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Thermophiles can survive in a high-temperature environment due to the synergy of hydrophobic interaction and
electrostatic interaction in their proteins. Shear thickening fluid (STF) is a kind of concentrated suspension,
which shows shear thickening (ST) behavior and can transform from a liquid state to a solid state under shearing.
However, this special phenomenon relies on the hydrogen bonds between particles and dispersing medium. At
elevated temperatures, the hydrogen bonds will break and the ST effect will become weaker or even disappear.
Herein, inspired by the high-temperature resistance mechanism of thermophile proteins, a novel MOF-801 based
STF with better ST effect at elevated temperatures is reported. Specifically, the hydrogen bonds that conventional
STF relies on are replaced with hydrophobic interaction and electrostatic interaction, adopting a strategy of
dispersing MOF-801 into a mixture containing poly(ethylene glycol), poly(acrylic acid), and Ca®*. When the
temperature rises to 55 °C, the storage modulus of M-STF rises from 13 Pa to 2036 Pa, and the suspension
transforms to a solid-like state. Thus, a shapeable, self-healing, shear-stiffing, and conductive polymer-like
substance can be obtained. In addition, a high-performance composite can be developed by impregnating M-

STF into Kevlar, which shows promising applications in lightweight body protection.

1. Introduction

In nature, as the temperature rises, substances generally change from
solid to liquid or from liquid to gas, such as the melting of ice and the
evaporation of water. In other words, the internal structure of the sub-
stance tends to be disordered at elevated temperatures. However, some
materials are thermally stable and can maintain their structures even at
elevated temperatures. For instance, thermophile bacteria can live in
extremely elevated temperature environments (between 40 ~ 120 °C)
like deep-sea hydrothermal vents because of their special thermally
stable proteins. Unlike proteins of other normal animals, proteins of
thermophiles possess more charged amino acid residues, which can
provide electrostatic and hydrophobic interaction (Fig. 1a, b). When the
temperature rises, the hydrophobic residues will dehydrate, which re-
duces the permittivity nearby [1,2] and enhances electrostatic in-
teractions between charged residues, as a result, the protein can keep its
structure stable at an elevated temperature [3,4].

Shear thickening fluid (STF) is a kind of concentrated suspension that

* Corresponding authors.

consists of dispersing phase particles and dispersing medium [5-7].
Once the applied shear rate reaches its critical value, STF’s viscosity will
increase rapidly as the shear rate increases. Because of its special shear
thickening (ST) behavior, STF has been used in various fields, such as
damper, liquid body armor, sports shoe cushioning, etc. [8,9]. Particu-
larly, STF treated fabrics are widely studied in recent years for their
potential application in body protection [10-12]. Liu et al. [10]
demonstrated that Kevlar intercalated with STF can greatly enhance the
fabric’s cut and puncture resistance. So far, various mechanisms, such as
order-disorder transition, hydrocluster, and contact rheology model,
have been developed to explain the ST behavior [13-15]. Specifically,
many STFs exhibit a discontinuous shear thickening (DST), in which the
stress suddenly jumps with increasing shear rate, marking a transition
from a flow state where particles remain well separated by lubrication
layers to one dominated by frictional contacts [16-18]. The contact
rheology model believes that when DST occurs, the liquid film between
particles cannot maintain separation. Thus, the interaction force be-
tween particles undergoes a lubricated-to-frictional transition and they
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can agglomerate to form a frictional contact network under loading
[19-23]. The network can withstand the applied shear force, leading to
an increase in viscosity and yield stress. In other words, it is the for-
mation of frictional contact networks that leads to the transition of STF
from liquid state to jammed solid state [20,21,24].

However, conventional STFs are prepared by dispersing SiO» in poly
(ethylene glycol) or ethylene glycol, and the occurrence of shear thick-
ening mainly relies on the hydrogen bonds between the particles and the
medium and the formation of frictional contact networks [25,26]. When
the temperature rises, hydrogen bonds tend to be broken and frictional
contact networks cannot be formed, leading to a weaker or even
disappearance of ST effect (Fig. 1c) [27], which greatly limits its
application. Therefore, to achieve the above-mentioned liquid-to-solid
transition as temperature rises and overcome the drawback of STF’s
elevated-temperature intolerance, the internal particle forces must be
replaced. If STF can form micro-structures similar to the frictional
contact network during the heating process, its liquid-to-solid trans-
formation may be occurred.

