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Abstract Sol-gel silica hybrid coatings from acid and
base catalyzed sols were examined. The sol precursors
were tetraethyl orthosilicate (TEOS) and methyltriethox-
ysilane (MTES). It is generally accepted that the type of
catalyst has a significant impact on the micro-structure of
the resulting polysilicates. Weakly branched polymers are
formed in acid catalyzed sols and highly branched, com-
pact, particle like polymers are formed in base catalyzed
sols. The mechanical and chemical properties of sol-gel
derived silica coatings from acid and base catalyzed sols
were studied as a function of the heat treatment tempera-
ture and time. Hardness and elastic modulus were mea-
sured by micro indentation measurements. The chemical
composition of both types of coatings was characterized by
X-ray photoelectron spectroscopy (XPS) and infrared
spectroscopy (FTIR).

Keywords Silica hybrid coatings - Catalysis - Sintering -
Hardness - E-modulus - XPS - FTIR

1 Introduction

Silica coatings from sols based on tetraethyl orthosilicate

(TEOS: Si(OC,Hs)4) and methyltriethoxysilane (MTES:
Si(CH;3)(OC,Hs);) are interesting for many technical
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applications, especially for optical [1] and -electrical
applications [2], for corrosion protection [3] and also for
manufacturing of micro-structured optical molds, as shown
in our previous papers [4, 5]. Silica coatings up to 17.3 um
were micro-structured by high precision fly cutting with
diamond tools and successfully tested for injection molding
of PMMA optical components with a micro-structured
surface [6].

Numerous investigations on silica sols have shown that
the chemical conditions as the molar ratio of water to
alkoxide, the sol concentration, the type of solvent and the
temperature cause modifications in the micro-structure of
the resulting polysilicates [7]. The hydrolysis and the
condensation of the silicon alkoxides precursors is cata-
lyzed by acids or by bases since the reactivity of these
alkoxides is very low. The type of catalyst has an impact on
the growth mechanism of the polysilicates.

In acid catalyzed sols the growth of the polysilicates
occurs by cluster—cluster aggregation resulting in weakly
branched polymers, as shown in Fig. 1. For pH < 6 only
few silanol groups are deprotonated and deprotonation
preferentially occurs at the ends of the polysilicates since
the acidity of the silanol groups is locally increased at the
ends of polymers due to inductive effects. Thus, weakly
branched polysilicates are formed in acid catalyzed sols
[7, 8].

In base catalyzed sols the growth of the polysilicates
predominately occurs by monomer-cluster aggregation
resulting in highly branched, compact polymer clusters, as
shown in Fig. 1. For pH > 8 the degree of deprotonation of
the silanol groups =Si—OH is much higher compared to
acid catalyzed sols. Especially, highly condensed polysili-
cates are deprotonated due to their higher acidity compared
to that of the monomers [7]. The polysilicates become
negatively charged due to the deprotonation. The electric
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Fig. 1 The growth mechanisms
of acid and base catalyzed

Acid catalyzed sols (pH < 7)

Base catalyzed sol (pH > 7)

silicate sols

end groups

— cluster-cluster aggregation

= high rate of hydrolyis

« low rate of condensation

« low rate of deprotonation of Si-OH
« preferred deprotonation of

* high rate of hydrolysis

* high rate of condensation

« preferred deprotonation of highly
condensed polysilicates due to higher
acidity

— monomer-cluster aggregation

o-g o g -0 g o) ey o 89
0] c>I 0 HQ %"O”%' ak HO-%i-OH +  O- S]i-O-Sli -0
H H H H H o O-SIE—O
o O
|
H H H H H H o-sio
- OH O OO Om0 - OH- 0 A
—» HO-Si-0-Si-0-Si-0-Si-0-Si-OH | —* HO-Si-0-Si-0-Si - O
O 0O O O O O i
H H H H H H 0-§I-0

O-

— weakly branched polymers with low

fractal dimension

X
E

repulsion between the charged polysilicates prevents clus-
ter—cluster aggregation. Therefore, the polysilicates in base
catalyzed sols preferentially condensate with neutral
monomers by monomer-cluster aggregation which is
leading to highly branched, compact polymer clusters [7,
8], as shown in Fig. 1.

