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The Improvement of Toughness for Poly(lactic acid)

Kamikura Masao, Imamura Shouji, Tovopa Akio and Minara Takashi

The poly(lactic acid) (PLA) is recently attracting a lot of attention in respect that it is synthesized
from the raw materials derived from renewable resources such as corn or sugarcane. PLA is one
sort of biodegradable polymers with the good transparency and the high mechanical properties like
the polystyrene or the polyethylene terephthalate (PET) resin, and also can be molded by various
molding methods. Therefore PLA has high potentials as a new general-purpose resin. PLA however
has defects on physical properties in the case of attempting to expand uses. The poor impact
resistance and the lack of flexibility of PLA are huge obstacles to develop its packaging application
fields to which major demand is expected. In this review, the authors introduce the study of
improvement of PLA by means of polymer-blend with our product, "Plamate" developed as the

modifier for PLA.
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Fig.1 The chemical structure of PLA.
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Table 1 The Physical Properties of PLA Sheet (200 u m thickness)

Unit Test Method PLA 0PS A-PET
Dupont Impact strength J JIS K 5400 0.1 0.4 1.7
Haze % JISK 7105 2 1-3 1-2
Tensile strength MPa JISK 7127 60 82 65
Tensile elongation % JISK 7127 5 4 65
1% Secant modulus GPa JISK 7127 3.0 29 1.7
Elmendorf tearing strength N JISK 7182 0.8 0.9 7.8
MIT folding endurance times JISP 8115 70 10 2000<
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Fig. 2 The TEM photograph of the morphology of
PLA/PBS (100/30) blended sheet.
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Fig. 3 The chemical structure of PLA copolymer.
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Fig. 4 The relationship between the solubility of the
polyester composing PLA copolymer for PLA and the
transparency or the impact strength of blended sheet.
(PLA/ PLA copolymer = 100/10, 200 u« m thickness)
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Fig. 5 The TEM photograph of the morphology of
PLA/PLA copolymer(100/30) blended sheet.
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Fig. 6 The Dupont impact strength of PLA/PLA
copolymer blended sheet (200 gm thickness).
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Fig. 7 The transparency of PLA/PLA copolymer
blended sheet (200 um thickness).
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Table 2 The Physical Properties of PLA/PD-150 Blended Sheet (200 xm thickness)

Unit Test Method PLA PD-150 10phr OPS PVC A-PET
Dupont Impact strength J JIS K'5400 0.1 0.3 0.4 1.4 1.7
Haze % JISK 7105 2 8 1-3 2-5 1-2
Tensile strength MPa JISK 7127 60 55 82 53 65
Tensile elongation Yo JISK 7127 5 25 4 112 65
1% Secant modulus GPa JISK 7127 3.0 2.2 2.9 2.4 1.7
Elmendorf tearing strength N JISK 7182 0.8 2.7 0.9 - 7.8
MIT folding endurance times JISP 8115 70 5000< 10 1600 2000<
Table 3 The Physical Properties of PLA/PD-150 (Injection molding)
Unit PLA PD-15 PD-150 PD-150 PS PET
10 phr 20 phr 30 phr
Density g/cc 1.26 1.25 1.24 1.23 1.04 1.34
MFR(*1) g/10 min 3.3 6.5 7.6 9.3 5.5 -
Izod impact (notched) KJ/m? 2.5 3.7 4.3 5.3 1.7 4-5
Tensile strength (*2) MPa 68 65 56 52 46 55-60
Tensile elongation % 4-15 80 80 80 1.8 300
Bending strength MPa 102 89 82 76 70 90-100
Young's modulus in flexure GPa 3.5 3.2 3.0 2.9 3.1 2.5-3.0
Vicat softening point (*3) [ 61 60 58 57 95 75

(*1)90C, 2.16 kg load (*2) JIS No2 type dumbel piece (crosshead speed 5 mm/min) (*3) 1 kg load, heating rate 50°C/hr

Test method :JIS K 6871

Table 4 The Physical Properties of Bi-axially Oriented Film of PLA/PD-150 (50 xm thickness, draw ratio 2% 2)

Unit Test Method PLA (biaxially | PD-150 PD-150 | OPP LDPE | PET
oriented film) 20 phr 30 phr
Density g/cc | JISK 6871 1.26 1.24 1.23 0.91 0.92 1.34
Film impact strength J DIC method 0.1 0.9 1.0 0.9 1.1 1.0
Haze % JISK 7105 0.7 3 5 2.2 9 3
Tensile strength MPa | JISK7127 MD 78 65 51 100 14 235
CD 91 45 41 180
Tensile elongation % JISK 7127 MD 79 78 88 140 340 130
CD 31 93 106 30
1% Secant modulus GPa | JISK7127 | MD 3 2.7 25 1.9 0.2 4
CD 2.8 2.5 2.1 3.1
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Fig. 10 The Vicat softening point of PLA/PD-150 blend
polymer.
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Fig. 11 The flow curve of PLA/PD-150 blend polymer.
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Table 5 The Extrusion Molding Condition

Extrusion temperature
Cylinder temp.
Near hopper parts 140-170°C
Top of extruder 210-230C
Die temp. 210-230C
Take-off condition
Take-off roll
Casting roll 45-55°C
Touch roll
Drawing and heat-set condition
Drawing temp. 70-80C
Heat-set temp. 100-140C
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Table 6 The Uses of PLA/PD-150

Sheet articles Blister packages,
Food trays,
Magnetic cards,

Packing bands

Shrinkable films
Stretched films

Film articles

Injection molding articles Housings of light electrical
applications,
Sundry goods, Toys

Blow molding bottles,
Non-woven fabrics

Another articles
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Table 7 The Physical Properties of Bi-axially Oriented Film (PLA/PD-350)

Unit Test Method PLA/ PLAMATE PLA/PBS PLA
PD-350
The addition quantity 23% (30 phr) 23% (30 phr)
Thickness xm 30 30 30
Draw ratio 3X3 3X3 3X3
(Drawing condirion)

Pre-heating temperature c 60 70 70
Drawing temperature c 68 71 74
Heat-set temperature c 120 120 120

. 190°C

MFR g/10 min JIS K 6871 216 kg 15.5 4.2

1% Secant Modulus GPa JISK 7127 MD 2.6 2.7 3.6
CD 2.4 2.4 3.4

Haze % JISK 7105 0.8 11.1 1.3

Gloss % JISK 7105 129 53 126
Tensile strength MPa JISK 7127 MD 95 105 100
CD 75 85 105

Tensile elongation % JISK 7127 MD 60 50 50
% JISK 7127 CD 70 70 70
Elmendorf tearing strength N JISK 7128 MD 0.18 0.15 0.17
CD 0.27 0.15 0.27

Film impact strength J DIC method 0.9 0.9 0.9
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Aqueous Pigments Ink for High Photo Quality

Yasut Kengo, Sunouchr Kozue

The development of the recent ink jet printing technology is remarkable for the quality of printing.
It has as high imaging quality as photograph has. Dye has been used for ink so far. However, it has
weak points about tolerance to water and lightfastness. Therefore, the author thinks that the
opportunities when pigments are used to improve them increase. This paper describes the point to
attain high printing quality in the pigment ink from the difference in the pigment ink and the dye

ink.
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Table 1 Characteristics of Dye and Pigment

Dye Coloring under the dissolution condition

Pigment  Coloring under the dispersion condition

Characteristics

A molecule or cluster concerns the coloration

Good transparency

Sharp absorption spectra

Absence of the scattering of light and the
reflection of light

Poor water resistance

Poor lightfastness

Characteristics

Particle concerns the coloration

Poor transparency

Broad absorption spectra

Presence of the scattering of light and the
reflection of light

Good water resistance

Good lightfastness

Limited structure
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Fig. 1 The expansion figure of the coloring fiber.
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Fig. 2 Dye ink vs. pigment ink.
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(a) Dye ink, (b) Pigment ink, (c) 3D observation on the surface which dye ink was printed on,

(d) 3D observation on the surface which pigment ink was printed on.
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Fig. 3 Transmission electron micrograph of microcapsuled
pigment.
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Fig. 4 Water resistance of some inks on plain paper.
Each ink printed on plain paper by ink-jet printer. After 1 day under the room temperature, water was

dropped on it. Then, water was removed by making paper oblique.
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) Microcapsuled Pigment

Fig. 5 Tolerance to marker pen on plain paper.

(c) Self-Dispersion Pigment

Characters were printed in each black ink, and a line was drawn from the left to the right with a marker

pen of yellow.
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(b) Microcapsuled Pigment

(c) Self-Dispersion Pigment
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(d) Blank

Fig. 6 The section observation of the printed photo glossy paper.
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Fig. 7 Tolerance to marker pen on photo glossy paper.

