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ABSTRACT: Hybrid systems based on 3-trimethoxysilyl propyl methacrylate, tetrameth-
ylorthosilicate, and methyl methacrylate were developed for moisture protection and
strengthening of glass objects. The hydrophobic behavior of the hybrid was obtained
by adding different fluorinated precursors to the hybrid solution. Experimental results
show that among different fluorinated percursors, 1H,1H,2H,2H-perfluorooctyl trichlo-
rosilane gives the best results, increasing the water contact angle up to 100° and
decreasing the free surface energy. Coated glasses exhibit higher strength (more than
50%) than uncoated glasses. The strengthening was interpreted in terms of a healing
mechanism. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 2387—2393, 1997
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INTRODUCTION

Glass is a material with excellent properties such
as high chemical resistance and high transpar-
ency."”” However, some glasses can be sensitive
to moisture and surface flaws. Thus it should be
interesting to protect these glasses with a coating.

For these applications the qualities of a coating
are mainly the following: good adhesion, the pres-
ence of a hydrophobic surface, and improvement
of mechanical properties.

Pure organic and inorganic coatings have been
used. Polymer coatings lead to good adhesion but
do not really improve the mechanical properties.
Inorganic coatings often have poor adhesion, espe-
cially for thicknesses higher than 1 ym.?*

Hybrid organic—inorganic coatings may com-
bine the qualities of both materials, and they have
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always been used for protection and strengthen-
ing of glass as shown by the recent promising
works of Schmidt et al.’~!' Furthermore, hy-
drophobic surface modification based on perflu-
orosilane can be obtained.'*'?

The aim of this work was to study the influence
of a hybrid coating film with the following charac-
teristics: hydrophobicity, adhesion, and strength-
ening of glass objects.

EXPERIMENTAL

Materials

3-Trimethoxysilyl propyl methacrylate (TMSM ),
tetramethylorthosilicate (TMOS), methyl meth-
acrylate (MMA), 1H,1H,2H,2H-perfluorooctyl tri-
chlorosilane (FOTCS), 1H,1H,2H,2H-perfluoro-
dodecan-1-o0l (FD1OL), 2,2,2-trifluoroethyl
methacrylate (TFEM), and 1H,1H,2H-perfluoro-
1-dodecene (F1D) from Aldrich were used without
further purification. Formamid ethylene glycol

2387



2388 ERSHAD-LANGROUDI ET AL.

| TMSM + MMA |

| Fluorinated Precursors |

| TMOS I

|

UV-Precuring

[T
o ——

Hydrolysis

H

Filter

i

Coating

"
i

I Partial drying
| UV-Curing I

Figure 1 Synthesis schema developed for the hybrid
system.

|

and heptane (reagent grades) were used as re-
ceived.

Processing

A UV precuring system was synthesized by adding
2 wt % of a photoinitiator (benzoine) to TMSM
and MMA. And then TMOS with different ratios
of TMSM/TMOS were added to the TMSM/MMA
system. Hydrolysis and condensation of TMSM
and TMOS occur by slowly adding the substoichio-
metric amount of water (pH 2.5) to this formula-
tion while stirring. Then the solution was stirred
for 1 h at room temperature. Finally the solution
was filtered through a 1-um filter. To achieve hy-
drophobic surfaces, different concentrations of the
fluorinated precursors (FOTCS, F1D, FD1OL,
TFEM ) were added to the system, followed by stir-
ring for 30 min.

Coating films with different thicknesses can be
prepared as a function of time and viscosity. Coat-
ing experiments were carried out by a dip coating
technique with thin soda lime glass slides used
as substrates. The substrate was immersed in a

dipping solution and was drawn up vertically. The
films were dried at room temperature before UV
curing. The developed synthesis schema is sum-
marized in Figure 1.

Techniques
Contact Angle Measurements

The advancing contact angles of the coatings were
measured at room temperature. A Hamilton mi-
croliter syringe was used to place a drop of liquid
onto a coating plate. Advancing angles were mea-
sured by a Ramé Hart’s goniometer. The surfaces
were cleaned with ethanol and distilled/deionized
water before each experiment.

Adhesion Test

A qualitative adhesion test was used on the coat-
ing film.' First, a coated sample was precleaned
with ethanol. Next, a sharp razor was used to
prepare a net of cuts in the sample. The cuts were
spaced 1 mm apart and 11 such cuts were made
in both orthogonal directions. Then the films were
lightly brushed with soft tissue to remove any de-
tached flakes. A pressure-sensitive adhesive tape
was then uniformly applied to the clean surface.
After 1 min of application, the tape was removed
by pulling it off as close to an 180° angle as possi-
ble. Following peel, the grid area was inspected
for removal of the coating from the substrate. The
hybrid—glass interface was observed by scanning
electron microscopy (SEM).

