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ABSTRACT: Stretched thin films composed of a thermoplastic elastomer, a polystyrene-block-poly(ethylene butylene)-block-polystyrene tri-
block copolymer (SEBS), and polyolefins, poly(ethylene-co-ethylacrylate) and poly(ethylene-co-propylene), were obtained by blow-molding,
uniaxial stretching, and cooling to room temperature and the gas permeability of the stretched films was investigated. When the as-blown
annealed film was subjected to uniaxial stretching in the machine direction, Po, and Py, increased with an increase in the stretching ratio
K and approached a constant value at high stretching ratios. In addition, Po,/Py, decreased gradually with K and approached a value of
2.95-3.0. The reason for this unique gas permeation behavior is that the molecular mobility of poly(ethylene butylene) chains in a direc-
tion normal to the film increases and reaches an equilibrium state at around K = 4.5. The change in gas permeability of the stretched

films can be explained using a deformation model for the SEBS matrix. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39386.
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INTRODUCTION

In the semiconductor manufacturing process, prevention of
small defects is very important, because such defects lower the
product yield rate. If small bubbles form in the liquid chemicals
used [e.g., isopropyl alcohol, photoresist polymer solution, and
developer solution] in the manufacturing process, this leads to
the formation of defects." To remove small bubbles in these lig-
uid chemicals, a separation method using a thin dense, highly
gas permeable membrane can be applied.®

To produce thin dense membranes, a melt extrusion and
stretching process is preferable since a solvent evaporation
method® tends to lead to contamination by residual solvent in
the membrane. Thermoplastic polymer materials with high gas
permeability, flexibility, and resistance to typical liquid chemical
are preferable for use as degassing membrane materials. Ther-
moplastic elastomers and polyolefins are the candidate materials
currently being considered for such membranes.*

Using a thermoplastic elastomer [e.g., polystyrene-block-poly(-
ethylene  butylene)-block-polystyrene  triblock  copolymer

© 2013 Wiley Periodicals, Inc
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(SEBS)], thin films can be produced by stretching at tempera-
tures sufficiently higher than the glass transition temperature
for the polystyrene domains. However, upon cooling to room
temperature, physical crosslinking of the polystyrene domains
reoccurs, leading to elastic recovery and a return to the original
thickness.” For this reason, thin films of this thermoplastic elas-
tomer are difficult to produce. In contrast, thin dense films of
polyolefins can be obtained by a melt-extrusion and stretching
process. However, the gas permeability of the stretched film
becomes very low as the amount of stretching is increased
because the crystallinity increases and the mobility of the amor-
phous chains decreases.®’

We have previously reported® that a thin dense membrane can
be obtained by appropriate control of the morphology of a
polymer blend consisting of both a thermoplastic elastomer and
a polyolefin. The concept behind this type of morphology con-
trol is shown in Figure 1. In this example, the morphology cor-
responds to that produced by blow-molding,
stretching, and cooling. The thermoplastic elastomer is assumed
to be SEBS. As shown in Figure 1(a), the as-blown annealed

uniaxial
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Figure 1. Concept of morphology control in a polymer blend film. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

film consists of a dispersed fibril phase of polyolefin and a
SEBS matrix phase. The SEBS matrix is also phase-separated
into polystyrene domains and poly(ethylene-butylene) chains.
The polystyrene domains act as crosslink points. Figure 1(b)
shows the stretched film (melt state) under uniaxial hot stretch-
ing in the machine direction (MD). In this process, the cross-
linking polystyrene domains melt, and the entire SEBS matrix
phase becomes stretched. The dispersed fibril phase also melts
and is stretched. As the stretching ratio increases, the thickness
of the film decreases. In addition, the distance between neigh-
boring fibrils decreases in the film thickness direction, and these
fibrils eventually become stacked above each other. This stacked
fibril phase forms a network-like structure that is co-continuous
with the SEBS matrix. In Figure 1(c), when the stretched film is
cooled to room temperature and solidifies, elastic recovery of
the SEBS matrix is restricted by the stacked fibril phase so that
the film remains thin.

In our previous article,® we also reported that a blow-molded
film was prepared from the polymer blend material, MK-2F,
that consisted of three constituents: SEBS (50 wt %) as a ther-
moplastic elastomer and poly(ethylene-co-ethylacrylate) (EEA;
30 wt %) and poly(ethylene-co-propylene) (EPP; 20 wt %) as
polyolefin components. The as-blown annealed film was uniax-
ially stretched to confirm the morphology control concept.
From morphological observations and viscoelastic measure-
ments of the stretched films, the concept described above was
realized.

In this study, blow-molded films prepared from MK-2F were
uniaxially stretched and the relationship between the gas perme-
ation behavior and the molecular mobility of the EB rubber
chains during stretching was investigated. Unique gas permea-
tion behavior was observed due to the fact that the molecular
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at a stretching ratio of around 4.5.