Ra: 0.132
Microcapsuled Pigment

Ra: 0.540
Self-Dispersion Pigment

Fig. 8 3D observation of printed surface on photo glossy paper.
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Synthesis and Properties of Novel Hyperbranched Polystyrene

Nonokawa Daigo, Yamazaki Hiroyuki, Morita Tsuyoshi, Morwakr Masayuki,

Havakawa Hitoshi and Jiw Ren-Hua

Hyperbranched polystyrene is recently focused by wide range of polystyrene users from the view of
its excellent molding property and different application potential. However, polymerization process
of branched polystyrene is very difficult to control both its molecular weight and gelation in same
time using multi-site macromonomer. The authors found that novel hyperbranched multi-site
macromonomers are ready to be used in copolymerization with styrene without any gelation. This
copolymerization yielded to polymeric mixtures containing highly branched polystyrene. The
polymeric mixtures showed higher melting tension compared to linear counterparts.
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8000

7000

6000

Mw

Run. NaOH(aq.) Yield/ % Mw Mw/Mn  Styrene
/equiv. / mmol/g

1 1.0 50 7000 1.85 1.84

2 3.3 54 6300 1.82 2.00

3 5.0 53 5400 1.75 2.55

4 10 45 3600 1.32 2.64

5000

Table 2 Properties of Multimethacryloyl Macromonomer

4000

3000

6 10 12

Run. Mw  Mw/Mn Methacryloyl Percentage of
/ mmol/g Methacryloyl

5 3200 1.3 3.25 50

6 2900 1.3 2.36 35

7 2700 1.2 1.40 23

NaOH/ eq.

OH

0

0 COH
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Fig. 3 Correlation of molecular weight and NaOH(eq.).
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Fig. 4 Synthesis of multimethacryloyl macromonomer (trans-esterification and acetylation).
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Table 3 Effect of Molecular Weight of Macromonomer
on Yielded Polystyrene

Run Kind of Mw of Mw of polymer
Macromonomer Macromonomer X10¢
1 Multistyrene 7000 45.8
2 1 6300 46.0
3 1 5400 45.6
4 1 3600 49.7
5 Multimethacryloyl 3200 48.1
6 il 2900 42.6
7 1 2700 31.5
Blank - - 26.9
1400
120
100
.. A
o
r
Ean
A
m
1]

logl k]

Fig. 5.1 GPC chart of polystyrene 1 to 4 in Table 3.
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Fig. 52 GPC chart of polystyrene 5 to 7 in Table 3.
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Table 4 Effect of Content of Macromonomer on Yielded
Molecular Weight of Polystyrene

200 ppm 400 ppm 600 ppm
49 MwX10¢ 33.6 42.4 49.7
52 MwX10¢ 34.3 36.4 48.1
1) multistyrene macromonomer (Mw:3600)
2) multimethacryloyl macromonomer (Mw:3200)

4o
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100
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40
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o

Fig. 6.1 GPC chart of polystyrene 4 in Table 3.
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Fig. 6.2 GPC chart of polystyrene 5 in Table 3.
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Fig. 8 Schematic flow sheet of the continuous polymerization apparatus used in this study.

Table 5 Propeties of Hyperbranched Polystyrene and Linear Polystyrene

MwX10*| MFR*/ | Vicat softeing Tensile Tensile Maximum Flexural Charpy | Rockwell/
g/10min. | temp./C destructivea | destructive | flexural strength modulus of Impulsive | hardness
stress / MP strain / % / MPa elasticity / Mpa | strength M scale
/ Kd/m?

Hyper 30.4 2.7 102 52 2 105 3400 2.4 63
brunched
polystyrene
Linear 26.4 2.2 103 57 3 108 3400 2.4 66
polystyrene

* MFR: Melt Flow Rate

22

DIC Technical Review No.10 / 2004



40

a5 r
z .
E aa v eeme - hypurbrmschad
E . PEpRETEAE
'E & linmsr
3 25 : pelpanyreas
£ ¥

0 “

i 31 4 5 & T B 4
draft rate
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Designing of DVD Bonding Adhesive and Its Chemical Properties

Murakamt Kazuo and Kirsunar Takashi

In order to improve DVD-9 durability, the authors have been investigating chemical properties of
bonding adhesive. In the case of DVD-9, two different materials such as aluminum and gold are
used for reflective layer. So, if adhesive does not work well as insulator, aluminum corrosion can be
accelerated by electrolysis under high temperature and high humidity condition. These
speculations brought us to measure "specific conductivity for water in which the cured adhesive
film has been immersed" (SCW) and to evaluate the cured adhesive film by measuring "thermally
stimulated current" (TSC) if the current can be observed. It was found out that the adhesive with
certain range of these two parameters could improve DVD-9 durability.

1 INTRODUCTION

DVD-ROMs are available in four formats, such as
DVD-5, DVD-10, DVD-9 and DVD-18. Of these, DVD-9 is
becoming major format in the market because of its
high capacity and suitable structure that can read two
information layers from one side.

Fig.1 shows a DVD bonding process. DVD is
produced by bonding two polycarbonate substrates
with UV curable adhesive. Each substrate has thin
sputtered reflective layer of inorganic material such as
aluminum, gold, silicon, silver or silver alloy,
depending on DVD format. In the case of DVD-9, one
of the substrate is sputtered with aluminum and the
other has semitransparent layer sputtered with gold,
silicon, silver or silver alloy.

Making reliable DVD is the most concerning issue for
DVD manufacturers. In the whole production
processes, molding, sputtering and bonding are three

essential processes and, in fact, adhesive is the key

Au

om0 -.f}

Al [(—=p
onam *

material for log term reliable DVD

During the very beginning stage of adhesive
development for DVD-9 (Au/Al), we encountered that,
in some cases, DVD-10, which is bonded two
polycarbonate substrates sputtered with aluminum,
and DVD-9 showed different result after durability test
under high temperature and high humidity conditions,
even though using same adhesive. Electrical signal
from aluminum layer of DVD-9 is always worse than
that of DVD-10.

Considering the above unexpected results, we had
reached the hypothesis that adhesive layer might work
as conductive material under high temperature and
high humidity conditions so that gold and aluminum
layer could connect each other electrically. When the
temperature is increased and adhesive layer absorb
water, several kinds of impurities could move in the
adhesive layer. So, under the durability test condition,
80 C95%RH, it might be possible to form “battery”

Spin WV cure

—
SN

o () b

Dispense adhesive

Molding  Metallizing fing

Fig. 1 Schematic diagram of DVD bonding process.
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in DVD-9 disc and corrosion of the aluminum layer
could accelerate due to its lower standard electrode
potentials.”

Based on these considerations, we have measured
“specific conductivity for water in which the cured
adhesive film has been immersed” (SCW) and also
evaluated the cured adhesive film by “thermally
stimulated current” (TSC) in order to characterize the
chemical properties of adhesive.

In this paper, the relationships between DVD-9
durability and the two parameters, SCW and TSC, are
reported.

2 EXPERIMENTAL

2.1 Measurement of specific conductivity
Adhesive samples were prepared by acrylic

compounds such as acrylic oligomers, acrylic
monomers and photo initiators. As oligomers,
bisphenol A type epoxy acrylate and urethane acrylate
are employed.

Then these samples were cured by two different UV
irradiation methods. The procedures are as follows:

- A glass plate is coated with a test adhesive in a
thickness of about 100 x m, then placed in a nitrogen
atmosphere and irradiated by metal halide lamp (MH)
or UV flash irradiator (UVFI).

- In the case of MH, irradiation of 0.5 J/cm? is carried

out at lamp height of 10 cm.

Tamparature

Tp

T

>

[0 o0 &

Poling Relaxation by heat

Fig. 2 Schematic diagram of TSC.
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- In the case of UVFI, 10 shots of irradiation are
carried out.

- The cured coating film peeled off from the glass
plate is cut in size of about 1 to 2 cm square and about
1 g of it is placed in a 250 ml brown plastic bottle.

- 100 g of pure water that is purified to 18 M) -cm is
added to the bottle, and it is stored in a oven at 80C
for 96 hours.

- SCW is measured at 25+ 1°C using CM-50A
Conductivity Meter. (TOA Electronics, Ltd.)

- SCW was calculated by the following equation:

SCW = SCWam /weight of cured adhesive film

[SCWm = observed value of SCW]
Characteristics of each sample are summarized in
Table 1.

2.2 Measurement of TSC

Adhesive samples were poured into the glass cell
with ITO electrode and cured by metal halide lamp.
The instrument set for the study was TSC/RMA9000
(Syscom). Conditions of the measurements are shown
in Fig.2: Tp = 25°C, To = -50°C, Tf = 100°C, heating rate
is 5C /min, and poling voltage is 100 V/mm. When
poling voltage was applied at Tp, polarization of the
sample aligned to the direction of electric field. During
the heating process from To, the depolarization

current was recorded by a sensitive electrometer.?

