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ABSTRACT: Polystyrene–polyarylate (PS–PAr) block copolymer was applied as a mold-
ability modifier of polycarbonate (PC). From the 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) extraction results, PS–PAr block copolymer was demonstrated to copolymerize
with PC via an in situ reaction between the PAr chain and PC. As a result of the
chemical bonding between PS and PC chains, the PS dispersed domain in the PS–PAr
block copolymer/PC blend could be reduced, on average, to a size smaller than the
visible light wavelength. In particular, by adjusting PAr composition to 30 wt % in the
fed PS–PAr block copolymer during the melt-mixing process, the PS domain size was
completely reduced to be smaller than the visible light wavelength. As a result the
blend substrate could satisfy the transparency required for the optical disk substrate
with higher memory density: homogeneity under polarizing light, clarity on the reflec-
tive plate, and transparency at 400 nm. The melt viscosity could be lowered to the equal
viscosity level of PC at about 30°C higher temperature by blending PC 15 wt % with the
PS–PAr block copolymer. The lowered melt viscosity could reduce the retardation in the
optical disk substrate, which was equivalent to that of the PC substrate processed at
30°C higher. In addition, the PS–PAr block copolymer/PC blend could attain the exact
groove transcription at 20°C lower mold temperature than that of PC as a result of the
lowered elastic modulus caused by the PS-rich phase. These features of the PS–PAr
block copolymer/PC blend indicated a potential to offer an improved process window for
the substrate molding. Because of its excellent transparency and a potential for pro-
cessing flexibility, the PS–PAr block copolymer/PC blend would be a promising material
for optical disk substrates with higher memory density. © 2001 John Wiley & Sons, Inc. J
Appl Polym Sci 82: 2566–2582, 2001
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INTRODUCTION

Molecular design of reactive polymers and block
or graft copolymers has been one of the major

topics in both polymer science and industry dur-
ing the last two decades. Block or graft copoly-
mers, in which different polymer segments are
chemically bonded together, have been known to
have additional properties that are different from
those of each polymer. Furthermore, because of
their microdomain structure it has been made
clear that block copolymers exhibit their own
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unique characteristics. Many important applica-
tions have been found for block or graft copoly-
mers in the polymer industry. For example, a
block or a graft copolymer can be utilized by itself
as a high-performance polymer, or be added as a
surface modifier for polymeric materials or a com-
patibilizer for mechanical blends of two immisci-
ble polymer blend systems.1–5

We carried out research and development on
polystyrene–polyarylate (PS–PAr) block copoly-
mers.6–12 In our earlier publications, we proposed
a novel synthetic procedure of PS–PAr block co-
polymer utilizing a telechelic PS (Fig. 1).6–8 We
also previously reported its high potential for op-
tical applications6,7,9 and for a compatibilizer for
an immiscible blend system of high-impact poly-
styrene (HIPS) and polycarbonate (PC).11,12

In this research, we have attempted to apply
PS–PAr block copolymer as a moldability modifier

for PC, which is an important engineering poly-
mer used in a wide variety of applications because
of its excellent balance of properties including
optical clarity, high heat deformation tempera-
ture, mechanical properties, toughness, and elec-
trical properties. However, PC has some deficient
characteristics that deter its use in some areas.
Poor moldability is one of the most serious of PC’s
defects that make it difficult to utilize PC for a
substrate of optical-data disk with higher mem-
ory density.13–21 For higher memory density opti-
cal data storage systems, pits or grooves, which
record or address the memory, should be repli-
cated on the substrate surface with the finer fea-
ture and at the narrower track pitches.13–17 In
addition, as the size and the spacing of the pits or
grooves become smaller, reduction of birefrin-
gence becomes increasingly important to main-
tain the required signal/noise level.13,17–21 Poor
moldability of PC has restricted the process win-
dow to extremely high melt temperatures and
mold temperatures, even for the standard sub-
strate molding. Little process flexibility is allowed
for the substrate molding with higher memory
density disks. To accommodate these stringent
requirements, the moldability of PC should be
improved.