Inspired by the molecular mechanism of thermally stable thermo-
phile proteins, a concentrated suspension that could transform from
liquid to solid at elevated temperatures was prepared. MOF-801, which
was rich in carboxyl groups on the surface, was used as the dispersing
phase and added to the poly(ethylene glycol)200 (PEG200). By intro-
ducing poly(acrylic acid) (PAA) and Ca?" into the dispersing medium,
the hydrogen bond, which was the internal force that traditional STF
relied on, was replaced with hydrophobic interaction and ionic inter-
action. For the first time, a novel MOF-801 based STF (M-STF) with
enhanced ST behavior in elevated temperature was developed. At 55 °C,
the interaction between particles was improved, forming cages that
could trap PEG200 in, and these cages connected to each other to build-
up a structure which was similar to the frictional contact network in DST
(M-frictional contact network). As a result, the suspension transformed
from liquid to solid state.

2. Material and methods
All chemical reagents were purchased from commercial sources and
used without further purification: fumaric acid (AR), Ca(NOs3),-4H,0

(AR), formic acid (98%), poly(ethylene glycol) 200 (PEG200, AR), and
ethanol (AR) were supplied by Sinopharm Chemical Reagent Co., Ltd.
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Zirconium chloride (ZrCls, 98%) and Poly(acrylic acid) (PAA, My, ~
2000) was purchased from Aladdin. The plain weave Kevlar 129 (200 g/
m?) was got from Beijing Junantai Protection Technology Co., Ltd.

2.1. Experimental

Synthesis of MOF-801 particles: Firstly, 21.5 g of ZrCl, was dis-
solved in water (300 mL) under stirring. Then, formic acid (120 mL),
fumaric acid (10.5 g) and another 150 mL of water were added into the
solution. The reaction was kept for 24 h, and then the particles were
collected and washed. The obtained MOF-801 was put in vacuum for 12
h.

Preparation of the M-STF: Firstly, a certain amount of PAA was
dissolved in PEG200 to obtain a clear solution. Then, MOF-801 was
added into the solution and dispersed by ball milling to obtain a
concentrated suspension. The introduction of Ca?>" was achieved by
adding Ca(NOs3),-4H,0 into the above-mentioned concentrated sus-
pension. After ball milling, M-STF was obtained.

Preparation of M-STF/Kevlar: M-STF/Kevlar composite was pre-
pared by a simple “dilution-soaking-drying” method. Briefly, M-STF was
diluted with ethanol at a volume ratio of 1:5 and ultrasonicated for 40
min to obtain a homogeneous solution. Subsequently, Kevlar was
impregnated in the diluted solution for 2 min, and the soaked fabric was
placed at a fume hood to evaporate the ethanol. By repeating “soaking-
drying” process, M-STF/Kevlar composites with different mass fractions
were obtained.

2.2. Characterization

The rheological properties of M-STF were characterized on an Anton
Paar’s Physical MCR302 at different temperatures. At the dynamic shear
tests, a plate-to-plate rotor (PP20) was used, the gap size and shear strain
were kept as 1 mm and 0.1%, respectively.

The microstructures of MOF-801 were visualized by SEM (Sirion200)
and TEM (HT7700, Japan). X-ray diffraction (XRD) patterns and
infrared (IR) spectra of MOF-801 were obtained on an X-ray diffrac-
tometer (XRD, Smartlab, Rigaku, Japan) and a Nicolet Model 759
Fourier transform infrared (FT-IR) spectrometer, respectively. Thermal
stabilities of MOF-801 and the suspensions were investigated by a DTG-
60H and the heating rate was 10 °C/min and 2 °C/min, respectively. To
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Fig. 1. (a) Proteins of normal animals will denature at elevated temperature; (b) The thermophile protein is thermally stable; As the temperature rises, (c) the ST

effect of conventional STF disappears while (d) M-STF shows better ST behavior.
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evaluate the Brunauer-Emmett-Teller (BET) surface area of MOF-801,
the particles were activated at 100 °C for 5 h under vacuum and then
the test was carried on a Micromeritics Tristar II 3020 M.