2.3 Durability test on DVD-9
DVD-9 discs were prepared as follows:

- On polycarbonate substrate sputtered with
aluminum, adhesive sample was coated with a
dispenser, and then this substrate was overlaid with a
polycarbonate substrate sputtered with gold as a
semitransparent layer.

- The disc was rotated at 1500 rpm for 5 to 6 seconds
to spread out 50-60 . m film.

- In the case using metal halide lamp (Eye Graphics,
model MO3-L31, 120 W/cm, with a cold mirror),

Table 1 Characteristics of Test Samples

Sample | Sample | Sample | Sample | Sample | Sample
1 2 3 4 5 6

UV Cure MH MH UVFI UVFI MH UVFI

Film Tg 10 86 10 86 20 20
Modulusat| 1900 2 1900 | 12 12
30°C (MPa)
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adhesive was cured by 1.0 J/cm?.

- In the case using UV flash irradiator (Ushio flash

lamp, model SBC-13), adhesive was cured by 10 shots.
Durability test on DVD-9 was conducted at 80°C

95%RH for 96 hours and 300 hours. The discs were

evaluated by measuring PI error rate and the durability

of each disc was compared by the ratio of PI error

rates before and after the test.

3 RESULTS AND DISCUSSION
3.1 Relation between SCW and durability of
DVD-9

As shown in Fig.3 and Fig.4, SCW data is apparently
depended on samples. For example, Sample 3 and 4
showed small difference, but sample 5 and 6 showed
larger.

Durability test results on DVD-9 are also shown in
Fig. 5, Fig.6. In all samples, PI error of LO (Au) side

SO |,|_5r'l:-l'l1.l"i:'

120 e —

SEW,5/ em/ )

Fig. 4 Changes in SCW by time for sample 3, 4 and 6.
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looked very stable even after 300 hours. On the other
hand, PI error of sample 5 and 6 dramatically
increased in L1 (Al) side after 96 hours and completely
failed after 300 hours.

SCW data and durability test data (PI error increase
ratio) for sample 1 to 6 are summarized in Table 2.

SCW data of water in which the cured coating film
has been immersed were below 80 x S/cm for the
sample 1 to 4. And durability test results on DVD-9
bonded with these 4 samples showed substantially no
change in PI error and exhibited excellent durability
after 96 hours. Furthermore, sample 3 and 4 showing
SCW below 50 , S/cm also resulted in no substantial

change in PI error after 300 hours.

3.2 Relation between TSC and durability of
DVD-9

In general, the specific conductivity of water

Gample 1 to 8

\

P arror imorease rato
=

o s 0 150 0 350 30
Tierazlh)

Fig. 5 PI error increase of LO(Au) side.

B

B

Pl aror increass ratio

3

Tineh)

Fig. 6 PI error increase of L1(Al) side.
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Table 2 Summary of SCW and DVD-9 Durability Test
Result Sample 1 Sample 2 | Sample 3 Sample 4 Sample 5 Sample 6
SCW ( S/em) 79 62 46 35 106 121
DVD-9 Durability test After 96H 9 4 5 3 190 200
80°C95%RH
(PI error increase ratio)
After 300H 25 20 9 5 Impossible Impossible to
to measure measure
180 mMmmmm detected by TSC in the adhesive film under elevated
1.G6E-NG temperature. So, this fact could strongly support our
1
1.4 E-D% Sample 6 \ hypothesis that the corrosion of aluminum layer could
= 1.2E49 be accelerated by induced “battery” in DVD-9 disc.
2 LOE-D9 Based on these technical points of view, we have
g &.0E-10 been developing DVD adhesives and launched SD-645
g ) Sample 1 .. . s
6.0E-10 (Dainippon Ink and Chemicals, Inc.) and its improved
4.0E-10 version SD-661 (Dainippon Ink and Chemicals, Inc.) in
2 0E-10 the market.”
iy ACKNOWLEDGEMENT
=50 0 30 100
] The authors would like to express appreciation to
Temperature{ 1T)

Fig.7 TSC profile of sample 1 and 6.

depends on the amount of water-soluble impurities
eluted from the cured adhesive film. Therefore, SCW
could indicate the amount of water-soluble impurities
and SCW could be used as a parameter to presume
DVD-9 durability.

Fig. 7 shows TSC profiles of sample 1 and 6. It was
found that the current peak of sample 6 is higher than
that of sample 1. In other words, it was assumed that
total amount of carrier in adhesive 6 is much more
than that in adhesive 1. In comparison with the result
of durability test on DVD-9 described in Table 2,
sample 6, which had higher current peak by TSC than
sample 1, apparently showed poorer durability. So,
TSC could also be used as a parameter to presume
DVD-9 durability.

4 CONCLUSION

It is concluded that DVD-9 bonded with the adhesive,
which shows below 80 . S/cm of SCW, or shows
below 1.0 nA of the TSC current peak could perform
excellently in terms of DVD-9 durability.

Actually, even though it was very weak, current was
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New Bonding Method for DVD-RAM with Spin-coating Using
A Cationic Adhesive

Ito Daisuke, TsunEmaTsu Norio and Episawa Shouei

A new method of bonding two substrates such as DVD-RAM discs with a cationic adhesive has been
examined. This process is as follows: 1)dispensing an adhesive on a disc with ring-like shape, 2)UV
irradiation, 3)putting another disc on the dispensed one, 4)spreading the adhesive with spin-
coating, 5)second UV irradiation from both sides of the bonded discs, 6)post-curing the bonded
discs on the flat plate for about two minutes and finishing bonding. This method achieved high
productivity for cationic bonding, and showed good disc properties in the uniformity of adhesive

layer thickness and the tilt.

1 INTORDUCTION

Currently two bonding methods are mainly used for
DVD manufacturing. They are the spinning method
using UV radical resin and the screen printing method
using UV cationic resin.

Both of them have disadvantages as well as
advantages. Although the spinning method using UV
radical resin can achieve the uniform bonding layer, it
is inapplicable to bonding of the double-sided optical
discs such as DVD-RAM whose recording layers
practically have no UV transmittance. The screen
printing method cannot achieve the uniform bonding
layer and causes a lot of bubbles in the bonding layer.
Meanwhile, the bonding method which we reported”
could not achieve the uniform bonding layer.

We have investigated a new bonding method using
spin coating with UV cationic resin to achieve the

uniform bonding layer.

2 NEW BONDING METHOD

New bonding method is composed of three main
process shown in Fig. 1. UV cationic resin is used as

bonding resin.

2.1 Bonding resin application process and UV
irradiation
The bonding resin is dispensed in the shape of a ring
on a disc substrate. The dispenser supplies the needed
volume higher than 1% accuracy by controlling the

temperature constantly. Then, UV irradiation is

DIC Technical Review No.10 / 2004

performed on the applied resin. UV flash lamp SBC-

15(Ushio) was used as the UV source.

2.2 Bonding process
Another disc is put on the disc, to which the bonding

resin is applied. Then the spin coater begins to spin.

a)Resin application

b) UV irradiation

¢) Lamination

d) Spinning

e) UV re-irradiation

-3

() f) Post-curing on the plain plate

Fig. 1 Process by the new bonding method.
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The maximum spinning speed is 5000 rpm.

2.3 Post-curing process

The bonded discs are re-irradiated from both of top
and bottom sides with UV flash lamp. It promotes the
curing of the resin on the out-edge. And the discs are
warmed up by absorbing UV and infrared ray from UV
flash lamp. It also promotes the curing of the resin
between the bonded discs. In addition, by optimizing
numbers of UV shot, the disc warping can be
controlled. After re-irradiation, the bonded discs are
put on the plain plate equipped with aspirating fan till
the curing finishes. By making the fan hold the discs
firmly on the plain surface, the discs can keep flat

shape without surface damage.

3 EXPERIMENTAL
3.1 Materials

The bonding resin was cationic UV curable
composition prepared by epoxy resins mainly with
glycidyl ether group and UV cationic photoinitiator.

In this bonding method, the curing rate of the
bonding resin after UV irradiation is very important.
So, the bonding resin used in this method requires the
following properties.

1) After UV irradiation and before spinning, the rate of
increase in viscosity of the resin should be slow.

2) After bonding, the curing should be completed
quickly. Otherwise, the cycle time of the process

becomes longer.

