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Abstract

The shear-induced morphologies produced by channel die processing of a semicrystalline ethylene/ethylene±propylene/ethylene (E/EP/E)

block copolymer were investigated as a function of processing conditions. The microphase separation of the block constituents under the

processing conditions used in this work leads to a lamellar stack morphology, referred to as the B population, whose dimensions are

controlled by the block molecular masses. In addition, the crystallizable part of the E polymer forms lamellar stacks which are referred

to as the C population. The orientation textures of these two lamellar populations depend upon processing conditions in a complex manner.

Two-dimensional small angle X-ray scattering (SAXS) was used to determine the domain spacing and orientation of the B and C populations

relative to the process directions. The rate at which the channel die assembly was cooled following compression was found to strongly affect

the microstructure of the end product. Using a cooling rate of 0.278C/s, a predominantly perpendicular to the direction of shear orientation of

B lamellar populations (Bp) is produced, while a cooling rate of 3.508C/s yields a predominantly transverse to the direction of shear

orientation of C lamellar populations (Ct). Both lamellar microstructures are oriented normal to the plane of shear. This Ct microstructure

is novel to semicrystalline block copolymers and is attributed to deformation of preexisting crystallites. q 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Block copolymers are macromolecules composed of

sequences or blocks of chemically distinct repeat units.

The chemical link between different blocks prevents phase

separation on a macroscopic length scale. Microphase

separation of diblock copolymers leads to spherical, cylind-

rical, bi-continuous, and lamellar morphologies [1,2].

Although we refer to this microphase-separated structure

of block copolymers as microdomains, typical domain

sizes are in the nanometer range. These nanostructures are

essentially monodisperse, and the morphology and domain

sizes can generally be controlled by adjusting the length of

each block and the total molecular mass.

Microphase separation can also occur due to crystalliza-

tion of one or more of the block sequences. Block copoly-

mers containing one or more semicrystalline blocks offer a

much wider range of possibilities than wholly amorphous

materials with regard to increased toughening, resistance to

solvents and acids, and higher working temperature appli-

cations. Along with these advantages, incorporating crystal-

linity into a new material presents a variety of challenging

problems, both from a synthesis and a processing point of

view. The synthetic pathways required to produce semicrys-

talline polymers are generally more complex than for

wholly amorphous systems, and the interaction between

the crystallization and the microphase separation processes

has become a topic of several research efforts [3±7].

It is becoming increasingly apparent that processing a

single block copolymer material in various ¯ow patterns

can lead to a variety of morphologies in the ®nal product

depending upon the processing conditions employed. Winey

and coworkers have discussed the parallel, perpendicular,

and other more complex orientations that are achievable in

the case of lamellar systems [8±11]. The behavior of a block

copolymer with at least one crystallizable moiety is parti-

cularly interesting because of the multiplicity of ªfrozen-inº

morphologies which can be expected [12,13]. Shear-

induced morphologies produced above the E block melting

point in a series of ethylene/ethylene±propylene (E/EP)

diblock and E/EP/E triblock copolymer systems have been
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reported [14,15], and were attributed to the proximity of the

order disorder temperature (ODT) to the processing

temperature.

The microphase separation of the E and EP block consti-

tuents under the processing conditions used in this work

leads to a lamellar stack morphology whose dimensions

are controlled by the block molecular masses. This popula-

tion of lamellae is hereinafter referred to as the B popula-

tion. In addition, the crystallizable part of the E polymer

forms lamellar stacks which are hereinafter referred to as the

C population. We use two-dimensional small-angle X-ray

scattering (SAXS) to characterize orientations of these

microstructures produced from variations in channel die

plane strain compression processing. A novel to semicrys-

talline block copolymers, transverse to the direction and

normal to the plane of shear microstructure orientation is

reported in a E/EP/E semicrystalline triblock copolymer

system. The ability to control the type and degree of micro-

structure orientation allows the construction of block copo-

lymer membranes exhibiting anisotropic gas transport

properties [16,17].

