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Abstract  

The tunable properties of thermoplastic elastomers (TPEs), through polymer chemistry 

manipulations, enable these technologically critical materials to be employed in a broad range of 

applications. The need to “dial-in” the mechanical properties and responses of TPEs generally 

requires the design and synthesis of new macromolecules. In these designs, TPEs with nonlinear 

macromolecular architectures outperform the mechanical properties of their linear copolymer 

counterparts, but the differences in deformation mechanism providing enhanced performance are 

unknown. Here, in situ small-angle X-ray scattering (SAXS) measurements during uniaxial 

extension reveal distinct deformation mechanisms between a commercially available linear 

poly(styrene)-poly(butadiene)-poly(styrene) (SBS) triblock copolymer and the grafted SBS 

version containing grafted poly(styrene) (PS) chains from the poly(butadiene) (PBD) mid-block. 

The neat SBS (φSBS = 100%) sample deforms congruently with the macroscopic dimensions with 

the domain spacing between spheres increasing and decreasing along and traverse to the stretch 

direction, respectively. At high extensions, end segment pullout from the PS-rich domains is 

detected, which is indicated by a disordering of SBS. Conversely, the PS-grafted SBS that is 30 

vol% SBS and 70% styrene (φSBS = 30%) exhibits a lamellar morphology and in situ SAXS 

measurements reveal an unexpected deformation mechanism. During deformation there are two 

simultaneous processes, significant lamellar domain rearrangement to preferentially orient the 

lamellae planes parallel to the stretch direction and crazing. The samples whiten at high strains as 

expected for crazing, which corresponds with the emergence of features in the two-dimensional 

SAXS pattern during stretching consistent with fibril-like structures that bridge the voids in crazes. 

The significant domain rearrangement in the grafted copolymers is attributed to the new junctions 

formed across multiple PS domains by the grafts of a single chain. The in situ SAXS measurements 
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provide insights into the enhanced mechanical properties of grafted copolymers that arise through 

improved physical crosslinking that leads to nanostructured domain reorientation for self-

reinforcement and craze formation where fibrils help to strengthen the polymer. 

 

KEYWORDS: Block Polymers; Nanostructure, In situ Measurement; Toughness; Grafted 

Polymers; Tensile Properties; Crazing 
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1. Introduction  

Thermoplastic elastomers (TPEs) offer performance resembling thermosetting elastomers, 

while providing the processing flexibility of thermoplastics. These attributes have led to the 

industrial adoption of TPEs across many applications, with TPEs now utilized in the automotive, 

construction, medical, and electronic industries.1,2 The macromolecular architecture of TPEs  

defines the microphase separated nanostructure, providing physical crosslinks to enable 

reprocessing and reversible deformation.3,4  ABA triblock copolymers with hard, glassy polymers 

as A blocks and the B midblock with a glass transition temperature (Tg) significantly less than the 

service use temperature provide a simple architecture for a model TPE.5 The mechanical properties 

of linear ABA TPEs can be modestly tuned through the chemical composition and the molecular 

weight, which defines the nanostructure,6 but adjusting properties through these parameters tend 

to include tradeoffs with processibility and performance. The performance of linear TPEs can be 

enhanced with multiblock copolymers with polymer block sequences (AB)nA,7 ABC8–10 and 

ABCBA,11–13 where domain connectivity through bridging chains helps to improve material 

toughness but with a drawback, each added block adds costs; this factor has limited the commercial 

adoption of multiblock copolymer except for some high value applications.14  

Alternatively, branched polymers, such as miktoarm star block copolymers15–18 and graft 

copolymers,19–23 increase the complexity of the architecture while generally enhancing traditional 

properties of TPEs.24–26 Non-linear TPEs exhibit improved mechanical properties as compared to 

linear TPEs.27,28 For example, linear poly(l-lactide)-poly(γ-methyl-ε-caprolactone)-poly(l-lactide) 

(PLLA–PγMCL–PLLA) exhibits lower ultimate tensile strength and toughness than analogous 

miktoarm star copolymers with similar arm lengths as the linear TPE.29 Similarly, the  tensile 

strength and Young’s modulus of poly(styrene)-poly(butadiene)-poly(styrene) (SBS) TPE are 
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increased when PS grafts are added to the PBD block via post-polymerization modification.30 A 

variety of synthetic strategies have been developed for non-linear TPEs, most commonly for 

miktoarm star polymers31–33 and multigraft copolymers.34–36 Multigraft copolymers are of special 

interest from a customization perspective, as they can be used as a post-polymerization 

functionalization strategy, specifically in terms of grafting from37 and grafting to.35 These 

techniques open the possibility to chemically modify commercially available TPEs with desired 

polymer grafts to effectively tune the material properties.  