Yarn pull-out test: To study the interaction between yarns in fabric,
yarn pull-out tests were carried out on a universal tensile instrument
(MTS, Criterion™ Model 43). During the test, the target yarn (at the
center of the fabrics) was clamped by the upper grip of MTS while the
other end of this yarn was cut off (Fig. S1a). The pul-out speed varied
from 10 ~ 200 mm/min.

Drop hammer test: The failure process of the fabric under low-speed
impact was studied on a drop hammer tester (Fig. S1b). The impactor
was a steel rounded tip rod (@ = 10 mm, L = 105 mm) and the total
impact load was 2.95 kg. During the experiment, the impactor dropped
from different heights, and the acceleration-time diagrams were
recorded.

Quasi-static puncture test: MTS was employed to investigate the
contact force of M-STF/Kevlar and neat Kevlar fabrics under vertical
load. During the test, the fabric was fixed by a clamp with twelve screws
and groove structure (Fig. S1c). The rounded tip penetrator (@ = 8 mm,
L = 60 mm) slowly moved downwards at a speed of 2 mm/min to
penetrate the center of the sample, and the force-displacement curve
was recorded.

Ballistic impact test: The failure process of the fabric under high-
speed impact was studied by ballistic impact test. During the test, a
spherical steel bullet (@ = 8 mm, m = 2.08 g) was driven by a gas gun to
impact the fabric. The size of the impact area was 85 x 85 mm. The
incident speed of the bullet could be adjusted by the air pressure and
measured by a photo-electric gate mounted on the muzzle. A high-speed
camera was used to record the impact process and assist in calculating
the residual velocity of the bullet (Fig. S2).

3. Results and discussion

The SEM and TEM images (Fig. 2a and b) showed that MOF-801 was
quasi-spherical with a particle size range of 100 ~ 150 nm. The crystal
structure could be characterized by XRD (Fig. 2c), the sharp peaks of as-
synthesized MOF-801 matched with the simulation pattern, indicating a
high phase purity of the nanocrystals [28]. After being dispersed into
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PEG200-PAA-Ca?" by ball milling and recollected from the suspension
by washing with ethanol, the characteristic peaks of MOF-801 were still
the same as simulation result. Thus, the MOF-801 exhibited excellent
mechanical stability and its crystal structure remained intact after
mixing with PEG200-PAA-Ca?*. MOF-801 possessed a microporous
structure and showed type-I isotherms (Fig. 2d), the calculated BET
surface area was 746 m?g~l. The thermal stability of MOF-801 was
investigated by TGA (Fig. 2e), and its weight loss could be divided into
three stages. The first stage occurred before 100 °C and the weight loss at
this stage was attributed to the evaporation of water adsorbed on the
surface of particles. The second weight loss could be ascribed to the
escape of guest molecules (such as water and ethanol) in the pores of
MOF-801. The last stage occurred at 420 °C, which was due to the
decomposition of MOF-801, indicating good thermal stability of the
particles. The FT-IR spectrum of MOF-801 was shown in Fig. 2f. The
peaks at 1557 em ™ * and 1385 cm ! indicated the presence of - C=0 —
O bonds, and the peaks at 1210 cm ™! and 1084 cm ™! were assigned to
the — C — O and — C = O — OH bonds [29], indicating there were — C =
O — OH that could coordinate with Ca?* on the surface of MOF-801.
The rheological behavior of dispersing medium (PEG200-PAA-Ca®™)
was shown in Fig. 3a, the influence of temperature on the viscosity of
PEG200-PAA-Ca?" could be ignored. In the initial shearing stage, the
polymer chains stretched under external force, leading to a slight
decrease in viscosity. Subsequently, the viscosity did not change
significantly as the shear rate increases. When MOF-801 was dispersed
into PEG200 directly (MOF-801/PEG200), the particles tended to
aggregate together and could not be uniformly dispersed in the medium
due to the weak interaction between MOF-801 and PEG200. Therefore,
the system appeared as a colloidal gel with poor fluidity, and its viscosity
decreased with increasing shear rate and temperature (Fig. 3b). When
Ca®* was introduced into the MOF-801 /PEG200, the coordination effect
led to a more severe aggregation between MOF-801 particles, and the
viscosity of the mixture increased dramatically to a gelation state which
could not be tested by steady shear (Fig. 3c). Adding a small amount of
PAA into PEG200 (1 g PAA was dissolved in 10 mL PEG200) could
improve the interaction between particles and dispersing medium: the
order of magnitude of initial viscosity dropped from 10° to 102, and the
suspension showed a slight ST effect. However, the ST behavior still
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Fig. 2. (a) SEM image, (b) TEM image, (c) XRD patterns, (d) N, adsorption-desorption isotherms, (e) TGA curves, and (f) FT-IR spectra of MOF-801 nanoparticles.
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and (f) 52 vol% M-STF at different temperatures. Photograph of (c) 50 vol% MOF-801/PEG200- Ca’*and (g) 52 vol% M-STF.

