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Preparation of tough silicon-oxo coatings with enhanced
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Abstract Hardness and toughness are typically con-
tradictive for sol-gel-derived coatings. In this article,
thick (~15 pm) silicon-oxo-dominated nanocomposite
coatings with high transparency were fabricated by
incorporating 3-methacryloxypropyltrimethoxysilane
(MPS)-modified silica alcosol into a moisture-curable
polysiloxane oligomer and curing with the aid of
3-aminopropyltriehtoxysilane (APS). Effects of MPS-
to-SiO, molar ratio, SiO, nanoparticle content, APS
dosage, and curing process on the mechanical proper-
ties were thoroughly investigated using a pencil hard-
ness tester, a flexibility tester, and a nanoindentation
tester. The best properties were achieved by a coating
with an MPS-t0-SiO, molar ratio of 0.1:1, a silica
nanoparticle content of 10 wt%, and an APS dosage of
30 wt%. This coating demonstrated enhanced hardness
(pencil hardness = 7H and microhardness = 626 MPa)
and toughness (excellent flexibility of 5 mm in the
mandrel bend test). Additional curing via aza-Michael
addition between amino groups from APS and C=C
groups from the polysiloxane oligomer can be accom-
plished at elevated temperatures. This enables further
mechanical enhancement, namely hardness (9H and
1087 MPa), with adequate flexibility (10 mm). Such
properties are superior to those reported for other sol—-
gel-derived silicon-oxo coatings produced at low drying
temperatures.
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Introduction

Sol-gel-derived coatings attract much interest because
they show promise as scratch-resistant coatings,' anti-
corrosion coatings,” and optical coatings.’ Among
them, silicon-oxo-dominated coatings are the most
common due to the versatility of silicon-oxo sources;
low cost; and high stability in light, heat, water, and
organic solvents. Their mechanical properties and
wettability can be readily adjusted by the number
and types of organic groups bonded to the silicon-oxo
backbone. These advantages provide multifarious op-
portunities to attain high performance coatings.
Sol-gel-derived silicon-oxo coatings are usually syn-
thesized by hydrolysis/condensation of alkoxysilanes
followed by drying at various temperatures. Those
alkoxysilanes include tetraalkoxysilane [Si(OR)],
organotrialkoxysilane [X-Si(OR);], and organodialko-
xylsilane [XY-Si(OR),], in which the organic groups
(X,Y) are methyl, phenyl, vinyl, glydyloxypropyl,
methacryloxypropyl, and aminopropyl, among others.
Silicon-oxo coating curing takes place via condensation
reactions between Si-OH groups or between an Si-OH
group and an Si-OR group. Additionally, some bonded
organic groups can react to aid or even dominate the
curing, for example, epoxy/amine reactions* and radical
polymerization of methacrylic moieties.” Generally, a
high number of alkoxyl groups, rigid organic groups, and
high curing temperatures result in hard and brittle
silicon-oxo coatings with thicknesses limited to <10 pm,
and sometimes <1 pm because of cracking. Sol-gel-
derived silica coatings® and Ormocer coatings’ are two
typical coating examples that have been developed since
the mid-1980s. Although coating brittleness can be
alleviated by reducing the degree of condensation of the
silicon-oxo-backbone, and/or by increasing the flexibil-
ity of the side organic group, coating strength is always
simultaneously reduced. In the most extreme case,
polydimethylsiloxane coatings can possess excellent
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flexibility, but show low hardness and strength. The
hardness and toughness of silicon-oxo coatings seem to
contradict one another.® Thus, preparing hard and tough
silicon-oxo coatings with a sol-gel process is a great
challenge.

Besides the precursor and curmg process, pro-
hydrolysis of alkoxysilanes,”'” the curing agent ! "and
addltlonal nanofillers (such as colloidal silica'” and
AIOOH") may also remarkably influence the me-
chanical properties of sol-gel-derived silicon-oxo coat-
ings. These variables complicate the process of
fabricating coatings with optimized mechanical prop-
erties, but provide potential for achieving hard and
tough silicon-oxo coatings, and have rarely been
reported to date.

