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Curable Optically Clear Pressure-Sensitive Adhesives

E. P. Chang

Avery Research Center, Pasadena, California, USA

Daniel Holguin
Avery Dennison Performance Polymers, Pasadena, California, USA

A prototype transfer label construction that includes (a) an optically clear curable
pressure-sensitive adhesive layer, (b) a curable epoxy layer, and (c) a transparent
carrier layer has been developed. This transfer label construction is particularly
useful for protective coatings in color filters for use in a liquid-crystal display
panel structure. The curable epoxy and the curable pressure-sensitive adhesive
(PSA) are applied to the color filter and then exposed to ultra violet (UV) radiation.
The radiation transforms the PSA from a removable adhesive to a permanent
adhesive. The color filter with the UV-cured adhesive is then baked to fully cure
the adhesive layer, which further transforms the adhesive into an ultra-
high-adhesion laminating adhesive. Such progressive transformation to different
types of adhesive is monitored and confirmed by the shift in viscoelastic window.

Keywords: Pressure-sensitive adhesives; Optically clear; UV-curable; Viscoelastic
window; Transfer labels; Liquid crystal display protective coatings

INTRODUCTION

Full-color liquid-crystal displays have become very common, in recent
years, as flat-panel displays. They generally have a structure compris-
ing a color filter that has a plurality of colors [e.g. red (R), green (G),
and blue (B)] on a glass plate, a counter electrode substrate facing
the color filter, and a liquid-crystal layer provided in a gap between
the color filter and the counter electrode substrate as shown in
Figure 1. In the color filter, a protective layer is needed to protect
and flatten the colored layer as shown in Figure 2. In general, color
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FIGURE 1 Schematic of multilayer components in a liquid crystal display.
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liquid-crystal displays have a problem: the presence of an uneven gap
among R, G, and B pixels that lowers the flatness of the transparent
electrodes. This causes uneven colors and uneven contrast, resulting
in lowered image quality. This effect is particularly pronounced in
liquid-crystal displays of a super-twisted nematic (STN) system. This
renders flattening by the protective layer very important.

In use, the color filter is adhered to the counter electrode. The
assembly is then tested for display quality. In consideration of the reu-
sability of the color filter, when the assembly is judged to be unaccept-
able in the display quality test, the protective layer is preferably
provided only in specific regions so as to cover the colored layers on
the transparent substrate (e.g. glass). Currently, the protective layer
has been formed using a photo-curable resin that permits the portions
to be cured to be easily limited through a mask. This usually involves
an organic solvent used in development after exposure of the radi-
ation-curable protective coating material to UV radiation. This is
troublesome in handling and in wastewater treatment and further
lacks profitability and stability. The current article describes a curable
label construction comprising a curable PSA layer and curable epoxy
layer coated onto a transparent carrier film. After removing release

Viewing Side

Polarizing Film

Glass
LCnlur Filter

"-| Protective Coating

FIGURE 2 Protective coating for color filter.
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liner and affixing the PSA side of the label to the surface of the color filter,
the label construction is exposed to UV radiation. The transparent carrier
film is then removed, leaving the cured epoxy layer and the cured PSA
portions on the surface of the color filter. The structure consisting of
the cured epoxy layer, cured PSA layer, color filter, and transparent sub-
strate is then baked to further cure the epoxy and the adhesive to an
ultra-high-adhesion (near structural) layer as shown in Figure 3.

The curable pressure-sensitive adhesive layer useful in this work
should have adequate adhesion to the epoxy layer throughout the
manufacturing process. The coated PSA should be repositionable or
easily removable from the transparent substrate on which the color
filter is formed. The UV cured PSA should adhere to the color filter
and adhere to the epoxy layer so that the carrier film may be removed
from the UV-cured epoxy layer. The baked PSA adhesive should
anchor the baked epoxy layer to the color filter and should transmit
light. The PSA of the present work transforms upon UV radiation
exposure from a removable adhesive to a permanent adhesive, and
upon heat treatment to an ultra-high-adhesion laminating adhesive
to support the steps of the process of making a protective epoxy
coating for the color filter.

Carrier Liner
Epoxy Coating
7 A Pressure-Sensitive Adhesive

>

Laminate Epoxy Label to Color Filter

UV Light

!

