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The CNT/PSt-EA/Kevlar composite with excellent ballistic performance 
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A B S T R A C T   

This work reports a new type of ballistic composite which is prepared by integrating the carbon nanotube- 
polystyrene ethyl acrylate (CNT/PSt-EA) based shear thickening fluid (C-STF) with Kevlar fabric. Because the 
rheological property of the PSt-EA based STF is significantly enhanced by the CNT, the C-STF/Kevlar offers better 
ballistic property than Kevlar fabric. The ballistic test indicated that the ballistic limit velocity (vbl) of Kevlar 
could be improved from 84.6 m/s to 96.5 m/s by impregnating the C-STF. Here, the optimum addition of CNT for 
C-STF/Kevlar is 1.0% and excessive CNT addition reduces the reinforcement effect. Besides, as the volume 
fraction of dispersed phase in STF increased from 53.5% to 58.5%, the vbl increased from 92.9 m/s to 99.5 m/s. 
The fabric layer number also plays a critical role in the ballistic property of C-STF/Kevlar. By combining the 
finite element analysis (FEA) results of ballistic impact with the quasi-static puncture and yarn pull-out results, 
the enhanced anti-impact mechanism is obtained. It is found that the friction coefficient between the yarns is 
strengthened and the bearing area of the fabric is increased by doping STFs, thereby the ballistic performance of 
Kevlar is improved. This work achieves the regulation of ballistic performance of Kevlar composites.   

1. Introduction 

In the war, body armor plays an important role in reducing bullet 
damage and even saving soldiers’ lives. To reduce the weight of the body 
armor and facilitate the movement of soldiers, high-strength fibers such 
as Kevlar, Twaron, etc. are used to manufacture soft body armor [1–3]. 
However, in order to meet the protection requirements, multi-layers are 
often required in body armor, thus the soft armor is very thick which 
reduces the wearing comfort [4,5]. Therefore, the high ballistic perfor
mance, well flexibility, and light weight are simultaneously concerned 
in developing high quality body armor. 

Till 2003, the soft body armor prepared by incorporating shear 
thickening fluid (STF) into the Kevlar fabrics has attracted increasing 
interests. STF is a kind of dense granular suspension [6]. It exhibits the 
properties of Newtonian fluid at low shear rate. As the shear rate exceeds 
a critical value, the viscosity of STF increases dramatically. After 
removing the shear, it can recover to the initial state [7]. Due to this 
reversible shear thickening effect, the STF possesses broad application in 
the field of damping and protection [8–12]. After introducing the STF 
into the Kevlar, the STF/Kevlar exhibits high anti-impact property. The 
SiO2 based STFs are widely applied in the field of fabric reinforcement 

[8,13]. However, the density of SiO2 is large, and the Kevlar impreg
nated with STF (STF/Kevlar) has a lot of enhancement space. In recent 
years, a series of polymer-based STF have been reported [14,15]. Among 
them, a polystyrene ethyl acrylate (PSt-EA)-based STF has the charac
teristics of low density and strong shear thickening effect, which has 
great potential in improving the protective properties of fabrics [16,17]. 

The ballistic resistance performance of STF/Kevlar was firstly 
investigated by Lee et al. [18]. Since then, researchers have conducted 
extensive research on the protective properties of this kind of composites 
[19,20]. The mechanical properties of STF/Kevlar were investigated by 
many researchers [21–23]. Decker [24] and Xu [25] et al. focused on the 
low velocity impact and conducted the stab resistance test [26]. Park 
[27] and Tan [28] et al. employed the ballistic test to investigate its 
effectiveness on high velocity impact [29]. In these works, the yarn 
pull-out test was implemented to indicate the friction between fabric 
yarns [30,31]. These experimental results showed that the impregnation 
of STF had a significant enhancement to the protective effect of the 
fabric. A common qualitative interpretation was that the STF increased 
the friction between the yarns, increasing the load-bearing area of the 
fabric and thus enhancing the protective effect of the fabric. Meanwhile, 
the researchers also improved the protective property of the composite 
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by adding a reinforcing agent to the STF such as carbon nanotube (CNT) 
[31,32], SiC [33,34] and so on. The additions improved the rheological 
behavior of STF and then enhanced the protective properties of 
composites. 