In our previous study,” we successfully prepared hard,
tough, thick polysiloxane coatings by prehydrolysis of
methacryloxypropylmethyldimethoxysilane (MPDS) and
methyltriethoxysilane (MTES), followed by moisture
curing in the presence of aminopropyltriethoxysilane
(APS). Further incorporation of methacryloxypro-
pyltrimethoxysilane (MPS)-modified tungsten-doped
vanadium dioxide [VO,(W)] increased the microhard-
ness from 473 to 990 MPa, but did not sacrifice the
flexibility.'* Inspired by this result, MPS-modified col-
loidal silica was employed as a nanofiller in moisture-
curable polysiloxane coatings to understand whether
mechanically reinforced silicon-oxo coatings can be
fabricated using these inexpensive nanoparticles. Thor-
ough investigations were conducted to determine the
effects of MPS:silica molar ratio, colloidal silica content,
APS dosage, and curing process on the mechanical
properties of the coatings. A hard (1.09 GPa, 9H) and
tough (flexibility = 10 mm) silicon-oxo coating with
thickness up to 15 pm was obtained. To our knowledge,
these mechanical properties are superior and rarely
reported for sol-gel-derived silicon-oxo coatings pre-
pared at low temperature ( < 185°C). The reinforce-
ment mechanism is also discussed in this study.

Experimental
Materials

MPDS (98%), MTES (98%), MPS (98%), and APS
(98%) were purchased from Zhangjiagang Guotai-
huarong New Chemical Materials Co., Ltd. of China.
Silica alcosol (30% solid content, particle size = 20 nm)
was purchased from Zhangjiagang Churen New Mate-
rials Co., Ltd. of China. Aqueous ammonia solution
(25 wt%) and absolute ethanol (AR) were purchased
from Sinopharm Chemical Reagent Co., Ltd.

Synthesis of polysiloxane oligomer

The polysiloxane oligomer was synthesmed according
to a previously reported method.” MPDS 581 g
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(0.05 mol) and MTES 40.12 g (0.45 mol) were added
to a 100-mL round-bottom flask and magnetically
stirred. Then, a diluted aqueous ammonia solution
(4.5 g, concentration = 0.1 M) and ethanol (5 g) were
mixed and dropped into the flask over 15 min at room
temperature. Afterward, the reaction mixture was
heated to ~90°C in an oil bath and held for 4 h to
obtain the polysiloxane oligomer.

Preparation of MPS-functionalized colloidal silica

Silica alcosol was added to a 50-mL round-bottom flask
and magnetically stirred, and MPS was added drop-
wise to the stirring vessel. The reaction was carried out
for 24 h at ambient temperature. The MPS-t0-SiO,
molar ratios were set as 0.05:1, 0.1:1, and 0.28:1, and
the resulting modified silica alcosols were named SO05,
510, and S28, respectively.

Fabrication of silicon-oxo-dominated coatings

The MPS-modified silica alcosol was mixed with the as-
obtained polysiloxane oligomer solution and sonicated
for approximately 3 min. APS was added to the
solution in amounts of 10, 20, 30, and 50 wt% based
on the mass of the as-obtained polysiloxane oligomer
solution. Subsequently, each coating was cast on a
tinplate by a drawdown rod (wet thickness = 120 pm),
and cured in ambient conditions for 7 days, followed
by further heat treatment at 60°C for 12 h. Unless
otherwise noted, all coatings were dried with the above
curing process. All tinplate sheets were polished with
No. 0 (120 #) aluminum oxide cloth (Shanghai Grind-
ing Wheel Works, China) and cleaned with acetone
prior to casting. Coating formulations and their sample
names are given in Table 1.

Characterization

Transmission electron microscopy (TEM) images were
taken on a Hitachi H-800 TEM (Japan) at 75 kV to
observe the dispersion of unmodified and MPS-
modified silica particles in the coatings. Samples were
prepared by drop-casting dilute solutions on copper
grids and drying at room temperature.

