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Graphical abstract

Tear-
resistant

retardant

Kevlar fiber reinforced polymers (KFRP) with tear-resistant and flame retardant properties were applied to safeguard bracers.

Public summary

m Kevlar fiber reinforced polymers (KFRP) showed shear stiffening behavior and enhanced strength and toughness.
m KFRP exhibited excellent anti-impact and stab-resistant performance.

m KFRP presented improved heat transfer property and flame retardancy.

m Functional bracers based on KFRP were successfully manufactured.
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Abstract: Personal safety protection has played an important role in daily life. Developing advanced functional safeguard-
ing composites with enhanced anti-impact and excellent thermal properties will be a significant development for body
armor. Herein, Kevlar fiber reinforced polymers (KFRP) were fabricated by introducing short Kevlar fibers (KFs) into a
shear stiffening elastomer (SSE). The storage modulus of KFRP with 15 wt% KFs (KFRP-15%) increased from 222.8 kPa
to 830.8 kPa when the shear frequency varied from 0.1 Hz to 100 Hz. KFRP-15% achieved a higher tensile strength (2.65
MPa) and fracture toughness (11.95 kJ/m?) than SSE in the vertical type, showing superior tear resistance. Additionally,
KFRP-15% exhibited promising anti-impact properties, which could dissipate the drop hammer impact force from 1.74 kN
to 0.56 kN and remained intact after 10 consecutive impacts. Moreover, KFRP-15% also presented excellent stab-resistant
performance. In addition, KFRP-15% also showed improved heat transfer properties, flame retardancy, and smoke sup-
pression capabilities. Finally, functional bracers based on KFRP-15% for protection, thermal-dissipation, and flame-

retardant were successfully prepared.

Keywords: Kevlar; shear stiffening elastomer; fiber reinforced polymers; safeguarding; thermal properties
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1 Introduction

The human body is often injured during sports, natural dis-
asters, and wars. The demand for high-performance safe-
guarding materials has become increasingly prominent in
practical applications. However, conventional impact protec-
tion materials have not satisfied the requirements for complic-
ated situations, for instance, heat transfer capability for wear-
ing comfort and flame retardancy in fire"”. The composite
with improved thermal conductivity and flame retardancy was
fabricated by forming a core-shell structured graphene oxide
coating Al,O; hybrid™. However, it did not present impact
resistance and energy absorption. Therefore, developing
wearable functional safeguarding composites is still a
challenge.

Fiber reinforcement is one of the most effective ap-
proaches to functionalize various properties of traditional ma-
terials™ . Kevlar fiber (KF) is a kind of aramid fiber with
high tensile strength (~3.6 GPa), high modulus (~90 GPa),
low density (~1.44 g/cm®), and excellent thermal stability (de-
grading temperature >500 C)"*. It has been widely applied
in composite materials, bulletproof products, and electrolyte
membranes” . Accordingly, KF has been proven to be an
ideal reinforcing filler to improve the mechanical properties
of polymers. For instance, 10 wt% short Kevlar fibers were
introduced to the polypropylene matrix, leading to an in-
crease in tensile strength from 30 MPa to 47 MPa'”. The
modified Kevlar nanofibers were utilized to prepare styrene-
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butadiene rubber composites, whose tensile strength and tear
strength were increased by 576% and 202%, respectively.
In addition to reinforcing mechanical properties, introducing
KFs into polymers also endowed them with other functional-
ities, such as thermal stability, protection performance, shield-
ing, and flame-retardant capability!*'*. For example, KFs
were applied to crop straw-polyethylene composites, show-
ing improved thermal stabilities and self-extinguishing capab-
ilities!"”. Therefore, KF is an ideal candidate for reinforcing
polymers.

