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It is critical to obtain the shock response of shear thickening fluid (STF) in impact protective engineering. In this paper, we
investigated the characteristics of STFs under ultra-high strain rates implemented by laser-induced shock loadings. We
fabricated the silica nanoparticle-polyethylene glycol (PEG) STFs with different mass fractions of nanoparticles. The dynamic
responses of the water, the PEG, the 40 wt% STF, and the 68 wt% STF with various thicknesses under laser-induced shock
loadings were measured. The results showed that the shock wave attenuation increased with the mass fraction of silica
nanoparticles, with the highest shock energy dissipation capacity being observed at 68 wt% concentration of STF. According
to experimental results, the equations of state (EOS) of the PEG, the 40 wt% STF, and the 68 wt% STF were obtained. This
work promoted the understanding of the dynamic behavior of STF and provided a basis for its applications in impact protective

engineering.
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1. Introduction

Explosive protection and shock attenuation of materials
have attracted significant attention in various applications
[1-3]. A variety of materials, including ceramics, porous
foam metals, and granular materials, have been discovered
to exhibit outstanding explosive protection and shock at-
tenuation capacity at high pressures and strain rates [4-7].
However, the shock wave attenuation characteristics of
these materials are generally irreversible, implying that the
impact resistances of these materials are lost partly or almost
completely after a single impulse loading [8-10], which
limits their application in some engineering structures ex-
posed to multiple impulsive loadings [11,12]. Therefore, the
demand for intelligent materials with the capacity of re-
versible shock attenuation and energy absorption is im-
perative in impact protective engineering.

*Corresponding author. E-mail address: wuxianqian@imech.ac.cn (Xiangian Wu)
Executive Editor: Xinglong Gong

Intelligent materials such as shear thickening (ST) mate-
rials have been extensively studied due to their remarkable
capability of reverse response to shock loadings. Upon the
cessation of shock loadings, the viscosity of ST materials
recovers quickly [13,14]. Shear thickening gel (STG) and
shear thickening fluid (STF) are the two main types of ST
materials [15-17]. Different from STG, a gel-like state with
low crosslinks comprising of boron and siloxane polymers,
STF is a non-Newtonian fluid that is composed generally of
a high concentration of nanoparticles or microparticles dis-
persed in a liquid [18,19]. Due to the high impact resistance,
both STG and STF have shown remarkable potential for
multiple dynamic energy absorption [20,21].

The STFs experience fluid-to-solid transformations under
impact loadings, accompanied by a significant increase of
viscosity [21,22], which recovers promptly to its initial state
after the removal of the external loadings, showing the re-
versible shock wave attenuation capability [23,24]. In ad-
dition, owing to the hard-inorganic nanoparticles with high
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strength, STFs possess the potential for effective anti-shock
loadings [25,26]. Several mechanisms have been proposed
to explain the thickening behavior of STF under various
loading conditions [16]. Hoffman [27] firstly proposed the
order-to-disorder transformation to explain the thickening
behavior. However, it is observed experimentally un-
necessary. The phenomenon of ST under shear loadings is
typically attributed to the hydro-cluster of particles in STFs
[28,29], while the dynamic solidification is visible under
dynamic compression due to particle jamming phenomena
[25,30]. During thickening processes, STF can dissipate
tremendous shock energy [23,31], making the STF suitable
for a variety of applications in engineering such as armors,
dampers, and shock absorbers [32,33].

To better understand the protective behavior of STF at
high pressures, it is critical to obtain its dynamic responses
including the shock wave propagation and energy absorp-
tion. There is a considerable body of knowledge in the lit-
erature that addressed the dynamic response of STF under
various pressures and loading rates. Waitukaitis and Jaeger
[30] performed experiments on maize starch STF under the
low-velocity impact of metal rods. The results showed that
the STF exhibited solid-like characteristics, which resulted
from the jamming transition under compression [34].
Crawford et al. [35] studied the dynamic mechanical beha-
vior of STF synthesized by combining corn starch and water
under the impact of falling stones. It was determined that
impact-induced thickening occurred in STF with a minimum
concentration of 50 wt%; at 52.5 wt%, the STF manifested
solid-like properties, causing the rebound of the stone
[35,36].