7 ) > Cotier Liner

B +——— Epoxy Coating

«+—— Pressure-Sensitive Adhesive
Color Filier

14— Epoxy Coating
Ke—Pressure Sensitive Adhesive
Color Filier

Remove Carrier and Bake 10 min. @ 200C

FIGURE 3 Three stages of preparing a protective epoxy-coating label.
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The objective of this paper is to demonstrate, through different
chemistries and curing processes, how the optically clear adhesive
can transform from a removable to a permanent and finally to ultra-
high-adhesion laminating adhesive as monitored and confirmed by
the shift in viscoelastic windows proposed by Chang [1], and the utility
of the curable optically clear adhesive in a functional label to adhere a
protective epoxy coating onto a color filter.

EXPERIMENTAL
Curable Acrylic Pressure-sensitive Adhesive

The main component for the curable pressure-sensitive adhesive layer
is a high-performance, pressure-sensitive adhesive, prepared in sol-
vent, which contains acid and epoxy functionality. A typical acrylic
pressure-sensitive adhesive has the following composition:

67.0% 2-ethylhexyl acrylate,

23.7% methyl acrylate,

7.0% acrylic acid,

2.0% vinyl pyrrolidone, and

0.3% glycidyl methacrylate (epoxy functionality).

A permanent PSA is obtained after drying off the solvent and cross-
linking the polymer, utilizing the acid functionality with metal chelate
ionic cross-linkers. The subsequent cross-linking of the epoxy func-
tionality during the bake cycle yields an ultra-high-adhesion (near
structural) adhesive.

Curable Pressure-Sensitive Adhesive Layer Blend,
Preparation and Curing

The acrylic pressure-sensitive adhesive in solvent that contained acid
and epoxy functionality as described was combined with an acrylated
urethane oligomer, a methacrylated silane thermoset cross-linker, a
photoinitiator, and metal chelate ionic cross-linker, forming the
adhesive blend for the curable pressure-sensitive adhesive layer. A
typical curable pressure-sensitive adhesive blend has the following
composition:

70.0 parts acrylic pressure-sensitive adhesive (dry weight basis),
30.0 parts aliphatic urethane diacrylate (Ebecryl® 8803, UCB Chemi-
cals Corp., Smyrna, GA, USA),
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1.4 parts benzophenone (photoinitiator),

1.4 parts methyldiethanolamine (photoinitiator),

0.6 parts aluminum acetoacetonate metal chelate ionic crosslinker,
and

0.6 parts methacrylated silane crosslinker (Witco Silquest A-174).

Stage 1. The adhesive blend was coated and dried, yielding a cur-
able optically clear removable (or repositionable) pressure-sensitive
adhesive consisting of ionic cross-linked acrylic polymer with epoxy
functionality (Figure 4) that was plasticized with the acrylated

Stage 1. lonically crosslinking acrylic PSA through acid groups
with epoxy functionality remaining.

CH;

Acrylic PSA with epoxy and acid functionality

(M)+++ Coating and Drymg
Adhesive Blend

FIGURE 4 Crosslinking of acrylic PSA.
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urethane oligomer (along with methacrylated silane cross-linker and
photoinitiator).

Stage 2. The curable optically clear removable pressure-sensitive
adhesive was then UV cured (with Fusion lamp bulb D at 5400 milli-
joules per square centimeter total dosage, Fusion, Gaithesburg, MD,
USA), yielding a curable optically clear permanent adhesive consisting
of ionic cross-linked acrylic polymer with epoxy functionality that
formed an interpenetrating network with the tough cross-linked acry-
lated urethane oligomer (copolymerized with methacrylated silane
cross-linker) as shown in Figure 5.

Stage 3. The curable optically clear permanent adhesive was then
baked, yielding a cured optically clear near-structural adhesive con-
sisting of an interpenetrating network of ionic, epoxy, and silane
cross-linked acrylic polymer with a cross-linked urethane polymer as
shown in Figure 6.

Protective Epoxy Coating Label Preparation

A protective epoxy coating consisting of

48.5 parts bisphenol A epichlorohydrin epoxy resin (Epon 825% Shell
Chemical Co., Houston, TX, USA),

32.3 parts bisphenol A epoxy diacrylate (UCB Chemical Corp. Ebecryl
3700),

18.4 parts cycloaliphatic amine adduct (Shell Chemical Co. EPI-Cure
3382), and

1.0 part benzophenone

was prepared by combining an epoxy resin, epoxy-curing agent, epoxy
diacrylate oligomer, and photoinitiator in solvent.

Step 1. The epoxy composition was coated onto an 1.5-mil (0.038-
mm) polyethylene terephthalate (PET) transparent carrier film, and
then oven-dried to remove the solvent and to make a gelled epoxy layer
on the clear PET film (dry coating thickness: 0.5—1 p).