I.E'H:I'ﬂ — e e

UV Irrediation
1E+D4 | for dsec

1E+08

1 E+03

n wPa-x)

1E+02
1LE+DI

1E+H]

1LE-n
0 1 & ¥ 4 5 & 7 B 8 10
Timedminl

Fig. 2 Change in viscosity under and after UV irradiation,
which was performed for 3 seconds.
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3.2 Measurement of curing behavior

Curing behavior of the bonding resin was evaluated
by way of measuring viscosity under and after UV
irradiation. The viscosity was measured with the
rheometer, RS150 made by HAAKE. The measured
sample was set into the plate-plate fixture with 50 x m
gap. The sample was irradiated at 550 mW/cm?
intensity with high pressure mercury lamp through the
bottom side of quartz plate.

3.3 Measurement of bonding thickness and
disc tilt

The thickness distribution of the bonding layer was
measured by 3D-thickness inspection system TMS-
901(Dainippon Ink and Chemicals, Inc.). In case of
double sided DVD-RAM, the bonding thickness is not
specified.

The radial and tangential tilt was measured with tilt
inspection system VOC.ism-SSDD (Dr. Schenk). In
case of DVD-RAM, the radial and tangential tilt are
specified within 0.7, 0.3 degree respectively. The axial

acceralation was also measured with VOC.ism-SSDD.

4 RESULTS AND DISCUSSION

4.1 Curing behavior of UV cationic adhesives

Curing behavior of two bonding resins, Sample-1, 2
were examined with the rheometer at 30°C. Fig.2
shows change in viscosity for their samples irradiated
for 3 seconds. In Fig.2, the slope after UV irradiation
for Sample-1 is smaller than that for Sample-2.

Curing behavior of Sample-1 was measured at

LY irradistios

1E+4 - for 3sec

G 1 & 3 4 5 8 7T 8 % 10
Timalmin)

Fig. 3 Change in viscosity for Sample-1 irradiated for 3
seconds at different temperatures.
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UV irradiation Sample-1 Sample-2

5 shots

7 shots

9 shots

Fig. 4 Thickness distribution of bonding layer bonded
with Sample-1 and Sample-2.

different temperatures. Fig.3 shows change in
viscosity for Sample-1 irradiated for 3 seconds at 20,
25 and 30°C. During initial period, increasing rate of
viscosity is independent of temperature. However,

post-curing becomes faster as temperature rises up.

4.2 Investigation of UV irradiation and
spinning process

In this new bonding process, UV irradiation and

spinning are key processes. In Fig.4, the thickness

distribution of the bonding layer bonded with Sample-

1 and Sample-2 are shown. Sample-1 showed good

thickness distributions in case of 7 shots at spinning

speed of 2000 rpm. However, optimum condition

Temperature(°C)

20 L 1 . L .

0 5 10 15 20 25 30

Number of shot

Fig. 5 Temperature of bonded discs re-irradiated.

o N

Curing time(min)

0 1
0 5 10 15 20
Number of UV shots

Fig. 6 Effect of re-irradiation on curing time.

Sample-2 was not found. The bonding resin didn't
spread to outer edge perfectly. It is considered that the
viscosity for Sample-1 would increase faster than that
for Sample-2 during the initial period after UV
irradiation.

4.3 Investigation of UV re-irradiation process
Another key technology is UV re-irradiation process.
Fig.5 shows temperature of bonded discs re-irradiated
with a different number of shots. Temperature of the
discs rose up by 1.5°C/shot with UV re-irradiation.
Post-curing became faster in proportional to
temperature as shown in Fig.3, It is considered that

heat by re-irradiation shortens post-curing. Fig.6

Table 1 Mechanical Properties of The Bonded Discs

New bonding method Screen printing method DVD-RAM Spec.
Tit Radial (degrees) 0.33%0.05 0.37£0.05 +0.70
Tangential (degrees) 0.09%£0.08 0.11£0.09 +0.30
Axial acceleration (m/sec?) 27105 5.2+0.5 —
Tilt of substrates (degrees) 1.0£0.2 — —

DIC Technical Review No.10 / 2004
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shows relationship between curing time and number
of UV shots at re-irradiation process. Curing time

became shorter, depending on number of UV shots.

4.4 Mechanical properties of bonded discs

Table 1 shows the mechanical properties of the
bonded discs with Sample-1. The radial tilt and the
tangential tilt were within the specifications of DVD-
RAM.

In addition, the axial acceleration of the bonded
discs with this new method was better than that of the
bonded discs with the screen printing method. It is
supposed that this result would relate with the

uniformity of the bonding layer.

5 CONCLUSION

It was confirmed that our new bonding method is
practical for bonding of the optical discs such as DVD-
RAM.

This bonding method, which gives especially good
thickness uniformity of the bonding layer and good
axial acceleration, should be very suitable for
manufacturing of the optical discs specified with high

playing and recording speed.

Note
This is the revision of the paper that was published
in the proceeding of RadTech Asia ‘03 at Pacific

Yokohama, Japan.
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Rheology of Aqueous Suspensions of Polystyrene Particles
with Bimodal Radius Distribution

HoricoMmE Misao, Yapa Makoto, Koike Jun-ichiro and WaTtanase Hiroshi

Rheological behavior was examined for aqueous suspensions of a mixture of monodisperse
polystyrene (S) particles having different radii, 42 nm and 103 nm. The bare volume fraction of the
particles, ¢, was almost identical in all suspensions examined (¢=0.42-0.43), and the mixing ratio
of the small particles, ws, was varied. The particles had an electrostatic shell due to the surface
charges, and the shell thickness was different for the small and large particles in respective
unimodal suspensions. Thus, the viscoelastically effective volume fraction g.«(including the shell
volume) of the particles, being larger than ¢, changed with ws. In the linear viscoelastic regime, the
suspensions exhibited terminal relaxation attributable to Brownian motion of the particles, and
the terminal relaxation time r and zero-shear viscosity 7. first decreased and then increased with
increasing w.. These viscoelastic features were compared with predictions of the Shikata-Niwa-
Morishima (SNM) model considering the Brownian motion of hypothetical unimodal particles
with a radius being equal to an average of the radii of the large and small particles. The w:
dependence of = and 7. of the aqueous S suspensions was well described by this model, given that
the change of ¢.r with ws was accounted. Under steady flow, the suspensions of the S particles
exhibited shear thinning of the viscosity. This thinning, attributable to nonlinearity of the
Brownian stress, was less significant for the bimodal suspensions (in particular for the suspension
with ws = 0.25) than for the unimodal suspensions (ws = 0 and 1). This difference resulted from a
difference of the strain y.. required for particle collision under flow: y.. was the largest for the
bimodal suspension with ws = 0.25 thereby inducing the weakest thinning in this suspension. In
fact, the unimodal and bimodal suspensions exhibited an universal relationship between the
normalized viscosity and normalized strain y/y.. (with y being the strain effectively imposed
through the flow) irrespective of the w;s value.

1 INTRODUCTION

Rheological properties of suspensions are
determined by the inter-particle potential and
hydrodynamic interaction.'® Recently, an increasing
interest is placed on the properties of so-called ideal
suspensions in which the particles have the short-
ranged, hard-core potential. Such ideal suspensions,
typically prepared in non-aqueous media, exhibit
linear viscoelastic relaxation attributed to the
Brownian motion of the particles.*” Under large
strain/fast flow, these suspensions exhibit
damping/thinning due to the nonlinearity of the
Brownian component of the stress.!*!?

On the basis of this knowledge, we recently
extended our rheological research to aqueous
suspensions of monodisperse poly(methyl
methacrylate-co-styrene) (MS) particles.”'® These
particles had an electrostatic shell due to the surface

charges, and their rheologically effective volume
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fraction ¢.r including this shell volume was larger than
the bare volume fraction ¢. The MS suspensions
exhibited linear viscoelastic relaxation of the
Brownian stress that was qualitatively similar to the
relaxation of the ideal, hard-core silica suspensions
having the same ¢.: (=¢ for the ideal suspensions).
Thus, in the linear viscoelastic regime, the
electrostatic shell of the MS particles worked
approximately as a part of the effective hard-core
radius.®® However, the fast viscoelastic relaxation
mode distribution was narrower for the MS
suspensions than for the silica suspensions, suggesting
some softness of the electrostatic shell at short time
scales (where the MS suspensions exhibited large
moduli). More prominent effects of this shell softness
were observed in the nonlinear regime:'® The damping
against large step strain and thinning under fast flow
were less significant for the MS suspensions than for

the hard-core silica suspensions having the same @e.
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The strain/flow-induced particle collision, that tends to
randomize the particle distribution to reduce the
Brownian stress and enhance the damping/thinning, is
less significant for the MS particles having the
soft/penetrable shell.

Considering these similarity and difference between
the MS and silica suspensions, we have further
examined rheological properties of aqueous
suspensions of a mixture of surface-charged, large and
small polystyrene (S) particles. Linear/nonlinear
properties of these aqueous bimodal suspensions
should reflect the Brownian motion of the large and
small particles under influence of the electrostatic
shell of respective particles. From this point of view,
we have compared the properties of our bimodal soft-
shell suspensions with those of bimodal hard-core
silica suspensions examined by Shikata et al.'*'” We
found that the effective radii of respective soft-shell
particles changed with the mixing ratio and this
change strongly affected the properties. Details of

these findings are summarized below.

