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ABSTRACT: There has been a great deal of interest in

incorporating noncovalent bonding groups into elastomers to

achieve high strength. However, the impact resistance of such

elastomers has not been evaluated, even though it is a crucial ~ o — o
mechanical property in practical usage, partly because a large-scale TR L OFO- OO, e
synthetic scheme has not been established. By ionizing the rubber % ‘ % & AlLOB,04-Si0, )

component in polystyrene-b-polyisoprene-b-polystyrene (SIS), we Epory resin based 45» )
prepared several tens of grams of SIS-based elastomers with an sis glass fiber-reinforced plastic i-SIs(Ba)
ionically functionalized rubber phase and a sodium cation (i- (GFRP)

SIS(Na)) or a bulky barium cation (i-SIS(Ba)). The i-SIS(Na) and — — === m— %ﬁ
i-SIS(Ba) exhibited very high tensile toughness of 520 and 280 MJ Impact resistance

8

m™>, respectively. They also exhibited excellent compressive

resistance. Moreover, i-SIS(Ba) was demonstrated to have a higher impact resistance, that is, more protective of a material being
covered compared to covering by typical high-strength glass fiber-reinforced plastic. As such elastomers can be produced at an
industrial scale, they have great market potential as next-generation elastomeric materials.

1. INTRODUCTION (S18)”'° (Figure 1la) and polystyrene-b-polybutadiene-b-

11,12

Polymers that consist of many monomers connected by polyst?rrene (SBS). AS glassy polystyrene and. rubbery
covalent bonds are widely used as polymeric materials (e.g., polydiene, such as Polylsoprene and polybutadiene, are
plastics, rubbers, polymer gels, fibers) in our daily life.' In covalently connected in an A—B—A manner, SIS and SBS

particular, polymeric materials with a glass-transition temper- are used as elastomers with isolated glassy domains of
ature (Tg) or melting point (T,) higher than room polystyrene at room temperature and rubbery polydiene
temperature are used as plastics; these include polystyrene, bridges between the domains. The elastomers exhibit
poly(vinyl chloride), polyethylene, and polypropylene. thermoplasticity because the entire material melts at a higher
Although plastics are typically weaker than metals, they are temperature than the T, of polystyrene; thus, they are called
lighter due to lower densities; therefore, plastics are often used thermoplastic elastomers (TPEs).””~"° TPEs are useful as
as lightweight structural materials that replace heavy metals. processable materials with moderate mechanical properties,

In recent years, as material applications have become more and the global market for styrenic block polymer-based TPEs
diverse and complex, the demand has grown for high- is as large as several billion of dollars.'® However, the strength
performance polymeric materials, thus leading to extensive of ABA triblock copolymer-based TPEs is not that high and is
studies on compounding polymeric materials, ie., polymer similar to that of typical filler-unfilled rubber.

. 2,3 .

composites.”” Examples of well-known §P01Ymef composites There have been several studies on mechanically tough
include fiber-reinforced plastics (FRP s)."" FRPs are extremely TPEs, such as polyurethane-based TPEs'”~"° with noncovalent
high-strength composite materials consisting of a thermoset- bonding groups, especially hydrogen bonding groups; however,
ting resin, such as an epoxy resin, or a thermoplastic, such as ABA triblock copolymer-based TPEs generally do not have

polypropylene, with high-strength fibers, such as glass fibers or
carbon fibers. FRPs also exhibit excellent impact resistance
because they comprise a resin or thermoplastic that can be
easily deformed compared to high-strength fibers.’ -
The above-mentioned polymer composites are macroscopi- Received:  October 8, 2021

cally compounded materials consisting of polymeric and AccePted: December 2, 2021
nonpolymeric materials. On the other hand, block polymers”* Published: December 20, 2021
are examples of microscopically or molecularly hybridized

polymeric materials. Typical examples of ABA triblock

copolymers are polystyrene-b-polyisoprene-b-polystyrene

noncovalent bonding groups that could enhance their
mechanical properties, as they are typically synthesized via

© 2021 The Authors. Published b
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Figure 1. Chemical structures and schematic molecular-level pictures of (a) neat SIS, (b) CB-filled NR,* (c) i-SIS(Na), and (d) i-SIS(Ba). The
gray spheres depict the isolated glassy polystyrene domains. Blue, red, and orange spheres depict the carboxylate anion, sodium cation, and barium
cation, respectively. The black spheres depict particles of carbon black, whereas the small green dots represent a chemical cross-link. See also ref 42.