The mechanical and chemical properties of coatings
from acid and base catalyzed sols were investigated since it
is expected that the different micro-structure of the gel may
have an impact on the pyrolysis and the sintering behavior
of the coatings.

2 Experimental
2.1 Sol synthesis

The sol precursors were tetraethyl orthosilicate (TEOS:
Si(OC,Hs)4) and methyltriethoxysilane (MTES: CH;Si
(OC;Hs)3). For the acid catalyzed sols acetic acid (AcOH),
water and ethanol (EtOH) were used [9, 10]. Polyvinyl
pyrrolidone (PVP: (C¢gHoNO),) was added to reduce the
tendency of crack formation during the heat treatment [11].
The molar composition of sol A was TEOS: MTES:
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AcOH:H,O:PVP:EtOH = 0.4:0.6:1:1:0.25:5. A mixture of
74.8 mL ethanol, 4.7 mL dist. water and 16.2 mL acetic
acid were vigorously stirred in a flask. While stirring the
mixture 23.2 mL TEOS and 31.0 mL MTES were added.
Finally, 7.2 g PVP powder was added and stirred into the
slightly heated sol (=50 °C).

The molar composition for the base catalyzed sol B was
TEOS:MTES:NaOH:H,O:EtOH = 0.2:0.8:0.2:1.1:0.2 [12].
A mixture of 98.8 mL MTES, 27.5 mL TEOS and 4.7 g
NaOH were stirred for 12 h in a closed flask under non-
streaming argon atmosphere. A mixture of 12.6 mL dist.
water and 9.4 mL ethanol were stirred for 10 min and added
drop wise to the TEOS-MTES-NaOH solution so that the
temperature of the sol never exceeded 40 °C.

Table 1 shows the molar composition of the acid and
base catalyzed sols which were used for the coating
experiments. The sols were stored in argon and the vis-
cosity was measured 24 h after the synthesis using a
spindle rheometer. The viscosity and the standard deviation
were determined from a series of viscosity measurements
at spindle frequencies from 2 to 15 s~'. The temperature of
the sols was 22 £+ 1 °C for all measurements. The mea-
sured viscosities of the sols A*, B and B* showed only
slight dependency on the spindle frequency, as shown in
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Table 1 Molar composition and viscosity of acid and base catalyzed TEOS-MTES sols used for the sol-gel deposition experiments

Sol TEOS (mol) MTES (mol) AcOH (mol) H,O (mol) EtOH (mol) PVP (mol) n (mPa s)
A 0.4 0.6 1.0 1.0 5.0 0.25 53+7
A* 0.4 0.6 1.0 1.0 7.5 0.25 23+3
B 0.2 0.8 0.2 1.1 0.2 - 16 £ 1.0
B* Sol B diluted 1:1 with ethanol - 39+£05

Fig. 2b indicating an almost Newtonian fluid behavior. The
viscosity of sol A decreased with increasing spindle fre-
quency indicating a typical shear-thinning effect of a
polymeric liquid.

2.2 Sol deposition

The sol deposition was accomplished either by dip coating
(Fig. 3a) onto polished stainless steel substrates (AISI 304,
20 x 40 x 1 mm®) for the micro indentation hardness
measurements and by spin coating (Fig. 3b) onto polished
silicon wafers (J = 50 mm, thickness r = 0.5 mm) for
the chemical characterization of the coatings by XPS and
FT-IR.

The withdrawal speed for the dip coating experiments
was 10 cm min~' resulting in coating thicknesses in the
range of 2-3 um for the sols A* and B after the heat
treatment. The coating specimens were left to dry in air for
several minutes followed by a heat treatment in a preheated
furnace at temperatures from 300 to 700 °C. The speci-
mens were removed from the furnace after heating for 0.5
to 4 h and left in ambient air to cool down.

2.3 Mechanical properties

The coating thickness was measured by ball grinding
experiments according to the European Standard ENV
1072-2 [13].