Although the experimental methods can characterize the protective 
effect of STF/Kevlar composite, it is not conducive to analyzing the 
mechanical details. The finite element analysis (FEA) is a good com
plement to the experiment. On the one hand, many detailed mechanical 
characteristics that cannot be obtained by experiments are available for 
FEA. On the other hand, the behavior of materials can be predicted by 
FEA more conveniently and quickly. Previously, the FEA has been 
employed to study the ballistic test of neat fabric [35–38]. Among them, 
Chen [39,40] and Nilakantan [30,41] et al. made a lot of inspiring work 
which demonstrated the failure mechanism of fabric. However, due to 
the mechanical difficulties, the ballistic simulation of STF/Kevlar was 
rare [42]. Lee [43] and Hasanzadeh [44] et al. conducted some mean
ingful investigations. It was found that the simulation result can be 
corresponded well to the experiment by adjusting the contact behavior 
between fabric yarns. However, most of the current simulations are only 
focused on qualitatively corresponding to the experiments, a more 
comprehensive comparison and interpretation of the experiment are still 
lacking. To better explore the mechanism of protection or material 
reinforcement, the numerical simulation on STF/Kevlar is necessary. 

In this work, the C-STF/Kevlar composite was fabricated by a high 
performance CNT doped STF (C-STF). The effect of volume fraction of 
dispersed phase in STF, CNT addition content and fabric layers on the 
ballistic performance of composite were studied comprehensively. The 
quasi-static puncture and yarn pull-out experiments were employed to 
demonstrate the effect of STF on yarn friction. Combined with FEA, the 
impact process was simulated and analyzed, and the results in the 

experiment were well matched with the simulation. The reinforcement 
mechanism for STF on the Kevlar fabric was revealed, and this work 
provided guidance for the designation of high performance soft body 
armor. 

2. Materials and methods 

2.1. Preparation of STFs and composites 

The PSt-EA nanoparticles which were prepared by soap free emul
sion polymerization were chosen as the disperse phase. The CNT was 
firstly homogeneously dispersed in a solvent consist of ethyl alcohol and 
acetone and then dispersed into ethylene glycol (EG). After removing 
ethyl alcohol and acetone, the CNT/EG mixture was obtained. The STFs 
were fabricated by dispersing the PSt-EA nanoparticles into EG or CNT/ 
EG mixtures. To investigate the effect of PSt-EA volume fraction and 
CNT weight fraction, five types of STF and C-STF were prepared. 

In this research, the fabric was a kind of plain-woven aramid Kevlar 
fabric with an areal density of 200 g/m2. To fabricate the Kevlar com
posites, the STFs samples were firstly diluted 1:2 with water and then 
mixed for 30 min in ultrasonication to ensure the solution well- 
distributed. The Kevlar fabric was cut into approximately 11.3 � 11.3 
cm and impregnated in the solution individually for 5 min. After the 
impregnation, the fabric was dried at 55 �C for 10 min to evaporate the 
water. For simplicity, the definition and the specific parameters of the 
samples are shown in Table 1. 

2.2. Methods 

2.2.1. Rheological test 
The rheological properties of STF and C-STF samples were tested by 

the rheometer (Anton-Paar MCR 301) with cone-plate geometry (25 mm 
in diameter and 2� in cone angle). All the experiments were conducted 
with a gap size of 0.05 mm at a room temperature of 25 �C. A pre-shear 
was used to provide consistent flow. 

2.2.2. Ballistic impact test 
In this research, a spherical bullet (diameter 8 mm) was driven by a 

gas gun. A couple of laser velocimeters were set on the muzzle to record 
the incident velocity of bullet. The fabric was securely fixed by the clamp 
by twelve screws and groove structure (Fig. 2a). The impact area was 85 
� 85 mm. The target sample was fixed in close with the muzzle (15 cm) 
so that the yaw and velocity decay of projectile could be neglected. The 
high-speed video camera placed at the back of the impact sample was 
used to capture the deformation and destruction process of fabrics and 
record the projectile position for calculating its residual velocity. 

Table 1 
The definition and detailed data of the STF/Kevlar and C-STF/Kevlar 
composites.  

