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Abstract

Block copolymer ( B C P )  thermoplastics are used in a wide range of commercial

products. It is well known that the mechanical performance of these materials depends

on the B C P  architecture and composition, and the introduction of non-covalent inter-

actions via comonomers can be used to tune key properties. However, tailoring the

mechanics of B C P s  by blending with polymeric additives is rarely explored, as most

BCP/polymer blends have limited miscibility. Here, we examine the structure, me-

chanics, and thermal stability of a commodity thermoplastic, poly(styrene-b-ethylene-

co-butylene-b-styrene) (SEBS), with polymeric additives of either polystyrene (PS)

or poly(methyl methacrylate-co-cyclohexyl methacrylate) (PrC, 70 mol% cyclohexyl

methacrylate). PS and PrC  are athermal and enthalpically-compatible additives, re-

spectively, for the polystyrene end-blocks in SEBS. The SEBS/PS blends have a narrow
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miscibility window with respect to PS molecular weight and loading, where either an

ordered lamellar morphology or a disordered morphology is observed. In contrast, the

attractive interaction between PrC  and polystyrene end-blocks leads to complete mis-

cibility of SEBS/PrC blends across the full range of PrC  molecular weights (up to 63.8

kg/mol) and loadings (up to 40 vol%) that were studied, where an ordered lamellar

morphology with continuity in the rubber phase was generally observed. Consequently,

the PrC  additives can increase the modulus and yield stress, as well as delay the onset

of strain hardening, without loss of toughness. Additionally, PrC  additives can ele-

vate the glass transition temperature of the PS blocks and maintain a high modulus

at elevated operating temperatures, expanding the service window for SEBS. The prin-

ciples established in this research could be translated to other types of styrenic B C P

thermoplastics.
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Introduction

Commodity block copolymer thermoplastics consist of glassy and rubbery blocks with high

and low glass transition temperatures (Tg ), respectively. The glassy domains act as physical

cross-links in the rubbery matrix, producing a ductile material that can also be reprocessed

above the T g  of the glassy block. The mechanical properties of B C P  thermoplastics depend

on the volume fractions of the glassy and rubbery domains and the B C P  architecture.1,2

A B A  type triblock copolymers, consisting of glassy A  domains as the minority phase and

rubbery B  domains as the matrix, have been extensively studied and commercially used

for wide range of applications including adhesives, coatings, footwear, automobile parts and
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medical devices.35 A  common A B A  triblock copolymer platform has polystyrene end-blocks

and polyisoprene, polybutadiene or poly(ethylene-co-butylene) as the midblock.615 Thermo-

plastics based on poly(ethylene-co-butylene) or poly(ethylene-co-propylene) midblocks are

particularly attractive, as the saturated rubber provides these materials with high oxidative

and chemical stability.13

Numerous eorts have been directed towards understanding how the mechanical prop-

erties of B C P  thermoplastics can be improved by modifying their architecture. For linear

BCPs,  domain bridging and looped entanglements in triblock and pentablock ( A B A  and

A B A B A )  architectures will enhance the mechanical properties relative to A B  diblock copoly-

mers, wherein the domains are held together only by chain entanglements and van der Waals

interactions.2,16,17 In (AB)n  type alternating B C P s  consisting of n A B  block pairs, the tensile

strength and modulus both increase with increasing n due to the presence of constrained, in-

terconnected domains.18,19 Branched architectures, such as miktoarm star polymers, can be

exploited to form self-assembled structures with continuous rubbery domains at high volume

fractions of the glassy polymer,2022 resulting in materials with high elasticity along with

high modulus. Another molecular design strategy is to introduce physical cross-links in one

of the B C P  domains by incorporating low amounts of hydrogen-bonding2326 or ionic27,28

comonomers. These cross-links can be incorporated in the soft block2325,27,28 or the glassy

block26 to enhance the mechanical properties. Relatively fewer works have explored tailor-

ing mechanical properties of B C P s  by blending with polymeric additives, despite it being a

simple strategy that could be compatible with commercially available B C P s  and common

processing methods. The main challenge with this strategy is nding a polymer additive

that is miscible with one of the domains.

The phase behaviour of BCP/homopolymer blends has been well-studied over the past

several decades. In a blend of an A B  diblock copolymer with A  homopolymer, the

phase behaviour is mainly governed by entropic interactions arising from the relative chain

lengths of the A  homopolymer (N h ) and the A  block in the B C P  (N A , B C P ) ,  given by
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 =  N h =N A,BCP . 2933 For values of  <  1, the A  homopolymer is distributed throughout

the A  block of the BCP,  driving both axial stretching and lateral expansion of the domain.

The axial stretching of the B C P  chain produces a conformational entropy loss that increases

with the volume fraction of the homopolymer () in the blend. At a certain , this entropic

penalty produces a change in interfacial curvature that drives an order-order phase transi-

tion (OOT). 3436 For   1, there is a loss in the combinatorial entropy of mixing from the

increase in homopolymer chain length, and so the homopolymer chains will accumulate at

the center of the A-domain bilayer.37 For   1, the entropic penalty drives macrophase

separation of the homopolymer from the B C P  system.38 For a given , the  which marks

the onset of macrophase separation will depend on the structure of the pure BCP,  which is a

function of f and N , where f A  is the volume fraction of the A  block,  is the Flory-Huggins

parameter, and N  is the degree of polymerization.

