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ABSTRACT: Multilayer coextrusion offers a diverse platform to examine layer dependent confinement effects on self-
assembling nanomaterials via conventional extrusion technology. A triblock copolymer (BCP) with a cylindrical microstructure
was processed via “forced assembly” to elucidate the effect of microdomain orientation on the mechanical behavior of multilayer
films. The mechanical response was investigated in both the extrusion (ED) and transverse directions (TD) of the multilayer
systems, revealing an influence of both cylinder-orientation and the interface on the mechanical response with decreasing layer
thickness. The stress−strain curves for samples with the stress field along the cylinder axis revealed a sharp yielding phenomenon,
while curves for specimens with the stress field applied perpendicular to the axis exhibited weak yielding behavior. The
extensibility of the multilayer films stressed in the ED increases with decreasing layer thickness, but remains constant when
deformed along the TD. Coextrusion technology allows for tunable mechanical toughness in industrial grade polymers via a
continuous process. By altering the layer thickness of the two polymeric materials, we can tune the mechanics from strong, brittle
behavior to a tough, ductile response by manipulation of the hierarchical structure. The enabling technology provides a unique
platform to couple the inherent mechanical response of dissimilar polymers and allows for the design of composite materials with
tailored mechanics.
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■ INTRODUCTION

Designing nanocomposites that are inspired by the hierarchical
structures found in nature has become an important facet of the
scientific community.1 The size scale, interaction, and
architecture of biological systems have been attributed to the
unique behavior of materials, such as bone,2 tendon,3 and
nacre.4 Organization of structure from the atomistic scale to the
macroscale facilitates the response of natural materials to
numerous stress relief events, resulting in increased mechanical
properties, such as strength and toughness.5,6 Advanced
technology in chemistry and processing, such as controlled
polymerization techniques and forced assembly extrusion, have
allowed design of novel materials that are inspired by nature to
achieve composites with advanced structures and tunable
properties.7−12

Processing polymers in the thin film regime has become
increasingly important, as areas such as organic electronics,
alternative energies, advanced membranes and biological
arenas, emerge.13 Previous research has unveiled a significant

change in the physical response, such as the modulus14 and
glass transition temperature Tg,

15 of polymers when they are
confined on the nanoscale.16 Forced assembly methodologies,
such as layer-by-layer assembly17 and microlayer coextru-
sion,18,19 have been used to confine polymeric materials in
multilayer assemblies to probe material responses on the
nanoscale.
Multilayer coextrusion is a conventional melt processing

technique, where the self-assembly of polymeric materials such
as block copolymers (BCPs), can be manipulated through layer
reduction, affecting the physical response of the compo-
site.6,20−23 BCPs are easily tuned by varying their chemistry,
molecular weight, volume composition, and chain architecture;
they are known to self-assemble into different ordered
architectures on the nanoscale, such as spherical, cylindrical,
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gyroid, and lamellar morphologies.24,25 Styrenic triblock
copolymers with rubbery middle blocks, such as high impact
polystyrene or acrylonitrile butadiene styrene (HIPS or ABS),
behave as thermoplastic elastomers (TPEs), are easily
processable in the bulk state, and have improved optical
transparency and resistance to thermal and chemical degrada-
tion.26 It has been shown that the ordered microstructures of
TPE BCPs have a significant impact on mechanical response
(stiffness, toughness, and extensibility), suggesting a pathway
toward morphology-dependent mechanical behavior.27−30 For
example, Michler has shown that, by altering the microstructure
in styrenic BCPs through architecture manipulation, an increase
in ductility can be achieved in materials with the same
polystyrene (PS) volume composition and molecular weight.31

These phase-separated TPEs are an important class of
elastomers due to the ability to introduce orientation within the
material by an external field.32 Electric, magnetic, and
mechanical fields have been utilized to promote orientation
of microdomains within a polymer matrix.33−35 Flow fields have
been shown to be advantageous over electric or magnetic fields
due to the strong degree of orientation that can be introduced
macroscopically; this approach is commonly used in
commercial applications.32 Keller and co-workers utilized
extrusion to promote global orientation in a phase-separated
BCP melt and investigate the effect of macroscale alignment on
the mechanical response.36 Further studies incorporated roll-
casting28 and reciprocating shear processing32 to analyze the
effect of BCP orientation on the deformation mechanics. Both
studies revealed a high degree of mechanical anisotropy
associated with the applied directional stresses in the oriented
BCP systems. Roll-casting and reciprocating shear are both
highly effective tools for global orientation of BCP micro-
domains, but are limited to batch scale production and the use
of solvents in the former.
Our previous work utilized nanolayering technology to

