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Abstract 

Spin-on-glass deposition was investigated as viable alternative to increase the durability and 

performance of 316L steel in chloride environment. The buildup of a detrimental interface oxide 

was prevented by non-oxidative thermal curing of the coatings, which leads to a transformation 

to an inorganic, SiO2-like material. The degree of polymerization was found dependent on the 

curing temperature; however, curing at the maximum investigated curing temperature of 800 ºC 

led to an incomplete transformation, showing less SiO2-like character with respect to thermally 

grown oxide or fused silica. Electrochemical analysis by electrochemical impedance 

spectroscopy and anodic cyclic polarization indicated that the coatings behave as imperfect 

barrier coatings, which may enhance the passive properties of the substrates. The coatings 

showed, in association with substrate defects, unevenly distributed coating flaws, which may act 

as initiation points of pitting corrosion and decrease the corrosion resistance of coated substrates 

in Cl- containing media. The films showed instability in aqueous environment due to imperfect 

polymerization. 
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1 Introduction 

Gasketed plate heat exchangers are widely applied in e.g. generic heating or cooling systems in 

marine applications. Since the corrosion resistance of many alloys is strongly compromised in 

hot sea water, the application necessitates the use of highly corrosion resistant plate materials 

such as Ti-alloys, which exhibit outstanding performance in aggressive Cl- containing media. 

Due to the high material cost, novel corrosion protection concepts are under investigation to 

enable the use of new and more cost efficient materials. In the present work, surface modified 

AISI 316L steel is investigated as potential candidate for the next generation heat exchanger 

plates. In our previous work1, we have demonstrated the deposition of thin SiO2-like coatings 

from a spin-on-glass (SOG) precursor as viable process to modify the surface of stainless steel 

components. The process of SOG deposition originates from the deposition of highly insulating 

interlayer dielectric films in microelectronics applications2,3 and has recently emerged into the 

surface finishing industry due to its good applicability to metallic substrates and its high potential 

to modify the surface characteristics of the substrate4–6. Similar surface modifications by the 

incumbent processes (sol-gel, vapor or liquid phase deposition) have shown to improve the 

corrosion resistance7–10, wear properties11,12, surface roughness13,14 and resistance towards 

biofouling13,15 or biocompatibility16,17 in the past. In analogy, SOG deposition is under 

investigation as viable surface modification to improve the corrosion resistance of the 

substrate18, whilst significantly decreasing the surface roughness4–6 and decreasing the 

susceptibility towards biofouling and scaling in heat exchanger applications. 

The process generally relies on the deposition of a liquid hydrogen silsesquioxane (HSQ) 

containing precursor solution, followed by a thermal polymerization, forming a fully inorganic, 

SiO2-like surface film2,3,19,20, which offers potential advantages in processing cost, ease of 
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application, reduction of hazardous reaction products or film quality with respect to the 

incumbent deposition processes1. Further, due to the gradual transformation from the resinous 

precursor to an inorganic ceramic, the process offers a wide range of possible coating properties, 

ranging from loosely bonded, hydrogenated films to highly polymerized and virtually hydrogen-

free coatings19,20. 

Our recent studies of SOG curing in air21,22 showed an extensive degradation of the substrate 

surface due to thermal oxidation at the coating/substrate interface. The buildup of a thick thermal 

oxide at the interface impaired the corrosion performance and coating adhesion of samples cured 

above 400 ºC and restricted the curing temperature and achievable degree of coating 

polymerization. Further, the coatings, suffered from inadequate chemical stability due to their 

loose cross-linking, and hence curing in air was found to be inappropriate for the polymerization 

of HSQ-based corrosion barrier coatings on stainless steel substrates. Our previous results1 have 

shown that the formation of a thick interfacial reaction zone between the coating and substrate 

can be efficiently suppressed by lowering of the oxygen partial pressure in the curing 

atmosphere, enabling the deposition of HSQ-based coatings without the unfavorable oxidation of 

the coating/substrate interface. Thus, curing in non-oxidative atmosphere revokes the restrictions 

in curing temperature and enables higher degrees of coating polymerization, i.e. potentially 

higher chemical coating stability. 