In situ polymer grafting during a polymerization transforms an existing TPE into an 

effectively new TPE with designer mechanical properties.30,38,39 One simple route to this 

modification for SBS is through initiating styrene from PBD via allylic hydrogen abstraction from 

PS grafts.39 Polymerizing styrene in a PS-PBD diblock copolymer with benzoyl peroxide (BPO) 

as the radical initiator leads to nanoscale phase transition from a lamellar to a hexagonally packed 

cylinder morphology, which undergoes a complex phase transition mechanism that has been 

tracked using in situ small-angle X-ray scattering (SAXS) during the polymerization at elevated 

temperatures.38 The allylic radical polymer grafting strategy is translatable to linear PBD or 

triblock SBS, illustrating the universality of this post-polymerization method.30 Synthesis of non-

linear macromolecular architectures is now commonplace, but clear guidance to the design of 

branched macromolecules as TPE is lacking due to uncertainty regarding why the mechanical 

properties of the materials are improved over their linear counterparts. 

Although grafting PS from commercially available SBS materials increases the Young’s 

modulus (E), the yield stress (YS), and tensile strength (TS) for PS-grafted SBS by >5x and the 

elongation at break (εb) by 2x,24 the underlying reasons for the enhancement in mechanical 

properties in the PS-grafted SBS samples are not well understood. Here, the deformation 
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mechanism of a PS-grafted SBS sample was elucidated using in situ SAXS during uniaxial 

extension to probe nanoscale changes that occur in concert with the macroscopic tensile test. These 

measurements show differences in the deformation mechanisms of nanostructured TPEs of 1) a 

commercially available linear SBS triblock copolymer and 2) a grafted version of the SBS 

containing PS chains from the PBD mid-block (Figure 1). The PS grafted SBS responds to tensile 

deformation after yielding by simultaneously aligning the lamellae domains parallel to the 

stretching direction and crazing, where fibrils are predicted to bridge the voids, helping to toughen 

the material. The SAXS profiles for the PS grafted SBS at high strain resemble fibril formation 

during crazing, which is common in glassy polymers.40,41 Crazing is further supported by the visual 

changes in the sample where necking regions turn white. For the neat, linear SBS, the domain 

reorientation is significantly reduced during deformation and the TPE fails without additional 

nanostructure formation. These results provide new insights into why non-linear TPEs outperform 

linear analogs due to mechanistic differences that result from the additional physical crosslinks 

from the grafts. 
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Figure 1. Differences in the nanostructure and deformation of (a) neat SBS (φSBS = 100%) 

and (b) PS grafted SBS (φSBS = 30%). TEM micrographs using OsO4 staining illustrate the a) 

disordered sphere morphology in the neat SBS, while b) PS grafted SBS samples form a lamellar 

morphology. Optical images of unstretched and deformed samples at (a) 130% and (b) 200% 

strain.  



8 
 

2. Results and Discussion 

In situ SAXS during uniaxial extension was used to probe the changes in the nanostructure during 

deformation for two different TPE samples: 1) a commercially available linear neat SBS sample 

(φSBS = 100%) and 2) the linear SBS sample grafted with PS on the PBD mid-block containing 30 

volume percent SBS relative to the initial styrene monomer (φSBS = 30%, which results in a final 

sample with 77 wt% PS). Synchrotron SAXS is an invaluable method to probe nanoscale changes 

during nanostructured polymeric material deformation due to its high X-ray flux, which enables 

real time characterization.42 The commercially available SBS sample exhibits a disordered sphere 

morphology, whereas the φSBS = 30% sample is lamellar (Figure 1). Dog bone samples for both 

samples were prepared from solution using silicone-based molds with ASTM D638 type IV 

dimensions. The commercially available SBS sample was first dissolved in THF (0.6 g/mL), 

poured into the mold, dried at room temperature in a fume hood for 12 h, and then vacuum dried 

at 25 °C for an additional 12 h to remove THF from the sample. Less than 1 wt% THF remains in 

the sample after vacuum drying as confirmed with 1H NMR (see Supporting Information). 

