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A B S T R A C T   

In this paper, silicone rubber matrix composites with shear thickening fluid microcapsules (SR-STF) with 
intelligent adaptation to impact loadings are fabricated for advanced impact protective structure. The composites 
exhibit more flexibility at low strain rates but higher stiffness at high loading rates, indicating significant strain- 
rate sensitivity. In addition, the initial flexibility and the strain-rate sensitivity of the composite increase with 
increasing the mass fraction of the STF microcapsules, which should be ascribed to the shear thickening and 
compressive jamming of the STF microcapsules in the composite during impulse loadings. Based on experimental 
results, a hyper-viscoelastic constitutive model is developed, in which the influence of the mass fraction of STF 
microcapsules, the strain-rate sensitivity, and the strain-hardening effect are taken into account. The paper 
develops a practical strategy for applications of STF in soft protective structures and provides a reliable pre
diction of the dynamic mechanical behavior of the SR-STF composites.   

1. Introduction 

Impact resistance and vibration attenuation of materials have 
attracted great attention in a variety of engineering applications [1–3]. 
In recent years, advanced protective materials with reversible energy 
absorption and adequate flexibility are required urgently in some spe
cific applications such as soft body armor [4–6]. The traditional pro
tective materials such as high-performance fiber-reinforced composites 
and ceramics generally show less flexibility [7,8], and their impact re
sistances are partially or completely lost after a single severe impact, 
restricting their applications in engineering structures subjected to 
multiple impacts [9–11]. 

Shear thickening (ST) materials, a kind of smart materials, have 
drawn great attention due to their reversibly sensitive response to 
external impact loadings [12,13]. At present, ST materials are generally 
divided into shear thickening gel (STG) and shear thickening fluid (STF) 
[14,15]. Both the STG and the STF have shown great prospects as 

impact-resistance materials [16,17]. STG is a gel-like boron-siloxane 
polymer blend with a low crosslinking degree, while STF is a type of 
non-Newtonian suspension liquid composed of high content of dispersed 
phase particles and liquid dispersion media. Generally, STF have a 
relatively low initial viscosity and exhibits a fluid to solid transition 
under the actions of an external transient force [18]. Therefore, STF is 
generally more flexible at initial state [19,20]. In addition, it is also 
suitable for anti-high-impact loading considering that the dispersed 
phase particles of STF is generally rigid inorganic nanoparticles [21]. 

Various mechanisms have been developed to explain the thickening 
behavior of STF. The order-to-disorder transformation is firstly devel
oped by Hoffman [22]. It seems, however, experimentally unnecessary. 
The hydro-cluster of particles in STF is generally regarded as the reason 
for shear thickening under shear loadings [23–25] and the dynamic 
solidification is observed under compression at high loading rates [21, 
26]. During the thickening of STF, remarkable energy is dissipated 
[27–31]. More importantly, the STF recoveries quickly to its initial state 
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after removing loadings, showing a reversible energy absorption 
behavior [28,32,33]. Due to the unique properties of STF, it has been 
widely used in shock absorbers, dampers, control devices, etc. [34–36]. 

Since STF is fluid by nature and sensitive to environment, it needs to 
be properly encapsulated in practical application. Gürgen et al. [36,37] 
impregnated fabric composites with STF to enhance the stab and impact 
resistance while keeping flexibility. The study by Gürgen et al. [38,39] 
also showed that the join of STF in cork composite structures improved 
the impact performance. Sofuoğlu et al. [40] used the carbon fiber 
reinforced polymer tubes filled with STF to increase the vibration 
attenuation. Wu et al. [41,42] sealed the STF by metallic lattice sand
wich panels, and the energy absorption behavior of STF-filled lattice 
sandwich panels showed the “1 + 1»2” effect, i.e. the strength of the 
sandwich panel with the STF filled pyramidal lattice truss core was also 
much higher than the adding result of pure STF and the sandwich panel 
with empty truss core. 

However, the aforementioned metallic skeletons for sealing STF are 
almost rigid, and the leakage of the STF cemented on fibers will occur 
after relative long-term storage. Therefore, it is required to develop a 
perfect sealing material with flexibility and invulnerability to environ
ment to broaden the usage of STF. Silicone rubber has been widely used 
as a sealant and energy absorption material in engineering. Sealing the 
STF microcapsules with silicone rubber, it is expected to realize not only 
sufficient flexibility, but also excellent energy absorption capacity, 
which could be used in advanced soft protective structures such as 
bulletproof helmet lining to provide adequate flexibility at low loading 
rates but contribute efficiently energy absorption under high-velocity 
impact. 