Fig. 2 a Spindle rheometer
used for the viscosity
measurements. b Measured
viscosities of the acid and the
base catalyzed TEOS-MTES
sols versus the spindle
frequency of the rheometer

Spindle Rheometer

Fig. 3 a The dip coating of a stainless steel sheet b Spin coating of a
steel disk

The indentation hardness H;; and the reduced elastic
indentation modulus E, of the coatings were measured by
micro indentation experiments using a commercial instru-
ment with a Vickers diamond indenter. Figure 4 shows a
typical load—displacement curve for a silica hybrid coating
after heat treatment at 700 °C for 4 h.

For the indentation experiments the load was increased
to the maxiumum load F,,x = 10 mN in 5 s. The holding
time of F,,x was 2 s. No creeping occurred during this
time. The indentation hardness H;; and the reduced elastic
modulus E, were calculated using the equations shown in
Fig. 4 [14].
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Fig. 4 A load displacement curve for a silica hybrid coating after
heat treatment at 700 °C for 4 h. Indentation hardness H;r and
reduced elastic modulus E, were calculated using the equations shown
in the figure. These equations are valid for Vickers indenters [14]

The reduced elastic modulus E, slightly differs from the
real elastic modulus Eg of the specimen. The relation
between E, and Eg is given by the following equation:
1/E, = (1 = v?)/E; + (1 — v})/Es [15]. The elastic mod-
ulus and the Poisson’s ratio of the diamond indenter tip are
E; = 1140 GPa and v; = 0.07. The equation simplifies to:
1/E, ~ (1 —v3)/Es for E, << E,, which is true for most
materials. The sol-gel silica coatings have similar chemical
compositions as soda lime glasses, which have Poisson’s
ratios from 0.18 to 0.30. For such Poisson’s ratios the
“real” elastic modulus Eg is about factor of 1.03 to 1.10
bigger than the measured reduced elastic modulus E,. Only
E, values will be reported here because the Poisson’s ratios
of the tested coatings vg are not known.

2.4 Chemical properties

The chemical composition of the coatings was measured by
X-ray photo electron spectroscopy (XPS) using Mg Ka
radiation (1253.6 eV) and Al Ko radiation (1486.6 eV).
Al Ko radiation was used for the coatings derived from the
base catalyzed sol B* because these coatings contain
sodium and the sodium Auger Na-KLL lines superimpose
the carbon C 1s lines if Mg Ko radiation is used. Thus,
Al Ko radiation was used for the coatings derived from
sol B*.

Survey scans were recorded from 0 to 1100 eV with a
step size of 1 eV. Detailed scans of the XPS lines of
interest for the elements silicon (Si 2p), sodium (Na 1s),
carbon (C 1s), oxygen (O 1s) and nitrogen (N 1s) were
measured with a step size of 0.2 eV.

Argon ion etching was carried out to remove adsorbed
surface contaminants like carbon dioxide (acceleration
voltage: 3 kV, ion current: 1 pA, sputter area: 0.75 cm™ 2,
sputter time: 480 s). Unfortunately, the ion etching changes
the chemical composition of the coatings due to selective
sputtering. Reference measurements on pure fused silica
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(§10,) and silicon carbide (SiC) specimens were performed
to quantify the effects of selective sputtering. The mea-
sured atomic ratio O/Si for fused silica was 2.0 before and
1.90 after ion etching. The C/Si ratio for silicon carbide
specimens decreased from 1.0 to 0.85 after ion etching.
These results indicate that oxygen and carbon atoms are
sputtered more easily from the surface than the silicon
atoms. The selective sputtering of carbon and oxygen was
considered for the quantitative evaluation of the chemical
composition. Energy shifts of the spectra up to 2 eV due
to electrical charging of the insulating coatings during the
measurement were corrected using the aliphatic carbon
C 1s at ~285 eV as an internal reference [16].

The hydrogen content of the coatings was measured by
Elastic Recoil Detection (ERD) [17]. ERD measurements
of the sol-gel coatings were performed using 3 meV He®"
ions with a 30° detector position relative to the beam axis.
A 14 pm thick mylar film was placed in front of the
detector to block the He*" ions. Hydrogen atoms of the
coating scattered in the forward direction were detected by
a silicon detector.