Fourier transform infrared (FTIR) spectra were
recorded using a Nicolet Nexus 470 FTIR spectrometer
(USA) over the wavenumber ran%mg from 4000 to
400 cm ™! with a resolution of 4 cm ™! and accumulation
of 32 scans. The unmodified SiO, and MPS-modified
SiO, nanoparticles were separated from suspension in
ethanol by centrifugation, washed three times with
ethanol to remove residual MPS, and dried at 75°C for
2 h. The dried silica powders were blended with KBr to
form sample pellets. The dried coatings were scraped
from the substrate and then blended with KBr for
FTIR analysis. The Raman spectra of the coatings
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Table 1: The formulations and sample names of silicon-oxo nanocomposite coatings

Sample name Silica alcosol Colloidal silica Si-O content in dried
Type Dosage (3) content (%)? coatings (%)°

RO - 0 0 40
RO-5 Unmodified 0.5 5 -
RO-10 Unmodified 1.0 10 -

RO-15 Unmodified 1.5 15 -

R0-20 Unmodified 2.0 20 -
R05-5 S05 0.5 5 41
R05-10 S05 1.0 10 45
R05-15 S05 1.5 15 46
R05-20 S05 2.0 20 -
R10-5 S10 0.5 5 44
R10-10 S10 1.0 10 48
R10-15 S10 1.5 15 49
R10-20 S10 2.0 20 -
R28-5 S28 0.5 5 45
R28-10 S28 1.0 10 48
R28-15 S28 1.5 15 50
R28-20 S28 2.0 20 -

In all formulations, 3 g of the as-obtained polysiloxane oligomer solution and 0.9 g of APS were used
& Mass percentages of silica nanoparticles based on the mass of the as-obtained polysiloxane oligomer solution
P As determined by TGA analysis from room temperature to 800°C

were recorded by a LABRAM-EB Raman spectro-
scope (Dilor Instrument, France). Coatings on tin-
plates were directly used for Raman characterization.
An optical microscope (Hirox, Japan) was employed to
determine coating thickness.

Pencil hardness was determined using MITSU-
BISHI UNI pencils with hardnesses varying from H
to 9H according to the National Standard Testing
Method (GB/T6739-1996) of China. The grade of the
hardest pencil that did not cause surface lacerations
was taken to be the pencil hardness. The flexibility was
determined by a QTX paint flexibility tester (Shanghai
Modern Environmental Engineering Technology Co.,
Ltd.) according to the National Standard Testing
Method (GB/T1731-1993) of China. The tester has
mandrel bars with diameters of 15, 10, 5, 4, 3, 2, and
1 mm, and the coating panel was bent around the
mandrel bar. The smallest bar diameter that did not
cause cracking in the coatings denotes the flexibility of
the coatings. Higher mandrel diameters correspond to
less flexible coatings.

Nanoindentation tests were conducted on a
CSM nanoindentation instrument (CSM Instruments,
Switzerland) using a Berkovich diamond indenter. The
indenter contacts the surface first and then penetrates
into the coatings at a constant strain rate of 0.05 s~
until a depth of 1 um is reached. The indenter holds at
the maximum load for 50 s, and then withdraws from
the surface at the same rate as loading. A minimum of
five indentations were made for each sample. Hardness
and elastic modulus were calculated from the loading-

hold-unloading curves according to the Oliver and
Pharr method."

Nanoscratch tests were performed by a nanoscratch
tester (CSM Instruments, Switzerland) using a Rock-
well indenter (Rockwell-SB-B12, tip radius 10 pm,
conical). After a prescan procedure with a minimum
load of 1 mN, the tip was pressed into the samples with
increasing load from 1 to 30 mN and moved at a
constant rate of 4 pm/s. The surface profile was
recorded by a depth sensor. A post-scan was per-
formed at a load of 1 mN to determine the residual
depth of the scratch. Meanwhile, an optical microscope
was used to observe the scratch grooves. Three parallel
scratches were applied for each sample, and the
average value is reported.

Results and discussion

Preparation of silicon-oxo-dominated
nanocomposite coatings

Preliminary experiments showed that direct addition of
silica alcosol to the as-obtained polysiloxane oligomer
solution resulted in an opaque mixture. Even after the
addition of APS, the appearance of the coating did not
change. This phenomenon suggests that the colloidal
silica nanoparticles are not compatible with the mois-
ture-curable polysiloxane. However, when a small
quantity of MPS (MPS-to-SiO, molar ratio 0.05:1)
was first added to silica alcosol, the silica alcosol/
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polysiloxane oligomer solution did not make opaque
coatings even at silica nanoparticle concentrations up
to 20 wt%. Figure 1 presents the TEM images of the
silicon-oxo coatings prepared with unmodified silica
alcosol and modified silica alcosol (S05). Aggregates of
silica nanoparticles are observed with unmodified silica
alcosol, while all silica nanoparticles are individually
dispersed in the coating fabricated with S05. These
microscopic morphologies are in agreement with their
macroscopic appearances.