living anionic polymerization. Recently, the incorporation of
noncovalent bonding groups such as hydrogen bonding
groups”* ™7 or ionic groups™ " into the rubber phase matrix
of ABA triblock copolymer-based TPEs has been studied in an
attempt to increase the TPE strength.””~* In 2015, we
reported on ABA triblock copolymers with hydrogen bonding
groups (e.g., amide groups) in a middle rubber component
block® and demonstrated that the hydrogen bonds in the
rubber matrix contribute to improving the tensile properties of
triblock copolymer-based TPEs.>**® Other studies also
reported hydrogen-bonded ABA triblock copolymer-based
TPEs obtained by polymerizing norbornene monomers.””*”
More recently, we prepared an SIS-based elastomer with ionic
functional groups (i-SIS) that exhibited extremely high
toughness (Wy = 480 MJ m™>), which is an excellent value
compared to previous reports on elastomers, including
polyurethane-based TPEs.*

Since “tough” means damage—tolerant,43 i-SIS should exhibit
high impact resistance, which is a crucially important
mechanical property for practical use, even though i-SIS is a
rubber material. However, the impact resistance of almost all
advanced elastomeric materials with high perform-

ce' ¥ 7H7% has been hardly evaluated. One of the
reasons for this lack of studies is that a relatively large sample is
required to carry out impact tests, and a relatively inexpensive
and large-scale synthetic scheme has not yet been established
for the previously reported advanced elastomeric materials. It
should also be emphasized that very few studies on tough
advanced elastomers directly compare their mechanical
properties with those of other high-strength materials such as
FRPs. FRPs cannot be stretched, and their mechanical
properties are greatly different from those of largely
deformable elastomers, indicating that it is not easy to perform
such a comparison; accordingly, previous studies on the tough
elastomers merely provide their tensile and other mechanical
properties.

In the present study, we evaluated the impact resistance of
homogeneous i-SIS(Na) comprising a monovalent sodium
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cation (Figure 1c) that can be prepared on a scale of several
tens of grams by neutralizing the carboxy groups of the
precursor of i-SIS, ie., hydrogen bonding carboxy-function-
alized SIS (h-SIS; see our previous report and Figure S1 of the
Supportin% Information for the synthetic scheme of h-
SIS).*°*>" Furthermore, we prepared several tens of grams
of i-SIS(Ba) (Figure 1d) with a bulky divalent barium cation
by neutralizing the carboxy groups of h-SIS with barium
ethoxide, and we investigated the effect of the i-SIS cation type
on its mechanical properties. Note that hydrogen bonding
between the amide groups in i-SIS is much weaker than the
short-range ion—ion interactions that arise within ionic
multiplets;*” therefore, the influence of the hydrogen bonds
formed between the amide groups in i-SIS on its mechanical
properties was assumed to be very small. To evaluate the basic
mechanical properties of i-SIS(Na) and i-SIS(Ba), we
conducted both tensile tests at different elongation rates and
a compression test, and we compared the results with the
properties of neat SIS and of carbon black-filled natural rubber
(CB-filled NR, Figure 1b).>*** CB-filled NR is a typical rubber
material and was used as a control sample for neat SIS and i-
SIS in terms of elastomeric materials that can be greatly
deformed. Finally, drop weight impact tests typically used for
evaluation of hard materials, such as FRPs and laminated
glasses,ss_58 were performed on i-SIS(Na) and i-SIS(Ba) to
investigate their potential as impact-resistant materials and
their protection capabilities as a covering material when an
impact is directly applied. In addition, the impact resistance of
glass fiber-reinforced plastic (GFRP, see also its photo in
Figure S2) was used as a high-strength control sample to
provide a comparison for the mechanical properties of the
tough elastomers.

2. EXPERIMENTAL SECTION

2.1. Materials. Neat SIS (Quintac 3440) was synthesized
via sequential living anionic polymerization by Zeon
Corporation. The number-average molecular weight and
weight fraction of polystyrene were 150 k by GPC and 19

https://doi.org/10.1021/acsomega.1c05609
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Figure 2. Typical tensile stress—strain curves of (a) neat SIS, (b) CB-filled NR, (c) i-SIS(Na), and (d) i-SIS(Ba) at different elongation rates,
where tensile test specimens are also shown. The frequency dependence of (e) tan § and (f) storage moduli, G’, acquired by dynamic mechanical

tests for neat SIS, CB-filled NR, i-SIS(Na), and i-SIS(Ba).

wt % by "H NMR, respectively (see the GPC chromatogram
and the 'H NMR spectrum in Figure S3). A § mol L™
methanol solution of sodium methoxide and 10% w/v ethanol
solution of barium ethoxide were purchased from TCI and Alfa
Aesar, respectively. Irgafos 168 and Irganox 565 were
purchased from BASF. Epoxy resin-based GFRP with
approximately 70 wt % aluminaborosilicate glass (PGE-663S,
Ryoden Kasei Co., Ltd.) was used as received, and the weight
content of the glass fiber in the GFRP was determined by
thermogravimetric analysis (TGA, see Figure S4 in the
Supporting Information). The dimension of the GFRP was
100 mm X 50 mm X 4 mm. A 0.5 mm or 4 mm thick CB-filled
NR sample with approximately 8 wt % CB (TAKL6503, Tigers
Polymer Corporation), which was also determined by TGA,
was used for the tensile, compression, and impact tests.