2. Experimental

2.1. Materials

The E/EP/E 30/40/30 triblock copolymer was synthesized

by hydrogenation of 1,4-poly (butadiene)/1,4-poly (isoprene)/

1,4-poly (butadiene) (PB/PI/PB) precursor triblocks of mole-

cular masses 30,000, 40,000 and 30,000 g/mol, respectively

[14]. The butadiene block consists of 10% 1,2, 35% trans 1,4

and 55% cis 1,4 PB, while the isoprene block contains 93%

cis 1,4 and 7% 3,4 PI. The hydrogenated PB block thus

resembles low density polyethylene (E) and the hydroge-

nated PI block is essentially perfectly alternating ethylene

propylene rubber (EP). The molecular masses of each block

were determined from gel permeation chromatography

(GPC) measurements on the polydiene precursors, from

knowledge of reactor stoichiometry and conversion, and

from a previous demonstration [20] that little or no degrada-

tion occurs during the hydrogenation reactions.

2.2. Channel die processing

Isotropic samples were heated to 1508C, above the order

disorder transition temperature, to erase any thermal history,

in a standard laboratory press equipped with digitally

controlled heating platens. Load was applied and released

to press the sample into a thin sheet. The heat was turned off

and the ®lm was allowed to cool to room temperature. Once

cooled, the polymer sheet was cut into 1/2 in. by 1/2 in.

squares. The squares were stacked in the center of a 6 by

1/2 in. channel die. The channel die [14,18,19] was placed

into the press and heated to the desired temperature, and the

polymer was subjected to plane strain compression.

A representation of the channel die and its principal

deformation directions, the loading, constraint and ¯ow

directions, are shown in Fig. 1. The channel die was main-

tained at a selected constant temperature during the

compression ¯ow. An applied load of 9.2 MPa was main-

tained continuously using the press, and the polymer was

observed to ¯ow from the center outwards, towards the two

ends of the channel. The compressed specimens were then

quenched under load to room temperature. After the sample

was cooled to room temperature, the load was released. The

®nal compression ratio was determined from the reduction

of the thickness of the samples. The channel die experiments

were conducted at a compression ratio range of l � 10 to

l � 20: Two cooling rate protocols were employed for

quenching channel die processed samples. Running cold

water through the cooling platens provides a cooling rate

0.278C/s, while running water directly through the channel

die cools the polymer sample at a rate of 3.508C/s. Samples

for X-ray measurements were taken from near the ends of

the channel die, where the overall strain tensor is predomi-

nately tensile along the ¯ow direction (FD), due to the

stretching of the block copolymer melt by the ¯ow. In this

context, the CD±FD plane is referred to as the ªplane of

shearº and the FD as the ªdirection of shearº.

2.3. Small angle X-ray scattering analysis

The change in orientation of the resulting microstruc-

ture due to deformation was studied by means of SAXS.

The SAXS data were obtained using the 10-meter digi-

tal camera in the National Institute of Standards and

Technology (NIST) Polymers Division [21]. This

SAXS instrument is modeled after the one designed

by Hendricks [22] at Oak Ridge National Lab. The

2D data sets obtained in these experiments were

corrected for dark current and unscattered primary

beam. Depending on whether the scattering was iso-

tropic or oriented, the data was reduced to circular or

sector averages by averaging over the detector picture

elements within a series of annuli located at a ®xed
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Fig. 1. A representation of the channel die and its three principal deforma-

tion directions.



distance from the beam center. Two sector averages

were calculated for oriented samples at azimuthal angles

of ^458 with a width of ^22.58. Sector 1 represents the

sector average centered at the constraint direction (CD),

while sector 2 refers to the sector average centered at

the FD. All intensity values were normalized to a NIST

Lupolen sample to provide absolute intensity. Uncer-

tainties were calculated from the standard deviation of

the pixel statistics in the averaged annulus and were

plotted only when the uncertainty limits were larger

than the size of the plotted data points [22,23]. The

2D SAXS patterns are depicted using a linear grayscale

colormap representing intensity levels, with darker

regions corresponding to higher intensities. The grid

pattern seen in the 2D images is the shadow of a

support structure that keeps the exit window of the

scattered beam path from imploding. Pixels belonging

to the grid pattern are masked out of calculations on the

2D patterns.