The colloidal silica nanoparticles were centrifuged
from the MPS-modified silica alcosol for FTIR char-
acterization, as shown in Fig. 2. For comparison, the
FTIR spectrum of the unmodified silica nanoparticles
from original silica alcosol is also given in Fig. 2.
Strong absorption peaks at 2957 and 1721 cm ™!,
corresponding to the stretching vibrations of C-H
and C=0, are revealed for the modified silica alcosols.
This result indicates that MPS molecules are chemical-
ly bonded to silica nanoparticles in the MPS-modified
silica alcosol. Therefore, improved compatibility be-
tween polysiloxane and modified silica alcosol may
result from the methacrylic moieties that they both
have. Figure 2 also shows that the intensity of the C=0
peak increases with increasing molar ratio of MPS to
SiO,. This signifies that larger quantities of MPS are
grafted on the surface of silica nanoparticles at higher
MPS dosages.

The silicon-oxo-dominated coatings were highly
stable in a sealed container. Once cast on substrates,
they cured in ambient conditions and typically became
tack-free within 2 h. The curing mechanism is expected
to be related to the moisture-induced hydrolysis/con-
densation of Si-OH/Si-OR groups that exist in the
moisture-curable polysiloxane resin. In addition,
crosslinking reactions took place via aza-Michael
addition between amino groups (from APS) and C=C
groups (from tethered methacrylic moieties of
polysﬂoxane oligomer), as demonstrated in our previ-
ous report.” Since methacrylic groups also exist on the
surfaces of the colloidal silica nanoparticles, the silica
nanoparticles may participate in film formation via aza-
Michael addition during drying. Therefore, the curing

mechanism is complicated in these silicon-oxo-

dominated nanocomposite coatings.

The macro-mechanical properties of the
silicon-oxo coatings

Pencil hardness and flexibility of silicon-oxo coatings
are summarized in Table 2. Surprisingly, 5 wt% of
unmodified silica nanoparticles induce a reduction in
pencil hardness from 4H to H. Even though the RO-5
coating is soft, the flexibility is not better than that of
the RO coating. The mechanical deterioration may be
attributed to poor interfacial interactions between the
polysiloxane matrix and unmodified silica nanoparti-
cles, as demonstrated above by aggregation of silica
nanoparticles. As the content of unmodified silica
nanoparticles increases further, the pencil hardness
increases due to reinforcement by the silica nanopar-
ticles, and flexibility declines. This mechanical behav-
ior is analogous to behaviors exh1b1ted in col-
loidal-silica-embedded organic coatings.'® Thus, the

a Unmodified SiOo
b MPS:SiO, = 0.05:1
¢ MPS:SiO, = 0.1:1

d MPS:SiO, = 0.28:1

Transmittance (%)

3000 2000 1000
Wavelength (cm™)

Fig. 2: FTIR spectra of unmodified and MPS-modified silica
nanoparticles

C s ,I

Fig. 1: TEM images of silicon-oxo coatings with (a) unmodified silica alcosol and (b) MPS-modified silica alcosol (S05). The

insets are photographs of the corresponding coatings
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Table 2: The macro-mechanical properties of silicon-
oxo coatings

Sample Thickness Pencil Flexibility
(nm) hardness (mm)
RO 14.1 4H 10
RO-5 15.3 H 10
R0-10 14.5 3H 15
RO-15 14.9 5H 15
R0-20 14.1 5H 15
R05-5 16.2 4H 10
R05-10 16.1 3H 15
R05-15 16.7 6H 15
R05-20 17.1 5H 15
R10-5 141 4H 4
R10-10 14.9 7H 5
R10-15 16.6 6H 10
R10-20 15.5 5H 10
R28-5 16.2 3H 5
R28-10 15.9 4H 10
R28-15 17.6 4H 15
R28-20 17.8 5H 15
R10-10- 14.7 H 4
10%°?
R10-10- 14.4 2H 5
20%*
R10-10- 15.1 4H 10
50%%