In this paper, the silicone rubber composites with STF microcapsules 
(SR-STF) are fabricated and their mechanical behavior is investigated 
for the first time. Under quasi-static and dynamic loading testing, the 
composites show intelligent adaptation to the loading rates. It is more 
flexible under quasi-static loadings but has higher stiffness at high 
loading rates, providing a practical strategy for applications of STF in 
soft protective structures. In addition, the initial flexibility and the 
strain-rate sensitivity increase significantly with increasing the mass 
fraction of the STF capsules. Based on experimental results, a hyper- 
viscoelastic constitutive model is developed for the SR-STF compos
ites, in which the effects of the mass fraction of STF microcapsules, the 
strain-rate sensitivity, and the strain hardening are considered, 
providing an accurate prediction of the mechanical behavior of the SR- 
STF composites. 

The paper is organized as follows. In Section 2, the method for pre
paring the SR-STF material is described, and the modified split Hop
kinson bar testing of the SR-STF composites is introduced. In Section 3, 
the experimental measurement results of the SR-STF composites are 
provided, and the effects of mass fraction of STF microcapsules and the 
strain-rate sensitivity are discussed. In Section 4, a hyper-viscoelastic 
constitutive model for the SR-STF composites is developed based on 
the experimental results, followed by discussion and conclusions. 

2. Materials fabrication and experimental methods 

2.1. Fabrication of STF 

The colloidal nanoparticles were prepared by means of the improved 
Stöber method [43,44]. First, a certain amount of ammonia and anhy
drous ethanol were mixed evenly in a reactor. Then, with mechanical 
agitation under the temperature of 40 ◦C, the evenly mixed ethanol 
dispersion of tetraethyl orthosilicate was added to the reactor by a 
peristaltic pump at a certain speed. After the dripping was completed, 
the temperature was kept at 40 ◦C and the mixture was stirred me
chanically for 2 h. Finally, most of the solvent is removed by evaporation 
to produce silica nanoparticle concentrated disperse liquid, in which the 
mass fraction of silica nanoparticle is 12.5%. The silica nanoparticle 
concentrated disperse liquid is then mixed with PEG-200 by mechanical 

stirring. After that, the dispersion was rotated-steamed and the ethanol 
was removed to obtain the STF. In the present study, the particle mass 
fraction of the STF is 67.5%. The SiO2 nanoparticles were characterized 
by UItra 55 (Zeiss, Germany) field-emission scanning electron micro
scope. The rheological property of STF was tested by Kinexus Pro rotary 
rheometer (Malvern, UK). The diameter of lamina was 40 mm with a 
cone angle of 1◦. The spacing was 0.03 mm, and the temperature was 
25 ◦C. As shown in Fig. 1, the SiO2 nanoparticles are nearly 
mono-disperse with an average diameter of 200 nm with less than 10% 
poly-dispersity. When the shear strain rate exceeds the critical value of 
21 s− 1, the shear thickening behavior occurs as evidenced by the abrupt 
increase of viscosity. 

2.2. Fabrication of SR-STF composites 

The SR-STF composites were fabricated through emulsifying and 
curing processes. The STF with a certain weight, the SylardⓇ 184 sili
cone elastomer purchased from Dow Corning, and the curing agent 
component were mixed in a container. Since the STF would affect the 
vulcanization of the silicone rubber, an additional Pt catalyst (Pt content 
3000 ppm) was also used to promote the vulcanization of the silicone 
rubber. After emulsifying with a mechanical agitator at 300 r/min for 6 
min, the mixture was defoamed in a vacuum defoaming machine and 
then poured into a mold for curing at 80 ◦C in an air blast drying oven. 
After demolding, the silicone rubber composites with STF microcapsules 
were fabricated for tests. The schematic diagram for preparing the SR- 
STF composites is depicted in Fig. 2. 

Five kinds of SR-STF composites, i.e. SR-STF-0 without STF, SR-STF- 
10 with 10 wt% STF, SR-STF-20 with 20 wt% STF, SR-STF-30 with 30 wt 
% STF, and SR-STF-40 with 40 wt% STF were fabricated. The structures 
of the SR-STF composites were characterized by Axio Lab. A1 (Zeiss, 
Germany) optical microscope (OM) with a CCD Camera and UItra 55 
(Zeiss, Germany) field-emission scanning electron microscope (FESEM). 
It can be seen from the optical microscopy photos in Fig. 3, the STF was 
dispersed almost evenly in the silicone rubber matrix in the form of 
spherical microcapsules for all the SR-STF composites. Most of the STF 
microcapsules are isolated from each other. The diameters of the STF 
microcapsules in all the SR-STF composites have relative wide distri
butions from 5 to 25 μm. The average diameters of the STF microcap
sules for the SR-STF-10, the SR-STF-20, the SR-STF-30, and the SR-STF- 
40 are 13.7 ± 5.0, 13.2 ± 4.2, 13.4 ± 4.5, and 10.2 ± 2.1 μm, respec
tively. For the SR-STF-40, the average diameter of the STF microcapsules 

Fig. 1. Steady-state shear viscosities of the STF at various strain rates, showing 
an initial shear thinning behavior, followed by a discontinuous shear thick
ening behavior. 
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is a little smaller than the other composites. More precisely control 
procedure will be investigated in future. 

