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Abstract

This report is a continuation of Part I of my studies of a non-aqueous sol—gel silica coating deposited on stainless steel SUS304. Part I discussed
the microscopic observation of cracks, ridges and interlayers within the resulting silica coatings, and provided limited insight into their respective
mechanisms of formation. This report provides further explanation for the mechanisms of these processes, as evidenced by spectroscopic and nano-
indentation analyses of the coatings. Specifically, the coatings were analyzed by Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, X-ray diffraction, and Auger electron spectroscopy. These results are discussed along with those obtained in Part I to further assess
the mechanisms of crack formation in the coatings, and it was found that coating shrinkage and tension most likely caused crack formation. It seems
that the O-deficient interlayers were formed under a mild oxidation condition existed around the silica/SUS304 interface during ~500 °C
annealing. Additionally, nano-indentation analysis indicated that the coatings were compact, but the coatings’ hardness was intermediate.

Suggestions for improvement of sol-gel silica coatings on stainless steel are also provided.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the previous report (Part I), substantially thick (~1 pwm)
non-aqueous sol-gel silica coatings deposited on SUS304,
which should be useful in many applications, were observed by
microscopy to be of ‘good-quality,” that is, compact, uniform,
adherent, sufficiently hard, smooth, without excessive organic
or moisture content, and transparent. In Part I, mainly structural
and compositional results and their interpretations were
described. Notably, the thicknesses of the silica films ranged
from ~350 to ~1000 nm. The films were largely uniform,
compact, and adherent, with few organics remaining in the
films after the 500 °C annealing process. However, the films
contained both shallow and deep cracks as well as exfoliated
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sites. In some cases the cracks were rather shallow, terminating
without approaching the SUS304 substrate. The lateral
propagations of the deep cracks were basically independent
of the occurrence of ridges or pre-existing scratches in the
SUS304 substrate. Nevertheless, some shallow cracks were
observed to follow ridges that had evolved in the silica coating.

In addition, three consecutive interlayers were formed
during the annealing process. The innermost one was ~5 nm
thick, Cr-rich, highly O-deficient, and formed a tenacious bond
between SUS304 and silica; the two others were rather diffuse
and less O-deficient. Many ridges formed in the silica coating
near its interface with the SUS304 substrate. Most of the ridges
were accompanied with SUS grain boundaries. Ni was almost
absent in silica coating except in the innermost interlayer and
ridges.

The aim of this part of the report is to further consider these
aforementioned findings in the context of mechanical testing
and spectroscopic characterizations. In particular, nano-
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indentation analysis was performed on the coated SUS304
substrates, and the results are discussed here. Additionally, a
host of spectroscopic analyses were performed on the samples,
including Fourier transform infrared spectroscopy (FT-IR),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), and Auger electron spectroscopy (AES). The results of
these studies, along with those of the microscopic observations
presented in Part I, are discussed here in terms of crack
initiation, propagation, and termination mechanisms. Addi-
tionally, the formation and properties of the three consecutive
interlayers are also discussed. On the basis of these
experimental results and discussions, suggestions for the
improvement of sol-gel silica coating on steels, especially
Cr- and Ni-containing steels, such as SUS304, are proposed.

2. Experimental procedures
2.1. Sol-gel coating

The samples used here for mechanical testing were prepared
from the same materials and by the same means as those used for
Samples 1 and 2 in Part I of this report. Substrates were coated
with silica according to the non-aqueous sol—gel method reported
previously [1]. Briefly, 20-ml portions of tetraethylorthosilicate
(TEOS) and acetic acid were mixed and then heated at ~120 °C
for ~60 min; then, 20 ml n-hexane was added and the mixture
was again heated at ~120 °C for ~60 min; finally, a second 20-
ml portion of n-hexane was added and the mixture was heated at
~120 °C for ~450 min. The SUS304 plates were dipped in the
resulting solution, and the dip-coated substrates were heated in
air atmosphere from room temperature to 150 °C (temperature
not programmed exactly but reached in ~26 min and kept for
~94 min). The temperature then was raised to 190 °C (reached in
~15 min and kept for ~825 min) before the plates were cooled in
the furnace, soaked in water for about 5 h, heated again at 190 °C
(reached in ~37 min and kept for ~803 min), and cooled againin
the furnace. This process is referred to herein as the “first heating
process’. The samples were then heated in air from room
temperature to 500 °C at 5.5 °C min~ !, kept at 500 °C for
120 min, and then cooled in the furnace. This process is referred
to herein as the second heating process.