2.2. Synthesis of Block Polymer-Based TPEs with an
lonically Functionalized Rubber Phase. The h-SIS used as
the precursor of i-SIS(Na) or i-SIS(Ba) was synthesized as
previously reported*” (see also the chemical structure and the
synthetic procedure of h-SIS in Figure S1). The molar content
of the carboxyl groups in the polyisoprene block of h-SIS was
5.1 mol %, and all carboxy groups on the h-SIS were
neutralized with sodium methoxide to form sodium carbox-
ylate. The specific preparation procedure for i-SIS(Na) was as
follows (top of Figure S5): ~8 g of h-SIS was dissolved in ~80
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g of a mixture of tetrahydrofuran/methanol (9/1 by weight),
followed by the addition of ~0.92 mL of the methanol solution
of sodium methoxide to the polymer solution. Note that the
molar amount of sodium methoxide (4.6 mmol) in the mixed
solution was made equal to the amount of carboxy groups (4.6
mmol) on the h-SIS. Approximately 8 mg of Irgafos 168 and
5.6 mg of Irganox 565 were also added to the solution as
antioxidants for the polymer. The neutralized polymer solution
was poured into a perfluoroalkoxy alkane (PFA) tray with
internal dimensions of 128 mm X 94 mm X 23 mm, and
several i-SIS(Na) films with a weight of ~8 g and a thickness of
~0.5 mm were finally prepared by a solution-casting method at
45 °C. Several i-SIS(Ba) films with a weight of ~8 g and a
thickness of ~0.5 mm were also prepared by neutralizing the
carboxy groups on h-SIS with ~5.2 mL of the ethanol solution
of barium ethoxide instead of sodium methoxide (bottom of
Figure SS). Note that the molar amount of barium ethoxide
(2.3 mmol) in the mixed solution was made equal to half the
amount of carboxy groups (4.6 mmol) on h-SIS. The small-
angle X-ray scattering (SAXS) profile of i-SIS(Ba) was similar
to the profile reported previously for i-SIS(Na), indicating that
i-SIS(Ba) is probably self-assembled into isolated domain/
matrix-based structures like i-SIS(Na). However, the scattering
intensity was much lower, probably due to the presence of
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Table 1. Tensile Properties of Neat SIS, CB-Filled NR, i-SIS(Na), and i-SIS(Ba) at Different Elongation Rates”

sample (&)" (s Ey® (MPa) o0 (MPa) O’ (MP2) Ema (—) Wi (MJ m™)
neat SIS 1.0 2.4 + 0.07 1.5 + 0.01 21 +1 33+ 09 210 + 10
0.10 2.7 + 0.03 1.1 + 0.02 9.1+02 29 + 0.2 110 £ 1
0.010 2.5+ 02 1.3 + 0.05 6.1 £ 0.5 24 + 1 77 + 8
CB-filled NR 1.0 3.7 £ 0.1 3.3 + 0.02 11 + 0.7 11 + 0.5 61 £ 6
0.10 4.1 + 0.1 3.0 + 0.06 8.6 + 1.0 9.7 +£ 0.9 45 + 8
0.010 3.7+02 2.8 + 0.05 8.5+ 09 10 + 0.8 46 + 7
i-SIS(Na) 1.0 9.1 + 0.07 5.6 +0.2 45 + 3 25 +1 520 + SO
0.10 9.8 + 0.9 5.6 +£0.2 43 + 09 26 + 0.7 480 + 18
0.010 6.2 + 0.5 32+ 0.1 23 +2 27 +2 280 + 31
i-SIS(Ba) 1.0 7.7 £ 0.5 14 + 09 27 + 1 11 + 0.8 190 + 15
0.10 8.8 + 0.3 11 £ 0.6 27 + 0.7 14 + 0.4 230 + 1
0.010 10 + 0.7 11 £ 0.2 28 +2 17 £ 04 280 + 21

“Average value was estimated by measuring three test specimens of the same sample. The standard error of the mean for three measurements is also
shown. Initial strain rate. “Young’s modulus estimated from the slope within a strain range from 0 to 10%. “Tensile stress at a strain of 300%.
“Tensile strength. “Elongation at break. £Tensile toughness estimated from the inner area of a stress—strain curve.

heavy barium cations (Figure S6 in the Supporting
Information).

