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Abstract

®
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Herein, a macroscopic double-network (DN) design for stretchable composite is proposed by
embedding strain-rate stiffening elastomer (SSE) reinforced bars into the Ecoflex matrix. Due to
the complementarity of mechanical properties between the soft-phase Ecoflex and hard-phase
SSE as well as the strong interfacial bond strength, the Ecoflex/SSE composite achieves higher
toughness and fatigue threshold than traditional single-network elastomers. Besides, based on
the crack propagation characterization, strain-field evolution investigation, and finite element
analysis, the fracture toughness of the Ecoflex/SSE composite is proved to be enhanced with the
increase of the external strain rates. Interestingly, a sideway crack-arrest morphology is observed
above 0.1 s~!, displaying a better anti-crack ability of the Ecoflex/SSE composite at the higher
strain rate. As a fundamental research in macroscopic DN composite, the method in this work
provides a new idea for the toughening optimization of the strain-rate stiffening material. With
the high fracture toughness, fatigue threshold, and flexibility, the Ecoflex/SSE composite has
broad application prospects in designing high-performance stretchable elastomers.

Keywords: polymer-matrix composite, stretchable material, structural design,

fracture toughness, strain-rate stiffening elastomer (SSE)

(Some figures may appear in colour only in the online journal)

1. Introduction

Stretchable materials, with low modulus and good flexibil-
ity, have shown broad application prospects in the fields of
intelligent wearables [ 1-3], soft robots [4—6], stretchable elec-
tronics [7, 8], and drug deliveries [9, 10]. Nowadays, focus-
ing on material synthesis [11, 12], structural design [13-15],
and performance optimization [16, 17], researchers all over
the world have made many contributions to optimize the
material property. However, the load-bearing capacity and
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structural stability against the crack propagation for existing
stretchable composites are relatively limited, which undeni-
ably seriously restricts their development in practical applic-
ations [18]. Therefore, exploring feasible toughening meth-
ods to improve the crack resistance capability for stretchable
materials, becomes a top priority.

Nowadays, researchers have proposed a series of optimiza-
tion schemes from multi-scale levels to improve the mechan-
ical performance of stretchable materials. At the microscopic
scale, by introducing isotropically pre-stretched sacrificial
bonds into an ethyl acrylate system, the stiffness and tough-
ness of the modified composite can be significantly improved
[19]. Similarly, King et al also propose a double-network

© 2022 I0P Publishing Ltd
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(DN) method to optimize the mechanical behavior of
polyacrylamide hydrogel using controllable physical sacri-
ficial networks [20]. Moreover, due to the rapid develop-
ment of additive manufacturing technology and the increasing
understanding of the fracture mechanisms of heterogeneous
materials, several attempts have been made to design high-
performance stretchable architectures at the macroscopical
scale [21-23]. Li et al report a fatigue-resistant elastomer with
a fatigue threshold beyond 500 J m~2 by printing hard elast-
omer into the soft matrix [24]. Additionally, Xiang et al pro-
pose a general principle to fabricate the hydrogel-elastomer
structure, which guides the research directions for the macro-
scopical DN composite [25].

In terms of practical engineering applications, the mech-
anical behavior of the stretchable composite is easily affected
by the variation of external loading strain rates [26]. However,
the existing toughening methods for the stretchable compos-
ite mainly focus on property optimization at a specific load-
ing strain rate. There is still a lack of research on property
optimization based on the strain rate-dependent effect. It is
known that most stretchable elastomers exhibit either strain
rate-independent or strain rate-weakened phenomena during
the crack propagation process [27]. The bottle-neck issue seri-
ously influenced the practicability of stretchable materials due
to their limited fracture toughness and fatigue threshold with
the increase of the external strain rates. Recently, strain-rate
stiffening material, a kind of high macromolecule composed
of boron-siloxane, is reported to possess an interesting strain-
rate stiffening ability due to the dynamic physical crosslinking
[28, 29]. The storage modulus of strain-rate stiffening materi-
als can be significantly increased by improving external strain
rates within a short response time [30, 31]. Therefore, it is a
novel attempt to design a crack-resistance stretchable elast-
omer with strain-rate stiffening components.

Herein, a macroscopic DN structure was fabricated by
embedding lattices of strain-rate stiffening elastomer (SSE)
reinforcement bar into the Ecoflex soft matrix. Resulted from
the coupling effect of the SSE and Ecoflex with discrepant
modulus and good interfacial adhesion, the fracture tough-
ness and fatigue threshold of the Ecoflex/SSE composite was
improved effectively compared with other traditional elast-
omers. Besides, due to the unique mechanical behavior of
SSE, the strain-rate stiffening effect was successfully com-
bined with the toughening design of stretchable materials for
the first time. The composite design method proposed in this
paper can not only expand the application field for strain-
rate stiffening materials but also promote the development of
stretchable devices.

2. Materials and methods

2.1. Synthetic method for Ecoflex and SSE elastomer

The Ecoflex used in this paper was a commercial platinum-
catalyzed elastomer (Ecoflex™ 00-20, purchased from
Smooth-On, USA). Part A and part B of the Ecoflex precursor
were manually mixed at the weight ratio of 1:1 for 5 min

to obtain the unvulcanized Ecoflex. Afterward, the precursor
solution was poured into the aluminum mold and degassed in a
vacuum chamber until the bubbles were utterly removed. Sub-
sequently, the mixture was vulcanized at 100 °C for 10 min
to produce the final Ecoflex elastomer (figure 1(a)).

