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Abstract
The objective of this research is to characterize the high strain rate impact performance of �ber-
reinforced polymer (FRP) impregnated with shear thickening �uid (STF) by using a split Hopkinson
pressure bar (SHPB) test. Three types of FRP with aramid, basalt, and carbon �bers are prepared,
followed by impregnated with 15 wt.% STF and 20 wt.% STF to develop FRP composited materials (FRP-
STF), respectively. The results demonstrate that STF impregnated signi�cantly enhances the high strain
rate impact performance for the AFRP, BFRP, and CFRP. Nevertheless, the enhancing effect is different for
different types of FRP. Under 3800 s-1, when the mass fraction of STF is 20%, the increase rate of BFRP
stress peak is the highest, reaching 58.9%. However, the best increase of energy absorption peak is AFRP,
reaching 226.8%. Under 6100 s-1, the stress response of AFRP-20%STF is the best, and the energy
absorption peak of CFRP-20%STF reaches 710.5 J, about 2.3 times that of pure CFRP. This is also
re�ected in the energy absorption per unit density curve. The results also show three FRPs have
signi�cant strain rate effects, especially on the energy absorption peak. The maximum increase rates are
101.9%, 710.7%, and 1070.5%, respectively.

1. Introduction
Fiber-reinforced polymer (FRP) composites, including aramid (AFRP), basalt (BFRP), carbon (CFRP), and
glass (GFRP) �bers, have been widely used in structural members bearing quasi-static loads due to their
superior speci�c strength and stiffness [1–4]. However, in many cases, FRP used in aerospace, pipeline,
and military applications is vulnerable to high strain rate loads such as high-velocity impact or explosion.
At this time, compared with other ductile materials, such as metals, FRP usually has poor impact
mechanical properties and is easy to fracture [5, 6]. The main reason for this brittle fracture is that the
initial internal defects in the �ber do not have enough time to release under the high strain-rate impact,
leading to the premature failure of its composite [7, 8], which limits the application of FRP in the high
strain rate loading environment.

In recent years, a new smart material, shear thickening �uid (STF), has been widely used in energy
absorption research [9–14]. STF is usually a highly concentrated colloidal suspension composed of
microparticles and nanoparticles uniformly dispersed in a speci�c dispersion medium [15–17]. Under
external shear, the apparent viscosity of STF generally rises hundreds of times, and the response is fast
and sensitive. It is important to have self-recovery characteristics after the external load disappears [18].
Compared with liquid, STF has the advantage of withstanding greater external force, and compared with
solid, it has the characteristics of an un�xed shape. Therefore, STF has a broad application prospect in
high-velocity impact resistance [19–21].

Regarding the STF strain rate effect, Lima et al. [22] found that the strain rate in�uenced both continuous
and discontinuous silica-based STF (SiO2-STF). The compressive stress-strain curve of the former
became extreme or even discontinuous with the increase of its particle volume fraction. At the same time,
the transition time for shear thickening in the latter decreased logarithmically with the loading
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compression rate. The authors emphasized that these results are signi�cant for engineering applications
of STF involving high-velocity and immediate impacts at last. Conversely, Jiang et al. [23] studied the
mechanical properties of SiO2-STF extruded at high strain rates using a split Hopkinson pressure bar
(SHPB) apparatus. They reported a liquid-to-solid transition in the properties of STF, which increased the
impact strength. At the same time, their work also showed that although the bulk modulus of STF
increased with the increase in strain rate, the volume fraction had little effect on the bulk modulus.
Similarly, the team of Asija et al. [24] used SHPB to study stress-strain behavior and impact toughness
changes at high strain rates of SiO2-STF. The results indicated that the impact toughness of STF
increased with the increase in loading rate, and the peak stress corresponding to the maximum strain rate
was 147 MPa. Their work [25] likewise con�rmed that the stress and impact toughness of STF under high
strain rates were directly related to the SiO2 particle size. In contrast, the time for liquid-to-solid state
transition decreased along with the reduction of SiO2 particle size.