2 EXPERIMENTAL

Large and small polystyrene particles (charged
latexes) obtained from two batches of emulsion
polymerization were utilized. These particles were
characterized with dynamic light scattering (DLS;
UPA-150, Microtrac) in aqueous suspensions
containing concentrated KCl. The DLS data for dilute
particles were the same at the KCI concentrations cxa
= 0.1 and 0.01 mol/L, meaning that the surface charges
of the particles had negligible effects on the particle
motion (more specifically, hydrodynamic radius) at
these cko. Bare radii of the large and small particles,
determined at those cxa, were a; = 103 nm and a, = 42
nm, respectively. The DLS data also indicated that
both particles had narrow distribution in their radii
(with the heterogeneity < 0.05).

Mother suspensions of the large and small particles
having almost identical volume fractions, ¢ = 0.43 and
0.42, were obtained by allowing water to evaporate
from the neat products of the emulsion polymerization
(without extra addition of salt). Mixing these unimodal
mother suspensions, we prepared three bimodal

suspensions. The mixing ratios (= weight fraction of
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the small particles in the whole particles) in the
bimodal suspensions were w, = 0.25, 0.5, and 0.75.

For these unimodal and bimodal suspensions, linear
viscoelastic measurements were made at 25°C with a
tube-type rheometer (V-E system, Virastic Scientific)
constructed/operated on the basis of the mechanical
impedance analysis.’® The tube diameter and length
were 1.03 mm and 61.3 mm, respectively. Steady flow
measurements were conducted at 25°C with a
conventional, coaxial rheometer (RFS-II,
Rheometrics) in the Couette geometry. The bob and
cup radii were 16.0 mm and 17.0 mm, respectively, and
the bob height was 33.4 mm.

For the suspensions examined, the bare volume
fraction ¢ of the S particles increased only a little
(from 0.42 to 0.43) with decreasing w, from 1 (pure
small particles) to 0 (pure large particles). However,
the surface charge density was different for the large
and small particles, as noted from their zero-shear
viscosity shown later in Fig. 3. Thus, the electrostatic
shell thickness and the corresponding effective
volume fraction ¢. were different for these particles:
der decreased from 0.58 to 0.48 with decreasing w,
from 1 to 0. This change of ¢.r, not occurring for the
hard-core silica particles, was the key factor
determining the changes of the viscoelastic behavior

of our bimodal S suspensions with w;.

3 RESULTS AND DISCUSSION

3.1 Overview of Linear Viscoelastic Behavior

For the two unimodal suspensions (ws = 0 and 1) and
three bimodal suspensions (ws = 0.25, 0.5, and 0.75) of
the S particles at 25°C, Fig. 1 shows dependence of the
storage and loss moduli, G' and G" (unfilled and filled
circles), on the angular frequency . All suspensions
exhibit viscoelastic relaxation characterized with the
terminal tail, G' oc w?® and G" o w (cf. solid curves).
For aqueous suspensions of monodisperse MS
particles examined previously,'” ! the terminal
relaxation is assigned as the relaxation of the
Brownian stress due to the particle diffusion over a
short distance = particle radius. This should be the
case also for the similar, unimodal S suspensions as
well as for the bimodal S suspensions.

From the terminal tail of the G' and G" data, the zero-
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Fig.l Storage and loss moduli, G' (unfilled circles) and G" (filled circles), of the bimodal aqueous suspensions of the large and small
S particles at 25C. w. represents the mixing ratio for the small particles in the suspension: w. = 0 and w. = 1 for the unimodal
suspensions of the large and small particles, respectively. The total, bare volume fraction of the particles (¢p= 0.42-0.43) is almost

identical in all suspensions examined.

shear viscosity 7., the elastic coefficient A, the
terminal relaxation time (second-order moment
relaxation time) r, and the steady state compliance J

are evaluated as'”

The »,, 7, and J of the suspensions evaluated in this
way are contributed from both Brownian relaxation
and hydrodynamic drug of the particles.”'” These
viscoelastic quantities are later related to those
defined only for the Brownian relaxation.

In Figs. 2a, 2b, and 2c, respectively, the circles show
plots of 7, J, and 7, of our aqueous S suspensions
against the mixing ratio ws (= weight fraction of the
small S particles in the whole particles therein). The
bare volume fraction of the particles (4§ = 0.42-0.43) is
almost identical for the suspensions with various ws.
Nevertheless, both t and 7o firstly decrease and then
increase with increasing ws from 0 to 1, while J does
not change significantly on the increase of w; up to 0.5
but decreases moderately on a further increase of ws..

The minimum of z, seen for the S suspensions, is
the

suspensions.'®'” We analyzed this difference in

never observed for hard-core silica

relation to effects of the electrostatic shell of the S
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particles on t (and 7). The results are summarized

below.

3.2 Electrostatic Shell Thickness and Ionic
Strength

For monodisperse hard-core silica particles, the
zero-shear viscosity 7, normalized by the medium
viscosity 7. is universally dependent on ¢ irrespective
of the particle radius.®” Our previous studies
indicated that the 7o/y. ratio of surface-charged MS
particles does not follow this universal f dependence
because of the electrostatic shell at the particle
surface.”™” Instead, these MS particles exhibited
universal dependence of 7./7. on the effective volume
fraction ¢.; including the shell volume, and this
dependence agreed with the universal ¢ dependence
seen for the hard-core particles.’*'® In other words,
the electrostatic shell works as a part of the effective
hard-core radius in the linear viscoelastic regime at
long time scales where 7, is measured.

For our large and small S particles in respective
unimodal suspensions, the 7./7. ratio was larger than
that expected from their f values (0.43 and 0.42)
because of the contribution from the electrostatic
shell. This situation is similar to that seen for the MS
particles. Thus, we can evaluate the effective ¢.: of the
large and small S particles by comparing the 7o/yn

ratios of these particles and hard-core silica particles.
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Fig2 w. dependence of (a) terminal relaxation time 7, (b)
steady state compliance J, and (c) zero-shear viscosity 7,
of the bimodal aqueous suspensions of the large and
small S particles at 25C. The solid curves indicate the
7 and n, calculated from the modified SNM model for
hypothetical unimodal suspensions having the averaged
particle diameter. Changes of the electrostatic shell
thickness with w, not considered in the original SNM
model, were incorporated in the calculation. For further
details, see text.

The results of this comparison are shown in Fig. 3.

In Fig. 3, filled triangles show the universal »o/7. vs
¢ curve for the unimodal, hard-core silica suspensions
reported by van der Werff et al.”? and by Shikata and
Pearson.” The unfilled square and circle, respectively,
indicate the 70/7. ratio of our large and small S
particles in respective unimodal suspensions plotted

on this universal curve. From the abscissa coordinates
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Fig.3 Plots of normalized zero-shear viscosity n¢/n. of
unimodal suspensions of the large and small S particles
against the effective volume fraction ¢.; (unfilled
symbols). The ¢ values were determined in a way that
the no/nw vs ¢u plots for these particles (having the
electrostatic shell) are superimposed on the universal 7,/
Nw Vs ¢ plots obtained for unimodal hard-core silica
particles (filled triangles).

of this plot, the effective ¢.r of the large and small S
particles are evaluated to be 0.48 and 0.58,
respectively. For the previously examined MS
particles, the ¢.« values obtained in this way agreed
well with those calculated from the electrostatically
determined Debye-Hiickel screening length (shell
thickness).”*'¥ This should be the case also for our S
particles.

From the above g.r values, the electrostatic shell
thickness ¢ of the large and small S particles in
respective unimodal suspensions (with ¢ = 0.43 and

0.42, respectively) can be evaluated as

3
E- [( ¢eff) - 1} a =3.85nm (for large particles), 5
4.77 nm (for small particles) @
where a is the bare radius of the particles. The shell
thickness, representing the magnitude of the

electrostatic screening, is determined by the ionic
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strength I in the suspension. Thus, the difference of
the £ values in the two unimodal suspensions is
indicative of a difference of I. Specifically, we can
utilize & as the Debye-Hiickel screening length (oc ['?)

to evaluate a ratio of the I values in the two unimodal

suspensions,

I 2

—'=(i) -1.54 A3)
I\ §

Here, the subscripts "' and "s" stand for the large and
small particles in respective unimodal suspensions.