For Samples 1 and 2, SUS plates of 50 mm x 50 mm x 1
mm-thick dimensions were used immediately after removal of
their protective polymer films and washing with ethanol. The
samples were vertically suspended during the dip-coating and
the first heating process, and then placed horizontally in the
furnace for the second heating process. (The withdrawal rate of
dip-coating was ~10mm/s. The dip-coated parts were
~15 mm from the lower edge, and the upper parts remained
uncoated, but these parts were treated without separation
afterward in the coating treatments.)

2.2. Characterization
Samples 1 and 2 were previously characterized by various

microscopy techniques, as described in detail in Part I of this
report.

For this section of the report, Sample 1 was mechanically
tested by means of nano-indentation. A nano-indentation
apparatus (Nano Indenter XP; MTS Ltd.) with data-analyzing
software (Test Works 4) was used for nano-indentation
analysis of Sample 1, which was not cut prior to analysis. For
each set of nano-indentation analyses, 15 points were
measured and not more than 4 bad data points were
neglected.

Sample 2 was characterized by means of Fourier transform
infrared spectroscopy (FT-IR), X-ray photoelectron spectro-
scopy (XPS), X-ray diffraction (XRD), and Auger electron
spectroscopy (AES). The sample was mechanically cut into
appropriately sized pieces with a dicing saw using water
before analyses. For FT-IR analyses, two 100 pm x 100 pm
areas of each location were analyzed by attenuation total
reflection (ATR) with a spectrometer (Paragon 1000-Auto-
IMAGE System; PerkinElmer Inc.). The selection of the FT-
IR analysis areas is described in Section 3.2. For XPS
analysis, a spectrometer (ESCA-K1; Shimadzu Corp.) with
Mg Ka irradiation and Ar* sputter-etching was used. An X-
ray diffractometer (RINT 1500; Rigaku Corp.) with Cu Ka
X-rays was used for XRD measurements. The incidence
angle was fixed at 1° from parallel to the surface to
acquire data sensitive to the coating film as compared to the
substrate.

For AES, both exfoliated and unexfoliated portions of
the sample surface were analyzed with a spectrometer
(PHI 670; PHI Inc.). The area of each AES analysis was
~30 wm X 30 wm, and AES spectra were acquired before and
after a slight sputter-etching by Ar™.

3. Results
3.1. Nano-indentation results

Nano-indentation analyses were performed for three
morphological regions of Sample 1: a region near a deep
crack, one near an exfoliation site, and one near neither a deep
crack nor an exfoliation site. Fig. 1(i) and (ii) shows the depth
dependence (strictly speaking, the diamond head displacement
dependence) of the Vickers hardness, Hv, and Young’s
modulus, E, respectively. The results were characteristic of a
compact silica film rather than of a sol—gel derived porous silica
film [2], and the profiles for the three regions were basically
similar to one another. Both representative Hv values at a depth
of 100 nm and representative E values at the profile’s shoulder
were almost the same for the three regions, but both of these
sets of values were only ~25% as large as the values reported
for thermally grown silica (Hv = 8.5 GPa, E = 70 GPa) [2]. At
larger depths (>~200 nm), both Hv and E were a little smaller
(i.e. softer) for the region of the coating near an exfoliation site
than for other two regions.

3.2. FT-IR results

Fig. 2 shows FT-IR data obtained from a region of Sample 2
not near any apparent cracks. A nearly identical spectrum was



M. Takemori/ Ceramics International 35 (2009) 1747-1755 1749

Hy (GPa)
=
|
|

T T T T

50 100 150 200

250 300 350 400 450 500

Displacement into surface (nm)

(ii) 100

[ (GPa)

0 50 100 150 200

250 300 350 400 450 500

Dispacement into surface (nm)

Fig. 1. Nano-indentation results for Sample 1. Dependence of (i) Vickers hardness and (ii) Young’s modulus, as functions of diamond head displacement into three
regions of the sample, with error bars (black: region near a crack; red: region near an exfoliation site; yellow: region near neither a crack nor an exfoliation site) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.).

obtained from a region near a crack. The peaks around
10001250 cm ™" (ascribed to Si—O-Si bonding) were clearly
resolved. The sharpness of the most prominent peak
at 1036 cm™' was also characteristic of the present silica
coating.

