domain signal and obtained the impact energy cloud diagram. The experimental results showed that
any sensor in the sensing network can detect four damage locations. Yang Kang et al. [10] studied the
influence of foam sandwich thickness on the impact performance of composite sandwich panels. The
results indicated that the larger the thickness, the stronger the span wise guidance energy of the
impact energy, and the smaller the damage depth. Luo Wei [11] provided a system of second-order
nonlinear differential equations, which can be applied to the rapid prediction of low-speed impact
response of corrugated core material hybrid sandwich structures using this approximate calculation
method. Mohan et al. [12] conducted an impact response analysis of foam aluminum with different
panel materials through experiments. The results showed that the impact resistance of the material
can be improved by changing the panel material, panel thickness, and foam core size. Sun Ziheng
and J. Zhou [13-21] studied the impact damage of composite sandwich structures from different
stacking methods, different impact methods and different fiber layers, trying to find a structure with
high impact resistance. Luo Zhiqgiang et al. [22-25] through the study of stitched foam sandwich
structure technology, effectively improved the impact resistance of the structure. Duan Youshe [26]
studied the low-velocity impact damage properties of Z-direction reinforced composite structures.
The results indicated that when the reinforcing material is carbon fiber, the compressive strength and
CAI strength are improved.

In this paper, the finite element equivalent model of low-velocity impact of carbon fiber foam
sandwich panel was established based on Hashin failure criterion. The experimental results were
compared with the finite element numerical simulation results to prove the effectiveness of the
impact equivalent model. The impact damage of other carbon fiber foam sandwich panels with
different ply structures was predicted. It provided theoretical basis and data support for the design
of foam sandwich structure.

1. Experimental

1.1. Preparation of Specimen

The structure of the specimen in this test was carbon fiber composite foam sandwich structure.
Carbon fiber woven fabric grade W-3021FF and foam material grade H60. The specimen was
processed by hand paste vacuum bag pressing process. The ply direction of carbon fiber reinforced
fiber material was [+45°/+45°/ (core) /+45°/+45°], and the thickness of foam sandwich foam was 4mm.
The formed test pieces were cut into 150mmx100mm standard test pieces by water cutting machine,
as was shown in Figure 1.
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(a) Specimen size and impact position (b) Pattern structure

Figure 1. Schematic diagram of standard specimen dimensions and impact position.

1.2. Test Method

This test was carried out according to ASTM D7136 standard. The impact hammer was used to
impact the test specimen, and the impact damage effect was obtained. The impact energy was set to
10.58], 21.17], 31.75], and 42.34] in the test, and the corresponding test numbers were San-A01, San-
AQ2, San-A03, and San-A04. Four specimens were tested in each group to reduce the test error, and
the results were averaged. The method of microscope C-scan was used to show the damage
characteristics after impact.

2. Test Result

The impact damage of the specimen was shown in Figure 2. With the increase of impact energy,
the surface damage of the specimen was increasing. The specimen was completely penetrated when
the energy increases to 42.34], and the foam crushed by the impact can be observed. The upper panel
had X-shaped damage marks, and fiber cracks can be observed along the 45° direction at the impact
location.

- U
' pe

i

(a) Damage condition of specimen San-A(1 (b) Damage condition of specimen San-A(2
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(c) Damage condition of specimen San-A03 (d) Damage condition of specimen San-A04

Figure 2. Typical diagram of impact damage at different energies.

The damage characteristics of the specimen after impact obtained by microscope C-scan were
shown in Figures 3 and 4. The variation of the depth and size of the impact damage area of each
group of test specimens under different impact energy was the same. With the increase of impact
energy, the depth and diameter of the impact damage area of the test specimen gradually increased.

(a) Damage condition of specimen San-A01 (b) Damage condition of specimen San-A02

(c) Damage condition of specimen San-A03 (d) Damage condition of specimen San-A04

Figure 3. Typical depth electron microscopy C-scan at different impact energies.