3. Results

The effect of varying the cooling rate was ®rst explored in

isotropic samples. The 2D SAXS pattern obtained for an E/

EP/E 30/40/30 isotropic sample which was slow cooled

(0.278C/s) is presented in Fig. 2a and shows two concentric

rings. The two peaks obtained for this sample are located at

Q � 0:159 nm21 for the higher intensity inner ring peak,

associated with the microphase separation between the E

and EP blocks (B lamellae), and Q � 0:416 nm21for the

broader outer ring peak, associated with the crystallization

of the E chains (C lamellae). The 2D SAXS pattern for a fast

cooled (3.508C/s) isotropic sample presented in Fig. 2b also

shows two concentric rings at similar length scales. The

comparison of the IQ2 vs Q plots for the isotropic slow

(Fig. 2c, solid line) and fast (Fig. 2c, dashed line) cooled

samples readily shows the changes in morphology produced

from the imposition of the faster cooling rate on the semi-

crystalline triblock copolymer specimen. The faster cooling
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Fig. 2. SAXS pattern of an isotropic triblock cooled at: (a) 0.278C/s from the melt; (b) 3.508C/s from the melt; and (c) circular averaged IQ2 vs Q plots for both

cooling protocols.



rate results in a broader inner ring whose intensity has

decreased to nearly equal to the intensity of the outer ring,

indicating a lower electron density contrast between the E

and EP microphase separated domains. Compared to the

slow cooled sample, the inner ring peak location associated

with the B lamellae has moved to a higher Q value of

0.175 nm21, which is equivalent to a long period spacing

decrease of 3.6 nm. The outer ring peak associated with the

C lamellae has increased in width, in response to the faster

cooling rate, while also shifting to a higher Q value �Q �
0:465 nm21�: The change in long period spacing due to the

imposition of the faster cooling rate for the higher Q peak is

1.6 nm. The long period spacings obtained for the isotropic

samples using the two cooling rates are presented in Table 1.

Channel die plane strain compression processing altered

the relationship between microphase separated (B)and semi-

crystalline (C) lamellar populations found in the isotropic E/

EP/E triblock copolymer system. Two-dimensional small

angle X-ray scattering (SAXS) was used to determine the

domain spacing and orientation of the B and C populations

relative to the process directions. The rate at which the

channel die assembly was cooled following compression

was found to strongly affect the microstructure of the end

product. Using a cooling rate of 0.278C/s, a predominantly

perpendicular to the direction of shear orientation of B

lamellar populations (Bp) is produced, while a cooling rate

of 3.508C/s yields a predominantly transverse to the direc-

tion of shear orientation of C lamellar populations (Ct).

Increasing the cooling rate from 0.27 to 3.508C/s during

plane strain compression processing above the E block melt-

ing point, while applying identical loading conditions,

produced a Ct crystalline lamellar microstructure oriented

transverse to the direction and normal to the plane of shear.

A schematic depiction of the Bp and Ct SAXS patterns and

their relationship to the channel die principal deformation

directions is shown in Fig. 3. The direction of the normal

vector of the Ct lamellae is along the FD, while for the Bp

lamellae the normal vector direction is along the CD. An

illustration of the parallel, perpendicular and transverse

lamellar stacks is also shown in Fig. 3.

The 2D SAXS patterns of the transverse to the direction

of shear lamellar microstructure orientation are presented in

Figs. 4 and 5. Fig. 5 is the 2D SAXS pattern obtained from

irradiating the sample along the loading direction (LD),

which shows an arc pattern in the FD corresponding to the

Ct long period. When irradiated in the CD (Fig. 4a) spread
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Table 1

Long period spacings of E/EP/E 30/40/30 exhibiting isotropic orientation

Cooling rate (8C/s) D1 (nm) D2 (nm)

0.27/s 39.3 15.1

3.50 35.7 13.5

Fig. 3. Schematic of the SAXS patterns for the Bp and Ct microstructures

and their relationship to the channel die principal deformation directions in

semicrystalline block copolymers.