Our recent investigations on air-cured SOG systems21,22 emphasized that severe corrosive failure 

of inadequately coated stainless steels may be expected in Cl- containing media. Since our 

previous investigation of non-oxidatively cured coatings was solely focused on curing at 500 ºC 

and electrochemical testing in Cl- -free, buffered neutral solution1, the successful application of 

the technology as coating for marine heat exchanger plates necessitates a comprehensive 
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investigation of the corrosion performance as well as the coating properties over a broad curing 

temperature range and in Cl- containing media. Further, the previously indicated poor chemical 

stability of loosely polymerized coatings was only studied on inhomogeneous and rough 

substrate, demanding for further systematic research to conclude on the chemical coating 

stability and the chemical coating breakdown of HSQ-based films in aqueous environment. 

In this work, HSQ-based coatings were deposited on AISI 316L substrates and thermally 

polymerized in protective atmosphere at temperatures between 400 and 800 ºC to form highly 

cross-linked, sub-micrometer thick surface coatings. The coating morphology and microstructure 

was studied by atomic force microscopy and scanning/transmission electron microscopy. 

Further, The coating chemistry was characterized by infrared spectroscopy and X-ray 

photoelectron spectroscopy and the coating properties were investigated by water contact angle 

and nanoindentation measurements. Moreover, the barrier efficiency of the coatings was studied 

electrochemical impedance spectroscopy and the effect of coating on the substrate passivity was 

characterized by potentiodynamic cyclic polarization and spot-testing in aqueous NaCl solution. 

Lastly, the long term coating stability was investigated by ageing in a salt spray chamber. 

2 Experimental 

2.1 Thin film deposition 

SOG films were deposited on AISI 316 L substrates with no. 2B surface finish (dimensions: 100 

x 50 mm2 area and 1 mm thickness; chemical composition shown in Table 1) and Si-wafer 

(thickness 675 µm, front side polished, backside etched) substrates. The deposition was carried 

out by the process previously described by Lampert et al.1, i.e. the deposition of a flowable oxide 
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film (Dow Corning FOx 25) by dip-coating, followed by solvent evaporation (soft-bake) at 160 

ºC for 0.5 h in an open furnace and thermal polymerization in a retort furnace under constant 

flow of 0.45 l/min Ar with addition of 0.05 l/min H2 gas at atmospheric pressure. The annealing 

temperature of the polymerization treatment was varied between 400 and 800 ºC and the coated 

metallic substrates are designated with “sample curing temperature” in the following. The 

metallic substrates were prepared by immersion degreasing, followed by anodic degreasing and 

acid picking22 and the Si substrates were cleaned by flushing in organic solvent. All substrates 

were allowed to dry in air before further processing. Generally, the substrates were dip-coated 

with 1 mm/s withdrawal rate; however, due to the particular needs for valid nanoindentation 

measurements, the withdrawal rate was increased to 5-10 mm/s for the samples used for 

nanoindentation. A SiO2 reference was grown by wet oxidation of a Si wafer (thickness 500 µm, 

front side polished, backside etched) substrate under flow of 3 l/min H2 together with 2 l/min O2 

at 1050 ºC, yielding an oxide thickness of 464 nm (measured by spectral reflectance). 

2.2 Characterization 

2.2.1 Coating microstructure and properties 

Atomic force microscopy (AFM). Measurements were performed using a Bruker-Dimension 

Edge instrument (BRUKER AXS SAS, France) operating in tapping mode. The microscope was 

fitted with a Bruker model RTESP probe with a Sb doped Si cantilever with ~ 300 kHz 

resonance frequency. 