2.3. Compressive testing methods 

The quasi-static compressive mechanical behavior of the SR-STF 
composites was measured by a universal testing machine. The sizes of 
the specimens were Φ29 × 12.5 mm. The compressive speeds varied 
from 0.75 to 75 mm/min, corresponding to strain rates 10− 3 to 10− 1 s− 1. 
The dynamic compressive mechanical behavior of the SR-STF compos
ites was measured by a modified split Hopkinson pressure bar (SHPB) 
[45,46]. As shown in Fig. 4, the facility comprises a striker bar, an 
incident bar, and a transmitted bar that are made of 7075-T6 aluminum 
alloy with a nominal yield strength of approximately 500 MPa. The sizes 
of the strike bar, the incident bar, and the transmitted bar are Φ19.05 ×
400 mm, Φ19.05 × 1800 mm, and Φ19.05 × 1500 mm, respectively. 
Since the SR-STF composites have very low impedance, it is hard to 
measure exactly the transmitted stress. Therefore, a hollow transmitted 
bar with an outer diameter of 19.05 mm and an inner diameter of 12.05 
mm was used to amplify the transmitted signals. The striker bar was 
accelerated using a gas gun. The rubber pulse shapers with a diameter of 
1 mm and a thickness of 0.25 mm were used in experiments to ensure the 
stress equilibrium in the specimen during loading and to achieve con
stant loading rate conditions. 

When the strike bar impacts the incident bar, the incident 
compressive wave, denoted by εI(t), is generated and propagates to
wards the specimen. Due to the impedance mismatch between the 

specimen and the incident bar, part of the incident compressive wave 
reflects into the incident bar, denoted by εR(t), while the rest denoted by 
εT(t) transmits into the tube-shaped transmitted bar. Based on the one- 
dimensional elastic stress wave theory and the assumption of homoge
neous deformation, the engineering stress σS(t), the strain rates ε̇S(t), 
and strain εS(t) in the specimen can be calculated as follows, 

σ =E
A0

AS
εT(t) (1)  

ε= −
2c0

lS

∫t

0

εR(τ)dτ (2)  

ε̇= −
2c0

ls
εR(t) (3)  

where AS and A0 are cross-section areas of the specimen and the bar, 
respectively, c0 is elastic longitudinal stress wave speed, and ls is 
thickness of the specimen. 

2.4. Shape design of specimens 

It is known that the SHPB testing will introduce errors due to the 
inertia effect, which is not negligible for soft materials like the SR-STF 
composites [47–50]. Annular-shaped specimens with an outer radius a 
and an inner radius b are designed to decrease effectively the extra stress 
[49]. The radial inertial induced extra axial stress for incompressible 

Fig. 2. Schematic diagram for preparing the SR-STF composites.  
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materials is given as 

σ1
z =

{

ρs

(
a2 + b2 − r2

4

)

−
3ρsa2b2

8ES

[

ρs ln
(a

r

)
ω2 +

3ES

3a2

]

cos ωt
}

ε̈ (4)  

where Es and ρ0 are Young’s modulus and density, respectively. ω is 
constant as 

ω=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Es

(
b2 − a2

)

3ρs ln
(

b
a

)
b2a2

√

(5) 

The average inertia stress over the cross-section is 

σ1
z = ρS

⎡

⎢
⎢
⎣

a2 + b2

8
−

(
b2 − a2

)

8 ln
(

b
a

) cos θt

⎤

⎥
⎥
⎦ε̈z (6) 

Fig. 5 shows the radial distributions of the extra axial stress of a solid 
specimen with a radius of 6.5 mm and an annular-shaped specimen with 
an outer radius of 6.5 mm and an inner radius of 2.5 mm, where Young’s 
modulus of the specimen Es is 4.0 MPa, the density ρs is 1150 kg/m3, and 
the strain rate differential ε̈ is 1.0 × 108 s− 2. It can be seen that for the 
solid specimen, extra axial stress decreases along the radial direction, 
and the maximum extra axial stress is 1.21 MPa. However, for the 
annular specimen, the maximum extra axial stress is 0.24 MPa, a sig
nificant reduction of 80% when compared to that of the solid specimen. 

For the SHPB experiments with relative high loading rates, the fric

Fig. 3. Microstructures of (a) SR-STF-10, (b) SR-STF-20, (c) SR-STF-30, and (d) SR-STF-40, showing the almost even dispersion of the spherical STF microcapsules in 
the silicone rubber matrix. 