Polystyrene (PS) is a transparent polymer with
excellent moldability, although its mechanical
properties are significantly inferior to those of PC.
Thus the focus of our research is to improve the
moldability of PC by blending PS and PC, and
produce a high-performance polymer with high
mechanical properties and an improved process
window for the disk substrate molding. However,
because PS and PC are immiscible,22–29 simple
mechanical blending of these polymers makes it
difficult to control the domain structure on a mi-
croscopic level. For the optical disk substrates,
the domain size should be controlled to be smaller
than the visible light wavelength, to prevent the
light scattering caused by the dispersed domains.
In that way, incorporation of chemical bonds be-
tween PC and PS molecules is a good method. In
this research we paid attention to the experimen-
tal results that PAr undergoes transesterification
with PC via an in situ reaction.30 By making use
of PAr chains in PS–PAr block copolymers as a
reactive unit to PC and blending them in an ex-
truder, PS and PC could be copolymerized in a
block form during the blend preparation via
transesterification between the PAr chains and
PC.

Figure 1 Reaction scheme for synthesis of PS–PAr
block copolymer.
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The purpose of this investigation is to confirm
the transesterification between PS–PAr block co-
polymer and PC and to investigate the relation-
ship between the micromorphologies and the
transparency of these blends. In addition, the re-
tardation and the groove transcription of the PS–
PAr block copolymer/PC blend disk substrates
were also investigated.

Reaction Scheme Between PS–PAr Block
Copolymer and PC via in Situ Reaction

Figure 2 gives the expected in situ reaction
scheme between PS–PAr block copolymer and PC
during the extrusion process. Unlike the case for
the polyamide-based31–33 or polyester-based34–37

polymer blends, schemes for formation of a block
or a graft polymer by in situ reaction with PC are
not popular, although a few schemes have been
reported so far. This is mainly because of the fact
that the terminal phenol groups of PC chains are
usually capped for prevention of the Fries transi-
tion.38 As a result, the terminal functional groups
of PC chain cannot be utilized as reactive units
like polyesters or polyamides.

Wildes et al.39–41 proposed an in situ reaction
scheme between the amine group–introduced
SAN (styrene–acrylonitrile random copolymer)
and PC. In this procedure, the SAN was copoly-
merized with PC in a graft form via trans-reaction
between the amine groups in SAN and the car-
bonate bonds in PC. This scheme appears to be
excellent for in situ reaction to generate a graft
copolymer of PS or SAN and PC for the following
two reasons: (1) the amine groups are relatively
easily introduced into PS or SAN chain through

the reaction between 1-(2-aminoethyl)piperazine
and maleic anhydride–introduced PS or SAN40;
(2) the amine group in PS or SAN can react with
PC even if end capped. However, this scheme is
lacking in chemical stability because phenol-ter-
minated PC is generated as a result of the trans-
reaction between the amine groups and the car-
bonate units.40

On the other hand, the reaction scheme of Fig-
ure 2 can overcome all of the aforementioned
problems. PAr chains in PS–PAr block copolymer
can react with PC even if end capped. In addition,
all products in Figure 2 have high chemical sta-
bility. No phenol-terminated PC is generated.
Furthermore, aliphatic carbonates such as ethyl-
ene or butylene carbonate are not generated
through the transesterification of Figure 2. These
kinds of aliphatic carbonates are poor in thermal
stability, although they are usually generated in
widely commercialized polymer blend systems of
PC and poly(ethylene terephthalate) (PET) or po-
ly(butylene terephthalate) (PBT) through the
transesterification between PC and PET42,43 or
PBT.44–46

EXPERIMENTAL

Materials and Blend Compositions

In this research, PAr chains in PS–PAr block
copolymer were utilized just as a reactive unit to
PC. Thus, the PAr wt % in the PS–PAr block
copolymer was designed to be as small as possi-
ble. The minimum PAr wt % in the PS–PAr block

Figure 2 Transesterification between PS–PAr block copolymer and PC.
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copolymer was determined by eq. (1) correspond-
ing to the Mn of the fed HOOC–PS–COOH:

PAr wt % 5 10MPAr/~MnHOOC–PS–COOH 1 10MPAr! (1)

where MPAr is the molecular weight of the PAr
unit, 358 g/mol. The amount of the fed bisphenol
A (BPA) determined by eq. (1) corresponded to the
minimum amount (10 times higher amount than
the stoichiometric amount of BPA in step 2 of Fig.
1) that was required for the suppression of the
intermolecular coupling between HOOC–PS–
COOH molecules in step 2.7 By feeding this
amount of BPA in step 2 and synthesizing PS–
PAr block copolymer consecutively from step 2 to
step 3 of Figure 1, PS–PAr block copolymer could
be obtained without any coupling between
HOOC–PS–COOH molecules and any loss in the
fed BPA.7

The PS–PAr block copolymers of Table I were
synthesized (Fig. 1) and characterized according
to the same procedure described previously.7 The
PAr wt % in the runs 2185 and the 0870 corre-
sponded to the minimum wt % determined by eq.
(1). The PC was Panlite AD5530 (obtained from
Teijin Chemical Industry, Tokyo, Japan), which
was a low molecular weight PC designed for op-
tical disk application. The number-and the
weight-average molecular weights (Mn and Mw) of
this PC were15,000 and 25,000, respectively.