(a) Damage condition of specimen San-A01 (b) Damage condition of specimen San-A(2
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(c) Damage condition of specimen San-A03 (d) Damage condition of specimen San-A04

Figure 4. Typical electron microscope C-scan image of area damage at different impact energies.
3. Finite Element Simulation and Comparative Analysis

3.1. Result of Impact Simulation

The same ply mode and size data as the test specimen of the impact test were used in the finite
element numerical simulation. The impact simulation model was built in Abaqus. The impact
position was the center of the model, and the thickness of the foam core was 4mm. The failure model
of carbon fiber panel adopted two-dimensional Hashin failure model, and the elastic parameter type
of carbon fiber material was Lamina model.

The simulation type was EXPLICIT display analysis. The upper and lower panels of the model
used the universal continuous shell element SC8R in the 8-node quadrilateral plane to simulate the
carbon fiber panel, to effectively reduce the hourglass integration. The foam core material was
defined as isotropic material, and the eight-node hexahedron C3D8R solid element of linear reduced
integral element was used for modeling. The impact head was set as a rigid body, the elastic modulus
was 210 GPa, the Poisson's ratio was 0.3, the mass was set to 5.5kg by adjusting the density, and the
unit type was C3D8R solid unit. The impact height of the drop hammer was equivalently replaced
by the dynamic formula. The initial velocity of the punch was 2.775m/s, which corresponds to the
corresponding impact energy of 21.17], and the corresponding test specimen number was San-A02.
The finite element numerical simulation results of the San-A02 specimen were compared with the
damage of the upper panel of the impact test. As shown in Figure 5, the damage shapes of both were
nearly X-shaped, and the fibers were broken along the punch to the periphery. The damage can be
obviously seen in upper panel, and the damage areas of both are consistent.

Figure 5. Diagram of damage comparison of the upper panel of the specimen of San-A02.

Four damage failure modes of composites were defined based on the Hashin failure criterion:
Fiber tensile failure (DAMAGEFT), fiber compression failure (DAMAGEFC), matrix tensile failure
(DAMAGEMT) and matrix compression failure (DAMAGEMC). In this paper, ABAQUS / EXPLICT
was used to simulate the damage process of typical foam sandwich panels under low-speed impact.
The panel failure area is red in the post-processing if the damage effect of each layer of the upper and
lower panels of the carbon fiber foam sandwich panel meets the failure criterion. At the same time,
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the unit deletion function was set up in the modeling process: the unit will be automatically deleted
if only the four failure conditions are satisfied in a single layer.

The material damage condition of each layer of San-A(02 under the impact energy of 21.17] was
shown in Table 1. The failure part in the table was mainly the area affected by the impact. The most
areas where the failure occurred was mainly affected by the impact. It can be seen that the layer unit
was deleted, indicating that the carbon fiber of upper panel of the San-A02 was damaged under
21.17], and the remaining red areas indicated that the carbon fiber or the matrix material failed in
each failure mode. The results of the finite element simulation showed that the failure mode of the
upper panel of the sandwich panel was mainly the tensile failure of the carbon fiber and the tensile
failure of the matrix, and the failure in compression was rare, and the direction of the tensile failure
of the carbon fiber was consistent with the direction of the panel ply structure.

Table 1. Comparison table of damage status of each layer of San-A02 under 21.17] energy.

DAMAGEFT DAMAGEEFC DAMAGEMT DAMAGEMC

First ply
(45°)
Second
ply
(-45°)
Third ply
(45°)

Fourth

ply
(-45°)

3.2. Comparative Analysis of Low-Velocity Impact Response

The damage depth and surface damage diameter measured by microscope C-scan were
compared with the result of finite element numerical simulation to verify the effectiveness of the
model in forecasting the low-velocity impact response and impact loss of carbon fiber composite
foam sandwich panels. The finite element simulation process started as the punch contacts the panel,
and the speed dropped to zero and then to the sandwich panel rebound punch until the specimen
was stable.

Considering the elastic properties of the foam, the impact force on the panel was taken as the
target for analysis, and the deformation of the overall model when the impact force changes from
low to high and then to zero was taken as the target to reflect the real damage. The comparison
between the damage area of finite element simulation and the C-scan was shown in Figure 6. The
direct contact position of the punch was the damage position. The upper panel of carbon fiber
composite was directly impacted in the finite element numerical simulation, and the panel damage
was only in the local area near the impact position. The comparison between the test values and the
predicted values of finite element model simulation of San-A01~04 was shown in Table 2. The test
and simulation had good consistency since the error between the test values and the predicted values
was less than 10%, and it proved that the composite sandwich plate model and the compressible foam
model theory used in this paper can effectively simulate the damage process of carbon fiber
composite foam plate under low-speed impact.
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(a) finite element analysis results (b) microscope C-scan result

Figure 6. Typical diagram of damage area comparison of the specimen of San-A02.