EXPERIMENTAL

Polymer Material

The composition, chemical structure, and thermal characteris-
tics of each constituent in MK-2F are presented in Tables I, II,
and III, respectively. From transmission electron microscopy
(TEM) images® of the MK-2F pellet, it was determined that the
polymer has a phase-separated structure with a SEBS matrix
phase and a dispersed phase comprising a mixture of EEA and
EPP with a fibril-like or droplet shape. The cylindrical polysty-
rene domains (diameter 200 A) in the SEBS matrix were ori-
ented along the MD, that is the extrusion direction of the MK
polymer pellet and the spacing between the neighboring
domains along the MD was very small, thereby forming a mon-
iliform structure, as shown in Figure 2. Ethylene butylene chains
(EB rubber chains or EB chains) existed in narrow regions (50—
150 A wide) between neighboring polystyrene domains.

Preparation of As-Blown Annealed Film

The as-blown film was prepared using the same melt-blowing
process reported in the previous article® The temperature of
the melt-extrusion was 190°C. The polymer extrusion rate was
18 kg h™" and the film was wound at a rate of 6.5 m min™ '
The blow ratio was MD/TD = 2/1. TD is transverse direction
to the MD. The as-blown film (thickness 110 um) had a cylin-
drical shape and was cut along the MD to obtain a rectangular
film. This was then annealed for 16 h at 115°C (close to the T,
of the polystyrene domains) to achieve uniform orientation of
the polystyrene domains in the SEBS matrix under tension-free
conditions and subsequently cooled to room temperature; this
is referred to as the as-blown annealed film.

Preparation of Stretched Films

Stretched films were produced by uniaxial stretching as shown
in Figure 3. Both ends of an as-blown annealed film (110 X 85
mm?, thickness 110 um) were clamped with the clamp holder
of a Tensilon Tester (Orientec RTC-1210A, Toyo Seiki Seisaku-
sho, Japan) and subjected to uniaxial stretching in the MD at a
hot stretching temperature of 70-160°C; the stretching area was
50 mm (MD) X 85 mm (TD) and the stretching rate was 20
mm min~'. After the film was stretched, both ends were
clamped by the clamp holder for 5 min. The film was cooled to
room temperature (25°C) while still clamped and then removed
from the clamp holder; this is referred to as the stretched film.
The set value of the stretching ratio is given by R = (MD, +
AR)/MD,, where AR is the movement distance from the initial
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Constituent Chain structure

Relative fraction (mol %)

SEBS
EEA Ethylene-ethylacrylate random copolymer
EPP Ethylene-propylene random copolymer

Polystyrene-block-poly(ethylene butylene)-block-polystyrene triblock copolymer

Styrene/(ethylene butylene) 7/93
Ethylene/butylene 75/25
Ethylene/ethylacrylate 96/4
Ethylene/propylene 2/98
Polypropylene tacticity:
mm/mr/rr 95.9/2.7/1.4

Composition and structure were obtained by C**>-NMR and H'-NMR analysis of an MK-2F pellet.

position of the cross-head in the Tensilon tester. The dimen-
sional changes of the stretched films are expressed in terms of
the stretching ratio K, film length ratio MD;/MD,, and film
width ratio TD;/TD,. MD, and MD; are the lengths of the as-
blown annealed film and the stretched film, respectively, and
TDy and TD, are the widths of the as-blown annealed film and
the stretched film, respectively. The stretching ratio K for uniax-
ial stretching is defined by eq. (1):

K:do/dl (1)

where d, and d, are the thickness of the as-blown annealed film
and the stretched film, respectively.

Characterization

Gas Permeability. Samples (55 mm diameter) were cut from
the central portion of the as-blown annealed films and stretched
films for measurement of the oxygen and nitrogen permeability
coefficients using gas permeability measurement equipment
(GTR-10H, GTR Tec, Kyoto, Japan) and gas chromatography
(G2800, GTR Tec) at 25°C. For the gas chromatography data
analysis, the Chromatopack CR3A (Shimadzu, Kyoto, Japan)
was combined with the gas chromatography equipment. Pure
oxygen and nitrogen were used for the gas permeability meas-
urements. The feed pressure and permeate pressure were 113
cmHg and 0.07-0.1 mmHg, respectively. Sample films were 15.2
cm? in area.