In the following analysis, the blend composi-
tion of the PS–PAr block copolymer/PC was kept
15/85 (by weight) on the basis of the experimental
results of Figure 3. The critical point was found

around 15 wt %, where the tensile strength of
PS–PAr block copolymer/PC blend changed from
equal to half level of PC (Fig. 3).

Melt Processing and Injection Molding

The 15/85 blends of HOOC–PS–COOH/PC and
the PS–PAr block copolymer/PC were premixed
by V-shaped dry blender and then intensively
melt mixed by a corotating twin-screw extruder
(TEX30SS, 30-mm diameter, L/D 5 50; Japan
Steel Making Works, Hiroshima, Japan) at 120
rpm and a barrel temperature of 260°C. The av-
erage shear rate and the mixing time during the

Table I Synthesis and Characterization of PS–PAr Block Copolymer

Runa

Feed PS–PAr Block Copolymer

HOOC–PS–COOH
PS–PAr
(wt %) Mn

c Mw
c

homo-PSb

(wt %)
homo-PAr

(wt %)

Pure PS–PAr
Block Copolymerb

Mn Mw (wt %) PS–PAr

2185 21,000 50,000 85/15 32,000 85,000 — ; 0 — —
(10.1) (0.6) (89.4) (84/16)

870 7,500 12,000 70/30 14,000 40,000 — 3.5 — —
(8.4) (1.2) (90.4) (68/32)

2170 21,000 50,000 70/30 14,000 40,000 — 5.0 — —
(6.3) (6.0) (87.7) (73/27)

a The first two digits correspond to the Mn of the fed COOH–PS–COOH, and the last two digits correspond to the wt % of the
fed HOOC–PS–COOH.

b Mn and Mw of PS–PAr block copolymer were measured without any purification.
c The wt % values in parentheses were predicted by the kinetic simulation model.8

Figure 3 Tensile strength of the run 0870/PC blends
as a function of the PS–PAr block copolymer composi-
tion. The experimental error bar shows the range of
data, excluding the maximum and minimum values.
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extrusion process were kept at about 225 s21 and
2 min, respectively. Disk substrates (Fig. 4; Table
II) of these blends were injection molded using a
M-70A-D-DM injection-molding machine (Meiki,
Nagoya, Japan). The minute grooves of Figure 4
were replicated on the substrate surface from a
stamper inserted in the mold. The molding condi-
tions in Table III were kept constant through all
the experiments. Only for the purpose of examin-
ing the effect of the melt temperature or the mold
temperature on the retardation or the groove
transcription were they varied from 300°C to
370°C and from 80°C to 120°C, respectively.

Confirmation of the Reactivity Between the PS–PAr
Block Copolymers and PC

The blends of PS–PAr block copolymer (Table I)
and PC thus extruded were solved into chloroform
and poured into methanol to precipitate the pow-
dered sample. The precipitates were collected by
filtration, washed 10 times with methanol, and
dried in a vacuum dryer at 80°C for 12 h, after
which they were fractionated by Soxhlet extrac-
tion with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)

for 96 h. Chemical composition of both the HFIP
solubles and insolubles was determined by proton
nuclear magnetic resonance (1H–NMR) spectrum
in CDCl3 solution using JEOL JP, JNM-EX40
(JEOL, Peabody, MA).

As preliminary experiments, only the PS–PAr
block copolymers in Table I were melt mixed,
recovered, and fractionated with HFIP in the
aforementioned way. Then the mass balance and
the chemical composition of both HFIP solubles
and insolubles were compared before and after
the melt mixing. The results of these preliminary
experiments revealed that their mass balance
and the chemical composition were almost the
same before and after the melt mixing. These
results indicated that the solubility behavior of
the PS–PAr block copolymers to HFIP never
changed by melt mixing them alone under these
conditions.