Name Impregnated STF Average weight (g) Weight 
addition 
(%) PSt- 

EA 
(vol. 
%) 

EG 
(vol. 
%) 

CNT 
(wt. 
%) 

Before 
impregnation 

After 
impregnation 

SN 0 0 0   0 
SF1 53.5 46.5 0 2.460 2.968 21.1 
SF2 56.0 44.0 0 2.456 2.890 18.3 
SF3 58.5 41.5 0 2.479 2.915 18.3 
SC1 53.5 46.5 1.0 2.466 2.958 20.7 
SC2 53.5 46.5 1.5 2.466 3.023 23.3 
SE 0 100 0 2.443 2.695 11.1  

Fig. 1. The experimental configuration of (a) ballistic impact, (b) quasi-static puncture and (c) yarn pull-out test system.  

S. Cao et al.                                                                                                                                                                                                                                      



Composites Part B 185 (2020) 107793

3

2.2.3. Quasi-static puncture test 
A quasi-static puncture experiment was carried out on a universal 

tensile instrument (MTS Criterion™ Model 43) to study the evolution of 
the contact force of the fabric under vertical load. The rounded tip 
penetrator with a diameter of 8 mm and a length of 60 mm was clamped 
and was moved with a speed of 2 mm/min (Fig. 2b). The samples were 
clamped in the same fixture as in the ballistic impact experiment. The 
penetrator was pushed into the center of the sample and force- 
displacement diagrams were obtained for all samples. 

2.2.4. Yarn pull-out test 
To study the friction between yarns, the yarn pullout test was con

ducted the tensile instrument. As shown in Fig. 1c, the size of specimens 
was 38 mm � 60 mm. The tail of the pulled yarn was cut off and its head 
was clamped. The pull-out forces and displacement were recorded. In 
this experiment, the pull out speed varied from 2, 5, 20, 50–200 mm/ 
min. 

2.2.5. Finite element analysis (FEA) 
In this research, the finite element (FE) model was created in Aba

qus/Explicit. In order to save computing time, only a quarter of the 
system was modeled since the symmetry of impact system. Fig. 2a shows 
the initial geometry of the impact system: an 8.0 mm diameter rigid steel 
sphere with a density of 7.95 g/cm3 impacting the center of an 81.6 �
81.6 mm square plain-woven fabric in the normal direction. The fabric 
model was created at the yarn cluster-level. For simplicity, the warp and 
weft yarns were the same in geometry and material property. The cross- 
section of the yarn was composed of two identical sine curves facing 
each other. The yarn path had a sinusoidal shape. The yarn thickness 
was 0.2 mm and the yarn crimp wavelength was 2.4 mm. 

The steel sphere was defined as a kind of isotropic elastic material 

with an elastic modulus of 200 GPa. Besides, it was also constrained by 
the rigid body and moved in a direction normal to the X-Z plane. The 
yarns were considered to be transversely isotropic material. The mate
rial constants were dominated by the longitudinal tensile modulus. From 
the result of yarn tensile test (for details, see Supplementary Informa
tion, Fig. S2), it can be inferred that E11 ¼ 88 GPa. In most studies [35, 
36,45,46], the transverse elastic moduli (E22 and E33) and shear moduli 
(G12, G13, and G23) were assumed to be much smaller than E11. Ductile 
damage was assigned to simulate the fabric breakage during impact 
[36]. The detailed parameters are shown in Table 2. All edges of Kevlar 
fabric were clamped in the simulation. 

General contact (Explicit) was selected in the simulation. Yarn–yarn 
and projectile–fabric contact were generated using a hard contact- 
penalty algorithm provided by the Abaqus/Explicit. The friction coef
ficient of Kevlar fabric between yarns was 0.21 according to the 
experimental result (for details, see Supplementary Information, 
Table S1). Sweep meshes were generated in the yarns. The FE Kevlar 
fabric model involved 166464 C3D8R elements. Besides, the projectile 

Fig. 2. (a) The initial geometrical configuration for a spherical projectile impacting on the center of Kevlar fabric. (b) Details of the quarter symmetric 3D finite 
element mesh of the initial geometry. 

Table 2 
The material parameters of Kevlar in Abaqus.  

Parameter Value 

density 1.44e-9 tonne/mm3 

E11 88000 MPa 
E22, E33 2000 MPa 
G12, G13, G23 2000 MPa 
ν12, ν13, ν23  0.36 
Fracture strain 0.036 
Damage evolution energy 72 mJ 
Yield stress at zero plastic strain 2000 MPa 
Yield stress 3000 MPa 
Plastic strain at yield stress 0.08  

Fig. 3. SEM pictures of (a) PSt-EA and (b) PSt-EA and CNT. (c) Typical rheo
logical curves of STFs. 
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was meshed with 2928 C3D8R elements and 384 C3D6 elements. 