The mixture of boric acid (AR degree, purchased from
Sinopharm Chemical Reagent Co. Ltd, Shanghai, China) and
hydroxyl silicone oil (AR degree, purchased from Jining
Huakai Resin Co., Ltd, China) were heated at 180 °C for 2 h
in an oven to obtain the strain-rate stiffening gel (SSG) raw
material (figure 1(b)). To fabricate the raw materials for the
SSE, the same weight of as-prepared SSG and methyl vinyl sil-
icone rubber (VMQ 110-2, purchased from Shenzhen Muwei
Technology Co., Ltd) were stirred mechanically in an internal
mixer (HL-200, Jilin University, China) at 45 rpm for 30 min.
In the process of mixing, 1.0 % w.t. of benzoyl peroxide (BPO,
CP degree, purchased from Sinopharm Chemical Reagent Co.
Ltd, Shanghai, China) was dispersed into the SSG-VMQ mix-
ture as the vulcanizing agent. Then, the mixture was vulcan-
ized using a plate vulcanizer under 100 °C and 20 MPa for
15 min in the customized aluminum mold. Finally, the SSE
with specific shapes could be obtained after the cooling and
demolding (figure 1(c)).

2.2. Preparation process of the Ecoflex/SSE composite

The Ecoflex/SSE composite was composed of the Ecoflex mat-
rix and SSE reinforcement bar. Firstly, an Ecoflex elastomer
sheet with the dimension of 70 mm x 40 mm X 1 mm was
placed into an aluminum mold of 70 mm x 40 mm x 3 mm as
the bottom matrix of the composite. Secondly, the SSE rein-
forcement bars with the size of 5 mm x 40 mm x 1 mm
were evenly distributed on the Ecoflex matrix with an interval
of 5 mm. Afterward, the remaining space was filled with the
unvulcanized Ecoflex precursor solution. Notably, the vulcan-
ization process of Ecoflex/SSE was the same as that of Eco-
flex except for the pressure. The pressure was set as 20 MPa
to promote the interface bonding performance between the
Ecoflex and SSE. Finally, the stretchable Ecoflex/SSE com-
posite was obtained through a cooling and demolding process
(figure 1(d)). From the SEM (SEM 500, Carl Zeiss Micro-
scopy Ltd UK) image, the Ecoflex and SSE were in close con-
tact at the interface region (figure Al).

2.3. Mechanical characterization

In order to evaluate the mechanical properties of Ecoflex/SSE
composite, the uniaxial tension test, T-peeling test, crack
propagation test, and cyclic fatigue test were conducted using a
universal tensile instrument (Criterion™ Model 43, MTS Co.,
LTD, China) with a 500 N force sensor module.

For the uniaxial tension test of homogeneous Ecoflex and
SSE, the specimen was cut into a rectangular shape with the
effective size of 40 mm x 20 mm x 2 mm by a metal cutter
(ISO 37:2017). During the stretching process, the length of the
specimen was parallel to the loading direction, while the width
was perpendicular to the loading direction. The rate-dependent
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Figure 1. The preparation procedures for Ecoflex/SSE composite. (a)—(c) The synthesis of Ecoflex, SSG, and SSE. (d) The assembly of

Ecoflex/SSE composite.

effect of the Ecoflex/SSE composite was investigated under
the tensile strain rates of 0.01 s—!, 0.1 s~!, and 0.5 s~!,
respectively.

The T-peeling test was conducted to measure the interfacial
adhesion between the Ecofelx and SSE. The SSE was primar-
ily fabricated with a dimension of 60 mm x 20 mm X 2 mm
and placed into a 60 mm x 20 mm x 4 mm aluminum mold.
Secondly, a PET film (10 mm x 2 mm) was attached to the
end of the SSE to form the initial crack. Then, the liquid Eco-
flex precursor with the same volume as SSE was added into
the mold. The whole specimen was put into a flat vulcan-
izer under an environment of 100 °C, 20 MPa for 15 min
to form interfacial adhesion between the SSE and Ecoflex
(ISO 11339:2010). Besides, unpressurized specimens of the
same geometric dimension were also prepared to explore the
influence of pressurization on the interfacial properties of
the Ecoflex/SSE composites. Furthermore, the PET films of
80 mm x 20 mm x 2 mm were pasted to the backsides for both
SSE and Ecoflex using Sil-Poxy™ (purchased from Smooth-
On, USA) silicone adhesive to restrain the deformation of the
peeling arms. In the T-peeling test, the effective bonding area
for the specimen was 50 mm x 20 mm, and the tensile rate
was 0.4 mm s~! and 4 mm s~

For the Ecoflex/SSE composite, the notched specimen with
an effective size of 70 mm x 20 mm X 3 mm was pre-
pared by cutting a 15 mm initial crack from the midline of
one side of the composite according to the principle pro-
posed in the previous study [32]. The experimental paramet-
ers in the crack propagation test were the same as the uniaxial
tensile test except for the specimen’s geometry. It was worth
mentioning that the black speckles were randomly sprayed
on one surface of the sample in the undeformed state. In
this case, the deformation history could be analyzed through
the digital image correlation (DIC) method using a CCD

camera (MV-CA050-11UM, Hikvision, China) with a calib-
rated linewidth of 27.84 um. The strain fields were calculated
using Ncorr software, an open-source 2D digital DIC MAT-
LAB program widely used to analyze the material deformation
[33]. Moreover, an ordinary digital camera (iPhone 7, 1080p
HD, 60 fps) was placed perpendicularly to another specimen
surface without the black speckles to record the deformation
morphologies of the Ecoflex/SSE composite.