Step 2. The adhesive mixture was then coated onto an epoxy-coated
PET film so that the adhesive layer overlies the epoxy layer (dry
adhesive thickness: 1-1.5 ).

Step 3. The coated PET film from step 2 was then oven-dried to
remove the solvent and form the gelled adhesive layer. The coated
PET film was then laminated to release coated film and die-cut into
square labels.
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Stage 2. UV crosslinking acrylated urethane with silane functionality.

(o] (0]
HZC/WOwOLNHMQHkONOﬁCHZ
(o}

°© Acrylated Urethane Oligomer

CH3
CHj o]
o
o \S/ \CH3
H,C \O Photoinitiator
+
0 H3C/ i
UV light
Methacrylated Silane Monomer
HyC oM
\ /SI\O
R
o CHj
o
HN CH,
vl (e}
fo) O
o)
L ANH
HN
o o
0 NH
)
[e} (0]
(o) —CH
- o © 3
N J
R—Si
o 2o \
¢} H,c—O /0
ANH HsC
°© NH
o)
O
H,C ©O

FIGURE 5 UV cross-linking of acrylated urethane oligomer.

Step 4. The release liner was cleanly removed from the label. The
label was then laminated onto a color filter plate, adhesive side down.
The label over the color filter was exposed to UV light.

Step 5. The carrier film was removed. The remaining cured epoxy/
adhesive coated color filter was then baked for 10 min at 200°C and
cooled.
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Stage 3. Baked to Near Structural Adhesive.
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FIGURE 6 Thermal epoxy cross-linking of acrylic PSA and silane cross-
linking of urethane oligomers, yielding an interpenetrating network.

Cross-Hatch Adhesion Test and Light Transmission Test

To determine the effectiveness of the curable pressure-sensitive
adhesive layer for the protective coating, two tests were conducted:
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Crosshatch adhesion test (ASTM-D 3359) was carried out using
3M 610 tape (3M, St. Paul, MN, USA). The test result of the cured
epoxy/adhesive coated color filter was no “pick-off”, showing that
the adhesive performed well.

Optical clarity (ASTM-D1003) was measured using a Byk Gardner
Haze-Gard Plus ITP-4725 (Byk Gardner, Columbia, MD, USA). The
clarity and percentage of light transmission was measured for the
adhesive blend on glass with a coating thickness of 20 1, and the results
were compared with a glass sample. The clarity and light transmission
for the adhesive blend was the same as that of the glass sample, within
experimental error, showing very good optical clarity.

Rheological Measurements of Acrylic Polymer
and Adhesive Mixture

Dynamic mechanical measurements were carried out on a Rheo-
metrics Mechanical Spectrometer (RMS-800) (TA Instruments, New
Castle, DE, USA) using 8-mm parallel plates. Temperature scans were
carried out at 3°C intervals on the investigated adhesive before and
after radiation as well as after fully baking at elevated temperature.
Master curves were also constructed from the frequency sweep data
at different temperatures using the horizontal shift only. Good super-
position of the data was observed with all the samples studied. Visco-
elastic windows for each adhesive were constructed using the G’ and
G” values at 0.01 and 100rad/s as described previously [1].

RESULTS AND DISCUSSION
Viscoelastic Window (VW) Concept

It has been well established by many investigators that the perform-
ance of adhesives (e.g. peel, tack, and shear) depends strongly on the
bulk viscoelastic properties of the adhesives [2—-12]. The Williams—
Landel-Ferry (WLF) superposition procedure between rates and tem-
peratures of the tests has been applied very successfully in adhesion
tests both in peel [2, 3] and in other modes of debonding [5, 8, 9].

Using 10 2 and 10%rad /s as the frequency window for the peel, tack,
and shear tests, G’ and G"-measured values of different PSA samples
at these two frequencies are constructed by plotting the four coordi-
nates: (1) G’ at 10 ?rad/s, G” at 10 %rad/s, (2) G’ at 10%rad/s, G’ at
10 %rad/s, (3) G’ at 10 2rad/s, G” at 10%rad/s, and (4) G’ at 10%rad/s,
s, G” at 10%rad/s on the log—log cross plot of G’ and G”. A hypothetical
viscoelastic window is shown in Figure 7.
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FIGURE 7 Construction of a viscoelastic window.

It was found that for most PSAs, the range of G’ and G” at room
temperature within the selected frequencies falls between 10® and
10® Pascals. In addition, there is a unique correlation between
the adhesion performance of the PSAs versus the location of their
Viscoelastic Windows (VWs). A four-quadrant concept was therefore
adopted to categorize different types of PSAs [1].