Shear stiffening elastomer (SSE), as a typical smart com-
posite, is generally regarded as an outstanding protective ma-
terial due to its excellent energy dissipation and impact
hardening effect"”. For example, the SSE-based triboelectric
nanogenerator (TENG) absorbed more kinetic energy than sil-
icone rubber during accidental impact loading!”. Generally,
nanoparticles are introduced into SSEs to endow them with
multi-functionality, such as carbonyl iron particles®™ and
carbon nanotubes”!. However, these nanoparticles did not
significantly improve the mechanical properties of SSE. In
particular, SSE was always severely damaged when subjec-
ted to a violent impact. An SSE-based sensor was destroyed by a
30 cm drop hammer impact?’. Furthermore, the TENG fab-
ricated by the shear stiffening hybrid elastomer with polytet-
rafluoroethylene nanoparticles also failed under the drop
hammer impact of 40 cm™. Thus, although various compos-
ites and flexible devices based on SSE have been developed,
their low tear strength and sharp-impact resistance have not
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been effectively addressed. To improve their practical applic-
ability and prevent the devices from being torn and damaged
during use, it is extremely necessary to enhance the mechan-
ical performance of SSEs.

Herein, Kevlar fiber reinforced polymers (KFRP) were
successfully manufactured by introducing KFs into SSEs.
KFRP showed excellent mechanical properties owing to the
introduction of KFs. The tensile strength and toughness of
KFRP were dramatically increased. Furthermore, the anti-
impact and stab-resistant properties of KFRP were investig-
ated by drop hammer impact tests and spike and knife punch-
ing experiments. In addition, a fracture morphology study
was conducted to explore the failure mechanisms. Moreover,
KFRP exhibited better thermal conduction, flame retardancy
and smoke suppression abilities. Finally, KFRP were applied
to functional wristbands.

2 Materials and methods

2.1 Materials

All chemical reagents were purchased from commercial
sources and used without further purification. Hydroxyl silic-
one oil was supplied by Jining Huakai Resin Co., Ltd. Boric
acid and benzoyl peroxide (BPO) were purchased from Sino-
pharm Chemical Reagent Co. Ltd. Methyl vinyl silicone rub-
ber (VMQ) was provided by Shenzhen Muwei Technology
Co., Ltd. Short KFs with a length of 3 mm were purchased
from Dongguan Shengxin Special Strap Co., Ltd.

2.2 Manufacturing process

Boric acid was added to hydroxyl silicone oil with a mass
ratio of 1 :36. After thorough mixing, the solution was
heated at 180 °C for 2 h. During the process, octanoic acid
was also added. Then, by cooling the mixture to room tem-
perature, the shear stiffening gel (SSG) was obtained.

Next, the prepared SSG and the VMQ at a mass ratio of
7 : 3 were mixed together by a double-roll mill (Taihu Rub-
ber Machinery Inc., China, Model XK-160). The vulcanized
agent of BPO was added. Subsequently, KFs were also mixed
into the composites at different mass fractions. The final ma-
terial was pressed into an aluminum mold and vulcanized at
100 °C and 20 MPa for 15 min to obtain the KFRP. When the
mass ratio of Kevlar was X%, the composite was named
KFRP-X%. KFRP-5%, KFRP-10% and KFRP-15% were pre-
pared in this work.

2.3 Characterization

The surfaces and failure morphologies were observed by the
digital optical microscope (KEYENCE VHX-200). The micro-
morphology of KFs was characterized by field emission scan-
ning electron microscopy (SEM, Gemini 500, Carl Zeiss Jena,
Germany). The rheological properties of KFRP were tested
by a commercial rheometer (Physica MCR 302, Anton Paar
Co., Austria) with a parallel plate (diameter of 20 mm).
Tensile tests and crack propagation experiments were meas-
ured using a universal tensile instrument (MTS, CriterionTM
Model 43). In the undeformed state, the length and thickness
of unnotched KFRP used to measure the fracture toughness
were 70 mm and 2 mm, respectively. The height between two
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grippers was 20 mm. The precracked KFRP were prepared by
cutting a crack of 15 mm with a blade. The digital image cor-
relation (DIC) method was utilized to analyze the deforma-
tion of KFRP during the crack propagation™ . The anti-
impact performance and stab resistance properties of the
KFRP were investigated by a drop hammer test device.
Thermal conductivity was measured by a thermal constants
analyzer (Hot Disk TPS 2500 S). An infrared thermal ima-
ging camera (TESTO 865) was used to record the infrared
images. In addition, the complete burning experiments of
KFRP were carried out by an FTT2000 cone calorimeter
(CCT) at a heat flux of 35 kW/m* and a sample size of 100
mm X 100 mm % 3 mm under the ISO5660 standard.

