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INTRODUCTION

Flexible and flame-retardant materials are desired for use in wire-
coating materials, including flexible wire insulation, USB cables, cell
phone chargers/adapters and internal wiring. Poly(2,6-dimethyl-1,4-
phenylene ether) (PPE) is an excellent flame-retardant material,"»? but
it is brittle and not easily processed. The mechanical properties and
processability of PPE have often been improved by blending
thermoplastic styrenic elastomers (TPSs), which consist of outer
glassy polystyrene (PS) block segments and middle rubbery block
segments, such as styrene-b-butadiene-b-styrene triblock copolymer
and its hydrogenated version styrene-b-ethylene-co-butylene-b-styrene
triblock copolymer,>” because PPE is solubilized by the PS block
segments in TPS.° However, PPE is usually phase separated from
TPS on the micrometer scale when the molecular weight and/or the
content of styrene segments of TPS is low,'®!! and its flame-retardant
property is inferior at low PPE compositions. Alternatively, PPE can
be solubilized with TPS and exhibits flame-retardant properties at low
PPE compositions when the molecular weight and/or content of
styrene segments of TPS is high;'! however, the blend is not flexible.
Hence, obtaining flexible and flame-retardant materials remains
difficult due to the trade-off between these properties.

Recently, we found that both material flexibility and flame-
retardant properties could be achieved by blending TPS with a
modified PPE and using a hydrogenated styrene-b-styrene-co-buta-
diene-b-styrene triblock copolymer (S-SEB-S),!? though the styrene
content of the TPS is high (67 wt%) (Araki et al., submitted). The
stress at 100% strain is below 6 MPa and the strain at the break is
above 250%, which are similar to those of flexible polyvinyl chloride.
To understand the origin of flexibility of the S-SEB-S/modified PPE
despite its blending of the high-styrene-content S-SEB-S with high-
strength PPE, in this paper, we demonstrate the results of
simultaneous stress and birefringence measurements during uniaxial
stretching. This method was selected because (1) birefringence is
sensitive to changes in orientation with small deformations; (2) the

in situ measurement of high-speed deformation processes is possible
with fast measurements; and (3) the microdomain and matrix
segment separately.'»#  The
orientation behavior is discussed with the stress-optical coefficient.

orientations can be evaluated

EXPERIMENTAL PROCEDURE

The S-SEB-S (A-B-A type) triblock copolymer was prepared using a two-stage
process as described in the previous paper (Araki ef al., submitted).!> The pre-
hydrogenated S-SEB-S specimen (S-SB-S) was first synthesized, followed by
hydrogenation of the unsaturated butadiene double bonds in S-SB-S.
Polymerization of S-SB-S was sequentially performed through anionic
polymerization using n-butyl lithium as an initiator in a cyclohexane
solvent. After the first PS block was polymerized via styrene monomer
addition, styrene and butadiene monomers were simultaneously added at a
constant rate to generate the SB middle block, and then a styrene monomer
was added to polymerize the second PS outer block. S-SB-S hydrogenation was
performed using a titanocene catalyst in a cyclohexane solvent. The styrene
contents of the two outer PS blocks and the SEB middle block were 20 wt%
and 47 wt%, respectively, and the total styrene content in S-SEB-S was 67 wt%.
The average molecular weights of the S-SEB-S and PS outer block segments in
the S-SEB-S were 99 000 and 9900, respectively.

The modified PPE used in this study is a commercial product (X1010, Asahi
Kasei Chemicals Co, Tokyo, Japan) in which PPE (Mn = 18000) was blended
with PS at a PPE composition of 70 wt%.

The S-SEB-S was melt-mixed with the modified PPE using a twin-screw
extruder, having a screw diameter of 32 mm (TEX30c, The Japan Steel Works,
Ltd, Tokyo, Japan), at a rotation speed of 250rp.m. and an operating
temperature of 250 °C. Film specimens with thicknesses of 2—0.2mm were
prepared for transmission electron microscopy observations and simultaneous
stress and Dbirefringence measurements, respectively, by press molding at
220°C.