In terms of high-velocity impact resistance, Lee et al. [26] made a pioneering study on STF-impregnated
Kevlar fabric (Kevlar-STF) and found that SiO2 nanoparticles in STF could effectively prevent the relative
slip of yarn caused by high-velocity impact after Kevlar-STF was impacted. As a result, more �bers in the
yarn absorb energy through tensile deformation. Therefore, STF can effectively improve Kevlar's ballistic
performance. At the same time, Kevlar-STF fabric is superior to pure Kevlar fabric under the same
conditions in terms of thickness and softness. Park et al. [27, 28] performed high-velocity impact tests on
Kevlar-STF fabric under the impact velocity of 1000 ~ 2000 m/s. This con�rmed that STF could
signi�cantly increase the energy absorption capacity of Kevlar fabric, and its energy absorption capacity
can reach up to about 70%. Haris et al. [29] studied the effect of various STFs on the ballistic penetration
performance of STF-Kevlar® composites. They showed that only when the particle volume fraction
reaches a certain high-volume fraction can the excellent ballistic penetration performance of the
composites be re�ected. Hasan Nezhad et al. [20] studied the ballistic and cushioning properties of GFRP
impregnated with pure shear thickening �uid and treated shear thickening �uid, respectively through an
air gun and drop hammer impact tests. Ballistics tests show that STF can effectively reduce the
penetration depth of GFRP, and the performance of STF has a signi�cant impact on the ballistic
performance.

It can be seen from the above literature that STF has a signi�cant strain rate effect and can effectively
improve the ballistic impact mechanical properties of Kevlar fabrics. However, STF is rarely used in the
FRP �eld, especially in high strain rate loading. Therefore, the primary purpose of this work is to study the
mechanical behavior of AFRP-STF, BFRP-STF, and CFRP-STF composites under high strain rate impact.
Using pure AFRP, BFRP, and CFRP specimens as reference materials, the mechanical properties of FRP-
STF under different high strain rate were tested by SHPB. The effects of high strain rate and STF mass
fraction on the impact mechanical properties of the three FRP-STFs were discussed from the stress
response, strain energy absorption, energy absorption rate, and strain rate effect.

2. Experimental methods
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2.1 Materials
In this work, the raw materials for preparing STF are SiO2 nanoparticles and polyethylene glycol
(PEG200). The original particle size of SiO2 nanoparticles is 12 nm, the relative density is 2.319 ~ 2.653,
and the pH value is 3.7 ~ 4.7. It is a hydrophilic fumed silica. The hydroxyl value of PEG200 is 510 ~ 623
mg KOH/g, and it is a stable, transparent liquid at room temperature.

Table 1
Detail of FRPs parameters

Types Aerial densities
(g/m2)

Monolayer thicknesses
(mm)

Elastic module
(GPa)

Failure elongations
(%)

AFRP 280 0.193 110 2.0

BFRP 300 0.170 91 2.6

CFRP 300 0.167 210 1.5

Three types of FRP, including AFRP, BFRP, and CFRP, are woven, plain woven, and unidirectional,
respectively. The detail of the FRPs parameters is given in Table 1. Also, absolute ethanol AR (analytical
reagent) is used to dilute STF when preparing FRP-STF composites.

2.2 STF preparation and rheological characteristic
The preparation of STF requires that the dispersed phase particles be uniformly dispersed in the
dispersion medium to keep their rheological properties stable. The speci�c process is as follows: �rst, put
SiO2 nanoparticles into a vacuum drying oven and dry it at 110 ℃ for 12 hours to remove their moisture;
Secondly, according to the required STF mass fraction, weigh a certain amount of SiO2 and PEG200 and
pour them into the beaker in batches, continue to stir until uniform mixing, and then add the next batch;
Finally, put the obtained STF into a vacuum drying oven to remove its bubbles, and a stable STF can be
obtained.

The rheological behavior of the STFs is given in Fig. 1. It can be seen that the viscosity curves of 15wt.%
STF (15%STF) and 20wt.% STF (20%STF) shows the following changes with the shear rate: when the
shear rate is low, the viscosity decreases with the increase of the shear rate, showing a signi�cant shear
thinning behavior; When the shear rate increases to a critical value, the viscosity increases by leaps and
bounds, showing a signi�cant thickening phenomenon; After the shear rate is further increased to the
shear rate corresponding to the peak viscosity, the viscosity of STF has been dramatically reduced due to
the destruction of its internal "particle cluster" mechanism by external forces. The above phenomena
indicate that both 15wt.% STF and 20wt.% STF prepared in this work have a signi�cant shear thickening
effect. Importantly, the viscosity peak 20wt.% STF is 79.9 Pa s, an increase of 53.9% compared to 15wt.%
STF, the corresponding critical shear rate is ahead by about 20.5%.
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2.3 FRP impregnation and microscopy characteristics
The FRP used in the impact test is a type of unidirectional AFRP, BFRP and CFRP. To fabricate the FRP-
STF, which is impregnated by STF, �rst, cut the FRP into a shape with a diameter of 40 mm and place it in
an 80 ℃ vacuum drying oven for 12 hours; Further, in the ultrasonic cleaning machine, FRP is immersed
in the STF mixture diluted with absolute ethanol at the mass fraction of 1:1 for 10 minutes to form FRP-
STF initially; Then put the FRP-STF in a blast dryer for drying at 85 ℃, and weigh its mass every two
hours until the mass does not change; Finally, paste the pure FRP and FRP-STF with thermoplastic
polyurethanes hot melt adhesive respectively, and compact all specimens with a �at vulcanizer. Figure 2
shows the signi�cant steps in fabricating the FRP-STF composite materials.