3. Results and discussion 

3.1. Characterization of STFs and composites 

Fig. 3 shows the SEM figures of PSt-EA and CNT/PSt-EA. As can be 
seen from Fig. 3a and b, the PSt-EA particles are monodisperse with an 
average particle size of about 350 nm. After doping, the CNT and PSt-EA 
particles are well mixed and the CNT is uniformly distributed. Fig. 3c 
presents the typical viscosity curves of STF and C-STF. As the volume 
fraction of PSt-EA in STF increases from 53.5%, 56%, to 58.5%, the 
critical shear rate decreases from 35 s� 1, 21 s� 1, to 12 s� 1, the maximum 
viscosity increases from 20 Pa⋅s, 78 Pa⋅s to 446 Pa⋅s, respectively. The 
volume fraction of PSt-EA shows a great influence on the rheological 
behavior of STF. In comparison to single-phase STF, by doping the 1.0 wt 

% CNT, the C-STF (53.5 vol %) behaves the rheological property similar 
to the 56 vol % PSt-EA based STF. Besides, as the CNT content reaches to 
1.5%, the critical shear rate of C-STF decreases to 1.7 s� 1 and the 
maximum viscosity increases to 713 Pa⋅s. The presence of CNT prevents 
the movement of the PSt-EA particles, making the particles easier to be 
aggregated, so the shear thickening in C-STF is more likely to occur. The 
addition of CNT can significantly improve the shear thickening effect of 
STF. 

Fig. 4 depicts the microstructure of the STF/Kevlar and C-STF/Kevlar 
composites. Compared with the neat Kevlar (Fig. 4a), the surfaces of 
STF/Kevlar composites are rougher. The STF is distributed over the 
surface of the fabric and filled the spaces between the fabric yarns 
(Fig. 4b). Fig. 4c and d shows that the addition of CNT can cause more 
STF to adhere to the surface of the fabric, but the particles in the STF will 
agglomerate on the surface of the fiber due to the presence of CNT. 

3.2. Ballistic impact test 

Fig. 5 depicts the impact process of neat Kevlar. The stress wave 
propagates in the yarns at a velocity of vs ¼

ffiffiffiffiffiffiffi
E=ρ

q
and it propagates the 

entire fabric within 20 μs, where E is the tensile modulus along the yarn 
path and ρ is the yarn density. The fabric is initially damaged at 100 μs 
and the projectile completely penetrates the fabric at 160 μs. The re
sidual velocity can be obtained using the position of projectile after 
penetration. The impact processes of STF/Kevlar and C-STF/Kevlar are 
similar with SN, except that the STFs will splash during impact. 

To investigate the influence of volume fraction of STF on the ballistic 
resistance of STF/Kevlar, three types of composites were tested. Besides, 
SN and SE were tested as a comparison. Fig. 6a presents the residual 
velocities of samples at different incident velocities. If the test result is 
biased, the test was repeated several times. In particular, in order to 
obtain a more accurate ballistic limit speed, the repeated tests were 
performed several times. The relationship between residual velocity and 
incident velocity is fitted by the Recht-Ipson [47] function: 

vr ¼ αðvp
i � vp

blÞ
1=p (1)  

where vr and vi are the residual velocity and incident velocity of pro
jectile, α and p are the parameters controlling the shape of curve, vbl is 
the ballistic limit velocity. The fitting results are shown in solid lines. It 
is clear that the function fits well to the experimental results. Taking SN 
for example, when the vi is high enough, the vr and vi are approximately 
linear: vr∝vi. However, as the vi approaches vbl, the vr decreases sharply. 
When vi < vbl, the fabric cannot be penetrated and the vr is considered to 
be 0. The vbl of SE is 76.6 m/s, which is lower than the neat Kevlar’s 84.6 
m/s. The EG comparison group is only to illustrate that the dispersion 
medium EG in the STF does not enhance the ballistic resistance property 
of Kevlar. The STF/Kevlar composites have higher ballistic limit veloc
ities compared with neat Kevlar. As the volume fraction of STF increases 
from 53.5% to 58.5%, the corresponding ballistic limit velocity in
creases from 92.9 m/s to 99.5 m/s. Fig. 6d depicts the dissipation energy 
of the samples in Fig. 6a. The dissipation energy is defined as: 

Edis¼
1
2

mv2
i �

1
2

mv2
r (2)  

where m is the mass of projectile. The STF/Kevlar can dissipate more 
energy compared with neat Kevlar. The dissipated energy of the com
posite is positively correlated with the volume fraction of the STF. It can 
be concluded that by impregnating the high volume fraction STF, the 
ballistic resistance performance of Kevlar can be greatly enhanced. 