3 Results and discussion

3.1 Preparation and characterization of the KFRP

The KFRP were fabricated by dispersing KFs into SSE
(Fig. 1a). Due to large numbers of B—O bonds in SSE inter-
acting with each other to impede the movement of polymer
chains during impact, KFRP enabled the absorption and dis-
sipation of much energy. The length of the KFs used was 3
mm, and the diameter was 12 pm (Fig. Sla). The surface
morphologies of KFRP with different KF contents are shown
in Fig. 1b and Fig. S1b. SSE was transparent. As the KFs in-
creased, the color of the composites became yellow. In KFRP-
5%, KFs were staggered and disorderly distributed. Interest-
ingly, most of the fibers exhibited similar orientations in
KFRP-10%, and this phenomenon was more obvious in
KFRP-15%. This was attributed to KFs withstanding direc-
tional shear force by the double-roll mill during the mixing
process. Similarly, the fiber distributions in the cross-section
of KFRP displayed a layered characteristic. Simultaneously,
some fibers intertwine along the thickness direction, which
can enhance the stiffness of KFRP. Furthermore, the mechan-
ical enhancement of KFs on the SSE was first confirmed in
Fig. lc. The composites were 120 mm x 120 mm x 2 mm.
Notably, SSE was very soft and collapsed owing to self-
weight. By comparison, the deformation of KFRP-5% was
greatly reduced, while KFRP-10% could even support a
weight of 20 g. In particular, KFRP-15% could maintain its
original shape under 20 g loading. As a result, KFRP-15% ex-
hibited the greatest flexural rigidity and excellent load-bear-
ing capacity.

The rheological properties of the KFRP were investigated
under the oscillatory shear mode when the shear rate was
0.1%. KFRPs presented a typical shear stiffening behavior,
and their storage modulus (G") increased with shear frequency
(Fig. 1d). The initial G' of SSE was 4.7 kPa, and it increased
by 43 times (203.4 kPa) as soon as the shear frequency
reached 100 Hz. Likewise, the G’ of KFRP-15% increased
from 222.8 kPa to 830.8 kPa, when the shear frequency var-
ied from 0.1 Hz to 100 Hz. Undoubtedly, Kevlar fiber con-
tents exhibited a positive influence on G'. Moreover, the G' of
SSE was independent of shear strain. However, G’ of KFRP
decreased with increasing of shear strain when the shear fre-
quency was 0.1 Hz. In particular, the Payne effect of KFRP-
15% was more remarkable, which indicated that the micro-
structures of the composites were more sensitive to shear
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Fig. 1. (a) Illustration of the fabrication method for KFRPs. (b) The surface and cross-sectional morphology of SSE and KFRP-15%. (c) Photographs of
the as-prepared KFRPs to bear loads. (d) Storage modulus vs. shear frequency of KFRPs when the shear strain was 0.1%. (e) The Payne effects of

KFRPs.

strain (Fig. 1e)#?. Thus, the mechanical properties of the
composites were significantly affected by the introduction of
fibers.