By utilizing a modified split Hopkinson pressure bar
(SHPB), the dynamic behavior of STF was investigated,
demonstrating its solidification and absorption of a sig-
nificant amount of energy subjected to impact forces
[37,38]. Tan et al. [39] enhanced silica nanoparticle-based
STF by incorporating graphene, resulting in a 30% incre-
ment in viscosity. The SHPB experiments revealed that the
integration of graphene considerably influenced the flow
stress of the reinforced STFs, leading to an elevation in peak
flow stress [39]. Petel et al. [21,40-42] investigated the re-
sponses of various solid particle suspensions amalgamated
with ethylene glycol under the high-speed projectile impact
(200 m/s to 700 m/s). The corn starch suspensions exhibited
no heightened resistance to penetration. For projectile ve-
locities surpassing 500 m/s, the 61 wt% mixture (comprising
a 2:1 mass ratio of silica to silicon carbide) offered superior
protection compared to the 61% silica suspension, sug-
gesting that the robust particles were more adept at enduring
intergranular stress [21,40-42]. Giirgen et al. [43,44] treated
fabric composites with STF to improve stab and impact
resistance while maintaining flexibility. They also enhanced
the impact resistance of cork composite constructions with

123118-2

STF joints [45,46]. Wu et al. [47,48] sealed STF with
sandwich panels, and the energy absorption behavior of the
STF-filled lattice panels showed significant improvement in
specific absorption energy.

However, the aforementioned studies on the impact re-
sistance of STF are limited to low pressure conditions [49].
In view of this, Wu et al. [31,50] firstly studied the dynamic
response of 57% (vol/vol) STF under laser-induced shock
loadings with peak pressures of several GPa, revealing a
rapid attenuation of shock waves and excellent energy ab-
sorption capacity. However, the effects of the mass fraction
of nanoparticles on the shock response of STF are still un-
known.

In this study, we investigated the shock responses of the
water, the polyethylene glycol (PEG), the 40 wt% STF, and
the 68 wt% STF subjected to laser-induced shock. We
measured the equations of state (EOS) of these materials and
obtained their shock wave attenuation behavior. The effects
of the mass fraction of nanoparticles were also investigated.
The paper is organized as follows. Section 2 provides an
overview of the methods for preparing materials and for
evaluating their shock wave attenuation. In Sect. 3, the
shock dissipation capacities of STFs are analyzed, and the
equations of state are obtained, followed by related discus-
sion and conclusions.

2. Materials and methods

This section delineates the fabrication of materials and the
laser-induced shock experiments. The STFs with different
mass fractions were sandwiched with various thicknesses
between two metal sheets. A photonic Doppler velocimetry
(PDV) system was used to measure the free-surface velocity
of one metal sheet, which was used to determine the dy-
namic responses of the materials. The thin layers of the
water and the PEG were also measured as a comparison.

2.1 Materials preparation

The enhanced Stober method [51] was used to grow col-
loidal nanoparticles, as depicted in Fig. la. Anhydrous
ethanol and ammonia were combined uniformly in a reactor,
and a tetraethyl orthosilicate ethanol dispersion was added at
a specific rate using a peristaltic pump while mechanical
agitation was carried out at 40 °C for 2 h, followed by a 24-
hour reaction period. Most of the solvent was then evapo-
rated at 60 °C to obtain a concentrated suspension with a
silica nanoparticle mass fraction of 10%-15%. The con-
centrated suspension was subsequently mixed with PEG-
200 via mechanical stirring to obtain silica-PEG STFs with
various mass fractions. The ethanol was removed via rotary
evaporation at 60 °C. The scanning electron microscope
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Figure 1 a Method of preparing silica nanoparticles and samples [51,52]. b, ¢ SEM images of the silica nanoparticles.

(SEM) was used to analyze the morphology of the silica
nanoparticles, as shown in Fig. 1b and c. The monodisperse
spherical silica nanoparticles had an average size of ap-
proximately 210 nm. Two ®25.4x0.5 mm aluminum plates
sandwiched a gasket with different thicknesses to form a
mold for preparing samples. The gaskets had an outer dia-
meter of 25.4 mm and an inner diameter of 15.0 mm, and its
thickness varied from 0.1 to 2.0 mm to fabricate the samples
with different thicknesses.

In order to understand the shock loading behavior of STF
with a relatively wide range of nanoparticle mass fractions,
the 40 wt% and 68 wt% STF, which are widely used in
engineering, were studied. As a reference, the water and the
PEG were also investigated. The densities of the water, the
PEG, the 40 wt% STF, and the 68 wt% STF were
1.000 g/em®, 1.125 g/em’®, 1.330 g/em’, and 1.540 g/em’,
respectively.