& 10%, 20%, and 50% denote the APS dosage in the coat-
ings based on the mass of the as-obtained polysiloxane
oligomer solution. The APS dosage in all other samples is
30%

incorporation of unmodified silica alcosol is not an
efficient route to produce hard and tough coatings.
The macro-mechanical properties evolve in a com-
plicated way for coatings containing MPS-modified
silica nanoparticles. The RO05-X series of coatings
(except the RO5-5 coating) demonstrate similar me-
chanical properties to the RO-X coatings of the same
silica nanoparticle content. The hardness of RO05-5
coating markedly surpasses that of the RO-5 coating,
which could result from the improved interfacial
strength between polysiloxane and silica nanoparticles.
Interesting mechanical results are revealed in the R10-
X coating series. Compared with RO coatings, the R10-
5 coating has the same hardness, but better flexibility,
and on the contrary, the R10-15 and R10-20 coatings
have the same flexibility, but higher hardness. The
R10-10 coating exhibits simultaneous enhancements in
both hardness (7H) and flexibility (5 mm). This
mechanical improvement is very desirable, and to our
knowledge, never reported before. For the R28-X
coating series, no ideal mechanical improvement
was exhibited despite the high silica nanoparticle
content. The above mechanical properties suggest that
the moisture-curable polysiloxane coatings can be
strengthened by MPS-modified silica nanoparticles.

However, the mechanical enhancement
depends on the molar ratio of MPS to SiO,.

The influence of MPS-to-SiO, molar ratio on the
mechanical improvement may be interpreted by two
effects imparted by MPS. MPS exists in two states in
the wet coatings, free MPS and MPS that is bonded to
silica nanoparticles. The MPS can establish chemical
bonds with APS via aza-Michael reactions, but not all
MPS can react with APS due to relatively fast moisture
curing. The unreacted MPS then acts as a plasticizer in
the dried coatings. MPS moieties that have reacted on
the silica nanoparticles facilitate strong interactions
between the polysiloxane matrix and silica nanoparti-
cles. At low MPS-to-SiO, molar ratio, the quantity of
MPS attached to silica nanoparticles is too small to
promote strong interfacial interactions. Conversely, at
high MPS-t0-SiO, molar ratios, the polysiloxane ma-
trix is less rigid due to plasticization by free MPS,
which restricts reinforcement by the silica nanoparti-
cles. The optimal molar ratio of MPS to SiO, was
found to be 0.1:1.

The effect of APS dosage on the macro-mechanical
properties of silicon-oxo coatings was also examined,
and the results are tabulated in Table 2. The coatings
with 10% and 20% APS (samples R10-10-10% and
R10-10-20%) were soft and flexible. The low values of
hardness suggest a low degree of crosslinking at low
APS concentrations. Even at 50% APS dosage, high
values of hardness were not achieved (R10-10-50%).
The R10-10 coating (30% APS) still possesses the best
mechanical performance. The lower hardness of R10-
10-50% relative to R10-10 is due to the formation of
aggregates via the fast hydrolysis/condensation of APS
in air.'” These aggregates were evidenced by the
reduced transparency of the R10-10-50% coating.
Therefore, appropriate APS dosage is critical for
fabricating silicon-oxo-dominated nanocomposite coat-
ings with optimized mechanical properties.

strongly

Micromechanical properties of silicon-oxo
coatings

Nanoindentation tests are useful for evaluating the
micromechanical properties of coatings. Therefore,
such tests were conducted on the silicon-oxo composite
coatings. Figure 3 displays the load-hold-unload curves
of silicon-oxo-dominated coatings prepared with MPS-
modified silica alcosol. Samples fabricated with un-
modified silica alcosol are shown for comparison. As
the load is increased, the penetration depth increases.
Creep behavior is observed in all samples at the
holding stage. Interestingly, all samples (except R0-5
and R05-10) almost completely recover when the load
is released, regardless of the nanoparticle content or
functionality, indicating that the silicon-oxo-dominated
nanocomposite coatings have high elasticity that is
similar to the moisture-curable polysiloxane coating
(RO).
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Fig. 3: The load-hold-unload curves of silicon-oxo-dominated nanocomposite coatings prepared with various molar ratios
of MPS to SiO, nanoparticles: (a) unmodified; (b) 0.05:1; (c) 0.1:1; (d) 0.28:1

