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Abstract: A fiber-reinforced composite structure with carbon
nanotubes-reinforced glass fiber panel (CNTs/GFP) clip and

three-dimensional Kevlar fabric impregnated with shear thick-
eningfluid (STF/3DKevlar) is proposed (CNTs/GFP-STF/3DKevlar).
On this basis, the preparation, mechanical properties, and
energy dissipation characteristics of CNTs/GFP, STF/3DKevlar,
and their composite structures were studied. An experimental
loading and testing system for a fragment penetration composite
structure composed of a first-stage light gas gun, a high-speed
camera, a dynamic strain gauge, and a PVDFpiezoelectric sensor
is constructed. According to the deformation process, the mor-
phology of the target plate, and the results of industrial CT, it is
concluded that the fabric structure and nanoparticle con-
centration play an active role in the mechanical and protec-
tive properties of the composite structure. Compared with
the pure GFP-Kevlar composite structure, the energy dissi-
pation of the reinforced composite structure is enhanced by
the addition of CNTs, STF, and the 3D braided KEVLAR
fabric, and the lowest kinetic energy consumption of bullets
can be increased by 21.92% and the highest by 48.23%.

Keywords: nano-reinforced, glass fiber panel, shear thick-
ening fluid, projectile penetration, energy absorption efficiency

1 Introduction

The protectivematerial of weapon equipment has been devel-
oped from single high-strength bullet-proof steel to high-per-
formance composite material and bullet-proof steel. The
weapon and equipment can reduce the weight of the struc-
ture by reducing the armor thickness and improve the opera-
tional flexibility of the weapon and equipment. Although the
protective structure can withstand the attack of the enemy’s
weapons in a large range, the tremendous impact of the
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explosion will be directly transmitted through the protective
structure of the weapon equipment to the internal equip-
ment, and the strong impact load can easily lead to equip-
ment damage. The composite protective structure is designed
to absorb a large amount of impact energy and resist the
fragments produced by the explosion at the same time so
that the damage can be controlled locally as far as possible,
playing the role of “overcome hardness with softness.”

Especially under the condition of modern war, intelli-
gentization and coordination require the weapon equip-
ment to have higher mobility. Large warships, fighter
jets, armored vehicles, as well as small UAVS air-dropped
equipment, in order to ensure excellent protective perfor-
mance, need to continue to work on lightweight design.
The protective materials widely used in military armor
include metal material, ceramic material, composite mate-
rial, and so on. The functional structure design includes
bionic structure, laminated structure, package structure,
and so on. It plays an important role in the development
of protective materials by analyzing the advantages and
disadvantages of different materials and improving the
design [1–3].

Homogeneous armor steel is the most widely used. The
armor steel was first developed and produced by Messis
Vickers Company in the 1930s, with a thickness of about
8mm, and is still the most basic and reliable armor material
[4]. In the United States, micro-alloy steel and rolling-con-
trolled cooling technology are introduced in the production
of low-carbon armor steel. Aluminum alloy is also one of
the most commonly used materials in armored metal mate-
rials, mainly used for small-caliber projectiles and shrapnel,
mostly used in light armored vehicles and amphibious
armored equipment. The advantages of aluminum alloy
are low density and good toughness, especially good low-
temperature performance; the disadvantage is that the stiff-
ness and strength are much lower than that of armored
steel. Later, in order to improve the mobility of vehicles,
in the 1940s, the United States Tank Organization carried
out the corresponding comparison work on the protective
performance of aluminum alloy materials and armored
steel materials; the deformation hardening aluminum alloy
is used as the main material of armor. LC52 is the latest
developed aluminum alloy material in our country. It has
excellent properties and is the only medium-strength weld-
able aluminum alloy listed in the national military standard.
At present, there are 6,061, 5,059, 5,083, 7,039, 2,139, 2,519, and
2,219 aluminum armormaterials used in US armored vehicles,
among which the newly developed 2139T8 and 2195T8P4 have
more superior mechanical and bullet-resistant properties [3].

As early as the 1960s, Professor Wilkins of the University
of California researched to prove this point, and the design of

ceramic face armor systems provides a very strong argument.
Furthermore, high hardness, high strength, high toughness,
and low density make ceramic materials one of the main
armor protection materials [5]. It is widely used in the protec-
tion of the key parts of all kinds of armored vehicles and
aircraft because of its good sintering performance, mature
manufacturing process, and high-cost performance. Subse-
quently, the United States developed the B4C ceramic armor,
but its manufacturing cost restricted its further development;
therefore, the United States made improvements to the man-
ufacturing process, which was developed in 2002. However,
Si/SiC armor price dropped significantly, although it is still
more expensive than traditional ceramics, and its quality is
reduced by about 55% [6]. At present, the main armored
ceramic materials at home and abroad are alumina, silicon
carbide, boron carbide, titanium boride, and so on. B4C has a
low density and high hardness (only a little lower than dia-
mond), so it is an ideal ceramic material for armor. The
advantage of SiC is that it is lighter than Al2O3 and does not
exhibit B4C non-crystallization under high impact pressure.