As noted from Eq. 3, the ions (originally included in
the emulsion polymerization batches of the particles)
are more concentrated in the unimodal suspension of
the large particles than in the suspension of the small
particles to exhibit a stronger screening effect (smaller
&) in the former. Consequently, in the bimodal
suspensions prepared by mixing these two unimodal
suspensions, the ionic strength decreases as the
mixing ratio ws for the small particles is increased
from 0 to 1. This fact becomes the key in the analysis

of the rheological behavior described below.

3.3 Analysis of Relaxation Time and Zero-
shear Viscosity

For bimodal hard-core suspensions of silica particles
with the radius ratio a./as < 4, Shikata et al."*'” found
that 7, exhibits a shallow minimum while r decreases
monotonically (without exhibiting the minimum) on
an increase of w,. For explanation of this behavior,
they considered that the terminal relaxation of those
bimodal suspensions is equivalent to a Brownian
relaxation of hypothetical monodipserse particles with
a radius being equal to an average of the radii of the
particles therein. The Shikata-Niwa-Morishima (SNM)
model, formulated on the basis of this consideration,
well described the w, dependence of the 7, data
obtained for the bimodal silica suspensions.'®

In contrast, for our bimodal suspensions of the
surface-charged S particles (with a/as = 2.45 < 4), the
minimum is observed for both 7, and z; cf. Fig. 2. This
behavior, in particular the minimum of z, can be
related to the change of the ionic strength I with w..
We here utilize the SNM model to quantify this point.
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Within the context of this model,'® we can evaluate
the Brownian relaxation time 7z of the bimodal
suspension of our S particles as a time required for
diffusion of the hypothetical particle of the average
radius <a.> over a distance identical to a root-mean-

square radius <a’u>"%

-~ % @
Here, ks, T, -, and K are the Boltzmann constant,
absolute temperature, high-frequency viscosity, and a
proportionality constant, respectively, and the
subscript "eff" attached to a represents the effective
radius including the electrostatic shell thickness. This
w5, being defined purely for the Brownian motion of
the particles and not contributed from the bare
hydrodynamic drug,'” is expressed as s = A/{ 7 ¢- 7 =}
where A is the elastic coefficient (cf. Eq. 1). Thus, our
terminal relaxation time z (Eq. 1) and the Brownian 73

are linked through a relationship,

s

Mo

with ny =1, -1, (5)

On the basis of Egs. 4 and 5, we can calculate r from
78, 70, and the Brownian viscosity zs, all being
predictable from the SNM model. Specifically, we can
choose the unimodal suspension of the small particles
(ws = 1) as a reference system to describe the z(ws) of
the other suspensions (ws < 1) in terms of the
measured z, of this reference suspension. The result is

compactly written as (cf. Egs. 4 and 5)
(W) =7, Q. (w,) Q. (W) Qp(w,) (6a)

with
Qa(ws);ae«i—wév Cowy=te

effs s

(6b)

and Qy(w,)=lelTo
778.5/77o.s

Here, the subscript "s" attached t0 der, 7, 78, and 7o
stands for the quantities in the unimodal suspension of
the small particles. The Q.(w.), Q«(w;), and @Qz(w,)

factors, respectively, represent the changes of z(w.)
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with the particle radius polydispersity, high-frequency
viscosity, and the Brownian contribution to the zero-
shear viscosity. These factors are separately evaluated

below.

3.3.1 radius polydispersity factor Q. (w;)

The averages <a..> and <a’> included in the Q. (w,)
factor (Eq. 6b) are the number-averages. These
averages are evaluated from the bare radii a, and a,of
the large and small particles and the electrostatic shell

thickness (/) as

<agq>=n{a +5D}+1-n){a +&1D)},
(7
<al >=n_{a +&DY +(1-n){a + &I}

with

R
¢ ws/af+ a-w)/a

®

(number fraction of small particles)

In Eq. 7, we have considered that the large and small
particles in the bimodal suspensions have the same
shell thickness £(I) determined by the ionic strength
I(w,). This strength is simply given by

Iw)=wl +(1-w)l, =(1.54-0.54w)I, (©)]

where I, and I, (= 1.541;; cf. Eq. 3) are the ionic
strength in the unimodal suspensions of the small and
large particles, respectively. The corresponding

expression of £(1) is

" I v
P I A LS B S 10
5D g‘{nws)} 5‘{1.54-054%} (19

Here, we have regarded £(I) to be equivalent to the
Debye-Hiickel screening length (& oc ['V?) and
expressed &£(I) in terms of £, of the unimodal
suspension of the small particles. From Eqgs. 7, 8, and
10 as well as the a.us value (= as + & with as = 42 nm
and & = 4.77 nm), the Qa(w,) factor was calculated as

a function of w.
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3.3.2 high-frequency viscosity factor Q--(w;)

The high-frequency viscosity 7~ included in the Q-
factor (Eq. 6b) changes with the effective volume
fraction ¢.. of the S particles. In the bimodal
suspensions prepared by mixing the unimodal
suspensions of the large and small particles, ¢«
increases with increasing £(I). This ¢.r is conveniently

expressed as

3 3
fur - ¢{w[%5‘”) f(1-w) (iﬁ@) } (11)

a,

Here, ¢ is the bare, total volume fraction of the large
and small particles in the suspension, and £(]) is the
shell thickness given by Eq. 10.

For monodisperse particles having the electrostatic
shell, the 7./yn ratio (with 7. = medium viscosity) is
dependent only on the effective ¢ .x, and this
dependence coincides with the f dependence of 7-/7n
of unimodal hard-core silica suspensions.'” This
coincidence should be observed also for the bimodal S
suspensions, as considered in the SNM model.'® For
the unimodal silica suspensions, Shikata and Niwa'”?
showed that the 7-/7. data are close to the ratios {7/
7u}xo and {7«/gu}uo calculated from the Krieger-
Dougherty (KD)*» and Mori-Ototake (MO)?" theories.
In particular, excellent agreement is noted between
the data'” and an average of these theoretical ratios.
(A small but non-negligible difference is observed
between the {7«/7m}xo and {7«/7u}vo ratios.)

Considering the above behavior the unimodal
suspensions, we can use the KD and MO theories to
express 7. of our bimodal S suspensions in terms of

the effective ger (Eq. 11). The result is summarized as

nm(w5)="T"‘ {”—‘”} +{"—°‘} (12a)
< [ Mnlkp Malro

with

-1.6 o)
{l} =(1_-—¢eff) and {l} S22 (12n)
']m KD 071 '7"‘ MO (L L
¢

" 0.68)

In Eq. 12b, we have utilized the numerical factors
reported by Shikata and Niwa."” (In ref. 17, the factor
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of 0.71 and the exponent of -1.6 included in {7«/7u}x
were mistyped as 0.63 and -2.*?) From Eqs. 10-12, the

Q-(w,) factor was calculated as a function of w..

3.3.3 Brownian factor Qs:(w.)

The Brownian viscosity and zero-shear viscosity are
given by 7z = A/rs and 7 = 9 + 78 = 7. + A/7s, Where A
is the (observed) elastic coefficient (cf. Eq. 1), =5 is the
Brownian relaxation time (Eq. 4), and 7 is the high-
frequency viscosity. From Egs. 4 and 6, we can write 75
of the bimodal suspensions in terms of zzs of the
unimodal suspension of the small particles and the Q
factors; ta(w;s) = 7 5s@a (Ws) Q- (ws). Thus, the 7s/7,
ratio of the bimodal suspensions included in the

Qz(w;) factor (Eq. 6b) is conveniently rewritten as

N /1, = A (13)
A+, 7y Q,(w) Q. (W)

Since Q.(1) = @-(1) = 1 for the unimodal suspension of
the small particles (with w, = 1; cf. Eq. 6), the 7s:/70s
ratio of this suspension is written in terms of its elastic
coefficient As and the high-frequency viscosity 7 as 7
/N0s = As/(As + 7wsTp5). Combining this result and Eq.
13, we obtain an expression of the @z(w,) factor for

the suspensions with ws < 1,

W) = A{AS + Ny TB_S}
S {An Ty, Q0 QL)) A,

Op (14)

We evaluated this Qs(ws) factor from the Q.(ws) and
Q«(w;) factors (calculated in the way explained
earlier), the high-frequency viscosities 7~ and 7«
(obtained from Eqgs. 11 and 12), the Brownian zs
(calculated from Eq. 4), and the A and A, data. For s
= Ky {a+&/keT with as = 42 nm and &, = 4.77 nm,
the proportionality constant K was chosen to match
the calculated s, and the measured A./{7o, - 7).
Some comments need to be added for this usage of
the A and As data in the evaluation of @s(w,). In
principle, the SNM model can be utilized to calculate
A. However, the viscoelastic mode distribution
affecting the A value is considerably narrower for the
particles having the soft, electrostatic shell than for

the hard-core particles,'*'» and the calculation of A
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requires us to modify the SNM model by incorporating
a factor that accounts for this shell effect on the mode
distribution. Unfortunately, no reliable expression of
this factor is available. For this reason, we have
utilized the A and A, data in Eq. 14 to evaluate Qs (w;)
in a semi-empirical way (that is still based on the SNM

model).