Figure 3 shows the SEM images of neat FRP and FRP-STF composites. In comparison with Figs. 3(a) and
(d), Figs. 3(b) and (e), Figs. 3(c) and (f), respectively, the size of the nanoparticles which adhere to
�laments is much smaller than the diameter of the �laments. Moreover, a large number of the silica
nanoparticles are distributed on the surface of the �laments and �lled in the gap between �laments in the
FRP-STF composites (Seen in Figs. 3(d)-(f)), indicating that the STF-impregnated FRP are composited
successfully by the STF and will have excellent mechanical performance since these particles enhance
the bonding between �bers. Figure 3 also showed that the �ber spacing in BFRP is large, and the �ber
spacing in CFRP is the tightest, followed by AFRP, indicating that the three �bers' overall stress will be
signi�cantly different.

2.4 SHPB impact testing
The SHPB apparatus used in this test is shown in Fig. 4. The whole test system consists of a loading
device, a pressure bar device, and a data acquisition system. The pressure bar device comprises an
incident bar, a transmission bar, an absorption bar, and an end-damping device. In the test, all rods are
aluminum with a diameter of 40 mm, an elastic modulus of 70 GPa, a density of 2.71 g/cm3, and a wave
velocity of 5218 m/s. The length of the incident rod and transmission shaft is 1800 mm. In addition,
considering using a shaper to control the loading wave, the length of the impact rod is 300 mm. The
loading device uses high-pressure puri�ed nitrogen as the power source and calculates the strain rate
corresponding to the air pressure through the data acquisition system. The strain rate is 3800 s− 1, 4100
s− 1, 5100 s− 1, and 6100 s− 1.

3. Results and discussion

3.1 Impact response under high strain rate
The stress vs. strain responses and energy absorbed performance of the AFRP-STF, BFRP-STF, and CFRP-
STF specimens with a different mass fraction of STF under 3800 s-1 are presented respectively in Figs. 5
and 6 and Table 2.
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Table 2 Impact response of AFRP-STF, BFRP-STF, and CFRP-STF at a strain rate of 3800 s-1.

  AFRP BFRP CFRP

STF 0% 15% 20% 0% 15% 20% 0% 15% 20%

Peak stress (MPa) 120.8 123.2 161.7 78.3 105.1 124.4 168.1 100.2 119.3

Peak absorbed
energy (J)

51.9 79.0 169.6 22.8 81.5 61.4 107.2 23.7 60.7

Absorbed energy per
unit density (J
cm3/g)

11.9 18.2 39.0 4.3 15.4 11.6 19.9 4.4 11.3

As seen in Fig. 5, the composite of STF has a particular in�uence on the stress response of AFRP, BFRP,
and CFRP under a high strain rate. For AFRP, there is almost no change in the stress behavior after the
STF composite, but 20%STF can increase the stress peak of pure AFRP from 120.8 MPa to 161.7 MPa,
with an increase of 33.9%. After the BFRP is composited with STF, its stress response changes
signi�cantly, especially the 20%STF increases the stress peak by 58.9% compared with the pure BFRP.
Although 15%STF only increased the stress peak of BFRP by 4.1%, the stress behavior of BFRP-15%STF
showed good ductility characteristics, and its stress did not drop to zero until the strain was 0.258.
However, unlike AFRP-STF and BFRP-STF, the addition of STF signi�cantly reduced the stress peak of
CFRP by 40.4% (15%STF) and 29.0% (20%STF), respectively, at 3800 s-1 impact. As seen in Fig. 9(c), the
impact energy of 3800 s-1 is insu�cient to stimulate a higher stress response of CFRP-STF. In other
words, because CFRP �bers are in close contact under the impact, the dispersed phase particles adhered
to them are more likely to absorb more impact energy through mutual friction and the "particle cluster"
mechanism between particles, so that CFRP itself bears less impact energy and shows a smaller stress
peak.