Microhardness (H) and elastic modulus (E) were
derived from nanoindentation tests, and are also shown
in Fig. 3. Figure 3a shows a significant reduction in
microhardness after 5% of unmodified silica nanopar-
ticles were added to the polysiloxane coating. There-
after, the microhardness of the nanocomposite coatings
gradually increases with increasing silica content.
However, even at silica contents up to 20 wt%, its
microhardness was only comparable to that of RO
coating. The elastic modulus shows a similar trend to
the microhardness. The data agree with the macro-
mechanical properties shown in Table 2. It further
suggests that unmodified silica nanoparticles are not
good candidates for reinforcing moisture-curable
polysiloxane coatings.

Figures 3b—d show that the micromechanical prop-
erties of coatings embedded with modified silica
nanoparticles change in an irregular way as a function
of silica content, and they strongly depend on the MPS-
to-SiO, molar ratio. A monotonous increase of the
micromechanical properties is revealed only for coat-
ings with S28 silica alcosol. Compared with the RO
coating, decreased rigidity is observed for all nanocom-
posite coatings with 5 wt% silica content. Neverthe-
less, the reduced rigidity is less severe than when
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unmodified silica nanoparticles are used. For coating
series with S05, S10, and S28 silica sol, maximum
microhardness values of 500, 626, and 423 MPa were
attained at silica contents of 15, 10, and 20 wt%,
respectively. A microhardness value of 626 MPa is
significantly higher than that of the original polysilox-
ane coating (346 MPa), further demonstrating the
efficient reinforcement role of S10 silica sol. Further-
more, the micromechanical data illustrate that the
rigidity of the nanocomposite coatings increases and
then decreases as the MPS-to-SiO, molar ratio in-
creases, in spite of silica content. The highest micro-
hardness and elastic modulus were consistently
attained at 0.1:1 MPS:SiO, molar ratio. This trend is
in agreement with the macro-mechanical properties
and could be explained by the two effects imparted by
the MPS molecule, as mentioned above.

Figure 4 shows the load-hold-unload curves of
silicon-oxo nanocomposite coatings prepared at differ-
ent APS dosages. The microhardnesses and elastic
moduli are also given in the figure. With the exception
of the R10-10-10% coating, all coatings display nearly
complete recovery after the release of the indentation
load. The highest hardness and elastic modulus were
acquired at an APS dosage of 30%. When the APS
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dosage is increased to 50%, both the hardness and the
elastic modulus decrease, and these data are in good
agreement with the pencil hardness measurements.

Effect of the curing process on mechanical
properties

As discussed above, a dual-curing mechanism exists in
the silicon-oxo coatings via hydrolysis/condensation
and aza-Michael addition. These two curing mechan-
isms compete and interfere with one another. Since the
hydrolysis/condensation is more sensitive to moisture
and aza-Michael reaction is strongly related to tem-
perature, the mechanical properties of the R10-10
coating are expected to be further optimized by
changing the curing process. Therefore, two curing
processes were designed as follows: (A) ambient curing
for 1 day with subsequent heat treatment for 0.5 h at
100, 150, 170, 185, and 200°C; and (B) ambient curing
for 7 days with subsequent heat treatment for 0.5 h at
100, 150, and 200°C.