Table I Mean Values of Contact Angles of
Water for Different Coating Compositions
in TMSM-TMOS-MMA (1 :1 : 0.5) System

Advance Contact

Composition Angles (6°)

Uncoated glass 10 5
Coated glass without fluorinated

precursors 49 = 5
+ TFEM 2 wt % 61 +4
+ TFEM 8 wt % 65 +6
+ TFEM 30 wt % 66 + 4
+ F1D 2 wt % 60 +5
+ FD101 2 wt % 70 =+ 3
+ FD1OL 3 wt % 85 +5
+ FOTCS 3 wt % 100 = 5
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Table II Surface Free Energies (mJ/m?) of
Liquid Used for Contact Angle Measurements

Liquid 71 yi ¥h
Water 72.8 21.8 51.0
Formamide 58.2 394 18.7
Ethylene glycol 48.3 29.3 19.3
Heptane 20.3 20.3 0

Adapted from Marconi et al.*

Biaxial Flexion Test

A biaxial flexion test was used to determine the rup-
ture strength.’”® Six kinds of samples (microscope
slides 40 X 40 X 2 mm?®) were used in this test:

1. raw samples (as received);

2. abrasive samples (polished with 320 grain
emery cloth normalized by application 800
g load during 30 s) before coating;

3. indented samples (10 N load during 10 s
with a Wolpert microindentor) before coat-
ing; and

4—6. samples 1-3 with a coating.

RESULTS AND DISCUSSION

All the final coatings displayed optical transpar-
ency that indicated that the metal alkoxides were
well mixed with the organic precursors, showing
that no macrophase separation occurred. Indeed,
the preparation methods of these coating systems
were similar to those used in our early studies.’6~®
Crack free transparent coatings on glass of about
15 ym were obtained after UV curing all composi-
tions (see Table I).

Hydrophobic Behavior

We already observed that the contact angle for
unfluorinated base hybrid increased up to 50° in
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Figure 2 SEM of the hybrid—glass interface. The
thickness of the coating is about 15 pm.

comparison with uncoated glass (10°). For in-
creasing the hydrophobic properties, different
fluorinated precursors were added to the system
(see Table I).

The fluorine groups TFEM and F1D have
—CH=—CH, bonds. They can be dissolved physi-
cally in a hybrid solution before UV curing. Add-
ing different amounts of TFEM to the base hybrid
induced only a small increase in the contact angle
for water, even for a high concentration of TFEM
(30 wt %). The same results were obtained with
F1D containing a C;oFs; fluorinated chain. This
may be due to the fact that these fluorine groups
(TFEM, F1D) had not reacted with other compo-
nents in the hybrid solution. Therefore, during
the dip coating process, most of the fluorinated
chain could be eliminated from the surface of
coated glass.

The addition of the FD1OL, containing a C,oFy;
fluorinated chain, had a remarkable influence on
the wetting behavior. This hydrophobic coating
led to a water contact angle of 50—85°, depending
on the FD1OL content. One possible explanation
is that the OH group in this fluorine chain can
react with the other components (TMSM, TMOS).

Table III Polar (y%), Dispersive (y%), and Total (ys) Surface Tension of Coating Systems and Their
Polarity Parameter (X,) with PTFE and Glass for Comparison

Composition Ve v& vé
TMSM : TMOS : MMA (mJ/m?) (mJ/m?) (mJ/m?) X,
Glass 68.2 50.7 17.5 0.74
1:1:05 46.8 26.3 20.5 0.56
1:1:0.5 + 3% FOTCS 23.6 4.5 19.1 0.24
PTFE 20.2 2.23 17.9 0.11
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Figure 3 SEM of the indented samples: (a) without
coating and (b) with coating; the arrows show the filled
crack before and after coating.

But the best results were obtained with the
FOTCS precursors. Adding only 3 wt % FOTCS
led to a water contact angle reaching 100°. This
effect could be attributed to the SiCl; bonds of
fluorinated chains with silane groups of the hy-
brid network, inducing an easy insertion of fluo-
rinated groups. This insertion led to the presence
of fluorinated chains at the air interface, which
was responsible for the influence on the wetting
behavior.'® In fact, it is known from Langmuir—
Blodgett model that only the outermost part of
the surface determines the wetting properties.?’
In consideration of the good results obtained with
FOTCS precursors, the following work was fo-
cused on the TMSM-TMOS-MMA/FOTCS sys-
tem. To get more information on the surface en-
ergy of the hydrophobic coating, the contact angle
measurements were carried out by using probe

liquids (Table II) other than water.?'*° To deter-
mine the polar (y%) and dispersive (y%) compo-
nents of the surface tension, we used the Young
equation, eq. (1),

v1(1 + cos 9)/2(7‘11)0‘5
= (yH)® + (yB)°y2/yDH* (1)

where 6 is the measured value of the advancing
contact angle and vy, v4, and vy¢ are the overall
surface tension and the polar and the dispersive
components, respectively, of the surface tension
of the liquids.