2.3. Preparation of Test Specimens for Compression
and Impact Tests. Test specimens for compression tests were
prepared as follows. First, a solution-cast film was cut into
pieces of approximately 20 mm X 20 mm X 0.5 mm and
stacked. Second, the stacked pieces were pressed for
approximately 2 min using a pressing machine under a N,
atmosphere at 120 °C for neat SIS and i-SIS(Na) and at 150
°C for i-SIS(Ba). The process was repeated three times to
prepare a film with a thickness of ~4 mm. A test specimen was
punched out of this film using a round hole punch with a
diameter of 8 mm (Figure S7 in the Supporting Information).
Note that the prepared specimens can be dissolved in good
solvents, such as a tetrahydrofuran/methanol mixture,
indicating that the test specimens were not chemically cross-
linked during the process of hot-melt pressing.

Test specimens for impact tests were also prepared by
punching out the above hot-melt-pressed films. The thickness
of the test specimen was 4 mm and the diameter was 25 mm
(Figure S7 in the Supporting Information).

2.4. Measurements. To evaluate the tensile properties of
elastomers, tensile tests were conducted at ambient temper-
ature with a 10 mm initial specimen distance between jigs
using a Shimadzu AGS-X. The elongation rates used were
approximately 10, 1.0, or 0.10 mm s~ ', and the initial strain
rate, &, was 1.0, 0.10, or 0.010 Y respectively. Test
specimens with a thickness of approximately 0.50 mm were
prepared by punching out with a die of the standard ISO
37:2017 Type 4 (Figure S7 in the Supporting Information).

Dynamic mechanical shear measurements were performed in
an air atmosphere at ambient temperature using an ARES-G2
shear rheometer (TA Instruments) with 8 mm diameter
parallel plates within an angular frequency range from 10* to
107% rad s7.

Compression tests were also carried out using a Shimadzu
AGS-X equipped with jigs for compression tests at ambient
temperature.éo’61 A compression rate of approximately 0.4 mm
s”! was applied with an initial compressive strain rate (&,) of
0.10 s™', and the samples were compressed up to & = 0.975.

Drop weight impact tests were performed in an IM1C-15
(IMATEK) test machine equipped with a rodlike striker with a
16 mm diameter rounded head and a mass (m) of 2.709 kg at
23 °C and 50% RH. The test specimen was fixed on a GFRP
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support plate with a length of S0 mm, a width of 100 mm, and
a thickness of 4 mm (see also Figure S2 in the Supporting
Information) using masking tape, and the GFRP support plate
was placed on a steel substrate having a length of 150 mm, a
width of 100 mm, and a thickness of 10 mm. By dropping a
striker from heights in the range from S to 87.5 cm, various
levels of impact energy were applied to the test specimen. The
applied impact energy, E;, can be estimated from eq 1%
1 5
E =mgh - A 2 my (1)
where g is the gravitational acceleration (9.81 m s™2); h is the
height from which the striker is dropped; A is the energy loss
due to friction or other causes during the weight drop, which
can be neglected for simplicity; and v is the velocity of the
striker just before it hits the test specimen, which can be
measured by the instrument.

3. RESULTS AND DISCUSSION

3.1. Tensile Properties. Uniaxial tensile tests were
performed at three different elongation rates to evaluate the
rate dependence. Figure 2a—d compares the tensile stress—
strain curves of neat SIS, CB-filled NR, i-SIS(Na), and i-
SIS(Ba). Table 1 also summarizes the tensile properties,
including Young’s modulus (Ey), the stress at a strain of 300%
(0300%), the tensile strength (0,,,), the elongation at break
(&may), and the tensile toughness (Wr), which can be estimated
from the inner area under the stress-strain curve. The Ey and
03000 Of neat SIS were almost independent of the elongation
rate and &, On the other hand, the o, and ¢,,, of neat SIS
decreased as &, decreased; thus, the smaller the &, the lower
the Wy for the neat SIS (Figure 2a and Table 1). This is
probably because the longer duration of the elongation due to
the lower elongation rate may have caused a gradual pull-out of
polystyrene chains from the glassy isolated domain, leading to
the failure of the neat SIS at this lower elongation. In contrast
to the tensile properties of neat SIS, those of CB-filled NR
made of a chemically cross-linked polymer network were
almost independent of the elongation rate, with Ey of ~4 MPa,
G000 ~3 MPa, 6, ~9 MPa, &, ~10, and Wy ~50 MJ m™>
(Figure 2b and Table 1). As the fracture of CB-filled NR was
attributed to the breaking of covalent bonds at the covalent-
bonded cross-links or the polymer network, the tensile
properties of CB-filled NR did not strongly depend on the
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elongation period associated with the elongation rate;
therefore, the tensile behavior of neat SIS fairly differed from
that of CB-filled NR due to the difference in the fracture
mechanism.