Fig. 4. Schematic diagram of SHPB testing.  
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tion between the specimen and the bars will influence the experimental 
results [51,52]. For soft materials with low stiffness, friction between 
bars and specimens has a great impact on the measurement results. 
Klepaczko and Malinowski [53,54] developed a method to diminish the 
friction effect, 

σ = σ0

(

1 −
2θr
3h

)

(7)  

where σ is corrected stress, σ0 is measured stress, θ is friction coefficient, 
r and h are radius and thickness of specimen, respectively. Eq. (7) in
dicates that the smaller the thickness to radius ratio, the higher friction- 
induced extra stress. In addition, the silicone lubricant is used to 
decrease significantly the friction between the specimen and the bars. By 
considering the effects of friction and stress equilibrium during dynamic 
compression [47], the thickness of the specimens is determined as 2.5 
mm. Therefore, the annular specimens with outer radius 6 mm, inner 
radius 2.5 mm, and thickness 2.5 mm are prepared for the SHPB tests. 

3. Experimental results 

The mechanical behaviors of the SR-STF composites with various 
mass fractions of STF microcapsules, i.e. SR-STF-0, SR-STF-10, SR-STF- 
20, SR-STF-30, SR-STF-40, are measured under different loading rates. 

3.1. Mechanical behavior of the SR-STF composites under low strain rates 

The engineering stress-strain relationships of the SR-STF composites 
under strain rates ranging from 10− 3 to 10− 1 s− 1are shown in Fig. 6. The 
results indicate that all of the five kinds of composites show nonlinear 
elasticity for strain smaller than 0.4. Under the strain rate 10− 1 s− 1, the 
stresses of the SR-STF-0, the SR-STF-10, the SR-STF-20, the SR-STF-30, 
and the SR-STF-40 are about 2.8, 2.2, 1.5, 1.1, and 0.5 MPa at strain 
0.4, indicating that the stiffness of the composite decreases with 
increasing the mass fraction of STF microcapsules under low strain rates. 
Here, the stiffness or the flexibility of the material is represented by the 
stress at stain 0.35. The higher the stress, the higher the stiffness and the 
lower the flexibility of the SR-STF composites. It could be well under
stood by the mechanical behavior of the STF that below the critical 
strain rates of the STF, it acts as liquid and exhibits slight shear thinning 
behavior, leading to the weakening effect with increasing its content. 
The even low stiffness of the composite indicates the more flexibility of 
the material with increasing the mass fraction of STF microcapsules, 
which is strongly required for the design of soft impact protective 
structures. In addition, at the same strain, the stiffness under the strain 
rate 10− 1 s− 1 is obviously higher than that under the strain rate 10− 3 s− 1, 
indicating obvious positive strain-rate sensitivity of the SR-STF 
composites. 

3.2. Mechanical behavior of the SR-STF composites under high strain 
rates 

The engineering stress-strain relationships of the SR-STF composites 
under high strain rates ranging from 1400 to 3500 s− 1 are shown in 
Fig. 7. During dynamic loadings, to avoid the specimen running out of 
the sections of the pressure bars, the relationship between specimen 
diameter, bar diameter and engineering strain is given as [55]. 

d0 = dbar

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − εE

√
(8)  

where dbar = 19.05 mm is diameter of the incident and the transmitted 
bars, d0 = 13 mm is diameter of the SR-STF composite specimens. From 
Eq. (8), the engineering strain εE should not exceed 0.53. As a result, the 
engineering stress-strain relationships for strain less than 0.4 are 
investigated in the present study. It can be seen that at the same strain, 
the stress increases with increasing strain rate, showing obvious positive 
strain-rate sensitivity for all the SR-STF composites. In addition, the 
stiffness decreases with the increase of the mass fraction of STF micro
capsules. Under quasi-static loading condition, the stresses at strain 0.4 
for the SR-STF-0 and the SR-STF-40 are 2.80 MPa and 0.47 MPa, 
respectively. However, under the strain rate of 3500 s− 1, the stresses at 
strain 0.4 for the SR-STF-0 and the SR-STF-40 are 8.45 MPa and 7.42 
MPa, respectively, indicating that the difference in stiffness for the SR- 
STF composites varies in a narrower range under high strain rates 
when compared to that under low strain rates. At strain 0.4, with 
increasing the mass fraction of STF microcapsules from 0% to 40%, the 
stress decreases from 5.9 MPa to 4.2 MPa, a reduction of 29%, under 
strain rate 1400 s− 1, while it decreases from 8.0 MPa to 7.0 MPa, a 
reduction of 12.5%, under strain rate 3500 s− 1. The results imply that 
the composite with a high mass fraction of STF microcapsules is more 
sensitive to loading rates when compared to that with a low mass frac
tion of STF microcapsules. It can be speculated that after a critical strain 
rate, the stresses of the SR-STF composites might exceed the stress of the 
silicone rubber matrix. The strain-rate sensitivity of the SR-STF com
posites should be mainly contributed by the STF microcapsules. With 

Fig. 5. Stress distributions induced by radial inertia in a solid specimen and an 
annular-shaped specimen. 

Fig. 6. Engineering stress versus engineering strain curves under strain rates of 
10− 3 s− 1 and 10− 1 s− 1. 

