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MOISTURE RESISTANT COATING FOR BARRIER FILMS

REFERENCE TO RELATED APPLICATION

The present application is related to U.S. Patent Application of M. Weigel et al.,

entitled "Barrier Assembly," and filed on even date herewith (Attorney Docket No.

66737US002), which is incorporated herein by reference as if fully set forth.

BACKGROUND

Multilayer stacks of polymers and oxides are deposited in a single pass coating

process on flexible plastic films to make high barrier films resistant to moisture

permeation. Examples of these barrier films are described in U.S. Patent Nos. 5,440,446;

5,877,895; and 6,010,751, all of which are incorporated herein by reference as if fully set

forth. These high barrier films have a number of applications in the display, lighting, and

solar markets as flexible replacements for glass encapsulating materials. However, under

certain conditions multilayer stacks of polymers and oxides may suffer degradation in

adhesion performance after extended exposure to moisture, possibly causing these high

barrier stacks to delaminate at the oxide-polymer interface and causing the flexible plastic

film to detach from the device.

One solution to this problem is to use what is referred to as a "tie" layer of

particular elements such chromium, zirconium, titanium, silicon and the like, which are

often sputter deposited as a mono- or thin-layer of the material either as the element or in

the presence of small amount of oxygen. The tie layer element can then form chemical

bonds to both the substrate layer, an oxide, and the capping layer, a polymer.

Tie layers are generally used in the vacuum coating industry to achieve adhesion

between layers of differing materials. The process used to deposit the layers often

requires fine tuning to achieve the right layer concentration of tie layer atoms. The

deposition can be affected by slight variations in the vacuum coating process such as

fluctuation in vacuum pressure, out-gassing, and cross contamination from other processes

resulting in variation of adhesion levels in the product. In addition, tie layers often do not

retain their initial adhesion levels after exposure to water vapor. A more robust solution

for adhesion improvement in barrier films is desirable.



SUMMARY

A barrier film, consistent with the present invention, includes a substrate, a base

polymer layer applied to the substrate, an oxide layer applied to the base polymer layer,

and a top coat polymer layer applied to the oxide layer. The top coat polymer includes a

silane and an acrylate co-deposited to form the top coat layer. An optional inorganic layer

can be applied over the top coat polymer layer.

A process for making a barrier film, consistent with the present invention, includes

the steps of providing a substrate, applying a base polymer layer to the substrate, applying

an oxide layer to the base polymer layer, and co-depositing a silane and an acrylate to

form a top coat polymer layer on the oxide layer.

The use of a silane co-deposited with an acrylate to form the top coat layer of the

barrier film provides for enhanced resistance to moisture and improved peel strength

adhesion of the top coat layer to the underlying barrier stack layers.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are incorporated in and constitute a part of this

specification and, together with the description, explain the advantages and principles of

the invention. In the drawings,

FIG. 1 is a diagram of a barrier film having a moisture resistant coating; and

FIG. 2 is a diagram illustrating a process for making a barrier film.

DETAILED DESCRIPTION

FIG. 1 is a diagram of a barrier film 10 having a moisture resistant coating. Film

10 includes layers arranged in the following order: a substrate 12; a base polymer layer

14; an inorganic layer 16; a top coat polymer layer 18; and an optional inorganic layer 20.

Base polymer layer 14 and inorganic layer 16 together form a dyad and, although only one

dyad is shown, film 10 can include additional alternating layers of base polymer and oxide

between substrate 10 and top coat polymer layer 18. A silane is co-deposited with an

acrylate to form top coat polymer layer 18, which improves the moisture resistance of film

10 and the peel strength adhesion of top coat polymer layer 18 to the underlying barrier



stack layers, as explained below. Materials for the layers of barrier film 10 are identified

in the Examples.

FIG. 2 is a diagram of a system 22, illustrating a process for making barrier film

10. System 22 is contained within an inert environment and includes a chilled drum 24 for

receiving and moving substrate 10 as represented by a film 26 providing a moving web.