At present, composite material armor is more popular
in the world. With the development of protective tech-
nology, the comprehensive protective performance of com-
posite protective material is obviously higher than that of
single protective material, and the homogeneous armor is
gradually replaced by the features of light weight, small
thickness, strong design, and flexibility. Formally, these
composites occur in the form of laminated plates or other
design structures [7]. The laminate structures include metal/
ceramic, metal/fiber fabric, and so on. Flexible structure
designs include bionic structure, gradient design, and packa-
ging design. Among them, metal material includes a homo-
geneous metal (single metal) and alloy, and non-metallic
material of bulletproof materials includes ceramics and fiber.
The glass fiber panel (GFP)-reinforced composite is a kind of
composite material with excellent performance, which has
the advantages of high strength, large elongation, and so
on; for example, cars, high-speed rail, and aircraft face the
risk of high-speed impact damage. GFP- reinforced composites
can not only enhance their impact resistance but also greatly
reduce product quality and production costs [8]. Through opti-
mization design, GFP-reinforced composites can obtain more
superior properties than metal materials. Therefore, the
dynamic response of GFP-reinforced composites under high-
speed impact has become the focus of research at home and
abroad. The damage and failure modes of composite materials
are more complicated because of the variability of the lamina-
tion, the variability of the angle, and the correlation between
the laminations; it is difficult to analyze the systematic damage
of composite materials according to the traditional mechanics
and the existing failure criterion. Therefore, it is of great
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significance to study the penetration properties of GFP-rein-
forced composites [9].

In the development of composite materials, reinforced
materials have been developed from large-scale to nano-
scale. The appearance of nano-reinforced materials enables
researchers to fuse nano-fillers into the polymer matrix to
obtain potential properties. Nanoparticles have a large sur-
face area, and its surface is not only the interface of stress
transfer but also the interface of the formation of polymer
nanoparticles. Therefore, the effective utilization of the prop-
erties of nanoparticles in polymers is related to the uniform
dispersion in thematrix, the breakage of the polymer, and the
good wettability between the polymers. Shear thickening
fluid (STF) is a highly concentrated and stable dispersion
system formed by the dispersed phase and medium, which
is a kind of non-Newtonian fluid. The shear stress of STF is
nonlinear with a shear rate of reaction. That is, when
the shear rate reaches the threshold of the thickening
mechanism, the viscosity of the fluid will increase rapidly to
exhibit the characteristics of a solid, which will return to the
fluid state when the shear force is removed [10–12]. The tradi-
tional bullet-proof fabric has low density; when it is impacted
by fragments, the yarn will have a large displacement, which
leads to a decrease in yarn number and low energy consump-
tion. The addition of STF, on the one hand, increases the
adhesion between the yarn and dispersed medium; on the
other hand, it will produce a shear thickening effect, which
will increase the kinetic energy consumption of the projectile.
The preparation and mechanical properties of STF/Kevlar
were studied in this article [13]. Furthermore, most scholars
have bonded many kinds of composite materials of different
materials to protect the projectile body by taking advantage
of each material. Zhang [14] studied the ballistic impact
failure mechanism of shear-thickened fluid fiber-reinforced
composites and compared the effects of different STF para-
meters and layeringmodes on ballistic performance. Song et al.
[15] numerically studied the influence of different impact
velocities and the stacking order of ZTA ceramic–UHMWPE
composite structure on the anti-penetration behavior of the
projectile. In order tomeet the requirement of anti-penetration
of a 12.7mm armour-piercing incendiary bomb, Shi et al. [16]
designed a three-dimensional structure of profiled B4C ceramic/

UHMWPE/aramid coating. The theory of the special-shaped
ceramic structure and coating structure is proved to be cor-
rect. According to the results of the numerical simulation of
the special-shaped ceramic structure, the special-shaped coef-
ficient is put forward. In this study, the development of
Kevlar composites impregnated with shear-thickened fluids
using different dispersed phases and media is summarized,
aiming to provide a new idea for the further study of protec-
tivematerials. Liu et al. [17] discussed the dynamicmechanical
behavior and constitutive model of STF and STF composite
fabric and analyzed the influencing factors of the impact
resistance of STF composite fabric and the strengthening
mechanism of STF on the fabric. The latest development of
STF composite fabric in numerical simulation is discussed. In
order to investigate the influence of different parameters on
the impact resistance of the interlayer hybrid laminated
target, Zhou et al. [18] verified the feasibility of numerical
simulation and the accuracy of data by experiments. LS-
DYNA software is used to simulate the penetration of a bullet
into the hybrid target between the glass fiber and aramid
fiber under different ply parameters and impact velocities.

To sum up, a sandwich structure of laminated plate is
designed, i.e., the panel and back plate are carbon nano-
tubes-reinforced glass fiber panels (CNTs/GFP), and the
core material is 3DKevlar fabric impregnated with shear
thickening fluid (STF/3DKevlar) [19]. By material prepara-
tion, the mechanical property test, ballistic impact test, the
test phenomenon, the anti-penetration performance, and
the rationality of the designed composite structure were
verified. The innovation was as follows:
(1) Cross-tiled GFP at a specific angle and reinforced GFP

nano-scale by CNTs so that the adhesion between the
GFP and matrix was optimized, and the mechanical
properties were significantly improved.