3.3. XPS results

The XPS results in Fig. 3 show a red-shift of the Si 2p peak
from 103.5 to about 99 eV, concurrent with Ar* sputter-etching
approaching to and going beyond the thin interlayers. Carbon
(probably a contaminant) was present on the topmost surface
but soon disappeared with sputter-etching.

3.4. XRD results

XRD results for Sample 2 (data not shown) showed a
broad peak centered at 22°, which is characteristic of
amorphous silica, and a small peak near 45° ascribed to
SUS304.

3.5. AES results

For both exfoliated and unexfoliated regions of Sample 2, a
substantial amount of C (probably as a contaminant) was
present. Apart from C, only Si and O were detected at the
surface of the unexfoliated coating, but a large amount of Fe,
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Fig. 2. FT-IR spectrum of a region of the Sample 2 silica coating not located near a crack.

and O and a small amount of Si were observed at the exfoliated
surface. After the slight sputter-etching, AES spectra from both
regions were basically unchanged except that C peaks were
reduced.

Intensity (arb. unit)

Binding Energy (eV)

Fig. 3. XPS spectra of Si 2p during Ar* sputtering of Sample 2 (from top to
bottom in sequence).

4. Discussion
4.1. Interpretation of nano-indentation results

Nano-indentation results indicated that the cracks did not
appear to have preferentially initiated in macroscopically softer
or harder regions of the samples. Nano-indentation results
showed that the mechanical properties were almost indis-
tinguishable between sample regions located far from deep
cracks and sample regions located near a crack. However, the
film was a little softer at large-depth nano-indentation analyses
performed near exfoliation sites, suggesting that the ‘softness’
in these deeper regions likely resulted from exfoliation, rather
than caused crack initiation.

4.2. Interpretation of FT-IR results

The FT-IR spectra mostly represented the nature of the silica
matrix and not that of sub-oxides, because sub-oxides were
present only as thin layers near the SUS304 substrate, as shown
by the XPS results, as well as the TEM/EDX results presented
in Part I. Additionally, information about the sub-oxides must
have been greatly attenuated, because the thickness of the
coating (~1 wm) was comparable to or greater than the probe
depth of ~500 nm usually afforded by ATR-IR [3,4].

The clear splitting of the two peaks around 1000-1250 cm ™"
(ascribed to Si—O-Si bonding) and the sharpness of the
prominent peak at 1036 cm ™' are characteristic of the present
samples. The observed peak splitting likely indicates macro-
scopic tension, because such splitting is typically correspond
when preparative conditions that promote tension are used,
such as shrinkage of coatings during heating [5], or centrifugal
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spin coating introducing shear stress and subsequently
accompanying tension [6]. Furthermore, samples that are not
subjected to tension-inducing conditions, such as samples
prepared in the absence of macroscopic stress [7] or swelling of
coating by oxidation [8], typically do not exhibit peak splitting.
Peak splitting in this wavenumber region has also been reported
for thin (<80 nm) silica films formed on Si by oxidation [9], but
such films cannot be directly compared to the present samples
because in such thin films, large compressive stress caused by
increasing volume cannot be avoided and oxygen deficiency is
scarce [10].

Peaks ascribable to C—H around 1380 and 2850-2950 cm '
were not prominent, but peaks assigned to O-H, H,O, and CO,
were clearly present. I believe that the majority of these species
as detected ex situ by XPS as well as FT-IR must have been
contaminants, both because C was detected only on the topmost
surface by XPS, and because clear occurrence of irregularities
(e.g. voids and cracks of large or small size) in the silica matrix
indicative of significantly incorporated humidity [11] did not
take place at least in the later stages of the 500 °C annealing
process. However, a large amount of moisture might have been
incorporated into the silica coating after cooling under
conditions of tension [12].