The measurement errors of the gas permeability coefficient data
for the as-blown annealed and stretched films were estimated
using eqs. (2) and (3):

Table III. Thermal Properties of Constituents in MK-2F

Constituent Glass transition Melting

Tg (°C) T, (°C) Tm (°C)
SEBS
Poly(ethylene/butylenes) -42 -50t0 32 16
Polystyrene 70
EEA -120 35t0 107 94
EPP 0 107 to 162 151

DSC measurement conditions: sample pellets were cooled to -150°C
and then heated to 180°C at a heating rate of 10°C/min. Tq = glass
transition temperature, T, = temperature range from the start to the end
of melting, T,, = melting point (DSC peak).
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Poy = Poymy = A & (2)
Pny = PNz(m) T Ag (3)

where Po, and Py, are true values of oxygen and nitrogen per-
meabilities, respectively, and Poy(u) Pnaem)» A€y, and Age, are
measurement values of Po, and Py, and measurement errors in
Po, and Py, respectively.

The error Ag; for Po,/Py, was estimated using egs. (4) and (5).

P P m
S0 ZOAm A, (4)
Pny Prnogm
Ao — POZ(m)( Agy N Ag > 5)
.=
Pnogmy \ Pna(m) Poo(m)

The values of Ag;, Ag,, and Ae; for measurement data are rep-
resented by the error bars in Figures 7-9.

Five samples were used for the measurement of each sample
film. Helium gas was used as the carrier gas in the gas
chromatography.

Morphology. The morphologies of the as-blown annealed film
and stretched films were observed using TEM (H-8000, Hitachi,
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Figure 2. Polystyrene domains in the SEBS matrix in an MK-2F polymer
pellet. Machine direction (MD): the extrusion direction of the MK poly-
mer pellet. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 3. Preparation of uniaxially stretched film. (a) As-blown annealed
film (MDy, = 110 mm, TD, = 85 mm, d, = 0.11 mm), (b) set-up for
stretching with clamped area indicated by cross-hatching, (c) stretched
film, for example, MD; = 205 mm, d;, = 0.025 mm, and TD; = 70 mm
at a stretching temperature of 120°C, K = 4.1.

Japan, accelerating voltage 200 kV) with ultrathin sections stained
with RuO,. Sample sections (1-2 mm? 10 um thick) were cut
from a block of the sample and exposed to RuO, vapor gener-
ated from a RuQ,-water solution (0.5 wt % solution) at 40°C for
15 min. The exposed section was embedded in Spurr’s epoxy
resin’ and hardened for 1 day at 60°C. The embedded stained
section was cooled with liquid nitrogen and ultrathin sections
(~70 nm thick) were sliced using an ultramicrotome.

DSC Measurements of As-Blown Annealed Films and Stretch-
ed Films. Differential scanning calorimetry (DSC) data for the
as-blown annealed film and the stretched films were obtained
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using a DSC-6200 instrument (SII Nanotechnology, Tokyo, Ja-
pan) in a flow of nitrogen as the carrier gas. All heating scans
were carried out from 25 to 200°C at 10°C min~ ' under a first-
heating process. The weight of each sample film was 4-5 mg.
The measurement error in heat flow was +0.5 mJ mg ' for
each of the values shown in the data.

Viscoelastic Properties of the Sample Films. The storage mod-
ulus E, loss modulus E’, and tan 6 (= E’/E) were measured
using a dynamic mechanical spectrometer (DMS-200, SII Nano-
technology, Japan) using the tensile mode along the MD. Both
ends of the film were clamped with the clamp holder of the
measurement system. The film was heated from —150 to 150°C
! and the viscoelastic properties were
measured. Other measurement parameters were as follows: fre-
quency, 10 Hz; mode, stretching deformation; sample film size
in set-up, 10 mm (length) X 8 mm (width), in which the
length direction was MD and the width direction TD. In gen-
eral, in the linear viscoelastic region, strains are within 1% of
the initial sample length.'® In this experiment, the strain ampli-
tude was set at £0.5% of the initial sample length. The number
of specimens evaluated for each sample was five in the visco-
elastic measurements. The measurement accuracy was *5% for

each E, E’ data.

at a rate of 2°C min~

RESULTS AND DISCUSSION

Dimensional Changes of Stretched Films

Figure 4(a) shows the stretching ratio K, film length ratio MD,/
MD,, and film width ratio TD,/TD, after cooling at a stretching
temperature of 70-140°C for a set-up value of stretching ratio
of R = 4.0. After stretching at 70-80°C, recovery occurred once
the sample film was removed from the clamp holders. K and
MD,/MD, of the recovered films were less than the initial set-
up value of R = 4.0. In contrast, when stretching was per-
formed at 90, 100, 120, and 140°C, the sample did not recover
and K = 4 could be achieved. Figure 4(b) shows the stretching
ratio K, film length ratio MD;/MD,, and film width ratio TD,/
TD, after cooling at stretching temperatures of 120 and 140°C

(4]
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¢120°C, K = d0/d1
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Figure 4. Dimensional changes of the stretched films. (a) Set-up value of stretching ratio = 4.0, stretching temperature = 70-140°C. (b) Set-up value of
stretching ratio = 2.0-4.0, stretching temperature = 120, 140°C. MD, and MD, are the lengths of the as-blown annealed film and the stretched film,
respectively. TDy and TD, are the widths of the as-blown annealed film and the stretched film, respectively. The lines in (b) represent data trends.
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Figure 5. Morphology changes in the dispersed phase during uniaxial
stretching and for the 3D-network formation mechanism. [Color figure
can be issue, which is available at
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wileyonlinelibrary.com.]

for R = 2-4. Under these temperatures, K and MD;/MD,
increased linearly with R and the samples did not recover.