3.2 Tensile and tear resistance of KFRP

Furthermore, uniaxial tensile tests were performed to invest-
igate the reinforcing effect of the KFs in the KFRP. The com-
posites with a size of 50 mm x 8 mm X 2 mm could be di-
vided into two types according to the orientation of the fibers:
vertical and horizontal (Fig. S2). Most fibers of the vertical
type specimens were parallel to the tensile direction, while
those of the horizontal types were perpendicular to the
stretching force. The tensile stress-strain curves of KFRP in
two ways are recorded in Fig. 2a, b. For SSE, they both
showed linear elastic deformation in the initial stage and then
fractured suddenly. However, the stretching process of KFRP
could be divided into several stages, and the critical points/re-
gions were marked. Region 1: stress increasing period, which
exhibited a limited linear elastic behavior in an initial range
followed by a nonlinear elastoplastic stage. Point a: tensile
strength. Region 2: necking occurred, and the width de-
creased. Point b: crack formation and delamination initiation.
Region 3: delamination propagation. Point c: fracture stress.
Region 4: break occurred. Region 3 did not exist in the stress-
strain curves of the horizontal type, indicating that the hori-
zontal tensile KFRP did not undergo delamination failure.
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This result could be further supported by the photographs of
the destructive morphology after stretching (Fig. S2). Be-
sides, after the horizontal KFRP was stretched, many fibers at
the fracture turned around with the large deformation of the
matrix, gradually paralleling the stretching direction. To fur-
ther explore KFRP’s nonlinear behavior, a coupled damage-
plasticity model has been developed, which could be de-
scribed by the combination of plastic strain accumulation and
stiffness degradation (Fig. S3d). The fitting results were in
good agreement with the experimental results as shown in
Fig. S3e.

Additionally, the typical stretching process is shown in
Fig. 2c. The breaking length of KFRP was several times
longer than the original length. The tensile strengths showed
an increasing trend with the increase in mass fraction of KFs
(Fig. S3a and Table S2). The value of vertical tensile strength
was higher than that of the horizontal type. For instance, the
tensile strength of KFRP-15% at vertical type was 2.62 MPa,
which was 2083.3% larger compared to SSE and 164.6%
higher than the horizontal type. Moreover, the enclosed area
obtained by integrating the stress-strain curve represented the
tensile toughness of the composite material®®. The tensile
toughness of KFRP was also dramatically enhanced com-
pared with that of SSE (Fig. S3b and Table S2). Overall, the
mechanical properties of KFRP-15% were significantly en-
hanced. The rate-dependent tensile behavior of KFRP-15%
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Fig. 2. Tensile stress-strain curves of KFRP whose fibers were (a) vertical and (b) horizontal at a speed of 500 mm/min. (c¢) The typical stretching pro-
cess of KFRP-15%. The tensile stress-strain curves of KFRE-15% in the (d) vertical and (¢) horizontal types at different tensile rates. (f) Definition of
fracture toughness. (g) Fracture toughness of KFRP. (h) Fracture toughness of KFRP-15% with vertical fiber orientation at different tensile rates.

was also investigated. In Fig. 2d and e, there was a continual
increase in tensile strength and a gradual decrease in elonga-
tion at break as the stretching rates increased, which was due
to the shear stiffening effect of SSE. In the same way, the
toughness of KFRP-15% at different tensile velocities is illus-
trated in Fig. S3c. The toughness values at high stretching
rates were larger than those at low velocities, which was
mainly because the tensile strength of KFRP-15% increased
remarkably with the stretching speed, leading to fracture
under higher stress.

Furthermore, crack propagation tests were carried out to
evaluate the tear resistance of KFRP. Fracture toughness was
measured using a two-sample method (Fig. 2f). The un-
notched KFRP were used to measure the stress-stretch curve,
and its enveloped area indicated the elastic energy density,
W(A). The KFRP with the initial crack was used to measure
the critical rupture stretch Ac. Thus, the fracture toughness
was calculated by I'c= W(ic)H, where H represented the
height of composites. The increasing content of KFs resulted
in the enhancement of stress and the decrement in Ac (Fig.
S4a and b). For instance, the stress of vertical KFRP-15%
was 1.7 MPa at Aic = 1.46, while it decreased to 40.2 kPa at
Ac =1.95 for SSE. The stress of the horizontal KFRP in-
creased from 39.2 kPa to 1.22 MPa when the Kevlar mass
fraction varied from 0% to 15%. Additionally, Ac of the hori-
zontal type was higher than that of the vertical KFRP. The
fracture toughness of KFRP also showed an upward trend
with the increasing content of KFs (Fig. 2g and Table S2).
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The fracture toughness of SSE was only 0.51 kJ/m?, while the
vertical /¢ values of KFRP-5%, KFRP-10%, and KFRP-15%
were significantly enhanced by 1215.7%, 1970.6%, and
2243.1%, respectively. The horizontal /¢ of KFRP-15% was
9.56 kJ/m? which was 14.3 times as high as SSE.