4.3. Presence and effects of stress

The features of the films observed by OM and SEM and the
preparation conditions (in which film shrinkage was expected
via escape of humidity and organics) strongly suggest that
tension was induced during the ~500 °C annealing process (see
Part 1). The FT-IR spectra also indicated the presence of
tension, although this data was ex situ. But the sign of the stress
(i.e. tension or compression) in the sample probably did not
vary in the time between the annealing process and the
collection of the FT-IR data, because the thermal expansion
coefficients of sol-gel driven silica that has been heated above
~400 °C are generally small [13], smaller than those of
SUS304, meaning that tension in the film could not have
increased during cooling. Additionally, the incorporation of
humidity into the silica film after annealing [12] would not have
increased the tension. Then it follows that tension must have
been more intense in situ than ex situ. By the way, it has been
reported that addition of small amounts of water vapor into the
environment during silica coating at high temperatures can
relax stress in coatings [14]. In the present study, however,
although water vapor was not removed from the environment
air during the ~500 °C annealing, tension was still operating
(i.e. not thoroughly relaxed).

The effects of stress, other than those relating to the
initiation/propagation of macroscopic cracks, are rather
ambiguous, but plausible effects of expected compression
around the innermost and the second innermost interlayer are
described in Part 1, Sections 4.1.2 and 4.2 of this report (i.e.
termination/diversion of vertical cracks and healing of
nanoscale defects in these interlayers, respectively). I also
suspect that the lateral tension in the coating might have
introduced microscopic layer-like structures oriented nearly

parallel to the SUS304 substrate by arranging rigid ring
structures borne in the silica matrix during high temperature
annealing; these structures could have blocked diffusion of O
across the silica film and contributed to the establishment of an
O-deficient region near the SUS304 substrate, as described also
in Section 4.1.2 of Part I (and also just below in Section 4.4 of
Part IT). Such layer-like structures are not clearly evident in the
present samples, but the formation of a birefringent sol—gel
silica film by spin coating has been reported [6], suggesting that
layer-like structures are formed on some sol-gel silica films
under conditions with tension. Interesting simulations of small
and rigid silica rings orientated parallel to the stress axis
(although uniaxial) [15] also have been reported. Moreover,
precipitation of sheet-like silicates from liquids composed of
TEOS and surfactants [16], and O-barrier effects of silica
coatings prepared from liquids by layer-by-layer deposition
methods (although without artificially applied stress) [17] have
been reported. If these assumptions of ‘tension induced layer-
like microscopic structures’ are valid, then the silica matrix
observed here also could have been mechanically strengthened
to some extent, because it is well known that layer-like
structures are usually tough toward fracturing across the layer
[18].

The stress within the present silica films could have also
affected the bulk diffusion of elements and species other than
internal OH groups and O [19], but this effect is ambiguous in
the present case. Stress-induced surface corrugation has been
reported for systems in which surface diffusion is dominant
[20], though such corrugation was not clearly observed here.

Raman spectroscopy in situ could provide more direct
information about stress and atomic-scale structures in these
silica films [21]. This characterization should be performed in
future experiments.

4.4. Formation and properties of the three consecutive
interlayers

The formation of interlayer(s) between silica coatings and
stainless steel substrates has been suggested previously [5,22].
In the present samples, three consecutive interlayers were
observed. Because samples after the first heating process had a
luster not quite different from that of untreated SUS304, these
interlayers must have formed mostly in the second (~500 °C)
heating process. I propose that the interlayer formation
occurred by the following six-stage process, although the
stages could have been overlapped to some extent.

4.4.1. st stage
A small amount of metallic elements in SUS304 was
moderately oxidized at the silica/SUS304 interface.

4.4.2. 2nd stage

The mixed metal ions split into two groups: one group was
Fe-rich, and the other was Cr-rich. Each group formed a rather
diffuse interlayer and slowly migrated outward, with the
migration speed for the Fe-rich interlayer being faster than that
for the Cr-rich one.
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4.4.3. 3rd stage

The third and innermost interlayer, which was highly
O-deficient, gradually formed adjacent to SUS and did not
migrate.