From Table III, at a stretching temperature of 70-80°C, polysty-
rene domains were just in the glass transition state and were
not in a melt-flow state. Therefore, the SEBS matrix was not in
a melt state. Also, the polyolefin (EEA and EPP) mixture phase
was not fully melted. Therefore, the stretched film was recovered
after release from the clamp. On the other hand, at a stretching
temperature of 100-140°C, the physical crosslinking of the poly-
styrene domains was broken and the (EEA and EPP) mixture
phase was partially melted. After cooling, a co-continuous struc-
ture [three-dimensional (3D)-network structure] of the SEBS
phase and the (EEA+EPP) mixture phase was formed as men-
tioned in the Introduction section. Then, stretching recovery
was not observed, as seen in Figure 4(b).

At high temperatures of 150-160°C, stretched films could not
be obtained because the entire as-blown annealed film started
to melt-flow and the shape of the film was not stable. The
preferable stretching temperature was in the range of 100-
140°C.

Restriction of Elastic Recovery
The key factors to restrict the elastic recovery for stretched film
are as follows:

1. The formation of a 3D-network structure by the stacking
between droplets and fibrils during hot stretching.

2. The uniform deformation of the entire film.

3. The solidification of the 3D-network while the both ends of
the film were clamped.

In Figure 5, when the hot stretching was performed with an
increase in the stretching ratio of K, the film thickness
decreased and the fibrils were stacked with the droplets in a
melted state. After the hot stretching, the 3D-network structure
was immediately formed.®
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Figure 6. The stress—strain curves of the as-blown annealed film. Strain is
defined as AMD/MD,, where AMD is the stretched length from MD,

1

along the MD. The stretching rate was 20mm min . [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

The stress—strain curves of the as-blown annealed film along
MD? are shown in Figure 6. In the stretching curves at 100—
140°C, the film was yielded at a strain of about 20% and then
deformed as a viscous liquid at a strain of 20-1000%. The yield
stress gy, at 120-140°C was smaller than that of g, at 25°C.
EEA and SEBS perfectly melt and EPP partially melts at 100—
140°C (Table III).

In general, amorphous polymer chains entangle to form many
physical crosslinks and the number of the entanglement differs
for each polymer chain. If the polymer chains are stretched, the
chains are subjected to the friction force from the entangle-
ments and slip from the entanglements and are then
deformed."" The degree of the friction force and also the degree
of the deformation are not the same for each molecule. To
obtain the uniform deformation for the molecules, it is neces-
sary to maintain the stress for a time in order to obtain the
equilibrium deformation for the molecules.

In our experiment, after the stretching, the film was clamped
for 5 min before the film was cooled to room temperature. If
the film is clamped for a short time (e.g., a few seconds) and
cooled to room temperature, the equilibrium deformation of
the EB rubber chain would not be obtained. In this case, since
the molecular mobility of the EB rubber chain would be dif-
ferent in the measurement positions of the film, the measure-
ment error in gas permeability of the film would be large. So,
the stretched film should be maintained for as long as possi-
ble under the clamp force. Our results in Figures 7-9 show
that the error bars in Pg,, Pnz, and Po,/Pyn, were small
enough to obtain the data trends. Kotaka et al.'? report that
relaxation time for the elongation deformation in an SEBS
polymer is on the order of 10°~10* s. Five minutes (300 s) is
enough time to obtain an equilibrium state for the molecular
deformation.

On the cooling process, the stretched film was cooled to room
temperature under the clamp. First, an EPP component crystal-
lized and second, the styrene domain became a glass transition
at about 90°C and finally, the ethylene unit in the EEA

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39386
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Table IV. Gas Permeability of As-blown Film and As-blown Annealed
Film

Poz® Pn2® PozlPnz

87 25 34
92 27 34

Thickness (um)

As-blown film 1121
As-blown annealed film 112.1

2Units: 2071° cm® (25°C) cm cm ™2 s~ (cmHg) .

component crystallized at a the temperature that ranged from
about 100°C to room temperature. After the crystallization of
the EEA, the solidification of the 3D network was completely
finished. On the other hand, if the stretched film was cooled to
the T, of the styrene domain (90°C) and released from the
clamp, the recovery force from SEBS would immediately act on
the entire film, but the crystallization of the EEA component
would be not completed until well after it is cools to room tem-
perature. In this case, the entire film would be immediately
shrunk to a stable state and then the crystallization of the EEA
component would be finished. The stretching ratio would be
reduced and the film would be recovered to some degree.
Therefore, the restriction of the elastic recovery of the film is
completely finished by the solidification of the 3D-network
structure.