(2) Compared with two-dimensional (2D) plain Kevlar fabric,
the shear thickening mechanism of STF and three-dimen-
sional (3D) braided Kevlar fabric optimizes the protection
ability of the composite structure.

(3) Sandwich composite structures were designed and man-
ufactured by laminating and bonding. The energy dissipa-
tion characteristics of the target were analyzed based on
the results of the ballistic impact test and CT detection.

Table 1: Related parameters of CNTs

Materials Purity Inner
diameter
(nm)

Outer
diameter
(nm)

Length
(um)

Specific
surface area
(m2/g)

Density
(g/cm3)

Carboxyl
content
(mmol/g)

Manufacturer

Carboxylated
multi-wall CNTs

≥99% 3–5 8–15 5–15 ≥190 0.10 1 Shenzhen Sui Heng
Technology Co., Ltd.
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2 Preparation of CNTs/GFP

2.1 Process of CNTs/GFP

CNTs with different mass fractions (0.5, 1, 1.5, 2, 2.5%) were
added to the solution of type 901 vinyl resin and curing agent
(Hebei Benfeng Environmental Protection Technology Co.,
Ltd.), and the mixture ratio of resin and curing agent is
50:1. Table 1 shows the related parameters of the CNT powder.
The nano-reinforced resin solution was prepared by mixing
the liquid with a high-speed mixer at a speed of 200 rpm, as
shown in Figure 1. Nano-reinforced GFP was prepared by the
vacuum-assisted molding process. E-5/4 plain GFP (0°/90°) and
E-BX GFP (+45°/−45°) (Changzhou Walico New Materials Co.,
Ltd.) were woven in different layers (4, 8, and 12 layers), and
one layer of E-5/4 plain (0°/90°) and one layer of E-BX (+45/
−45) were successively crossed and tiled in the mold. As
shown in Figure 2(c), by sealing strips, the vacuum bag and
the mold cavity are sealed to form a sealing system. As the air
in the closed system is pumped out, the system forms a nega-
tive pressure generated by the vacuum, which makes the
resin pumped into the fiber layer through the laid guide pipes

and guide nets to infiltrate the glass fiber layer. The vacuum
pressure is 0.08MPa in the process of resin introduction. The
vacuum tube was wound to keep the vacuum state. After
the resin was completely soaked in the fabric and after the
vacuum pressure was kept for 8 h, the vacuum tube was
cured in an oven at 90°C for 2 h and dried to room tempera-
ture for demolding treatment to obtain CNTs/GFP. This pro-
cess is shown in Figure 3.

2.2 Determination of the optimum mass
fraction of CNTs and resin solution

2.2.1 Scanning electron microscopy (SEM) analysis of
CNTs and resin solution

The SEM is a Phenom XLG2 instrument. The system can
analyze samples with a maximum of 100mm × 100mm.

Figure 1: Preparation of resin solution reinforced by CNTs.

Figure 2: (a) E-5/4 plain GFP (0°/90°), (b) E-BX GFP (+45°/−45°), and (c) layering method.

Figure 3: Vacuum negative pressure process of CNTs/GFP.
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The resolution is better than 8 nm, the vacuum time is less
than 20 s, and the acceleration voltage range is 4.8–20.5 kV,
which are used to observe the surface of various solid
substances. In the experiment, the sample is scanned by
a very narrow, focused, high-energy electron beam, and
the interaction between the beam and the material can
excite a variety of information.

CNTs have excellent physical and chemical properties.
When it is compounded with vinyl resin, it can enhance
various properties of the resin and obtain high-perfor-
mance fiber composites with excellent properties. To deter-
mine the optimal mass fraction of the CNT powder mixed
with the resin, different mass fractions of CNTs were
selected to mix evenly with the resin, poured into the
mold, solidified, and characterized by SEM (Figure 4).
The red dotted line in the figure is marked as the agglom-
eration phenomenon, and compared with the nonrein-
forced sample, the best mass fraction is selected by the
agglomeration phenomenon of the sample after adding
CNTs. When the mass fraction of CNTs is 0.5%, the
agglomeration of CNTs occurs in a small range, and
when the mass fraction is 1%, the agglomeration area
of CNTs is larger, which shows that the dispersion of
CNTs in the resin solution is not uniform. When the
mass fraction is 1.5%, the agglomeration phenomenon
hardly occurs, indicating that the solution at this con-
centration is mixed most uniformly. The agglomeration
of CNTs in the resin solution was also obvious when the
mass fraction was 2 and 2.5%; therefore, a 1.5% concen-
tration was chosen to prepare the mixture solution of
CNTs and resin [19,20].

2.2.2 Analysis of mechanical properties of CNTs and
resin solution

To better determine themass ratio of CNTs and resin solution,
the best mass fraction of CNTs was selected by combining the
mechanical test. The CNTs of different mass fractions were
mixed with the solution of the resin evenly and poured into
the mold after curing the three-point bending performance
test; the test results are shown in Figure 5. A comprehensive
comparison of the curves shows that all the samples show a
curve of first increasing and then decreasing; the turning
change is due to the failure of the samples after reaching
the limit value under the action of external forces. The load
value of the nonreinforced sample is the smallest, and after
reaching the peak, it shows a sharp decline trend, indicating
that it has a strong brittleness. After treatment, the samples
can bear a larger force and a longer time, indicating that the
fracture toughness of the resin is reinforced by CNTs. When
the mass fraction is 1.5%, it is found that the sample has the
best bending resistance. Therefore, the mixture of CNTs and
resin was prepared with a mass fraction of 1.5%.