An evaporator 28 applies a base polymer, which is cured by curing unit 30 to form base

polymer layer 14 as drum 24 advances the film in a direction shown by arrow 25. An

oxide sputter unit 32 applies an oxide to form layer 16 as drum 24 advances film 26. For

additional alternating layers of base polymer and oxide, drum 24 can rotate in a reverse

direction opposite arrow 25 and then advance film 26 again to apply the additional

alternating base polymer and oxide layers, and that sub-process can be repeated for as

many alternating layers as desired or needed. Once the alternating layers of base polymer

and oxide are complete, drum 24 further advances the film, and an evaporator 34 deposits

a silane and evaporator 36 deposits an acrylate. The silane and acrylate are co-deposited

and, as drum 24 advances the film, are cured together by curing unit 38 to form top coat

polymer 18. Co-depositing the silane and acrylate can involve co-evaporating the

materials or evaporating a mixture of the materials. As an alternative to an acrylate, a

radiation cured monomer can be used with the silane to form the top coat. The layers in

FIG. 2 are shown separated for illustrative purposes only; the layers are deposited on one

another in the process of making the barrier film. Also, each evaporator would be coupled

with a source of the corresponding material to be deposited. The Examples describe in

more detail processes using system 22 to make barrier film 10.

The following explains the advantages of using silane in barrier film 10 to form the

top coat polymer layer. Silanes are well known in the coating industry to improve

adhesion levels between polymer to glass surfaces or to greatly alter surface chemistry, in

general, ranging from hydrophilic to hydrophobic. The use of silanes in vapor coating

applications has been hindered by the high molecular weights of traditional silane

coupling agent compounds. In addition, the hydroxylation step to activate the silane

coupling agent to bond to a surface containing hydroxyl groups has hindered their

applicability in vapor coating processes. The development of cyclic aza-silanes has

enabled vapor process-able silane coupling agent chemistry by reducing molecular weight

thus increasing vapor pressure of the coupling agent molecule and by removing the



hydrolyzing step of the silane coupling agent since cyclic aza-silanes react directly with a

silanol surface.

Cyclic aza-silanes are ringed compounds that contain a silicon atom in the ring

bonded to a nitrogen also in the ring. When the cyclic aza-silane is placed in the presence

of a hydroxyl (silanol) group it quickly reacts to form a Si-O-Si-R linkage from the oxide

surface to the co-condensed pre-polymer while the nitrogen moiety becomes a reactive

amine on the other end of the molecule that can bond with pre-polymer compound(s)

during polymerization. While the basic cyclic aza-silane chemistry is known, its

implementation in the present vapor coating process is not. Another element in the

present process is the ability to form hydroxyl silanol (Si-OH) groups on a freshly sputter

deposited Si0 2 layer. The amount of water vapor present in a multi-process vacuum

chamber can be controlled sufficiently to promote the formation of Si-OH groups in high

enough surface concentration to provide increased bonding sites. With residual gas

monitoring and the use of water vapor sources, the amount of water vapor in a vacuum

chamber can be controlled to ensure adequate generation of Si-OH groups.

This process improves the overall adhesion and adhesion retention of vapor

deposited multilayer barrier coatings after exposure to moisture by the addition of a cyclic

aza-silane coupling agent. The cyclic aza-silane coupling agent is added to a pre-polymer

formulation and co-evaporated in a vapor coating process where the cyclic aza-silane pre-

polymer formulation condenses onto a moving web substrate that has just been sputter

coated with an oxide of silicon and aluminum. The condensed liquid is then polymerized

in the same process by electron beam radiation. With the addition of cyclic aza-silane the

peel strength of the coating is greatly improved and peel strength adhesion is retained after

exposure to high heat and humidity conditions. Additionally, the addition of cyclic aza-

silane removes the need for a tie layer, which greatly simplifies the coating process and

barrier coating stack construction by removing the tie layer altogether. The resulting

barrier coatings retain high barrier properties and optical transmission performance.

EXAMPLES

All parts, percentages, and ratios in the examples are by weight, unless noted

otherwise. Solvents and other reagents used were obtained from Sigma-Aldrich Chemical

Company; Milwaukee, WI unless specified differently.



Materials

90% Si/10% Al targets were obtained from Academy Precision Materials Inc.,

Albuquerque, NM.

99.999% Si targets were obtained from Academy Precision Materials Inc.,

Albuquerque, NM.

ETFE film: ethylene-tetrafluoroethylene film available from St. Gobain

Performance Plastics, Wayne, NJ under the trade name "NORTON® ETFE."

ETIMEX® 496. 10: EVA film VISTASOLAR® available from ETIMEX Solar

GmbH, a subsidiary of SOLUTIA Inc., Dietenheim, Germany.

SR-833S: tricyclodecane dimethanol diacrylate available from Sartomer USA,

LLC, Exton, PA.

Madico tape: back-sheet film commercially available under the trade designation

"TAPE" from Madico, Woburn, MA.

N-n-butyl-aza-2,2-dimethoxysilacyclopentane was obtained from Gelest, Inc.,

Morrisville, PA under the trade name "Cyclic AZA Silane 1932.4."