Besides, the deformation morphologies and the Lagrange
strain fields in the y-direction (g,,) of KFRP recorded by the
CCD camera are shown in Fig. S4d. At the same elongation,
the ¢,, of KFRP gradually decreased with the increasing mass
fraction of KFs. At 4=1.50, ¢,, attained its maximum at the
crack tip. As 1 increased to 2.10, the SSE had already
cracked, and the crack propagated rapidly. However, even
when A further increased to 2.12, the crack tip of KFRP-15%
did not start to move due to the introduction of KFs, indicat-
ing that it can effectively limit propagation of the crack tip,
further proving that KFRP-15% exhibited better tear resist-
ance than SSE. In addition, when A increased from 2.00 to
3.50, the KFRP-15% crack tip still propagated slowly and the
crack tip velocity was approximately 0.41 mm/s (Fig. S5).

Moreover, the rate-dependent crack propagation behavior
of KFRP-15% with vertical KF orientation was also studied.
The tensile rate presented a positive influence on the stress
and fracture toughness of KFRP-15% during crack propaga-
tion (Fig. S4c and Fig. 2h). When the stretch was 1.2, the
stress of KFRP-15% was 0.31 MPa at a tensile speed of
0.2 mm/s, while it was 2.72 MPa at 4 mm/s. Additionally, the
calculated fracture toughness of KFRP-15% increased from
1.13 kJ/m? to 20.03 kJ/m? when the tensile rate changed from
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Fig. 3. (a) The impact forces vs. time of KFRPs loaded by drop hammer falling from 100 mm. Falling height dependent (b) impact force and (c) impact
time. The (d) velocities and (e) displacements of the drop hammer during impact when the initial height was 300 mm. (f) The forces of SSE in two con-
secutive impacts. (g) The forces of KFRP-15% in ten repeated impacts. Morphologies of (h) SSE after twice impact and (i) KFRP-15% after tenth hit.

0.2 mm/s to 4 mm/s.

3.3 Anti-impact characteristics of KFRP under the drop
hammer test

Furthermore, a drop hammer test was performed to investig-
ate the anti-impact and energy-dissipation properties of
KFRP. The drop hammer (0.55 kg) would fall from varying
heights. The impact forces on the back of the composites (30
mm X 30 mm x 2.5 mm) were recorded. For instance, the
maximum impact force (F,,,,) on the pedestal was 1.74 kN at
a falling height of 100 mm (Fig. 3a). However, it remarkedly
decreased to 0.37 kN and 0.56 kN after dissipation by SSE
and KFRP-15% respectively. In addition, the buffer times
(dts) of KFRP were also much longer than those loaded dir-
ectly on the pedestal, indicating an effective ability to dissip-
ate impact energy. Additionally, the similar force responses
under the impact from 200 mm to 500 mm are also shown in
Fig. S6, and the F,,, and dts are compared in Fig. 3b and c.
There was an increment trend in F,, and a decrement trend
in dts as the KF contents increased, showing a slight degrada-
tion in the energy-dissipation properties. Nevertheless, the
Fax of KFRP-15% correspondingly dissipated by 67.6%,
41.2%, 59.3%, 58.9%, and 55.7% compared with direct im-
pact from 100 mm to 500 mm. Similarly, the dts of KFRP-
15% was extended by 81.4%, 73.9%, 62.0%, 58.8%, and
57.1%, revealing that KFRP-15% still possessed excellent en-
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ergy absorption ability.

Additionally, photographs of KFRP after one hammer im-
pact drop are shown in Fig. S7a. There was serious damage to
the SSE but a small sag for the KFRP-15%. The damage
caused by KFRP-15% was significantly alleviated, showing
its ability to resist destruction was enhanced. In addition, the
velocities and displacements of the drop hammer during the
300 mm impact process are presented in Fig. 3d and e. The
hammer touched the KFRP at an initial speed of 2.45 m/s.
The increase in KF contents of KFRP resulted in a faster
decay of velocity to zero and a decrement in impact displace-
ment. For example, when impacting SSE, the maximum dis-
placement of the hammer reached 2.2 mm at 1.48 s, while it
only used 0.65 s to 1.1 mm when hitting KFRP-15%. Con-
sequently, the anti-impact property of KFRP-15% was higher
than that of SSE.