On the other hand, as &, decreased, the 0509y Omaw and Wi
of i-SIS(Na) decreased but &, slightly increased (Figure 2c
and Table 1). Comparing tensile properties, i-SIS(Na)
exhibited much higher Ey, 03099 Opaw and Wy than neat SIS,
and i-SIS(Na) also kept a relatively high &, (>25) without
being strongly dependent on &, In particular, i-SIS(Na)
attained a W of 520 MJ m™> at an £, of 1.0 s™%, which is an
excellent value in terms of toughness.”” The exceptional tensile
properties of i-SIS(Na) arise probably because the ionic
multiplets®>** formed by aggregation of multiple sodium
cations and carboxylate anions that serve as reversible and
dynamic cross-links induce a high tensile stress when the
sample is deformed, whereas fracturing at a small elongation is
suppressed by hindering the pull-out of polystyrene chains
from the glassy domains. This contrasts with the case of neat
SIS due to dissipation of the local high stress by disassembly of
the ionic multiplets. According to dynamic frequency sweeps
within a wide frequency range, the tan 6 of neat SIS and CB-
filled NR were 0.076 and 0.13 at very low frequencies of ~1073
rad s, respectively, whereas i-SIS(Na) had a relatively large
tan value (~0.3) at the same frequencies (Figure 2e),
suggesting that i-SIS(Na) has a slow relaxation mode
originating from the reversible recombination of ionic
multiplets by disassembly/reassembly. Note that the storage
modulus (G’) of i-SIS(Na) was higher than that of neat SIS
within the adopted frequency range (Figure 2f), supporting the
higher Ey of i-SIS(Na) compared to neat SIS as revealed by the
tensile tests (see also Figure S8 for the loss moduli).

The Ey was about the same for both i-SIS(Ba) with the
divalent cation and i-SIS(Na), but the 6349, was more than
twice as high for i-SIS(Ba) than i-SIS(Na) (Figure 2d and
Table 1). On the other hand, the ¢,,,, of i-SIS(Ba) ranged from
10 to 20, which was about the same as or higher than that of
CB-filled NR but much lower than that of i-SIS(Na). As &,
decreased, the €, of i-SIS(Ba) increased, which was the same
trend observed for i-SIS(Na). However, the &, of i-SIS(Ba)
was 17 even when &, was 0.01 s™', and the fracture of i-SIS(Ba)
occurred at a relatively low elongation compared to that of i-
SIS(Na) (Figure 2c and Table 1). Because the divalent cation
in i-SIS(Ba) is bulky and must be paired with two carboxylate
anions to satisfy electrical neutrality at the microscale, the
recombination rate for the disassembly/reassembly of the ionic
multiplets of i-SIS(Ba) is much slower than that for i-SIS(Na),
leading to a lower &, for i-SIS(Ba) compared to i-SIS(Na).
Interestingly, even though the ionic multiplets in i-SIS(Ba)
should have a finite lifetime for disassembly, its tan & obtained
by linear dynamic viscoelasticity measurements did not show
any distinct peak or increase within the measurement
frequency range (10°—107° rad s™') (Figure 2e), implying
that the relaxation would be observed at frequencies <107 rad
s Note that smooth master curves cannot be created, even
when attempting to superpose the frequency sweep data at
several temperatures.”>®” This is because i-SIS has at least two
independent relaxation modes, such as one originating from
the equilibration of deformed polymer chains and one
associated with reversible recombination of ionic multiplets
by disassembly/reassembly (see also the temperature sweep for
i-SIS(Ba) in Figure S9 of the Supporting Information).
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3.2. Compressive Properties. Rubber materials in use are
not always elongated but are often compressed. Because
compression occurs first when a large impact is applied to the
material, it is important to know the compression properties of
the material before evaluating its impact properties. In this
study, the compression properties of the elastomers were
evaluated using a specimen with a diameter of 8 mm and a
thickness of 4 mm. The compression rate was 0.4 mm s~ and
& was 0.10 s™'. Figure 3 compares the compressive stress—

g
s 200 |
@ . filled NR
o 150
w : Na)
£ 100 | SIS
@ :
2 50 f
S :
£ r
g o -
0 0.5 1

Compressive strain (-)

Figure 3. Compressive stress—strain curves of neat SIS, CB-filled NR,
i-SIS(Na), and i-SIS(Ba) at &, = 0.10 s™". Inset: photograph of a
typical i-SIS(Na) test specimen for compression.

strain curves of neat SIS, CB-filled NR, i-SIS(Na), and i-
SIS(Ba). Table 2 summarizes the compressive modulus

Table 2. Compressive Properties of Neat SIS, CB-filled NR,
i-SIS(Na), and i-SIS(Ba) at &, = 0.10 s™!