Observation of Phase Morphologies and
Measurements of Optical Properties, Melt
Viscosity, Degree of Groove Replication, and
Viscoelastic Properties

The blend morphologies were examined by a scan-
ning electron microscope (SEM) or a transmission
electron microscope (TEM) in the same way as
previously described.12 For both observations the
specimens were cut from the core part of the ra-
dial section of the disk substrates. In the SEM
micrographs, the darker portions are assigned to
the PS-rich phases that are eliminated by the
etchant, whereas the brighter portions are as-
signed to the PC-rich phases. In the TEM micro-
graphs the darker portion was the PS-rich phase,
which was selectively stained with ruthenium tet-
ra-oxide. To measure the domain size and its dis-
tribution the SEM and the TEM micrographs
were analyzed by digital image analysis. The do-
main sizes were estimated using the major axis of
the equivalent ellipsoid.

Transmissivity of the disk substrates was mea-
sured spectroscopically using the light source
storage systems with 800- and 400-nm wave-
length, which were the same as the laser wave-

Figure 4 A cross section of a disk substrate with an
enlarged schematic view of the groove profiles. The
periodicity r, depth h, and width w were 1.6 mm, 110
nm, and 0.55 mm, respectively.

Table II Injection-Molding Conditions for the Disk Substrates

Barrel Temperature
(°C)

Mold Temperature
(°C)

Injection
Rate (cm3/s)

Holding
Pressure

(MPa)

Holding
Time

(s)

Waiting Time
Until Cutting Gate

(s)

340 100 20 30 1.0 0.5
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lengths used and proposed for the standard and
the higher memory density optical data system,13

respectively. The retardation of the substrates
was measured by polarizing microscope equipped
with a Senalmon-type compensator. The melt vis-
cosity data were obtained by capillary viscometry
using a Chapirograph 1B rheometer (Toyo Seiki
Seisaku-Sho, Tokyo, Japan) with L/D 5 20
(1-mm diameter). The extent of the groove tran-
scription was measured by an atomic force micro-
scope15–17,47 (AFM; Nano Scope AFM, Digital
Instruments, Santa Barbara, CA). For the AFM
analysis, 10 3 10-mm pieces were cut from the
outermost parts of the substrate, because the ex-
act transcription of the grooves is reported to be
more difficult toward the outside diameter.13–17

The viscoelastic behavior was measured by dy-
namic mechanical measurement (d.m.s.) using a
Rheovibron DDV-II dynamic tensile tester (Toyo
Measuring Instruments, Tokyo, Japan) auto-
mated by Imass Inc. The data were obtained at 10
Hz and a heating rate of 2°C/min.

RESULTS AND DISCUSSION

Confirmation of the Reactivity Between PS–PAr
Block Copolymer and PC

Given the similarity in the chemical structures
between PAr and PC, there should be no major
changes in the FTIR30 or the NMR spectra of the
bulk component before and after the transesteri-
fication of Figure 2. Thus, we have focused on the
following experimental results. The solubility be-
havior of PS–PAr block copolymers changed from
HFIP-insoluble to HFIP-soluble when the PAr wt
% in PS–PAr block copolymer surpassed the crit-
ical point.7 The critical points varied with the Mn
of the PS chain in PS–PAr block copolymer. When
the Mn of the PS chains in the PS–PAr block
copolymer were 8000 and 21,000, they were

around 50 and 75 wt %, respectively.7 Because
both PC and PAr were soluble to HFIP, the gen-
erated PS–PAr/PC block copolymer should
change from HFIP-insoluble to HFIP-soluble if
the wt % of the PAr/PC chains in the PS–PAr/PC
block copolymer of Figure 2 surpassed these crit-
ical points. The reactivity of the scheme of Figure
2 was confirmed on the basis of this solubility
behavior change before and after the reaction.

Table III and Figure 5 give the mass balance
and the typical NMR spectra of both HFIP
solubles and insolubles, both before and after the
melt mixing, respectively. Before the melt mixing,
the NMR spectra in the HFIP solubles and in-
solubles were all assigned to PC and PS–PAr
block copolymer, respectively.7 In addition, the
amount of the HFIP solubles and insolubles was
almost equal to that of the fed PC and the PS–PAr
block copolymer, respectively. These results dem-
onstrated that the fed PC and PS–PAr block co-
polymer could be almost completely fractionated
by HFIP before the melt mixing.