T-Peel Test Method

Films having a barrier coating were cut to 20 cm (8 inch) x 30.5 cm (12 inch)

rectangular sections. These sections were then placed into a laminate construction

containing a bottom back-sheet (Madico tape), a sheet of ETIMEX 496.10 adjacent to the

back-sheet, and the barrier film on top of the EVA sheet with the barrier coating oriented

towards the EVA encapsulant. The construction was laminated at 150°C for 12 minutes

and 105 Pa ( 1 atm) of pressure. Two pieces of plastic material about 25 mm wide by 20

cm long were placed between the barrier film and the EVA layer along both 20 cm long

edges to form unbonded edges. The resulting laminate was then cut into 25 mm wide x

152 mm long strips such that one end contained the 25 mm unbonded ends that were to be

placed in the clamping grips of the test machine. The two unbonded ends of film were

placed in a tension testing machine according to ASTM D1876-08 "Standard Test Method

for Peel Resistance of Adhesives (T-Peel Test)." A grip distance of 12.7 mm was used

and a peel speed of 254 mm/min (10 inches/min) was used. T-Peel testing was completed



according to ASTM D1876-08 except where otherwise stated. The peak peel force was

measured for three samples and averaged to produce the results.

Comparative Example C-l

An ethylene tetra fluoro ethylene (ETFE) substrate film was covered with a stack

of an acrylate smoothing layer, an inorganic silicon aluminum oxide (SiAlOx) barrier

layer, a Silicon Oxide (SiOx) layer, an acrylate protective layer, and a second inorganic

barrier layer. Barrier assemblies were made on a vacuum coater similar to the coater

described in U.S. Patent Nos. 5,440,446 (Shaw et al.) and 7,018,713 (Padiyath, et al).

The individual layers were formed as follows:

(Layer 1 - smoothing polymeric layer.) A 350 meter long roll of 0.127 mm thick x

366 mm wide ETFE film was loaded into a roll-to-roll vacuum processing chamber. The

chamber was pumped down to a pressure of lxl 0 5 Torr. The web speed was maintained

at 3.7 meters/min while maintaining the backside of the film in contact with a coating

drum chilled to -10°C. With the film in contact with the drum, the film surface was treated

with a nitrogen plasma at 0.05 kW of plasma power. The film surface was then coated

with tricyclodecane dimethanol diacrylate (SR-833S). The diacrylate was vacuum

degassed to a pressure of 20 mTorr prior to coating, and pumped at a flow rate of 1.0

mL/min through an ultrasonic atomizer operated at a frequency of 60 kHz. A flow of 10

standard cubic centimeters per minute (seem) of nitrogen gas heated to 100°C was added

concentrically to the diacrylate within the ultrasonic atomizer. The diacrylate and gas

mixture was introduced into a heated vaporization chamber maintained at 260°C along

with an additional 25 seem of heated nitrogen gas. The resulting monomer vapor stream

condensed onto the film surface and was electron beam crosslinked using a multi-filament

electron-beam cure gun operated at 9.0 kV and 3.1 mA to form a 720 nm acrylate layer.

(Layer 2 - inorganic layer.) Immediately after the acrylate deposition and with the

film still in contact with the drum, a SiAlOx layer was sputter-deposited atop a 350 meter

length of the acrylate-coated web surface. Two alternating current (AC) power supplies

were used to control two pairs of cathodes, with each cathode housing two 90% Si/10% Al

targets. During sputter deposition, the voltage signal from each power supply was used as

an input for a proportional-integral-differential control loop to maintain a predetermined

oxygen flow to each cathode. The AC power supplies sputtered the 90%> Si/10% Al



targets using 3500 watts of power, with a gas mixture containing 850 standard cubic

centimeters per minute (seem) argon and 63 seem oxygen at a sputter pressure of 3.5

mTorr. This provided a 30 nm thick SiAlOx layer deposited atop the Layer 1 acrylate.

(Layer 3 - inorganic layer.) Immediately after the SiAlOx deposition and with the

film still in contact with the drum, a sub-oxide of silicon (SiOx, where x<2) tie-layer was

sputter deposited atop the same 350 meter length of the SiAlOx and acrylate coated web

surface using a 99.999% Si target. The SiOx was sputtered using 1000 watts of power,

with a gas mixture containing 200 seem argon and 10 seem oxygen at a sputter pressure of

1.5 mTorr, to provide a SiOx layer approximately 3 to 6 nm thick atop Layer 2 .