sample Ec* (MPa) ”c,97.5%b (MPa) ch,97,5%C (MJ m—s)
neat SIS 29 85 12
CB-filled NR 7.7 160 29
i-SIS(Na) 8.5 160 27
i-SIS(Ba) 8.3 190 38

“Compressive modulus estimated from the slope within a strain range
of 0—5%. bCompressive stress at a compressive strain of 97.5%.
“Compressive toughness estimated from the inner area of a stress—
strain curve up to a compressive strain of 97.5%.

estimated from the slope within a strain range of 0—5%
(Ec), the compressive stress at a compressive strain of 97.5%
(6c97.5%), and the compressive toughness (Wcg;54,) that can
be estimated from the inner area under the stress—strain curve
up to a strain of 97.5%. No fracture was observed in any of the
specimens, even with compression up to € = 0.975, and the
specimens immediately returned to almost the original
dimension when the compressive stress was removed. As
shown in Figure 3 and Table 2, neat SIS exhibited an E of 2.9
MPa, 0cg55 of 85 MPa, and Wegy5e of 12 MJ m™>. In
contrast, NR with carbon black that is a high-strength filler (E
~ 10 GPa®) exhibited a higher E¢. of 7.7 MPa and o g5y of
160 MPa probably due to the reinforcing effect of the filler;
thus, CB-filled NR was deformed less by the same degree of
compressive stress than neat SIS. Although lacking a filler and
being thermoplastic, i-SIS(Na) exhibited much higher
compression properties than neat SIS and the same degree
of compression resistance as CB-filled NR (E; = 8.5 MPa,
Gco7.5% = 160 MPa, We g7 = 29 MJ m™3). More remarkably,
i-SIS(Ba) exhibited even higher compression properties than i-
SIS(Na) and CB-filled NR (E. = 8.3 MPa, 6975 = 190 MPa,
and W o756 = 38 MJ m™>), which indicated that i-SIS(Ba) is
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Figure 4. Evaluation of impact properties by drop weight impact tests. (a) Schematic of the experimental setup for drop weight impact tests. (b)
Optical microscopy images of the test specimens after the drop weight impact tests for neat SIS. The left and right images show the neat SIS
specimen after the striker is dropped from heights of 5.0 and 7.5 cm, respectively. (c) Relationships between the applied E; and impact resistance of
neat SIS, CB-filled NR, i-SIS(Na), epoxy resin-based GFRP, and i-SIS(Ba). Inset: photograph of a typical test specimen. Open black circles
represent E; applied without any irreversible damage, such as cracks or dents, on both test specimens and the GFRP support plate. Open blue
triangles represent E; applied when irreversible impact damage was caused to the specimen but no damage occurred to the GFRP support plate.
Red crosses represent E; applied when irreversible damage occurred to both the test specimen and the GFRP support plate. Bars represent
Ep maxprotecy Which is the maximum E; that can be applied to test specimens when any irreversible damage to a GFRP support plate covered by the
test specimens was not caused by the drop weight impact. Note that irreversible damage to a GFRP plate can easily be caused by a small applied E;

of ~1.2J (h = 5.0 cm).

an extremely high-strength rubber material with respect to
compression. Note that when a stress of 190 MPa was applied
to the specimen of i-SIS(Ba) with the above-mentioned
dimensions, the applied force was approximately 9.5 kN (~970
kgf). The high compression resistance of i-SIS(Ba) was
attributed to the presence of ionic multiplets comprising
bulky divalent cations that should cause strong ionic
interactions among ions.

3.3. Impact-Resistant Properties. As i-SIS(Na) and i-
SIS(Ba) have high toughness in terms of tensile elongation and
compression, they resist impacts and are not easily damaged,
even by strong and local compression resulting from a drop
weight impact. Therefore, drop weight impact tests that require
a large amount of sample materials were conducted to directly
observe their impact resistance. A striker was dropped from
height h to apply a strong compressive impact to a test
specimen. The specimen had a thickness of approximately 4
mm and was placed on a 4 mm thick GFRP support plate that
could be damaged easily with impact (Figure 4). The
experimental impact energy (E;) is the maximum energy
value in the energy—time curve, which is a plot of the energy
applied to the test specimen against time after the striker hits
the test specimen (Figure S10 in the Supporting Information).