The rheology of the materials were measured using a
Kinexus Pro+ rotating rheometer with a 40 mm 4° cone and
plate equipped with temperature control set to 25 °C [50].
The steady-state shear viscosity and shear stress of the PEG,
the 40 wt% STF, and the 68 wt% STF at different shear

strain rates were measured, as shown in Fig. 2a and b. With
increasing the mass fraction of silica nanoparticles from 0 to
40%, the viscosity of the material increases from 0.052 to
0.134 Pa-s, respectively, at the shear rate of 0.2 s, and
shear stress increases linearly with increasing the shear rate,
showing the behavior of Newtonian fluids. However, the 68
wt% STF with an initial viscosity of 24 Pa-s exhibits shear-
thinning behavior at low shear rates, followed by a sudden
increase in viscosity at a critical shear strain rate of ap-
proximately 24 s™', indicating the onset of ST,

2.2 Experimental method

Figure 3a and b shows the configuration of the laser-induced
shock experiments [50]. A 30-pum-thick thin aluminum film
glued firmly on a 4-mm-thick BK7 glass is vaporized and
ionized under the irradiation of a high-power density laser
(Q-switched Nd: YAG laser, wavelength ~1064 nm, max-
imum output energy ~2.5 J, and FWHM ~10 ns), generating
a shock pressure with a high amplitude of several GPa and a
short duration of tens of nanoseconds as shown in Fig. 3c
[53-56]. The shock pressure reaches a peak of about 7 GPa
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Figure 2 a Steady-state shear viscosities and b shear stress of the PEG, the 40 wt% STF, and the 68 wt% STF at various shear rates.
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Figure 3 a Schematic and b configuration of the laser-induced shock experiments. A high-intensity laser beam generates plasma with a pressure of several
GPa on the surface of an aluminum plate [53]. ¢ Shock pressure profiles at 5.8 GW/cm® analyzed by the coupling model [54,55].

during laser irradiation with a maximum power density of
5.8 GW/cm?, followed by a gradual decrease due to plasma
cooling after the laser is switched off. The shock wave
propagates through the sample material, resulting in a rapid
velocity of the free-surface of the sample. The free-surface
velocities of the assembled samples are measured using
PDV, based on the configuration of Strand et al. [57], as

depicted in Fig. 4a. The PDV system consists of an optical
collimating lens probe, a high-power 1550 nm continuous
wave (CW) distributed feedback laser, a photodiode de-
tector, and a fiber optic circulator [58]. The probe emits the
reference light with a frequency f; and collects the Doppler-
shifted light with a frequency f, reflected from the moving
surface of the target. The velocity of the measured surface of
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Figure 4 a PDV system configuration [58] and the measured interference fringes and free-surface velocities of b a single aluminum plate and ¢ two
aluminum plates sandwiched the 0.1-mm-thick water sample under laser-induced shock.

the moving target, v(f), is calculated according to the dif-
ference between f; and f;,

YO 20 ()
where 4, is the initial operating wavelength of the CW laser,
(@ =fo =/ (0.

Figure 4b and ¢ shows the typical interference fringes and
the corresponding velocity history for a single aluminum
plate and two aluminum plates sandwiched a 0.1-mm-thick
water sample, respectively. The closer the adjacent inter-
ference fringes are, the faster the velocity is.

Figure 5 shows the measured and simulated back free-
surface velocities of the single aluminum plate. Details of
the numerical simulations will be presented later. The two
measurements peak velocities are 506.6 m/s and 512.8 m/s,
a difference by 1.2%, indicating the high repeatability of the
experiments. When the shock wave arrives at the back free-
surface, the particle velocity increases abruptly. At 114 ns, it
attains the peak value, followed by a quick drop to 78 m/s at
251 ns. The shock wave reflects between the loading surface
and the back free-surface of the aluminum plate, resulting in
several distinct peaks and valleys. The intervals between the
peaks increase due to the decrease of the shock wave speed
resulting from the energy dissipation in the aluminum plate
[31]. The back free-surface velocity fluctuation disappears
gradually after 592 ns when the stress wave reaches almost
equilibrium.