Nanoindentation. Nanoindentation was performed on a CSM-Instruments system on thin films 

deposited on Si wafer. To avoid substrate-induced artefacts23,24, an indentation depth/film 

thickness ratio of max. 1:10 was maintained for all films by varying the film thickness (thickness 
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values of the measured films are shown in Table 2). An increase in film thickness beyond the 

values reported in Table 2 was impractical due to film fracture during curing. The system was 

operated with a Berkovich indenter at 0.5 mN maximum load and 1 mN/min linear 

loading/unloading rate. The indentation modulus was calculated as described by ISO 14577-125 

based on the indenter area function derived by the method described by Oliver et al.26. The 

indenter area function was calibrated on fused silica reference slide with a plane strain modulus 

of 75.2 ± 0.4 GPa (indentation modulus of 73.3 ± 0.4 GPa). 

Electron microscopy. Scanning electron microscopy (SEM) was performed on a Helios 

Nanolab 600 dual beam microscope fitted with a field emission gun, Pt gas insertion system and 

a Ga+-ion source. SEM images were acquired under 5 kV accelerating voltage and the beam 

currents indicated in the respective figure captions. Coating cross sections were prepared by 

Focused Ion Beam (FIB)-milling at 30 keV accelerating voltage. Prior to SEM analysis, the 

samples were sputter-coated with a conductive Au-film and the investigated areas were protected 

by a Pt deposition before ion beam milling. Transmission electron microscopy (TEM) was 

carried out on a FEI Tecnai T20 TEM fitted with a LaB6 filament electron source operated at 200 

kV. TEM lamellae were prepared by the method described by Lampert et al.22. 

Fourier transformed infrared spectroscopy (FT-IR). FT-IR was performed on a Thermo 

Scientific Nicolet iN10 MX in transmission mode on films deposited on Si-wafer (deposited by 

dip-coating at 1 mm/s withdrawal speed). The IR-background was acquired on an uncoated 

reference wafer.  

X-ray photoelectron spectroscopy (XPS). XP-spectra were acquired on a Thermo Scientific L-

Alpha+ instrument fitted with a monochromated Al K-Alpha X-ray source at a photon energy of 

1486.7 eV. The spectra were recorded under ultrahigh vacuum on a circular area with a diameter 
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of 400 µm and with the use of a flood gun to compensate for surface charging. The peak fitting 

was performed using the commercial software Thermo Avantage 5.949.  

Water contact angle. The water contact angle was measured on coated AISI 316L substrates on 

an Attension Theta contact angle meter by the sessile drop method, using a droplet volume of 10 

µl at room temperature. The values reported herein are the standard deviated averages of five 

individual measurements. 

2.2.2 Electrochemical/chemical properties 

Spot testing. For spot testing, 5 g K3Fe(CN)6 was dissolved in 1 l of in 3.5 wt.% NaCl aqueous 

solution. The solution was deposited on the surface with a pipette and allowed to soak for 5 min. 

Afterwards the liquid was carefully removed with a pipette and the surface was allowed to fully 

dry in air prior to further investigation. 

Anodic cyclic potentiodynamic polarization (anodic CP). Anodic CP was performed with an 

ACM Instruments GillAC potentiostat in a flat corrosion cell which suppresses localized 

corrosion at the crevice between the rubber gasket and substrate27. The measurements were 

conducted in 400 ml of 3.5 wt.% NaCl aqueous solution on an area of 1 cm2. The system was 

excited with a Pt counter electrode and the potential was measured with a KCl saturated Ag-

AgCl electrode. The measurements were performed after a settling time of 3600 s with a scan 

rate of 1 mV/s. The experiments were repeated at least three times for consistency. 

Electrochemical impedance spectroscopy (EIS). EIS data acquisition was performed on a 

Gamry Ref600 potentiostat in a flat cell with 2.1 cm2 sample area and in 15 ml of 3.5 wt.% NaCl 

aqueous solution. The potential was measured with a saturated calomel electrode (SCE) and 

perturbed by a Pt counter electrode with an amplitude of 10 mV around the open circuit potential 
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after a cell settling time of 3600 s. The data analysis was carried out by the electrical equivalent 

circuit approach with the commercial software Gamry Echem Analyst V 6.31. Data validation 

was carried out by an automatic Kramers-Kronig test and conversion between constant phase 

elements and equivalent capacitance was carried out by the approach presented by Hsu et al.28. 