Following a previously published procedure,30 PS-grafted SBS was synthesized by the addition of 

a solution of SBS (φSBS = 30%), styrene, and BPO to silicone dog bone mold and subsequent 

heating at 100 °C for 3 h to polymerize the styrene. PS grafting from the PBD mid-block is initiated 

from allylic radicals that form when BPO abstracts an allylic hydrogen from a carbon that is 

adjacent to a vinyl group.38,39 PS is simultaneously polymerized in the solution, but only 4 wt% of 

the product was homopolymer as determined from solvent extraction.30 The grafting reaction leads 

to a morphology transition from disordered spheres to lamellar as the PS volume fraction of the 

copolymer is significantly increased from the grafting reaction. 
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Figure 2. Engineering stress-strain curve and corresponding 2D SAXS patterns for the neat 

SBS sample (φSBS = 100%). Stars labeled as i – ix on the stress-strain curve correspond to the 

strains associated with 2D SAXS patterns. Specifically, labels i – ix correspond to 0, 10, 20, 50, 

90, 130, 140, 150, and 290%. 

 

Figure 2 shows the stress-strain behavior of the neat SBS (φSBS = 100%) during tensile 

deformation on the SAXS beamline. The stress-strain curve in Figure 2 is consistent with the 

literature for this commercial SBS where elongation at yield occurs at approximately 20% strain 

and fracture at strains greater than 100%.43 The scattering profiles show nearly symmetric 

concentric rings in the 2D SAXS images at low strain (ε = 0, 10, and 20%, Figures 2i – iii). The 

material should be globally isotropic initially, but there is some initial orientation to the domains 

that results from the pouring of the concentrated SBS solution into the mold. Interestingly, this 

asymmetry in the scattering decreases as the specimen is initially stretched (Figures 2i – iii). Post 

yield, there is clear anisotropy in the scattering patterns. At ε = 50% (Figure 2iv), the elliptical 
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scattering pattern however is not aligned, in terms of its major or minor axis, with the stretching 

direction. Instead, the major axis is aligned at approximately 40° relative to the stretching direction. 

This tilt is associated with degeneracy in the isotropic nanostructures associated with spherical 

self-assembly that leads to multiple potential arrangements to respond to applied stresses that 

decrease the local free energy.44 As the sample is stretched, the location being probed by the SAXS 

changes due to a single crosshead moving on the strain stage. Examination of the 2D SAXS 

patterns at slightly higher strains illustrates how the tilt in the anisotropic 2D scattering patterns 

changes from location to location (Figures 2iv – vi). At ε = 140, there is a marked change in the 

scattering patterns with a loss in the peaks associated with a nanostructured material. The scattering 

remains anisotropic, but the intensity appears to monotonically decay with increasing q.  PS end-

blocks pullout of the micellar domains at high stresses would result in a “homogenization” of the 

structure; it is important to note that the weak halo typically present in the scattering for disordered 

block copolymer systems (correlation hole) is lacking for these materials at high strain.45 The 

anisotropic scattering suggest that larger scale features with higher electron contrast than PS-PBD, 

such as cavitation or crazing,46–48 overwhelms the scattering from the natural length scale in the 

block copolymer. 

To assess the changes more quantitatively in the nanostructures, the 2D SAXS images in 

Figures 2i – ix were azimuthally integrated over a ±5° sector in the qx (Figure 3a) and qy (Figure 

3b) directions. The 1D SAXS profiles illustrate the limited changes in the nanostructure for ε ≤ 20 

with a minor shift in the primary scattering peak to smaller q for qx and higher q for qy. The limited 

change in the nanostructure indicates that the deformation is not affine, even in the elastic limit. 

At larger strains (ε ≥ 50%), the primary scattering peak at different strains in Figures 3a and 3b, 

emphasized with an asterisk, more clearly shift lower to q in qx, indicating an increase in the 
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domain spacing (Figure 3a), whereas a shift to higher q in qy implies a decrease in the micelle 

center-to-center spacing (Figure 3b). Moreover, the 2nd order reflection becomes better defined, 

which suggests that the nanostructure becomes more ordered at these higher strains. At ε = 130%, 

there is a significant broadening of the primary scattering peak, but higher order reflections remain 

in the scattering, which indicates that the sample remains ordered. For ε ≥ 140%, the sample 

appears to undergo a disordering process that is inferred by a decrease in intensity and broadening 

of the primary scattering peak. 