investigate the effect of confinement on the mechanical
response of BCP multilayer films by systematically decreasing
the layer thicknesses.19 A cylinder-forming, styrenic BCP was
coextruded between nanolayers of polystyrene (PS) in an
alternating, lamellar structure and analyzed in uniaxial tension.
The films were annealed to remove residual stresses of
processing, and as the layer thickness decreased, the
extensibility of the system increased by a factor of 12. Further
investigation revealed that the PS cylinders of the BCP were
aligned with the extrusion flow field, leading to a high degree of
orientation within the layer thicknesses. As product design
migrates toward coupling the physical properties of incompat-
ible materials via bulk processing techniques, a detailed
understanding of the microstructure assembly and the
interfacial region becomes essential. In this work, our goal is
to understand the effect of microstructure orientation and
interfacial thickness on the deformation mechanics of confined
BCPs produced via multilayer coextrusion by altering the layer
thickness. It is anticipated that a material system that is
mechanically anisotropic can be achieved via layer thickness
manipulation by continuous melt processing of commodity
polymers.

■ EXPERIMENTAL SECTION
Materials. Polystyrene (PS) was donated by the Dow Chemical

Company, STYRON 685D (PS, Number average molecular weight,
(Mn) = 128 kg/mol and polydispersity (DP) = 1.60). Polystyrene-
block-polyethylene/polypropylene-block-polystyrene (SEPS), a sym-

metric, triblock copolymer, commercially known as Kraton G1730 (Mn
= 94.8 kg/mol, (DP) = 1.10, styrene content ∼21% by volume and less
than 1% of diblock content), was obtained from Kraton Polymers, Inc.
Molecular weights were obtained by gel permeation chromatography
(GPC) on a Viscotek instrument calibrated using PS standards with
toluene as an eluent at a flow rate of 1 mL/min.

Processing Conditions. Multilayer films of PS and SEPS were
produced via coextrusion technology described in a previous
publication.19 A 257 layer alternating system was extruded with a PS
layer on both sides of the films to reduce the adhesion of the elastomer
to the chill roll. The total film thickness was varied between 25 and
250 μm at a constant volume composition of 50/50, providing equal
layer thicknesses of PS and SEPS. Additionally, control samples of PS
and SEPS were extruded under the same conditions. The multilayer
films and control specimens were annealed for 4 days under vacuum to
allow sufficient reduction of residual stress built up from processing.
The annealing temperature was 90 °C, which was below the glass
transition temperature (Tg = 105 °C) of the PS confining layer to
maintain layer integrity.

Morphological Analysis. Small-angle X-ray scattering (SAXS)
measurements were conducted using a Rigaku S-MAX 3000 SAXS
system. Cu Kα X-rays from a MicroMax-002+ sealed tube source (λ =
0.154 nm) were collimated through three pinhole slits to yield a final
spot size of 0.7 mm at the sample position. Multilayer films were
mounted in a vacuum chamber and aligned in the normal direction
(ND) with respect to the X-ray beam. Two-dimensional (2D) SAXS
data were collected using a Rigaku multiwire area detector with a
circular active area of 133 mm and a spatial resolution of 1024 × 1024
pixels. The sample-to-detector distance and the scattering vector, q,
were calibrated using a silver behenate (AgBe) standard with a
characteristic (001) peak position at q = 1.076 nm−1. The calculated
sample-to-detector distance was 1.5 m. Typical exposure times for ND
SAXS patterns were collected for 3 h because of low scattering
intensity from the SEPS. All X-ray images were processed using
software named “POLAR” (Stonybrook Technology and Applied
Research, Inc.).

Scanning electron microscopy (SEM) was utilized to investigate the
deformation mechanics of the multilayer films. The deformed samples
were embedded in a 5 min epoxy and allowed to cure overnight. After
curing, the samples were cryotomed perpendicular to the deformation
axis to analyze the edge-on view at a cutting temperature of −70 °C
with a glass knife temperature of −60 °C. The samples were then
sputter coated in gold and analyzed on a JEOL JSM-6510LV SEM at a
voltage of 15 kV.

Uniaxial Mechanical Analysis. Uniaxial tensile deformation was
performed on an Instron mechanical testing instrument at room
temperature with a 1 kN load cell. The samples were cut in both the
extrusion and transverse directions with a steel die according to ASTM
D638 with a minimum of five samples per layer thickness. The PS/
SEPS multilayer films were elongated at room temperature under a
constant strain rate of 10% strain per minute.