The effect of CNT on the ballistic resistance property of C-STF/Kevlar 
is shown in Fig. 6b and e. Compared with SF1, the vbl of SC1 increases 
from 92.9 m/s to 96.5 m/s. The addition of CNT can effectively improve 
the ballistic resistance property of STF/Kevlar. However, when the 
weight fraction of CNT increases to 1.5%, although the vbl of SC2 is still 

Fig. 4. SEM images of neat Kevlar and STF/Kevlar composites: (a) neat Kevlar 
fabric, (b) STF/Kevlar composite, (c) C-STF/Kevlar composite. (d) The distri
bution of CNT and PSt-EA nanoparticles on the surface of Kevlar. 

Fig. 5. Impact process of neat Kevlar at vi ¼ 120 m/s.  
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higher than that of SF1, it is significantly lower than that of SC1. Besides, 
the SC2 presents the worst energy dissipation result. When the con
centration of CNT is high, the particles in Kevlar are agglomerated by 
excessive CNT, causing excessive STF to adhere to the fabric surface. 
This unevenness weaken the protective property of Kevlar under high- 
speed impact. This shows that adding CNT within a certain range can 
further improve the ballistic performance of the composite, but when 

the amount of CNT exceeds a certain value, the improvement result is 
lowered. 

In practical applications, multi-layer Kevlar can meet high protection 
requirements. In this research, two layers of fabric were tested for 
bulletproof. From the residual velocity results in Fig. 6c, the vbl of two- 
layer fabric is almost 1.6 times larger than that of single layer. The vr 
exhibits a stronger nonlinearity in the region where the vi is close to vbl. 

Fig. 6. The residual velocity results of (a) different volume fraction of STF, (b) different CNT concentrations and (c) different layers under varies incident velocities. 
The symbols are the experimental results and the solid lines are the Recht-Ipson fitting results. The (d), (e) and (f) are the corresponding energy dissipation results. 
The solid lines are calculated from the residual velocities obtained by the Recht-Ipson fitting. 

Fig. 7. The macroscopic features of (a) SN, (b) SF2 and (c) SC2 under the top and side view. (d), (e) and (f) are the microscopic features of fractured yarns cor
responding to (a), (b) and (c). Besides, (g), (h) and (i) are the magnified details corresponding to (d), (e) and (f). 
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The ballistic resistance property of two-layer STF/Kevlar is still better 
than neat Kevlar. Adding CNT with a mass fraction of 1.0% (C-STF/ 
Kevlar) can also enhance the protective property of two-layer STF/ 
Kevlar. Fig. 6f depicts the energy dissipation of two-layer and single- 
layer samples. Two-layer fabric dissipates more energy than twice that 
of the single layer because of the interlayer friction. 

To investigate the failure mode of fabric yarns during ballistic 
impact, the microscopic and macroscopic structures of Kevlar, STF/ 
Kevlar, and C-STF/Kevlar fabrics were studied. Fig. 7a–c shows a similar 
character: The fractured yarns are obviously stretched and the length of 
the yarn heads in the fracture area are different. The C-STF on the sur
face of the SC2 near the impact region is splashed off due to the impact. 
During the ballistic impact, the filaments may be subject to two kinds of 
failure modes: the tensile failure and the shear failure. The failure mode 
of the fiber is determined by a lot of factors. Typically, the fracture 
surface of the fiber in the failure of the tensile failure is irregular, and the 
fiber fracture at the shear failure is flat. Fibers can dissipate more energy 
in the tensile failure mode [39]. Fig. 7d–i shows the microscopic features 
of fractured yarns of SN, SF2 and SC2. These figures depict a similar 
character: the filament breaks at different locations and the fiber breaks 

unevenly. The fractured sections of the yarns are not aligned, and the 
fractured yarns are bent or even bifurcated. This is quite different from 
the failure mode of fiber in the stab resistance test [4,24]. These results 
indicate that the fractured yarns of both the neat Kevlar and the com
posites are in tensile failure mode under a spherical projectile impact. 