Gas Permeability

As-Blown Film and As-Blown Annealed Film. The oxygen per-
meability Po,, the nitrogen permeability Py, and the perme-
ability ratio Po,/Pny for the as-blown film and as-blown

annealed film (K = 1) are shown in Table IV. No major
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differences were found between the two films, confirming that
the annealing process had no effect on the gas permeation
behavior of the films.

Stretched Film

Po», Pno, and Pg,/Pys for the films stretched at 70-90°C and at
100-140°C for a stretching ratio K = 1.5-4.6 are shown in Fig-
ure 7(a,b), respectively. Figure 8 shows the effect of annealing
for the stretched films (K = 2.1 at 120°C and K = 4.1 at
140°C) under tension-free conditions for 16 h. All data in Fig-
ures 7 and 8 are summarized in Figure 9. In these figures, the
stretching ratio was determined using eq. (1) and the experi-
mental results were plotted according to this ratio.

In Figure 7(a), it is seen that after stretching at 70-80°C, recov-
ery occurred and the actual stretching ratio K was less than its
initial set-up value R. With an increase of the stretching ratio
K, Po, and Py, of the stretched films each increased and the
corresponding Po,/ Py, values decreased.

In Figure 7(b), for the stretched film at temperatures of 100,
120, and 140°C, both P, and Py, increased gradually with K,
reached a maximum at around K = 2.1, and then reached a
constant value at high stretching ratios (K > 4). Poy/Pxa
decreased from 3.4 (K = 1) to around 2.95 (K = 3-3.5) and
reached a constant value of around 2.95 (K > 4).

As shown in Figure 8, after the annealing of the stretched film
at 120°C (K = 2.1), the stretching ratio decreased to K = 1.6
and Poy, Pna, and Poy/Py, changed to the values in the direc-
tion of the solid-line arrows. The same trends were observed for
annealing of the stretched film at 140°C (K = 3.73) as shown
by the dashed-line arrows.
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Figure 7. Gas permeability and permeability ratio for as-blown annealed film (K = 1) and stretched films. (a) As-blown annealed film (K = 1) and
stretched films at stretching temperature of 70-90°C. (b) As-blown annealed film (K = 1) and stretched films at stretching temperature of 100-140°C.
The lines on the graphs represent trend curves. Keys in (a), (b): as-blown annealed film (<), stretched films 70°C (X), 80°C (=), 90°C (O), 100°C (+),

120°C ([]), and 140°C (A).The stretching rate for all stretching processes was 20 mm min~ .
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Figure 8. Gas permeability and permeability ratio after annealing. Keys:
Po, (A), Pyy(M), Po,y/Pys(+). The stretching rate for all stretching proc-

esses was 20 mm min .

In Figure 9, each data of Po,, Py, and Po,/Py, was found to
lie on a master curve. These master curves showed that Py, and
Py initially increased with K and reached a maximum at about
K = 2.1 before slightly decreasing and finally becoming con-
stant at around K = 4.5. Moreover, Po,/Py, decreased with
increasing K and became constant (~2.95-3.0) at around K =
4.5. Interestingly, regardless of whether recovery occurred or
not, the gas permeability coefficient of the stretched films fol-
lowed a master curve which depended on K. Moreover, even if
the stretching temperature was different, Po,, Pna, and Poy/Pna
could be expressed by a master curve as a function of K. The
master curve lines for Po,, Pnp, and Po,/Py, were significant
data trends from the consideration of the measurement error
bars.

In general, when an amorphous polymer material is stretched,
the degree of orientation of the polymer chains increases, which
results in lower molecular mobility for the chains. Therefore,
the diffusion coefficient for gas molecules decreases, leading to
a reduced gas permeability coefficient.">™"> As reported by Wang
and Porter,'”” when a compression-molded film of polystyrene
[Po, = 7.98 X 107" em® (STP) cm cm % s~ ' (cmHg)fl,
where Pco, is the gas permeability of carbon dioxide] was
stretched to K = 3.1 and K = 5.0, its permeability was reduced
to Pooy = 2.90 X 107! ecm® (STP) cm cm ™2 s~ ! (cmHg)71
and Py, = 1.00 X 107 cm?® (STP) cm cm ™2 s~} (cmHg)fl,
respectively.