Further seen in Fig. 6, the strain energy absorption capacity of AFRP and BFRP is signi�cantly increased
due to the composite of STF. Especially for BFRP, the energy absorption capacity is increased by 257.5%
and 169.3% compared with pure BFRP when STF is 15% and 20%, respectively. When the mass fraction
of STF is 20%, the energy absorption capacity of AFRP increased by more than 226.8%, and the energy
absorption mode was changed. From Fig. 6(a), the energy absorption vs. time curve of AFRP-STF no
longer shows a signi�cant decline segment, which is mainly because the SiO2 nanoparticles adhered to
the �ber gather together through �ber deformation, which blocks the transmission of stress waves so that
the energy absorption capacity of AFRP-STF continues to increase. In contrast, pure AFRP shows a
decline in energy absorption capacity over time because the stress waves directly pass through its �bers.
This phenomenon is also re�ected in the energy absorption vs. time curves of BFRP-STF and CFRP-STF.
As the stress response of CFRP-STF is smaller than that of pure CFRP, it can also be observed that the
energy absorption capacity of CFRP-STF is weaker than that of pure CFRP on its energy absorption vs.
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time curve. However, the increase of STF mass fraction increases the energy absorption peak of CFRP-
STF from 23.7 J to 60.7 J, an increase of nearly 1.6 times.

Figs 7 and 8 and Table 3 show the mechanical impact response of AFRP-STF, BFRP-STF, and CFRP-STF
at high strain rates. From Fig. 7, under 6100 s-1, the stress-strain curves of the three kinds of FRP show
the same "uplift" phenomenon. Namely, the composite of STF signi�cantly improves the stress response
of pure AFRP, BFRP, and CFRP. For example, when the mass fraction of STF is 15%, the stress peaks of
the three kinds of FRP are increased by 29.0%, 42.7%, and 22.4%, respectively. However, when the STF
mass fraction increases from 15% to 20%, the effects of STF on the three FRP stress peaks are only 7.1%,
-20.0%, and 1.7%, which is not as signi�cant as when the strain rate is 3800 s-1. This phenomenon shows
that 15%STF and 20%STF have entirely played their strengthening role under high strain-rate impact.

Table 3 Impact response of AFRP-STF, BFRP-STF, and CFRP-STF at a strain rate of 6100 s-1.

  AFRP BFRP CFRP

STF 0% 15% 20% 0% 15% 20% 0% 15% 20%

Peak stress (MPa) 231.7 298.9 315.4 220.0 314.0 270.0 245.1 299.9 306.7

Peak absorbed
energy (J)

255.1 449.4 342.4 321.8 537.7 497.8 217.9 684.1 710.5

Absorbed energy
per unit density (J
cm3/g)

58.6 103.3 78.7 60.8 101.6 94.0 40.4 126.9 131.8

From Fig. 8, the energy absorption peak of AFRP-STF, BFRP-STF, and CFRP-STF is much greater than that
under the impact of 3800 s-1. According to Fig. 9, the above three FRP have been destroyed under the
impact of this strain rate. On the other hand, the energy absorption capacity of AFRP, BFRP, and CFRP has
been signi�cantly improved after STF composite, e.g., when the STF mass fraction is 20%, the energy
absorption peak of the three FRP has been increased by 34.2%, 54.7%, and 226.1% respectively. This
improvement is superior to the improvement of their corresponding stress peak. The reason may be that
the FRP becomes softer after STF impregnation, and its fracture strain has been dramatically improved.
Therefore, the capacity to absorb energy has been signi�cantly improved. In addition, comparing the three
FRP, it can be found that the energy absorption of CFRP-STF under 6100 s-1 is most signi�cantly
improved, reaching 214.0% and 226.1%, respectively, after 15% STF and 20% STF composited. This
improvement ability is 2.8 times and 3.2 times that of AFRP-15%STF and BFRP-15%STF, respectively, and
further increases to 6.6 times and 4.1 times as STF mass fraction increases to 20%.