Fig. 4. SAXS patterns for a fast-cooled triblock exhibiting the Ct micro-

structure orientation. X-ray beam in: (a) CD; and (b) (FD).



out spots appear in the FD. The FD SAXS pattern,

(Fig. 4b) shows a faint ring pattern. The combined

results from these SAXS patterns verify that the trans-

verse to the direction of shear, Ct, is the predominant

microstructure orientation of the semicrystalline E lamellae

in this sample.

Two-dimensional SAXS patterns and IQ2 vs Q plots for

the two sector averages are presented in Fig. 5 for the

perpendicular microphase separated block copolymer

lamellar microstructure, Bp, and in Fig. 6 for the transverse

semicrystalline lamellar microstructure, Ct. The indicated

scattering in these ®gures is from orienting the X-ray

beam parallel to the LD. The Bp SAXS pattern (Fig. 5a)

obtained using the slow cooling rate protocol, shows sharp

spots in the CD with a long period spacing of D1 � 43:6 nm

and a diffuse randomly oriented ring with a long period

spacing of D2 � 14:5 nm: The Ct pattern, resulting from

the orientation of semicrystalline E lamellae (Fig. 6a), is

obtained using the fast cooling rate protocol, and shows

arcs in the CD with a long period spacing of D1 �
43:7 nm and sharp spread-out spots in the FD with a long

period spacing of D2 � 13:1 nm: Since the theoretically

predicted morphology for this triblock copolymer is

lamellar, the peak maximum of a plot of IQ2 vs Q is

used to obtain the long period spacing, D, which accounts

for the angular dependence of the form factor scattering

from lamellae.

The long period spacings from both sectors averages

obtained for the Bp and Ct microstructure orientations are

presented in Table 2. The long period, D1, in the E/EP/E

triblock corresponds to the sum of the microphase separated

E and EP domain thicknesses, while D2 is the sum of the

crystalline and amorphous regions within the semi-

crystalline E block. D1 and D2 are obtained from the position

of the maxima of the two peaks shown on the IQ2 vs Q plot
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Fig. 5. (a) LD SAXS pattern; and (b) IQ vs Q plots of the two sector

averages of a slow-cooled triblock exhibiting the Bp microstructure orienta-

tion along the CD.

Fig. 6. (a) LD SAXS pattern; and (b) IQ vs Q plots of the two sector

averages of a fast-cooled triblock exhibiting the Ct microstructure orienta-

tion along the FD.



using Eq. 1

D�nm� � 2p

Q
�1�

The nominal melting point of the crystallizable E block for

this E/EP/E copolymer, is 1028C, as determined by a DSC

instrument at a heating rate of 108C/min. The broad melting

curve shown in Fig. 7 for this sample indicates the presence

of crystals of varying size and perfection. The percent mass

crystallinity (Eq. 2) was obtained from the areas of

endothermic peaks in DSC graphs (DHf) using a DHp
f

value of 69 cal/g for an in®nite perfect crystal of

polyethylene [6]

Mass Crystallinity; Xc � DHf

DHp
f

�2�

The crystallinity of the B (0.278C/s) and C (3.508C/s) micro-

structures as determined from DSC scans (Table 3), indi-

cates that the sample exhibiting the Ct microstructure

orientation has a lower crystallinity than the one showing

the Bp orientation. The lower crystallinity in the transverse

specimen is the result of the faster cooling rate protocol,

which limits the available time for crystal growth.

Annealing of the Ct microstructure was also explored.

The transverse sample was annealed below the E block

melting point at 708C for 24 h in a vacuum furnace. The

2D SAXS pattern of the pre-annealed sample is shown in

Fig. 8a and the post-annealed sample is shown in Fig. 8b. An

improvement in the orientation of the crystals is obtained

from the annealing treatment as clearly shown in the sector

averaged IQ2 vs Q plot of the pre-annealed and post-

annealed samples compared in Fig. 8c. A signi®cant

increase in the peak height associated with the crystalliza-

tion of the E chains can be seen in the post-annealed sample

(solid line) over the pre-annealed sample (dashed line).