For the cyclic fatigue test of the Ecoflex/SSE composite,
the dimension of the specimen was the same as that in the
crack propagation test. Under the cyclic fatigue loading, the
notched specimens were stretched from the undeformed state
(A =1) to the amplitude value (A = \) and then unloaded to
A =1 atthe frequency of f = 0.2 Hz (ISO 9664:1993). Accord-
ing to the previous report, the fatigue threshold was defined as
the number of cycles corresponding to the failure of the first
SSE reinforcement bar in the crack propagation direction [25].
Moreover, the unnotched specimen was repeatedly stretched
with the same experimental conditions as the notched one to
calculate the energy release rate (G) based on the integral of
the stress-stretch curve at the failure cycle (N). Meanwhile,
the abovementioned DIC method was used to record the crack
propagation process and identify the failure cycle for the Eco-
flex/SSE specimen.

3. Results and discussion

3.1 The basic mechanical properties for Ecoflex, SSE, and
Ecoflex/SSE interface

The uniaxial tension test of Ecoflex and SSE was primar-
ily carried out to determine the mechanical properties of
each component in the composite (figure 2(a)). The homo-
geneous Ecoflex exhibited a typical hyperelastic behavior
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Figure 2. The uniaxial tensile test for Ecoflex and SSE elastomer. (a) The schematic of the uniaxial tensile test and the dimension of the
specimen. (b) The stress vs. stretch curve of Ecoflex elastomer before A < 6. (The insets are the partial enlarged detail between A\ = 1.25-2.5
and the stretchability of Ecoflex before fracture) (c) The stress vs. stretch curve of SSE elastomer. (The inset is the stretchability of SSE
before fracture) (d) The critical stretch and calculated modulus for Ecoflex and SSE (the modulus is defined as the secant modulus at the

stretch of \¢ = 1.25). (Error bars: S.D., n = 3).

with a significant stretch value from the nominal stress vs.
stretch curve. At a small elongation ratio, the stress level
of Ecoflex was limited (14 kPa at A = 1.5). However, with
the increase in elongation ratio, the strain hardening effect
appeared, and the Ecoflex could continue to sustain loading
under large deformation. Additionally, the coincidence of the
tensile curves (A < 3) demonstrated that the mechanical beha-
vior of the Ecoflex elastomer was almost rate-independent at
the low stretch range (figure 2(b)). Unlike the hyperelastic
Ecoflex, SSE was considered a classical viscoelastic material.
The stress vs. stretch curve of SSE illustrated that the mod-
ulus of SSE increased with the growth of the loading strain
rates (figure 2(c)). Besides, the SSE was stiffer than Ecoflex,
with higher stress levels at the same stretch. (45-81 kPa at
A = 1.5). The rheological testing results further indicated the
rate-dependent effect for SSE (figure A2). Based on the com-
parison of the mechanical behavior of Ecoflex and SSE, the
Ecoflex matrix had a larger elongation (A > 7). Meanwhile,
the modulus of SSE was larger than the Ecoflex, with an inter-
esting strain-rate stiffening effect (figure 2(d)).

The T-peeling test was conducted to characterize the adhe-
sion strength of SSE and Ecoflex. An initial crack of 10 mm
was introduced to the interface of the double-layer specimen
in the preparation process (figure 3(a)). The peeling force vs.
displacement curve was recorded by a force sensor in the
universal tensile instrument during the T-peeling test. With the

increase of the extension, the peeling force gradually reached
a plateau region before the specimen was completely stripped.
For the unpressurized specimens, the force value in the plateau
region was far below the specimens with the pressurized spe-
cimen. Besides, the difference in adhesive property was more
evident with the increase in peeling velocity between the
unpressurized and pressurized specimens (figure 3(b)). The
adhesion strength was defined as

Ip=2Pn/w, (1)

where the P, is the average peeling force at the plateau, and
the w is the width of the peeling specimen [34]. The adhesion
strength for unpressurized specimens was only 70-85 J m—2,
while the adhesion strength for pressurized specimens was
122-343 J m~2. The interface morphology between the Eco-
flex and SSE was also recorded during the peeling pro-
cess. For the specimen after pressurizing modification, there
was an apparent bonding phenomenon between the inter-
face when Ecoflex and SSE were separated. However, the
bonding effect was feeble for the unpressurized specimens
(figures 3(c) and (d)). Fourier transform infrared spectroscopy
(FT-IR) could also indirectly prove the effect of pressurization
on the interface of Ecoflex/SSE composites. Compared with
the unpressurized specimens, the B—O absorption peak (which
originally existed only in the SSE system) appeared in the
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Figure 3. The T-peeling test for Ecoflex and SSE. (a) The schematic of the T-peeling test and the dimension of the specimen. (b) The
peeling force vs. extension curve of the double-layer Ecoflex and SSE with different modification methods and extension velocities. (c) The
interface topography of the unpressurized specimen and calculated peel strength. (d) The interface topography of the pressurized specimen

and calculated peel strength. (Error bars: S.D., n = 3).

pressurized Ecoflex after peeling (figure A3). Therefore, it
indicated that more SSE was attached to the Ecoflex surface
during the peeling process, and the interfacial bonding was
effectively improved. In this case, the pressurizing modifica-
tion during the preparation process endowed the Ecoflex/SSE
composite with a better interfacial property.