(Layer 4 - protective polymeric layer.) Immediately after the SiOx layer

deposition and with the film still in contact with the drum, a second acrylate (same

acrylate as in Layer 1) was coated and crosslinked on the same 350 meter web length

using the same general conditions as for Layer 1, but with these exceptions. Electron beam

crosslinking was carried out using a multi-filament electron-beam cure gun operated at 9

kV and 0.40 mA. This provided a 720 nm acrylate layer atop Layer 3 .

(Layer 5 - inorganic layer.) In a separate reverse pass through the roll-to-roll

vacuum processing chamber and with the web moving at 3.7 meters/minute, a second

SiAlOx (same inorganic as in layer 3) was sputter deposited atop the same 350 meter web

length using the same conditions as for Layer 3 . This provided a 30 nm thick SiAlOx layer

deposited atop the Layer 4 protective acrylate layer.

The resulting five layer stack on the polymeric substrate exhibited an average

spectral transmission Tvis=92% (determined by averaging the percent transmission

between 400 nm and 700 nm) measured at a 0° angle of incidence. A water vapor

transmission rate was measured in accordance with ASTM F-1249 at 50°C and 100% RH

and the result was below the 0.005 g/m /day lower detection limit rate of the MOCON

PERMATRAN-W® Model 700 WVTR testing system (commercially available from

MOCON, Inc., Minneapolis, MN).

T-peel tests were performed as described under T-Peel Test Method. The initial

averaged peak adhesion T-peel pull force was 1.9 N/cm (1.1 lbf/inch). The T-peel test

results are summarized in Table 1.



Example 1 - Barrier stack made with N-n-butyl-aza-2,2-dimethoxysilacyclopentane

An ethylene tetra fluoro ethylene (ETFE) substrate film was covered with a stack

of an acrylate smoothing layer, an inorganic silicon aluminum oxide (SiAlOx) barrier

layer, a protective layer made from an acrylate formulation containing SR-833S and N-n-

butyl-aza-2,2-dimethoxysilacyclopentane, and a second inorganic barrier layer. Barrier

assemblies were made on a vacuum coater similar to the coater described in U.S. Patent

Nos. 5,440,446 (Shaw et al.) and 7,018,713 (Padiyath, et al). The individual layers were

formed as follows.

(Layer 1 - smoothing polymeric layer.) A roll of 0 .127 mm thick x 366 mm wide

ETFE film was loaded into a roll-to-roll vacuum processing chamber. The chamber was

pumped down to a pressure of lxl 0 5 Torr. The web speed was maintained at 3.7

meters/min while maintaining the backside of the film in contact with a coating drum

chilled to -10°C. With the film in contact with the drum, the film surface was treated with

a nitrogen plasma at 0.05 kW of plasma power. The film surface was then coated with a

tricyclodecane dimethanol diacrylate (SR-833S). The diacrylate was vacuum degassed to

a pressure of 20 mTorr prior to coating, and pumped at a flow rate of 1.0 mL/min through

an ultrasonic atomizer operated at a frequency of 60 kHz. A flow of 10 standard cubic

centimeters per minute (seem) of nitrogen gas heated to 100°C was added concentrically

to the diacrylate within the ultrasonic atomizer. The diacrylate and gas mixture was

introduced into a heated vaporization chamber maintained at 260°C along with an

additional 25 seem of heated nitrogen gas. The resulting monomer vapor stream

condensed onto the film surface and was electron beam crosslinked using a mutli-filament

electron beam cure gun operated at 9.0 kV and 3.1 mA to form a 720 nm acrylate layer.

(Layer 2 - inorganic layer.) Immediately after the acrylate deposition and with the

film still in contact with the drum, a SiAlOx layer was sputter-deposited atop a 20 meter

length of the acrylate-coated web surface. Two alternating current (AC) power supplies

were used to control two pairs of cathodes, with each cathode housing two 90% Si/10% Al

targets. During sputter deposition, the voltage signal from each power supply was used as

an input for a proportional-integral-differential control loop to maintain a predetermined

oxygen flow to each cathode. The AC power supplies sputtered the 90%> Si/10% Al

targets using 3500 watts of power, with a gas mixture containing 850 seem argon and 82



seem oxygen at a sputter pressure of 3.7 mTorr. This provided a 30 nm thick SiAlOx

layer deposited atop the Layer 1 acrylate.

