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Block copolymers are of increasing interest because of their nanometer-scale morphologies, which can
be utilized in a range of applications, including nanolithography. Orientation of the domains can be
controlled by part design and processing conditions in injection molding. In this work the surface
morphology and alignment of block copolymers by mechanical flow fields from injection molding was
investigated using a styrene-ethylene/butylene-styrene triblock copolymer (SEBS) and compared with

the morphology induced by spin coating. Compared with the isotropic morphology found by spin coating
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and annealing, the surface domains were oriented in the flow direction. Increasing mold temperature
and injection velocity enhanced the degree of orientation, whereas melt temperature had little effect.
Smaller characteristic lengths were produced with higher mold temperatures and injection velocities.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Block copolymers are of increasing interest because of their
nanometer-scale morphologies [1], which can be utilized in a range
of applications, including nanolithography [2-4]. Changes in
composition ratio, molecular weight, and interaction parameter
result in a range of nanometer structures of block copolymer,
including spherical, cylindrical, gyroid, or lamellar morphologies.
The self-assembly of block copolymers, however, tends to create
domains with a high level of local order, but without long-range
periodical alignment [5-8]. This behavior constrains the exploita-
tion of block copolymers in the field of nanotechnology.

Understanding the phase morphology, particularly the surface
morphology, developed under high-rate processes, such as extru-
sion and injection molding, will be required for the transition of
block copolymer into practical applications. Mechanical flow fields
from common polymer processing methods, including extrusion
[9], injection molding [10], and compression molding [11,12], have
been successfully applied to create long-range morphology align-
ment of bulk block copolymers. Rheometer studies have been
applied to establish the relationship between the domain structure
orientation and parameters of the mechanical flow field [13-15].
These studies have investigated the bulk morphology, but not the
surface orientation.

Given that the potential applications using bulk morphology
control and orientation are limited, but surface morphology control is
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important for potential applications in fabrication of functional
devices [2-4,16]. Most investigations [16-23] have turned their
attention to surface morphology control and orientation for block
copolymer thin films, rather than thick structures produced in
processes such as injection molding and extrusion. Electric fields
[17,18], magnetic fields [19], and chemically nano-patterned substrates
[20,21] have been utilized to manipulate the domain orientations of
block copolymer thin films. Chaikin and coworkers [22,23] used
mechanical flow fields (by pressing a polydimethylsiloxane pad onto
a block copolymer thin film and then applying a horizontal force to
induce the shear stress) to orient the surface morphology, resulting in
oriented structures with millimeter length scales.

It is of considerable commercial importance to understand the
surface morphology behavior of block copolymers under high rates
typical of conventional plastics processing, where orientation
directions can be controlled conveniently by proper part design,
especially in injection molding. All of the prior studies on
morphology orientation for block copolymers in high-rate
processes (injection molding, extrusion) have investigated the bulk,
not the surface. Studies of the surface orientation have been done
only on thin films, primarily from solution, rather than the melt
state. There is, however, limited information on the phase
morphology of block copolymers at the surface using large scale
processing equipment, where the flow fields are more complex and
the material is in the melt state. Additionally, understanding of the
orientation behavior in these processes facilitates tool design for
more complex devices and orientations.

Therefore, the purpose of this paper is to study the surface
morphology and alignment of block copolymers by mechanical
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Fig. 1. Circular SEBS part processed by injection molding: (a) 3D schematic diagram of the part with the gate located in the center and (b) top view of the examined circular region
which has been further divided into five areas: (1) gate end, (2) center, (3) part end, (4) left side, and (5) right side.

flow fields given by injection molding and to discuss the basic
relationships between domain geometry and processing parame-
ters. The effect of injection molding process parameters on the
resultant surface morphology of a styrene-ethylene/butylene-
styrene triblock copolymer (SEBS) was investigated in this work.
Changes in mold temperature, Tyolq; melt temperature, Tpere; and
injection velocity, Vipjection. Were evaluated experimentally and
simulated using commercial software. Phase domain alignment
and characteristic length were analyzed by atomic force micros-
copy and Fast Fourier Transformation (FFT).