3.2. The toughening effect against crack propagation for
Ecoflex/SSE composite

To evaluate the ability of Ecoflex/SSE composite in resist-
ing crack propagation under different strain rates, the crack
propagation tests for notched Ecoflex, SSE, and Ecoflex/SSE
(uniformly-spaced Ecoflex and SSE with the width rate of
1:1) specimens were carried out at the tensile strain rates of
0.01s71,0.1s7!, and 0.5 s~', respectively (figure 4(a)). Fur-
ther, the fracture toughness (I';) was calculated by

Te=hoW(A) =ho

A=1

o (A)d), 2

to quantitatively measure the resistance against crack propaga-
tion [25, 34]. Where hy is the height of the specimen and
A=A
[ o (X\)dX represents the integral of the curve of stress
A=1
(a(N)) vs. stretch (\) for the unnotched specimen from A = 1

to A = \. with the same dimension as the notched specimen
(figure 4(b)). Firstly, the differences in mechanical behaviors
of Ecoflex, SSE, and Ecoflex/SSE composite were analyzed
through the stress vs. stretch curves. It should be noted that
the critical stretch (\;) for homogeneous Ecoflex and SSE
corresponded to the elongation when the stress reached the
maximum value, and the ). for Ecoflex/SSE structure was
defined as the stretch when the first SSE reinforcement bar
broke [24]. Before reaching the A, value, the stress vs. stretch
curves for notched Ecoflex specimens were almost coincid-
ent, displaying a rate-independent property. Differently, the
tensile curves of notched SSE specimens exhibited a typical
strain-rate enhanced effect. Due to the existence of the SSE
reinforcement bar, the Ecoflex/SSE also displayed a similar
strain rate-dependent behavior (figure 4(c)). The experimental
results illustrated that there was little difference between the
A values for both notched homogeneous Ecoflex and Eco-
flex/SSE under different strain rates (A, = 2.5-3.0), higher
than that of the homogeneous SSE (A, < 1.8) (figure 4(d)).
In this case, the Ecoflex matrix positively influenced the
structural stability of the Ecoflex/SSE composite under large
deformation. Besides, benefitting from the rate-dependent
reinforcement effect of hard bar SSE, the secant modulus of
Ecoflex/SSE showed a strain-rate stiffening behavior from
38 kPaat 0.01 s~!, 51 kPa at 0.1 s—!, and 65 kPaat 0.5 s~ 1.
It displayed a larger value than the homogeneous Ecoflex
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Figure 4. The mechanical behavior for notched homogeneous Ecoflex, SSE, and Ecoflex/SSE composite before crack propagation. (a) The
schematic of the crack propagation test and the dimension of the notched specimen. (b) The definition of fracture toughness I'c. (c) The
stress vs. stretch curve for homogeneous Ecoflex, SSE, and Ecoflex/SSE at different strain rates during the crack propagation before the A¢
value. (d)—(f) The calculated critical stretch, modulus, and fracture toughness for homogeneous Ecoflex, SSE, and Ecoflex/SSE at different
strain rates. (The modulus is defined as the secant modulus at the stretch of A\c = 1.25. Error bars: S.D., n = 3).

(22 kPaat 0.01 s~!, 23 kPaat0.1 s~!, and 23 kPa at 0.5 s~!)
(figure 4(e)). In terms of the toughness, for the homogen-
eous Ecoflex, the calculated I'. value was not sensitive to
the variation of strain rates among 504-705 J m~? at differ-
ent strain rates, while the I'; values for homogeneous SSE
were relatively limited (370 J m~2 at 0.01 s~!, 331 J m—?
at 0.1 s~ !, and 663 J m~2 at 0.5 s—!). Unlike some fiber-
reinforced polymer composites, whose fracture toughness was
either rate-independent or rate-weakened [27, 35], the calcu-
lated I, for the Ecoflex/SSE composite in this paper increased
from 685 J m~2 to 1758 J m~2 with the growth of the tensile
strain rates (figure 4(f)). Besides, the influence of SSE con-
tent on the mechanical behavior of the Ecoflex/SSE compos-
ite was also compared by changing the geometric dimensions
of Ecoflex and SSE (figure A4). All of the tested specimens
showed higher critical stretch values than the homogeneous
SSE, which further verified the positive effect of the Ecoflex
matrix on the integrity of Ecoflex/SSE composite against the
crack propagation. Moreover, the uniformly-spaced Ecoflex
and SSE with the width rate of 1:1 displayed the highest frac-
ture toughness among all of the specimen at different strain
rates. Therefore, this specimen were used to design the Eco-
flex/SSE composite in the work as described in section 2.