relied on the hydrogen bonds between particles and dispersing medium.
As a result, the ST effect became weaker as temperature increases
(Fig. 3d). The interaction between MOF-801 and dispersing medium
could be significantly modified when both Ca?* and PAA were added. As
shown in Fig. 3e and f, the initial viscosity of the suspension dropped
rapidly below 10 Pa-s, showing good fluidity and dramatic ST effect.
More importantly, the ST effect became stronger at elevated tempera-
tures. At 25 °C, the critical shear rate of 50 vol% M-STF was 8.89 s ! and
the maximum viscosity was 71 Pa-s. When the temperature rose to 55 °C,
the critical shear rate decreased to 0.024 s~! and the maximum viscosity
increased to 1850 Pa-s. It should be pointed out that the low temperature
had little effect on hydrophobic interaction and electrostatic interaction,
but it could increase the number and the strengths of hydrogen bonds in
the suspension [30,31]. Thus, M-STF also exhibited better ST effect at
low temperatures (Fig. S3).

The influence of PAA content and [Ca®"] on rheological properties of
the suspension was studied. When the content of PAA was too low
(Fig. S4a) or too high (Fig. S4b), the ST effect could not increase with
increasing temperature. This might be because the low content of PAA
could not provide enough coordination sites and the high content of PAA
would consume a lot of Ca2+, both of these two conditions could lead to
a weak connection between MOF-801 and PAA. As temperature rises,
the increased force originated from hydrophobic interaction and elec-
trostatic interaction could not offset the decrease in the force caused by

the rupture of hydrogen bonds. Thus, the suspension showed weaker ST
behavior at elevated temperatures. As shown in Fig. S4c-f, the optimal
concentration of Ca" was investigated. When the amount of Ca?* was
not enough, ST behavior was poorer due to insufficient coordination
bonds and weak interaction between particles and media. When [Ca%™]
was too high, the coordination sites between the PAA chains increased,
which reduced the coordination sites between MOF-801 and PAA, and
the interaction between the particles and the medium was relatively
decreased, resulting in a poorer ST effect. Thus, the optimal mass ratio of
MOF-801, PAA, and Ca(NO3)2-4H20 in the suspension was MOF-801:
PAA: Ca(NO3)2-4H20 = 125: 8.17: 1.