Figure 6 depicts schematically the propagation of the
shock wave with the peak pressure, P, in the aluminum-
STF-aluminum sandwiched structure. The shock wave
propagates in the left-side aluminum plate and reaches the
interface (point 2) between the aluminum plate and the STF.
Due to the differences in wave impedances, a portion of the
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Figure 5 Back free-surface velocity of the aluminum plate obtained by
laser-induced shock experiments and numerical simulations.
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Figure 6 Characteristic analysis of the shock wave in the aluminum-STF-
aluminum sandwich structure. The first peak of the back free-surface ve-
locity is used to analyze the shock wave attenuation behavior of the STF.

wave is transmitted into the STF while the rest is reflected



Z. Gu, et al. Acta Mech. Sin., Vol. 39, 123118 (2023)

into the aluminum plate. The shock wave travels in the STF
until it reaches the interface (point 4) on the right side of the
sample, where another portion of the shock wave is trans-
mitted into the aluminum plate. The loading wave continues
to propagate through the right-side aluminum plate, result-
ing in the initial peak velocity, V,, at the free-surface (point
6). Multiple reflections of the shock wave lead to several
peaks of the particle velocity. In this study, we evaluate the
shock wave attenuation of the STFs based on the first peak
velocity.

After the initial peak velocities at the back free-surface (vg
at point 6) of samples with various thicknesses were mea-
sured, numerical simulations were then performed to obtain
the peak velocities at point 4 (v4). Consequently, the peak
velocity at point 3 can be determined as

cat c
- gy, 2
where pa and ¢y represent the density and shock wave
speed of the aluminum plate, while pgtr and Csrr refer to
the density and shock wave speed of the STF. The peak
stress of the STF at point 3 can be expressed as

03 = pste CsTrVs- (3)

To analyze the attenuation behavior of the shock wave in
the STFs, we changed the thickness of the STF to obtain the
different velocities and stresses at point 3 [31].

2.3 Numerical simulation model

To determine the velocity, v,4, a numerical simulation model,
as shown in Fig. 7, was established using LS-DYNA soft-
ware [59,60] to obtain the shock wave attenuation of the
aluminum plate. A 1/4 model was built to enhance the
computational efficiency due to the symmetry of the model.
The aluminum plate had a radius of 15 mm and a thickness
of 0.5 mm, with symmetrical boundary constraints using the
*BOUNDARY_SPC _SE keyword. The shock wave pres-
sure was applied on the upper surface of the plate through
the *LOAD_SEGMENT SET keyword [53]. The model
was fine-meshed with 268080 hexahedral Lagrangian ele-
ments, and the minimum element length was 0.01 mm in the

Figure 7 Schematic diagram of the numerical simulation model of the
aluminum plate under shock loading.
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loading area to ensure adequate numerical accuracy.

The tempo-spatial distribution of the shock pressure is

expressed as

’.2
pit,r) =pt)e "R, @
where p(f) notes the temporal distribution of the shock
wave, r denotes the distance from the laser beam center, and
R is the laser radius [54,55].

The temporal distribution of the shock pressure, p(?), for a
maximum laser power density of 5.8 GW/cm® is shown in
Fig. 3c. The Johnson-Cook constitutive model *MAT -
JOHNSON COOK [55,61] was used to describe the dy-
namic behavior of the 2024 aluminum plate under shock
loadings. The effective stress is determined as

= (a+ 5™ )1+ Cy1 - (7% Troom )m )
T melt Troom ’
where 4, B, and C denote material parameters, ¢ ¢P indicates

equivalent plastic strain, n presents strain-hardening ex-
ponent, £ notes normalized equivalent plastic strain rate,
T, om 1s initial temperature, T, is melting temperature, and
m represents the thermal softening constant [47]. The Mie-
Griineisen equation of state (EOS) *EOS_GRUNEISEN
was used to describe the compressibility of the 2024 alu-
minum plate, and the pressure is expressed as

K
poc(%ﬂo{l +[1 *7%0]*%#02}

pP= 5+ (ko +aug)Ey,

8
u

1= Do == 0+1 —S——
ot 1]

(6)
where p, =p/py — 1, ¢o is the intercept of the shock wave
velocity and particle velocity curve, s;, 55, and s3 are fitted
parameters, Py is initial density, p is present density, and E,
is initial internal energy [62,63]. The parameters of the
numerical simulation are listed in Tables 1 and 2.

