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ABSTRACT

Styrene-based ABA-type triblock copolymers and their blends are widely investigated thermo-
plastic elastomers (TPEs). The design of tough TPE materials with high strength and resilience
requires further clarification of the relationship between microstructure and macroscopic proper-
ties of stretched samples. Here, we applied atomic force microscopy (AFM)-based quantitative
nanomechanical mapping to study the deformation behavior of poly(styrene-b-isoprene-b-styr-
ene) blends under tension. The results indicated that the glassy polystyrene (PS) domains
deformed and inhomogeneous stress distributions developed in the initial stretching stage. At
200% strain, the glassy PS domains started to crack. The change in the peak value in the JKR
Young's modulus diagram during stretching was consistent with the stress — strain curve.
Analysis of the particles before and after stretching suggested that the glassy domains separated
and reorganized during stretching.
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A tough thermoplastic elastomer (TPE) with high strength and resilience was developed using
styrene-based triblock copolymers and their blends, with its high-performance mechanism
analyzed through AFM-based quantitative nanomechanical mapping.

1. Introduction been made to enhance the performance of TPEs

through the design of molecular architectures,
such as the introduction of miktoarms [8,9], tran-

Thermoplastic elastomers (TPEs) have aroused
increasing attention because they display elastic

behavior at room temperature and processability
comparable to that of thermoplastics at high tem-
peratures [1-6]. Styrenic TPEs are extensively used
due to their outstanding properties that rival those
of conventional vulcanized (i.e., chemically cross-
linked) rubber [7]. Recently, many efforts have

sient cross-linking [10,11], multiblocks [12,13], and
blending [14,15]. In particular, polymer blending is
a convenient way to obtain desired nanoscale
morphologies by varying component ratios and
has been shown to affect macroscopic stress - strain
response. This approach is preferable to the
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synthesis of new materials or the addition of other
materials to improve compatibility. Nevertheless, it
is difficult to obtain a comprehensive understanding
of how the microstructure of these TPEs determines
their macroscopic stress response under strain-
induced deformation, and this has yet to be
determined.

Styrene-isoprene-styrene (SIS) triblock copolymers
have become common TPEs as their rigid polystyrene
(PS) domains are dispersed in a rubbery polyisoprene
(PI) matrix and serve as physical cross-links. Recently,
some reports pointed out that the mechanical proper-
ties of block copolymers can be fine-tuned by introdu-
cing asymmetric, graft, and star-shaped structures [9].
Adhikari et al. used a fracture mechanics approach to
investigate the toughness of block copolymer/PS
blends and binary block copolymer blends, and their
results identified a transition from brittle to tough
behavior when the morphology changed from highly
ordered lamellae to worm-like PS domains in
a rubbery matrix [16,17]. Matsen used self-consistent
field theory (SCFT) to investigate the phase behavior
of asymmetric A;BA, triblock copolymer melts and
observed a drastic shift in phase transition lines rela-
tive to those of symmetric ABA copolymers and asym-
metric triblock copolymers [8]. From a practical point
of view, styrene-based binary block copolymer mix-
tures with asymmetric styrene end blocks can substan-
tially shift phase boundaries and achieve a balance of
stiffness/toughness ratios over a wide composition
range, resulting in enhanced toughness and processa-
bility of TPEs. To maintain the recoverable elasticity of
a TPEs, its PS blocks usually assemble into
a spherical or cylindrical morphology in the rub-
bery matrix; the volume fraction of PS (fps) in
commercial TPEs is generally below 0.3. Desirable
asymmetric triblock copolymer blends with a high
glassy PS fraction (fps >0.3) and spherical (or
cylindrical) morphology yield tough TPEs with
high strength and recoverable elasticity.