2. Experimental section

All work was performed using a commercial styrene-ethylene/
butylene-styrene triblock copolymer (SEBS) block copolymer
(Kraton, MD 6932). The material contained 20 wt% of polystyrene
(PS) and had a melt index of 80 g/10 min (at 230 °C and 5 kg) [24].

2.1. Spin coating and annealing

To obtain the equilibrium surface morphology, the SEBS film was
prepared by spin coating. The SEBS solution (20 wt% SEBS in
toluene) was spin-coated at 300 rpm for 60 s on steel plates. After
the material was dry, the sample was annealed for 168 h (seven
days) at 110 °C before characterization.

2.2. Injection molding

Circular parts of SEBS were fabricated using a micro-injection
molding machine (Nissei, model: AU3E). The SEBS was dried
overnight prior to injection molding. As shown in Fig. 1a, the
center-gated parts had a diameter of 25 mm and a nominal thick-
ness of 2 mm. A 10 mm diameter insert located at one side of the
part produced a round region that protruded 0.5 mm from the part
surface. Experiments were originally performed using a steel mold
(average roughness (Ra) of injection molding tool steel varies from
0.07 to 1.5 um, based on the surface polishing [25]), however, the
sample surfaces were found to be too rough for AFM analysis of the
surface morphology. Vapor gold coated silicon wafers with
a surface roughness of only 1.8 nm (determined by AFM topography
images) were utilized as the insert. A 0.4 mm thick polytetra-
fluoroethylene sheet was installed behind the wafer to protect it
from breaking at high melt pressures [26]. When examining the
phase morphology over the 2.5 mm thick region, the surface was

divided into five different regions (gate end, center, part end, left
side and right side) as illustrated in Fig. 1b.

Six groups of SEBS specimens were injection molded using the
processing conditions shown in Table 1. To evaluate the effects of
processing temperatures, two melt temperatures, 204 and 240 °C,
and two mold temperatures, 24 and 71 °C, were utilized. Three
injection velocities representing 5%, one-third, and two-thirds of
the machine capacity (i.e., 10, 50, and 100 mm/s) were investigated
keeping the melt and mold temperatures constant. The hold and
back pressures were 100 MPa and 15 MPa, respectively, whereas
the cooling time was set at 30 s.

2.3. Simulation and characterization

Commercial software, MoldFlow Plastics Institute (MoldFlow
Corp., version 6.2), was used to simulate the melt behavior,
including shear rate, temperature, and viscosity, during injection
molding. The SEBS material properties were not available in the
material database for the simulation software, so a replacement
(Dynaflex G7940, GLS Corp.) was selected. The surface morphologies
of the SEBS specimens were examined by non-contact mode atomic
force microscopy (AFM, PSIA XE-150). AFM image analysis software
XEI (PSIA Corp., version 1.5) was utilized to conduct the Fast Fourier
Transformation (FFT) analysis of corresponding AFM phase images.
The FFT spectrum cannot merely determine if the morphology is
isotropic or anisotropic, but can also be used to calculate the char-
acteristic length of the block copolymer [27-29].

3. Results and discussion
3.1. Initial morphology of SEBS film by spin coating
In order to study the effect of mechanical field on the surface

morphology of SEBS, thin films of SEBS were first prepared by spin
coating and then annealing for seven days. The surface was