3.3.4 Limitation of Model

The SNM model is originally formulated for hard-
core particles.'” In the previous sections, we have
modified/extended this model for soft-shell particles
by incorporating the changes of & and ¢ with w. (cf.
Eqgs. 10 and 11). However, our modified model
accounts for the viscoelastic mode distribution only in
an approximate way (through the usage of the A data).
This lack of accurate treatment of the mode
distribution results in some limitation of our model.

This limitation is straightforwardly noted from
comparison of the relaxation times z, and z, of the
unimodal suspensions of the large and small S
particles. (Note that these times are not affected by
the radius polydispersity). With the 4. values of
respective suspensions evaluated from the viscosity
data (Fig. 3), our model predicts z:/z, = 1 (cf. Eq. 6).
This calculated ratio is moderately larger than the
observed ratio, z./z, = 0.5 (Fig. 2a), meaning that the
viscosity and relaxation time of the unimodal soft-shell
suspensions are approximately but not exactly
described by the single parameter ¢..; in a way
considered in the SNM model (for the hard core
particles). This failure of the single-parameter
description is reflected in the difference of the
relaxation mode distribution of the soft-shell and hard-
core particles. (For a given viscosity value, the
relaxation time increases as the mode distribution
broadens. This increase is accounted in our model
only approximately through the usage of the A data.)

Despite the above limitation seen for the unimodal
suspensions, our model considers the mixing effects in
the bimodal suspensions (changes of &, 4., and the
radius polydispersity with w,) in the simplest but
reasonable way. Furthermore, the above difference
between the calculated and observed z,/z, values is
rather small. Thus, we compared the predictions of

our model and the data of the bimodal S suspensions
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Fig4 (a) Shear rate dependence of the (non-Newtonian)
steady state viscosity z(y) of the bimodal aqueous
suspensions of the large and small S particles at 25C.
(b) Dependence of the normalized Brownian contribution
to the viscosity An(y)/Ane (= {n(y) -n-}/ine -n-}) of these
suspensions on the normalized shear rate yts. This
normalized rate is equivalent to a strain effectively
imposed by the flow.

to discuss characteristic features of these suspensions.

The results are summarized below.

3.4 Comparison with Experiments

The relaxation time r of the S suspensions predicted
from our model (Eq. 6) was calculated from the Q.(w.),
Q«(ws), and Qs(w,) factors evaluated in the previous
sections. From this z, the prediction for 7, was simply
obtained as 7, = A/t (where the A data were again
utilized for the reason explained earlier).

In Figs. 2a and 2c, these model predictions are
indicated with the solid curves. Despite the limitation
of our model (due to the approximate treatment of the
viscoelastic mode distribution), we observe
satisfactory agreement of the model prediction and the
data including the location of the minima of  and 7.
This agreement suggests that the minima of = and 7, of
our bimodal suspensions reflect the change of the

radius polydispersity with w, (represented by the

40

0.8

0.6 [

04

Ycol

0.2 [+

0 1 | I L
0 0.2 04 0.6 0.8 1

w,
S

Fig5 w. dependence of the strain y., required for particle
collision in the bimodal aqueous suspensions of the large
and small S particles.

~ wS

= ® 0
g o 025
< A 05
>3 - <o 075
3 0 >R &Qﬁ“ﬁﬂﬁﬂﬂgﬂ h
g be,
S v,

1 I I 1 I
-3 -2 -1 0 1 2

log(y74/7,,)

Fig.6 Plots of the normalized Brownian contribution to the
viscosity of the bimodal aqueous S suspensions, An(y)/An,
against the normalized strain, y 75/ o

Q.(w,) factor) as well as the change of the ionic
strength, the latter resulting in the changes of the high-
frequency viscosity and Brownian viscosity
(represented by the Q-(w,) and @s(w,) factors). The
increase of the 7, data for w, > 0.5 is also contributed
from a mild increase of the terminal relaxation
intensity (observed in Fig. 2b as the moderate
decrease of J).

In relation to the above agreement of the model and
experiments, we confirmed that a similar degree of
agreement was obtained for Eq. 6 with the Q.(w,)
factor being replaced by a polydispersity factor
defined for the bare radii, Q.' = <a><a’>/a’. This result
reflects a fact that the electrostatic shell thickness (=
4.77 nm; cf. Egs. 2 and 10) is considerably smaller than
the bare radii a, and a, thereby contributing to the
effective radius only moderately.

Here, we should emphasize that the changes of the

radius and its polydispersity alone cannot result in the
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observed minimum of r: The dashed curve in Fig. 2a,
accounting only for these changes (i.e., Eq. 6 with Q-
(w,) = @s(w,) = 1), indicates a monotonic increase of r
with decreasing w.. This fact demonstrates an
interesting difference between the particles having the
electrostatic shell and hard-core radius. The
electrically neutral, hard-core particles have Q«(w,) =
@s(w,) = 1 irrespective of the w, value (if ¢ is the same
for the unimodal and bimodal suspensions) thereby
exhibiting no minimum of . In contrast, for our S
particles having the electrostatic shell, Eq. 6 gives the
minimum of r as a compromise of the increase of the
Q.(w,) factor (dashed curve in Fig. 2a) and the
decrease of the Q-(w,) and @Qs(w,) factors. Thus, the
minimum of  (and 7) of our S particles reflects a
delicate balance of the independently controllable
factors, the particle radius distribution and
electrostatic interaction. This balance is not only of
scientific interest but also of practical importance for
tuning the processability of aqueous suspensions

utilized as coating materials.

3.5 Non-Newtonian Flow Behavior
3.5.1 Overview

For the unimodal and bimodal S suspensions at 25C,
Fig. 4a shows plots of the steady state viscosity »(;)
against the shear rate y. All suspensions exhibit shear-
thinning, but the magnitude of thinning changes with
the mixing ratio for the small particles, w..

For clearer observation of this thinning feature, Fig.
4b examines dependence of the Brownian
contribution to the viscosity Ay (y) = 7(7) -7-
normalized by its zero-shear value Az, = 70 -7 (= 78)
on the normalized shear rate yzs. Here, zs = A/( 7 - 77 «)
is the Brownian relaxation time, and 7. is the high
frequency viscosity (in the linear regime) evaluated
from Egs. 11 and 12. The normalized rate yz; is
equivalent to a strain effectively imposed by the flow.
(For the flow imposed over a period of time ¢, the
nominal strain is given by yt. However, the relaxation
in the suspensions erases the strain at ¢ > 5. Thus, the
effectively imposed strain is given by ys.)

The normalized plot shown in Fig. 4b confirms that
the thinning at a given yt5 value is the weakest for w, =
0.25. This result can be related to the thinning

mechanism for the Brownian particles, as discussed
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below.

3.5.2 Strain required for particle collision

The Brownian stress o3 is determined by the
anisotropy of the spatial distribution of the particles.-
389 In general, this anisotropy increases in proportion
to 7 and the Newtonian behavior prevails only under
slow flow at 7 << zz.""'» The proportionality vanishes
and the nonlinear thinning occurs under faster flow,
and this nonlinearity is enhanced when the particle
collision (induced by flow) tends to randomize the
particle distribution.'® Thus, a difference of the
magnitude of particle collision in the unimodal and
bimodal suspensions quite possibly leads to the
observed change in the magnitude of thinning with w,
(Fig. 4).

This argument suggests that an average strain y..
required for the particle collision'® is a key quantity
governing the thinning behavior of those suspensions.
For concentrated unimodal suspensions, y.. is defined
as a ratio of the averaged distance between surfaces of
neighboring particles at equilibrium to the particle
radius.”® Our bimodal suspensions are modeled as the
hypothetical unimodal suspensions having the
averaged bare radius <a>= n.a, + (1-n.)a,, with n, being
the number fraction of the small particles (Eq. 8).
Thus, utilizing the above definition, we estimated .. in

our suspensions as

v _2<as

Yo =" s

<da>

Here, v is the particle number density, and the average
distance between the centers of neighboring particles
is given by v~

As shown in Fig. 5, this y.. exhibits a peak at w. =
0.25. Namely, the thinning in the bimodal suspension
requires the largest flow-induced strain for w, = 0.25
and thus is the weakest at this w,. This point is
quantitatively examined in Fig. 6 where the normalized
Brownian contribution to the viscosity Ay(7)/Ay, is
plotted against the normalized strain, yzs/y... Clearly,
Ayn(7)/Ay, of the unimodal and bimodal suspensions
exhibits universal dependence on y7s/y.. irrespective

of the w, value. This result allows us to conclude that
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the thinning of these suspensions is commonly
governed by the particle collision and the difference in
the magnitude of thinning of the suspensions reflects
the difference in their y.. specifying the onset of flow-
induced collision.