The individual measurements were repeated five times for consistency. 

Accelerated corrosion testing. Coatings on stainless steel substrates and films on Si-wafer 

(HSQ-based films were deposited by dip-coating at 1 mm/s withdrawal speed) were artificially 

aged by neutral salt spray testing according to ISO 922729. The coatings on stainless steel were 

investigated after ageing for 1000 h and the films deposited on Si wafers were periodically 

investigated in two-week intervals with a maximal ageing time of six weeks. 

3 Results and Discussion 

Coating topography. The surface morphology of a coated substrate (sample 600) has been 

studied by AFM and compared to an uncoated reference substrate, as presented in Figure 1(a). 

The reference exhibits roughness average of Ra = 38.9 nm with flat plateaus on the hills, which 

are separated by the characteristic valleys along the grain boundaries from the descaling step 

during sheet metal production30 (Figure 1(a)). However, this absolute roughness is, to a large 

extend, constituted by the grain narrow and deep boundary valleys which partially undercut the 

grains1 and limits the roughness profile determination by the applied method. As previously 

shown on coating cross sections1, the coating deposition from a liquid allows for flow of the 

precursor into substrate defects, yielding an overall decrease in Ra surface roughness by 60.4 % 

to Ra = 15.4 nm (calculated from Figure 1(b)). Despite the excellent leveling capability, the grain 

boundary structure from the substrate protrudes through the coating and constitutes the major 
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contribution to the overall surface roughness (Figure 1(b)). To determine the physical roughness 

of the spin-on-glass coating, the coating topography was acquired on a near-planar coating 

region and the residual waviness imposed from the substrate was levelled and filtered by 2D Fast 

Fourier Transform Filtering. Without influence from the substrate, the coating shows nanometer-

scale topography with a Ra roughness of 0.19 nm (Figure 1(c)).  

Overall, the coating morphology deviates from the morphologies that can be achieved by 

competitive processes such as chemical vapor deposition13, which does not significantly level 

substrate roughness, or liquid phase deposition31, which yields inherently rough films. Due to the 

similarities in process characteristics, SOG-deposition shows similarities in surface morphology 

to sol-gel silica13, which has previously shown excellent substrate levelling and a decrease in Ra 

roughness of 45 % with respect to untreated 2B finished stainless steel. These results have a 

strong impact on the prospective application of the technology on heat exchanger plates, since 

the surface roughness is expected to strongly affect the adherence of contaminations such as 

inorganic deposits or biological films and the cleanability of the components. Further detailed 

investigations are necessary to verify this hypothesis. 

Film and interface chemistry. The coating microstructure with focus on the interface between 

coating and substrate has been investigated by TEM and a bright field micrograph of a coating 

cross-section is shown in Figure 2. The coating/substrate transition is rendered sharp in the 

micrograph, indicating that the curing process has successfully suppressed the buildup of a 

unfavorable, thick interfacial oxide, like it was previously reported for air-cured HSQ-based 

enamels21,22. 

Further, the coating chemistry was characterized by FT-IR and the FT-IR absorbance spectra of 

all curing conditions, together with an absorbance plot of a thermally grown SiO2 are shown in 
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Figure 3(a). The spectral features were identified based on the data reviewed by Lampert et al.21. 