Recently, atomic force microscopy (AFM) has been
developed as a facile way to visualize not only the
morphology but also the micromechanical properties
of materials [18-23]. Based on this technology, the
interface morphology and nanomechanical properties
of polymers such as amorphous [24], semicrystalline
[25,26], particle-filled [27,28], rubber filler [29-31]
and block copolymers [32] have been analyzed quan-
titatively. Since the micromechanical processes of
deformation and fracture bridge the gap between mor-
phology and mechanical properties, AFM technology
is expected to provide insight into structure-property
correlations and mechanisms of the nanomechanical
deformation of block copolymer blends. In our recent
work [33], we confirmed that PS domains in the
microstructure of TPEs undergo deformation,
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separation, and reorganization during stress-
relaxation processes while elongated.

In this paper, we report observations of spherical
morphologies in SIS/aSIS specimens prepared by
blending symmetric SIS and asymmetric S;IS, sam-
ples. The relationship between the evolution of nano-
mechanical properties and macroscopic mechanical
behavior under tension was the focus of our study.
Our results for Young’s modulus mapping and particle
analysis before and after stretching suggested that the
discontinuous glassy PS domains decomposed and
reorganized during stretching. The 35% weight frac-
tion of glassy PS and unevenly distributed spherical
morphology apparently contributed to the toughness
and ductility of the asymmetric SIS blends.

2. Experimental
2.1. Materials and sample preparation

Homo polystyrene (hPS, M,,=19.2x10* g/mol),
diblock polystyrene-b-polyisoprene (dSI, 75 wt.% PS,
M,,=43.6 x 10* g/mol), symmetric SIS (SIS, 22 wt.%
PS, M,, =11 x 10* g/mol), symmetric SIS (sSIS, 44 wt.
% PS, M, =8.7x10* g/mol) and asymmetric S;IS,
(aSIS, 69 wt.% PS, M,, =36 x 10* g/mol, Mbps, 1ong =
23x10* g/mol) were provided by the Zeon
Corporation and used in this study for preparing
blends, the schematic diagram of pure polymer sample
composition was shown in Figure 1(a). SIS was
blended with hPS, dSI, sSIS, and aSIS through the
melting process to prepare an SIS-blend with 35 wt.%
PS content, the schematic diagram of blend composi-
tion shows in Figure 1(b). The details of the blend
compositions of polymers are summarized in
Table 1. The mixed materials were added into a twin-
screw microcompounder for extrusion at 230°C at
100 rpm for 5min under nitrogen. The extrudates
were sequentially hot-pressed three times at 170°C
under 20 MPa for 20 s to prepare 1 mm thick films.

2.2. Nanomechanical property measurement

The films were cut using a Leica EM FC6 ultramicro-
tome (Leica Microsystems, Germany) at —120°C to
obtain flat surfaces for AFM characterization. The
AFM measurements were made using the PeakForce
quantitative nanomechanics mode with a commercial
AFM system (Multimode 8 with a Nanoscope V con-
troller, Bruker AXS, USA) under ambient conditions.
Force — deformation curves were collected over ran-
domly selected surfaces at a scale of approximately 1
pm x 1 um and a resolution of 256 x 256 pixels using
a silicon cantilever (tip radius: 2 ~ 8 nm; spring con-
stant: 0.50 ~ 1.8 N/m; resonance frequency: ~70 kHz).
The actual spring constant was measured by the
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Figure 1. (a) Schematic diagram of pure polymer sample composition. (b) Schematic diagram of blend sample composition.

Table 1. Molecular characteristics of SIS blends.

Sample no. composites character Weight fraction of PS (wps) Weight fractions M0
0 Neat SIS symmetric 22% 100/0 110
1 SIS/hPS blend 35% 83/17 123
2 SIS/dSI blend 35% 75/25 188
3 SIS/sSIS blend 35% 41/59 96
4 SIS/aSIS blend 35% 72/28 180

thermal tuning method. The radius of the probe was
evaluated by scanning the TipCheck sample (Bruker
AXS, USA) in QNM mode with a scan rate, scan size,
and image resolution of 0.5Hz, 2 um x 2 um, and
1024 x 1024 pixels, respectively. As described in our
previous papers [32,34], Johnson-Kendall-Roberts
(JKR) contact mechanics are suitable to accurately
reproduce the force — deformation curves on the sur-
faces of soft materials. According to the above model,
the local JKR elastic modulus E (hereafter JKR mod-
ulus) is expressed as:

3(1 —v?%)
4

1.27F,
R(8) — &)’

E=—- (1)

where v is Poisson’s ratio and R is the radius of the
curvature of the tip. §; and §; are the indentation
depths when the adhesive and elastic restoring forces
are equivalent, and the adhesive force is maximum
(Fy). A two-dimensional map of the JKR modulus
based on the JKR analysis was also obtained.

For comparison, tensile tests were performed using
a Shimadzu EZ-S tensile tester (Shimadzu Corporation,
Japan) at room temperature (~25 °C). Specimens with
a thickness of ~1 mm were cut with a dumbbell shape
(size, 20 mm x 2 mm). The specimens were uniaxially

stretched at a crosshead speed of 40 mm/min. Three or
more replicate specimens were tested to obtain a good set
of statistics for the measured values.

3. Results and discussion

3.1. Four types of binary block copolymer blends
containing 35 wt.% styrene

By blending different polymers with SIS, four block
copolymer blends with the same styrene content were
obtained. As shown in Figure 2(a), although the styr-
ene content is the same, the stress — strain curves are
completely different. The deformation behavior of the
blends shows different ductility and toughness. A cold
drawing phenomenon is observed in the SIS/sSIS
blend system in which a macroscopic necking zone
forms after high yield strength, and finally, the speci-
men undergoes a plastic-to-rubber transition at very
high strains. However, typical TPE deformation beha-
vior is observed in the blended samples of SIS/hPS,
SIS/dSI, and SIS/aSIS. Among them, SIS/aSIS shows
higher strength of 15 MPa and elongation up to 800-
900%. This is a direct indication that the mechanical
behaviors of blends are strongly affected by the nature
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Figure 2. (a) Stress-strain curves of four sis-blends and JKR modulus maps of (b) SIS/hPS, (c) SIS/dSI, (d) SIS/sSIS and (e) SIS/aSIS.

The scan size is 1.0 um.

of the microphase-separated morphology in addition
to the chemical composition.

In the JKR modulus maps (Figure 2(b-e)), the high
modulus areas correspond to the glassy PS domain,
while the low modulus areas correspond to the PI
domain. SIS/sSIS shows a relatively high JKR modulus,
which is consistent with the data obtained from the
macroscopic stress — strain curve. In the SIS/sSIS blend,
as shown in Figure 2(d), the PS disperses in the PI
matrix to form a network structure. An explanation has
been reported [16] for the macroscopic necking that
occurs in symmetric triblock copolymers where, above
the yield point, the applied stress is high enough to
cause considerable orientation of the PS chains and
collapse of the rigid PS domain. However, due to the
complexity of symmetric SIS blends, the structure-
effect relationships between their microstructure and
macroscopic properties are still unclear and need to be
further discussed. In the other three blend samples,
similar spherical-like PS phases embedded in rubbery
PI domains are observed. These three blends show
similar macroscopic tensile behavior at the initial strain
(<1). At the beginning of stretching, the strain is mainly
in the soft matrix, and the rubber chains orient along
the stretch direction. The asymmetric SIS mixture
shows higher ductility and strength. Both ends of the
rubbery PI blocks present in the SIS/aSIS blends are
immobilized by the PS phase, forming strong physical
cross-linking sites and thus enhancing the mechanical
properties of the blended samples. In contrast, for SIS/
hPS or SIS/dSI blends, homo PS or dSI only dangles in
the PS domains without bridging them, resulting in
many fewer physical crosslinking sites than in SIS/aSIS.