3 Analysis of mechanical properties
of CNTs/GFP

3.1 Tensile test

The tensile properties were tested on the universal mate-
rial strength tester (UTM5105, Shenzhen Sansi Zongheng

Figure 4: SEM images of different mass fractions of CNT end-mixed solution with resin: (a) nonreinforced, (b) 0.5%, (C) 1%, (d) 1.5%, (e) 2%, and
(f) 2.5%.
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Science and Technology Co, Ltd.). The dynamic loading speed
is 120mm/min, and the static loading speed is 2mm/min.
According to the standard ASTM D3039, the specimen was
cut to 250mm × 15mm in the tensile test, and the specimen
was clamped vertically to make the upper and lower clamps
of the tester even with the edge of the specimen, and the
load–displacement curve was observed. The universal mate-
rial strength testing machine and the drawing of the tensile
test are shown in Figures 6 and 7.

3.1.1 Analysis of static tensile test results

Figure 8 shows the static tensile test results. Whether rein-
forced by CNTs is represented by “E/N,” then 4N represents
four layers of nonreinforced GFP, and so on. From the data
in the figure, it can be seen that, at the initial stage, with the
increase of the load value, the samples of each layer are
subjected to the tensile force, and the composite materials
are gradually destroyed. The curve tends to fall back, and
the sample has the phenomenon of fracture. Comparing
the nonreinforced and reinforced samples, it is found
that the reinforced samples have a greater increase in
peak load than the nonreinforced samples; moreover, the
peak load of the 8- and 12-layer specimens after treatment
is much higher than that of the four-layer specimens. The
initial state of all curves in the figure increases linearly.
With an increase in displacement, the load increases, the
work of failure also increases, and the damage is gradually
intense. Furthermore, delamination occurred in the middle
part of the specimen, and the load dropped instantly when it
reached its peak value, indicating that the specimen was
completely invalid. After adding CNTs, the loading value at
the initial stage increased gradually, and the peak load also
increased significantly, indicating that CNTs reinforced the
tensile properties of GFP.

Figure 5: Test results of bending mechanical properties.

Figure 6: UTM5105 universal material strength testing machine. Figure 7: Tensile test for GFP.
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3.1.2 Analysis of dynamic tensile test results

Figure 9 shows the results of the dynamic tensile test. As
can be seen from the data in the figure, the peak load of
GFP samples after adding CNTs increased obviously, and
the increasing trend of all curves in the initial stage was
the same. With the increase in displacement, the load value
increased, and the damage to the specimen also increased.
Because of the brittleness of GFP, the fibers in the outer
layer of the sample were slightly damaged, and a few fibers
were broken and shed on the surface. When the load
reaches the limit value, the curve shows a sharp decline,
and the specimen breaks from the middle part. Compared
with nonreinforced samples, the peak load of all samples
increased obviously after adding CNTs, and the peak load
of 8- and 12-layer samples was larger than that of 4-layer

samples, indicating that CNTs reinforced the mechanical
properties of GFP.

3.2 Bending performance test

The standard of bending performance is ASTM D7264, the
sample size is 120mm × 20 mm, and the span ratio is 16:1.
The loading speed of the static bending test is 2 mm/min,
and that of the dynamic bending test is 120 mm/min. The
sample with good quality and standard size was selected to
test its bending performance; the sample was laid on the
support, the pressure head of the tester and the center of
the sample level were made, and then the pressure head
was dropped to just contact with the sample and started
testing (Figure 10).

Figure 8: Tensile test for GFP: (a) 4-layer, (b) 8-layer, and (a) 12-layer.

Penetration protection of a fiber-reinforced composite structure  7



3.2.1 Analysis of static bending test results

Figure 11 shows the static bending performance test results.
As can be seen from the data in the figure, the curve fluctu-
ates under the action of three-point bending; because of the
multi-layer structure of CNTs/GFP, the sample has an inter-
layer fracture, and part of the brittle fracture of GFP appears.
With an increase in displacement, the composite is subjected
to the action of both pressure and tensile force, the surface
of the composite is cracked, the composite gradually occurs
bending deformation, and finally leads to the failure of the
composite. As can be seen from the figure above, the peak
load of the sample with CNTs is obviously higher than that of
the nonreinforced sample, and the peak load of the sample
with 8-layer is more obvious than that of the sample with

4- and 12-layers; the results show that CNTs improve the
bending performance of GFP.

3.2.2 Analysis of dynamic bending test results

Figure 12 shows the results of the static bending test. From
the data in the diagram, it can be seen that the initial stage
of the curve shows linear growth, and the deformation of
the sample is obvious. Because of its toughness, GFP can
withstand large deformation. The peak load of the rein-
forced samples was significantly higher than that of the
nonreinforced samples, indicating that the mechanical
properties of GFP could be improved by adding CNTs.
Moreover, the peak load of the four layers is small, which

Figure 9: Tensile test for GFP: (a) 4-layer, (b) 8-layer, and (a) 12-layer.
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indicates that the bending resistance is weak. When the
peak load of 8- and 12-layer samples is larger than that of
4-layer samples, it can be seen that the number of layers is
also one of the decisive factors for the mechanical proper-
ties of composites. It is found that the 8-layer composite has
better mechanical properties by comprehensive bending
and tensile tests, so the 8-layer composite is selected for
ballistic test and the comparison of energy absorption
between nonreinforced and reinforced samples.