In agreement with other groups2,32, the thermal treatment leads to a distinct shift from HSQ-cage- 

to ladder-structure (i.e. polymerization of the oligomeric precursor), together with a distinct 

decrease in intensity of the Si-H stretching vibration and the various bending vibrations below 

950 cm-1 wavenumber. Similar to previous reports2,3,21, the degree of polymerization is assessed 

based on the normalized integrated Si-H stretching absorption, as shown in Figure 3(b). The 

residual Si-H absorption decreases to 72% for curing at 400 ºC and to 0 % for curing at 700 ºC, 

indicating a significantly increased thermal budged of the process with respect to curing in air 

ambient21 and the formation of virtually hydrogenation-free oxides for curing above 700 ºC. 

Furthermore, hydroxylation, based on a broad absorption band between 3200 and 3660 cm-1 

wavenumber33,34, is evident for films cured at 600-700 ºC. As visualized in Figure 3(b), the film 

cured at 600 ºC shows a significantly increased integrated area of the hydroxyl absorption feature 

with respect to the film cured at 700 ºC, indicating an increased silanol content35. The presence 

of hydroxyl in non-oxidatively cured HSQ-based films has been previously observed by other 

groups20, who have hypothesized that the hydroxylation originates from rapid water uptake of the 

incompletely polymerized films after curing. In comparison to the thermal oxide, the film cured 

at 800 ºC retained a vibrational feature at 878 cm-1 wavenumber (circled feature in Figure 3), 

which has previously been assigned to the Si-H bending vibrations32,36 in a Si-rich oxide. 

Further, the feature indicates that, despite the complete loss of the Si-H stretching feature, even 

films cured at 800 ºC contain a minor degree of hydrogenation and are, thus, incompletely 

transformed to SiOx. 

The film stoichiometry after the maximum expected conversion (800 ºC) has been investigated 

by XPS and compared to the thermally grown oxide. The emissions were fit on a Shirely-type 
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background and routinely deconvoluted into the Si 2p1/2, 3/2 spin-orbit components (Figure 4) with 

a peak-to-peak offset of 0.63 eV. Surface charging was referenced to the adventitious C1s, C-C, 

peak at 284.8 eV. The thermally grown oxide is fit to a single set of partner lines with a Si 2p3/2 

peak position of 103.3 eV, indicating the presence of stoichiometric SiO2 (Figure 4 (a))37,38. 

Similarly, the Si 2p3/2 peak position for the HSQ-based oxide (Figure 4(b)), indicates the 

presence of SiO2; however, the peak shoulder on the low binding energy side of the dominating 

emission reveals a divergence from the thermal oxide. In analogy to previous investigations39,40, 

the shoulder is interpreted as Si emission due to the formation of Si nano-domains in the film and 

fit to a set of partner lines with a Si 2p3/2 peak position of 99.5 eV41–43. Apart from S4+ and Si0 -

emissions, the deconvolution of the Si 2p emission reveals a further spin-orbit couple with a Si 

2p3/2 peak position of 101.5 eV. In agreement with previous investigations42,44, we correlate the 

101.5 eV peak to Si2+, indicating the presence of Si-sub-oxides, such as SiO. 

Film hydrophobicity. A plot of water contact angle vs. curing temperature is shown in Figure 5. 

Samples 400-500 show a decreasing water contact angle with increasing curing temperature, 

however, hydrophobic behavior (contact angle > 90 º). For sample 600, the average contact angle 

steeply decreases to 57 º, followed by a local minimum for sample for sample 700 (average 44.5 

º). Further, an increase in the curing temperature leads to a recovery in average contact angle to 

57 º for sample 800. In agreement with earlier observations3,21, the hydrophobicity of HSQ-based 

coatings primarily depends on the competition between water repellency from non-polar Si-H 

bonds and water attraction from polar silanol. While samples 400 and 500 appear hydrophobic 

due to their high Si-H ratios, the samples cured at higher temperatures retain less hydrophobic 

character, due to their high degree of Si-H dissociation in combination with the formation of 
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silanol. Hereby, the local minimum in contact angle of sample 700 likely arises from 

hydrophilicity due to the presence of polar silanol under absence of retained Si-H. 