The mesh sensitivity analysis of the aluminum plate
subjected to the shock loading is conducted as shown in Fig.
5. The maximum peak velocities for the simulations with
268080 and 93440 elements are 502.7 m/s and 498.5 m/s,
respectively, indicating the convergency of the model. In
addition, the peak velocity for the simulation with 268080
elements is almost identical to the experimental results,
validating the numerical simulation model. Figure 8a and b
shows the particle velocity profiles at different depths and
the decay of the peak particle velocities along depths of a
single infinitely-thick aluminum plate. As shown in Fig. 8a,
at the shock surface the particle velocity increases rapidly to
the peak value of 433.5 m/s, and the elastic and plastic
waves propagate in the plate. The elastic wave-front pre-
cedes the plastic wave-front with the increasing depth due to
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Table 1 Johnson-Cook material properties of the aluminum plate [53]
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EU (GPa) v A (MPa) B (MPH) n Troom (K) Tmcll (K) m
72 0.34 200 426 0.0615 0.34 294 893 0.895
Table 2 Mie-Griineisen EOS parameters of the aluminum plate [53]
P (kg~m'3) Co (ms™) Si S5 Ko a
2700 5164 1.31 0 2 0.46

faster elastic wave speed [56]. The peak velocity drops to
252.8 m/s at the depth of 0.5 mm and to 143.0 m/s at the
depth of 1.0 mm. After that, the shock wave experiences less
attenuation with the increasing depth due to the decrease of
local strain rate, plastic strain, and plastic stress [53,54].
Only the elastic wave propagates in the aluminum plate for
depths greater than 3.0 mm, resulting in negligible at-
tenuation. The attenuation of the peak particle velocity
obeys approximately an exponential function:

_h
Vo =Boe @0ty (7)
a 500
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Figure 8 a Particle velocity profiles at different depths and b decay of the
peak particle velocities in depths in an infinitely-thick aluminum plate
under shock wave.

where /4 is the depth of the aluminum plate, and V} is the
peak particle velocity [56]. Equation (7) can address the
decay capacity of the material subjected to a shock loading.
When # equals zero, the expression V}, = Bo+ vy represents
the velocity at the initial position. The variable «, denotes
the decay index of the shock loading. According to Eq. (7), a
smaller value of @, and a larger value of Sy will result in
quick attenuation of V. Subsequently, the capacity for shock
wave attenuation of the STF can be assessed based on the
parameters a, and f.

The fitted curve, as shown in Fig. 8b, can be expressed as

h
Vi o = 404.7¢ 0775 +32.9, (8)

where £ is in mm and Vy_y is in m/s.

3. Results and discussion

This section measured the back free-surface velocities (at
point 6 in Fig. 6) of several materials under laser-induced
shock loading, from which the attenuations of peak velo-
cities at the fluid-aluminum plate interface, v,, were de-
duced. The EOS of the STFs was derived to determine the
pressure attenuation.

3.1 Experimental results

Figure 9 shows the back free-surface velocities (at point 6 in
Fig. 6) of the water, the PEG, the 40 wt% STF, and the 68 wt
% STF with various thicknesses under laser-induced shock.
Each thickness was tested with two samples. The peak ve-
locities and the arrival times of the two tests showed errors
within 3% and 1.0%, respectively. To diminish the errors,
the average peak velocity and the average peak velocity
arrival time of the two repeated tests were utilized. For the
same thickness, the water has the lowest back free-surface
peak velocity, vs, due to the impedance mismatch effect.
While back free-surface peak velocity increases with in-
creasing the mass fraction of the silica nanoparticles. The 68
wt% STF shows the highest peak velocity, v, followed by
the 40 wt% STF, the PEG, and the water.

Figure 10a shows the back free-surface peak velocity, vy,
and the fitting curves for the water, the PEG, the 40 wt%
STF, and the 68 wt% STF with various thicknesses. The
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Figure 9 Free-surface velocities (at point 6 in Fig. 6) of a the water, b the PEG, ¢ the 40 wt% STF, and d the 68 wt% STF with various thicknesses.

attenuation of v along the thickness can be fitted by Eq. (8):

Voo = 112.8¢ 7605 + 13.4, )
Voo = 119.3¢ 565 + 15.1, (10)
Ve-40sTF = 147.1¢ 565 + 14.2, (11)
Ve gssry = 177.8¢ 0355 +23.2, (12)

where V()—Water: V6—PEG’ V()—4OSTF9 and V()-(ySSTF represent back
free-surface peak velocities of the water, the PEG, the
40 wt% STF, and the 68 wt% STF, respectively with a unit
of m/s; while & denotes sample thickness in mm. The fitted
formulas revealed that the 68 wt% STF has the smallest ¢
and the largest S, indicating the fastest attenuation of the
shock wave in the 68 wt% STF. From 0.1 to 2.0 mm in
thickness, the v; of the water, the PEG, the 40 wt% STF, and
the 68 wt% STF dropped by 88.0 m/s, 92.2 m/s, 119.2 m/s,
and 143.7 m/s, respectively. The decrease in the vg of the 68
wt% STF was 1.63, 1.56, and 1.21 times that of the water,
the PEG, and the 40 wt% STF, respectively.