The SAXS patterns for the neat SBS sample were further analyzed by fitting the 1D 

patterns in the qx and qy directions with a spheroid form factor and a hard sphere structure factor 

derived from the Percus-Yevick approximation. An example of the fit for the undeformed neat 

SBS sample in the qx direction is shown in Figure 3c, indicating that the fit matches the 

experimental data over a large q-range and the fit supports the disordered sphere morphology 

classification. Additional fits of these SAXS patterns of the neat SBS are in the Supporting 

Information. The micelle-to-micelle distance (i.e., domain spacing (d)) values from the SAXS fits 

with standard deviation are plotted versus strain and shown in Figure 3d. As expected from the 

1D SAXS patterns, there is minimal to no change in the domain spacing at low strains (e.g., ε ≤  

20). When ε ≥ 50%, the domain spacing increases in qx whereas the domain spacing decreases in 

qy. Furthermore, the size of the scatterers (i.e., PS spheres) is constant in both the qx and qz 

directions up until ε ≈ 120%, indicating that the spheres do not change during deformation in the 

low strain regions (see Supporting Information). 

Vogt, Bryan D
Do we need a reference for this?
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Figure 3. 1D SAXS profiles for neat SBS (φSBS = 100%) sample in the (a) qx and (b) qy 

directions. The asterisk (*) indicates the primary scattering peak position. (c) 1D SAXS plot with 

a spheroid form factor and a hard sphere structure factor derived from the Percus-Yevick 

approximation fit for the undeformed neat SBS sample in the qx direction. (d) Plot indicating the 

change in domain spacing with respect to strain in qx and qy directions. The domain spacing values 

with standard deviation were determined from the SAXS fits. 

 

In comparison, the φSBS = 30% sample exhibits a drastically different nanoscale 

deformation process (Figure 4). As previously reported, these grafted SBS copolymers exhibit 

increased Young’s modulus (E), yield stress (YS), tensile strength (TS), and elongation at break 
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(εb) in comparison to the initial linear SBS.30 As shown in Figure 4, the ultimate tensile strength 

for the φSBS = 30% sample is an order of magnitude greater than the φSBS = 100% sample (Figure 

2), which can be explained by the increased PS content but addition of PS should also embrittle 

the grafted copolymer but this is not observed. Understanding the nanoscale deformation 

mechanisms will provide insights into how both strength and ductility are simultaneously 

increased. At low strains (ε < 25%), the scattering patterns are nearly symmetric with uniform 

azimuthal intensity, confirming that the lamellar domains are initially randomly oriented. 

Increasing the strain from 25 to 75%, within the plastic deformation region, the 2D SAXS patterns 

become anisotropic in both q and azimuthal intensity, indicating that the lamellar domains are 

becoming oriented. Strikingly, the in situ 2D SAXS transition from a ring to an arc associated with 

the lamellae planes aligning parallel to the stretch direction to two distinct maxima for ε = 100 – 

325% (Figures 4vi – viii). The 2D SAXS patterns in Figures 4vi – viii resemble the SAXS patterns 

of glassy polymers that form crazes during deformation.40,41 If only grain reorientation was present, 

the drastic changes in Figures 4vi – viii would not be present. The clear loss of only higher order 

reflections at higher strains are indicative of a substantial change in the morphology. Although 

similar scattering patterns can evolve in linear block copolymers,49 there are key differences 

associated with these graft copolymers. Prior work used pre-aligned block polymers and only when 

the lamellae planes were oriented perpendicular to the deformation did similar scattering evolve 

from the formation of chevon-like patterns from defects induced in the lamellae on stretching 

normal to the oriented plane. Here, we find that the graft copolymers orient preferentially with the 

lamellae planes parallel to the deformation direction; this orientation is induced by stretching as 

the initial sample is effectively isotropic. This difference in orientation of the lamellae between the 

previously reported linear block polymers (perpendicular) and here for the graft copolymer 
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(parallel) suggests a difference in the mechanism for the re-orientation at high strain. Based on 

these differences, we hypothesize that the 2D SAXS patterns in Figures 4vi – viii suggest fibril 

formation in the PS-grafted SBS system, which is facilitated by the macromolecular architecture 

and the higher PS content that enables crazing. 