On the other hand, after the extruding one can
see clear changes in both NMR spectra and mass
balance. In the NMR spectra of the HFIP
solubles, one can see slight peaks at 7.5–6.2 ppm7

and 9.0–7.5 ppm,7,48 whereas in the HFIP in-
solubles, the NMR spectrum at 7.5–6.9 ppm7,48

was increased. By combining these results with
the preliminary experimental results and the ex-
pected change in the solubility behavior, these
changes in the NMR spectra could be attributed
to the following three kinds of reaction products
in Figure 2:

1. PS–PAr/PC block copolymer with PAr/PC
wt %, which was larger than the critical
point.

2. PS–PAr/PC block copolymer with PAr/PC
wt %, which was smaller than the critical
point.

3. PAr/PC copolymer.

Table III Mass Balance of the HFIP Extractions

Sample
Feed

(by weight)

Before the Melt Mixing After the Melt Mixing

Solubles
(wt %)

Insolubles
(wt %)

Solubles
(wt %)

Insolubles
(wt %)

Run 0870/PC 85.2 14.7 60.0 37.0
Run 2170/PC 15/85 85.6 14.0 94.0 4.0
Run 2185/PC 86.0 13.0 90.0 7.8
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Figure 5 1H–NMR spectra of HFIP solubles and insolubles of the run 0870/PC blend,
before (a) and after (b) melt mixing.
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Figure 5 (Continued from the previous page)
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The NMR spectra at 7.5–6.2 and 9.0–7.5 ppm
in the HFIP solubles were assigned to the PS
chains of reaction product 1 and the PAr compo-
nent of product 1 or product 3, respectively. The
increase of the NMR spectrum at 7.5–6.9 ppm in
the HFIP insolubles was ascribed to the PAr/PC
chains of product 2. In addition, the result of the
mass balance showed the amount of the HFIP
solubles increased after the melt mixing for run
2185/PC and 2170/PC blend. For the run 0870/PC
blend the amount of HFIP insolubles increased.
These results indicated that the generated
amount of products 1 and 3 was greater than that
of product 2 for the run 2185/PC and the 2170/PC
blends. On the other hand, for the run 0870/PC
blend the result was opposite. Because the gener-
ated PS–PAr/PC block copolymers were divided
into both HFIP solubles and insolubles, depend-
ing on their PAr/PC composition, we could not
estimate the degree of reactivity.

From these HFIP extraction results, PS–PAr
block copolymers were demonstrated to react
with PC under such a mild condition as melt
mixing at 260°C without any catalyst. The degree

of the reactivity of Figure 2 could not be estimated
from these HFIP extractions, however.

Phase Morphologies of HOOC–PS–COOH/PC and
PS–PAr Block Copolymer/PC Blends

Figures 6 and 7 show phase morphologies, bi-
nary images, and the PS domain size distribu-
tions in the 15/85 blends of COOH–PS–COOH
(Mn 5 21,000)/PC and PS–PAr block copolymer/
PC, respectively. The morphologies of these
blends seemed almost the same in their form and
shape: the PS domains dispersed in the PC matrix
and the shape of the PS domains seemed almost
circular. There was a difference in the PS domain
size and its distribution between them. In the
HOOC–PS–COOH/PC blend, the PS domains
were dispersed on the macroscale of 2.5 mm, on
average [Fig. 6(a)]. When compatibilized with 3
wt % of the PS–PAr block copolymer (run 2185),
the average size was reduced from 2.5 to 1.3 mm
and its distribution also shifted to the smaller
side [Fig. 6(b)]. These results indicated that the
PS–PAr block copolymer could compatibilize the

Figure 6 SEM micrographs, binary images, and the PS domain size distributions of
the HOOC–PS–COOH/PC blends: (a) HOOC–PS–COOH/PC (15/85); (b) HOOC–PS–
COOH/PC/PS–PAr block copolymer (2185) (15/85/3 blends. The Mn of the used HOOC–
PS–COOH 5 21,000. Bar in the SEM micrographs 5 10 mm. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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HOOC–PS–COOH/PC blend to some extent.
However, even compatibilized with 3 wt % of the
PS–PAr block copolymer, the PS domain size and
its distribution in the COOH–PS–COOH/PC
blend could not be reduced to smaller than the
visible light wavelength (400–800 nm).

In the PS–PAr block copolymer/PC blends the
PS domain size was reduced, on average, to be
smaller than the visible light wavelength because
of the chemical bonding between PS and PC
chains. In particular, when PC was blended with
either run 0870 or run 2170, the distribution of

Figure 7 TEM micrographs, binary images, and the PS domain size distributions of
the PS–PAr block copolymer/PC blends. The 15/85 blends of (a) run 2185/PC, (b) run
2170/PC, and (c) run 0870/PC are shown. In TEM micrograph (a) bar 5 500 nm; in TEM
micrographs (b) and (c) bar 5 100 nm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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PS domain size sifted smaller than that of the run
2185/PC blend. In these blends the PS domains
were completely reduced to a smaller size than

the visible light wavelength [Fig. 7(b), (c)]. These
differences in the PS domain size and its distri-
bution were supposedly attributed to the differ-

Figure 8 Fluctuation of birefringence. The 15/85 blends of (a) HOOC–PS–COOH (Mn

5 21,000)/PC and (b) run 2185/PC are shown. (The specimens were inserted between
the crossed nicols polarizing plates.) Bar 5 10 mm.