Assuming the shock wave takes the same time to go

through the right-side aluminum plate, the difference in the
arrival time of the vs of materials with various thicknesses
could be utilized to determine the shock wave speed of the
fluids. The shock wave velocities and the fitting curves of
the water, the PEG, the 40 wt% STF, and the 68 wt% STF at
different positions are shown in Fig. 10b, which can be
written as

Usyaee = 827 06T + 1761, (13)
Us p = 517€ 357 +2078, (14)
Ussoste = T33¢ 045 +2179, (15)
Us.gsste = 873¢ 0455 +2314, (16)

where Ug_, ater> Us-pEG> Us-a0sTF, and Ug_¢ssTr are shock wave
velocities of the water, the PEG, the 40 wt% STF, and the 68
wt% STF, respectively, with a unit of m/s; and / is the position
along the thickness of the sample with a unit of mm. The
shock wave velocity decreases as the thickness of the sample
increases. The 68 wt% STF has the highest shock wave ve-
locity, followed by the 40 wt% STF, the PEG, and the water.
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Figure 10 a Back free-surface peak velocities, vs, and b shock wave
velocities of the water, the PEG, the 40 wt% STF, and the 68 wt% STF at
various positions.

3.2 Equation of state

Figure 11a shows the calculated interface peak velocity, vy,
at point 4 as depicted in Fig. 6 and the fitting curves for the
water, the PEG, the 40 wt% STF, and the 68 wt% STF at
different positions according to Fig. 8 and Eq. (8). The at-
tenuation behaviors of v, are fitted as

Ve wue = 83.16 4T +8.5, (17)
Vi pug = 91.8¢ 745 +9.8, (18)
Visoste = 119.3¢ 455 + 11.0, (19)
V, et = 156.4¢ 5355 + 13.7, (20)

where Vi aers Vapegs Viaostr, and Viggsrr are vy of the
water, the PEG, the 40 wt% STF, and the 68 wt% STF,
respectively, with a unit of m/s; and /4 is the thickness of the
sample with a unit of mm. The 68 wt% STF shows the
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Figure 11 a Interface peak velocities, v4, and b peak velocities at point 3,
v3, as depicted in Fig. 6, of the water, the PEG, the 40 wt% STF, and the 68
wt% STF with various thicknesses.

fastest attenuation of the v, due to the smallest ay and the
largest By compared to the water, the PEG, and the 40 wt%
STF. The v, of the water, the PEG, the 40 wt% STF, and the
68 wt% STF decrease by 68.6%, 87.5%, 89.2%, and 89.6%,
respectively, as the sample thickness increases from 0.1 to
2 mm.

To determine the EOS of the STFs, we need to calculate
the peak particle velocity, v3, at point 3 as depicted in Fig. 6
by Eq. (2). Figure 11b shows the v; of the water, the PEG,
the 40 wt% STF, and the 68 wt% STF, which can be de-
scribed as

Vs e = 261.9¢ T +35.1, 21
Wy pe = 262.3¢ s +31.2, (22)
Visosrr = 282.8¢ T35 +23.2, 23)
Vi gssrr = 309.8¢ 0477 +31.9, 24)
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where V3 _yaers V3-prGs V3-40s1E: and V3 ggstr are v; of the
water, the PEG, the 40 wt% STF, and the 68 wt% STF,
respectively, with a unit of m/s; and 4 is the position along
the thickness of the sample with a unit of mm. From 0.1 to
2.0 mm, the v; of the water, the PEG, the 40 wt% STF, and
the 68 wt% STF dropped by 203.3m/s, 207.8 m/s,
225.3 m/s, and 245.6 m/s, respectively.