Figure 4b compares optical microscopy images of the test
specimen of neat SIS after the drop weight impact tests. The
left image is the test specimen after applying E; = 1.23 J (h =
5.0 cm), whereas the right image is after applying E; = 1.89 J (h
= 7.5 cm) (see also Table S1 in the Supporting Information).
Images of other specimens are shown in Figure S11.
Obviously, no irreversible impact damage, such as cracks,
was seen with the former, whereas a radical crack is observed
for the latter. The crack could not be self-repaired, even if left
for one week at room temperature. Therefore, the irreversible
damage resistance of elastomers can be evaluated by
determining Ej ., damages 1-€» the minimum E; when damage is
caused to the test specimen.’”’? Figure 4c compares E; applied
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to neat SIS, CB-filled NR, i-SIS(Na), GFRP, and i-SIS(Ba),
where open black circles represent E; applied without any
irreversible damage, such as cracks or dents, on both test
specimens and the GFRP support plate. Open blue triangles
represent E; applied when irreversible impact damage was
caused to the specimen but there was no damage of the GFRP
support plate. Ejpindumage €Xpresses the level of damage
resistance of these materials, and the mechanical properties
of GFRP are summarized in Tables S1 and S2 in the
Supporting Information, respectively (see also tensile stress—
strain curves of GFRP in Figure S12). For CB-filled NR,
irreversible damage was not observed even when the applied E;
was 8.74 ], which is approximately five times higher than the
1.87 J that caused a radical crack on neat SIS (see also Table
S1 in the Supporting Information). Crack initiation for CB-
filled NR was finally observed at E; = 9.99 J. Therefore, CB-
filled NR exhibits higher damage resistance than neat SIS
probably due to the incorporation of CB as a reinforced filler in
the rubber phase.

Drop weight impact tests were also performed for i-SIS(Na).
Irreversible damage was not observed for i-SIS(Na), even
when applying E; = 12.8 ], which is approximately seven times
higher than the 1.87 J that caused a radical crack on neat SIS.
Crack initiation for i-SIS(Na) was finally observed at E; = 14.2
J; therefore, i-SIS(Na) exhibits higher FEj i, damage than
conventional SIS and CB-filled NR. We attribute the excellent
damage resistance of i-SIS(Na) to the effective stress/energy-
dissipation mechanism, ie., the disassembly of strongly
associated ionic multiplets into multiple ion pairs.”””* This
mechanism probably prevents the easy material fracture
typically caused by the breaking of covalent bonds in polymer
chains or the polystyrene hard domains. The damage resistance
of i-SIS(Ba) was also examined by the same tests. As evident
from Figure 4c and Table S1, i-SIS(Ba) with a divalent cation
exhibited even greater damage resistance (Eme,damage =21.6])
than i-SIS(Na) (Ej i, =14.2 J). This high and excellent

damage
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impact damage resistance is probably due to the presence of
the divalent ions, which cause a stronger association among
ionic multiplets in the soft rubber phase. Therefore, i-SIS(Ba)
is a rubber material that is highly tolerant of not only simple
compression but also local compression with drop weight
impact.

For structure material applications, it is important for the
material to protect other materials that it covers, even when
the covering material is completely fractured or compressed by
the impact. This capability can be referred to as the impact
resistance needed to protect covered materials from
damage.””’* To evaluate such an impact resistance, a higher
E; was applied to the test specimen than the Ej ., damage that
causes irreversible damage to the test specimen. The red
crosses in Figure 4c represent E; applied when irreversible
damage occurred to both the test specimen of covering
materials and the GFRP support plate of a covered material.

Table 3 summarizes Ej oy protecy i€, the maximum E; that can

Table 3. Impact Resistance of Covering Materials that
Protect Covered Materials from Being Damaged, as
Estimated by Drop Weight Impact Tests

sample EI,max,protecta G) K" (cm)
neat SIS 4.90 20.0
CB-filled NR 12.8 50.0
i-SIS(Na) 153 60.0
GFRP 17.8 70.0
i-SIS(Ba) 21.6 85.0

“Maximum impact energy that can be applied such that irreversible
impact damage occurs only to the specimen and not to the GFRP
support plate. The tests were performed using a rodlike striker with a
16 mm rounded head (mass 2.709 kg) at 23 °C and S0% RH.
®Maximum height position of the striker for a drop weight impact test
such that irreversible impact damage occurs only to the specimen and
not to the GFRP support plate.

be applied to test specimens on the easily damaged GFRP
support plate of a covered material without irreversible damage
to the GFRP support plate. As evident in Table 3 and Figure
4c, the Ejpnaxproecy Which expresses the level of impact
resistance, was higher for typical commercially available
vulcanized rubber such as CB-filled NR (12.8 J) than it was
for neat SIS (4.90 J).