Finally, a comment needs to be made in relation to
this conclusion. Since the electrostatic shell of the
particles is soft and penetrable under large stresses in
the nonlinear regime,'” we have utilized the bare
radius <a> in Eq. 15 to estimate the strain required for
the collision, y... However, the results shown in Figs. 5
and 6 hardly changed even for the strain evaluated
from the effective radius <a.;> (Eq. 7). Thus, the
existence of the electrostatic shell introduced no
uncertainty in our argument about the thinning

behavior.

4 CONCLUDING REMARKS

We have examined rheological properties of
aqueous, unimodal/bimodal suspensions of the large
and small S particles having the radius ratio a/a, =
2.45. The bare volume fraction of the particles was
almost identical in the suspensions examined (¢ =
0.42-0.43). However, the particles had the electrostatic
shell (due to surface charges), and the effective
volume fraction ¢. including this shell volume
increased as the mixing ratio w; for the small particles
was increased. This change of 4. with w, had
pronounced effects on the rheological properties.

In the linear viscoelastic regime, the suspensions
exhibited terminal relaxation attributable to Brownian
motion of the particles, and minima of the relaxation
time t and zero-shear viscosity 7, were observed at w.
= 0.25. This result was well described by the Shikata-
Niwa-Morishima (SNM) model considering the
Brownian motion of hypothetical unimodal particle
having an average radius, given that the increase of the
effective ¢.. with w, was also accounted. Specifically,
the minima of = and 7, resulted from a delicate balance
of this increase of ¢. and a change of the particle
radius polydispersity.

Under steady flow, the suspensions exhibited shear
thinning attributable to nonlinearity of the Brownian
stress. This thinning was the weakest for the bimodal
suspension with w, = 0.25. This result was related to

the strain y.. required for particle collision under flow:
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This strain was the largest for w, = 0.25 thereby
inducing the weakest thinning at this w,. In fact, the
normalized viscosity of the unimodal/bimodal
suspensions was universally dependent on the

normalized strain yzs/y.. irrespective of the w; value.
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New Green Pigment for Color Filter “FASTOGEN® GREEN KTY-CF”
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Fig.1 Polyhalogenated zinc phthalocyanine.
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Fig5 Transmission electron micrograph of KTY-CF.
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Low Free Monomer Phenolic Resins “PHENOLITE® PZ” Series
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Fig.l Molecular weight distribution of PZ-Series with
GPC. (Resin: PHENOLITE PZ-4000)
(11=phenol, 10,9,8=hydroxy-methyl-phenol)
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Fig.2 Resin pick up of PZ-Series(PZ-4000).
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Fig.3 Comparison of cure speed between PZ-Series(PZ-
6001) and conventional one.

DIC Technical Review No.10 / 2004



BB A

@I X)L¥—X MHIEK

“7x/94F P2 V) — ARG TEHD %K
WL TWABD, IMLEOEEYE, ALtk BT
HY, ZBHENTHEOTA LAY — FHLICLsT %
VF— 3 2 FHIASTTRET Y,

Fig3lZ “7= /94~ PZ" V) — R LHATHOFE
{LHELLEfERLET, “7= /4 NP2 V1) —
KNI 72 513 BT W & DM xS 09 20 T L H BE O
FENREL R, HHLTHLFEIbr) T3,

[ Jingz

“7x /)54 P2 V)= RIULEEE TS b
0= )V § 2552 & ) BRHEOMmD T % WAL %
BERPUTETT, TOHEE AR LSO
MR~OICHERSHRETCE £ 9,

Table 112 “7 =/ 54k PZ" VU —ADELGHT
HWE LB m St rs L ET, fEkol V-
VBRI L CTEERDENIKIRICA R RoT
WwE g,

Table 1 TGA Data of PZ-Series

Temp. (C) PZ-6000 Conventional
100 5.6 5.2
200 6.9 6.5
300 8.2 9.1
400 21.2 19.9
500 32.6 90.3
600 43.5 98.9
700 47.3 99.4
800 74.8 99.9

Test Condition ;
Cure Condition:180°C, 1hr.
Particle size:106 u Pass.
Temp.Program:10°C/m. In Air.

Fig4 Molecular weight distribution of PZ-Series with
GPC. (Resin: PHENOLITE PZ-9000) (Mp=80TC)
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Low-Temperature Contractility Thermal Shrinkage Adhesive Sheet of

Non-PVC Film “ECO-HOLD® C70”
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Fig.l Process of shrinkage adhesive label.
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Table 1 Properties of ECO-HOLD C70

Performance ECO-HOLD PVC type
requirement
Non-PVC material (@) X
Adhesive strength ZN/25mm 7N/25mm
(vs. PE plate)
Low-temperature o 5,
contractility (at 90°C) 63% 48%
Size stability o o
(at 60°C) 8% 1%
Fitting ability 50 = times 10 = times
Adaptability for
auto-labeling machine © ©
Adaptability for
UV-cured ink printing © ©

Thermal shrinkage PBSA film (70 m)

heryvlic pressure
sensitive adhesive
(20 ge m)

Release paper liner (B0pm)

Fig2 Constitution of ECO-HOLD C70.
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Fig3 Thermal contractility of ECO-HOLD C70.

@IRIZICX X L VLWEM
WEREFoONTT UG EET R VEMPORER S
TW5720, BEHRICHEERNT T Y RFTAR5EL
T8 A, 72, PBSAT 1 Vo dAEGHEETH Y, +
HOMAY THIRSNDBREEICR S LWiE 7 4 VA
T9,

O E N /KBS IS
80~90CHOMIRT T = a2 /R L £3, R
SEIZELHHENTVWLRY) ZF L VEOBRER LR
TOVWEHRBEEROF Yy Ty —NVIZHELTVWET
(Fig.3) o

OEN/-~TERTEM
GOCRIHOIRETIHIZEALIGHL I A, 7140V
L RE~DOUVEIRIE R 7 ~OVIRERE 0O B 2RI % i
ANRIZER S £ 3 (Fig3)o

OEN/-X 71 XiEM
PVC% 4 7 TIRAEBRIIRRL LA DBIENEDLA 55
B0, TRVOYITRHADPNDPHEAET LI ENDH
F L7 “Tak—) FC70" IHELET %500 D
BLTH VIR NDEAERT, BN A 7 4 X
HAERLET (Table 1),

OEN/AA— FIXT M
WELRMEEZESTA T4 IVATHLLD, +— T
NT—ZfH LT, BH~NOMMEEE @R T L
CATH ZeHTEFET (Figd),

DIC Technical Review No.10 / 2004

Release liner
Adhesive label g

W

EEE

Fig4 Auto-labeling test of ECO-HOLD C70.
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Novel Flexible & Tough Liquid Epoxy Resin “EPICLON® EXA-4850”
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Fig.l Cured resin of EPICLON EXA-4850-150 on TETA
(Tri ethylene tetramine) curing system.
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Fig.2 Conceptual structure of EPICLON EXA-4850.

Table 1 Typical Properties of EPICLON EXA-4850

Epoxy equivalent |  Viscosity Molecular
per weight (E type) Weight
g/eq. 25C,mPa * s
EXA-4850-150 450 15,000 900
EXA-4850-1000 350 100,000 700
EPICLON 850S * 190 15,000 380

*BPA liquid type epoxy resin of DIC
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Fig.3 Cured resin of EPICLON EXA-4850-150 on D-400
curing system.
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Table 2 Purity & Moisture Resistance of EPICLON
EXA-4850

Hydrolyzable Total PCT

Chloride*? Chloride Extracted

Chloride*?
ppm ppm ppm
EXA-4850-150 50 320 190
EXA-4850-1000 50 500 250

PAE Epoxy* 670 19,000 13,500

EPICLON 850S 120 1,400 580

*1 Poly alkylene ether modified BPA liquid type epoxy resin
*2 Easily hydrolyzable chloride *3 160°C/4atm for 20hr

Table 3 Adhesive Properties of EPICLON EXA-4850-150
EXA-4850 EPICLON

-150 8508
Adhesive strength *1 MPa 17.3 10.0
(Tensile shear strength)
Cross cutter test *2 Remained 100 50
pieces in 100
Dupon impact test *21kg/50cm O X
Flex test *22mm O X

*1 EPICLON B-570(Acid-anhydride of DIC) curing system :
Epoxy/Acid-anhydride=1.00/0.75, Cat.BDMA 0.8 phr, 110C/3 hr
+165°C/2 hr.

*2 TETA curing system : Stoichiometric ratio, thickness 50 xm,
150°C/1 hr, with steel.
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