In a blend of an A B  diblock copolymer or A B A  triblock copolymer with type C  ho-

mopolymer, where the C  homopolymer is enthalpically compatible with the A  block, the

 and  at which the OOT and macrophase separation occur are each governed by two

additional enthalpic interactions captured by A C  ( <  0) and B C  ( >  0).3948 Experimental

and theoretical studies have each shown that the phase behavior depends on the molecular

weight of the A  block and is largely unaected by the molecular weight of the C  homopoly-

mer. This is because in these blend systems, macrophase separation is mainly governed

by the conformational entropic penalty of the A  block and the homopolymer C, which is

signicantly reduced with an increase in the molecular weight of the A  block.49,50 When the

homopolymer additive is evenly distributed in the compatible block, which is anticipated

for  <  1, the A  block undergoes axial stretching and lateral contraction at low , with an

increase in the interfacial area per chain with increasing .39,44

Styrenic B C P s  with poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) homopolymer addi-

tive are a well-studied example of an A B A / C  blend with A C  <  0. PPO homopolymer is fully

miscible with PS homopolymer,5156 and blends of styrenic B C P s  and PPO are miscible for
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 >  1 provided the molecular weight of the PS block in the B C P  is above 14 kg/mol.49,50,57,58

The PPO additives tune the thermal stability and mechanical properties of the BCP, 58,59

increasing the modulus,58 tensile strength59 and strain-at-break point.59 However, PPO has

some disadvantages as an additive, both in terms of practical applications and fundamental

studies. B C P / P P O  blends must be processed at temperatures above 250°C due to the high

T g  of PPO. 59 PPO is prepared by oxidative coupling,60 which produces high dispersity in

molecular weight.43 Therefore, it is dicult to investigate the eects of additive molecular

weight on its distribution within the A  domains of the B C P  and mesoscale ordering of the

self-assembled domains.

Another potential polymer additive for styrenic B C P s  is the copolymer poly(methyl

methacrylate-co-cyclohexyl methacrylate) (PrC), which is miscible with PS homopolymer

provided the composition of cyclohexyl methacrylate (CHMA) exceeds approximately 21

mol%.56,6163 These PrC  additives have T g  near that of PS (100 °C), and PS/PrC blends

have a lower critical solution temperature of 220 °C, leading to a broad window for process-

ing at moderate temperatures. Furthermore, PrC  can be synthesized by controlled radical

polymerization methods to achieve low dispersities (—  1.2). The enthalpic interaction be-

tween PrC and PS can be tuned by varying the copolymer composition, with the minimum

in P r C , P S  observed for approximately 70 mol% CHMA, 61 as shown in Figure S1. To  the

best of our knowledge, the miscibility of CHMA-based polymers with styrenic B C P s  has not

been explored.

This work describes a systematic investigation of PrC  miscibility in poly(styrene-b-

ethylene-co-butylene-b-styrene) (SEBS), a widely studied class of B C P  thermoplastic. The

PrC composition was xed at approximately 70 mol% CHMA, i.e., the composition that pro-

duces the strongest enthalpic compatibility with PS. The SEBS composition and molecular

weight were also xed at 26 vol% styrene and M n =  103:5 kg/mol, respectively. We selected

a SEBS material with high styrenic content so the addition of miscible polymeric additives

would produce a lamellar morphology. The lamellar morphology has a broad window of sta-
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bility as a function of composition,64 so the additive loading can be varied without inducing

a change in interfacial curvature. Entropic eects that contribute to blend miscibility were

explored by varying both the molecular weight of PrC, which changes , and its loading level

dened by . PS homopolymer additives, i.e., athermal additives for the PS block in SEBS,

were used as a control. The knowledge acquired from this study provides a framework to de-

sign miscible polymeric additives for styrenic B C P  thermoplastics that manipulate nanoscale

structure, bulk mechanics, and thermal stability without compromising processability.

Experimental

Materials SEBS was obtained from Sigma Aldrich. The number-average molecular weight

Mn =  103:5 kg/mol and dispersity —=  1.05 were determined by gel permeation chromatogra-

phy ( G P C )  relative to PS standards. The SEBS composition of 30 mol% PS was determined

from 1H NMR. The SEBS composition on a volume basis is 26% polystyrene, assuming den-

sities of 0.92 g/cm3 and 1.05 g/cm3 for poly(ethylene-co-butylene) and PS, respectively. The

G P C  trace and NMR spectrum for SEBS are shown in Figures S2 and S3, respectively.