4.4.4. 4th stage

After the innermost interlayer grew to about a 5-nm
thickness, further oxidation of metallic elements in SUS304
almost stopped, with the exception of elements located near the
nano-sized defects formed by some causes. The two diffuse
interlayers then continued to migrate outward without any
additional supplementation of metal ions from SUS304.

4.4.5. 5th stage
The distances between the three interlayers gradually
increased.

4.4.6. 6th stage

The diffusivity decrease of O,0-related species and metallic
elements in the silica matrix eventually caused the evolution of
all three interlayers to stop (see Part I).

The innermost layer not only promoted adherence of the
silica film (as described in Part I) but also must have hindered
oxidation of the SUS304 substrate. Reportedly, SiO, is
expected to act as a diffusion barrier for O [23], for Ni [24],
and in some conditions for Fe [25]. Contrary to the report by
Vasconcelos et al. [5], the penetration of O into the SUS304
substrate was not abundant in this case. This observed lack of
O-penetration can be explained in terms of the compactness and
diffusion barrier effect of both the innermost interlayer and the
silica matrix itself. Also, in spite of the reported hardness (or
brittleness) of O-deficient SiO, [26] and CrO, [27], the
innermost interlayer seems to have remained compact and
uniform under the conditions of the present study, where
moderate strength of compression is strongly suggested (see
Part I, especially Sections 4.1.2 and 4.2).

Nevertheless, some uncertainties remain with this study. For
example, the possibility that the innermost interlayer con-
densed from a rather diffuse layer (e.g. by means of reduction
by non-oxidized Cr or Si in SUS304) cannot be eliminated
completely. Additionally, whether the Si in the interlayers came
from SUS304 or from the silica matrix is ambiguous. However,
the decrease in Si content in the region of SUS304 adjacent to
the innermost interlayer, shown in Part I, Table 2, strongly
indicates that at least some part of Si in the innermost interlayer
came from SUS304.

Questions also remain concerning the roles of various
metallic elements in the formation of a good-quality silica
coating. In particular, the roles of Fe are rather complicated, but
probably not detrimental to the stability and adherence of the
innermost interlayer rich in both Cr and Fe. Such effects are
suggested because steels containing a moderate amount of Cr
reportedly have better oxidation resistance than those contain-
ing higher amounts of Cr [28]. Additionally, the reason for the
observed high Ni content only in the innermost layer, as well as
Ni’s possible activity in the innermost layer, is also unknown. I
speculate that highly O-deficient Cr—Fe—-Si—Ni sub-oxides

exhibit unique mechanical and chemical properties, e.g.
adherence to SUS and silica, and diffusion barrier effects for
O and metallic elements. Phenomena of diffusion of elements,
such as O [29], Fe [30], Cr [31], and Ni [32], as well as of
electron migration [31], in amorphous silica, silica gel, and
Si0, are complicated. Intensities of diffusing elements as well
as diffusion mechanisms might have changed during the course
of annealing, owing to the vast changes in the silica (gel)
structure. Oxidation mechanisms of metallic elements and
organics, escaping routes of oxidized organics and humidity,
and the porosity of the silica matrix (if any) might also have
changed during annealing. Other characterization methods,
such as positron annihilation [33], are required to clarify
whether very small (<2 nm) micro-pores existed in silica, and
whether such micro-pores were isolated or interconnected.

Questions concerning the roles of C and H also cannot be
neglected. As described in Part I, the innermost and the next
innermost interlayers are degraded near substrate SUS304 grain
boundaries where C and H both are expected to play important
roles [34-36]. Hydrogen has been shown to be important also in
relation to sub-oxides [37].

It is interesting and practically important to clarify under
what conditions interlayers like in the present study are formed
between silica coating and substrate SUS of various types.
Hinni et al. [38] reported that for thick silica coatings prepared
by thermal decomposition of TEOS on AISI316L, two
interlayers were observed: the inner one consisted of (Feg 45,
Cr.55),03 and the outer one consisted of Fe,O3. These species
are not likely to be O-deficient. In their report, voids were found
between the two interlayers and guided cracks to propagate.
That is to say, there is not a single mode for formation
mechanisms and natures of interlayers between silica coating
and SUS substrate. Further studies should investigate whether
these different modes shift from one to another gradually or
abruptly with changes in conditions of preparation or usage.