The Mie-Griineisen EOS, which describes the bulk com-
pressibility of materials, is crucial for understanding the
shock loading behavior of materials. It provides the funda-
mental data for modeling the behavior of materials subjected
to explosive and impact loadings, enabling the design and
optimization of materials with high-impact resistance. The
first-order and the second-order Mie-Griineisen EOS are
expressed as

Ug = Cy+S,Up, (25)

Us = Cot SiUp+ S5,U5, (26)
where Ug and U, are shock wave velocity and particle ve-
locity, respectively, with unit of km/s; C,, S|, and S, are
fitted parameters according to Ug and Up [64]. The first-
order Mie-Griineisen EOS has a linear relationship between
the particle velocity and the shock wave velocity, which is
commonly used for solid materials [65]. The second-order
Mie-Griineisen EOS is generally suitable for a wide range of
materials especially liquids and polymers [66].

Figure 12a shows the relationships between the particle
velocity and the shock wave velocity for the water, the PEG,
the 40 wt% STF, and the 68 wt% STF. Both the first-order
and the second-order Mie-Griineisen EOS are employed to
fit the curves. The second-order Mie-Griineisen EOS curve
for water in Ref. [62] is also included. The Mie-Griineisen
EOS for the water, obtained from both the present experi-
ments and the literature, can be expressed as

Uswator-1st = 1.64+3.12Up, (27)
Us waterand = 1.67+2.63Up+ 1.77U3, (28)
Us wator-ret = 1.65+2.56Up+1.93U2, (29)

where Ug_yaer-1st @0d Ug_ yater2ng denote the shock wave
velocity of the first-order and the second-order Mie-Grii-
neisen EOS of the water, respectively; while Ug_y ater-ref
represents the shock wave velocity of Mie-Griineisen EOS
of the water in Ref. [62]. The parameters of the fitted Mie-
Griineisen EOS are close to the values given by Ref. [62],
validating the experimental measurements. Both the first-
order and the second-order Mie-Griineisen EOS could be
used to describe bulk compressibility of the water within the
range of experimental particle velocities below 280 m/s, as
shown in Fig. 12a. However, for particle velocities above
280 m/s, the first-order Mie-Griineisen EOS for the water
deviates from the EOS curve in Ref. [62], while the second-
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Figure 12 a Relationships between the particle velocity and shock wave
velocity. b Attenuation of peak shock pressure for the water, the PEG, the
40 wt% STF, and the 68 wt% STF.

order Mie-Griineisen EOS agrees well with Ref. [62].
The first-order Mie-Griineisen EOS for the PEG, the 40
wt% STF, and the 68 wt% STF are given as

Ug ppg-1st = 1.98 +2.11U5, (30)
Ug_ssstr-15t = 213 +2.84U5, (32)

where Uspeg.ists Us.aostr-1st> @nd Ug ggsrr.1s¢ represent
shock wave velocities of the first-order Mie-Griineisen EOS
of the PEG, the 40 wt% STF, and the 68 wt% STF, re-
spectively. The second-order Mie-Griineisen EOS for the
PEG, the 40 wt% STF, and the 68 wt% STF are given as

Us ppG.ang = 2.02 +1.24U,+3.36 U7, (33)
Us_gostF.9na = 211+ 1.73U,+3.17U3, (34)
Us.sgsr.ong = 215 +2.54U,+0.94U 2, (35)

where Ug ppG_ond> Us-40sTF-2nd> a0d Ug_ggsTr.2nd denote shock
wave velocities of the second-order Mie-Griineisen EOS of
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the PEG, the 40 wt% STF, and the 68 wt% STF, respec-
tively.

As shown in Fig. 12a, in the particle velocity range of the
laser-induced shock test, the first-order and the second-order
Mie-Griineisen EOS do not exhibit obvious differences. The
first-order and second-order Mie-Griineisen EOS give al-
most the same C; values for the same material. The C; of the
STFs increases with increasing the mass fraction of silica
nanoparticles, indicating the higher shock wave velocity at
zero pressure for the larger mass fraction of silica nano-
particles. The increase of the mass fraction of silica nano-
particles also leads to an increase of S) of the first-order
Mie-Griineisen EOS, indicating the faster increase of shock
wave velocity with respect to the particle velocity for the 68
wt% STF compared to the 40 wt% STF. Similarly, the S; of
the second-order Mie-Griineisen EOS also increases with
increasing mass fraction of silica nanoparticles. However,
the S; of the second-order EOS is smaller than that of the
first-order EOS, and the difference decreases with the in-
creasing mass fraction of silica nanoparticles. As the mass
fraction of silica nanoparticles increases, the S, of the sec-
ond-order EOS decreases. Consequently, at high particle
velocities, the deviation between the first-order and the
second-order Mie-Griineisen EOS decreases with increasing
mass fraction of silica. For the 68 wt% STF, the first-order
and the second-order EOS are almost identical, which might
be ascribed to the thickening behavior of 68 wt% STF under
shock that makes it behave like a solid material. However,
for the other materials, the first-order and the second-order
EOS deviate obviously at high particle velocity, implying
that they still behave as fluids under laser-induced shock.
Due to the limitation of our laser-induced shock conditions,
experiments with higher shock velocities were not per-
formed. Future studies will be investigated to understand the
shock behavior of STFs at even higher shock pressures.