■ RESULTS AND DISCUSSION
Forced-assembly coextrusion was utilized to produce alternat-
ing multilayer films of PS and SEPS at equal volume
compositions (50 vol%/50 vol%).19 PS was processed on
both surfaces of the multilayer films to provide maximum
confinement of the elastomeric BCP and reduce adhesion to
the chill roll. Additionally, the control samples, PS and SEPS,
and the multilayer films were annealed under vacuum to relieve
stress build-up from the extrusion process.

Orientation of PS Cylinders in PS/SEPS Multilayer
Films. Morphological studies of the annealed samples
previously indicated that the styrenic cylinders of the BCP
became highly oriented as the layers approach 100 nm, while a
more isotropic arrangement of the cylinders were observed in
the thicker nanolayers.19 The high degree of orientation was
attributed to flow-induced alignment resulting from the
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extrusion process. Information regarding the degree of
orientation of the PS cylinders was obtained by integrating
the azimuthal angles, χ, from 0° to 180° for the multilayer films.
Similar calculations have been shown for liquid crystalline
materials with respect to the director as the order parameter.37

In this research, the Herman’s orientation factor, analogous to
the order parameter, was used to analyze the degree of
orientation as a function of layer thickness

χ= ⟨ ⟩ −−F C (3 cos 1)/21 2

where, χ, is the azimuthal angle, ⟨cos2 χ⟩ is the average of cos2 χ
from the equation

∫
∫
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and the scattered intensity at the polar (θ) and azimuthal (χ)
angles are represented by I(θ,χ). C is a conversion constant for
cylinder orientation normal to the stretching direction and is
−1/2 when the angle is 90°.38 The orientation factor for an
oriented cylindrical system is 1, while an isotropic system is 0. It
was observed that, as the layer thickness decreased, the PS
cylinders became highly oriented, resulting in an increase in the
orientation factor (Figure 1). The 2D SAXS scattering patterns
show a narrowing of the arcs at the equator as a function of
layer thickness, which was attributed to the confinement of the
BCP by the PS layer and subsequent restriction of the

rearrangement of the cylinders with postprocessing heat
treatment.

Deformation Study of PS/SEPS Multilayer Films. Research
pioneered by Keller and co-workers36,39 revealed that highly
oriented, cylinder-forming BCPs exhibit an anisotropic
mechanical response in the small strain regime that was later
correlated to the deformation mechanics of the cylinder
microstructure by Thomas et al.32,40 However, in these studies
the BCP has a low modulus because of its elastomeric nature.
In this research, we explored the mechanical properties of
multilayer films that couple the mechanical response of a high
modulus material and a phase-separated BCP. Tensile samples
were evaluated from the multilayer films in both the extrusion
direction (ED), which is parallel to the longitudinal axis of the
cylinder, and the transverse direction (TD), which is
perpendicular to the cylinder axis (Figure 2a). The mechanical
properties for each layer thickness in the TD are tabulated in
Table S1. The ED mechanical data was previously reported.19

Elastic Modulus. The elastic modulus of alternating lamellar
composites has been routinely characterized by the Voigt
average model, which considers the modulus and volume
fraction of each material component.41 This simple model does
not account for the orientation factor of the BCP as the filler
phase. Previous research by Odell and Keller revealed that the
axial modulus (parallel to cylinder axis) of oriented BCP
microdomains was drastically higher than that of isotropic
BCPs and 100x higher than the transverse moduli values.36,39

Figure 1. (a) 2D SAXS scattering patterns for PS/SEPS multilayer films (see the Supporting Information).19 Reprinted with permission from ref 19.
Copyright 2012 American Chemical Society. (b) Effect of layer thickness on the Herman’s orientation factor.

Figure 2. (a) Schematic representation of stress field orientations. Stress−strain response of annealed PS/SEPS multilayer films. (b) Extrusion
direction. Reprinted with permission from ref 19. Copyright 2012 American Chemical Society. (c) Transverse direction.
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On the basis of this study, we initially anticipated an increase in
the bulk modulus with decreasing layer thickness. However,
further investigation revealed a loss in overall mechanical
response with increasing BCP orientation (e.g., decreasing layer
thickness) in both the ED and TD (Figure 3a). We postulated
that this observed response was attributed to contributions
from the interphase region. Previous studies have shown that,
as the thickness of a homopolymer PS film decreases, the
resulting modulus decreases due to an expansion in free
volume.14,42 In the PS/SEPS multilayer system, it would be
expected that a wetting layer of the lower molecular weight PS
end blocks in SEPS swell the interfacial region of the PS layers,
resulting in a material with a decreased modulus. The
theoretical interphase thickness from the thermodynamic
interaction parameter was calculated using the following
equation43