3.2. Morphology and nanomechanical properties
of SIS/aSIS

Before discussing blends, it is essential to evaluate the
mechanical properties and nanostructure of neat block
copolymers. Neat symmetric SIS (wps =22 wt.%) has
strong elastic deformation and a tensile strength of 8
MPa at 1000% strain due to a large number of rubber
PI phases. The asymmetric aSIS stress — strain curve
has a yield stress of 17 MPa with a post-yield hard-
ening curve that breaks at a stress of 21 MPa
(Figure 3(a)). In contrast, the stress — strain curve of
the blended SIS/aSIS sample exhibits a highly non-
linear stress — strain response of a typical TPE, with
high tensile strength up to 15 MPa and strain up to
1000%.

Microphase-separated morphologies consisting
of bright (glassy PS phase) and dark (rubbery PI
phase) domains are observed in neat SIS and aSIS
specimens, as shown in the AFM original height
images (Figure 3(b,c)). Since limited mobility pre-
vents the molecules from reaching equilibrium dur-
ing the melting process, it is difficult for them to
form a self-assembled structure with long-range
order. Nevertheless, cylinder-like and lamellar
morphologies with periodicities of 30 and 65nm
were observed in SIS and aSIS, respectively.
A completely different microscopic phase separa-
tion structure is observed in SIS/aSIS, as shown in
Figure 3(d-f). According to the JKR modulus map
and adhesion force map of SIS/aSIS with 35 wt.%
PS, the blue area in the JKR modulus map corre-
sponding to the yellow - red area with low
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Figure 3. (a) Stress-strain curves, AFM height images of (b) symmetric SIS (Wps = 22 wt.%), (c) asymmetric SIS (Wps = 69 wt.%), and
(d) height image, (e) JKR modulus map, and (f) adhesive force map of SIS/aSIS (wps = 35 wt.%). The scan size is 1.0 pm. It should be
noted that the stress-strain curves of SIS/aSIS here are the same as those of SIS/aSIS in Figure 2(a).

adhesion belongs to the hard PS phase, while the
red area in the JKR modulus map corresponding to
the light blue area with high adhesion belongs to
the PI domain. Unexpectedly, discontinuous PS
phases with various particle sizes were embedded
in the rubber PI matrix by blending cylindrical SIS
and lamellar aSIS. The presence of the asymmetric
PS block apparently enables selective phase separa-
tion of PS with different molecular weights to form
PS domains with various particle sizes, as shown in
Figure 3(e,f). The different morphologies of the
three samples might temporarily give them very
different stress - strain responses, especially for
SIS and SIS/aSIS. In the early stages of stretching
(less than approximately 200%), the easily deform-
able soft PI matrix stretches; thus, SIS and SIS/aSIS
have similar responses with gradually increasing
stress. As elongation continues, the deformation
of the soft PI matrix reaches its limit, and the
hard PS domain of different particle sizes in SIS/
aSIS withstands greater stress without damage
compared to that in SIS, thus producing a unique
self-reinforcement phenomenon at the later stage.
In addition, some studies have shown that block
copolymers with asymmetric structures are more
likely to form phase-separated structures of bridge
chains due to differences in surface entropy, which
also results in better strength [35].

3.3. Nanomechanical properties and stress-strain
curves

Microscopic deformation and micromechanical beha-
vior during the stretching process were observed to
obtain evidence of the relationship between asym-
metric molecular structure and macroscopic mechan-
ical properties. We used a new method based on AFM
nanomechanics to visualize the evolution of the mor-
phology and JKR modulus under strain-induced
deformation as a specimen was stretched from 0% to
200% strain [36]. As shown in Figure 4, the red area
corresponds to the PI domain with a low modulus,
and the blue area corresponds to the PS domain with
a high modulus. The double-headed arrows represent
the stretching direction. The right side of the figure is
the corresponding histogram of the distribution of the
JKR modulus. The deformation behavior and the evo-
lution of the stress distribution at the nanometer scale
are directly observed. As the strain increases, the
glassy PS domain deforms from spherical to prolate
spheroid, and the stress distribution of the sample
moves in the direction of high modulus. When the
sample is stretched to 50%, connections are observed
in the high modulus region as shown in Figure 4(b),
and shoulder peaks appear near 120 MPa. The dis-
tance between the PS domains in the stretch direction
increases when stretched, and the PS field in the depth
direction is, therefore, close to the surface. These
results confirm an inhomogeneous stress distribution
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Figure 4. JKR modulus maps of SIS/aSIS sample with the strain of (a) 0%, (b) 50%, (c) 100%, (d) 200% and the histogram distribution
of JKR modulus, respectively. The scan size is 1.0 um. Cavitation might occur in the region identified with ellipses in (d).