Moreover, the mechanical stability of KFRP under re-
peated falling loadings from 500 mm was further studied. The
forces of two consecutive impacts of SSE and those of ten re-
peated hits of KFRP-15% are recorded in Fig. 3f and g, re-
spectively. The second F,, of SSE was 1.40 kN, which in-
creased by 0.44 kN compared with the first impact. In partic-
ular, SSE was completely destroyed after two impacts
(Fig. 3h). The failure occurred from the contact area with the
hammer, which indicated that the internal stress of SSE
caused by the second impact exceeded its strength limit, res-
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ulting in large plastic deformation, cracks and fractures. On
contrast, the F,,, of KFRP-15% showed an increasing trend
up to the fourth impact, and the saturation was approximately
3.1 kN thereafter. Meanwhile, KFRP-15% still kept the
sample intact after the tenth impact and only formed a small
groove (Fig. 3i). Furthermore, the times of impact before
KFRP failure during the repeated drop hammer test are meas-
ured and shown in Fig. S7b. KFRP-15% was destroyed after
41 consecutive impacts, which was 39, 34, and 27 more than
SSE, KFRP-5%, and KFRP-10%, respectively. This enhan-
cing mechanical properties of KFRP could be attributed to the
staggered distribution of fibers in the matrix, improving the
overall stiffness of the material. Hence, KFRP-15% was more
suitable to employ for protection materials.

3.4 Stab resistance performance of KFRP under knife
and spike impact

Furthermore, static puncture experiments were conducted at a

rate of 1 mm/s to investigate the stab resistance performance

of KFRP. The spike and knife are shown in Fig. S8a. The

spike acupuncture force-displacement curves of the KFRP are

presented in Fig. 4a. There was a significant positive correla-
tion between penetration forces and KF contents. For in-
stance, the force of SSE was 0.38 N when the impact dis-
placement was 10 mm. The penetration forces of KFRP were
328 N, 4.79 N, and 6.87 N, respectively, corresponding to
KF contents of 5%, 10%, and 15%. This result revealed that
there was an 18-fold improvement in spike resistance for
KFRP-15% compared with the neat SSE. Moreover, the
forces of KFRP-15% under different puncture rates are shown
in Fig. 4b. The acupuncture process could be divided into two
parts. In the primary period, the spike was gradually inserted
into the KFRP and the puncture diameter was continuously
enlarged. Subsequently, the puncture diameter remained
stable while the displacement continued to increase, during
which the puncture force was mainly the friction between the
spike and KFRP. Additionally, KFRP-15% exhibited a rate-
dependent enhanced effect because of the shear stiffening be-
havior of the matrix. Similarly, knife cutting impeding forces
for KFRP were also remarkably improved (Fig. 4c). As the
mass fraction of KFs varied from 0% to 15%, the penetration
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Fig. 4. The force-displacement curves of KFRP during (a) spike punch and (c) knife cutting at a rate of 1 mm/s. The force-displacement curves of 15%-
KFRP at different (b) spike and (d) knife acupuncture speeds. The number of dynamic penetrating layers of KFRP when (e) spike and (f) knife punctur-

ing. Microscopic photos of destruction topography: (g) spike punching and (h) knife cutting.
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force increased from 1.32 N to 17.50 N at a displacement of
30 mm. In addition, the rate-enhanced knife mechanical per-
formance is also illustrated in Fig. 4d. Accordingly, the high-
er mass fraction of KFs showed better stab resistance per-
formance for the KFRP composites.