54 vol% M-STF was prepared according to the optimal ratio. As
shown in Fig. 4a, its initial and maximum viscosity increased dramati-
cally as the temperature rose. At the same time, the critical shear rate
decreased, indicating the suspension was more likely to exhibit stronger
ST behavior at an elevated temperature. For instance, when the tem-
perature rose from 25 °C to 45 °C, the maximum viscosity of 54 vol% M-
STF could increase from 877 Pa-s to 27577 Pa-s. With further heating, M-
STF transformed into a solid-like material (MOF-801 based shear
thickening gel, M-STG, Fig. 4b) at 55 °C. The rate-dependent rheological
properties of M-STF and M-STG from 25 °C to 75 °C were studied
(Fig. S5). It was clear that as the shear frequency increased both the
storage modulus of M-STF and M-STG showed a gradual upward trend
due to the ST effect of the suspension. The initial storage modulus and



Y. Wu et al.

(a) 7 54 vol.%
10 / 25°C
v p ——357C
- / b
© A ——45C
&103 /
"z‘ é
2 /
10
I DN
10" ]

o

01 01 1
Shear rate (s™)

—_

Storage Modulus (Pa) Q

e1)00 —M-STF () 100 —M-STF
—— MOF-801/PEG200 —— MOF-801/PEG200
T 80 9 98
£ 60 £ %
[ [
2 4 = 9%
92
20
90
0 200 400 600 80 40 60 80 100
Temperature (°C) Temperature (°C)
[} [}
25°C 55 °C
(h)

SO -

S Pig f’%

- R

-

¢ - :

% -~ .
S e ¥ ,r\
7’ i
\
N

Chemical Engineering Journal 428 (2022) 131793

—— 25 C ascending
4—>—25 C descending
—— 55 ‘C ascending
]——55 ‘C descending

30004

=
o
e

-
=}
>

OTOU, 000000000 A

{ M-STG

_\
2
Y

T
I

I

I

1

1

2000 i
I

I

I

1000 { !
1

Storage Modulus (Pa)&

o ’,ﬁf‘
0"
rassmsssnas ™ M-STF

o
®.

0.1 1 10 100 0 50 100

Time (min)

Shear Frequency (Hz)

M-STF
54 vol.%

. () MOF-801
—

0\

9 * PEG200: trapped in cage

> e

P

Fig. 4. (a) The curves of viscosity versus shear rate for 54 vol% M-STF. (b) M-STF transformed into M-STG at 55 °C. (c) Rate-dependent rheological properties of 54
vol% M-STF and M-STG in the shear frequency of 0.1-100 Hz. (d) Reversibility of the thermal hardening concentrated suspension. (e, f) TGA results of M-STF and
MOF-801/PEG200. (g) Photograph of MOF-801/PEG200 and M-STF after drying at 80 °C for 1.5 h. (h) The illustration of M-STF transforming to M-STG at 55 °C.

the maximum storage modulus also increased with increasing temper-
ature. However, the storage modulus of M-STG at 75 °C was slight lower
than the counterpart at 65 °C. This might be because higher temperature
caused the excessive volatilization of PEG200, which destroyed the
continuity of the M-STG structure and reduced the storage modulus.
Since PEG200 was relatively easier to volatilize at 65 °C and 75 °C, 55 °C
was used as the highest temperature in follow studies. When the tem-
perature rose from 25 °C to 55 °C, the initial storage modulus of the
suspension increased from 13 Pa to 2036 Pa, and the maximum storage
modulus increased from 5077 Pa to 33400 Pa. The reversibility of M-STF
and M-STG under cyclic loading were also investigated (Fig. 4c). In the
high-frequency region, the storage modulus during the ascending and
descending process could be well overlapped, while the storage modulus
during the descending process in the low-frequency region will be
higher than that in the ascending process. This was because the state of
the suspension was dominated by ST effect at high-frequency region
where the particles were tightly gathered together to form a robust
structure under shearing, and the structural strength was mainly
controlled by the magnitude of shearing force. In the low frequency
region, the system was close to the equilibrium state, and the particles
tended to disperse freely. As a porous particle, the friction between
MOF-801 was high. Thus, instead of returning to their initial dispersing
state, some particles tended to aggregate together after a cyclic loading,
leading to a higher storage modulus compared to the initial counterpart.
For example, the initial storage modulus of M-STG was 2036 Pa, and the
final storage modulus increased to 3857 Pa after a cyclic loading. The
transition from M-STF to M-STG was partially reversible. As shown in
Fig. 4d, the storage modulus of the suspension gradually increased from
11 Pa to 3100 Pa as temperature varied from 25 °C to 55 °C. However,
the suspension could not return to its initial state in the subsequent
cooling process and the storage modulus remained around 100 Pa when

the temperature returned to 25 °C, which was resulted from the aggre-
gated particles.