PS samples with a range of molecular weights were purchased from Scientic Polymers

and their molecular weights were veried by GPC.  PrC  samples were synthesized via re-

versible addition fragmentation chain transfer ( R A F T )  polymerization, adapting procedures

described previously.65 For all R A F T  polymerizations, the target copolymer composition,

fCHMA , was xed at 70 mol% CHMA, as it is reported as the minimum  parameter for blends

with PS. 61 PrC  molecular weight was varied by changing the total monomer concentration,

and at the higher molecular weight, the feed ratio of CHMA:methyl methacrylate (MMA)

had to be adjusted in order to hit the target composition. As an example, CHMA (64.4

mmol, 10.82 g), MMA (27.6 mmol, 2.76 g), 4-cyano-4-(phenylcarbonothioylthio)pentanoic

acid (1 mmol, 279 mg), and AIBN (0.1 mmol, 16.8 mg) were dissolved in 10 mL of T H F  and

added to 25mL round bottom ask equipped with a stir bar. The ask was sealed with a
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septum and dissolved oxygen removed through three freeze-pump-thaw cycles. The ask was

then immersed in a preheated oil bath set to 70 °C. After 18 h, the reaction was quenched by

opening the ask to air and freezing the crude product mixture with liquid nitrogen. After

thawing, the copolymer was isolated and puried by precipitation into cold methanol and

gravity ltration. The recovered PrC copolymer was dried under vacuum for 24 h prior to

use. Characterization by G P C  and 1H NMR showed that this PrC  had a M n =  2,800 g/mol,

—=1.09, and 72 mol% CHMA. Characteristics of all PrCs synthesized are given in Table S1,

along with G P C  traces in Figure S4 and 1H NMR spectra in Figure S5.

Polymer characterization 1H NMR spectroscopy was used to conrm the composition

of the SEBS B C P  and the PrC  random copolymers. In short, 10 mg of polymer was dissolved

in d-chloroform and analyzed using a Varian 500 MHz spectrometer at room temperature.

Gel permeation chromatography ( G P C )  was used to measure the molecular weight of the

SEBS BCP,  PrC  copolymers, and PS homopolymers. The M n and — of each polymer was

determined at room temperature using an Agilent 1260 Innity I I  G P C  system that used

T H F  as the mobile phase at a ow rate of 1.0 mL/min. The G P C  was equipped with triple

detection consisting of an Optilab T - r E X  dierential refractometer, a Viscostar I I I  viscom-

etry detector, and a Wyatt Dawn Helios multiangle light scattering detector. All molecular

weights reported were obtained via conventional calibration analysis using polystyrene stan-

dards. Samples for G P C  were prepared by dissolving 12 mg of polymer in 2 mL T H F  and

then ltering the solution using 0.2 µM lters.

Blend preparation Blends were prepared by mixing SEBS and polymer additive at dif-

ferent . Densities of 0.91 g/cm3 for SEBS, 1.00 g/cm3 for PS and 1.11 g/cm3 for PrC

were used for calculating , assuming there is no volume change upon mixing. The polymer

mixture was then dissolved in xylenes (98.5% purity) to produce a solution with 10 wt%

polymer. Polymer lms were prepared by bar coating the polymer solution onto a Mylar

sheet using an Elcometer lm applicator with 500 m gap height. After drying in air at room

7



temperature, the lms were cut to obtain rectangular pieces with 1 cm width and annealed

in a vacuum oven for 48 hrs at 140 °C. The nal lm thicknesses after drying and annealing

were 70-90 m. Films of neat SEBS (no additive) were also prepared by the same procedure.

Small-Angle X - r ay  Scattering ( S A X S ) A  Xenocs GeniX 3D microfocus source with a

copper target was used to produce a monochromatic beam with a 0.154 nm wavelength. The

sample to detector distance was 0.9 m. A  Pilatus3 R  300K detector (Dectris) with nominal

pixel dimensions of 172 m  172 m was used for data acquisition. The data acquisition

time was 5 min for all measurements. The two-dimensional images from each measurement

were azimuthally integrated with SAXSGUI software to yield a one-dimensional scattering

prole of intensity I  (a.u) versus scattering vector q (nm-1). In all the gures showing SAXS

data, the plots from each data set have been vertically oset for clarity.

Transmission Electron Microscopy ( T E M ) T E M  measurements were performed on

lms that were sectioned to a thickness of around 30 nm by a Leica EM FC 7  microtome

at -150 °C. The sections were placed on Nickel grids and stained with ruthenium tetroxide

vapor for 15 min, which selectively stains the PS domain. The sample slices were imaged by

a J E O L  J E M  1400-Flash transmission electron microscope with an acceleration voltage of

120 kV.

Mechanical and thermal characterizations Room temperature tensile testing was per-

formed using an Instron 5965 instrument. Experimental setup and data acquisition were

performed using Bluehill version 4.18 software. The initial separation between the grips was

20 mm. The samples were uniaxially stretched at a strain rate of 1/min, with a crosshead

speed of 20 mm/min, until break point. Tensile properties (modulus, yield stress, onset of

strain hardening and toughness) were obtained from the stress-strain curves. Toughness was

calculated from the area under the stress-strain curves. At least ve samples were mea-

sured for each blend composition, and the error bars in plots of tensile properties denote 1
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standard deviation.