Fig. 9 shows the �eld photos of AFRP-20%STF, BFRP-20%STF, and CFRP-20%STF after the high strain-
rate impact test. It can be seen that AFRP-20%STF has a large area of loose behavior, BFRP-20%STF has
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been completely broken, and CFRP-20%STF has only a few �bers left. Therefore, the above phenomena
indicate that the three specimens have been wholly damaged under 6100 s-1 loading.

The mass effect is also studied by dividing the absorbed strain energy with the density of different FRP.
After calculation, the AFRP, BFRP, and CFRP densities are 1.45×103, 1.76×103, and 1.80×103 kg/m3,
respectively. The strain energy absorption peak of single-layer AFRP-STF, BFRP-STF, and CFRP-STF on the
unit density at 3800 s-1 and 6100 s-1 are shown in Fig. 10. From Fig. 10(a), pure AFRP and AFRP-STF at
3800 s-1 have signi�cant energy absorption capacity, especially the latter has more signi�cant energy
absorption capacity. For example, the energy absorption capacity of single-layer AFRP-15%STF is 1.96
times and 6.87 times that of BFRP-15%STF and CFRP-15%STF, respectively, and with the increase of STF
mass fraction, this multiple was further increased to 4.8 and 4.9. However, when the strain rate increases
to 6100 s-1, the energy absorption capacity of AFRP-STF is not as good as that of BFRP-STF and CFRP-
STF. Not only is the energy absorption capacity of BFRP-15%STF slightly different from that of AFRP-
15%STF, but the energy absorption capacity of CFRP-15%STF is 1.2 times that of AFRP-15%STF. For
CFRP-20%STF, this value is further increased to 1.7.

3.2 Energy absorption e�ciency
Since the stress limit is an important factor for energy absorption applications, previous research groups
introduced the term “energy absorption e�ciency” to properly assess the performance of cellular
materials for energy absorption [30-32]. The energy absorption e�ciency is the stress-normalized energy
absorption capacity that can be calculated from the following equation,

where, σ and ε are the compressive stress and strain, respectively, and σm is the maximum stress.

Figs. 11 and 12 show the strain energy absorption e�ciency curves of AFRP-STF, BFRP-STF, and CFRP-
STF at 3800 s-1 and 6100 s-1, respectively. From Fig. 11, STF not only signi�cantly improve the limit-strain
of three kinds of FRP, but also signi�cantly improve their energy absorption e�ciency. Importantly, with
the increase of STF mass fraction, the energy absorption e�ciency and limit-strain can be further
improved. For example, under the impact of 3800 s-1, the maximum energy absorption e�ciency of AFRP-
15%STF and AFRP-20%STF is 1.4 and 2.9 times that of pure AFRP respectively, and the corresponding
limit-strain is extended by 154.5% and 500% respectively.

Compared Fig. 12 to Fig. 11, under the impact of 6100 s-1, STF has a more signi�cant effect in improving
the energy absorption e�ciency and extending the limit-strain of FRP, e.g., the energy absorption
e�ciency and limit-strain of AFRP-15%STF are 4.2 times and 3.0 times of those under 3800 s-1,
respectively. Comparing the three kinds of FRP, it can be found that CFRP-20%STF has the best energy
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absorption e�ciency under the impact of high strain rate, reaching 2.3, and STF has the most signi�cant
effect in improving its energy absorption e�ciency, 4.3 times that of pure CFRP.

Taking AFRP-20%STF, BFRP-20%STF, and CFRP-20%STF as examples, Fig. 13 shows the effect of strain
rate on the impact mechanical properties of the three FRP-STF. It can be seen that both the stress peak
value and the energy absorption peak value of FRP-STF have signi�cant strain rate effects. Overall, the
strain-rate effect of the three FRP-STFs is relatively consistent, but when the strain rate increases from
3800 s-1 to 6100 s-1, the peak stress increases by 95.1%, 117.0%, and 157.1%, respectively. For AFRP-STF
and CFRP-STF, the maximum increase rate of stress peak caused by the increase of strain rate is 65.2%
and 81.7%, respectively, and both occur when the strain rate increases from 3800 s-1 to 4100 s-1. However,
it is known from Fig. 13 (b) that the strain energy absorption peak of AFRP-STF is less sensitive than that
of BFRP-STF and CFRP-STF to the increase in strain rate. Signi�cantly when the strain rate increases
from 5100 s-1 to 6100 s-1, the energy absorption peak of BFRP-STF and CFRP-STF increases by 107.5%
and 102.6%, respectively, and is 3.4 times and 3.3 times AFRP-STF. Importantly, the energy absorption
peak of AFRP-STF only increased by 1.0 times, while that of BFRP-STF and CFRP-STF increased by 7.1
times and 10.7 times, respectively, during the whole process of strain-rate increase.