FT-IR spectroscopy was performed in order to study the
influence of the heat treatment on the molecular properties
of the coatings. Infrared spectroscopy experiments were
accomplished with a commercial FT-IR spectrometer using
an air-cooled LASER source emitting in the mid-IR.
Specimens were mounted on a reflection unit with a fixed
incident angle of 80° with respect to the surface normal of
the specimen. The reflected beam was detected by liquid
nitrogen cooled mercury-cadmium-telluride detector.

3 Results and discussion
3.1 Mechanical properties

The hardness and elastic modulus of coatings derived from
sol A* and sol B were measured as a function of the heat
treatment temperature and holding time. All coatings were
crack-free and the coating thickness was between 2.0 and
3.1 pm, depending on the heat treatment. The indentation
depth was between 26 and 11% of the coating thickness,
which is slightly above the 10% indentation depth rule
according to Biickle [18]. Thus, the substrate is expected to
have only a small influence on the indentation measure-
ment results. The Fig. 5a and b show the indentation
hardness H;; and the reduced elastic modulus E, of the
coatings as a function of the heat treatment temperature for
heating times of 0.5 and 4.0 h. Hardness and reduced
elastic modulus increased with the heat treatment temper-
ature. The hardness of the coatings from sol B exceeded
that of the coatings from sol A* for all heat treatment
temperatures from 300 to 700 °C. A maximum hardness of
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Fig. 5 a Indentation hardness H;7 and b reduced elastic modulus E,
of coatings from the acid catalyzed sol A* and the base catalyzed sol
B as a function of the heat treatment temperature Ty7. (Error bars
Standard deviation of 10 individual indentation experiments for each
specimen.) ¢ Hardness H;r and d reduced elastic modulus E, of the
coatings versus heat treatment time #y7

6.5 GPa was achieved for the coatings from sol B after heat
treatment at 600 °C for 4 h, which is above the hardness of
the stainless austenitic steel substrate. The big error bars
for the hardness results after heat treatment for 4 h at
600 °C and above were due to small oxidation spots on the
steel substrate below the coatings which had an influence
on the local adhesion and thus on the local indentation
measurement results.

The maximum E, of the coatings was about 75 GPa,
which is almost a factor of 3 below that of the steel
substrate.

For soda lime glass Marschall et al. [19] reported a
hardness of 5.5 GPa and an elastic modulus of 70 GPa.
Thus, measured hardness and elastic modulus of the
sol-gel coatings after heat treatment at 600 °C correspond
well to the reported mechanical properties of soda lime
glasses. The H/E ratio of the coatings varied from 0.056 to
0.070 which is between that reported for typical ceramics
as Al,O3; with H/E ~ 0.05 and soda lime glasses with
H/E ~ 0.08 [19].

The Fig. 5c and d show the indentation hardness H;; and
reduced elastic modulus E, as a function of the heating
time. The coatings derived from sol B showed an increase
of hardness and modulus during the first 60 min. After
60 min hardness and elastic modulus remained almost
constant indicating that the densification process of these
coatings was almost finished after 60 min. The sol type has
an impact on the sintering behavior of the coatings.

The higher hardness of the coatings from sol B is
probably due to a higher density of the resulting xerogel
films since base catalyzed sols contain compact, particle
like polysilicates as shown in Fig. 1. Acid catalyzed sols
form weakly branched polymers which preferentially
aggregate in a 3-dimensional gel network with low density
[7]. Secondly, the gel network of acid catalyzed sols is less
condensed and contains more hyrdroxyl (~OH) and organic
residues (-OR). These groups are known to constrain the
densification processes [20]. Thirdly, the silica coatings
from the base catalyzed sol B contain sodium which is
known to reduce the glass transition temperature 7, and the
softening temperature Ts. For pure silica quartz glass T, is
1200 °C and T is 1740 °C. For a typical soda-lime glass
containing X 14% sodium T, is 545 °C and Ts is 734 °C
[21]. Thus, it is expected that the viscous sintering of
sodium containing coatings derived from the (NaOH) base
catalyzed sol B is faster than the viscous sintering of
coatings from the acid catalyzed sol A* which do not
contain any sodium.