The stress-strain curves at elevated temperature, and the Tg ’s of SEBS and

SEBS/additive blends were all obtained using a TA  instruments Q800 dynamic mechan-

ical analyser (DMA) in tension mode under nitrogen atmosphere. The initial separation

between the grips was 1 cm. To  obtain stress-strain curves, the samples were equilibrated

at 80°C and stretched at a strain rate of 1/min, corresponding to a crosshead speed of 10

mm/min. To  obtain Tg , the experiments were run at a heating rate of 5 °C/min from 30 °C

to 140 °C and an oscillating axial force with 1% strain amplitude at a frequency of 1 Hz was

applied. The T g  was taken from the maximum of the tan  curve.

The Tg ’s of the PS and PrC additives were obtained using a TA  instruments Q2000

dierential scanning calorimeter (DSC). A  temperature range of 25 °C to 150 °C was used

for heat-cool-heat cycles at a heating and cooling rate of 10 °C/min. The T g  was taken from

the mid-point of the slope in the second heating cycle.

Results and Discussion

S E B S  morphology

Prior to preparing blends of SEBS and polymer additives, the neat SEBS morphology was

characterized using both SAXS and TEM. The SAXS data showed higher-order peaks at 2q?,

3q? and 4q? positions, which are representative of an ordered lamellar (LAM) morphology,

where q? is the position of the rst-order peak. T E M  images for the SEBS sample, however,

showed a perforated lamellar ( P L )  morphology having poorly ordered perforations (Figure

S6). This is not surprising as the volume fraction of the PS block in SEBS is only 26%,

which likely falls within the P L  or cylindrical morphology regions in the phase diagram.64

Furthermore, it has been noted in prior studies that the SAXS prole for P L  morphology

is not distinguishable from that of a LAM morphology when the perforations are poorly

ordered.66,67
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Reproducibility

To check whether the structure obtained after annealing is an equilibrium morphology,

SEBS/PS blend lms were prepared by casting from dierent solvents: xylene, which has neu-

tral selectivity to polystyrene and poly(ethylene-co-butylene) blocks, and cyclohexane, which

is selective towards the poly(ethylene-co-butylene) block.68,69 The SAXS proles obtained

before and after annealing these lms are shown in Figure S7. The as-cast structures are

strongly dependent on the type of solvent used for casting the lm, where xylenes produces

a more ordered structure than cyclohexane, as evidenced by the presence of a second-order

peak. Xylenes also produces a larger domain periodicity than cyclohexane. After thermal

annealing, the scattering patterns for both lms are similar: the primary peak position is the

same, and the positions of higher-order peaks are consistent with lamellar symmetry. This

outcome suggests that annealing drives both lms toward the same state. However, the lm

cast from xylenes has sharper and stronger higher-order peaks, indicative of better domain

ordering. Furthermore, when the blend is cast from xylenes, the domain periodicity before

and after annealing is largely unchanged. This demonstrates that casting from a neutral

solvent produces a state that is closer to equilibrium, and for this reason, xylenes was used

for all lm processing. We also note that there is a variation of up to 3.5% in the lamellar

periodicity for some of the samples when the same blend preparation method is repeated, as

determined from SAXS measurements (shown in Figures S8-S9) and summarized in Figure

S10.

Phase behaviour and morphology of SEBS/addit ive  blends

Blends of SEBS with PS and PrC additives were prepared as a function of molecular weight

and  of the additives. Each SEBS/additive blend was dened by three parameters: (1) the

type of additive used, PS or PrC; (2) the ratio of the length of additive to the length of a

single polystyrene end-block in SEBS, ; and (3) the volume fraction of the additive in the
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blend, . The following equation was used to calculate :

Nadditive  vadditive

NP S , S E B S   vstyrene
(1)

Wherein Nadditive and NP S , S E B S  are the degrees of polymerization of the additives and a

PS end-block in SEBS, respectively. For the SEBS used in this work, NP S , S E B S  is 142. The

vadditive and vstyrene terms are the monomer volumes for the additive and styrene, respectively,

at the annealing temperature of 140 °C. The monomer volume was calculated using the M n

and density of the polymer at 140 °C. The density of the polymer at 140 °C was estimated

using the density at 25 °C and a thermal expansion coecient of 710-5/°C for both PS and

PrC. In the case of PrC  additive, vadditive is the average monomer volume, accounting for the

number of CHMA and MMA monomers in the chain. The volume of PS and PrC monomers

at 140 °C were calculated to be 0.17 nm3 and 0.23 nm3, respectively. Table 1 provides a

summary of all polymer additives used in this work, and also reports the value of  without

volume correction for reference, which is denoted as 0 =  Nadditive /NPS,SEBS .