Table 1
Processing conditions used during injection molding.
Trial Melt Mold Injection
temperature (°C) temperature (°C) velocity (mms—')
A 204 24 2
B 240 24 2
C 240 71 2
D 240 24 10
E 240 24 50
F 240 24 100
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Fig. 2. SEBS film prepared by spin coating and then annealing for seven days: (a) AFM phase image with scan size of 1 um x 1 pum and (b) corresponding Fast Fourier Transformation
diagram.
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Fig. 3. AFM phase images of the five regions examined for SEBS specimens prepared by injection molding with Tyej = 204 °C and Tye1q = 24 °C, which are presented according to
the sequence shown in Fig. 1b. The scan size of the gate end region is 0.8 pum x 0.8 pm, while the others are 1 pm x 1 pm.
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Fig. 4. Corresponding FFT diagrams in five examined regions as shown in Fig. 3. Numbers 1-5 represent the gate end, center, part end, left side, and right side, respectively.

assumed to have the equilibrium morphology of the SEBS thin film
because the long-time annealing step allowed the incompatible
components to phase separate completely. Fig. 2a shows the
surface morphology of the SEBS film as revealed by the AFM phase
images, where the two phase morphologies of the material can be
clearly seen. In this system the polystyrene (PS) domains appear as
the bright regions, as it is generally accepted that brighter regions
in AFM phase images are attributed to the block copolymer
component with higher modulus [30-33]. Fig. 2a also illustrates
that the polystyrenes domains do not have any long-range order.
The corresponding FFT diagram of the spin-coated morphology of
SEBS is presented in Fig. 2b. The symmetric ring confirms that the
wave patterns had a uniform average wavelength and the equilib-
rium morphology of the SEBS was isotropic. Therefore, the ther-
modynamically balanced characteristic length was 34.5nm
calculated by 1/k* [27-29]. Here k" =kox" = ko,", where k" is the
wave vector where the FFT amplitude of the round halo is
a maximum.

3.2. Surface morphology orientation from injection molding

The ability of mechanical flow fields from injection molding to
induce the long-range orientation of phase structures of SEBS was
then investigated. The injection molded samples (molded with
melt and mold temperatures of 204 and 24 °C, respectively, and an
injection velocity of 2 mm/s) were first compared with the spin-
coated parts. Fig. 3 presents the AFM phase images of the surface
morphologies for the five examined regions of the injection molded

Fig. 5. Diagram of simulated melt velocity field while the melt filling the cavity. Blue
arrows indicate the directions of melt flow with the five examined regions are shown
by five small circles: (1) gate end, (2) center, (3) part end, (4) left side, and (5) right
side. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. AFM phase images and corresponding FFT diagrams of five regions examined of SEBS specimens prepared at higher Tpejc of 240 °C. The scan size of all five regions was

1pm x 1pm.

SEBS. Compared with equilibrium annealed morphology, the
characteristic length appeared smaller. More importantly, the
polystyrene domains were oriented and the long-range alignment
directions varied for each of the different regions. The orientation
degree of the part end, however, was weaker than that of the gate
end.

The morphology alignment was supported by the correspond-
ing FFT diagrams (Fig. 4). With an isotropic morphology, the FFT
diagram formed a round halo as mentioned above. For an aniso-
tropic morphology, the wave vector magnitude in the direction
parallel to the orientation direction (y-axis), kiy (wherei=1,2, 3, 4,
and 5 indicate the five different locations), was shifted towards
smaller k;y and became smaller than kix. The isotropic halo thus
became anisotropic and elliptical in shape. In these situations,
characteristic length was determined from 1/ki because the critical
wave vector representing the characteristic length could only be
obtained along the x-axis, which was perpendicular to the align-
ment direction. In addition, k;y had different directions for each of
the regions, indicating that the morphology orientation directions
varied in the five examined regions.

Fig. 5 presents the simulated melt velocity field for these condi-
tions. The arrows represent the flow directions of the SEBS melt, but

also the direction of mechanical flow field induced by injection
molding. Comparing the orientation direction of the morphology in
each region in Fig. 3 and the direction of k;y in Fig. 4 with its corre-
sponding mechanical flow field direction in Fig. 5, it can be easily
seen that the polystyrene domains were oriented along the
mechanical field directions. Fig. 5 shows only the direction of the
flow fields, however, the intensity of the field will vary from the gate
to the part end, being much lower in intensity (velocity and pres-
sure) at the part end [34]. Therefore, the surface morphology
alignment of the block copolymers can be attributed to the
mechanical flow which can be conveniently controlled by proper
design of the part and its melt delivery (gate and runner) system.