Two series of samples were processed using the channel

die at a range of temperatures, which were above and within

the E block melting point of 1028C, to further investigate the

mechanism relating the cooling rate to the microstructure

orientation. The temperatures investigated were 100, 150

and 1758C. One series of samples was cooled at 0.278C/s

from the de®ned temperatures and the other series was

cooled at 3.508C/s starting from the same temperatures.

Fig. 9 provides the LD 2D SAXS patterns when cooled at

0.278C/s. The samples processed at 1508C (Fig. 9b) and

1758C (Fig. 9c) indicate that when plane strain compression

processed using the slow cooling protocol at these tempera-

tures the Bp microstructure orientation develops, which is

veri®ed on the SAXS pattern by the sharp spots in the CD.

However, the Ct microstructure orientation is shown to

develop at the 1008C SAXS pattern (Fig. 9a). This is indi-

cated by the spread-out spots, which are found in the FD at

higher long period spacings.

Fig. 10 provides the LD 2D SAXS patterns for the same

temperature range, but with the samples being processed

using the fast cooling rate protocol of 3.508C/s. The spread

out spots, which can be seen in the FD SAXS patterns, show

that the Ct morphology develops regardless of the tempera-

ture the channel die process commences.

In order to determine the effect of the applied load on the

microstructure orientation, the semicrystalline triblock

copolymer was heated to 1508C, and a load of 9.2 MPa

was applied until the polymer melt began to ¯ow out of

the channel die. At this point, the load was released and

the sample was immediately quenched at 3.508C/s to room

temperature. This ªload-releaseº SAXS pattern exhibits an

isotropic orientation.

4. Discussion

A cooperative interplay between the kinetic process of

crystallization and the thermodynamic process of segrega-

tion of the blocks apparently leads to the Ct and Bp
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Table 2

Long period spacings of perpendicular Bp and transverse Ct microstructure

orientations

Cooling rate (8C/s) D1 (nm) D2 (nm) Sector average #

Perpendicular orientation texture

0.27 43.6 14.5 Sector #1-CD

0.27 43.6 14.5 Sector #2-FD

Transverse orientation texture

3.50 43.7 13.1 Sector #1-CD

3.50 43.6 14.5 Sector #2-FD

Fig. 7. DSC scan for the E/EP/E 30/40/30 triblock heated at 108C/s.

Table 3

Percent crystallinity obtained for the oriented morphologies from DSC

scans

Cooling rate (8C/s) Orientation % Mass crystallinity

0.27 Perpendicular 32

3.50 Transverse 19



microstructure orientations observed during plane strain

channel die processing of the E/EP/E semicrystalline

block copolymer system. In previous investigations

[14,15] it was concluded that E/EP diblock and E/EP/E

triblock systems form heterogeneous melts under the shear

®eld imposed from the channel die, when deformed at

1508C, which is above the E block melting point. As the

E/EP and E/EP/E samples are slow cooled under load, the

ªperpendicularº microphase separated block copolymer

lamellae are frozen-in at the onset of crystallization

[14,15], and the crystallization of the E chains occurs within

the con®nement of this pre-existing microphase separated

block copolymer lamellar morphology, a situation which

has already been reported [24±26] for other semicrystalline

diblock copolymer systems. This process is equivalent to

the Bp microstructure in the E/EP/E 30/40/30 sample

which has been slow cooled at 0.278C/s.

The effect of the channel die processing cooling rate on

the microstructure orientation development for the E/EP/E

semicrystalline system is better understood when related to

the sequence of events which occur as the sample is

processed and cooled using various cooling protocols. The

triblock copolymer processing temperature and loading

conditions are identical in producing both Bp and Ct micro-

structure orientations. The load is maintained as each

sample is cooled at the prescribed cooling rate. When

slow cooled, at a rate of 0.278C/s the homogeneous polymer

melt ®rst passes through the ODT where the E and EP

blocks microphase separate into amorphous lamellar nano-

domains due to the incompatibility of the two blocks. The

SAXS pattern of this completely amorphous melt (above the

E block melting point) is featureless [15], because there is

not enough electron density difference between the amor-

phous E and EP blocks to provide the necessary X-ray

contrast. The melt then cools, still under 9.2 MPa of load,

through the E block crystallization temperature. Below this

temperature, the E block chains crystallize within the

con®nement of the block copolymer microphase separated

domains yielding the frozen-in microstructure observed by

SAXS at room temperature. The crystallization of the E

block is the reason why any features are observed in the

SAXS patterns. The electron density difference between
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Fig. 8. LD SAXS patterns of the Ct microstructure orientation: (a) pre-annealed; (b) post-annealed; and (c) the FD sector averaged IQ2 vs Q plot for the

pre-annealed and post-annealed samples.