J.Q. Zhu et al.                                                                                                                                                                                                                                   



Composites Part B 247 (2022) 110312

6

increasing the loading rates, the squeeze speed of the STF microcapsules 
increases during compression, rendering higher compressive stresses of 
the STF microcapsules. As a result, with increasing the mass fraction of 
STF microcapsules, the SR-STF composite shows more sensitivity to 
loading rates. 

3.3. Summary of experimental results 

To analyze the mechanical behavior of the SR-STF composites, the 
logarithmic strain rate sensitivity coefficient, m, and the stress ratio, φ, 
are employed. The logarithmic strain rate sensitivity coefficient, m, 
characterizes the strain rate effect, 

m=
dlnσε̇

dlnε̇ (9)  

where ε̇ is going to be 10− 1 s− 1, 1400 s− 1, 2100 s− 1, 2700 s− 1, 3500 s− 1. 
σ is the engineering stress of the SR-STF-10, the SR-STF-20, the SR-STF- 
30, and the SR-STF-40 at the strain of 0.35. The stress ratio φ reflects the 
influence of STF content on the stiffness of the SR-STF composites, 

φ=
σ (η2)

σ (η1)
|ε̇ (10) 

Fig. 7. Engineering stress versus engineering strain curves under high strain rates of (a) 1400s− 1, (b) 2100 s− 1, (c) 2700 s− 1 and (d) 3500 s− 1.  

Fig. 8. (a) Strain-rate sensitivity exponent versus strain rate, showing more strain-rate sensitivity of composites with higher strain rates. (b) Stress ratio versus strain 
rate, showing that the stresses of the composites with high content of STF microcapsules trend to exceed that with low content of STF microcapsules. 

Table 1 
Parameters of fitting lines on strain rate sensitivity versus STF content.  

Materials SR-STF-0 SR-STF- 
10 

SR-STF- 
20 

SR-STF-30 SR-STF-40 

Slope k1 7.95 ×
10− 5 

1.93 ×
10− 4 

1.23 ×
10− 4 

3.13 ×
10− 4 

3.52 ×
10− 4 

Intercept 
b1 

9.05 ×
10− 2 

2.06 ×
10− 2 

2.79 ×
10− 2 

− 4.92 ×
10− 2 

− 1.18 ×
10− 1  
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where σ (η1) is the stress of pure silicone rubber at the strain of 0.35 and 
strain rate ε̇, σ (η2) is the stress at the strain of 0.35 and strain rate ε̇ in 
the SR-STF-10, the SR-STF-20, the SR-STF-30, or the SR-STF-40. 

The relationships between the strain rate sensitivity exponent versus 
strain rate under with STF content increased from 0 to 40% are shown in 
Fig. 8(a). It can be seen that the strain rate sensitivity exponent of each 
material increases with increasing the strain rate, indicating more 
sensitivity of strain-rate strengthening effect at higher strain rates. In 
addition, the strain rate sensitivity exponent increases with increasing 
the STF content from 0 to 40%, indicating that the composite with 
higher STF content possesses more sensitivity of strain-rate strength
ening effect. The increase tendencies of the strain-rate sensitivity ex
ponents with increasing the strain rate are fitted by straight lines at 
different STF content to simplify the analysis, and the fitted slopes and 

intercepts are listed in Table 1 for different SR-STF composites. 
Fig. 8(b) shows the relationships between the stress ratios and the 

applied strain rate of the SR-STF composites. The stress ratio reveals the 
upward trend with increasing the applied strain rate. Similarly, the 
tendencies are fitted by straight lines to simplify the analysis, and the 
fitted slopes and intercepts are listed in Table 2 for different materials. 
Taking φ = 1 of the SR-STF-0 as the baseline, it is clearly shown that the 
stress ratios of the other composites are smaller than the SR-STF-0 at 
10− 3 s− 1. The higher the STF content, the smaller the stress ratio. With 
increasing the applied strain rate, the stress ratios of the other com
posites increase quickly approaching the baseline. The higher the STF 
content, the faster the increase tendency, indicating more strain-rate 
sensitivity of the composite with higher STF content. The stress ratio 
of the SR-STF-10 exceeds that of the SR-STF-0 first at about 2300 s− 1, 
and the stress ratio of SR-STF-20 exceeds the baseline at about 3500 s− 1, 
implying the better performance of these two composites than the 
original silicone rubber matrix. It is reasonable to expect that the stress 
ratio of the SR-STF-30 and the SR-STF-40 will finally exceed that of the 
SR-STF-0 at high strain rates. In addition, according to the experimental 
results, the stress ratio of the SR-STF-40 should exceed all of the other 
composites at a sufficient high strain rate. However, due to the difficulty 
of stress equilibrium of such soft composites in achieving even high 

Table 2 
Parameters of fitting line on stress ratio versus STF content.  