  

 

Figure 4. Engineering stress-strain curve and 2D in situ SAXS patterns for the φSBS = 30% 

sample. Stars labeled as i – viii on the stress-strain curve correspond to the strains associated with 

2D SAXS patterns. Specifically, labels i – viii correspond to 0, 10, 25, 50, 75, 100, 160, and 325%. 

 

As in the neat SBS sample (φSBS = 100%), the 2D SAXS patterns in Figures 4vi – viii for 

the φSBS = 30% sample were azimuthally integrated in the qx (Figure 5a) and the qy (Figure 5b) 

directions. The 1D plots show that the primary scattering peaks in both qx and qy significantly 

broaden after the yield point (ε > 25%). Furthermore, there is a shift to lower q in qx (Figure 5a) 

and a shift to higher q in qy (Figure 5a), which is consistent with the changes in the macroscopic 

dimensions during uniaxial extension. Similar trends have been reported for the deformation of 
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poly(methyl methacrylate)-poly(n-butyl acrylate)/poly(methyl methacrylate)-poly(n-butyl 

acrylate)-poly(methyl methacrylate) diblock and triblock copolymer blends, where the domain 

spacing in the loading direction increased whereas the domain spacing in the transverse direction 

decreased during uniaxial extension.50 Comparison of the scattering profiles in qx and qy illustrates 

the alignment of the lamellae during deformation at 10 and 25% strain; the primary peak is sharper 

in qy and the 2nd order reflection is also better defined. It is important to note that the scattering 

from the lamellae arises from correlations normal to the plane, so the increased scattering intensity 

in Figure 5b is associated with the lamellae planes aligning parallel to the stretching direction. 

The primary peak is not well resolved in qx beginning at 50% strain, while multiple peaks appear 

in the SAXS profile in qy at 160% strain. For the latter, the peaks at these higher strains broaden 

significantly and shift to higher q, which indicates a thinning of the lamellae as the chains are 

stretched with a broader distribution in the spacing. These changes in q for the primary scattering 

peak, in addition to the domain spacing, d = 2π/q*, in qx and qy are shown in Figure 5c and d. 

Specifically, there is a drastic change in the slope for strains in the plastic regime (e.g., ε ≥ 25%), 

signifying that the nanoscale structure deformation is dependent on the orientation of the lamellae 

relative to the deformation direction. The increased change in qx scattering (associated with 

perpendicular alignment of the lamellae planes to the stretching direction) is consistent with the 

reorientation of the domains as these perpendicularly oriented lamellae are effectively torn apart 

by the deformation. 
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Figure 5. 1D SAXS plots for the φSBS = 30% in the (a) parallel and (b) perpendicular 

directions with respect to applied tensile load. Impact of strain on the (c) q-value and (d) domain 

spacing for the primary scattering peak in the loading (red) and transverse (blue) direction. 

 

The results presented in Figures 2 – 5 support that claim that the φSBS = 100% and φSBS = 

30% samples exhibit different deformations mechanisms in the plastic regime when uniaxially 

stretched. In situ optical imaging during uniaxial extension highlights the drastic differences 

(Figure 6). Both samples deform similarly in the elastic regime, which consists of stretching the 
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low Tg PBD domains. The preferred deformation mechanism in the plastic region at high strains 

for the φSBS = 100% sample is predicted to be chain pullout, although cavitation or crazing are 

possible and have been shown to occur in block copolymer systems.46–48 The PS-grafted SBS 

sample (φSBS = 30%) is expected to undergo two simultaneous processes: lamellar domain 

reorientation and crazing (Figure 6). A white region at the neck, indicating crazing, for the φSBS = 

30% sample occurs directly after the yield point. As the sample is continually deformed, the craze 

region increases. The specific φSBS = 30%  sample shown in Figure 6 forms two independent craze 

regions. Videos showing the deformation process for the φSBS = 100% and 30% samples are in the 

Supplementary Information. 

 

Figure 6. In situ optical images during uniaxial extension for (a) φSBS = 100% and (b) φSBS = 

30% samples. The two samples undergo substantially different deformation mechanisms. The 

φSBS = 30% sample exhibits a crazing process as indicated by the formation of white regions. 

Videos showing the deformation process for both samples are in the Supplementary Information. 