Table 3 shows the macro-mechanical properties of
the R10-10 coating dried under different conditions. As
expected, the pencil hardness increases with increasing

8
H (MPa) E (GPa)
——R10-10-10% 95+14 0.69+0.18
R10-10-20% 226 +10 1.17£0.02
68— R10-10 626+29 2.32+0.13
__ |——R10-10-50% 373+31 1.42+0.09
=z
E 4l
©
<
o
-
2
0
1 n 1 n 1 n 1 n 1 n 1 n
0 200 400 600 800 1000 1200
Depth (nm)
Fig. 4: The load-hold-unload curves of silicon-oxo

nanocomposite coatings with different APS dosages

post-treatment temperature for both curing process, A
and B. The extremely high pencil hardness of 9H (the
highest grade pencil hardness) was reached at heat
treatment temperatures of 185°C and 200°C in curing
process A, and is superior to the highest pencil
hardness (7H) achieved by curing process B. Never-
theless, a yellowing phenomenon was observed for
sample A-200. This may be caused by the oxidization
of amino groups that remain at relatively high concen-
trations in the coatings before post-treatment. In
addition, Table 3 indicates that the flexibility dete-
riorates after post-treatment heating. However, sample
A-185 still demonstrates equivalent flexibility as that of
the RO coating while demonstrating the highest pencil
hardness (see Table 2). Therefore, hard (9H) and
tough (flexibility = 10 mm) silicon-oxo nanocomposite
coatings can be fabricated using an appropriate curing
process.

The micromechanical properties of silicon-oxo coat-
ings dried by different curing processes were also
analyzed by nanoindentation tests. Figure 5 presents
the load-hold-unload curves of typical samples A-185
and B-200. Both display excellent recovery of defor-
mation, implying that the heat-induced hardness en-
hancement does not sacrifice elasticity in silicon-oxo

10
H (MPa) E (GPa)
8F ——A185 1087+7 3.85+0.01
B-200 673+5 2.67+0.02
— 6 B
z
E
B4
o
-
oL
0
1 " 1 1 1 1 n 1 n
0 200 400 600 800 1000 1200
Depth (nm)

Fig. 5: The load-hold-unload curves of coatings A-185 and
B-200

Table 3: Macro-mechanical properties of the R10-10 coating dried with different curing processes

Run Curing process Post-treatment Thickness Pencil Flexibility Appearance of
temperature (°C) (um) hardness (mm) dried coatings
A-100 A 100 13.8 3H 5 Colorless, clear
A-150 A 150 14.8 4H 5 Colorless, clear
A-170 A 170 14.8 6H 5 Colorless, clear
A-185 A 185 15.7 9H 10 Colorless, clear
A-200 A 200 13.7 9H 15 Yellowing
B-100 B 100 13.9 4H 5 Colorless, clear
B-150 B 150 16.0 5H 10 Colorless, clear
B-200 B 200 14.6 7H 10 Colorless, clear
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Fig. 6: The microhardness and Young’s modulus of
silicon-oxo coatings as a function of post-treatment tem-
perature

coatings. The microhardness and Young’s modulus of
the silicon-oxo coatings as a function of post-treatment
temperature are plotted in Fig. 6. For coatings dried
with curing process A, the microhardness and Young’s
modulus are relatively constant at temperatures below
150°C and begin to increase at 170°C. The microhard-
ness increased significantly to 1087 MPa at 185°C. This
value exceeds the hardness (1.0 GPa'®) of a dense sol—
gel silica film. Because of oxidization, the microhard-
ness and Young’s modulus decline at 200°C. For
samples dried by curing process B, both the micro-
hardness and Young’s modulus steadily increase with
increasing temperature. Interestingly, the coatings at
100 and 150°C have higher hardnesses and Young’s
moduli than those correspondingly obtained by curing
process A. However, the coating at 200°C exhibits
inferior mechanical properties compared to the coat-
ings at 185 and 200°C with curing process A. These
micromechanical properties are consistent with the
macro-mechanical properties as shown in Table 3,
further suggesting that curing process A with post-
treatment at 185°C is appropriate for obtaining coat-
ings with high hardness.

FTIR and Raman spectroscopy were employed to
better understand the mechanical properties of the
A-185 coating. Figure 7 shows the FTIR spectra of the
A-100, A-150, and A-185 coatings. The peaks at 1731
and 1640 cm ™' correspond to the stretching vibrations
of C=0 and C=C," and the peak at 1570 cm™' is
assigned to the bending vibration of -NH,. Because
absorbed water can interfere with the peak at
1640 cm™!, its intensity does not show a distinctive
change as temperature is varied. Nevertheless, the
intensity of the -NH, peak weakens as post-treatment
temperature increases, signaling the occurrence of the
aza-Michael reaction. Figure 8§ presents the Raman
spectra of A-170 and A-185. The peaks at 1635, 1720,
2907, and 3318 cm™' represent the stretching vibra-
tions of C=C, C=0, C-H, and N-H, respectively.
A-185 has lower C=C and N-H peak intensities in
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Fig. 7: FTIR spectra of A-100, A-150, and A-185 coatings
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Fig. 8: Raman spectra of A-170 and A-185 coatings