3.3. Quasi-static puncture test 

The static puncture test was employed to investigate the change in 
the force of fabric during penetration. Although the strain rates of quasi- 
static and ballistic impacts vary widely, the contact force results in 
quasi-static conditions can give a qualitative explanation of the impact 
process. As shown in Fig. 8a, the puncture process can be divided into 
two stages: Firstly, the contact force rises slowly when the puncture 
displacement below around 6 mm. Then, the contact force increases 
rapidly with increasing displacement. In the first stage, the woven 
structure of the fabric is straightened, and in the second stage, the fabric 
yarns are stretched. The difference in the force-bearing structure of the 
fabric results in a change in the contact force. Compared with the neat 
Kevlar, the STF/Kevlar has a greater penetration force and the C-STF/ 

Fig. 8. (a) The puncture force curves of SN, SF1 and SC1. (b) Comparison of Peak puncture force and dissipation energy.  

Fig. 9. Pull-out force versus displacement at different pull-out speeds for (a) neat Kevlar, (b) SF2 and (c) SC2. (d) The pull-out forces for different samples at a pull 
out speed of 20 mm/min. 
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Kevlar’s puncture resistance is best. Fig. 8b shows the results of peak 
puncture force and dissipation energy for all samples. The impregnation 
of STF can enhance the puncture resistance of Kevlar. Besides, as the 
volume fraction of STF increases, the increase in peak puncture force is 
not obvious, while the dissipation energy increases significantly. The 
addition of CNT has an optimal weight fraction. The performance of SC1 
is better than SC2. 

3.4. Yarn pull-out test 

When the fabric is subjected to load, the slip of yarn has an important 
influence on the mechanical properties of the fabric. The yarn pull-out 
test was carried out to investigate the friction between fabric yarns 
[46]. Fig. 9a depicts the pull-out forces versus displacement of neat 
Kevlar at different pull-out speeds. For simplicity, the pull-out force is a 
function of friction coefficient and compressive force [44,48,49] F ¼

fðμ; FNÞ. For fabrics of the same woven structure, the contact normal 
force FN at which the yarn is pulled out is approximately considered to 
be constant. Thus it can be concluded that F∝μ. In Fig. 6a, when the 
pull-out speed increases from 2 to 200 mm/min, the peak pull-out force 
Fmax fluctuates around 2.5 N and does not change much. Then it can be 
approximated that the μ of neat Kevlar is rate-independent and is a 
constant. For STF/Kevlar composite, the Fmax is 3 times larger than the 
neat Kevlar (Fig. 9b). Although the Fmax behaves a trend of 
rate-dependent, it does not change very much. For example, the Fmax of 
SF2 increases from 6.6 N to 8.4 N as the pull-out speed increases from 2 
mm/min to 200 mm/min. The increase of Fmax is only 1.8 N, which is 
much lower than 6.6 N. So the μ of STF/Kevlar is still considered as a 
constant for simplicity. Fig. 9c shows pull-out force versus displacement 
at different pull-out speeds for C-STF/Kevlar. Keeping the pull-out speed 
at 20 mm/min, the pull-out force versus displacement curves for all 
samples are compared (Fig. 9d). It is obvious that the Fmax increases with 
the increasing volume fraction of STF. The addition of C-STF can 
enhance the friction between yarns compared with STF/Kevlar. Ac
cording to the results of Fmax, the friction coefficient μ for different 
samples are summarized in Table 3. 

3.5. FEA results 

FEA can obtain detailed data during the impact process, which is a 
good complement to the experimental results. Fig. 10 shows the com
parison of experiment and simulation results of neat Kevlar. The vbl of 
the simulation is 80.3 m/s and the experimental fitting result is 84.6 m/ 
s. The error is only 5% for vbl. The residual velocity curve obtained by 
simulation is highly consistent with the experimental result. Besides, the 
deformation of the fabric is also in good agreement with the experi
mental results (for details, see Supplementary Information, Fig. S8). So 
the simulation can make a good complement and analysis of impact 
experiments. 