3.3. Influence of different processing conditions

The block copolymer morphology became oriented in the
direction of the mechanical flow field, but the morphology may also
be affected by the injection molding parameters. Research on the
bulk morphology in block copolymers has shown that orientation
can be increased by shear rate [13] or shear strain [14,15]. These
studies were performed using laboratory scale equipment which
may not adequately capture the behavior in high-rate processing
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conditions. In addition, injection molding is more complicated
because mold and runner system design, as well as the processing
conditions, can affect the flow throughout the part. Injection
molding is also a high-rate processing technique, so the block
copolymer typically cannot attain the equilibrium morphology. The
time prior to vitrification of the macromolecular chains is critical
and this time will be affected by the melt temperature, mold
temperature, and injection velocity.

3.3.1. Effect of processing temperatures

To evaluate the influence of melt temperature, this temperature
was increased from 204 to 240°C, while keeping the mold
temperature constant. As shown in Fig. 6, the polystyrene domains
were oriented in the direction of the mechanical flow field. Cor-
responding FFT patterns indicated similar results with those
obtained at the lower melt temperature (shown in Fig. 4). The
degree of alignment in the end of fill (part end region) was also
weaker than in the gate end section. The role of mold temperature
in the evolution of morphology was then examined by increasing
the mold temperature to 71 °C, while keeping melt temperature at
240 °C. As illustrated in Fig. 7, the higher mold temperature had

20.8°

a significant influence on the orientation behavior. In all five
regions, a higher degree of orientation was produced at higher
mold temperature as compared with those at low (24 °C) mold
temperature (shown in Figs. 3 and 6, respectively). This orientation
improvement was further substantiated by the more anisotropic
elliptical shape of the FFT diagrams.

Most researchers define degree of orientation based on the
deviation of the axis of the cylindrical domains from the shear
direction, typically indicated by an angle theta [23,35,36]. Due to the
diverging flow shown in Fig. 5, we were unable to use this conven-
tion. When Endoh et al. [37] investigated the influence of shearing
time on surface morphology orientation of a semidilute polystyrene/
diethyl malonate solution, they observed that the difference
between the critical wave vectors parallel and perpendicular to the
flow direction increased with flow time. Extending this observation
for this work, the degree of orientation on the SEBS surfaces was
quantified by calculating the ratio of kiy/kix, where ki), is the critical
wave vector parallel to the flow direction and k;y is the critical wave
vector perpendicular to the flow direction These ratios are shown in
Table 2. When kiy/kix equals 1 (as illustrated in Fig. 2b), the
morphology is isotropic. As the morphology becomes more oriented

Fig. 7. AFM phase images and corresponding FFT diagrams of SEBS specimens prepared at higher Tmoia = 71 °C. The scan size of the gate end region is 0.8 pm x 0.8 pm, whereas the

others are 1 pm x 1 um.
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Table 2
Values of kjy/kix for each examined regions at different processing temperatures.
Locations Trial 1 Trial 2 Trial 3
Tl = 204 °C, Tt = 240 °C, Tmele = 240 °C,
Tmold =24°C Tmold =24°C Tmold =71°C
Gate end 0.55 0.55 0.32
Left side 0.52 0.55 0.30
Center 0.52 0.54 0.31
Right side 0.55 0.54 0.32
Part end 0.80 0.94 0.32
Average 0.59 +0.12 0.62 +0.18 0.31 +0.01

in the y-axis direction, kiy, which represents the critical wave vector
along the direction parallel to domain alignment, becomes smaller.
In the case of perfect alignment, kiy/kix will be zero. As shown in
Table 2, when the mold temperature was 24 °C, ki, /kix remained
nearly constant for the gate end, center, left side, and right side
locations, but was larger at the end of fill (part end). This finding
indicates that the domains at the end of fill were less oriented. With
an increase in mold temperature, however, the domain alignment
behavior changed. First, the overall degree of domain alignment was
greater for the higher mold temperature. Second, the higher mold
temperature produced similar domain alignment in all five locations.
In contrast, for a low mold temperature, an increase in melt
temperature had little effect on the domain alignment, with the
exception of the part end. The average ratio was 0.52-0.55 in all
locations except the end of fill, where the values increased to 0.80-
0.94.