the semicrystalline E and amorphous EP blocks now

provide adequate contrast for features to appear on the

SAXS pattern. The long period spacings shown in Table 2

are thus composed of the following: D1 is the domain thick-

ness of the microphase separated lamellar populations

comprised of the E and EP blocks. D2 is the crystalline

long period spacing within the E block. The large intensity

of the sharp spots shown on the 2D detector CD pattern in

the Bp microstructure in Fig. 5a compared to other regions

provides an indication that the relative population of the

D1 � 43:6 nm microphase separated lamellar population is

the highest. This is veri®ed by the sector #1 (CD) average of

this pattern in Fig. 5b where a sharp peak is shown.

The higher cooling rate of 3.508C/s causes the sample to

travel through the ODT and the E block crystallization

temperature signi®cantly faster compared to the slow cool-

ing protocol, resulting in a decrease of the ®nal observed

crystallinity of the E block. This is supported by the

decrease in height of the microphase separated E/EP peak

of the fast cooled sample as shown in sector #1 (CD) of

Fig. 6b when compared to sector #1 (CD) in the slow cooled

sample of Fig. 5b. The lower crystallinity of the fast-cooled

sample results in a lower electron density difference

between the E and EP blocks compared to the slow-cooled

protocol, and thus a lower X-ray contrast. This conclusion

has been veri®ed by the SAXS data obtained from Fig. 2 in

isotropic samples, which show a lower overall intensity for

the fast cooled sample. In addition, the intensity of the inner

ring (lower Q value peak) decreases to nearly the same

intensity as the outer ring (higher Q value peak). The

SAXS patterns from the E/EP/E oriented morphologies

present similar ®ndings. The Ct microstructure shown in

Fig. 6b has the higher Q value peak (D2) in sector #2 (FD)

dominating the intensity of the pattern (spread out spots in

the FD) because the height of the lower Q value peak (D1) in

sector #1 (CD) has signi®cantly decreased. To provide

further support, thermal analysis with a DSC was used to

determine the difference in crystallinity between the Ct and
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Fig. 9. LD SAXS patterns: Variations in processing temperatures with

identical deformation conditions in slow cooling rate protocol.
Fig. 10. LD SAXS patterns: Variations in processing temperatures with

identical deformation conditions in fast cooling rate protocol.



Bp microstructures. The DSC results found the crystallinity

of the Ct (19% mass crystallinity) to be less than the Bp (32%

mass crystallinity) morphology.

It is believed that the continuous application of the

9.2 MPa load to maintain the desired processing conditions

deforms the crystallized E chains. This deformation results

in the pre-existing E crystalline lamellae to be oriented

transverse to the direction and normal to the plane of

shear. The load-release experiment reinforces the conclu-

sion that the transverse orientation texture is the result of

the application during processing of a load, causing defor-

mation of pre-formed E crystallites since an isotropic orien-

tation texture was found when the triblock was fast-cooled

without any externally imposed load.

Plane strain compression deformation studies of semi-

crystalline homopolymers such as Nylon-6 and low density

and high density E using a channel die have been reported

[28,29]. These samples were deformed below the melting

point of the homopolymer. SAXS data from these studies

showed that the channel die induced deformation of the pre-

existing crystals resulted in semicrystalline lamellae

oriented transverse to direction and normal to the plane of

shear. Noting the similarity of the transverse orientation to

that reported for other semicrystalline homopolymer

systems, this deformation mechanism is suggested as a

possible source for the transverse microstructure orientation

development in the fast cooled E/EP/E semicrystalline

block copolymer systems. The transverse orientation has

also been observed in wholly amorphous diblock copoly-

mers [27].