It has also been reported that if a semicrystalline polymer mate-
rial is stretched, both the crystallinity and degree of crystal ori-
entation increase, which leads to a decline in the diffusion
coefficient of gas molecules and the gas permeability
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Figure 9. Gas permeability and permeability ratio (summary of results in
Figures 5 and 6).

coefficient."”™"® Holden et al.'® reported that when a compres-
sion-molded film of high-density polyethylene (Pp, = 1.77 X
107" ¢cm? (STP) cm em ™% s~ * (cmHg)fl, where Py, is the he-
lium gas permeability of the film) was stretched to K = 10.0
and K = 20.5, its permeability decreased to Py, = 1.18 X
107 ¢cm® (STP) cm cm™ 2 57! (cmHgfl and Py, = 0.17 X
107 ¢cm® (STP) cm em ™2 s 7! (cmHg)fl, respectively.

Hiltner et al.*® reported that several compositions of poly(ether

block amide) copolymer containing poly(tetramethylene oxide)
and polyamide-12 exhibited a significant decrease in gas perme-
ability upon uniaxial stretching. For Pebax 2533 grade (poly(te-
tramethylene oxide) 86 mol %, polyamide 14 mol %), both O,
and CO, permeabilities decreased by 3.5 for the 400% stretched
film (K = 4.0) compared to the unoriented film. This decrease
in permeability was attributed to the crystallinity increase
resulting from strain-induced crystallization of poly(tetramethy-
lene oxide) soft blocks.

As summarized in Figure 9, when an as-blown annealed film
was uniaxially stretched, Po, and Py, increased gradually with
K and reached a constant value at around K = 4.5, irrespective
of stretching conditions. Pq,/Py, decreased with an increase in
K and reached a constant value at around K = 4.5. This gas
permeation behavior is indeed very interesting.

DSC Data for As-Blown Annealed Film and Stretched Films.
Figure 10 shows DSC data for the as-blown annealed film and
stretched films (120°C, K =2.1 and 140°C, K = 4.1). Endother-
mic melting peaks of crystalline ethylene units in EEA (EEA
melt) and those of propylene units in EPP (EPP melt) were
observed at 40-105°C and 105-160°C, respectively. Table V

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39386
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Figure 10. DSC traces of sample films. Data curves were scanned from 25
to 195°C in first heating at 10°C min~"'. 1; as-blown annealed film, 2;
stretched film at 120°C, K = 2.1, 3; stretched film at 140°C, K = 4.1.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

shows that an increase in the heat of fusion (AHy) that was in
the range of the EPP melt for the stretched film (140°C, K =
4.1) compared with those for as-blown annealed film and
stretched film at 120°C, K = 2.1. This might be due to stress-
induced crystallization of EPP. The T,, melting peak position of
EPP was not changed for the as-blown film and stretched films.
Remarkable differences in endothermic heat flow for EEA and
EPP were not observed between the as-blown annealed film and
the stretched films (K = 2.1, 4.1). These results suggest that the
crystallinity of EEA and EPP remained almost constant during
stretching.

Gas Permeation Properties Based on the Deformation Model
Assumptions in the Model. The gas permeation path was
added into the deformation model® that was originally proposed
for the SEBS matrix, as shown in Figure 11. This model is based
on the following four assumptions.

1. Molecular mobility of EB rubber chain: It has been
reported*** that the gas permeability coefficient of a poly-
styrene-block-polybutadiene-block-polystyrene triblock copol-
ymer, which is a block copolymer similar to SEBS and in
which polystyrene is the hard segment and polybutadiene is
the soft segment, is mainly dependent on the molecular mo-
bility of the butadiene rubber chains. Increasing the molecu-
lar mobility of the chains leads to an increase in the
diffusion coefficient for gas molecules through the copoly-
mer. Moreover, it has been reported that the gas permeabil-
ity of other thermoplastic elastomers® and thermoplastic
urethane polymers*® are also mainly dependent on the

Applied Polymer

Ji
D MD

SEBS matrix

As-blown, annealed
(K=1)

polystyrene domain : (2
7~ EB rubber chain
SEBS : ] - polystyrene
Figure 11. Deformation model for the SEBS matrix with gas permeation

path. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

molecular mobility of the soft segment. Based on the litera-
ture data,”'>* it is assumed that the gas permeation behav-
ior of the SEBS matrix is mainly dependent on the
molecular mobility of the EB rubber chains.