and the formation of stress chains due to stress con-
centrations. As the strain-induced deformation
increases, the shoulder peaks in the vicinity of 100
MPa disappear, and the stress distribution tends to
polarize. At 200% strain, the prolate spheroid glassy
PS domain becomes short, and cavitation appears in
some areas (the elliptical regions in Figure 4(d)). This
may be a result of the onset of breakup of glassy PS
during stretching. At the initial deformation stage,
elastic deformation predominates, and the orientation
of the PS phases is rather weak. At 200% strain, the
local stress increases, the glassy PS phase stretches, and

cavitation may occur first in the larger PS domain to
form cracks.

The microscopic JKR modulus of hard and soft
phases under different strains was also analyzed for
comparison with macroscopic mechanical data. Since
the PS and PI phases have different adhesive features,
in Figure 5(a), the JKR modulus distribution of SIS/
aSIS can be further divided into two areas by the
binary adhesive force map. In Figure 5(b), the stress —
strain curve (red line) refers to the left Y-axis (left
arrow), and the micro-modulus under different strains
refers to the JKR modulus on the right Y-axis (right
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Figure 5. (a) The complete histogram of JKR modulus distribution of SIS/aSIS sample before stretching with the hard (blue line)
and soft (green line) domain distribution. (The scan size is 1 um.) and (b) comparison chart of tensile strength and nanomechanical
properties. In (b), the stress curve corresponds to the left Y-axis (red curve, leftward arrow) and JKR modulus corresponds to the
right Y-axis (black curve, blue dot, and green X' s, rightward arrow).

arrow), including the peak values of the hard-domain
modulus (blue dots), soft-matrix modulus (green
dots), and entire map (black curve). Notably, the
peak of the JKR modulus without stretching
(~15 MPa), which is normally regarded as
a microscopic Young’s modulus, is higher than the
macroscopic Young’s modulus (~3.14 MPa) obtained
from the stress — strain curve. It should be taken into
account that the small scanning area for AFM is not
comparable to the entire sample. In addition, the effect
of the adjacent hard domain during soft-matrix defor-
mation cannot be eliminated, overestimating the mod-
ulus of the soft matrix. In the JKR modulus histogram,
although the minimum modulus of the soft phase is
approximately 3.28 MPa, which is similar to the JKR
modulus obtained from the stress — strain curve, it is
still difficult to determine the relationship between
them. The JKR modulus image shows that as the strain
increases, the total modulus E also increases due to the
stress distribution, which has been confirmed in our
previous study. Interestingly, the JKR modulus of the
PI phase decreases even if the total modulus increases,
which can be interpreted as the full extension of the
rubbery phase during the stretching process and the
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relief of stress concentration. The stress tends to con-
centrate in the glassy PS phase, which deforms or even
splits the PS phase, leading to stress relaxation in the
PI phase and showing a decrease in the JKR modulus
of PI with stretching. Notably, the structural changes
caused by the separation of the PS phase have
a permanent effect on the material with residual strain,
which we analyze in detail in the next section.
Although the micro-modulus cannot be directly com-
pared with the macro-stress value, the peak change
diagram of the JKR modulus is consistent with the
stress — strain curve. Undoubtedly, AFM technology
can be used to directly observe structural deformation
and help understand the relationship between struc-
ture and performance.