Table 2. Comparison Table of Low-Speed Impact Deep Damage Test and Simulation Results.

Specimen Impact energy Experimental Simulated value Error
number ()] value(mm) (mm) (%)
San-A01 10.58 1.3 1.39 6.92
San-A02 21.17 1.57 1.61 2.55
San-A03 31.75 1.62 1.66 2.47
San-A04 42.34 2.14 2.15 0.47

4. Impact Damage Prediction of Foam Sandwich Plate under Different Ply Forms

4.1. Analysis of Damage Condition of Each Layer

The finite element numerical analysis of three different sandwich panels was carried out. The
numbers were San-A, San-B and San-C respectively. The ply of the panel was shown in Table 3, and
the impact energy was set to 21.17].

Table 3. Different ways of laying foam sandwich panels.

Impact energy

Specimen number Ply direction of panel 0
San-B [+45°/(core)/+45°] 21.17
San-C [+45°/(0°,90°)/(core)/+45°] 21.17
San-D [+45°/ (0°,90°) (core)/(0°,90°)/+45°] 21.17

The damage of the upper and lower surfaces of the San-B was shown in Table 4. Compared with
San-A02, the depth of the two was similar, but the surface damage diameter and the matrix damage
of the upper and lower panels of San-B were greater than San-A02, and the fiber breakage was also
more obvious than the latter. Since the different thickness of the layer, the damage along the
compression direction can be seen in the lower panel of San-B, while this phenomenon was almost
invisible in the San-A02 lower panel. In summary, the increase of the proportion of [+ 45°] direction
layer in the carbon fiber composite plate can improve the impact resistance of the carbon fiber
composite foam sandwich plate.
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Table 4. Comparison Table of Damage Conditions of Each Layer of San-B.

DAMAGEFT DAMAGEFC DAMAGEMT DAMAGEMC

(45°) ‘E
Second ply 7

(-45°) -
Third ply

K
Fourth ply -

(-45°)

The Damage of each layer of carbon fiber in San-C and San-D under the 21.17] were respectively
shown in Tables 5 and 6. Under the same impact energy, due to the small number of carbon fiber
layers, the thermal expansion between the layers of the asymmetric layer structure San-C was not
uniform, so that the sandwich panel was formed into an arch. Under the action of impact energy, the
anti-stratification ability of the panel was weakened, and the impact force continues to expand
outward at the impact point, so the surface damage area diameter was relatively large. The number
of layers of San-D carbon fiber in the symmetrical ply structure was more, which guided the impact
force to transfer between more ply layers and effectively curbs the damage to the periphery.
Therefore, the depth was deeper, and the surface damage area diameter was smaller than that of San-
C.

Table 5. Comparison Table of Damage Conditions of Each Layer of San-C.

DAMAGEFT DAMAGEFC DAMAGEMT DAMAGEMC

First ply
(45%)
Second ply
(-45°)
Third ply
(45°)
Fourth ply
(-45°)

Table 6. Comparison Table of Damage Conditions of Each Layer of San-D.

DAMAGEFT DAMAGEFC DAMAGEMT DAMAGEMC
First ply
(45°)
Second ply
(-45°)
Third ply
(45°%)
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Fourth ply P
(-45°) "

Comparing the damage of San-C and San-D in Tables 5 and 6, it can be found that the increase

of [(0°, 90°)] ply order in the San-C upper panel ply structure increased the tensile fracture of the fiber
and the damage area was wider, which aggravated the damage of the whole sandwich panel. The
upper and lower panels of San-D increased the [(0°, 90°)] layer structure, which further aggravated
the deep damage. Therefore, adding the proportion of [(0°, 90°)] ply structure to the carbon fiber
composite material will reduce the impact resistance of the entire sandwich panel.