3.3 Analysis of tensile fracture morphology

The fracture section of the specimen after tensile testing
was characterized by SEM. The red dotted line shows the
detachment of GFP from the resin. In order to observe the
binding of GFP to the resin better, SEM analysis at 1,500,
3,000, and 600 times, respectively, was selected. The binding
of GFP to the resin can be clearly seen in Figure 13(a) and (b),
as well as in Figure 14(a) and (b): the nonreinforced sample
produced more severe damage when it was damaged, with
GFP apparently detached from the resin. The space between
the fiber bundle is large. The fiber is pulled out from the resin
matrix, and the fiber breaks. However, after adding CNTs, the
bonding ability of the fiber and resinwas improved. Obviously,
the gap between the fiber and resin matrix was smaller, and
the bonding was tight. Comparing Figures 13(c) and 14(c), it can

be seen that the nonreinforced sample has obvious delamina-
tion, the surface of the fiber is smooth, and there is no resin
coating; however, after adding CNTs, only a small number of
the exposed fiber bundles were observed, and a large number
of fiber bundles were coated with resin with slight delamina-
tion, which indicated that the combination of the fiber and
resin was improved by adding CNTs, and themechanical prop-
erties of GFP were reinforced.

It should be noted that the preparation and mechan-
ical properties of STF/Kevlar composite fabric include the
selection of STF and Kevlar materials, the weaving of Kevlar,
the preparation of composite materials, and the analysis of
performance characterization results. The above research
results have been published [13]. The experimental results
show that the STF/Kevlar composite fabric has excellent
mechanical and protective properties and can be used for
bullet body protection.

4 Ballistic impact test of CNTs/GFP-
STF/Kevlar fiber-reinforced
composite structure

4.1 Bullet and target materials

Different thicknesses of CNTs/GFP are used as upper and
lower panels, 3D and 2D, with 12/cm longitude and weft den-
sity STF/Kevlar composite fabric as core material, respec-
tively. Then, CNTs/GFP-STF/Kevlar fiber-reinforced composite
(CNTs/GFP-STF/Kevlar) was prepared by bonding the panel
and the core with a neutral silicone weather-resistant adhe-
sive for 6 h. Figure 15 is a schematic of the structure of CNTs/
GFP-STF/Kevlar, and Figure 16 is a physical map of the fiber-
reinforced composite structure with different GFP layers and
Kevlar structures, with a size of 200mm × 200mm; the GFP
has n layers and STF/Kevlar is a 2D or 3D structure. For
example, 8/3D represents the 8-layer of GFP and the 3D struc-
ture of STF/Kevlar. Whether the nano-reinforced can be
judged by color because CNTs are black, so the nano-rein-
forced plate is black, to the letter E, that is, E-8/3D. The non-
reinforced is white, represented by the letter N, which is N-8/
3D. Figure 17 shows the side profile of the composite panel,
showing a clear difference in the thickness and structure
between 3D and 2D Kevlar. In the impact test, the plate is
cut into 100mm × 100mm according to the size of the equip-
ment, as shown in Figure 18. The ballistic impact test was
carried out on three kinds of plates with different bullet
shapes and parameters: cylindrical, semicircular, and conical.

Figure 10: Bending performance test.

Penetration protection of a fiber-reinforced composite structure  9



The bullet specifications and physical drawings are shown in
Figures 19 and 20, respectively.

4.2 Experimental loading and testing system

An experimental loading and testing system for fragment
penetration into the CNTs/GFP-STF/Kevlar composite struc-
ture was constructed. A series of experiments were carried
out to investigate the impact velocity of fragments driven
by a light gas gun loading system. Figure 21 shows an
experimental loading and testing system for fragment
penetration into the CNTs/GFP-STF/Kevlar composite.

The impact temperature increase in the missile–target
interaction region was measured in real-time by an Infrared

Thermal Imager. A plane mirror (calcium fluoride) was placed
in front of the target, which was inclined 45° to the ballistic
direction. The real-time image of the contact surface of the
missile and the target was reflected by the plane mirror into
the Infrared Thermal Imager acquisition system. The deforma-
tion process of the CNTs/GFP-STF/Kevlar composite structure
was captured by Fastcam SA-Z high-speed camera. The type of
sensor is CCD, the structure of the sensor is an array camera,
and the frame rate is 60,000 frames/s [21]. A number of PVDF
piezoelectric sensors were prefabricated on the surface and
interface of the panel, and sandwich and back panel to test
the impact pressure at the interface. The shock pressure test
system consists of the PVDF piezoelectric sensor, external cir-
cuit, and oscilloscope. The impulse pressure is collected by the
current mode. Figure 22 shows the PVDF current-mode test
circuit.