Table 1: Characteristics and relative sizes of additives

Additive type fC H MA

PS -
PS -
PS -
PS -
PS -
PS -
PrC 0.72
PrC 0.73
PrC 0.76
PrC 0.74
PrC 0.78
PrC 0.74
PrC 0.75
PrC 0.76
PrC 0.66
PrC 0.76

M n(kg/mol) — 0  1.6
1.08 0.11 0.11

3.8 1.07 0.26 0.26
8.0 1.05 0.54 0.54
12.0 1.05 0.81 0.81
15.3 1.04 1.03 1.03
19.5 1.05 1.32 1.32
2.8 1.09 0.13 0.18
4.4 1.08 0.21 0.28
10.0 1.16 0.47 0.63
12.5 1.12 0.60 0.80
17.0 1.16 0.80 1.07
18.5 1.13 0.87 1.17
21.0 1.16 0.98 1.32
27.5 1.16 1.29 1.73
34.8 1.16 1.70 2.28
63.8 1.16 3.00 4.02
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Figures 1a report the phase behaviour of SEBS/additive blends over a wide range of

 and , where the markers on the phase diagram represent the blend compositions that

were studied. F H  corresponds to the volume fraction of the hard phase in the blend, which

includes both the additive and the polystyrene blocks of SEBS. F H  was calculated using

0.26 for the volume fraction of polystyrene in SEBS and assuming volume is additive after

mixing. For the range of  values examined (0.1-0.4), the volume fraction of the hard phase

in the blend is between 0.33-0.55, which produces a lamellar structure in linear A B A  triblock

copolymers with symmetric end blocks.70 The structure of the samples was studied using

SAXS and these data are shown in Figures S8 and S9. The samples marked as ‘LAM’

in Figure 1 showed higher-order peaks consistent with a lamellar structure. The ‘LAM’

symmetry was also conrmed by T E M  imaging for a blend with 10 vol% of PrC  additive

( =  0:28), corresponding to FH =0.33, as shown in Figure S6. The samples marked as ‘DIS’

showed a primary peak and broad bump in intensity at higher q values, indicative of a poorly

ordered structure without a clear symmetry. The grey shaded region in the SEBS/PS phase

diagram marks conditions that produce macrophase separation, which were identied from

the cloudy appearance of the lm as shown in Figure 1b. The macrophase-separated samples

have SEBS-rich and PS-rich domains, where the SEBS-rich regions exhibit either the LAM

or DIS structure.

As we can see from Figure 1a, the SEBS/PS blend undergoes phase separation at high

values of  and , as expected based on previous studies,32,33 whereas the SEBS/PrC blend

remained miscible for all  and  that were studied. The miscibility of the PrC  additive

with SEBS is also evident in tensile tests, as discussed in the next section. The Flory

interaction parameter between PrC and PS is approximately -0.02 at 140 °C, based on the

cloud point analysis of PrC/PS blends reported in previous works.71,72 While this is only

weakly negative,61 it is evidently sucient to overcome entropic eects that drive phase

separation of polymer additive from the conned lamellar morphology. SEBS/PrC blends

also showed a lamellar morphology for almost all blends, except for the lowest values of
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(0.18, 0.28) at  =  0.4 where the disordered morphology was observed. This observation is

at odds with a prior study of A B / C  blends, where block B  and homopolymer C  were miscible

due to hydrogen bonding interactions.48 In that study, the authors found that short-chain

additives induce an order-order transition at lower loadings when compared to long-chain

additives, an eect that was attributed to a more uniform distribution of the short-chain

additive within the B  domain. In the SEBS/PrC system, the short-chain PrC additives drive

substantial swelling of the polystyrene domain at high loadings, as the appearance of the

disordered morphology coincides with a large increase in domain periodicity. If the short-

chain PrC additives are uniformly distributed within the domain, then the polystyrene chains

in SEBS are highly stretched. This eect may introduce branching defects that disrupt the

long-range order of domains.

Figure 1: (a) Phase diagrams of SEBS/PS and SEBS/PrC blends as a function of rel-
ative chain length () and additive volume fraction (). (b) Films of miscible (green)
and macrophase separated (red) blends, corresponding to the green and red squares in the
SEBS/PS phase diagram, respectively. Shaded region indicates compositions that undergo
macrophase separation.

Next, we examine how  inuences the distribution of additive within the polystyrene

domain of SEBS by plotting the lamellar periodicity L  versus , as shown in Figure 2. This

analysis is only applied to miscible blends. The value of L  is calculated from the rst-order

peak position, L =  2/q?, where q? is the position of the primary SAXS peak. This calculation
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of L  is also applied for the disordered structures, where L  reects an approximate correlation

length rather than the lamellar periodicity. The size of the markers in Figure 2 corresponds to

the uncertainty in periodicity, as explained in the Experimental section. Changes in additive

distribution as a function of  are inferred from changes in the dependence of L  on .30,39,73

When the additive is distributed throughout the polystyrene domain, the polystyrene end-

blocks stretch and the domain width increases. This process either increases or decreases

the width of the rubber domain, depending on how it impacts the interfacial area between

junction points. When the additives are localized near the center of the polystyrene domain,

the bilayer of polystyrene end-blocks is forced to expand and the domain width increases.

This process does not impact the width of the rubber domain, so a greater increase in

L  is expected as  increases, as opposed to the situation where the additive is uniformly

distributed.

Figure 2: Periodicity ( L )  of miscible (a) SEBS/PS and (b) SEBS/PrC blends versus volume
fraction of the additive () in the blend. Unlled markers represent blends with LAM
structure, where L  designates the lamellar periodicity. Filled markers represent blends with
DIS structure, where L  is an approximate correlation length.