Moreover, the excellent stab resistance of KFRP against
the spike and knife during dynamic drop impact is demon-
strated in Fig. 4e and f, respectively. The test devices are
shown in Fig. S8b and c. The KFRP targets were placed on
the multi-layer foam backing (Fig. S8d), which consisted of a
polyethylene sponge, witness paper, and base. The layer of
penetrated witness papers corresponded to the penetration
depth. Therefore, it could be used to evaluate the stab resist-
ance of the target. The KFRP presented a lower penetration
depth than the SSE under the same impact heights. The spike
penetration depth of SSE at the height of 300 mm was 11 lay-
ers which was much higher than 6 layers of KFRP-15%. Be-
sides, for KFRP-15%, the depth was 2 layers of witness pa-
pers when the knife cutting height was 200 mm, while the
depth of SSE was 7 layers. Remarkably, the penetration depth
of the witness papers decreased significantly with increasing
KF weight ratios, which indicated that the stab resistance per-
formance improved.

In addition, the damage morphologies of KFRP after spike

punching and knife cutting were analyzed to explore the fail-
ure mechanisms (Fig. 4g and h). Plastic deformation of KFRP
was observed while there was a spring back for SSE. This
was attributed to the elasticity and softness of the SSE. com-
pared with KFRP-10%, more fibers of KFRP-15% were dam-
aged in the fracture section. Fibers were squeezed, slipped,
and bent with the matrix, or even fractured during the impact-
or contact with the KFRP™. The failure of KFRP under the
stab resistance test was mainly due to the slippage of the KFs
and matrix, slightly owing to the cutting-off of fibers. There-
fore, KFRP-15% exhibited higher energy dissipation and lar-
ger impact force because of the increase in KFs.

3.5 Thermal properties of KFRP

Besides improving the mechanical performance of composite
materials, KFs can also enhance their thermal properties.
Therefore, it was essential to analyze the thermal properties of
KFRP. From Fig. 5a—c and Table S2, the addition of KFs en-
hanced the thermal conductivities and thermal diffusivities
but reduced the specific heat values. The thermal conductiv-
ity of KFRP-15% increased by 32.8%, and its thermal diffus-
ivity increased from 0.126 mm?*/s to 0.202 mm®/s compared
with SSE. In contrast, the specific heat of KFRP-15% was the
lowest. These were because the fact that KFs with high as-
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Fig. 5. (a) The thermal conductivity, (b) thermal diffusivity, and (c) specific heat of KFRP. (d) Infrared thermal images of the top surfaces of KFRP at

different times from 0 min to 3 min.
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pect ratios built thermally conductive paths in the SSE, which
allowed heat to flow more efficiently through the material®”.
Furthermore, a visual method was developed to evaluate the
heat transfer performance of KFRP at high temperatures. The
2-mm-thick composite was placed on a 100 ‘C heating stage.
The dynamic temperature variation on the top surface was
monitored by an infrared thermometer (Fig. 5d). Because of
the relatively high thermal conductivity and thermal diffusiv-
ity of KFRP-15%, the temperature on the top surface in-
creased quickly and faster became uniformly distributed. The
surface infrared temperature of KFRP-15% reached 86.3 °C
in 3 min, while the local temperature of SSE was only 71.3 °C.
As a result, SSE hybridized with KFs demonstrated good heat
dissipation capacity.

Due to the excellent thermal stability and flame retardancy
of KFs, it was necessary to investigate the combustion beha-
vior of KFRP. The cone calorimetry test was performed to ef-
fectively evaluate the flame retardancy and smoke suppres-
sion of KFRP in a real fire (Fig. 6). The times to ignition of
KFRP were prolonged as presented in Fig. 6a. The time to ig-
nition of KFRP-15% was 38 s, which was an increase of 5 s
compared to SSE. More importantly, the heat release rate
(HRR) and total heat release (THR) results are illustrated in
Fig. 6b and c, respectively. It was noteworthy that the peak
HRRs (PHRRs) of KFRP were approximately 300 kW/m?
which dramatically declined from that of pure SSE (405.6
kW/m?). Besides, before the burning time of 750 s, the THRs
of KFRP with 5%, 10% and 15% KFs were all less than SSE.
Furthermore, the smoke production properties of KFRP were
measured. With the increase in KFs, the smoke production
rate (SPR) of KFRP effectively declined (Fig. 6d). At 100 s,
the SPR of KFRP-15% was 0.05 mm?%s, which was 45% of
SSE. As observed in Fig. 6e, the maximum total smoke pro-
duction (TSP) of pure SSE was 19.1 m’. The maximum TSPs
of KFRP-10% and KFRP-15% were decreased by 15.7% and
22.0%, respectively. These results proved that the addition of
KFs to SSE could effectively inhibit the release of smoke and
dust during combustion. The mass loss curves of pure SSE
and KFRP are shown in Fig. 6f. The mass of pure SSE was