Figure 11: Static bending performance test results: (a) 4-layer, (b) 8-layer, and (a) 12-layer.
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A PVDF piezoelectric sensor is used as the data acquisi-
tion unit of the pressure test system. In the experiment,
PVDF and test resistance r are connected in parallel to
form a charge release circuit. When PVDF is subjected to
shock pressure, the electric charge generated by PVDF is
derived through the circuit formed by an external resistor
R, and the voltage signal ( )U t at both ends of resistor R is
collected by oscilloscope, and the impact pressure ( )σ t pro-
duced by PVDF film can be obtained by integral treatment:

( )
( )∫

=σ t

U t t

KRA

d

,

t

0 (1)

where K is the dynamic piezoelectric coefficient of the
PVDF piezoelectric sensor, R is the sampling resistance,
and A is the effective bearing area of PVDF.

The strain gauges were pasted on the surface of the
composite structure, and the signals sensed by the strain
gauges were collected by the super-dynamic strain gauges.
According to the relation between the instantaneous dis-
placement of the impact point and the external load, the
energy absorption response characteristics of each target
layer are obtained. The cumulative energy absorption can
be obtained by the approximate integral method.

( ) [ ( ) ( ) ( )]∫= ≈ + +− +

−

+

E L x x
x

L x L x L xd
Δ

2
2 .

x

x

i i1 1

i

i

1

1

(2)

The energy absorbed by the target is KE:

( )= −m V VKE
1

2
,S

2
R
2 (3)

Figure 12: Static bending test: (a) 4-layer, (b) 8-layer, and (a) 12-layer.
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Figure 13: SEM fracture morphology of nonreinforced tensile specimens at different magnifications: (a) 1,500 times, (b) 3,000 times, and (a) 600 times.

Figure 14: SEM fracture morphology of nonreinforced tensile specimens at different magnifications: (a) 1,500 times, (b) 3,000 times, and (a) 600 times.
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whereM is the fragment mass, VS is the target velocity, and
VR is the residual velocity.

5 Analysis of impact test results

5.1 Experimental phenomena

The ballistic impact tests of three kinds of bullets with
different parameters on CNTs/GFP-STF/Kevlar fiber-rein-
forced composite structures were carried out; the test neu-
tron velocity is greater than 180 m/s, and all targets are
penetrated. Figures 23 and 24 show the high-speed

Figure 15: Structure schematic of CNTs/GFP-STF/Kevlar.

Figure 16: Composite structure physical diagram: (a) N-4/3D, (b) E-4/2D, (c) E-8/2D, (d) E-12/2D, (e) E-4/3D, (f) E-8/3D, and (g) E-12/3D.

Figure 17: Side profile of the composite plate: (a) E-12/2D and (b) E-4/3D.

Figure 18: Target for the ballistic impact test.
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photographic penetration of a cylindrical bullet through
the E-4/2d and N-4/2D composite structures, respectively,
with the bullet moving from right to left. This shows the
physical phenomenon of the experimental process. As can

Figure 19: Different bullet specification parameters. (a) Cylindrical, (b) hemispherical, and (c) cone.

Figure 20: Physical drawings of different bullets.

Figure 21: Experimental loading and testing system for fragment penetration into the CNTs/GFP-STF/Kevlar composite structure.

Figure 22: PVDF current mode test circuit.
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Figure 23: Cylindrical bullet impact diagram of the E-4/2D composite structure.

Figure 24: Cylindrical bullet impact diagram of the E-4/3D composite structure.

Figure 25: Failure morphology of the N-8/3D composite structure: (a) heads up and (b) hails.
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be seen from the image, the bullet penetrated the GFP
panel and immediately touched the GFP back panel; how-
ever, by this time, the bullet body had been wrapped in
STF/Kevlar fibers. Radial GFP and STF/Kevlar fragments
were generated in the dorsal direction when the bullet
penetrated the target plate by half the volume. However,
in the panel direction, there were fewer fragments, which

indicated that CNTs/GFP and STF/Kevlar fibers covered the
fragments obviously. In addition, STF/Kevlar fibers exert a
large strain on the projectile after the projectile penetrates
the target completely. The STF/3DKevlar fiber in Figure 24
produces a more pronounced shear thickening, with much
less fracture than the STF/2DKevlar fiber in Figure 23, and a
greater effect on the kinetic energy consumption of the bullet.

Figure 26: Failure morphology of the N-8/3D composite structure.

Table 2: Impact test result parameters

Sample parameters Warhead shape Initial velocity (m/s) Residual velocity (m/s) Energy absorption (kJ)