For the SEBS/PS blends shown in Figure 2a, we observe a more pronounced increase

in L  with  as  increases, which is seen most clearly by comparing the trends for =0.11

and =0.26. This increase is indicative of the additive moving towards the center of the

PS domains, that is, moving from the wet brush regime towards the dry brush regime,

14



with an increase in .30,36,74 No trend is identied with higher  blends because the system

phase separates when >0.1. In contrast, the SEBS/PrC blends shown in Figure 2b exhibit

similar trends for L  as a function of  when  is low (0.18 and 0.28), indicating that the

additive distribution in this regime is not inuenced by . However, and as seen in Figure

2b, for  =  0.80, 1.07, 1.32 and 4.02, L  was reduced relative to the blends with  =  0.18

and 0.28. Furthermore, when  exceeded 0.8, L  was invariant with  for   0:2. While

this behavior might suggest that the additive was phase separating from the SEBS, the

blends remained optically clear. Alternatively, this behavior can be explained by an axial

swelling (along the length of the lamellar domains) that is not directly captured by SAXS

measurements.30,36,39,74,75

The trends for L  with  in both SEBS/PS and SEBS/PrC are distinct from some of the

prior studies of lamellar A B / A  and A B / C  blends. In many A B / A  blends with low , L  may

decline or stay approximately constant with increasing , reecting a uniform distribution

of additive within the domain.30,36,39,74 In one A B / A  blend with low , L  increased with

as observed with SEBS/PS. However, in that example, the polymer type ‘A’ had functional

groups that underwent weak hydrogen bonding, and the polymers ‘A’ and ‘B’ were strongly

incompatible.75 In A B / C  blends with low , where blocks ‘A’ and ‘C’ can undergo hydrogen

bonding, the trends for L  with  are conicting. One study reported that L  increases with

, similar to the trend observed in SEBS/PrC when  <  1.39 Another study reported a

decline in L  with increasing .75 These studies diered in the degree of incompatibility

between ‘A’ and ‘B’ blocks, where the latter system was more strongly incompatible. To

our knowledge, there are no studies of BCP/polymer blends with attractive interactions that

focus on  >  1, the regime where we observe a constant L  with increasing . Based on the

results from prior literature, we conclude that the PrC  additive is increasingly localized at

the block copolymer interface as  increases, but the underlying physics responsible for this

trend are unclear.30,36,39,74,75
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Mechanical properties of SEBS/addit ive  blends

Figure 3a-d shows the representative tensile plots for select SEBS/PS and SEBS/PrC blends

with varying  for  =  0.1 and 0.3. The tensile behavior for SEBS with no additive is shown

for comparison. The stress-strain curves for SEBS and miscible SEBS/additive blends show

similar behaviour with three distinct regions: There is an initial region of elastic deformation,

followed by yielding and a region of plastic deformation, and then a region showing strain

hardening behavior before the sample breaks. Macroscopically, sample yielding is accompa-

nied by formation of a distinct localized necked region which progresses through the sample

with increasing strain. The necking is caused by fragmentation of the glassy domains, which

allow the rubbery domains to deform elastically to a higher strain.76 Once the sample is

completely necked, a further increase in strain results in strain hardening behaviour, which

is associated with additional breaking of the glassy fragments. The macrophase-separated

SEBS/PS blend with =1.03 and =0.3, however, does not exhibit a distinct region be-

tween yielding and strain hardening (Figure 3b). This sample displayed uniform necking

throughout the lm after yielding. The localized neck formation has been observed in B C P

elastomers with globally-oriented lamellae and cylinders when the deforming force is applied

parallel to the domain orientation. In morphologies where there are no continuous glassy

domains to break, such as spherical morphologies where the minority component is glassy,

yielding and localized necking are not observed during deformation.77 The macrophase-

separated SEBS/PS blend is expected to have poor continuity in the glassy domains due

to the disordered mesoscale structure, as shown in SAXS measurements (Figure S8), which

explains the absence of localized necking.

Figures 4a-d reports the tensile properties of SEBS/PS and SEBS/PrC blends with

=0.1. For SEBS/PS blends, the blends with  =  0.11, 0.54 and 0.81 show a higher mod-

ulus and yield stress than neat SEBS (Figures 4a-b). This is expected due to the increased

content of glassy polymer. However, for the blends with  =  1.03 and 1.32, the modulus

and yield stress both drop to values approaching that of neat SEBS. This change in tensile
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Figure 3: Representative tensile plots with varying  for SEBS/PS blends with (a) =0.1 and
(b) =0.3, and for SEBS/PrC blends with (c) =0.1 and (d) =0.3. The inset shows the stress-
strain curves for values of strain up to 3%.

properties for blends with the same  can be attributed to dierences in the mesoscale mor-

phology: The blends with  =  0.11, 0.54 and 0.81 have an ordered LAM  structure, whereas

the blends with  =  1.03 and 1.32 have a disordered structure (Figure 1a and Figure S8).