Figure 9 Transparency of the PS–PAr block copolymer/PC blend substrates. Sub-
strates were placed on white plates (a) and on reflective plates (b).
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ence in the PAr composition in pure PS–PAr block
copolymers. As shown in the Table I, the PAr
composition in pure PS–PAr block copolymer of
either run 0870 or run 2170 was almost twice that
of run 2185. As a result, the degree of reactivity
between pure PS–PAr block copolymer and PC
should be higher for either the run 0870 or the
run 2170/PC blends than that for the run 2185/PC
blend.

Birefringence Fluctuation and Transparency of
HOOC–PS–COOH/PC and PS–PAr Block
Copolymer/PC Blends

Birefringence Fluctuation

Figure 8 compares optical homogeneity between
the HOOC–PS–COOH/PC and the run 2185/PC
blends observed under polarizing light. The
HOOC–PS–COOH/PC blend seemed heteroge-
neous on the real scale, whereas the run 2185/PC
blend seemed homogeneous. These differences
were supposedly the result of the difference in the
dispersed domain size. As described previously,9

in the immiscible polymer blend system, the re-
tardation should be different between the matrix
and the inside of the dispersed domains because
of the difference in the intrinsic birefringence or
the stress and the relaxation history of the con-
stituent polymers during the injection-molding
process. Given that in the HOOC–PS–COOH/PC
blend the dispersed PS domains were all larger
than the visible light wavelength, these difference
could be observed as a birefringence fluctuation49

on the real scale. On the other hand, in the run
2185/PC blend this birefringence fluctuation
could be hardly observed because the size of the
dispersed PS domains was smaller, on average,
than the visible light wavelength.

Transmissivity

Table IV shows the transparency of the PC, the
HOOC–PS–COOH/PC, and the PS–PAr block co-
polymer/PC blends substrates. Each sample
showed a little higher transmissivity at the wave-

length of 800 than that at 400 nm. The transmis-
sivity of these blends increased as the PS domain
size and its distribution decreased: the transmis-
sivity increased in the order of the run 0870/PC,
the run 2185/PC, and the HOOC–PS–COOH/PC
blend. For the run 0870/PC blend the transmis-
sivity reached a value almost equal to that of the
PC at both wavelengths. However, dependence of
the transmissivity on the dispersed domain size
was not as strong as the case for the PS–PAr
blend system.9 The HOOC–PS–COOH/PC blend
showed a transmissivity of 70% at 800 nm, in
spite of the large average size of the PS domain
(2.5 mm), although the PS–PAr blend was no
longer transparent when the average size of the
dispersed domain surpassed 1.0 mm.9

Figure 9 compares the transparency of the run
2170/PC and the run 0870/PC blend substrate on
both white and reflective plates. Although the run
2185/PC blend was fully transparent on the white
plate, it seemed cloudy on the reflective plate. On
the other hand, the run 0870/PC blend main-
tained optical clarity not only on the white but
also on the reflective plate.

The transparency of these blends can be ex-
plained by eqs. (2)50 and (3):

a 5 2p3~Dnm/s/nm!2Vsfs/l4 (2)

T% 5 k exp~2ad! (3)

where a is the absorbance coefficient; nm is the
refractive index of the matrix; Dnm/s is the differ-
ence in the refractive indices between matrix and
the scattering objects; Vs and fs are the volume
and volume fraction of the scattering objects, re-
spectively; l is the wavelength of the incident
beam; and d is the specimen thickness. From eq.
(2), as l becomes smaller, a increases. Corre-
spondingly, the transmissivity became smaller at
l 5 400 nm than at 800 nm for each sample. In
addition, as the size and the distribution of the
dispersed PS domains became larger, Vs and fs in
eq. (2) increased, resulting in lower transmissiv-

Table IV Transmissivity of PC, HOOC–PS–COOH/PC, and PS–PAr Block Copolymer/PC Blends