3.2 Chemical composition

The chemical composition of the coatings was measured as
a function of the heat treatment temperature. The coatings
were deposited onto silicon wafers (J 50 mm, thickness,
t: 0.5 mm) by spin coating at 1000 and 1500 rpm using the
sols A and B*. Figure 6 shows XP survey spectra and
detailed carbon C 1s spectra of both types of coatings after
heat treatment at 300 to 800 °C. The coatings derived from
sol A showed XPS lines of silicon, oxygen, carbon and
nitrogen. The nitrogen is due to the organic additive,
polyvinyl pyrrolidone (C¢HgNO),, which was added to
reduce the tendency of crack formation [11]. The coatings
derived from sol B* showed XPS lines of silicon, oxygen,
carbon and sodium.

The C 1s lines of the coatings from sol A in Fig. 6b are
due to aliphatic C—C and C=C bonds with a binding energy
of 284.4 and 285.5 eV [22]. The intensity of these aliphatic
carbon lines decreased as the heat treatment temperature
was increased from 300 to 600 °C indicating a carbon loss
due to oxidation. The C 1 s spectra of the coatings derived
from sol B* in Fig. 6d show besides aliphatic carbon at
~285 eV additionally two other carbon lines at 290 eV
and ~280 eV. The 290 eV line is probably due to carbon
in carbonates CO5>~ with a binding energy of 290.6 eV
[23]. The very weak signals at ~280 eV are probably due
to carbon in Si—C bindings [24]. It is suggested, that car-
bonates in the coatings from the sol B* were probably
formed by a chemical reaction of the sodium hydroxide
with carbon dioxide according to: 2NaOH + CO, —
Na,COs. The source of the carbon dioxide for this reaction
could be from the air or from carbon dioxide which is
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formed during the pyrolysis of the organic residues in the
gel during the heat treatment.

The peak areas calculated from the least-squares fits of
the measured XPS peaks were used for quantitative eval-
uation of the chemical composition of the coatings by the
XPS sensitivity factor method.

The quantitative evaluation of the XP spectra in Fig. 7
shows the calculated atomic ratios H/Si, C/Si, O/Si, Na/Si,
N/Si as a function of the heat treatment temperature for
both types of coatings after heat treatment for 10 or
30 min. The H/Si ratios shown in Fig. 7 were determined
by elastic recoil detection (ERD) [25].

Figure 7a shows the chemical composition of the coat-
ings derived from the acid catalyzed sol A. The coatings
contain a large amount of carbon for heat treatment at
temperatures below 600 °C. The nitrogen due to the
organic additive PVP was completely removed after heat
treatment at 600 °C for 10 min. A significant part of the
observed carbon and hydrogen in these coatings is due to
the PVP since the PVP molecule contains 6 carbon and 9
hydrogen atoms per nitrogen atom. The O/Si ratio
increased from 1.57 at 300 °C to 1.89 at 800 °C indicating
a transition from an organic—inorganic hybrid material to
almost inorganic SiO,.

Figure 7b shows the chemical composition of the coat-
ings derived from the base catalyzed sol B*. The carbon
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and hydrogen content of these coatings was much lower
than that for the coatings from sol A mainly since no PVP
was used for sol B*. Similar XPS results were obtained by
Sorart and Nocun for silicon oxicarbide glasses [26, 27].
The O/Si ratio of the coatings from sol B* increased from
about 1.9-2.7. O/Si ratios above 2 indicate the formation of
other oxides besides SiO,. The C 1s spectra in Fig. 6d
showed carbonate CO5>~ formation which is probably the
source for the additional oxygen. The Na/Si ratio of the
base catalyzed coatings increased from about 0.2 to 1.0
between 300 and 500 °C. At 600 °C a significant decrease
of the sodium content was observed. It is speculated that
this effect is caused by decomposition of sodium carbon-
ates at the surface of the specimens.