For transmission electron microscopy, ultrathin sections of approximately
70 nm thickness were cut from the film specimen with a cryomicrotome. The
sections were stained with ruthenium tetroxide (RuO,) vapor for 5min at
room temperature. The morphologies were observed using a TEM (JEM 1230,
Jeol, Ltd, Tokyo, Japan) with an acceleration voltage of 80kV.
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Stress and birefringence were measured using a specially designed apparatus
as previously described.!>!%1¢ The specimen was fastened with clamps that
were 15mm apart and stretched at 25°C at a constant strain rate of 0.3
per second. For birefringence measurements, a He—Ne laser beam with a
wavelength (4,) of 632.8nm was passed through a Gran—-Thomson prism
polarizer, a photoelastic modulator, a film specimen, a Gran-Thomson
analyzer and a photodiode detector. The force and the retardation () were
measured by the load cell and the photodiode, respectively, and were processed
by a personal computer through an A/D converter. The nominal birefringence
(An,) is given by An, = 6 x A,/2nd, where d is the thickness of the unstretched
film specimen. The nominal stress was obtained after dividing the force by the
cross-sectional area of the unstretched film specimen.

RESULTS AND DISCUSSION

Figure 1 shows the transmission electron microscopy micrographs of
the S-SEB-S triblock copolymer and the S-SEB-S/modified PPE in the
ratio 67/33. A two-phase spherical domain structure with a size of
several tens of nanometers can be seen in the S-SEB-S (Figure 1a).
Because RuOy preferentially stains styrene, the dark spherical domain
region can be assigned to the PS outer-block segments. Thus, hard-PS
microdomains of several tens of nanometers in diameter are dispersed
throughout the continuous soft SEB matrix. Conversely, a two-phase
lacy structure is observed in the blend (Figure 1b). This lacy structure
consists of domains surrounded by a lacy matrix; the size of the
domain and the diameter of the network are approximately 100 and
30nm, respectively. Thus, a nano-alloy consisting of a two-phase
structure on the nanometer scale was obtained. Because RuQOj, also
preferentially stains PPE, light matrix regions can be assigned to the
soft SEB phase, whereas the dark domain regions can be assigned to
the mixed phase of PS and PPE. This lacy pattern occurs due to the

Figure 1 Transmission electron microscopy images of (a) S-SEB-S and
(b) 67/33 S-SEB-S/modified PPE.
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solubilization of PPE with PS; the modified PPE is inserted into the
PS domains of the S-SEB-S, though the outer PS-block segment
content in the S-SEB-S is low (20 wt%). Thus, hard PS/PPE domains
are dispersed throughout the continuous soft SEB matrix.

Figure 2 shows the stress (o)-strain (¢) behaviors of the S-SEB-S
and the 67/33 S-SEB-S/modified PPE nano-alloy; the structures are
demonstrated in Figure 1. By assuming that the contraction rate of
thickness and that of width are the same during uniaxial stretching,
nominal stress g, and nominal birefringence An,, were converted into
true stress by the formula ¢ = 6,(W/W,)? and true birefringence by
An = An,/(WIW,), respectively, where W is the width of the stretched
specimen and W, is the width of the unstretched specimen. The stress
increased with an increase in strain. The stress and the modulus
estimated from the initial slope were low in the S-SEB-S material.
This mechanical behavior is typical of rubbers, even though the total
content of the brittle styrene component was high (67 wt%). The
stress—strain curve shape of the nano-alloy was similar to that of the
S-SEB-S. The yield point was not observed, and the stress at 100%
strain was low (<6 MPa). The elastic modulus of the nano-alloy
estimated from the initial slope of the stress at strain <10% was
nearly the same as that of the S-SEB-S. These results indicate that the
nano-alloy maintains the flexibility of rubber even though high-
strength PPE is inserted in the PS domain. As a result of the insertion
of the modified PPE in the PS domain of the S-SEB-S, stress of the
nano-alloy was larger than that of the S-SEB-S at a strain > 10%. This
result is due to the high-stress concentration generated near the
interphase of the glassy domain and the rubbery matrix during the
deformation of the rubbery matrix.

Figure 3 shows the birefringence (An)-strain (¢) behavior of the
S-SEB-S material and the 67/33 S-SEB-S/modified PPE nano-alloy.
Interestingly, the birefringence exhibited a negative value, though it is
known that birefringence values of PS and EB segments are positive at
25 °C. The birefringence value of PS changes the sign from positive to
negative after heating from the glassy state to the rubbery or melt
state, above the glass transition temperature (Tg).lé’17 As the recorded
measurement temperature (25 °C) is above the T of the SEB matrix
(ca. 10°C),'? the negative birefringence might be attributed to the
orientation of the styrene segments in the rubbery SEB matrix due to
its large mobility above the Ty in the rubbery SEB matrix. The
negative birefringence increased steadily with increasing strain from
the initial level in both the S-SEB-S sample and the nano-alloy, and
the difference in birefringence values was small. These results suggest
that the rubbery SEB matrix is oriented by the initial strain in both
the S-SEB-S material and the nano-alloy.
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Figure 2 Stress of S-SEB-S and 67/33 S-SEB-S/modified PPE under strain
during uniaxial stretching.
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Figure 3 Birefringence of S-SEB-S and 67/33 S-SEB-S/modified PPE under
strain during uniaxial stretching.