(Layer 3 - protective polymeric layer.) Immediately after the SiAlOx layer

deposition and with the film still in contact with the drum, a second acrylate containing N-

n-butyl-aza-2,2-dimethoxysilacyclopentane loaded to 3% into the SR-833S was coated

and crosslinked on the same 20 meter web length using the same general conditions as for

Layer 1, but with these exceptions. The SR-833S was degassed as in layer one (above)

and then before loading into the delivery syringe a 1.5 g (3% by weight) of N-n-butyl-aza-

2,2-dimethoxysilacyclopentane was thoroughly stirred in prior to evaporating the

formulation. Electron beam crosslinking was carried out using a multi-filament electron-

beam cure gun operated at 9 kV and 0.40 mA. This provided a 720 nm acrylate layer atop

Layer 3 .

(Layer 4 - inorganic layer.) In a separate pass through the roll-to-roll vacuum

processing chamber and with the web at 3.7 meters/minute, a second SiAlOx (same

inorganic as in layer 3) was sputter deposited atop the same 350 meter web length using

the same conditions as for Layer 3 . This provided a 30 nm thick SiAlOx layer deposited

atop the Layer 3 protective acrylate layer.

The resulting four layer stack on the polymeric substrate exhibited an average

spectral transmission Tvis=92% (determined by averaging the percent transmission

between 400 nm and 700 nm) measured at a 0° angle of incidence. A water vapor

transmission rate was measured in accordance with ASTM F-1249 at 50 °C and 100% RH

and the result was below the 0.005 g/m /day lower detection limit rate of the MOCON

PERMATRAN-W® Model 700 WVTR testing system (commercially available from

MOCON, Inc, Minneapolis, MN).

T-peel tests were performed as described under T-Peel Test Method. The initial

averaged peak adhesion T-peel pull force was 35.0 N/cm (20.0 lbf/inch). Additional

samples were placed into an environmental chamber held at constant temperature of 85°C

and constant 85% relative humidity and aged for 100 and 250 hours. After 100 hours, the

averaged peak T-peel measurements were made and the averaged peak adhesion value was

37. 1N/cm (21 .2 lbf/in). The resulting averaged peak peel strength after 250 hours was

33.6 N/cm (19.2 lbf/in). The T-peel test results are summarized in Table 1.



Table 1.



CLAIMS

1. A barrier film, comprising:

a substrate;

a base polymer layer applied to the substrate;

an oxide layer applied to the base polymer layer; and

a top coat polymer layer applied to the oxide layer,

wherein the top coat polymer layer comprises a silane and an acrylate co-deposited

to form the top coat layer.

2 . The barrier film of claim 1, further comprising a plurality of the alternating layers

of the base polymer layer and the oxide layer between the substrate and the top coat

polymer.

3 . The barrier film of claim 1, wherein the substrate comprises a flexible transparent

film.

4 . The barrier film of claim 1, wherein the base polymer layer comprises an acrylate

smoothing layer.

5 . The barrier film of claim 1, wherein the oxide layer comprises a layer of an

inorganic silicon aluminum oxide.

6 . The barrier film of claim 1, further comprising an inorganic layer applied to the top

coat polymer layer.

7 . The barrier film of claim 6, wherein the inorganic layer comprise a layer of an

inorganic silicon aluminum oxide.

8. A process for making a barrier film, comprising:

providing a substrate;

applying a base polymer layer to the substrate;



applying an oxide layer to the base polymer layer; and

co-depositing a silane and an acrylate to form a top coat polymer layer on the

oxide layer.

9 . The process of claim 8, wherein the applying the base polymer layer step

comprises evaporating a base polymer onto the substrate and curing the evaporated base

polymer to form the base polymer layer.

10. The process of claim 8, wherein the applying the oxide layer step comprises sputter

depositing an oxide onto the base polymer layer to form the oxide layer.

11. The process of claim 8, further comprising repeating the applying steps to apply a

plurality of the alternating layers of the base polymer layer and the oxide layer between

the substrate and the top coat polymer layer.

12. The process of claim 8, wherein the co-depositing step comprises co-evaporating

the silane and the acrylate onto the oxide layer and curing the co-evaporated silane and

acrylate to form the top coat polymer layer.

13. The process of claim 8, wherein the co-depositing step comprises evaporating a

mixture of the silane and the acrylate onto the oxide layer and curing the evaporated

mixture to form the top coat polymer layer.

14. The process of claim 8, wherein the applying base polymer layer step comprises

applying an acrylate smoothing layer to the substrate.

15. The process of claim 8, wherein the applying the oxide layer step comprises

applying a layer of an inorganic silicon aluminum oxide to the base polymer layer.

16. The process of claim 8, further comprising applying an inorganic layer to the top

coat polymer layer.



17. The process of claim 16, wherein the applying the inorganic layer step comprises

applying a layer of an inorganic silicon aluminum oxide.
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