−8/2D Hemispherical 186.766 161.466 151.98
−8/2D Cylindrical 183.086 154.967 163.97
−8/2D Cone 187.727 174.832 80.65
−8/3D Hemispherical 185.390 155.887 173.68
−8/3D Cylindrical 183.446 149.397 195.49
−8/3D Cone 186.716 162.966 143.2
4/2D Hemispherical 187.347 168.347 116.58
4/2D Cylindrical 182.244 157.087 147.26
4/2D Cone 187.025 177.202 61.72
4/3D Hemispherical 186.148 160.945 150.90
4/3D Cylindrical 183.403 145.545 214.82
4/3D Cone 187.322 173.153 88.11
8/2D Hemispherical 186.836 155.062 187.39
8/2D Cylindrical 181.283 144.87 204.86
8/2D Cone 188.165 168.749 119.54
8/3D Hemispherical 187.918 151.535 213.04
8/3D Cylindrical 185.947 144.079 238.35
8/3D Cone 187.832 155.693 190.45
12/2D Hemispherical 187.873 145.327 244.54
12/2D Cylindrical 183.464 129.568 291.03
12/2D Cone 187.007 160.460 159.12
12/3D Hemispherical 187.052 155.327 192.68
12/3D Cylindrical 184.583 129.743 297.35
12/3D Cone 186.417 157.650 170.74
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Also using the cylindrical bullet as an example, Figures 25
and 26 show the failure pattern of the target plate after
testing. As can be seen from the figure, the target plate is a
regular cylindrical head-on surface, which is only a small
part of the fiber fracture phenomenon. At the back of
the bullet, the CNTs/GFP perforations were irregular and
round, with the stratification failure of GFP. Compared
with the nonreinforced 8/3D composite structure, the rein-
forced 8/3D composite structure had a milder delamination
failure of GFP due to the addition of CNTs or even no
delamination. The above phenomena indicate that the
combination of GFP with matrix and dispersion media is
reinforced by adding CNTs, and the fracture toughness of
GFP is effectively reinforced. STF/Kevlar fibers exhibit
typical tensile fracture failure, which dissipates the resi-
dual kinetic energy of the bullet after it penetrates the
target plate.Figure 27: Impact test energy absorption contrast.

Figure 28: Cylindrical bullet impact diagram of the E-8/3D composite structure.

Figure 29: Cylindrical bullet impact diagram of the N-8/3D composite structure.
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Figure 30: Hemispherical bullet impact diagram of the E-8/3D composite structure.

Figure 31: Hemispherical bullet impact diagram of the N-8/3D composite structure.

Figure 32: Conic bullet impact diagram of the E-8/3D composite structure.
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Figure 33: Conic bullet impact diagram of the N-8/3D composite structure.

Figure 34: Failure morphology of the E-8/3D composite structure.

Figure 35: Failure morphology of the N-8/3D composite structure.
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5.2 Energy absorption analysis

5.2.1 Numerical analysis

Table 2 shows the test results of ballistic impact perfor-
mance with different parameters. According to the data
in the table, the energy absorption growth rate can be
calculated by combining formula (3). Taking the 8-layer
of GFP as an example, the shock absorptivity is shown in
Figure 27. Comparing the energy absorption values of the
8-layer composite structure, it can be seen that the 8-layer
CNTs/GFP-STF/Kevlar composite structure is more than
20% higher than that of the pure 8-layer GFP-Kevlar com-
posite structure in the penetration experiments of three
kinds of bullets; the lowest can be increased by 21.92%
and the highest by 48.23%. The results show that the

addition of CNTs, STF, and Kevlar with 3D weave structures
plays an active role in improving the impact resistance of
composite structures.

5.2.2 Morphology analysis

According to the physical phenomenon and shape of the
target during and after the bullet penetration, the damage
to each layer in the composite structure is characterized by
industrial micro-CT. The micro-damage degree of the mate-
rial was reconstructed by the CT scan, and the damage mode
was extracted based on the visualized images obtained by
the CT scan. The energy absorption principle of the CNTs/
GFP-STF/3DKevlar fiber-reinforced composite structure was
analyzed and explained.

Figure 36: Four-view CT for the E-8/3D composite structure.

Figure 37: Cross-sectional view of the CT for the E-8/3D composite structure.

20  Yangshuo Liu et al.



5.2.2.1 CNTs/GFP-STF/3DKevlar versus GFP-3DKEVLAR
In the case of 8-layer GFP, the penetration process of three
different projectiles is shown in Figures 28–33. From Sec-
tion 5.2.1, it can be seen that the energy absorption growth
rate of the reinforced composite structure is increased by

more than 20%, and the highest is 48.23%. In Figures 23 and
24, when the cylindrical bullet first penetrated the back
plate, the back plate of the reinforced composite structure
was diffused like a magnet, while the back plate of the
nonreinforced composite structure was broken like glass,

Figure 38: Four views of gap analysis for the E-8/3D composite structure.

Figure 39: Four-view CT for the N-8/3D composite structure.
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which indicates that the overall structural strength of
CNTs/GFP is higher. As shown in Figures 28–33, the most
obvious similarity is that Kevlar in the unreinforced com-
posite structure has reached a fracture state when the
bullet travels uniformly after it has completely penetrated
the target plate, the Kevlar in the reinforced composite

structure is still in a tensile state and acts as a kinetic
energy drain on the bullets (cylindrical and hemisphe-
rical). Alternatively, when both Kevlar are in a fracture
state, the elongation of the Kevlar in the reinforced com-
posite is higher (tapered bullet) [22]. The results show that
the STF/3DKevlar is thickened by the pressure at a high

Figure 40: Cross-sectional view of the CT for the N-8/3D composite structure.

Figure 41: Four views of gap analysis for the N-8/3D composite structure.