The proposed four quadrants [1] (top-left hand quadrant of high G/
and low G”, top-right hand quadrant of high G’ and high G”, lower left
hand quadrant of low G’ and low G”, and lower right-hand quadrant of
low G’ and high G”) correspond, respectively, to (1) non-PSA or release
coatings, (2) high shear PSAs, (3) removable PSAs and medical PSAs,
and (4) quick and cold stick PSAs. It was also observed that the VWs of
general-purpose permanent PSAs occupy the central region, which
straddles part of the four quadrants as shown in Figure 8.

Viscoelastic Windows of Investigated Adhesives
at Different Curing Stages

Curable Acrylic Pressure-Sensitive Adhesive

A high-performance acrylic pressure-sensitive adhesive, which con-
tains acid and epoxy functionality, was prepared in solvent. A perma-
nent PSA was obtained after drying off the solvent and cross-linking
the polymer, utilizing the acid functionality with metal chelate ionic
cross-linkers.



08:47 22 January 2011

Downl oaded At:

Curable Optically Clear PSAs 505

10 64
3 Quadrant 1 Quadrant 2
] Plateau Region Transition-
1 High Modulus Plateau Region
Low Dissipation High Modulus
5 High Dissipation
10 2 L .
E Transition-Flow Region .
] Non PSA Medium Modulus High Shear PSAs
G' (Pa) ] Medium Dissipation
8 PIal:eau-FIow General Purpose PSAs Flow-Flow Region
Region
10 4‘; Low Modulus Low Modulus
{ Low Dissipation High Dissipation
41 Removable, Low Temp PSAs
4 Medical PSAs
3 Quadrant 3 Quadrant 4
10° 3 4 -5 6
10 10 G" (Pa) 10 10

FIGURE 8 Location of viscoelastic windows for different pressure-sensitive
adhesives.

Curable Pressure-Sensitive Adhesive Layer Blend

An adhesive composition was prepared by blending 70 parts by
weight of the acrylic pressure sensitive adhesive and 30 parts by
weight of an aliphatic urethane acrylated oligomer with methacrylated
silane crosslinker, photoinitiator, and metal chelate ionic crosslinker.

Table 1 shows the viscoelastic properties of both the pre-UV-cured
pressure-sensitive adhesive and the adhesive blend. Compared
with the acrylic PSA, it can be observed that the adhesive blend con-
taining the urethane oligomer generally shows lower G’ and G” values
at the bonding and debonding frequencies. This can be attributed to
the plasticization effect of the urethane oligomer.

Table 2 shows correspondingly the viscoelastic properties of the
pressure-sensitive adhesive and the adhesive blend after UV curing.

TABLE 1 Viscoelastic Properties of Pre-UV-Cured Acrylic PSA and Blend
with Acrylated Urethane Oligomer

Property Acrylic PSA Acrylic/Urethane blend
Tg (°C) 0 -5

Tan ¢ at Tg 141 1.19

23°C G’ at 0.01rad/s (Pa) 2.8 x 10* 1.7 x 10*

23°C G” at 0.01rad/s (Pa) 3.3x 103 3.4x10%

23°C G’ at 100rad/s (Pa) 3.7 x 10° 2.1x 10°

23°C G” at 100rad/s (Pa) 3.5 % 10° 2.3x10°
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TABLE 2 Comparison of Viscoelastic Properties of UV-Cured Acrylic PSA
and Blend with Acrylated Urethane Oligomer

Property Acrylic PSA Acrylic/Urethane blend
Tg (°C) 1 8

Tan 6 at Tg 1.39 0.82

23°C G’ at 0.01rad/s (Pa) 5.3 x 10* 2.6 x 105

23°C G” at 0.01rad/s (Pa) 8.5 x10° 1.9x10*

23°C G’ at 100rad/s (Pa) 6.3 x 10° 1.4 x 10°

23°C G at 100rad/s (Pa) 6.8 x 10° 1.2 x 108

It is noteworthy that the originally plasticized lower G’ and G”
adhesive formulation now shows significantly higher G’ and G”
values than the acrylic PSA. Such an increase can be rationalized from
the intra- and inter-cross-linking of both the adhesive components,
forming, most probably, an interpenetrating network.

Table 3 shows correspondingly the subsequent viscoelastic
properties of the two cured adhesives after baking. It can be observed
that with baking, the G’ and G” values further increased, forming a
near-structural type of adhesive.