Materials SR-STF- 
0 

SR-STF-10 SR-STF-20 SR-STF-30 SR-STF-40 

Slope k2 0 8.5 × 10− 5 1.1 × 10− 4 1.3 × 10− 4 1.7 × 10− 4 

Intercept b2 1 0.8 0.6 0.4 0.2  

Fig. 9. Microstructures of the SR-STF-40 (a) before being impacted, (b) at the strain rate of 1400 s− 1 s− 1, and (c) at the strain rate of 3500 s− 1. Severe deformation is 
observed under high loading rates. 

Fig. 10. Deformation behavior of the SR-STF composites under different strain rates. With increasing strain rate, the thickening behavior of the STF in the mi
crocapsules occurs, providing high impact resistance. 
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strain rates during SHPB testing, this phenomenon is not directly 
observed in experiments. 

3.4. Microstructures of the composites after compression 

As the microstructure evolutions are similar for each composite, only 
the typical microstructures of the SR-STF-40 before compression, after 
compression at 1400 s− 1, and after compression at 3500 s− 1 are shown 
in Fig. 9 (a), (b), and (c), respectively. It is clearly shown the compres
sion behavior of the STF microcapsules as evidenced by the change of 
the shapes from near sphere to ellipsoid after experiments. The more 
severe deformations of the STF microcapsules are observed at a higher 
strain rate of 3500 s− 1. According to the microstructure evolution of the 
STF microcapsules, the experimental observation that the strain-rate 
strengthening sensitivity of the composite increases with increasing 
the contents of STF microcapsules and the loading rates can be well 
understood. As shown in Fig. 10, under quasi-static compression, the 
STF microcapsules are squeezed slowly under external stress. The STF 
inside the microcapsules are compressed along the loading direction, 
leading to the transverse shear flow. The initial viscosity of the STF 
provides negligible resistance during the compression due to the 
extremely low strain rate. In addition, the inertia of the STF microcap
sules can also be neglected at low strain rates. As a result, the higher the 
STF content, the lower the stiffness of the composite at low strain rates as 
observed in experiments, making the composite with higher STF content 
more flexible. With increasing the strain rate of the compression, the 
shear rate will exceed the critical value of 21 s− 1, at which the thick
ening behavior of the STF occurs arising from particle clustering induced 
by hydrodynamic lubrication forces [22–24], rendering high resistance 
during transverse shear flow due to the significant increase of viscosity 
of the STF as shown in Fig. 1. In addition, the dynamic solidification of 
the STF microcapsules may occur under compression at high loading 
rates [26], which could also provide high resistance during compression 
of the composites. Therefore, the composite is more strain-rate sensi
tivity with increasing the loading rate and the STF content as shown in 
Fig. 8, providing excellent flexibility at low loading rates but high 
impact resistance at high loading rates for the composites with large STF 
content. 

4. Constitutive model of the composites 

4.1. Constitutive modeling 

As the numerous STF microcapsules with diameters ranging from 5 
to 25 μm are dispersed randomly in the specimens, the composites can 
be regarded as isotropic. According to the experimental results, the 
composites show hyper-elastic deformation behavior within a wide 
range of strain. In addition, it exhibits obvious strain-rate sensitivity. 
Moreover, the contents of STF microcapsules have a significant impact 
on the mechanical behavior of the composites. Therefore, the effects of 
hyper-elasticity, the strain-rate sensitivity, and the contents of STF mi
crocapsules are considered in the constitutive model of the composites, 

σ = ζ(ε, ε̇)ξ(η) (11)  

where σ is the equivalent stress, ε and ε̇ are strain and strain rate, η is 
mass fraction of STF microcapsules. As the Boltzmann superposition 
principle is widely employed to describe the strain hardening and strain 
rate effect of polymers [56–58], it is taken to described the mechanical 

behavior of the SR-STF composites, 

σ = [ζ1(ε)+ ζ2(ε̇)]ξ(η) (12)  

ζ1(ε), ζ2(ε̇) and ξ(η) are the functions describing the effects of strain 
hardening, strain-rate strengthening, and content of STF microcapsules, 
respectively. Here, the influence of temperature is not considered, which 
will be investigated in future. The Ogden model, which is extensively 
used for rubbers, is used to describe the strain-hardening of the com
posite [59,60], 

W =
∑3

i=1

∑n

j=1

2μj

α2
j
(λi

αj
− 1)+ k(J − 1 − lnJ) (13)  

where W is the strain energy density function, n is model order and taken 
3 here, μ and α are model constants, k is bulk modulus, J is volume 
change coefficient. The relationship between λi and elongation ratio λi is 

λi = J− 1
3λi (14) 

In the present study, the composite is regarded as incompressible 
material and therefore J equals 1, λi = λi. Consequently, 

W =
∑3

i=1

∑3

j=1

2μj

α2
j

(
λαj

i − 1
)

(15) 

λ1, λ2, and λ3 are elongation ratios along three orthogonal directions 
of elongation, respectively. Under uniaxial loading condition, 

λ1 = λ (16)  

λ2 = λ3 = λ− 1

/

2 (17)  