Table 3: CT examination results data

Sample parameters Pore volume (mm3) Material volume (mm3) Total volume (mm3) Pore percentage (%)

E-8/3D 5146.309 21390.334 26536.643 19.393218
N-8/3D 5237.421 21532.627 26770.048 19.564481
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strain rate, and the residual kinetic energy of the bullet is
consumed more effectively.

In addition, Figures 34 and 35, respectively, show the
failure morphology of the E-8/3D and N-8/3D composite
structures under penetration of conical bullets. From the
point of view of the head-on surface, the irregular circular
holes and the shear fracture of GFP fibers appeared in both
targets. It was evident that GFP reinforced by CNTs had
a shorter length of broken fibers and better fiber-to-resin
binding, with little delamination failure. On the back side,
the GFP reinforced by CNTs showed only a slight delamina-
tion failure. On the contrary, the shear fracture and delami-
nation failure of GFP were very obvious in the unreinforced
target. From the above analysis, it can be concluded
that CNTs/GFP-STF/3DKevlar fiber reinforced composite

structure has a better effect on the kinetic energy con-
sumption of bullets.

Furthermore, Figures 36–38 show a CT scan of the E-8/
3D composite, and Figures 39–41 show a CT scan of the N-8/
3D composite. The industrial micro-CT (Diondo d 2, Ger-
many) was tested with a high-resolution 300 kV micro-
focus industrial CT detection system. The scanning mode
was standard cone-beam CT scanning; the distance from
the ray source to the detector (FDD) was 800mm, and the
distance from the ray source to the sample (FOD) was
160 mm. The X-ray voltage is 110 kV, the tube current is
100 μA and the integral time is 2,000ms [23]. The number
of samples is 1,795, the reconstruction matrix is 4,000 ×

4,000, and the voxel size is 0.02 mm. The high-resolution
CT detection system can be tested in the form of two-

Figure 42: Cylindrical bullet impact diagram of the E-8/3D composite structure.

Figure 43: Cylindrical bullet impact diagram of the E-8/2D composite structure.
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dimensional sectional images or three-dimensional images
without damaging the detected object and clearly, accu-
rately, and intuitively display the internal structure, compo-
sition, material, and defects of the object to be tested [24].

In addition to the phenomena shown in Figures 34 and
35, in the CT figure, it can be observed that the perforations
on the head-on and back-on the reinforced target plate are
more regular, and the cracks are smaller. The unreinforced
target GFP was more brittle and had a higher degree of
shear fracture. The results indicated that CNTs reinforced
the adhesion of GFP to the resin, and the stress distribution
on the GFP surface was more uniform. The tensile ratio of
Kevlar is higher in the reinforced target plate [25]. The
results show that the mechanical properties of the rein-
forced target plate are better, and the kinetic energy con-
sumption of the bullet is stronger.

Table 3 shows the results of the CT examination.
According to the data in the table, the pore volume of the
E-8/3D composite structure is 2% higher than that of the
N-8/3D composite structure, and the pore proportion of
the E-8/3D composite structure is 1% higher than that of
the N-8/3D composite structure, which shows that CNTs
and STF play an active role in improving the impact resis-
tance of the composite structure.

5.2.2.2 STF/3DKevlar versus STF/2DKevlar
Figures 42 and 43 show the impact of a cylindrical bullet
penetrating a target plate with STF/2DKevlar and STF/
3DKevlar as the core materials, respectively. It can be seen
that STF/3DKevlar has a larger covering area and a higher
tensile ratio after the bullet completely penetrates the target
plate. In contrast, STF/2DKevlar is slightly deficient in fiber
density and strength, indicating that 3D braided Kevlar has a
better kinetic energy consumption for bullets.

6 Conclusion

A fiber-reinforced composite structure with CNTs/GFP clip
STF/3DKevlar was designed and prepared, and by the
mechanical property test, ballistic impact test, combined
with experimental phenomena and industrial CT detection
results, the mechanical behavior of the composite struc-
ture is studied, and the failure mode of the composite
structure and its energy dissipation and protection beha-
vior under impact are analyzed. The main conclusions are
as follows:

(1) The single-layer and multi-layer glass fiber cloth were
braided, and the optimum mass fraction of the CNT
powder mixed with resin was determined by SEM.
The mechanical property test showed that the increase
of GFP layer number and the addition of CNTs could
improve the adhesion of GFP to the matrix and optimize
the fracture toughness and mechanical properties.

(2) The shear thickening effect of STF will reduce the yarn
displacement when it is impacted by the projectile and
increase the friction between the matrix, the yarn, and
the projectile. The combination of STF and Kevlar can
effectively improve the overall tensile properties of Kevlar.

(3) The energy absorption of the CNTs/GFP-STF/Kevlar fiber-
reinforced composite structure was increased by 21.92
and 48.23% compared with that of unreinforced GFP/
Kevlar under the impact of bullets with three different
parameters. The damage morphology of CNTs/GFP-STF/
Kevlar fiber-reinforced composite is more regular, which
proves that the stress distribution is more uniform and
the overall structure strength is better.

To sum up, both fabric structure and nanoparticle con-
centration play an active role in the mechanical and pro-
tective properties of the composite structures. The experi-
mental results can provide technical support for the
development of high-performance protective structures
in the fields of weapon and soldier equipment.
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