TGA was employed to analyze the weight loss process of 54 vol% M-
STF and MOF-801/PEG200 (Fig. 4e and f). As shown in Fig. 4e, the
difference in weight loss between M-STF and MOF-801/PEG200 mainly
occurred before 100 °C, where PAA was thermally stable (Fig. S6) and
the weight loss could be ascribed to the volatilization of PEG200. In this
stage, the volatilization rate of PEG200 in MOF-801/PEG200 was
significantly higher than that in M-STF (Fig. 4f). This was because the
MOF-801 particles in M-STF aggregated to form some cages under the
synergistic effect of hydrophobic interaction and electrostatic force,
which trapped the dispersing medium and prevented the evaporation of
PEG200 (Fig. 4h). These cages further accumulated to form a structure
which was similar to the frictional contact network in DST. As a result,
M-STF turned into M-STG. With further heating, PAA decomposed,
causing the collapse of cages, thus, M-STF and MOF-801/PEG200
showed similar weight loss behavior. Additionally, the microscopic
images of 54 vol% M-STF at room temperature and after 55 °C treated
were shown in Fig. S7. Clearly, M-STF was a homogeneous liquid at
room temperature, while many aggregates could be observed after being
treated at 55 °C. These aggregates were the aforementioned cages.
Fig. 4g was the photographs of MOF-801/PEG200 and M-STF after
drying at 80 °C for 1.5 h. Obviously, MOF-801/PEG200 tended to dry
out after the long-term heating, while M-STF could retain most of the
liquid composition.

Fig. 5 presented some photographs of M-STG. As shown in Fig. 5a, M-
STG behaved like a polymer which was shapeable and self-healing.
These two properties originated from the deformable liquid compo-
nent and the slidable particle skeleton of M-STG. Besides, M-STG was
conductive due to the presence of Ca®" and NO3;~ in the dispersing
medium. As a concentrated suspension, M-STG crept slowly and could
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Shapeable Conductive

Fig. 5. Photographs of M-STG: (a) M-STG was shapeable, conductive, and self-healing. (b) M-STG crept under static state, and show shear stiffening behavior when it
was impacted; (c-I) 54 vol% M-STF was packaged in an eco-flex cylindrical shell and the composite was too soft to keep upright at 25 °C, however, M-STF transformed
into M-STG at 55 °C, and (c-II) the composite was strong enough to stand up and (c-III) could serve as a table’s leg to support objects.

not maintain a fixed three-dimensional shape for a long time. However,
when it was impacted, and its structural strength rose sharply to remain
a stable shape, in other words, shear stiffening occurred (Fig. 5b). The
unique thermal hardening property endowed it with the potential
application as a special structural material in elevated-temperature
conditions. For example, M-STF was packaged in an eco-flex cylindri-
cal shell (inside diameter of 6 mm, outer diameter of 8 mm and height of
41 mm, Fig. S8) and the composite was soft, flexible and could not keep
upright at 25 °C (Fig. 5¢-I). However, M-STF transformed into M-STG at
55 °C, and the composite was strong enough to stand up (Fig. 5c-II) and
could serve as table legs to support objects (Fig. 5c-III).

The 54 vol% M-STF was used to impregnate Kevlar and prepare M-
STF/Kevlar composite by a simple “dilution-soaking-drying” method.
Fig. 6 exhibited the SEM images of neat Kevlar (a) and M-STF/Kevlar
composite (b—d). Compared to the neat fabric, the surfaces of the M-STF/
Kevlar were rougher and M-STF was evenly wrapped on the surface of
yarns, indicating a good impregnation result.