Furthermore, the stability of the silica coatings in the present
study has not been fully elucidated. Although decomposition of
SiO, by Fe has been reported [39], no distinct degradation of
sub-oxides was observed in the present study. And the local
degradation of the interlayers was automatically cured to some
extent, i.e. at ridge parts nanoscale defects introduced into sub-
oxide interlayers later being cured by themselves, as described
in Part I.

4.5. Suggestions to improve silica coating on Cr-
containing steels

On the basis of the results both here and in Part I of this
report, I now propose the following keys for producing better
quality silica coatings of several wm thick or more on Cr-
containing steels, such as SUS304. First, tenacious Cr-rich sub-
oxide interlayer(s) that are free of both nanoscale and larger
defects are crucial for the formation of effective silica coatings.
These interlayers should be not thick, but compact; they should
be adherent; serve as good barriers for diffusion of O, Fe, Cr,
and Ni; and curable by itself when nanoscale defects were
introduced; and stable during treatment and in practical
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application. To meet these requirements, modestly intense
oxidizing conditions of SUS in contact with silica-based
coatings should be controlled by means of programmed heating
or other methods, such as control of the gas environment during
annealing. Additionally, SUS substrates used for such
preparations should contain a minimal mechanical scratches.
SUS with low C content may be preferable because C in SUS is
the most highly suspected element in SUS to cause ridge
formation, as described in Section 4.2.2 in Part 1. SUS
moderately enriched (or implanted) with Si [40], N, and rare
earth metals [40] may be worth exploring for use as a substrate,
because these types of SUS often show excellent oxidation
resistance, which is one of the most important requirements for
good quality silica coating on SUS.

To further improve the quality of silica coatings on SUS
substrates, coating liquids should be developed that produce
films that are less prone to the formation of cracks and pores and
to exfoliation during annealing. These liquids should be
homogeneous, but with a silica concentration as high as
possible. The wettability between the liquid and the substrate is
also important, and the gelling time (or ‘pot life’) of these silica
solutions should be sufficiently long. The addition and internal
synthesis of small amounts of organic species, such as
polyvinylbutyral [41] or surfactants [1], to the silica solutions
is a synthetic strategy worth testing for improvements
especially in adherence and uniformity of the coating. During
annealing, not only good adherence should be maintained, but
the rigidity of the silica matrix should increase without
becoming brittle, and the diffusivity of O should decrease.

In addition to the suggestions proposed above, the
incorporation and nucleation of distinct particles in the coating
should be prevented. Processing in a clean box or a clean room
is desirable for the prevention of such particle incorporation. In
the present study, the first two proposed suggestions were
largely adhered to, which might explain the observed good
quality (although not sufficient) of the silica coatings. By
preparing these films by means of the sol-gel method in a
cleaner environment, perhaps better quality films could be
attained.

If the treatment conditions described in Section 1 were
permitted to be loosened, many other reported strategies for the
improvement of silica coatings could be explored. For example,
(pre)treatments using Si—C-containing species [42], silazane
[43], solutions containing rare earth metals [44], SiO, [45], or
N-containing organics other than silazane [46] might be
effective. Although excessive Si—C bonding can increase the
presence of undesirable properties, such as O permeation [47]
and film softness [48], it has been previously demonstrated that
the addition of a small amount of simple polydimethylsiloxane
to a coating solution can effectively increase the ‘pot life’ of the
solution to a period exceeding several months [49]; the liquid is
wettable to a variety of substrates and its silica content was
more than that of pure TEOS. (I am currently investigating
methods using this type solution to further increase silica
content without shortening the ‘pot life’.) By the way, as with
methods using silazane interestingly, Pécheur et al. [50]
reported that the stresses in silica coatings prepared by plasma-

enhanced decomposition of hexamethyldisilazane easily relax
at temperatures as low as 100 °C. Silica films with ‘good
quality’ (~1 pm thick, Hv =3.2 GPa, E =33 GPa) prepared
from silazane at room temperature are available [51].