2. Gas permeability of the polyolefin components: The oxy-
gen permeabilities Po, for EEA, PP, and SEBS are given in
our previous report;® The P, values for EEA (8.2 X 10~ '°
cm® (STP) cm cm ™ 2 s ! (cmHg)™") and PP (2.3 X 1071
cm® (STP) cm cm ™ 2 s~ * (cmHg)™') are lower than that of
SEBS (22.0 X 107 ' ¢m® (STP) cm cm 2 s~ ! (cmHg)_l).
The value of Py, for EPP is not clear, but it may be similar
to that for PP. In the polyolefin components, if EEA and
EPP are mixed uniformly in the MK polymer pellet (EEA 30
wt %, EPP 20 wt %), then Po, for the dispersion phase
becomes 2.9 X 107'® cm® (STP) cm cm™? s~ ' (cmHg) ™'
by the additive rule, which is approximately one order of
magnitude smaller than Py, for SEBS. Therefore, in this de-
formation model, Py, for the dispersion phase is considered
to have a constant value of 2.9 X 107! ¢m?® (STP) cm
cm st (cmHg)fl.

3. Affine deformation of EB rubber chain:® EB rubber chains
have rubber-like elasticity and the Poisson ratio of the EB
chain is 0.49.* Therefore, it is assumed that the EB rubber
chains undergo affine deformation. The volume that the
rubber chains occupy becomes invariant and the chains con-
tract in both the ND and TD and extend in the MD during
stretching.

Table V. Heat of Fusion (AH; ) for As-blown Annealed Film and Stretched Films

No. Film AHg of EEA melt (mJ/mg) AH; of EPP melt (mJ/mg)
1 As-blown annealed 103 172
2 Stretched 120°C, K = 2.1 10.4 17.2
8 Stretched 140°C, K = 4.1 10.4 211
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Table VI. Change in Spacing between Polystyrene Domains

Film ds-ND (A) ds-TD(A)
As-blown annealed 107-143 100-107
K=21 67-100 67-100
K=41 67-100 50-70

4. No deformation of polystyrene domains:® The Young’s
modulus for the polystyrene domains (24 MPa) is larger
than that for EB chains (6.4 MPa);*> therefore, it could be
assumed that the polystyrene domain shape does not change
during stretching.

From assumptions 1 and 2, the gas permeability coefficient of

the entire film mainly depends on the mobility of the EB rub-

ber chains of the SEBS matrix.

Gas Permeation Behavior Based on the Model. In our previ-
ous work,® we reported that the SEBS phase and polyolefin
phase formed a bi-continuous structure in the stretched films
and the gas molecules could pass through the SEBS matrix
in the direction of the film thickness. Table VI shows the
change in ds-ND and ds-TD, which are the spacings between
polystyrene domains, during stretching. These values were
measured from higher magnification TEM micrographs. Both
ds-ND and ds-TD decreased up to K = 2.1, but became
almost constant at K = 4.1. The assumption of affine defor-
mation (assumption 3) suggests that if the EB rubber chains
extend to the MD, they contract in both the TD and the
ND. This affine deformation assumption is supported by data
in Table VL. In the structural model shown in Figure 11, the

- Polystyrené
domain

# Distorted droplet of- ,', '
(EEA+EPP) mixture 14

phase

/

-] i i
®¥100000 a

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

ND
As-blown |
annealed MD
(@) Polystyrene
domain
K=21
g
(b) Polystyrene
Ethylene
butylene chain
K=41

(c)

Figure 12. Undulation behavior of polystyrene domains in stretched SEBS
matrix. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

decrease in ds-ND and ds-TD indicates a relaxation of the
EB rubber chains and an increase in their molecular mobility
in the ND and TD. At a high stretching ratio (e.g., K =
4.1), the molecular mobility in the ND is expected to reach
an equilibrium state. Therefore, the gas permeation behavior
shown in Figures 7-9 could be explained by the increase in
molecular mobility of the EB rubber chain in the ND. At
high stretching ratios, the molecular mobility reached an
equilibrium  state.

Thin fibril of
(EEA+EPP) mixture

Highly distorted drople
of (EEA+EPP) mixture
phase

*x100000

0) o

Figure 13. TEM micrographs of the stretched films in the MD-ND plane (K = 2.1, 4.1 at 120°C). (a) K = 2.1 and (b) K = 4.1. Bright regions represent
the dispersed phase of the (EEA and EPP) mixture, while the dark regions correspond to the SEBS matrix phase. Polystyrene domains (cylindrical shape)

in the SEBS matrix are stained dark with RuO, vapor.
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Figure 14. Viscoelastic properties of the as-blown annealed film and
stretched films along MD. Keys: as-blown annealed (O), stretched at
100°C and K = 2.1 (©), 120°C and K = 2.1 ([]), 140°C and K = 2.1
(A), and 120°C and K = 4.1 (). The arrow at —125°C corresponds to T,
of the ethylene units in EEA, other arrows at =50, 0, and 70°C correspond
to T, of the EB rubber chain in the SEBS, to T, of the propylene units in
EPP, and to T, of the polystyrene units, respectively.