Concerning the drop weight impact tests of i-SIS(Na) on
the GFRP support plate, irreversible damage of the covered
GEFRP support plate was not observed up to an E; of 15.3 ],
indicating a higher impact resistance than that of CB-filled NR,
even though i-SIS(Na) lacks a filler, is not chemically cross-
linked, and can be reprocessed. Notably, damage to the GFRP
support plate was not observed up to an E; of 21.6 ] when i-
SIS(Ba) with divalent barium cations was used as a covering
material for the GFRP support plate. It should be emphasized
that irreversible damage occurred to a 4 mm thick GFRP
support plate covered by another 4 mm thick GFRP plate
(Figure 4c) when applying an E; of 18.8 J, suggesting that i-
SIS(Ba) with the same thickness exhibited higher Ejay protect
(impact resistance) than GFRP, even though GFRP is a so-
called high-strength material that is used, for example, as
automobile bumpers and interior parts. The excellent impact
resistance of i-SIS(Ba) probably originates from both the
softness of the rubber phase and the presence of rigid ionic
multiplets formed by divalent barium cations with the slow
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relaxation mode that is supported by the frequency sweep of i-
SIS(Ba) in Figure 2e. Such divalent cations probably cause a
stronger association and promote physical cross-linking of the
rubber phase. Considering the above results, it could be
possible to prepare excellent impact-resistant materials as
products by laminating i-SIS(Ba) and GFRP.*® In total, the
block polymer-based TPEs with an ionically functionalized
rubber phase, especially those using divalent ions, were highly
impact resistant, even though they did not incorporate
inorganic fillers and were not chemically cross-linked.

4. CONCLUSIONS

In this study, several tens of grams of i-SIS(Na) or i-SIS(Ba)
were prepared by neutralizing the carboxy groups on h-SIS
with metal alkoxides. Their impact resistance was also
evaluated quantitatively. Tensile tests revealed that i-SIS(Na)
had a relatively high .., (>25) at any &, In addition, i-
SIS(Na) attained the excellent value of Wy (520 MJ m™3) at &,
= 1.0 s7!, which is much higher than that of neat SIS. Although
i-SIS(Ba) exhibited a lower Wy (280 MJ m™2) than i-SIS(Na)
at &, = 0.010 s, the tensile toughness of i-SIS(Ba) was still
higher than that of neat SIS. This high Wy of i-SIS(Na) and i-
SIS(Ba) probably originates from the presence of ionic
multiplets consisting of the metal cations and the carboxylate
anion. These serve as reversible and dynamic cross-links in the
ionically functionalized rubber phase and disperse local high
stress, with the valence of metal cations also affecting the
tensile properties. In compression tests, stresses of 85, 160, and
160 MPa were generated when a compressive strain of 97.5%
was applied to neat SIS, i-SIS(Na), and CB-filled NR,
respectively, indicating that the compressive resistance of i-
SIS(Na) was much higher than that of neat SIS and almost the
same as conventional CB-filled rubber, even though i-SIS(Na)
showed thermoplasticity. Moreover, i-SIS(Ba) attained a
6¢,97.5% of 190 MPa, higher than that for i-SIS(Na), indicating
that i-SIS(Ba) is a high-strength material not only for tensile
elongation but also for compression.

Finally, the impact resistances of i-SIS(Na) and i-SIS(Ba)
were evaluated by drop weight impact tests and directly
compared to that of a high-strength GFRP. To perform
quantitative evaluation and direct comparison of the impact
resistances of such different materials, this study used the
original experimental setup for the drop weight impact tests
and defined two parameters (Ejindumage a0 Epmaxprotect) tO
evaluate the impact resistance. Ej oot Of i-SIS(Na) was
15.3 J; i.e,, irreversible damage on the material covered by i-
SIS(Na) was not observed up to E; = 15.3 J. Therefore, even
without a filler, i-SIS(Na) was superior to neat SIS and CB-
filled NR in terms of not only the tensile properties but also
the impact resistance. Remarkably, when using i-SIS(Ba) as a
covering material, the Ej .y prorece that can be applied without
irreversible damage to the covered materials is 21.6 J, which is
higher than the Ej .y protect (17.8 J) when GFRP is used as a
covering material; thus, i-SIS(Ba) exhibits excellent impact
resistance for protection superior to GFRP as a typical high-
strength material. All of these findings are attributed to not
only the softness of the rubber phase but also the hardness of
the dynamic and reversible ionic multiplets formed by cations
and anions, especially for the divalent bulky cations and anions
that cause a stronger association. Since the triblock copolymer-
based TPEs with the ionically functionalized rubber phase used
in this study can be synthesized industrially on a large scale,
they have great market potential as next-generation elastomeric
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materials for practical use. Thus, they can be applied to not
only interior/exterior parts but also to body parts or outer
panels of automobiles, trains, or other vehicles that probably
require elastomeric materials with excellent mechanical
properties as well as processability. In the future, we will
report on the influence of the ion concentration on the
mechanical properties of i-SIS. Furthermore, we will also
investigate the mechanical properties of i-SIS without hydro-
gen bonding amide groups to reveal the influence of the
hydrogen bonds formed in the i-SIS of this study.
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