In crack propagation, the evolutions of crack morphology
corresponded to the specific mechanical behavior of materi-
als. Generally, the crack tip opening displacement (CTOD)
was used to characterize the crack behavior from the aspect
of morphology [36-38]. In this paper, the CTOD was extrac-
ted from the images recorded by the CCD camera. The crack
tip displacement (Dis¢acx) and crack tip velocity (Verack) were
obtained by pixel recognition technology based on the CTOD
data. For the homogeneous Ecoflex, a large amount of deform-
ation energy was stored at the crack tip before the stress

increased to the critical value (Stage I) [34]. Considering the
isotropic character of Ecoflex elastomer, the opening mode
crack (Mode I cracking) was observed in the crack propagation
process. The Disc,cx increased rapidly, and the stress value
at this stage quickly decreased due to the continuous destruc-
tion of the Ecoflex structure. Finally, the crack propagated at
the edge part of Ecoflex, and the whole elastomer failed with
penetrating the crack (Stage II). Additionally, the crack mor-
phologies for two feature points were extracted, corresponding
to the stage of crack initiation (point 1) and steady propaga-
tion (point 2), respectively. It should be noted that the crack
shapes of the two feature points are highly similar and can be
described by a power-law equation x = y" at all of the tensile
rates, showing a no-inertia nature during the crack movements
[39] (figures 5(a)—(c) and AS(a)—(c)).

The crack evolution was quite different for the Ecoflex/SSE
composite. At the tensile rate of 0.01 s~!, the Ecoflex/SSE
gradually reached the A\, value when the first SSE reinforce-
ment bar failed (Stage I). The crack could continue to propag-
ate into the Ecoflex network during the crack propagation
process until the SSE reinforcement bar was destroyed. Due
to the existence of reinforcement bar SSE, the penetration
tendency of the crack tip was slightly alleviated. The Disciack
stepwise increased to the maximum value rather than rapidly
penetrating the homogeneous Ecoflex. Correspondingly, the
gradual decay of stress value displayed in the stress vs. stretch
curve with the alternative failure between the SSE and Ecoflex.
Finally, a penetrating crack was observed once the whole com-
posite was destroyed (Stage II). Under the circumstances, the
crack blunting phenomenon appeared, and the crack velocity
displayed a fluctuant tendency. In this section, another two fea-
ture points were chosen to compare the CTOD at the different
stages in crack propagation. Point 1 corresponded to the crack
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Figure 5. The comparison of crack propagation process under different strain rates for the homogeneous Ecoflex and Ecoflex/SSE.

(a)—(c) Homogeneous Ecoflex at the strain rate of 0.01 s71,0.1s7!, and 0.5 s™; (d)~(f) Ecoflex/SSE at the strain rate of 0.01 s~%, 0.1 s !,
and 0.5 s, (The first column is the stress vs. stretch curve and corresponding morphology evolutions during the crack propagation. The
second column is the crack displacement vs. stretch curve, and the inset is the CTOD of the feature points, respectively).

initiation, and point 2 corresponded to the keyframe when the
crack tip was blunted at the interface. It was illustrated that
the crack opening angle of point 2 was more significant than
point 1. The previous report showed that a larger crack opening
angle represented the more strain energy accumulated in the
crack tip region [40, 41]. Therefore, more energy was needed
to drive the crack tip movement, which improved the fracture
toughness of the Ecoflex/SSE composites.

At higher strain rates of 0.1 and 0.5 s~!, the toughness
of Ecoflex/SSE was enhanced due to the strain-rate stiffening
effect. Interestingly, the fracture evolution still showed a pen-
etrating style at the initial crack propagation stage (Stage I).
However, a sideways crack was captured at the interface of
Ecoflex and SSE with the growth of the crack tip (Stage II).
Under this circumstance, the crack tip was effectively arres-
ted, proven by a longer plateau region in crack growth vs.
stretch curve. The region ahead of the crack front continued
to sustain the tensile loadings even at large A values. Finally,
the Ecoflex/SSE composite achieved higher stretchability and

maximum stress value before the crack propagated to the end
of the clamping end. Similarly, the CTODs of two keyframes
were extracted when the crack started to propagate (point 1)
and the crack tip was arrested (point 2), respectively. Com-
pared with the experimental results at 0.01 s~!, the contrast of
crack opening angles between point 1 and point 2 at 0. 1 s~!
and 0.5 s~! were more prominent, indicating more accumula-
tion of strain energy at the crack tip region (figures 5(e), (f),
AS5(e) and (f)).

The Lagrange strain fields in the y-direction (g,y) for the
homogeneous Ecoflex and Ecoflex/SSE in the crack propaga-
tion process were calculated by Ncorr software [33]. In the
strain field contours, the red region with the high ¢,, value
represented the crack tip position, while the movement of
the red region corresponded to the crack propagation. At the
strain rate of 0.01 s—!, four feature points with a strain inter-
val of 0.06 were selected to analyze the evolution rules of the
crack growth. For the homogeneous Ecoflex, the crack tip star-
ted to move when the high strain region ¢,, accumulated to
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(a) Ecoflex 0.01s1

(b) Ecoflex 0.1s"

(c) Ecoflex 0.5s"

Figure 6. The Lagrange strain €y, contour for different feature points when the crack tip started to grow in the crack propagation process.
(a)—(c) Homogeneous Ecoflex at 0.01 s71,0.1s7!, and 0.5 s7L. (d)=(f) Ecoflex/SSE at 0.01 s~!, 0.1 s~ ', and 0.5 s~ ".