To investigate the best impregnation mass fraction of M-STF and

friction between fabric yarns, yarn pull-out tests were carried out at
room temperature [32]. As shown in Fig. 7a, the maximum pull-out
force (Fpnax) of the neat Kevlar was about 2.2 N, which was indepen-
dent of the pull speed. Additionally, the pull-out force of the Kevlar
treated by PEG200-PAA-Ca>" showed similar properties to neat Kevlar
(Fig. S9). The Fpax of it was about 2.6 N, indicating that PEG200-PAA-
Ca?* had little effect on enhancing the friction between fibers. After
being modified by M-STF, the friction between yarns was greatly
improved. 27 wt% of M-STF could increase the Fpax to 11.7 N (Fig. 7b).
Different from that of neat Kevlar, the Fy.x of M-STF/Kevlar was rate-
dependent: when the pull-out speed increased from 5 mm/min to 200
mm/min, the Fp,y increased from 10 N to 11.7 N. However, the increase
in Fpax was merely 1.7 N, which was much lower than 10 N, indicating
that the increased friction between yarns was the main reason for the
improvement of fabric strength. When the mass fraction of M-STF
increased to 38 wt%, the yarns were completely wrapped by M-STF
(Fig. 6d) and the Fy,x reached up to 26 N (Fig. 7d). Further increasing
the mass fraction of M-STF, Fp,.x did not increase too much (Fp,ax for 52
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Fig. 6. SEM images of (a) neat Kevlar; (b), (c) and (d) M-STF/Kevlar.

wt% M-STF/Kevlar was 27.5 N, Fig. 7c), for the amount of STF on the
fiber was saturated. However, too much M-STF would increase the
weight of the fabric, which would restrict its practicality in flexible body
protective area and reduce the industrial efficiency. Thus, the optimal
mass fraction of M-STF in composite materials was 38 wt%. It should be
pointed out that the mass fraction of STF in conventional STF reinforced
Kevlar composite was usually up to 55 wt% ~ 75 wt% to achieve a good
enhancing mechanical performance [10,33]. As a result, the composite
could be heavy and its practical application would be limited. On the
other hand, the Fy,x of conventional STF reinforced Kevlar composite
was about 12 N [10,33-34], which was much lower than the 26 N in this
work. Thus, M-STF/Kevlar showed promising applications in light-
weight body protection for its low content of M-STF and super fabric
reinforcement effect.

The yarn pull-out performance of 38 wt% M-STF/Kevlar treated at
55 °C was tested (Fig. 7e). Compared with the forces collected at room
temperature (Fig. 7f), Fnax did not change too much, demonstrating that
it was friction instead of ST effect that improved the composite’s me-
chanical properties. However, when Kevlar was treated by 50 vol% M-
STF, a significant temperature-dependent effect could be observed.
When the pull-out speed was 200 mm/min, the Fx was 4.5 N at 25 °C,
and it increased by 24.5% when the fabric was treated at 55 °C
(Fig. 7g-i). Based on the above experimental results, the following
conclusions could be drawn: 1) when Kevlar was impregnated by a high
volume fraction of M-STF, increased friction between yarns was the
main reason for the improvement of fabric strength, and ST effect could
be ignored; As long as the concentration of M-STF was low, the influence
of the ST effect could be obvious. 2) Overall, the fabric enhancement
effect caused by the friction between particles was better than the
counterpart that originated from the ST effect. The mechanism could be
explained as follows: when the volume fraction of M-STF was high, the
amount of dispersion medium was relatively small. Compared with
particles, PEG200 would be preferentially adsorbed and spread on the
surface of the yarn, leading to the separation of particles and liquid in M-
STF and easier volatilization of PEG200. As a result, the ST effect almost
disappeared while friction played a major role in reinforcing the fabric
(Fig. 7j); however, when the concentration of STF was low and the
amount of PEG200 was large enough to cover all particles and yarns, the

ST effect would appear (Fig. 7j).