3.4. Comparing the microscopic structure and
properties before and after deformation

To gain better insight into the microscopic mechanisms
of residual strain, we investigated the hysteresis beha-
vior of SIS/aSIS after deformation and the changes in
microstructure and properties after removal of external
stresses. In Figure 6(a), we present the hysteresis curves
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Figure 6. (a) Hysteresis curves for the SIS/aSIS sample during two cycles to 600% strain at 40 mm min~". JKR modulus maps and
distributions for the SIS/aSIS sample (b) before stretching and (c) after a hysteresis cycle to 600% strain. The scan size is 1.0 um.
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Figure 7. Binary images of the SIS/aSIS sample (a) before stretching and (b) after a hysteresis cycle of 600% strain. The scan size is
1.0 um. (c) Particle analysis data obtained from ImageJ. (d) Reorganization mechanism of PS phases during tensile strain.

for two cycles to 600% strain at 40 mm/min. The results
show that the samples have 37% residual strain after the
first tensile cycle and that the stress decreases at 600%
strain in the second stretch, but there is little change in
residual strain and stress after two cycles of loading. We
also observe a decrease in the microscopic modulus of
the samples after stretching in the JKR modulus image
(Figure 6(b,c)). This result may be caused by the plastic
deformation of certain microstructures during the first
hysteresis loop, accompanied by a slight loss of recover-
able elasticity. To elucidate the microscopic mechanism,
we made binary versions of the JKR modulus images and
analyzed them, as shown in Figure 7(a,b). Irregular
spherical phase separation structures are observed in
the two SIS samples before and after tension, where the
white area corresponds to the hard PS phase, and the
black area belongs to the soft PI phase. The images
obtained by particle analysis show that there is
a change from the original hard PS particles with differ-
ent sizes particles that are more uniform in size after
deformation. This can be considered a result of splitting
of the large PS phase after receiving a stress concentra-
tion. For image analysis, Image] was used to convert the
binary images into digital images of 256 x 256 pixels and
then analyze the particles. The image parameter of the

size is set from O to infinity, and the circularity is from
0.03 to 1.00 to calculate the shape of the discontinuous
hard domain. Interestingly, the analytical results shown
in Figure 7(c) show a decrease in the number of PS
phases and a slight increase in the average particle size,
which indicates that some of the particles reorganized.
We can speculate that in relatively short PS, molecules
are more likely to be pulled out of large glassy PS phases
under external forces, and they more readily reorganize
with other PS phases, the schematic diagram of which
is shown in Figure 7(d). This is consistent with the
results described in other studies of glass domain
deformation before and after micro stress concentra-
tion [37,38]. The splitting and recombination of the
PS phase at the nanometer scale can explain the
strength and toughness of the asymmetric mixture.
In future work, the strength and ductility of TPE
materials with worm-like or cylindrical structures in
asymmetric systems will be further studied.

5. Conclusions

The mechanical behaviors of triblock copolymer blends
are dramatically affected by the nature of their micro-
phase-separated morphology. A special phase
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separation structure with PS phases of different particle
sizes formed in an SIS/aSIS blend and made the blend
elastic despite a high PS content. In addition, AFM-
based quantitative nanomechanical mapping was
applied to track the evolution of the morphology and
stress distribution of an SIS/aSIS blend during stretch-
ing. A mesh-like continuous phase and shoulder peaks
near 100 MPa at 50% strain were observed, conﬁrming
the presence of stress concentrations and an inhomo-
geneous stress distribution. As the strain increased to
100%, the glassy PS domain deformed from spherical to
oblate, and the stress distribution tended to become
more homogeneous. At 200% strain, the prolate spher-
oid glassy PS domain became short, and cavitation
occurred in some areas. Based on the analysis of the
nano-stress distribution, we found that the splitting of
the glassy PS phase led to the relaxation of stress in the
PI phase and macroscopic residual strain. These micro-
scopic findings provide theoretical support for the
future development of tough TPE materials with high
strength and recoverable elasticity.
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