By plotting the value of y,(1 + cos 6)/2(y%)%®
vs. (y8/v9)%?, it is possible to obtain a straight
line whose slope and intercept give the value of
(y2)%% and (y%)%®, respectively, for every coating
surface under evaluation.

In Table III the values of yg, ¥%, and yZ (ob-
tained from the best straight lines) and the polar-
ity parameter X, (defined as y%/vys) are given for
an unmodified 1 : 1 : 0.5 system and the FOTCS
modified system.

In comparison with uncoated glass, the free
surface energy s of the coated glass with TMSM-
TMOS-MMA without fluorinated precursors was
lower (46.8 mJ/m? instead of 68.2 mJ/m?). The
adding of small amounts of FOTCS led to a sig-
nificant decrease of the polar and nonpolar part
of Ys-

Adhesion

A good level of adhesion was observed between
the coatings and the glass substrate. In the base

Table IV Variation of Strength of Glasses with
Hybrid Base Coating Film

Rupture  Standard
Stress Deviation Percent
Treatment (MPa) (MPa) Strengthening
Raw
Uncoated 111 23 51
+Coating 168 32
Abraded
Uncoated 60 7 73
+Coating 104 19
Indented
Uncoated 58 6 96
+Coating 114 33

There were 25 samples per test.
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hybrid (free of fluor) no part of the coating could
be removed during the adhesion test. For the flu-
orinated hybrid coating the amount of cross-cut
area removed was less than 10%. It is important
to note that the presence of fluorinated chains did
not notably change the adhesion of the coating.
The peel resistance was indirectly supported by
the SEM observation on the hybrid—glass inter-
face (Fig. 2). The micrography shown in Figure 2
indicates a very good adhesion between coating
and glass. In fact, fibrils usually observed in the

case of fracture of bulk hybrids are prolongated
in the glass.

The good adhesion of the coating film to the
glass substrate was due to the formation of Si—
O—Si chemical bonds between Si—OH groups
from TMOS and TMSM and the Si—OH of the
glass substrate. The main advantage of the hybrid
coating, in comparison with an inorganic coating
produced from pure TMOS or TEOS (tetra ethoxy-
silane), is a more plastic behavior due to the pres-
ence of organic chains. Moreover, the presence of
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Figure 4 Weibull plots for (a) raw samples, (b) abraded samples, and (c) indented
samples.
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the organic phase prevents the crack formation
during the drying step.

Glass Strengthening

Sol—gel coatings may improve the strength of
glasses by filling in surface flaws and blunting
crack tips. The Irwin theory considers the geome-
try of defaults by introducing the effect of the ra-
dius of a curve at the bottom of a crack?®':

Ki=1+2(alp)* = o,/0,

where o, is the stress at the bottom of the crack,
o, 1s the applied stress, p is the radius of the curve
at the bottom of the crack, and a is the length of
the surface flaw. All healing of the defect occurs
by increasing p and decreasing a.

We focus on three types of defects:

1. natural defects inherent in the glass process;

2. defects artificially created by mechanical
abrasion (where a is very large compared
with p); and

3. defects created by indentation (where a > p);
in fact, indentation leads to the formation of
cracks as shown in Figure 3(a).

The experimental results are presented in Ta-
ble IV. Weibull plots of the strength distributions
are given in Figure 4, In(In(1/(1 — p))) against
In o, where p is the fraction of samples that failed
under a tensile stress ¢.3*%

From Table IV and Figure 4(a) the mean
strength of uncoated raw samples was increased
from 111 to 168 MPa (51%). Abrasion and inden-
tation significantly reduced the mean strength of
the uncoated samples to 60 and 58 MPa, respec-
tively. After coating, the mean strength for the
abraded and the indented samples increased to
104 and 114 MPa, respectively.

This strengthening effect can be explained by
the healing mechanism. There is a filling of flaws
by polycondensation reaction at the surface be-
tween Si—OH bonds of the hybrid network and
substrate. During coating the depth (@) decreases
while the radius (p) increases, as shown in Figure
3(b). The relatively weak strengthening (51%) of
raw glass can be explained if we consider that the
initial defects during the glass making process
were wide. On the other hand, for artificial defects
(abrasion and indentation) the initial flaws were

narrow. The decrease in depth (a) was more im-
portant than the increase in the radius (p). There-
fore, the strengthening effect was more important
(73-96%). However, some cracks were not com-
pletely filled, and then the values obtained after
coating of the raw sample were not reached.

CONCLUSION

The experimental results show that a TMSM-
TMOS-MMA base hybrid system can be success-
fully developed to produce thin film at room tem-
perature. The coating film has good qualities such
as optical transparency, resistance to cracking,
and excellent adhesion.

Hydrophobic fluorinated chains can be intro-
duced in the hybrid system through chemical
bonds, leading to an improvement of the wetting
behavior without a change in the adhesion proper-
ties.

These coatings display a mechanical strength-
ening of the substrate that can be attributed to
the filling and/or healing of the surface flaws.
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