The amount of orientation at the surface is the result of the
amount of orientation induced by fountain flow (from shear flows
down the cavity and elongational flows at the melt front) minus the
amount of orientation that is removed by relaxation. This
phenomenon is a complex dynamic between the viscosity of the
melt and the solidification rate at the surface. The orientation of
fibers or fillers [38-40], crystallites of semi-crystalline polymers
[41,42], dispersed liquid crystalline polymer phase [43,44], and
dispersed polymer domains in polymer blends [45,46] during
injection molding has been attributed to fountain flow. When the
hot melt reaches the cold mold, the oriented domains solidify

a Bulk Temperature

T, = 204°C
Toa=24°C

m

b
Tmﬂ'.‘ =240°C
Tmo.’d =24°C
C
T, = 240°C P.
Tmo.’d =71°C
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quickly and the alignment is thus retained in the frozen/solid layer.
Massé et al. [47] simulated the heat transfer of a polymer melt
(235 °C melt temperature) contacting a mold at 60 °C; the polymer
surface temperature was found to decrease to approximately 85 °C
in the first 0.45 s. Since the processing temperatures used in this
study are similar to those employed by Massé et al., the oriented
domains on the surface were assumed to solidify rapidly when
reaching the mold surface. As a result, relaxation of the oriented
domains on the polymer surface was negligible and the degree of
orientation on the surface was primarily controlled by the amount
of orientation induced by fountain flow.

Fig. 8 presents simulations of the bulk temperature of the
melt. As expected, the temperature of the melt is low at the walls
and higher in the center. Comparing the two melt temperatures,
the higher melt temperature produced a hotter core tempera-
ture, but the melt temperatures at the mold walls were similar
with both melt temperatures (Fig. 8a,b). When the mold
temperature was increased to 71 °C, the wall temperatures were
higher, but still below the glass transition temperature of the
hard phase, freezing in the induced orientation as shown in
Fig. 8c. The core temperatures with this higher mold tempera-
ture were significantly higher. Li et al. [45] found that increasing
the temperature of the melt increased the orientation of poly-
carbonate (PC) domains in a polyethylene (PE)/PC blend. Pantani
and coworkers [48] observed that increasing mold temperature
increased the surface orientation in isotactic polypropylene,
even though the thickness of frozen layer was reduced. The
simulation results and prior work suggest that the higher melt
temperature at the flow front, allows for greater induced
orientation of the SEBS domains, which is then frozen when the
material reaches the mold wall.

3.3.2. Effect of injection velocity

Injection velocity also impacted the resultant surface
morphologies of SEBS specimens. Fig. 9 shows the surface
morphology of injection molded SEBS as a function of injection
velocity when melt temperature and mold temperature were held
constant. Given that the part geometry and gate system remained
the same, only the left regions of the part were studied.
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Fig. 8. Simulated temperatures during injection molding of SEBS parts at different processing temperatures. The processing temperatures varied in the three cases: (a) Tpeit and Tiold
were 204 and 24 °C, (b) Tnelr and Tio1q Were 240 and 24 °C, and (¢) Tpeie and Tipoig Were 240 and 71 °C. Fig. 8d indicated the schematic diagram of the simulated area in the modeling.
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Fig. 9. AFM phase images of left regions of SEBS specimens fabricated by injection molding with injection velocities of (a) 10 mm/s, (b) 50 mmy/s, and (c) 100 mm/s. The scan size is

1 pm x 1 pm. (d) The relationship between kjy/kiy and injection velocity.