PC HOOC–PS–COOH/PC Run 2185/PC Run 0870/PC Run 2170/PC

400 nm 86 56 70 85 85
800 nm 88 70 80 89 87

a Values are expressed as percentages.
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ity. Because Dnm/s of these blends was much
smaller than that of PS and PAr blend system
(DnPS/PC 5 0.00650), DnPAr/PS 5 0.028), depen-
dence of the transmissivity on the average size of
the dispersed domain was extremely smaller for
the blend system of the PS/PC than that for the
PS/PAr.8 Furthermore, when the substrate was
put on the reflective plate, the light passing
through the substrates was doubled. From eq. (3),
this affected the transmissivity in the same way
in which a was doubled. In the run 2185/PC
blend, the PS domain size was smaller, on aver-
age, than the visible light wavelength, although
its distribution was not reduced to this level. As a
result, although a by itself was small, the doubled
value of a was not small enough to maintain
optical clarity, whereas in the run 0870/PC blend,
whose PS domains were completely controlled to
be smaller than the visible light wavelength, a
should be small enough even if it were doubled.

In the higher-density optical storage system,
the polarized laser beam with l 5 400 nm, which
passes through the substrate and is reflected on
the substrate surface, deflects the optical signal.
Thus, the homogeneity under the polarizing light,
the clarity on the reflective plate, and the trans-
parency at 400 nm are required. Considering
these experimental results combined with the re-
sults of the morphology analysis, we could con-
clude as follows. The PS domain should be con-
trolled to be completely smaller than the visible
light wavelength to attain the practical transpar-
ency for optical disk application by blending PS
and PC. In our experimental system, for this pur-
pose, PS should be copolymerized with PC
through the reaction of Figure 2 by adjusting PAr

wt % in the fed PS–PAr block copolymer to around
30 wt %.

Melt Viscosity and Retardation of PS–PAr Block
Copolymer/PC Blend and PC Substrates

Figure 10 gives the melt viscosity data of the run
0870/PC blend as a function of shear rate. By
blending PC with 15 wt % of the PS–PAr block
copolymer, the melt viscosity was lowered to a
value almost equal to that of PC at about 30°C
higher temperature.

Figures 11 and 12 show how the normal retar-
dation in the substrates of the run 0870/PC blend
and the PC depended on the melt temperature
and the mold temperature, respectively. The re-
tardation dependence on these factors was very
similar between the PC and the run 0870/PC
blend. At lower melt temperature, the retardation
was a decreasing function of the melt tempera-
ture and the radial position. They showed rela-
tively large positive values induced by the re-
tained orientation of the PC molecules. At higher

Figure 10 Melt viscosity versus shear rate. E, M, and
‚ represent PC at 270, 300, and 330°C, respectively; F,
f, and Œ represent run 0870/PC blend at 270, 300, and
330°C, respectively.

Figure 11 Radial profile of the normal retardation in
the disk substrate as a function of the melt tempera-
ture when the mold temperature was 100°C: (a) PC and
(b) run 0870/PC blend substrate. Melt temperatures
were 300, 320, 340, and 370°C, represented by F, f, Œ,
and E, respectively.
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melt temperature the retardation was reduced to
almost 0, although several reversals in the sign of
the retardation were observed by the packing ef-
fect.51 Dependence of the retardation on the mold
temperature was less pronounced for both run
0870/PC blend and PC.19–21

Because the PS composition (10.5 wt %) in the
run 0870/PC blend was much smaller than the
reported birefringence free point (40 wt %)50,51 of
PS/PC blend, positive and negative birefringence
of PC and PS should not be fully compensated.
However, because of the lowered melt viscosity in
Figure 11 the degree of molecular orientation
should be reduced during the substrate molding.
As shown in Figure 12, the retardation of the run
0870/PC blend was almost equal to that of PC at
30–40°C higher melt temperature. The run

0870/PC blend could reduce the retardation pro-
file within 620 nm at the melt temperature of
330°C, whereas for PC a melt temperature higher
than 370°C was necessary to attain such a small
retardation profile. These results represented a
potential that the process window for the sub-
strate molding could expand to 30–40°C lower
melt temperature by blending PC with 15 wt % of
the PS–PAr block copolymer.

Groove Transcription of PC and PS–PAr Block
Copolymer/PC Blend Substrates

Figure 13 shows the degree of the groove tran-
scription as a function of the melt temperature
and the mold temperature. Figure 14 gives a typ-
ical AFM picture of the replicated grooves at the
melt temperature and the mold temperature of
340 and 100°C, respectively. For the run 0870/PC
blend as well as PC substrates, the degree of the
groove transcription was an increasing function of
both melt and mold temperatures. The effect of
the mold temperature was much more pro-
nounced than that of the melt temperature. When
compared at the same melt temperature or mold
temperature, the degree of the transcription was
much larger for the run 0870/PC blend than that
for PC. In particular, at the mold temperature of
100°C and above, the transcription of the run
0870/PC blend was improved rapidly. At such
mold temperatures, the degree of transcription
reached more than 85%. On the other hand, the
degree of transcription of PC reached 85% when
the mold temperature surpassed 120°C. These
results represented a potential that the PS–PAr
block copolymer/PC blend could expand the pro-
cess window for the substrate molding to 20°C
lower temperature than that for PC.