Vogt, Bryan D
Do we want to say reorganization as well with the changes in the dimensions of the LAM?

Vogt, Bryan D
Is there any whitening in the 100% sample? If not, this would suggest that crazing and likely cavitation is not a significant mechanism…
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The reason for the drastic changes in the plastic regime between the two samples is the 

difference in macromolecular architecture. The PS grafts in the φSBS = 30% sample reside in the 

PS domains, forming multiple additional junctions per chain. These junctions act to anchor the 

chain as the cooperativity in chain pull out is increased to fully free a single copolymer chain and 

thus favors domain reorientation. For example, when the sample is stretched in the plastic regime, 

there is likely chain pull out of grafts from the PS domains, but the presence of additional junctions 

enables further domain reorientation due to the elasticity that results from the remaining junctions. 

Furthermore, the additional PS junctions are predicted to assist fibril formation that bridge crazes, 

similarly to glassy polymers and block copolymer systems.40,41,46–48,51 An alternative interpretation 

of the deformation mechanism for the φSBS = 30% sample is that in the plastic regime, the glassy 

PS lamellar domains break up and form “chevron” structures, which has been reported in oriented 

PS-PBD-PS and poly(styrene)-poly(ethylene-co-butylene)-poly(styrene) (SEBS) lamellar 

samples, but this breakup mechanism was only observed with perpendicular orientation of the 

lamellae.52 TEM images in the fracture region confirm that “chevron” structures do not form 

during deformation (Figure 7). As seen in the TEM images, the lamellar nanostructure is highly 

deformed, and the nanoscale domains are wrinkled. The distinction between the PS-grafted sample 

reported here and the previous reports is that adding additional polymer junctions by controlling 

macromolecular architecture opens new deformation mechanisms and design rules for tailoring 

mechanical properties. 
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Figure 7. TEM images of the fracture region for the φSBS = 30% sample. TEM samples were 

prepared by microtoming the sample in the fracture region parallel to the stretch direction and then 

staining with OsO4. 

 

3. Conclusion 

Macromolecular architecture is a critical tuning parameter in controlling block copolymer 

nanostructure and mechanical properties. Here, in situ SAXS and optical imaging during uniaxial 

extension reveal two drastically different deformation mechanisms between the linear SBS TPE 

and PS-grafted SBS samples. The neat SBS (φSBS = 100%) sample, consisting of a disordered 

sphere morphology, demonstrates nanoscale deformation where the sphere center-to-center 

distance increases in qx and decreases in qy while in the elastic regime. At high extensions, it is 

predicted that the PS end-blocks pullout from the PS-rich domains, leading to a decrease in the 

intensity of the primary SAXS peak and a less defined nanostructure. In contrast, the PS-grafted 

SBS φSBS = 30% sample, exhibiting a lamellar morphology, undergo significant lamellar domain 

rearrangement to preferentially orient the lamellae plane with the stretch direction and the 

emergence of crazes. As the strain increases, the 2D SAXS patterns suggest the formation of fibrils, 

which is consistent with crazes. The stark difference in deformation processes between the two 
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samples are attributed to the macromolecular architecture where the PS-grafts in the φSBS = 30% 

sample lead to cooperativity due to the new junctions formed across PS domains by the grafts. The 

new insights revealed through in situ SAXS and optical imaging during uniaxial extension 

measurements of linear and grafted copolymer materials will guide future design rules for tailoring 

desired mechanical properties and deformation responses.  

 

4. Experimental 

4.1 Materials 

Poly(styrene)-poly(butadiene)-poly(styrene) (SBS) triblock copolymer (styrene 30 wt%, CAS 

Number: 308076-12-2) and benzoyl peroxide (BPO) (regent grade, ≥ 98%) were purchased from 

Sigma Aldrich (St. Louis, USA) and used as received. Tetrahydrofuran (THF) (HPLC grade) was 

purchased from ThermoFisher Scientific (Waltham, USA). Aluminum oxide powder was 

purchased from Honeywell (Charlotte, USA). Styrene monomer (≥ 99%) was purchased from 

Sigma Aldrich (St. Louis, USA) and purified via aluminum oxide to remove inhibitor. The tin-

cure silicone rubber mold mixture for the mold, OOMOO™ 30 was purchased from Smooth-on 

(Macungie, USA). 