a critical extent. Once crack growth occurred, the crack tip
propagated promptly, proved by the movement of the sym-
metrical red high strain region (figures 6(a)—(c)). For the Eco-
flex/SSE, the crack tip movement with a high ¢, value was
limited after contact with the reinforcement bar SSE, which
indicated that the existence of SSE could restrict the crack
growth. Compared with the homogeneous Ecoflex, a more
high strain region occurred at the crack tip of Ecoflex/SSE.
Therefore, more energy accumulated at the crack tip before
the crack continued to propagate, leading to the toughness
enhancement from a macroscopic perspective (figure 6(d)).
At the strain rate of 0.1 s~ and 0.5 s~!, another four fea-
ture points with a strain interval of 0.10 were also recorded to
compare the crack behavior of homogeneous Ecoflex and Eco-
flex/SSE. Similarly, the Ecoflex/SSE composite could effect-
ively limit the movement of the high strain crack tip against
the crack propagation, which further proved the anti-fracture
property of the SSE reinforcement bar (figures 6(e) and (f)).
The finite element analysis (FEA) method was also used
to explain the toughening effect of Ecoflex/SSE based on
the Abaqus/Standard module. The notched Ecoflex and Eco-
flex/SSE composite were assumed to satisfy the plane stress
assumption to improve the convergence of the calculation
results, using a four-node bilinear plane stress quadrilateral

element. The Ecoflex and Ecoflex/SSE geometries were
simplified as 70 mm x 20 mm thin sheets with a 15 mm initial
crack. The spacing between two adjacent SSE reinforcement
bars was 5 mm. In the modeling process, all of the rotation and
displacements were constrained at the fixed end. At the mov-
ing end, only the displacement in the X-axis and rotation were
constrained. In this case, the specimens could be stretched at
the specific velocities along the Y-axis.

In terms of the material parameters, a generalized Neo-
Hookean (GNH) constitutive equation could well describe
hyperelastic behavior for the homogeneous Ecoflex based on
the UHYPER subroutine

1% b ?
(I):% [1+2(ll_3):| —1 ) (3)

where @ is the strain energy density function and 7, is the
quadratic sum of the three principal stretches. p and b are
material parameters representing the shear modulus at infin-
itesimal strain and the onset of strain stiffening, respectively
[42, 43] (figure 7(a)). Besides, the viscoelastic behavior for
SSE could be described by a standard linear solid (SLS) model,
composed of a Kelvin element and a spring in series utilizing
the UMAT subroutine [44]
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Figure 7. The FEA comparison of the ability against the crack tip for homogeneous Ecoflex and Ecoflex/SSE. (a) The fitting results for
hyperelastic Ecoflex based on the generalized Neo-Hookean (GNH) model; (b) the fitting results for viscoelastic SSE based on the standard
linear solid (SLS) model (the inset represents the SLS model); (c) the stress distributions along the X-axis for the homogeneous Ecoflex and
Ecoflex/SSE at 0.01 s™!, 0.1 s™', and 0.5 s™". (d)~(f) The comparison of full-field stress distributions for the homogeneous Ecoflex and
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Under the condition of uniaxial tension with a constant strain
rate, there was an analytical solution to the above equation

EE,
o=

E3
= €
E\+E,

n Té(l fe*E/E'T),
E\+E,

where the o is the stress, ¢ is the derivative of stress versus
time, ¢ is the strain, and ¢ is the strain rate. £, E, and 7,
are the undetermined parameters in the SLS model, represent-
ing the elastic moduli for two springs and the viscosity for the
dashpot, respectively. Additionally, 7 = n,/(E; + E») repres-
ents the characteristic time (figure 7(b)). For simplicity, the
parameters for FEA were shown in table Al.

To investigate the influence of SSE on crack tip behavior,
the process before the crack propagation from A =1to A = 1.5
was simulated. It was illustrated that the uniaxial tensile FEA
simulation results of Ecoflex and SSE elastomers were in good
agreement with the experimental results in the testing stretch
range, which further proved the validity of the GNH model
and the SLS model (figure A6). For the homogeneous Ecoflex,
only the crack tip region was highly stretched before the crack
propagation, while the Ecoflex in the far-field was insensit-
ive to the evolution of the cracks tip. The stress concentration
at the crack tip was apparent, which was easy to initiate crack
propagation. Moreover, the stress states near the crack tip were
almost the same at different strain rates in the numerical sim-
ulation, which further verified the rate-independent behavior
of the homogeneous Ecoflex. For the Ecoflex/SSE compos-
ite, the SSE with a high modulus could dissipate more strain

&)

energy at the same elongation, resulting from the modulus
differences between the SSE reinforcement bars and Ecoflex
matrix. Besides, the bonding effect generated more shearing
force in the interface of Ecoflex and SSE. Based on the syn-
ergistic effect of Ecoflex and SSE, more regions at the crack
tip were involved in resisting crack propagation. The stress
concentration phenomenon was effectively alleviated. Com-
pared with the homogeneous Ecoflex, it was illustrated that
the SSE reinforcement bar in the far-field also displayed a
higher stress level in Ecoflex/SSE composite. As the increment
of strain rates, the stress value of far-field SSE was enhanced
due to the strain-rate stiffening effect. In this case, more strain
energy was required for crack initiation, and the Ecoflex/SSE
showed an improved anti-crack property at the macro-level

(figures 7(c)—(f)).