Previous works have also reported that microphase-separated B C P s  with long-range order

show better mechanical performance compared to those with poorly-ordered structures.78,79

At low , the modulus and yield stress of SEBS/PrC blends are similar to those of SEBS/PS

blends. However, the properties of the SEBS/PrC blends do not decline with increasing ,

which can be attributed to the well-dened LAM structure (Figure 1a). The toughnesses of

neat SEBS and all of the miscible SEBS/additive blends are similar within the uncertainty

of the measurements.

Figures 3b and 3d shows representative tensile plots for SEBS/PS and SEBS/PrC blends
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Figure 4: Mechanical properties as a function of  for SEBS/PS and SEBS/PrC blends,  =
0:1. The error bars denote 1 standard deviation based on four measurements. The
properties of neat SEBS are marked by the grey circle (plotted at  =  0).

with =0.3, and Figure S11 summarizes the tensile properties. The SEBS/PS blend with

=0.11 is miscible and assembles into the LAM structure at  =  0:3, and compared with

 =  0:1, the yield stress and modulus are increased with little impact on toughness. A

similar trend is observed as  is increased from 0.1 to 0.3 for SEBS/PrC blends with

=  0.18, 1.07 and 1.73, all of which assembled into the LAM structure, despite signicant

dierences in how L  changes with  (Figure 2b). The SEBS/PS blends with =1.03 are

macrophase-separated at  =  0:3, and consequently, the modulus, yield stress and toughness

are all reduced relative to SEBS/PS blends with  =  0:11.

Prior studies of B C P  mechanics have shown that modulus, yield stress, and toughness

all depend on the interfacial curvature of the domains.20,80,81 B C P s  with continuity in the

rubbery domain, which happens when the minority glassy domain has convex curvature, oer

ductility while discontinuity in the rubbery domains produces a brittle material. Adhikari

et al. and Huy et al. compared mechanical properties of polystyrene-b-poly(butadiene)-b-

polystyrene (SBS) with the same volume fraction of styrene but dierent morphologies.80,81
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These works showed that SBS with discontinuous rubbery domains had a higher modulus and

yield stress, but a drastic decline in toughness compared to SBS with lamellar morphology.

Whether blending changes the interfacial curvature of SEBS depends on how the additive

swells the domain, which is determined by how it is distributed within the domain.48 The

fact that SEBS/PrC blends have similar tensile behavior for a broad range of  (at constant

) indicates that these additives do not change interfacial curvature in a way that disrupts

continuity of rubber domain as  is increased from 0.1 (FH =0.33) to 0.3 (FH =0.48). Thus,

when blending SEBS with PrC additives, it is possible to create a miscible blend with ordered

lamellar structures and good continuity in the rubbery domain for a broad range of  and

additive loading up to  =  0:3. This provides the opportunity to prepare blend systems that

have a high modulus and high yield stress without loss of toughness.

Figure 4d shows the dependence of the onset of strain hardening, which happens after

the sample is completely necked, with . SEBS/PS blends with  =  1.03 and 1.32, which

have a disordered structure (Figure 1a), show an onset of strain hardening at a lower strain

compared to the blends with LAM structures. Between yielding and the onset of strain

hardening, deformation occurs through propagation of the necked region by fragmenting

the PS domains.76 Thus, it makes sense that blends with poorly-ordered structures would

be completely necked at lower strains, as it is easier to break apart an already fragmented

glassy domain. The onset of strain hardening was also sensitive to the molecular weight of

the additive, where blends with low  ( <  0:8) showed the onset at lower strains than those

with higher . This observation suggests that low molecular weight additives make it easier

to break apart the glassy domains under stress, perhaps due to a plasticizing eect.

From Figures 1, 3 and 4, we see that for higher values of , the phase behavior and me-

chanical properties of SEBS/PS and SEBS/PrC blends are quite dierent. However, when

the SEBS/polymer blends are miscible and the morphology is LAM, the same modulus, yield

stress and toughness are achieved irrespective of the type of additive. In consideration of

tensile properties at ambient temperature, there does not seem to be an advantage of PrC
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Figure 5: T g  of PS and PrC additives as a function of molecular weight, from DSC measure-
ments.

over PS additives at low loadings ( =  0:1), however, this may change at elevated temper-

atures: T g  is generally depressed as molecular weight is reduced, and miscible SEBS/PS

blends with an ordered LAM structure are only achieved when the PS additive has a low

molecular weight. Figure 5 reports the Tg , which was determined by DSC, of PS and PrC

additives as a function of molecular weight. The T g  of PrC  is higher relative to that of PS

by approximately 10 K  for all molecular weights in excess of 8 kg/mol. Both polymers show

a drop in T g  when the molecular weight falls below approximately 8 kg/mol. Consequently,

blends with low  values are expected to depress the T g  of the glassy domain.

The T g  of the glassy domain in select SEBS/additive blends, using  and  values where

both PS and PrC  are miscible, was determined by DMA and is summarized in Table 2.