λ= 1 + ε (18)  

where ε is engineering strain. As a result, 

σ =
dw
dλ1

=
∑3

j=1

2μj

αj

⎡

⎣λαj − 1
1 − λ−

αj
2 − 1

1

⎤

⎦ (19)  

where σ is uniaxial stress contributed by elastic deformation. 
The Maxwell generalized model is employed to describe the strain- 

rate strengthening effect of the composites, 

σ(t) =
∫t

0

g(t − τ) ∂ε
∂τ dτ (20)  

where g(t − τ) is relaxation function, 

g(t)=
∑n

i=1
Gi exp(− βit) (21)  

therefore, under uniaxial loading condition, the stress contributed by 
strain-hardening and strain-rate strengthening is given as 

σ =
∑3

j=1

2μj

αj

⎛

⎝λαj − 1
1 − λ−

αj
2 − 1

1

⎞

⎠+

∫t

0

∑3

i=1
Gi exp[ − βi(t − τ)]λ̇1(τ)dτ (22) 

The effect of the content of STF microcapsules, η, is considered as 
follow, 

ξ(η)= pη + 1 (23)  

where p is a parameter. According to the experimental results, the in
crease of the content of STF microcapsules leads to the decrease of the 
stiffness of the composite. Therefore, the parameter p < 0 at low strain 
rates, indicating a weakening effect of the content of STF microcapsule. 
However, the stiffness of the composite with a high content of STF mi

Table 3 
Constitutive parameters of hyper-elastic model.  

μ1/

MPa 
μ2/

MPa 
μ3/MPa α1 α2 α3 

− 95.83 51.63 45.28 − 0.15 0.30 − 0.55  
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crocapsules trends to exceed that with a low content of STF microcap
sules at high strain rates, showing a strengthening effect of the content of 
STF microcapsules. As a result, the parameter p should be a function of 
strain rate, which can be fitted by a linear function according to the 
experimental results as given in Fig. 8, 

p=Aλ̇1 + B (24) 

Therefore, the constitute model of the composites is given as follows, 
in which the strain hardening, strain-rate strengthening, influence of the 
content of STF microcapsules are considered, 

σ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑3

j=1

2μj

αj

⎛

⎝λαj − 1
1 − λ−

αj
2 − 1

1

⎞

⎠+

∫t

0

∑3

i=1
Gi exp[ − βi(t − τ)]λ̇1(τ)dτ

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

× [(Aλ̇1 +B)η+ 1] (25) 

The constitutive parameters as listed in Tables 3 and 4 are obtained 
based on the experimental results. 

4.2. Validation and prediction of the constitutive model 

To validate the constitutive model, the relationships between engi
neering stress and engineering strain of the SR-STF composites at the 
strain rates of 10− 3 s− 1 and 2700 s− 1 are predicted as shown in Fig. 11. It 
could be seen that under the low strain rate of 10− 3 s− 1, the constitutive 
model can predict the strain hardening effect for the pure SR and the SR- 
STF composites. When the engineering strain is larger than 0.35, the 
constitutive model slightly overestimates the stress of the SR-STF com
posites. Under the high loading rate of 2700 s− 1, the constitutive model 
can also predict the strain hardening effects of the pure SR and the SR- 
STF. However, for strain lower than 0.3, the constitutive slightly over
estimates the stresses for the SR-STF-30 and the SR-STF-40. Overall, the 
effects of strain hardening, strain rate strengthen, and the mass fraction 
of STF microcapsules predicted by the constitutive model are reasonably 
agree with the experimental results, validating the constitutive model 
for describing the mechanical behavior of the SR-STF composites. 

The measured and the calculated relationships between the engi
neering stresses at strain 0.35 and the strain rates are shown in Fig. 12, 
where the logarithm of strain rate is depicted to clearly show the strain- 
rate sensitivity. It can be seen that the calculation results are in agree
ment with the experimental results for different materials and strain 
rates. According to the experimental results and calculation results, the 

Table 4 
Constitutive parameters of viscoelastic model and p.  

G1 G2 G3 β1 β2 β3 A B 

− 3.35 38.25 − 24.39 − 92.65 − 71.58 47.24 4.19×

10− 4 
− 1.85  

Fig. 11. Experimental results and the calculation results based on the constitutive model under the strain rates of (a) 10− 3 s− 1 and (b) 2700 s− 1.  

Fig. 12. Stress versus logarithm of strain rate of the SR-STF composites, 
showing a good agreement between the experimental results and the calcula
tion results based on the constitutive model. 