4. Conclusions
The high strain rate impact performance of three FRP styles, including AFRP, BFRP, and CFRP, are
investigated with SHPB tests before and after STF impregnation. The STF was synthesized by dispersing
15.0 wt.% and 20.0 wt.% of 12 nm silica in PEG200, respectively, and rheological tests showed that the
viscosity of both STFs exhibited a signi�cant shear thickening effect. The SHPB test results demonstrate
that STF signi�cantly enhances the impact response of these FRP, but the enhancing effect is different
for different types of FRP.

AFRP-STF, BFRP-STF, and CFRP-STF have signi�cant strain-rate effects on stress response and energy
absorption performance, but under the high strain-rate impact, BFRP-20%STF and CFRP-20%STF are
more sensitive to strain-rate effects than AFRP-20%STF. Under 3800 s− 1, AFRP-20% STF has the best
performance in stress response, with peak stress of 161.7 MPa, 1.3 times that of pure AFRP. However, the
effect of STF on increasing the stress peak value is BFRP-20%STF, which is 58.9% higher than that of
pure BFRP. The mechanical properties of AFRP-STF, BFRP-STF, and CFRP-STF under 6100 s− 1 are better
than those of 3800 s− 1, which indicates that FRP-STF is more suitable for a high strain-rate loading
environment. Although the stress peaks of the three FRP-STFs under 6100 s− 1 impact have little
difference, the strain energy absorption capacity of CFRP-STF is the most signi�cant, reaching 710.5 J,
3.3 times that of pure CFRP. The strain energy absorption per unit density of single layer AFRP-20%STF is
optimal under the impact of 3800 s− 1. However, under 6100 s− 1, CFRP-STF is superior to that of AFRP-
STF and BFRP-STF, 3.5 times and 4.2 times the improved capacity of AFRP-15%STF and BFRP-15%STF,
respectively. In addition, STF can signi�cantly improve the limit-strain of AFRP-STF, BFRP-STF, and CFRP-
STF under the high strain-rate impact and signi�cantly improve the energy absorption rate of three FRP.
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However, the best energy absorption rate under 3800 s− 1 and 6100 s− 1 impact is AFRP-20%STF and
CFRP-20%STF, respectively.
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Figures

Figure 1

Rheological performance.
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Figure 2

Manufacturing procedure of FRP-STF composite samples: (a) 20 wt% STF; (b) AFRP impregnated in
diluted STF; (c) AFRP dried in a blast dryer; (d) three layers AFRP-STF specimens. (Take AFRP as an
example)
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Figure 3

SEM of neat AFRP, BFRP, CFRP, and its corresponding STF composites (100 μm).

Figure 4

High strain impact test setup: (a) SHPB system; (b) strain gauges; (c) test specimen; (d) air pressure
device.
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Figure 5

Stress response of AFRP-STF, BFRP-STF, and CFRP-STF at a strain rate of 3800 s-1.
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Figure 6

Energy absorption performance of AFRP-STF, BFRP-STF, and CFRP-STF at a strain rate of 3800 s-1.
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Figure 7

Stress response of AFRP-STF, BFRP-STF, and CFRP-STF at a strain rate of 6100 s-1.
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Figure 8

Energy absorption performance of AFRP-STF, BFRP-STF, and CFRP-STF at a strain rate of 6100 s-1.
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Figure 9

Fields photos of tested specimens after impact at 6100 s-1: (a) AFRP-20%STF; (b) BFRP-20%STF; (c)
CFRP-20%STF.

Figure 10

Absorbed energy per unit density of single-layer AFRP-STF, BFRP-STF, and CFRP-STF.
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Figure 11

Energy absorbtion rate of AFRP-STF, BFRP-STF and CFRP-STF at strain-rate of 3800 s-1.
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Figure 12

Energy absorbtion rate of AFRP-STF, BFRP-STF and CFRP-STF at strain-rate of 6100 s-1.
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Figure 13

Peak stress and absorbed energy of AFRP-20%STF, BFRP-20%STF, and CFRP-20%STF under different
strain rates.