Fig. 11 depicts the impact process of neat Kevlar (vi¼120 m/s). When 
the projectile touches the fabric, the stress wave propagates the yarns 
within several microseconds. The stress in yarns rises with the increasing 
time. The fabric deforms under impact and the transverse wave propa
gates at a velocity of approximately 480 m/s. The penetration occurred 
at t ¼ 80 μs, which is a little later than the experiment. Then the fabric 
morphology fluctuated due to the reflection of surface waves. Since the 
simulation does not take into account the influence of the incident 
airflow, the fluctuation of the fabric is more obvious than the 
experiment. 

By inputting the friction coefficient obtained by the yarn pull-out 

Table 3 
Friction coefficient of different samples.  

Sample μ  

SN 0.21 
SF1 0.48 
SF2 0.52 
SF3 0.59 
SC1 0.50 
SC2 0.80  

Fig. 10. Comparison of the residual velocity results between experiment and 
simulation of neat Kevlar. 

Fig. 11. Simulation results of stress distribution during impact (vi¼120 m/s).  
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experiment into Abaqus/Explicit, the simulation results of STF/Kevlar 
and C-STF/Kevlar can be obtained. Fig. 12 gives the experimental and 
simulation results of the ballistic limit velocity and average dissipation 
energy. In general, the simulation and experimental results correspond 
well. The addition of STF or C-STF can increase the friction between the 
fabric yarns and thus more energy is dissipated under the impact 
(Fig. 12b). Finally, the vbl (Fig. 12a) is increased and the ballistic per
formance of Kevlar is improved. 

However, when the CNT is certain exceeded than the optimum, 
excessive C-STF on the surface of the fabric results in the non-uniformity 
in the fabric, and reduces the C-STF enhancement effect. In the simu
lation, since the unevenness of the fabric surface is not considered, the 
simulation and experimental results of SC2 are quite different. Two- 
layer STF/Kevlar and C-STF/Kevlar still show enhanced effects. But 
the effect of CNT is not obvious, whether it is from the vbl or Edis (Fig. 12c 
and d). In the experiment, the two layers of fabric dissipates more than 
twice the energy of a layer of fabric, while the simulation results show 
that the energy dissipated by the two layers of fabric is roughly equal to 

twice the energy dissipated by the layer of fabric. On the one hand, the 
two-layer fabric shows slight slippage during the experiment. On the 
other hand, the broken yarns in the simulation cannot bear the load. 

As mentioned above, increasing friction can improve the ballistic 
performance of Kevlar. However, its specific mechanism of action is still 
unclear. Previous studies [12,19] have indicated that increasing friction 
can increase the load bearing area of the fabric. But this inference lacks 
verification. To this end, we studied the effect of friction coefficient on 
the force and deformation of the fabric through simulation. The simu
lation results show that increasing the friction can increase the bearing 
area of the fabric, and the stress of the fabric in the deformed area is 
more uniform. So the fabric can withstand higher impact (Fig. 13). The 
simulation results give a good explanation for the increment of the 
friction coefficient to the improvement of Kevlar’s protection perfor
mance and correspond well to the previous conclusions. 

4. Conclusion 

In this paper, the ballistic performance of the composite is improved 
by adjusting the volume fraction of the particles in the STF and the 
amount of CNT addition. The results show that increasing the particle 
volume fraction of STF can enhance the ballistic performance of STF/ 
Kevlar. The addition of CNT has an optimal value, and the protective 
effect of C-STF/Kevlar with CNT with a mass fraction of 1% is even 
better than 1.5%. The trend of the puncture force in the quasi-static 
puncture is roughly the same as the ballistic test result. The yarn pull- 
out results show that the STF can increase the friction between the 
yarns, and the addition of CNT further increases the pull-out force. The 
FEA results of ballistic impact are consistent with the experiment, and 
the influence of the increased friction coefficient of STFs on the ballistic 
limit velocity and dissipated energy is quantitatively analyzed. The 
simulation results directly show that the STFs increase the friction co
efficient between the yarns, increase the bearing area of the fabric, and 
make the stress distribution more uniform, thereby improve the ballistic 
performance of Kevlar. 

Fig. 12. The comparison of ballistic limit velocity and average dissipation energy (Edis) results obtained from experiments and simulations.  

Fig. 13. Simulation results of contact force of SN and SF1 under projec
tile impact. 
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