The photoelastic coefficient, An/g, of a rubber segment is
given by!8

An  2n (#+2)
¢ 45kT @

The An/o is expected to be constant with strain when the ¢ and An
originate from the orientation of the rubbery segments. The An/c of
the S-SEB-S and the nano-alloy was obtained from ¢ and An as
shown in Figures 2 and 3, respectively. The results are shown as a
function of strain in Figure 4. The negative An/g of the S-SEB-S
increased at a strain of <70% and then became constant at a strain of
>70%. Note here that the form birefringence, attributed to the
anisotropic shape of the PS domains, might contribute to the increase
of the photoelastic coefficient,’>!° but it could not be separated
because the birefringence increased continuously with strain. Because
the An/g is constant with strain only when the rubbery segment is
oriented, the constant An/o at a strain >70% is attributed to the
rubbery SEB matrix orientation (An= Ansgg). The increase of the
An/g at a strain of <70% is attributed to the orientation of
both the rubbery SEB matrix and the glassy PS domain
(An=Ansgg+ Angps). Thus, the results suggest a two-step
orientation of the S-SEB-S: (1) both the rubbery SEB matrix and
the glassy PS domains are oriented at a strain of <70%; and (2) only
the rubbery SEB matrix is oriented at a strain of >70%. Owing to the
two-step orientation, the increase of the stress with strain was large in
the low-strain region due to the orientation of both the glassy PS
domains and the rubbery SEB matrix, whereas it became smaller in
the high-strain region due to the orientation of only the rubbery SEB
matrix, as shown in Figure 2.

The An/c change in the nano-alloy is similar to that in the S-SEB-S
sample, indicating that the nano-alloy is also oriented in a two-step
process due to its rubbery SEB matrix, as is the case of S-SEB-S shown
in Figure 1. The An/o of the nano-alloy was smaller than that of the
S-SEB-S because the ¢ of the nano-alloy was larger than that of the
S-SEB-S, whereas the An was approximately the same, as demon-
strated in Figures 2 and 3. The An/c of the nano-alloy became
constant at a lower strain compared with that of the S-SEB-S material
(that is, the An/o of the nano-alloy became constant at a strain of
>30%, whereas the An/o of the S-SEB-S became constant at a strain
of >70%). These results indicate that only the soft SEB segments are
oriented from the lower-strain region in the nano-alloy compared
with the S-SEB-S sample, suggesting that the orientation of the glassy
PS domain is suppressed by the modified PPE inserted into the PS
domain and surrounded by the rubbery SEB matrix. As a result of the

(b1 = by). (1)
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Figure 4 An/s of S-SEB-S and 67/33 S-SEB-S/modified PPE under strain
during uniaxial stretching.

rubbery SEB matrix orientation, the tensile property of the nano-alloy
is flexible, as is the case of the S-SEB-S sample, even though the high-
styrene-content S-SEB-S is blended with a high-strength PPE.

CONCLUSION

Here, we obtained a flexible nano-alloy with a continuous soft, lacy
SEB matrix after blending high-styrene-content S-SEB-S with a
modified PPE. The simultaneous stress and birefringence measure-
ments revealed that (1) the birefringence exhibits a negative value due
to the large mobility of the styrene segments in the SEB matrix;
(2) the nano-alloy is oriented in a two-step process, as in the case of
the S-SEB-S (that is, both the rubbery SEB matrix and the glassy
domains are oriented in the low-strain region, whereas only the
rubbery SEB matrix is oriented in the high-strain region); and (3) the
orientation of the glassy domain is suppressed, and only the soft SEB
segments are oriented from the lower strain region in the nano-alloy
when compared with those in the S-SEB-S material. Consequently,
the S-SEB-S/PPE nano-alloy is flexible despite its blending of the
high-styrene-content S-SEB-S with a high-strength PPE. Details
regarding the structure and flame-retardant properties of this material
compared with those of various thermoplastic styrenic elastomers are
presented in a separate paper (Araki et al., submitted).
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