The orientation of the polystyrene domains increased with
increasing injection velocity. Fig. 9d shows the ki, /ki values from
the FFT. When the injection velocity was raised from 2 mm/s to
100 mmy/s, the kiy/kix values reduced from 0.55 to 0.30, quantita-
tively showing the polystyrene domain alignment increased with
increasing injection velocity. Similar results were also found by
Pantani et al. [48] for the effect of injection velocity on the
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orientation of isotactic polypropylene in the skin layer. Higher
orientation of carbon nanotubes (CNT) was obtained in the skin
layer of a PC/CNT blend with increased injection velocity as
reported by Villmow et al. [38].

Simulation results for the effect of injection velocity on the
mechanical flow fields are shown in Fig. 10a-i. Both the shear rate
and the temperature at the melt front were seen to increase with
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Fig. 10. Simulated parameters during injection molding of SEBS parts under three injection velocities, including (a, d, g) shear rate/s, (b, e, h) temperature/°C, and (c, f, i) viscosity/

Pa-s Vipjection Was respectively (a-c) 10 mm/s, (d-f) 50 mm/s and (g-i) 100 mm/s.
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Table 3

Average values of characteristic length under different processing conditions. For
trial A-C, the value is on the average of the five examined regions. For trial D-F, the
values were only the average of the left regions.

Trial number Processing conditions Characteristic length/nm

A Tmelt =204 °C, Tiyola =24 °C 30.1+25
B Tmelt = 240 °C, Trpola =24 °C 29.7+5.0
C Trmelit = 240 °C, Tola =71 °C 25.5+09
D Vinjection =10 mm/s 294+16
E Vinjection = 50 mm/s 26.7 +£0.7
F Vinjection =100 mm/S 238+14

injection velocity (Fig. 10a-f) for a given processing temperature,
especially the shear rate. Morrison et al. [13] have reported that
increasing shear rates increased the orientation of polystyrene
domains in an SBS block copolymer. Fig. 10g-i shows the viscosity
distribution during SEBS melt filling. Viscosity of the melt is
decreased with injection velocity from shear thinning. The
combined effect of lower viscosity, higher shear rates and higher
temperatures with increased injection velocity all act to increase
the orientation of the polystyrene domains in the block copolymer.

3.3.3. Characteristic length of domains under different processing
conditions

Injection molding is a high-rate polymer processing method. The
time allowed for block copolymer to phase separate during injection
molding is insufficient for the morphology to reach equilibrium. FFT
can be used to obtain the characteristic length of the phase
morphology of blends or block copolymers [27-29]. This character-
istic length is related to the periodicity of the domains and thus
domain size. Table 3 shows the effects of processing conditions on the
evolution of the characteristic length. Compared with the equilibrium
characteristic length calculated from the spin-coated specimen
(34.5 nm) high-rate injection molding reduced the characteristic
length. Samples compared immediately after molding and after
10 days exhibited no differences in characteristic length, therefore the
results for the 10 days specimens are reported. Increasing mold
temperature and injection velocity was found to slightly reduce the
characteristic length further. This behavior is the result of orientation,
which stretches the polystyrene cylindrical domains giving smaller
measured values for the characteristic length, which is measured
perpendicular to the long axis of the oriented domains. With
increasing melt temperature the orientation was little varied, char-
acteristic length thus remained nearly constant.

4. Conclusions

In this work, the injection molding parameters (mold temper-
ature, melt temperature, and injection velocity) were investigated
for their effects on the surface morphology of a styrenic block
copolymer. Orientation of the domains was induced by injection
molding and was found to vary from the gate to the part end. When
the filling was slow, orientation increased with mold temperature,
but not with melt temperature. Increased injection velocity was
found to increase the domain orientation. Smaller characteristic
lengths were produced with higher mold temperatures and injec-
tion velocities, as a result of greater orientation and domain
elongation.
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