4.2. Analysis of Impact Response

It can be seen in the impact force response curve of Figure 7a, with the increase of impact energy,
the surface of the upper panel of the sandwich panel of the San-A began to damage, which was
consistent with the damage of the upper panel of the San-A group during the test. The reason for the
phenomenon of constant oscillation of impact force was the friction between the punch and the panel
or sandwich material during the impact process, or the failure of the carbon fiber and the matrix on
the surface of the upper panel. The thickness of San-B was half of the thickness of the other three
groups of ply schemes, so the impact force required for the failure of the upper panel was relatively
low. The impact force at the time of failure was 3639 N, corresponding to the inflection point of the
rising stage of the impact force on the curve. The local stiffness of the specimen currently became
larger, and the contact force between the impact head and the sandwich foam of the test piece rose
rapidly. After reaching the maximum value, the contact force was weakened, and the impact force
began to decrease, corresponding to the falling section of the second half of the curve. At the same
time, the foam sandwich of the San-B group began to resist the impact of the punch very early, and
the response time was longer than that of the other three groups. The ply structures of San-C and
San-D specimens were the same as [+ 45° / (0°, 90°)], but the lower panel layup of San-C specimens
was one group less [(0°, 90°)] than San-D, and the thickness was only half of San-D, so the overall
impact resistance was also smaller. The maximum impact force on the panel was 3890 N, which was
much smaller than the 4752 N of the San-D and the 4820 N of the San-A. The thicker of the composite
panel, the stronger of the impact resistance.

6000 4000

—san-B —— San-B
— San-C —San-C
5000 —— San-D 3000
—— San-A02
Z 2000
= 4000 | £
£ £
8 > 1000
£ 3000 3
i3] g
© —
g &
£ 2000 | g
E -1000
1000 | 000 L
o . \ \ A N 3000 . . . . . .
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0000 0002 0.004 0006 0008 0010 0.012
impact time (s) impact time (s)
(a) Impact force time response curves (b) Impact velocity time response curves

Figure 7. Impact force and impact velocity time response curves of different laminates under 21.17]
energy.

According to the speed-time response curve of the punch in Figure 7b, the response time of San-
B was longer. Due to the long action time of the sandwich foam and the excessive impact resistance,
the rebound speed was the lowest among the four groups of specimens. The thickness of the San-A
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and San-D specimens was the same, and the impact force was not much different. Under the impact
energy of 21.17], the velocity of the punch before and after the impact was not much different.

5. Conclusions

By studying the impact damage of carbon fiber foam sandwich structure based on Hashin failure
criterion, the influence of different impact energy and different ply structure on the impact resistance
of sandwich panel was analyzed, and the equivalent numerical simulation was carried out in the
finite element software, and the impact response and panel ply damage were analyzed in detail. The
main conclusions are summarized as follows:

(1) The impact damage of sandwich panels with different ply structures under different impact
energy was different. From the perspective of impact energy, the damage of the upper panel directly
contacting the punch was obvious, and most of the damage shapes were X-shaped. The lower panel
bore less impact load, and the damage was not obvious. The pit depth and surface diameter of the
upper panel of the four ply structures increased with the increase of impact energy. From the
perspective of the layer structure, the thicker the layer thickness, the smaller the damage size of the
surface diameter of the panel; the symmetrical layer structure of the upper and lower panels can also
reduce the size of the diameter damage. At the same time, the increase of [+ 45°] in the layer can
greatly improve the impact performance of the sandwich panel.

(2) Comparing the finite element numerical simulation results with the experimental results, the
errors were within a reasonable range, indicating that the finite element method used in this paper
was reasonable. The curves of impact force, impact velocity and impact energy response of the
equivalent model in the impact process were listed. Under the same ply structure, the greater the
impact energy, the greater the impact force of the sandwich plate, and the shorter the time to reach
the maximum impact force, the more the energy absorbed by the whole, and the maximum speed
change during rebound. The response of different ply structures under the same impact energy was
different. The damage types of the upper panel of the sandwich panel were mainly matrix tensile
fracture and fiber tensile fracture. The fracture direction was along the ply angle direction and was
symmetrically distributed in the impact area. The thicker the ply thickness, the smaller the damage
range. The increase of the number of [+ 45°] ply structures can greatly reduce the damage size.

(3) The increase of [+ 45°] ply structures can improve the bearing capacity of the sandwich panel
and reduce the energy absorbed by the sandwich panel.
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