3.3. Fatigue behavior of Ecoflex/SSE structure

The fatigue threshold was also an essential mechanics index
to measure the durability of stretchable materials in practical
applications. The cyclic tensile test was conducted to study the
fatigue behavior of the Ecoflex/SSE composite using the same
dimension in the crack propagation test. During the cyclic test,
the various energy release rates (G) could be obtained by chan-
ging the stretch amplitude (figure 8(a)). According to the pre-
vious report [25], the failure cycle (V) corresponded to the cyc-
lic number when the crack penetrated the first reinforcement
bar in the Ecoflex/SSE. The N values were controlled extens-
ively from 10° to 10* to illustrate the fatigue response better.
In this paper, the fatigue threshold I'y is defined as the energy
release rate when N > 10*. Under the higher energy release
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Figure 8. The fatigue behavior for Ecoflex/SSE composite. (a) The G-N curve of the Ecoflex/SSE composite (the inset represents the cyclic
loading history); (b) the snapshot of the failure process for Ecoflex/SSE at N = 1 subjected to the stretch amplitude of 3.5 and energy
release rate of 1762 J m~2; (c) the snapshot of the failure process for Ecoflex/SSE at N = 130 subjected to the stretch amplitude of 2.2 and
energy release rate of 396 J m~2; (d) the snapshot of the crack arrest for Ecoflex/SSE at N = 10* subjected to the stretch amplitude of 1.5

and energy release rate of 201 J m 2.

rate (G > 1762 J m~?2), the composite completely failed in
the first cycle, with a large amount of strain energy released
by the fracture of SSE (figure 8(b)). With the decrease of
energy release rate, the Ecoflex/SSE could maintain the struc-
tural integrity under more cycles of the loading and unload-
ing process. The crack tip penetrated only one SSE reinforce-
ment bar at N = 130 when the energy release rate decreased to
G =396 J m~2 (figure 8(c)). Further, the crack tip was stopped
by the SSE reinforcement bar at a lower energy release rate of
G =201 Tm2 over 10* cyclic (figure 8(d)). The relationship
between the G and N accorded with the following classical
fatigue experimental theory G = " ~"""™) where m and n were
the undetermined parameters [24]. The asymptotic line of the
G vs. N curve was identified as the fatigue threshold of the
Ecoflex/SSE composite with [’y = 201 J m~2.

The experimental results of the crack propagation test
and cyclic fatigue test indicated that the Ecoflex/SSE elast-
omer achieved the balance of fracture toughness and fatigue
threshold. It was reported that the existing elastomer mater-
ials often possessed high toughness (10°-10° J m~2), while
the corresponding fatigue threshold was very low (below
10? J m~2), which undeniably affected the long-term usab-
ility of the material [34, 45-47]. The Ecoflex/SSE com-
posite in this paper could effectively improve the fatigue

threshold while achieving high toughness (figure 9(a)).
Besides, compared with traditional PDMS elastomer materi-
als, the Ecoflex/SSE composites also maintained a lower mod-
ulus [48] (figure 9(b)). Therefore, the stretchable elastomer
with soft matrix and hard reinforcement bar provided a new
concept for designing the high-performance strain-rate stiff-
ening composite.

3.4. Toughening mechanism for the Ecoflex/SSE composite

Based on the above discussions, the toughening effect for
the Ecoflex/SSE could be explained by the synergistic effect
of Ecoflex and SSE. The Ecoflex matrix with low modu-
lus and high stretchability ensured the overall ductility and
flexibility of the composite. Besides, the SSE reinforcement
bar with a higher modulus optimized the mechanical beha-
vior and introduced a new energy dissipation mechanism.
Moreover, the strong interactions between the matrix and rein-
forcement bar could maintain the integrity of the composite
under large deformation. This concept for stretchable elast-
omers was consistent with the optimization method proposed
in recent reports [24, 36], which further verified the applicab-
ility of this method in different material systems.
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Figure 9. The comparison of mechanical properties between Ecoflex/SSE composite and other stretchable elastomers. (a) The comparison
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Figure 10. The microcosmic mechanism against crack propagation. (a) Homogeneous Ecoflex. (b) Ecoflex/SSE at lower strain rate of

0.01 s~ (c) Ecoflex/SSE at a higher strain rate above 0.01 s~

From a microscopic point of view, for most single net-
work polymer systems, the crack could easily break the single
layer of molecular chains in the crack tip region [40]. There-
fore, the homogeneous Ecoflex exhibited low fracture tough-
ness during the crack propagation due to the limited energy
dissipation (figure 10(a)). For the Ecoflex/SSE composite, an
adhesion force generated at the interface between the Ecoflex
and SSE resulted from the interpenetration effect of molecu-
lar chains. Before the crack started propagating, the Ecoflex
matrix was highly sheared in the crack tip region. Due to the
bonding effect at the interface, the SSE reinforcing bar could
further elongate, accompanied by the deformation of the mat-
rix material. The strain energy was not only released from the
damage of molecular chains in the Ecoflex matrix. Benefit-
ting from the high modulus of SSE, another significant part of
the strain energy could also be released through the fracture
of the SSE reinforcing bar. In this case, the fracture tough-
ness of the Ecoflex/SSE structure was effectively enhanced
(figure 10(b)).