The transcription behavior of the run 0870/PC
blend and PC could be explained qualitatively by

Figure 12 Radial profiles of the normal retardation
in the disk substrates as a function of the mold tem-
perature when the melt temperature was 340°C. E, M,
and ‚ represent RN of PC at the mold temperature of
80, 100, and 120°C, respectively; F, f, and Œ represent
RN of the run 0870/PC blend at the mold temperature
of 80, 100, and 120°C, respectively.

Figure 13 Degree of groove transcription as a function of (a) melt temperature and (b)
mold temperature: E, PC; F, run 0870/PC blend.
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the creep deformation model proposed by Yoshii
et al.15–17 According to this model, the develop-
ment of the groove transcription was caused by
the creep deformation of the vitrified layer, and
the degree of the transcription was subject to both
heat transformation in the mold and deformation
behavior of the vitrified layer. As the mold tem-
perature or the melt temperature increased, the
cooling rate and the resistance to the deformation
was lowered. Consequently, the degree of the
transcription increased with them for both the
run 0870/PC blend and PC. In particular, as
shown in Figure 15, the run 0870/PC blend
showed two Tg’s: 116 and 156°C, corresponding to
the PS- and the PC-rich phase, respectively. Be-
cause of the PS-rich phase, the elastic modulus of
the blend was lowered around 100°C. As reported
in Yoshii et al.,17 the modulus of elasticity was
one of the most dominant properties that deter-
mined the transcription development. Thus, be-
cause of the PS-rich phase, the vitrified layer in
the run 0870/PC blend should be softened around
100°C and above. These features should lead to a
rapid improvement of the transcription at these
temperatures.

CONCLUSIONS

1. The reactivity of the reaction scheme of
Figure 2 was confirmed by comparing the
chemical composition and the mass bal-

Figure 14 AFM picture of the grooves replicated on the substrate surface. The
substrates were injection molded at the mold temperature of 100°C: (a) PC and (b) run
0870/PC substrates. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 15 Viscoelastic properties of the run 0870/PC
blend (solid) and PC (dashed).
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ance of the HFIP solubles and insolubles
both before and after the reaction. The re-
sults of the HFIP extraction indicated that
PS–PAr block copolymer could copolymer-
ize with PC under such a mild condition as
just melt mixing at 240°C without any cat-
alyst.

2. Because of the chemical bonding between
the PS and the PC chains, the PS domains
in the PS–PAr block copolymer/PC blend
could be reduced, on average, to a size
smaller than the visible light wavelength.
In particular, by adjusting PAr wt % in the
fed PS–PAr block copolymer to 30 wt % in
the reaction of Figure 2, the PS domain size
could be completely reduced to be smaller
than the visible light wavelength.

3. By controlling the PS domain size to be
smaller, on average, than the visible light
wavelength, the birefringence fluctuation
could be reduced small enough to maintain
the optical homogeneity under polarizing
light. In addition, by controlling the PS
domain size to be completely smaller than
the visible light wavelength, the internal
scattering in the blend substrate was re-
duced small enough to maintain transpar-
ency, even at 400 nm and on the reflective
plate.

4. By blending PC with 15 wt % of the PS–
PAr block copolymer, the melt viscosity
could be lowered to the level of PC at about
30°C higher temperature. The lowered
melt viscosity could reduce the retardation
in the disk substrate by the degree corre-
sponding to the disk made at 30°C lower
melt temperature of PC. This result indi-
cated a potential that the process window
for the molding of PC substrate could be
expanded to 30°C lower temperature.

5. The PS–PAr block copolymer/PC blend
substrate could attain 85% of the groove
transcription at about 20°C lower mold
temperature than that of PC. This was
supposedly attributed to the lowered elas-
tic modulus caused by the PS-rich phase in
the blend.

6. Because of its excellent transparency and a
potential for process flexibility, the PS–PAr
block copolymer/PC blend would be a
promising material for higher-density disk
substrates.

The authors thank K. Shimojo of Nippon Steel Co. for
helping in the operation of disk substrate molding and
the discussion of data.
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