Figure 8 shows FTIR spectra of coated silicon wafers.
The spectra were measured in reflection mode. Both types
of coatings show similar FTIR spectra. The IR peaks at
1060 and 1160 cm ™" are attributed to the transverse optical
(TO) and the longitudinal optical component (LO) of the
asymmetric stretching vibration of Si—O-Si [28]. These
peaks shift to higher wave numbers as the heat treatment
temperature is increased. Higher wave numbers correspond
to higher vibration frequencies of the Si—O-Si chains. It is
suggested that the higher vibration frequencies are caused
by the cross-linking of the Si—O-Si chains. The intensity of
the LO peak at 1160 cm™' is correlated to the bonding
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Fig. 7 Measured atomic ratios C/Si, O/Si, H/Si, N/Si and Na/Si as a
function of the heat treatment temperature for coatings a from the
acid catalyzed sol A and b the base catalyzed sol B*. The heating time
was 10 min for the A coatings and 30 min for the B* coatings

angle and the bonding length of Si—O next to the surface of
gel pores [28]. The IR-peak at 1277 cm™' is due to the
symmetric stretching vibration of the CH; group in Si—-CHj;
[29]. The peak position does not change as the heat treat-
ment temperature is increased from 300 to 800 °C, but the
peak intensity reduces significantly. The SiCH5; groups of
the MTES molecule are stable up to 400 °C [30]. The
disappearance of the SiCH; peak above 600 °C for the acid
and above 500 °C for the base catalyzed coatings is caused
by pyrolysis and oxidation of the methyl groups at tem-
peratures above 500 °C.

4 Conclusions

The mechanical and chemical properties of sol—gel silica
coatings from acid and base catalyzed silica sols were
examined as a function of the heat treatment temperature
and the heating time. Hardness and elastic modulus
increased with the heat treatment temperature from 300 to
700 °C and with the heating time from 0.5 to 4 h for both
types of coatings. The coatings from a base catalyzed sol
showed higher hardness and elastic modulus compared to

(a) 1277 1160 1060

Intensity (a.u.)

(b)

Intensity (a.u.)

300° § ‘

1400 1300 1200 1100 1000 900
Wave Number, 1/1 (cm?')

Fig. 8 FTIR spectra of coatings derived from a the sol A and b from
the sol B* after heat treatment at 300 to 800 °C for 10 min

those from an acid catalyzed sol after the same heat
treatment. The different hardness and elastic modulus of
both types of coatings is probably due to differences in the
sintering behavior of the resulting xerogels. Three mech-
anisms were proposed to explain these differences. Firstly,
base catalyzed sols contain compact particle like polysili-
cates that aggregate in a dense xerogel, whereas acid cat-
alyzed sols form weakly branched polysilicates that
preferentially aggregate in a 3-dimensional gel network
with lower density [7]. Secondly, the gel networks of acid
catalyzed sols are less condensed and contain more
hydroxyl (-OH) and organic residues (—OR). These groups
are known to constrain the densification processes [20].
Additionally, the chemical characterization revealed that
the coatings derived from the acid catalyzed sol contain
much more aliphatic carbon than the coatings from the base
catalyzed sol. The higher carbon content of the acid cata-
lyzed coatings probably constrains the densification pro-
cess. Thirdly, the silica coatings from the base (NaOH)
catalyzed sol contain sodium which is known to reduce the
glass transition temperature 7, and the softening tempera-
ture T [21]. Thus, it is expected that the viscous sintering
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velocity of sodium containing coatings is faster than the
viscous sintering of coatings from the acetic acid catalyzed
sol which do not contain sodium.

The XPS characterization of the coatings revealed that
the coatings from the base catalyzed sol contain large
amounts of carbonates (CO5>7) additionally to the aliphatic
carbon and also small amounts of carbidic bound carbon as
Si—C. The carbonates in these coatings were probably
formed by a chemical reaction of the sodium hydroxide
with carbon dioxide according to 2NaOH + CO, —
Na,COs5. The source of the carbon dioxide for this reaction
could be from the air or from carbon dioxide emerged
during the oxidation of the organic residues in the gel
during the heat treatment. To avoid carbonate formation
other base catalysts as ammonia hydroxide NH,OH should
be used.
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