χ
=d

b2
(6 )I 0.5

where b is the statistical segment step length and is taken as 6.7
and 6.07 Å for PS and SEPS, respectively.44 The Flory−
Huggins interaction parameter is estimated from the solubility
parameters, δi, of the extruded polymers given by the equation

χ δ δ= −V
RT

( )PS SEPS
2

where V is the molar volume taken at the processing
temperature, δPS is 17.52 MPa1/2, and δSEPS is 17.29 MPa1/2.45

The calculated interphase thickness was determined to be 13.02
nm for the multilayer films of PS and SEPS, which is
comparable to length scales observed via TEM (Supporting
Information, Figure S1). This interfacial region results from the
wetting layer created by the swelling of the PS layer by the
short PS end blocks in the SEPS layer, which becomes
significant fraction (10.5 vol %) as the multilayer film thickness
decreases. As the total thickness of the films decreases from 200
to 25 μm, the effective volume fraction of the interphase
increases from around 1.67% of the total film thickness in the
thicker PS layers to almost 14% of the total film thickness in the
100 nm layer films (Figure 3b), resulting in a decrease in the
effective PS layer thickness. We assumed a linear, gradient
modulus for the interface to calculate the total composite
modulus based on volume composition (Table 1). As a result,
the PS layer modulus was reduced, which corresponded to a

decrease in the calculated total composite modulus. These
calculated composite modulus values followed a trend similar to
the experimental stress−strain curves (Figure 3a) in both the
ED and TD for the multilayer films (i.e., decreasing modulus
with decreasing layer thickness). These results indicate that the
modulus of the interface has a stronger effect on the overall
composite modulus than the modulus of the oriented PS
cylinders.

Yield Stress. The shape of the stress−strain curves in the
yielding region varied depending upon the orientation of the
deformation stress to the extrusion direction. The samples cut
in the extrusion direction exhibited a high yield stress and a
resulting abrupt yield point. Beyond the yield point, the stress
level was maintained for all films tested parallel to the cylinder
axis irrespective of layer thickness (Figure 2b). However, the
mechanical response in the transverse direction resulted in a
weak yielding phenomenon that led to brittle fracture with
minimal elasticity (Figure 2c). The samples in the TD failed
prior to establishing a proper yield point, so the yield stress was
calculated from the intersection of tangential lines of the
modulus and plateau yield stress. We observed that the
direction of the deformation stress has a significant effect on the
shape of the stress−strain curve and resulting yield stress, but
the yield stress changes very little with layer thickness,
approximately ±2 MPa. In our multilayer films, the yield stress
in the ED was 4x higher than in the TD (Figure 4a), which was
correlated to the stress required to deform the PS cylinders as
reported previously by Thomas et al.46 When stress is applied
along the longitudinal axis of the cylinders, the PS cylinders are
elongated, allowing the BCP to reach a higher yield stress and
then fracture into smaller PS fragments. The fractured PS
microdomains act as spherical reinforcing agents and maintain a
high level of stress post-yielding. In contrast, when the stress is

Figure 3. (a) Effect of layer thickness on the elastic modulus of PS/SEPS multilayer films. (b) Schematic representation of composite model (3
components, PS, SEPS, and I-interphase).

Table 1. Calculated Mechanical Properties of PS/SEPS
Multilayer Films As a Function of Interphase Thickness

PS/SEPS
film

thickness
(μm)

PS layer
thickness
(nm)

interface
thickness
(%)

calculated PS
layer modulus

(MPa)

calculated
composite

modulus (MPa)

200 620 1.67 2970 1490
125 480 2.67 2970 1480
50 190 6.66 2920 1430
25 100 13.3 2840 1340
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applied in the transverse direction, the load is carried by the
elastomeric matrix, pulling the adjacent cylinders apart and
leading to the formation of a chevron-pattern PS phase as
reported by Tarasov until fracture (Figure 4b).47

Elongation-at-Break (εb). Beyond the yield point of the
stress−strain curves, the extensibility of the multilayer films also
exhibited an anisotropic response (Figure 5a). In the ED, the
elongation-at-break increased exponentially with decreasing
layer thickness and increasing BCP domain orientation (black

points). When the multilayer films were analyzed in the TD, we
observed no layer dependence on the fracture strain (red
points). These results indicated that there is a significant effect
on the plastic deformation mechanism as a function of
microstructure orientation. We attribute this anisotropy to
thin-layer yielding, where craze fronts are blunted allowing the
polymer to reach higher strains. Similar increases in ductility
have been observed in homopolymer and multilayer films as
well as in BCP systems.48−50 These results are indicative of two

Figure 4. (a) Effect of layer thickness on the yield stress of PS/SEPS multilayer films. (b) Schematic representation of the deformation of PS
microdomains.