Once the EOS of the materials is obtained, the shock
pressure at point 3, as depicted in Fig. 6, could be de-
termined by Eq. (3) as shown in Fig. 12b. The peak shock
pressure decreased during its propagation from 0.1 to
2.0 mm. It is to be noted that the water exhibits the lowest
pressure mainly due to the impedance mismatch between the
water and the aluminum plate. Actually, the water shows the
slowest pressure attenuation behavior. The higher the mass
fraction of silica nanoparticles, the faster the decay of the
peak shock pressure, indicating the excellent shock at-
tenuation property of the 68 wt% STF and suggesting the
promising of the STFs with high mass fractions of nano-
particles as superior protective materials.

The attenuation of shock waves in STF can be primarily
attributed to an abrupt viscosity increase under shock.
Waitukaitis and Jaeger [30] demonstrated that upon the di-
rect impact of a rod on the STF, an impact-induced jammed
solid is formed quickly. As a shock wave propagates in the
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STE, the initial evenly-dispersed nanoparticles can also form
a jammed or densely packed structure, enabling rapid stress
attenuation by overcoming the short-range hydrodynamic
lubrication forces between nanoparticles [28]. Consequently,
the bulk viscosity of the STF experiences a significant in-
crease once the thickening behavior is initiated. The scat-
tering phenomenon resulting from the numerous interfaces
between the liquid PEG and solid silica nanoparticles, also
contributes to the fast shock wave attenuation in STF. The
study by Tian et al. [3] indicated that structures with in-
creased interface density exhibited improved energy ab-
sorption capacity. Due to impact-induced jamming and the
numerous interfaces of the STF, remarkable energy can be
dissipated during the thickening process and the numerous
reflections of shock waves between nanoparticles, resulting
in the rapid attenuation of shock waves in STF. The higher
the mass fraction of nanoparticles in STF, the faster the
shock wave attenuation.

4. Conclusions

This paper studies the dynamic response of STFs under la-
ser-induced shock, and the effects of the mass fraction of
silica nanoparticles are investigated. The main conclusions
are drawn as follows.

(1) The rheology of the PEG, the 40 wt% STF, and the 68
wt% STF are measured, showing that the viscosity increases
with increasing the mass fraction of silica nanoparticles. The
68 wt% STF exhibits significant shear-thickening behavior,
while the PEG and the 40 wt% STF act as Newtonian fluids
in the shear rate range of the experiments.

(2) An effective method combined with laser-induced
shock loadings on aluminum-STF-aluminum sandwiched
structure and numerical simulations is developed to capture
successfully the shock response of STFs under high pressure
and ultra-high strain rates.

(3) The first-order and second-order Mie-Griineisen EOS
are established for the first time for the PEG, the 40 wt%
STF, and the 68 wt% STF. With increasing the mass fraction
of silica nanoparticles, the intercept value (C) and the linear
slope (S)) of both the first-order and the second-order EOS
increases, while the S, of the second-order EOS decreases.

(4) Both the first-order and the second-order EOS could
well describe the behavior of the 68 wt% STF at a high
particle velocity range, which might be due to the thickening
behavior of the STF under high shock pressure. However,
the first-order EOS deviates from the second-order EOS at
high shock pressure for the PEG and the 40 wt% STF, im-
plying their fluid properties under the present conditions.

(5) The attenuation velocity of the shock wave increases
with increasing the mass fraction of silica nanoparticles,
indicating the high shock attenuation capacity of the 68 wt%
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STF and suggesting the promising of the STFs with high
mass fractions of nanoparticles as superior protective ma-
terials.
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