Okuzaki et al. reported rigidity increase of sol-gel silica
coatings after ultraviolet light irradiation [52]. The treatment of
silica liquids and coatings with ultrasound [53], magnetic fields
[54], or both is worth testing for improvement of adherence.
The combination of glass lining technology [55] with non-
aqueous sol-gel methods may also be possible. Surface
pretreatment of SUS using ozone or laser (or both) is
interesting, because the former is reported to bare tenacious
Cr-rich amorphous oxide scale films as low as 200 °C [56], and
the latter to bare corrosion resistant surfaces even when
carbonized SUS was chosen [57].

Still other alternative methods are possible. Removal of
abundantly coexisting (semi)metallic elements other than Si
(e.g. B [58], Al [59]) in the course of the sol-gel thick silicate
coatings on steels by some chemical methods can be one of
them, as far as remaining a small amount of these extra
(semi)metallic elements are tolerated in particular applications.
Addition of external fiber-or sheet-like powders of nanoscale in
width or thickness into the sol—gel coating solution may be
another possible method in applications where uniformity is not
strictly required. Developments of electrophoretic sol—gel
coating methods with eliminated problems related to electrodes
may be also important.

Summarizing from another viewpoint, there are two major
requirements to obtain appreciably thick (much more than
1 pm) and ‘good quality’ silica coatings on substrates, such as
SUS304. One is the preparation of high-silica-containing sol—
gel liquids of good homogeneity and adherence to the
substrate steels, and this is already accomplished to some
extent by non-aqueous sol-gel methods. The second require-
ment is more complicated, that is, achieving compatibility
between the following four conditions during annealing:
relaxed tensile stress in the silica matrix; retained diffusion
barrier effects; fairly high rigidity evolving in the silica
matrix; and retention of adherence. To solve this problem,
strategies, such as those described above and their hybrids are
possible; by doing so, crack formation and eventual
exfoliation may be eliminated.

Within the loosened preparation conditions probably,
irrespective of some difficulties arising from silazane,
hybridization of silica-enriched non-aqueous sol-gel methods
with a little amount of silazane treatments (e.g. pre- and/or post-
treatment with silazane, and/or addition of silazane into the
coating liquid) may be one of the most possible and practical
methods.

5. Conclusions

Silica films were formed on SUS304 by means of a
previously studied non-aqueous sol-gel method. The coated
specimens were annealed at 500 °C and analyzed by a variety of
microscopic, spectroscopic and mechanical techniques, yield-
ing the following conclusions:



1754 M. Takemori/Ceramics International 35 (2009) 1747-1755

(1) FT-IR results confirmed that tension was operating in the
silica coating, but most probably not near the interface with
SUS. The tension was apparently stronger in situ than ex
situ. This observation was confirmed by microscopy in
Part I.

(2) Nano-indentation analyses indicated compactness of the
unexfoliated silica coating, but both the Vickers hardness
and Young’s modulus were about 1/4 the values observed
for thermally grown, compact silica films. The hardness of
the silica coating was a little less at near the exfoliation than
far from exfoliation.

(3) XPS results confirmed that Si at the innermost interlayer
was in the sub-oxide state, as suggested by TEM/EDX data
in Part L.

(4) XRD results indicated that the silica coating was mostly
amorphous.

(5) AES results confirmed that Fe, Ni and Cr were not present
near the outer surface of silica coating.

(6) As shown in Part I, three consecutive interlayers existed
between silica coating and SUS. It seems that they were
formed by a six-stage process including chemical reaction
between silica coating (liquid/solid) and SUS304, diffu-
sion of metallic/non-metallic elements/species and evolu-
tion of micro-/mesoscopic structure in the interlayers and
silica matrix. The innermost layer not only promoted
adherence of the silica coating (as described in Part I) but
also must have hindered oxidation of the SUS304
substrate. It is speculated that the innermost interlayer
consist of highly O-deficient Cr—-Fe—Si—-Ni sub-oxides
exhibited unique properties. Local degradation of the
interlayers seems to have been automatically cured to
some extent.

On the basis of these conclusions, some suggestions have
been proposed to improve the quality of silica coatings on SUS.
These suggestions include the surveying of more appropriate
treatment conditions and selection of SUS for tenacious
interlayer formation; the further development of high-silica-
content, adhesive, and homogeneous coating solutions; and the
prevention of dust particle incorporation into the coating liquid
before/during preparation.
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