Figure 5. (a) Effect of layer thickness on the elongation-at-break of PS/SEPS multilayer films. (b) Schematic and micrographs of craze propagation
in the extrusion direction. (c) Schematic and micrographs of craze propagation in the transverse direction. Boxed images enlarged for detail.
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modes of plastic deformation, resulting in either crazing or
shear yielding. Upon loading in the extrusion direction, the
craze front propagated perpendicular to the longitudinal axis of
the cylinders in the thin layers, which restricted the formation
of cracks and resulted in a controlled stress relief event across
the film (Figure 5b). This mechanism was supported by shear
yielding and a necking region, which remains transparent in
films with layer thickness less than 200 nm. In contrast, the
thicker layers exhibited stress whitening from craze formation,
which occurred due to the more isotropic nature of the
cylinders (Figure 5b). To confirm these proposed deformation
mechanisms in the extrusion direction, SEM and SAXS were
utilized to confirm the presence of crazes in the thick layers of
the deformed samples. Significant voiding and a large damage
zone near the failure region were observed in the thicker, 480
nm layers, which is indicative of crazing. In the thin, 100 nm
layers, there is no significant sign of voiding in the deformation
zone that would suggest the presence of crazes.51 Microvoids
were observed near the edge of the thin film, which was
attributed to delamination between the film and the epoxy. In
the transverse direction, the craze fronts propagated parallel to
the cylinder axis, allowing craze fibrils to reach a critical length
that lead to ultimate failure (Figure 5c).52 Stress whitening was
observed in all layer thicknesses deformed in the TD, indicating
crazes propagating to cracks.53,54 The SEM images of the
deformed samples confirmed the formation of microvoids in
both the thin (190 nm) and thick (480 nm) films. Large void
regions are indicative of brittle failure through a crazing
mechanism. Similar voiding has been previously imaged in
multilayer films for dielectrics, resulting from crazing as the
breakdown mechanism.51 In conjunction with SEM, SAXS was
conducted on the deformed multilayer films in both the ED
(Supporting Information Figure S2) and TD (Supporting
Information Figure S3). SAXS analysis revealed a characteristic
scattering vector peak of 0.26 nm−1. from craze fibrils55,56 in all
of the samples except the 100 nm ED, which was in agreement
with the SEM images. Previous research has shown that this
scattering vector correlates to the length scale between the
fibrils spanning the craze.57 A detailed experimental procedure
is outlined in the Supporting Information to confirm the
observed deformation mechanics.
Toughness. Mechanical toughness is defined as the amount

of energy a material can absorb measured as the area under the
stress−strain curve. The ability to influence the shape of the
stress−strain curve via confined BCP orientation and layer
thickness allows for the development of a material system with
tunable overall toughness. In our multilayer systems, the
observed toughness enhancement was a result of a combination
of thin PS layers, which become more extensible as layer
thicknesses decrease and result in a brittle-to-ductile transition
in the multilayer films, and the orientation of the BCP, which
allows for a tunable yield stress (Figure 6). As a result of the
hierarchical structure developed via forced assembly, a material
with tailored mechanical toughness can be fabricated via
systematic changes in layer thickness and degree of orientation.

■ CONCLUSIONS
In this research, the mechanical properties of a multilayer
system of PS and SEPS were examined by applying a uniaxial
stress along the extrusion and transverse directions to the axis
of cylinder alignment. It was shown that the material response
is dependent upon the orientation of the BCP microstructures
and influenced by the interphase region as a function of layer

thickness. The resulting anisotropy can be attributed to the
failure of the PS cylinders within the block copolymer with
increasing degree of alignment to the applied force, resulting in
variations in yielding phenomena. Further investigation
revealed an increase in material toughness because of a
combination of deformation of thin film PS in direct contact
with an elastomeric material, and orientation of PS micro-
structure within the film plane, which allows access to the
brittle-to-ductile transition. We have demonstrated the ability
to combine self-assembly and forced assembly, allowing for the
development of hierarchical structures with tunable mechanical
response in a bulk material process. The ability to acquire
tunable mechanical properties from a continuous extrusion
process through interface and orientation manipulation is
advantageous for industrial processing flexibility.
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