Fig. 13. Stress versus strain rate of the SR-STF composites. A critical strain rate 
is observed for all the composites. Below the critical strain rate, the stress in
creases with increasing strain rate and with decreasing the content of STF mi
crocapsules. However, when the strain rate is higher than the critical strain 
rate, the stress increases with increasing strain rate and the content of STF 
microcapsules. 
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stiffness of the composite increases slowly with increasing strain rate at 
the low strain-rate range, followed by the rapid increase process when 
the strain rate exceeds 103 s− 1. In addition, the stiffness of the com
posites with STF microcapsules trend to surpass that without STF mi
crocapsules at the strain rate 103–104 s− 1. This phenomenon can be seen 
more clearly in Fig. 13. As the strain rates in experiments are not high 
enough due to the limitation of the experimental conditions, the 
calculated results at high strain rates are given based on the constitutive 
model as given by Eq. (25). It is clearly shown that the stresses of the 
composites increase with increasing strain rate, showing the positive 
strain-rate sensitivity. The engineering stresses of the SR-STF-0 and the 
SR-STF-40 at 7 × 103 s− 1 are 9.03 MPa and 12.95 MPa, which are 4.69 
and 25.82 times of these at 10− 1 s− 1. It is interesting to note that there is 
a critical strain rate of 4.4 × 103 s− 1 for all the composites, below which 
the stress increases with decreasing the mass fraction of STF microcap
sules. However, the stresses of the composites increase with increasing 
the mass fraction of STF microcapsules, validating the experimental 
hypothesis as given by Fig. 8. Therefore, the composites with STF mi
crocapsules realize sufficient flexibility under low strain rates, but a high 
impact resistance under high strain rates, making it a useful candidate 
for flexible protective structures. 

It should be noted that the increase of the mass fraction of STF mi
crocapsules will increase the density of the SR-STF composites. The 
densities of the SR-STF-0, the SR-STF-10, the SR-STF-20, the SR-STF-30, 
and the SR-STF-40 are 1.04, 1.07, 1.11, 1.15, and 1.20 g/cm3, respec
tively. In practical application, for example the bulletproof helmet lin
ing, the total weight is generally small, and therefore the slightly 
increase in weight is usually acceptable while using the SR-STF-40 
instead of the SR-STF-0. In addition, the competition between the 
strength requirements and the lightweight requirements of materials can 
be expressed as 

κ =
(σC% − σ0%)/σ0%

(ρC% − ρ0%)/ρ0%
(26)  

where σC% and ρC% are stress at strain 0.35 and density for the SR-STF 
composites with C% mass fraction of STF microcapsules, respectively; 
σ0% and ρ0% are stress at strain 0.35 and density for the pure SR material, 
respectively. For κ > 1, the increase of stiffness is faster than that of 
weight. Based on the prediction of the constitutive model, the stresses of 
the SR-STF-0, the SR-STF-10, the SR-STF-20, the SR-STF-30, and the SR- 
STF-40 at strain 0.35 under 7000 s− 1 are 9.03, 10.01, 10.99, 11.97, and 
12.95 MPa, respectively. According to Eq. (26), κ are 3.76, 3.22, 3.08, 
and 2.82 for the SR-STF-10, the SR-STF-20, the SR-STF-30, and the SR- 
STF-40, respectively, indicating that the increase of stiffness of the SR- 
STF composites is much faster than that of weight when compared to 
the pure SR, which is favorable for protective materials subjected to high 
velocity impact. 

The composites with different contents of STF microcapsules have 
the same critical strain rate of 4.4 × 103 s− 1, implying that the critical 
strain rate may be determined by the properties of the STF. The diameter 
of the microcapsules could also influence the critical strain rate of the 
composites, which will be investigated in future. It is to be noted that 
beside the mass fraction of the microcapsules, the mechanical behavior 
of the SR-STF composites including the strain hardening, the strain rate 
sensitivity, and the critical strain rate should be affected by the shear- 
thickening behavior of the STF. In addition, it might also be depen
dent to the size and the distribution of the STF microcapsules. These 
effects will be investigated by experiments and numerical simulation in 
future. 

5. Conclusions 

In this paper, the silicone rubber composites with different contents 
of STF microcapsules are fabricated for the first time, and the mechan
ical behavior under various loading conditions is investigated. The main 

conclusions are as follows.  

1. The spherical STF microcapsules with diameters ranging from 5 to 
25 μm are successfully dispersed evenly and sealed firmly in the 
silicone rubber matrix through emulsifying and curing processes, 
providing a practical strategy for engineering applications of STF.  

2. The SR-STF composites show obvious strain hardening and strain- 
rate strengthening effects due to the shear thickening and possible 
compressive jamming of the STF inside the microcapsules under high 
loading rates.  

3. The stiffness of the SR-STF composites increases with decreasing the 
content of STF microcapsules under low strain rate. However, the 
stiffness of the composite with high STF microcapsules trends to 
exceed the other composites under high loading rates.  

4. A hyper-viscoelastic constitutive model considering the effects of 
strain hardening, strain-rate strengthening, and content of STF mi
crocapsules is developed, which is validated by experimental results.  

5. A critical strain rate of about 4.4 × 103 s− 1 is predicted by the 
constitutive model, above which the influence of the content of STF 
microcapsules on the stiffness of the SR-STF composite reverses, 
showing intelligent adaptation of the composites subjected to 
various impact loadings. 
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