Thus, the safeguarding properties of M-STF/Kevlar under various
mechanical conditions were systematically investigated. Firstly, force
change of neat Kevlar and M-STF/Kevlar during penetration was
collected by static puncture tests. As shown in Fig. 8a, the maximum
contact force of neat Kevlar was 795 N, and it more than doubled (up to
1714 N) after being modified by M-STF, indicating that the impregna-
tion of M-STF could enhance the puncture resistance of fabric. Drop
hammer tests were employed to evaluate the anti-impact performance of
M-STF/Kevlar (Fig. 8b-d). The maximum penetrating impact force of
pure Kevlar was fluctuated around 1.5 kN and independent of the impact
height. The maximum force of STF/Kevlar fabric was higher than that of
neat Kevlar fabric, and because of the ST effect of M-STF, it increased
slightly with the increasing impact height (When the drop height rose
from 50 cm to 90 cm, the peak resistance increased from 1.8 kN to 1.9
kN). The mechanical properties enhancement of the composite was still
ascribed to the increased friction between yarns. Besides, the increased
friction between yarns could also improve the ballistic performance of
the fabric. The residual velocities of the neat Kevlar and M-STF/Kevlar
at different bullet-shooting impact speeds were shown in Fig. 8e. The
relationship between the residual velocity and the incident velocity was
fitted by the Recht-Ipson function [35]:

ve=a(f —v)'"

where v; and v, were the incident velocity and residual velocity of the
projectile, respectively; a and p were the parameters controlling the
shape of the curve; vy, was the ballistic limit velocity. It was clear that the
function fitted well with the experimental results. The ballistic limit
velocity of M-STF/Kevlar was 122 m/s, which was significantly higher
than the 90 m/s of neat Kevlar. Fig. 8f showed the dissipated energy of
the neat Kevlar and M-STF/Kevlar. The dissipated energy Egs was
defined as:
E; = %mv,2 — %mvf

where m was the mass of the bullet (2.08 g). Compared with neat
Kevlar, the M-STF/Kevlar could dissipate more energy. As shown in
Fig. 8g, when the incident velocity was 123 m/s, the neat Kevlar was
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Fig. 7. Pull-out force vs. displacement at different pull-out speeds for (a) neat Kevlar, (b) 27 wt% M-STF (54 vol%)/Kevlar, (c) 52 wt% M-STF (54 vol%)/Kevlar, 38
wt% M-STF (54 vol%)/Kevlar (d) at room temperature and (e) treated at 55 °C, 38 wt% M-STF (50 vol%)/Kevlar (g) at room temperature and (h) treated at 55 °C.
Pull-out speed and temperature dependent maximum pull-out force: (f) 38 wt% M-STF (54 vol%)/Kevlar and (i) 38 wt% M-STF (50 vol%)/Kevlar; (j) Schematic

diagram of M-STF/Kevlar impregnated with different volume fraction of M-STF.

penetrated at 150 ps, while the penetrated time of M-STF/Kevlar
extended to 200 ps, indicating that the addition of M-STF could signif-
icantly improve the ballistic performance of Kevlar.

4. Conclusions

In this work, inspired by the high-temperature resistance mechanism
of thermophile proteins, a novel concentrated M-STF suspension was
obtained by dispersing MOF-801 into PEG200-PAA-Ca>*. Different from
conventional STF which relied on the hydrogen bonds between
dispersing phase and dispersing medium, the particles in M-STF are
connected to dispersing medium through coordination. When the tem-
perature rose, the synergistic effect of hydrophobic backbone of PAA

and coordination between MOF-801 and PAA could enhance the inter-
action between particles and dispersing medium. As a result, the ST
effect of M-STF became stronger which overcame the drawback of
decreasing mechanical decrement of traditional STF at elevated-
temperature. When the temperature rose to 55 °C, particles in M-STF
rearranged and connected to each other to form a M-frictional contact
network, resulting in a liquid-to-solid transition of the suspension.
Because of the liquid-to-solid transition, the initial storage modulus of
the suspension increased from 13 Pa to 2036 Pa and a shapeable, self-
healing, shear-stiffing, and conductive solid-like substance could be
obtained. After being impregnated by M-STF, the mechanical properties
of Kevlar could be greatly improved. In yarn pull-out tests, only 38 wt%
M-STF could increase the maximum pull-out force from 2.2 N to 26 N,
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indicating the composite had promising applications in lightweight
body protection.
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