reduced quickly after ignition. Subsequently, the combustion
ended at approximately 460 s, and there was 24% residue re-
mained. In particular, the mass loss rates of KFRP decreased,
and their char residues increased. Consequently, KFRP-15%
exhibited better flame retardant and smoke suppression ef-
fects than SSE.

3.6 Functional bracers based on KFRP-15%

Accordingly, the bracers based on KFRP-15% for protection,
thermal dissipation, and flame-retardance were fabricated. In
addition, expandable polyethylene (EPE), commonly used for
buffering, protection, and packaging, was served for contrast
(Fig. 7a). First, the impact energy dissipation performance of
KFRP-15% and EPE under heavy hammer impact was stud-
ied (Fig. S9a). KFRP-15% exhibited better protection than
EPE, and the F,,, is compared in Fig. S9b. For example, the
Fax on the pedestal and EPE was 5.20 kN and 4.73 kN at a
falling height of 500 mm, respectively. However, it remark-
ably decreased to 2.30 kN after dissipation by KFRP-15%.
Furthermore, KFRP-15% could block falling sharp knife,
while EPE was pierced (Fig. 7b and Movie S1). Additionally,
due to the excellent heat transfer performance, the KFRP-
15% based wristband could dissipate the body temperature
faster than EPE (Fig. 7c). Finally, the EPE-based bracer was
flammable and could burn violently after being exposed to the
flame for 2.5 s (Fig. 7d). However, the bracer based on KFRP-
15% undoubtedly showed better fire-resistant properties,
which were not ignited by the flame for more than 10 s
(Movie S2). Photos of KFRP-15% and EPE after burning are
presented in Fig. S9c.

4 Conclusions

In summary, advanced functional safeguarding composites
were developed by dispersing short KFs into SSE, which
presented ameliorative mechanical, heat-transfer, and flame
retardant performance. KFRP-15% exhibited a typical shear
stiffening behavior. Additionally, the vertical tensile strength
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Fig. 6. (a) Time to ignition, (b) HRR, (c) THR, (d) SPR, (e) TSP, and (f) mass loss of KFRP.
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Fig. 7. (a) Photographs of the bracers based on KFRP-15% and EPE. (b) Infrared thermal images of bracers. (c) The process of the sharp knife impacting
KFRP-15% and EPE in free fall. (d) Burning photos of the bracers based on KFRP-15% and EPE.

of KFRP-15% increased from 0.12 MPa to 2.62 MPa com-
pared with SSE. The fracture toughness of vertical KFRP-
15% was enhanced by 2243.1% compared with that of SSE.
KFRP-15% could effectively limit the propagation of the
crack tip, demonstrating better tear resistance than SSE.
Moreover, the maximum hammer impact force and buffer
time of KFRP-15% were correspondingly dissipated by
67.6% and extended by 81.4% compared to direct impact
from 100 mm, indicating its excellent energy absorption abil-
ity. Meanwhile, KFRP-15% presented significant stab resist-
ance performance under impact by spike and knife. Further-
more, the thermal conductivity, flame retardancy, and smoke
suppression capabilities of KFRP-15% were improved due to
the introduction of KFs. All these enhancements were attrib-
uted to the robust and thermally stable features of Kevlar
fibers combined with their staggered and layered dispersion
in the SSE matrix. Ultimately, a multi-functional KFRP-15%-
based bracer was developed, which exhibited superior per-
formance in protection, heat transfer and flame retardance.
Thus, this work provides an effective way to prepare high-
performance fiber-enhanced polymer composites that show

0405-9

promise for application in the security field.
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