comparison with A-170. If the peak at 2907 cm™' is
used as a reference, the area ratios of A g35/As997 and
Asz307/As997 are calculated to be 0.16 and 0.23 for
A-170, and 0.02 and 0.04 for A-185, respectively. These
results verify the existence of the aza-Michael reaction.
Thus, the aza-Michael reaction at 185°C contributes to
the excellent mechanical properties of A-185.

The aza-Michael reaction can actually occur at
lower temperatures.”’ However, it is easily hindered
by moisture curing that causes fast transformation of
wet coatings into a solid state. Nevertheless, the aza-
Michael reaction can resume at high temperatures.
Considering the change in mechanical properties as a
function of temperature, 150°C seems to be the critical
temperature for restarting the aza-Michael reaction in
coatings dried by curing process A. Since the degree of
hydrolysis/condensation is higher for coatings dried by
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curing process B, restarting the aza-Michael reaction is
more difficult. Therefore, remarkable increases in
hardness were not observed even if the post-treatment
temperature was increased to 200°C.

The effect of heat treatment temperature on the
scratch resistance of silicon-oxo coatings was evaluated
by nanoscratch testing under a maximum load of
30 mN. Figure 9 shows the penetration depth profiles
and the residual depth profiles of samples fabricated by
curing process A. The penetration depth is shallower at
high heating temperatures. This result is in agreement
with the hardness measurements. The residual depth is
much shallower than the penetration depth for all
samples, indicating good reflow capability of the
coatings, especially at penetration depths less than
685 nm. Fluctuations in the residual profiles at high
load arise from cracks. These cracks can be observed in
the photographs shown in Fig. 10. Upon careful
inspection, cracks are found to occur at loads of 13,
17, and 25 mN for A150, A170, and A185, respectively.
Additionally, the residual depth at a normal load of
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Fig. 9: Penetration depth and residual depth profiles of
A-150, A-170, and A-185 coatings in nanoscratch tests

5 mN was employed to evaluate the scratch resis-
tance.”’ Good scratch resistance results when critical
load values are high and residual indentation depths
are low. Herein, the residual depths at 5 mN are 123,
130, and 92 nm for A-150, A-170, and A-185, respec-
tively. Therefore, both the critical load and residual
depth suggest that A185 demonstrates the best scratch
resistance.

Conclusion

Thick silicon-oxo-dominated nanocomposite coatings
were prepared from a moisture-curable polysiloxane
oligomer, MPS-modified silica alcosol, and a curing
agent, APS. It was found that modification of silica
alcosol with MPS was necessary to attain high trans-
parency coatings. The mechanical properties of the
coatings strongly depend on the molar ratio of MPS to
SiO, nanoparticles, silica nanoparticle content, and
APS dosage. A hard (pencil hardness = 7H, and
microhardness = 626 MPa) and tough (flexibility = 5
mm) coating was obtained after ambient curing for
1 week, followed by drying at 60°C overnight using the
following formulation: MPS-to-SiO, molar ratio of
0.1:1, silica nanoparticle content of 10 wt%, and APS
dosage of 30 wt%. By optimizing the curing process, a
superhard (pencil hardness = 9H, and microhard-
ness = 1087 MPa) and tough (flexibility = 10 mm)
coating was achieved by 1 day of ambient drying
followed by 0.5 h post-treatment at 185°C. Besides
the condensation of Si-OR/Si-OH, remarkable me-
chanical property enhancements by optimizing the
curing process were attributed to the aza-Michael
reaction between C=C and -NH,. Based on their
prominent mechanical properties, silicon-oxo-dominat-
ed nanocomposite coatings show promise as scratch-
resistant coatings for plastic, metal, wood, and other
materials.

0mN 6 12 ¢

Fig. 10: A surface photograph of A-150, A-170, and A-185 coatings after nanoscratch tests
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