When the stretching ratio increased to around K = 2.1, P,
and Py, achieved their maximum values [Figures 7(b) and
9]. This was due to the increase in the molecular mobility
of the EB rubber chains in the ND with undulation of the
polystyrene domains for K = 2.1, as shown in Figure 12.
TEM observations for K = 2.1 at 120°C [Figure 13(a)]
indicated that the thin fibril of the (EEA-+EPP) mixture
phase was undulated along the MD. The polystyrene
domains in the SEBS matrix phase were also undulated in a
similar manner. This undulation behavior of the polystyrene
domains is schematically represented in Figure 12(b). In Fig-
ure 13(a), it is seen that distorted droplets of the (EEA-
EPP) mixture phase exist in the SEBS matrix. These
droplets disturb the direction of stretching deformation for
both the SEBS matrix and the thin fibril phase so that
undulation occurred.

Table VII. Gas Permeability for Typical Thermoplastic Elastomer Materials
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Also, from the viscoelastic measurement results along the MD
in Figure 14, E' decreased strongly at temperatures from —50 to
70°C for the curves of 120°C, K = 2.1 and 140°C, K = 2.1.
The glass transition temperature of the EB rubber chain was —
42°C and that of polystyrene was 70°C, as seen from Table III,
and the corresponding glass transition behavior appeared in the
tan J curve at —50°C and at around 70°C in Figure 14, respec-
tively. The remarkable E’ decrease from —50 to 70°C for the
curves of 120°C, K = 2.1 and 140°C, K = 2.1 indicates that the
stress applied to the EB rubber chain relaxed and its molecular
mobility increased to a maximum at K = 2.1 along MD. This
increase in molecular mobility of the EB rubber chain along
MD also led to the increase in the molecular mobility along the
ND as shown in Figure 12(b).

With further stretching (K = 4.1), the undulation and its con-
tribution to molecular mobility disappeared [Figures 12(c) and
13(b)] and tan J for 120°C, K = 4.1 overlapped with that of
the as-blown annealed film (Figure 14).

If the gas permeation behavior in Figures 7-9 was due to pin-
hole defects introduced during stretching, Po, and Py, would
increase with stretching and Po,/Pyn, would reach 0.94, corre-
sponding to the Knudsen selectivity for O, and N, (Knudsen
selectivity = [M,(N,)/M,(0,)]"* = 0.94, M,(N,) = 28 and
M,(O,) = 32), where M,, is molecular weight. However, in this
study, Po,/Pn; approached 2.95-3.0, confirming that the gas
permeation behavior is not due to pinhole defects.

In Figure 9, when the stretching ratio was increased to 4.5, Pg,/
Py, saturated at a value of 2.95-3.0, which was similar to Pg,/
Py, (2.8-2.9) for hydrogenated polybutadiene (EB chain) and
SEBS (Kraton G1652), as shown in Table VII. The data in Table
VII are reliable for polymer films in which the residual stress is
released. We consider that the EB rubber chains were sufficiently
relaxed in the ND at this high stretching ratio, so that the mo-
bility of the chain reached a maximum state, resulting in an
increase in the gas diffusion coefficient for both oxygen and
nitrogen. Therefore, the gas permeation behavior described in
Figure 9 could be explained by the increase in molecular mobil-
ity of the EB rubber chain in the ND and its mobility was satu-
rated at K > 4.

The stretching ratio K is a parameter of the deformation model
for SEBS as shown in Figure 9 and also is a parameter of the
gas permeation behavior of the entire film.

Gas permeability®

Thermoplastic elastomer materials Trade name 05 N> 02/N> Ref.
SEBS KRATON G1652° 22.0° 7.7° 2.9° 26, 27
Hydrogenated polybutadiene? 11.3 4.0 2.8 28

@Units 107° cm® (25°C) cm cm 2 s~ (cmHg) 2.
®Products of Kraton Polymers LLC.

°Film cast from polymer solution by authors.

9 Ethylene butylene copolymer, crystallinity 29%.
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CONCLUSIONS

In this study, stretched thin films composed of a thermoplastic
elastomer and polyolefins were obtained by uniaxial stretching
and cooling to room temperature. When the as-blown annealed
film was subjected to uniaxial stretching in the MD, Py, and
Py, each increased with increasing stretching ratio K and
became constant at high stretching ratios. In addition, Po,/Pn»
decreased gradually with K and saturated at a value of 2.95-3.0.
The reason for this unique gas permeation behavior is that mo-
lecular mobility of the poly(ethylene butylene) chains in the
direction normal to the film increases and reaches an equilib-
rium state at around K = 4.5. This change in gas permeability
of the stretched film can be explained using a deformation
model for the SEBS.
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