Note that DSC could not detect T g  of the glassy domain in neat SEBS or SEBS/additive

blends, as the T g  of the polystyrene block is signicantly broadened by mixing with the

rubbery midblock.82,83 Relative to neat SEBS, the T g  of the glassy domain was depressed

in SEBS/PS blends with  =  0:1 and  =  0:11, but slightly elevated as  was increased to

0.54 and 1.03. However, the T g  of the glassy domain was slightly elevated in SEBS/PrC

blends with  =  0:1 and  =  0:18, and it increased further as  was increased to 0.63 and

1.07. The slight elevation for  =  0:18 is surprising, as the T g  of this additive (ca. 60 °C)

was signicantly depressed relative to that of the polystyrene block in SEBS (ca. 100 °C).

However, in addition to molecular weight eects, the T g  of the glassy domain is also inuenced
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= +

by the strength of energetic interactions between the additive and the polystyrene block in

SEBS. The attractive interaction between PrC and the polystyrene block could elevate the T g

of the glassy domain.84 To  interrogate this point, we compared the predicted T g  of the glassy

domain using the Fox equation (Equation 2), which is applicable for polymer blends with

weak intermolecular interactions, with the measured value for each SEBS/additive blend.

The outcomes are shown in Table 2. The Tg , P S  block used for the calculation is the T g  of the

polystyrene block measured from neat SEBS using DMA, which was found to be 102 °C.

The Tg,additive was measured with DSC. The weight fraction of additive (wadditive) is based

on the proportions of polystyrene and additive in the glassy domain, which is 0.3 and 0.325

for PS and PrC additives, respectively, for =0.1. We note that apart from the eect of any

energetic interactions, the experimental and predicted values are expected to be dierent as

the Fox equation does not account for connement in a self-assembled domain and the glass

transitions of additive and polystyrene block are measured with dierent techniques. With

these qualiers in mind, the discrepancy between experimental and predicted T g  is 4-6 K  for

SEBS/PS blends and 9-12 K  for SEBS/PrC blends, indicating that attractive interactions

in the latter system may enhance the thermal stability.

1 wadditive

T g ( K )          Tg,additive (K)
1-wadditive

Tg , P S  blo ck (K)
(2)

We further examined the thermal stability of SEBS/additive blends by performing tensile

tests at an elevated temperature. Figure 6 shows stress-strain curves for blends with =0.1

at 80°C. The modulus obtained from the linear elastic region is listed in Table 2. For

the SEBS/PS blends, the modulus when =0.11 is similar to that of neat SEBS (5 MPa),

despite having a higher volume fraction of polystyrene. This softening is a consequence

of the depressed T g  of the glassy domain, as seen in Table 2.

1.03, the modulus increases to 50 and 23 MPa, respectively.

As  increases to 0.54 and

In these blends, the T g  of

the glassy domain is similar to that of neat SEBS, so the improvement in modulus partly

reects the higher content of glassy material. As observed with room temperature tensile
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Table 2: Experimental and predicted values of T g  for the glassy domain of SEBS/additive
blends at =0.1, and experimental modulus of SEBS and SEBS/additive blends with =0.1 at
80°C.

Additive type Experimental T g  (°C) Predicted T g  (°C) Modulus at 80 °C (MPa)
- - 102 102 8
PS 0.11 92 88 5
PS 0.54 106 99 50
PS 1.03 106 100 23
PrC 0.18 105 92 60
PrC 0.63 112 102 66
PrC 1.07 111 103 52

Experimental T g  is from the tan  peak in DMA. Predicted T g  is from the Fox equation, using the additive
T g  from D S C  and the polystyrene block T g  from DMA of neat SEBS.

Figure 6: Stress-strain curves for SEBS and SEBS/additive blends (=0.1) at 80 °C.

tests, SEBS/PS blends with LAM order ( =  0:54) have a higher modulus than those with

a disordered structure ( =  1:03). This can be explained by dierences in the degree of

structural order, where the LAM  structure produces a higher modulus than the disordered

structure. For the SEBS/PrC blends, the modulus is in the vicinity of 60 MPa for all .

These results show that miscible polymer additives that elevate the T g  of the glassy domain

and produce a well-ordered mesocale structure can improve the thermal stability of SEBS.
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Conclusions

We tuned the enthalpic and entropic interactions between SEBS and polymeric additives to

understand the impacts on phase behavior, morphology, tensile properties, and thermal sta-

bility. In the case of SEBS/PS blends, where PS is an athermal additive for the polystyrene

block in SEBS, the constituents were only miscible for low  and . Consequently, there

was an extremely narrow range of conditions that produced a single-phase blend with both a

well-ordered morphology and a glassy T g  near 100 °C, leading to good mechanical properties

at low and moderate temperatures. In SEBS/PrC blends, where PrC  is a thermal additive

for the polystyrene block in SEBS ( P r C / P S  =   0:02 at 140 °C), the constituents were mis-

cible for the entire range of  (0-0.4) and  (0.1-4) that were studied. Nearly all SEBS/PrC

blends assembled into well-ordered lamellar structures with continuity in the rubber phase,

so the mechanical properties were largely controlled by  (independent of ), and the glassy

PrC additive increased modulus and yield strength without compromising toughness. Fur-

thermore, the PrC  additive enhanced the thermal stability of the glassy domain, leading

to good mechanical properties at elevated temperature. These results show that the PrCs

are suitable additives to tailor the mechanical properties and expand the service window of

styrenic B C P  thermoplastics.
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