 

4.2 Silicone Mold Preparation 

To prepare the silicone mold, samples of ASTM standard D638 type IV dog bones were 3D printed 

(3D Hubs, 115 x 19 x 4 mm). These dog bones were then laid across packing tape that lined the 

bottom of a disposable aluminum baking pan. The OOMOO™ 30 tin-cure silicone was prepared, 

and then poured over the dog bones. The resulting mold was cured for 6 hours at 25 °C then placed 

in an oven for 4 h at 65 °C. 
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4.3 Dog Bone Sample Preparation 

Styrene was purified by passing it through a column of aluminum oxide to remove any inhibitor 

in the monomer. SBS was dissolved in styrene monomer at a volume fraction of 30% until 

homogenous. BPO was then added (100:1 styrene to BPO) and mixed. Triblock 

copolymer/monomer blends were added to a silicone dog bone mold and placed in an oven at 100 

°C for 3 h to graft PS onto the SBS. The φSBS = 100% dog bones were prepared by dissolving SBS 

in THF (0.6 g/mL), followed by injection via syringe into the mold. THF was partially evaporated 

from the sample by placing in a fume hood for 24 h. All dog bones were subject to a low vacuum 

for 12 h at 25 °C to remove unreacted monomer or solvent. 

 

4.4 Transmission Electron Microscopy (TEM) 

Micrographs of the dog bone samples were obtained using a FEI Tecnai G2 Spirit BioTwin TEM. 

Samples were prepared by microtoming dog bone samples (approximately 70-90 nm thick sections 

using a Leica UC6 ultramicrotome), placing the microtomed samples onto TEM grids (Electron 

Microscopy Sciences, Formvar/Carbon 200 Mesh, Copper), and staining the samples with osmium 

tetroxide vapor for 15 min to distinguish between the PS and PBD domains.53 

 

4.5 In situ Tensile/SAXS 

SAXS measurements were conducted at the National Synchrotron Light Source II (NSLS-II) at 

Brookhaven National Laboratory using the Complex Materials Scattering (CMS/11-BM) 

beamline. For in-situ tensile test during SAXS measurements, a Linkam strain stage with a 200 

N loadcell was used as described previously.54 Samples were cut to be 25 x 2 x 1 mm and were 
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mounted between the load frame grips with a gauge length of 15 mm. Samples were strained at a 

rate of 1.8 mm/min. During the tensile test, every 4 s the samples were exposed for 10 s using a 

13.50 keV  (λ =0.9184 Å) beam. A sample to detector distance of 2 m was used to probe the q-

range from 0.008–0.444 Å−1. Scattering images were captured with a Dectris Pilatus 2M detector 

(pixel size 172 μm × 172 μm). The 2D scattering data were corrected for background using 

scattering in air as the reference. 

1D scattering profiles were obtained from the 2D scattering patterns using the IRENA 

package obtained as an open resource from Argonne National Lab in Igor Pro 8.55 The 𝑞𝑞∗ values 

for both parallel and perpendicular to the loading directions for the φSBS = 30% sample were 

determined by first integrating ±5° azimuthal bins along 0° and 90° directions relative to the 

deformation of the tensile test to generate 1D line profiles. After azimuthal integration, 

symmetric pseudo-Voigt peak functions were fit to primary peaks along with a linear 

background. The 𝑞𝑞∗ at each strain was assumed to be the peak position of the pseudo-Voigt fit. 

SAXS data for the pure SBS polymer—showing disordered sphere morphology in the 

neat state—were fit using IRENA. The data were fit with a spheroid form factor and a hard 

sphere structure factor derived from the Percus-Yevick approximation. The micelle diameter and 

standard deviation, the domain spacing (micelle center-to-center distance), and the volume 

fraction of scatterers were used as fitting parameters. The fitting region was confined to the 

primary peak and immediate surroundings to avoid scattering from heterogeneity of the sample 

at low q and background at high q from affecting the fit results. 
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4.6 Optical Microscopy  

To quantify macroscopic deformation behavior, samples were loaded in uniaxial tension 

with an electromechanical load frame (MTS Criterion Model 45) at a constant displacement rate 

of 0.08 mm/s, for an engineering strain rate of approximately 3 × 10-3 mm/s. Images were taken 

with a digital camera (GRAS-50S5M-C, FLIR, Wilsonville, OR).  
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