Figure 9 shows the viscoelastic window of the acrylic pressure-
sensitive adhesive, whereas Figure 10 shows the viscoelastic window
of its blend with urethane oligomer. The rheological footprints of the
two adhesives at the successive stages of transformation from an
uncured removable adhesive to a UV-cured permanent adhesive to
an ultra-high-adhesion adhesive is well illustrated by the movement
of the viscoelastic window. The rheological footprint of the adhesive
blend correlates well with lap-shear testing. Lap-shear testing, using
an Instron 5542 (Instron, Canton, MA, USA) at 10 mm/min, with
25 1 of adhesive blend bonding an aluminum test panel to a glass test
panel with a 1” x 1”7 (2.5 x 2.5 cm) overlaps, showed a value of 16 psi

TABLE 3 Comparison of Viscoelastic Properties of Baked UV-Cured Acrylic
PSA and Blend with Acrylated Urethane Oligomer

Property Acrylic PSA Acrylic/Urethane blend
Tg (°C) 2 10.5

Tan o at Tg 1.37 0.45

23°C G’ at 0.01rad/s (Pa) 1.9 x 10 9.4 x 10°

23°C G” at 0.01rad/s (Pa) 6.7 x 10° 1.2 x 10°

23°C G at 100rad/s (Pa) 7.8 x 108 4.7 x 10°

23°C G” at 100rad/s (Pa) 2.6 x 10° 2.3 x 108
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FIGURE 9 Viscoelastic windows of acrylic PSA at different stages of cure.

10
UV-Cured / Baked
6. Blend Stage III
10
UV-Cured- Blend
Stage Il
_——~
©
0O 105
~ Pre-UV- Cured
ED Blend -Stage |
1 04'
3
10 T T T
1 03 1 04 1 05 1 06
G" (Pa)

FIGURE 10 Viscoelastic windows of acrylic PSA/urethane blend at different
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(110kPa) for samples pre-UV-cured, 38.2 psi (263 kPa) after UV cur-
ing, and 50.4 psi (348 kPa) after baking.

SUMMARY

A curable, optically clear pressure-sensitive adhesive (PSA) mixture,
which has been developed for a functional label, is particularly useful
for adhering a protective epoxy coating onto color filters for use in a
liquid-crystal display panel structure [13, 14]. The curable epoxy
and the curable PSA are applied to the color filter and then exposed
to UV radiation. The radiation transforms the PSA from a removable
adhesive to a permanent adhesive. The color filter with the UV-cured
adhesive is then baked to fully cure the adhesive layer, which further
transforms the adhesive into a near-structural adhesive. Such a pro-
gressive transformation to different types of adhesive is monitored
and confirmed by the viscoelastic window.

REFERENCES

[1] Chang, E. P., J. Adhes. 34, 189-200 (1991).

[2] Dahlquist, C. A., in Adhesion, Fundamentals and Practice Proc. Nottingham Conf.
on Adhesion, September 20-22, 1966 (Gordon and Breach Science Publ., New York,
1969) Chap. 5, pp. 134-151.

[3] Kaelble, D. H., J. Adhes. 1, 102-123 (1969).

[4] Gent, A. N. and Petrich, R. P., Proc. R. Soc. London A310, 433-448 (1969).

[5] Chan, H. K. and Howard, G. J., J. Adhes. 9, 279-304 (1978).

[6] Kaelble, D. H., Trans. Soc. Rheol. 4, 45-73 (1960).

[7] Kraus, G., Jones, F. B., Marrs, D. L. and Rollman, K. W., J. Adhes. 8, 235-258 (1977).

[8] Class, J. B. and Chu, S. G., J. Appl. Polym. Sci. 30, 805-814 (1985).

[9] Class, J. B. and Chu, S. G., J. Appl. Polym. Sci. 30, 815-824 (1985).

[10] Class, J. B. and Chu, S. G., J. Appl. Polym. Sci. 30, 825-852 (1985).

[11] Chu, S. G., in Viscoelastic Properties of Pressure-Sensitive Adhesives, D. Satas (Ed.)
(Van Nostrand Reinhold, New York, 1989), Chap. 8.

[12] Macosko, C. W., Adhesives Age, September, 35-37 (1977).

[13] Holguin, D. L. and Chang, E. P., US Patent 6,372,074 B1, Method of Forming a
Protective Coating for Color Filters.

[14] Holguin, D. L. and Chang, E. P., US Patent 6,706,355 B2, Protective Coating for
Color Filters.