Fig. 9 contains the SAXS patterns for a series of E/EP/E

30/40/30 samples with identical deformation conditions

cooled at 0.278C/s from temperatures of 175, 150 and

1008C. The samples processed at 175 and 1508C, which

are above the ODT, yield the Bp morphology. In the

1008C sample, morphology is produced. Here the sample

is deformed below the E block Tm, therefore the channel

die deforms pre-formed crystallites. Although not a homo-

polymer, this triblock copolymer appears to deform by a

similar mechanism as reported in Refs. [28,29].

Fig. 10 contains the SAXS patterns for a series of E/EP/E

30/40/30 samples with identical deformation conditions

cooled at 3.508C/s from temperatures of 175, 150 and

1008C. All three samples yield the Ct microstructure orien-

tation regardless whether processed above or below the

melting point of the E block. These results suggest that

plane strain compression applied while using the fast cool-

ing protocol through Tm, orients pre-formed crystallites. The

obvious question posed is why does the Bp microphase sepa-

rated morphology not show the E lamellar domain orienta-

tion since both samples see identical loading.

The answer is found in the technique in which the stress is

applied. In both cooling rates, identical loading conditions

of 9.2 MPa are imposed and maintained by the channel die

using a manual standard laboratory press. Variations in the

stress applied to the melt occur due to the polymer melt

response from the applied load. The 1/2 in. by 1/2 in. poly-

mer melt system, located at the onset of the deformation in

the center of the die, ¯ows in response to the applied stress.

As the polymer ¯ows along the 6 in. length of the die, an

attempt is made to maintain the 9.2 MPa applied stress by

manually pumping the hydraulic press to account for the

polymer moving along the FD. When the fast cooling proto-

col is applied, the E chains crystallize within approximately

10 s. As a result of this short period of time needed to lower

the sample temperature to 258C, maintaining the desired

9.2 MPa is dif®cult, and crystallization occurs while

attempting to do so. Thus, any additional stress applied to

reach 9.2 MPa, deforms the crystallites which have already

formed and orients them transverse to the direction and

normal to the plane of shear.

When the slow cooling protocol is applied, the sample

crystallizes approximately after 3 min. This allows a long

period of time relative to the fast cooling case to manually

maintain the desired load. In addition, the rate of polymer

¯ow out of the die decreases steadily as the crystallization

temperature is approached. This is a result of the viscosity

increasing as the crystallization temperature nears. The high

viscosity melt just above the crystallization temperature can

maintain the 9.2 MPa applied load. The sample crystallizes

under a constant load of 9.2 MPa and no additional load is

ever applied to the crystallites.

Annealing the semicrystalline block copolymer below the

E crystalline block melting point improves the orientation.

A clear improvement of orientation can be seen by the

sector averaged IQ2 vs Q plot of pre- and post-annealed

samples presented in Fig. 8. A signi®cant increase in height

and a narrowing of the width of the peak represent the

improvement in microstructure orientation. The pre-existing

crystallites in the sample when annealed below the E block

melting point provide the thermal energy to reduce the

number of defects and misalignments in the sample and

thus improves the overall orientation transverse to the direc-

tion and normal to the plane of shear.

5. Summary

The development of a particular microstructure orienta-

tion during plane strain compression processing of semi-

crystalline block copolymers is in¯uenced by the

combination of the drive for the blocks to segregate and

the ability of one of the blocks to crystallize. SAXS is a

powerful tool that helps elucidate this complex process, and

quanti®es the relationship between the B and C lamellar

populations. The contrast in the observed SAXS patterns

is produced by the difference in electron density between

the amorphous and crystalline domains. By changing simple

processing parameters, such as the processing temperature,

or the rate of cooling of the specimen under load, one can

observe SAXS patterns showing parallel, perpendicular or

transverse to the direction of shear microstructure orientations.
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The transverse to the direction of shear microstructure

orientation, brings to light novel interesting features in the

interplay of possible morphologies produced in these

systems, which in turn have direct effects on measured

properties, such as gas transport.
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