Besides, the rate-dependent toughness behavior for Eco-
flex/SSE composite could be described by the dynamic evol-
utions of boron—oxygen (B—O) physical crosslinking. Previ-
ous studies demonstrated that the B—O bond was easy to break
with a characteristic time scale (7o) of about 10°s [49, 50].
Meanwhile, the loading characteristic time (70,9) Was defined

as Tioad = N/(E1 + E») based on the SLS model. Based on the
analysis results from table A1, the calculated 7p,g Was 55.06 s,
0.95 s, and 0.12 s at the strain rate of 0.01 s~!, 0.1 s~!, and
0.5 s~ !, respectively. At lower frequencies, since the loading
characteristic time Ty, Was much longer than the 7,_, of the
B-O bond, the B-O bond has enough time to break. Under
the circumstance, the molecular chains were disentangled and
the polymer system showed a low modulus at the macro level.
With the increment of frequency, the 7,59 became less than the
Tb-o, more B—O bonds in the polymer system could not break,
and the disentanglement effect was inhibited, which seriously
hindered the movement of the molecular chains. The modu-
lus of material increases and the polymer system displayed a
highly elastic state, leading to a more remarkable difference
in modulus between the SSE and Ecoflex. More strain energy
was stored in the SSE segment before crack initiation, and
the Ecoflex/SSE showed a higher toughness on a macroscale
(figure 10(c)).

4. Conclusions
In this paper, a novel stretchable Ecoflex/SSE compos-

ite was designed based on the Ecoflex matrix and SSE
reinforcement bar. The influence of the strain-rate effect of
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SSE reinforcement bars on the fracture toughness of the
Ecoflex/SSE composite was detailedly studied based on exper-
imental investigation and finite element analysis. The conclu-
sions are as follows.

e The Ecoflex/SSE composite achieved higher fracture tough-
ness and fatigue threshold in comparison to the traditional
single-network elastomers due to the complementarity of
mechanical properties between the soft-phase Ecoflex and
hard-phase SSE reinforcement bars as well as the strong
interfacial bond strength.

With the increase of external loading strain rates, the mod-
ulus of the SSE reinforcement bars improved due to the
unique strain-rate stiffening effect. Therefore, the Eco-
flex/SSE composite could dissipate more strain energy
against the crack propagation, resulting in the improvement
of fracture toughness of the material system.

With the increase of external loading strain rates, a side-
way crack-arrest morphology was observed above 0.1 s~
Under this circumstance, the movement of the crack tip was
further arrested and the Ecoflex/SSE composite achieved
higher stretchability as well as maximum stress value.

The strain rate-dependent stiffening mechanism of compos-
ites could be explained by the finite element analysis and
B-O bonds dynamic evolution.

As fundamental research in macroscopic DN material, the
method proposed in this work effectively optimized the tough-
ness and fatigue properties of the stretchable elastomers. The
unique strain-rate stiffening toughening effect in Ecoflex/SSE
composite is similar to the function of the ligamentous tis-
sue in certain organisms. Therefore, the Ecoflex/SSE com-
posite is a good candidate to fabricate a high-performance
bionic structure for potential applications in soft robots and
flexible electronic skin. Moreover, based on the developing
additive manufacturing technology, it is also hoped that the
Ecoflex/SSE composite with more complex SSE patterns and
controllable mechanical properties can be realized in future
work.
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Appendix

Figure A1. The SEM image of the interface between the Ecoflex and SSE.
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Figure A2. The rheological test results for SSE and Ecoflex. (The rheological properties of the homogeneous Ecoflex and strain-rate
stiffening elastomer were studied by a rheometer (Physica MCR 302, Anton Paar Co., Austria), with the PP20 parallel plate ($20 mm).
During the test, the specimen ($20 mm x 1 mm) was sheared by the plate using the oscillatory sweeping module at the temperature of
25 °C with an amplitude strain of 1%. The storage modulus (G’) and loss modulus (G”') were recorded according to the frequency

increment from 0.1 Hz to 100 Hz.).
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Figure A4. The fracture mechanical behavior of samples with different Ecoflex and SSE contents. (a), (b) The schematic of specimen
geometry for low content of SSE (SSE: Ecoflex = 1:3) and high content of SSE (SSE: Ecoflex = 3:1). (c), (d) The calculated critical stretch
and fracture toughness for SSE: Ecoflex = 1:3, SSE: Ecoflex = 3:1, and SSE: Ecoflex = 1:1 at the strain rate of 0.01 s_l, 0.1 s_l, and
0.5 s~! (Error bars: S.D., n = 3).
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Table A1. The material parameters of Ecoflex and SSE in Abaqus.

Specimen Strain rate (s~ 1) u (MPa) b (MPa)
Ecoflex 0.01 0.01175 0.15903
0.1 0.01219 0.18454
0.5 0.01044 0.13483
Specimen Strain rate (s~ 1) E, (MPa) E, (MPa) H (MPas) Poisson’s ratio
SSE 0.01 0.12904 0.14957 15.33948 0.48000
0.1 0.21170 0.26345 0.45318 0.48000
0.5 0.15119 0.60043 0.08735 0.48000
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