Mechanical properties. The mechanical properties, i.e. the film hardness and the elastic 

modulus, have been determined on films deposited on Si wafer by depth-sensing 

nanoindentation. Representative load vs. displacement curves for all curing conditions and a 

fused silica reference slide are shown in Figure 6(a). Clearly, all curves show hysteretic behavior 

without sudden compliance changes and non-linear unloading, indicating the typical 

elastic/plastic behavior expected for amorphous SiO2
26. In agreement with the spectroscopic 

analysis, increasing the curing temperature increases the SiO2-like character of the films; 

however, the curve-shape does not fully converge towards the shape determined for the 

thermally grown oxide. The load vs. displacement curves shown in Figure 6(a) were analyzed 

with the routine outlaid by Oliver et al.26, requiring the assumption of a Poisson’s ratio for the 

calculation of the indentation modulus. Liou et al.19 assumed a Poisson’s ratio of 0.33 for HSQ-

based films irrespective of the degree of polymerization, which conflicts with the observation 

that high temperature-cured HSQ-based films behave strongly SiO2-like (the Poisson’s ratio of 

amorphous silica is 0.1726,45). Consequently, we propose that the Poisson’s ratio assumed by 

Liou et al.19 is an overestimate for the SiOx-like films investigated in this study and we suggest, 

in analogy to the value determined by other groups for generic SOG films45,46, a Poisson’s ratio 

of 0.25 for further analysis. 

The indentation moduli for the investigated films are, together with the indentation hardness, 

plotted in Figure 6(b). Both, the indentation modulus and the indentation hardness obtained for 

the fused silica slide are within the previously reported range for SiO2
23,24,26,47, validating the 

accuracy of the applied method. Further, in agreement with previous results19, both the 
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indentation modulus and hardness increase with curing temperature. However, the quantification 

conflicts with the data presented by Liou et al.19 and we report significantly more compliant and 

softer properties for the films cured at high temperature. The observed deviation may originate 

from differences in curing conditions and applied indentation loads or, since the group used a 

simplified model for the indenter-area function, differences in analysis procedure. 

Overall, the distinctly more compliant behavior together with the decreased indentation hardness 

of the film cured at 800 ºC with respect to the fused silica reference indicates, in agreement with 

the spectroscopic analysis, weaker polymerization or incomplete densification24, even at the 

highest investigated curing temperature. 

Electrochemical barrier properties. The coating barrier properties were evaluated by EIS and a 

representative EIS Bode plots for determined on sample 400, 600, 800 and an uncoated reference 

is shown in Figure 7. Samples 500 and 700 showed equivalent results and were excluded from 

the plot. In accordance with previous investigations1,21, the experimental data of the coated 

samples were fit as a porous coating with the electrical equivalent circuit Rs-(Qcoat(Rp-(Qdl(Rct-

W)))) and the reference with a Randles equivalent circuit48. The results of the equivalent circuit 

fit are indicated by the solid lines in Figure 7. Further, the standard deviated average fitting 

results (based on five measurements) are plotted vs. the curing temperature in Figure 8. As 

visible from Figure 8(a), the charge transfer resistance stays constant over curing temperature 

within the given certainty limit. Similarly, the average pore resistance stays constant, with 

exception of sample 700, where the pore resistance is decreased with respect to the other curing 

temperatures. In analogy to our previous investigation21, the coating capacitance increases with 

curing temperature (Figure 8(b)), which is presumably due to an increase in coating density3,49,50, 

hydroxylation3 and water uptake51–53. The double layer capacitance (Figure 8(c)) remains, with 
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exception of sample 700, constant throughout the curing temperature range, indicating good and 

virtually constant substrate coverage, while the strayed value obtained for sample 700 is in 

agreement with the decreased pore resistance. Considering both the coating density and 

hydrophobicity as governing factors for the barrier efficiency, the strayed value may originate 

from an unfavorable combination of hydrophilic behavior (Figure 5) together with incomplete 

polymerization. 

Overall, the resistive coating behavior appears increased with respect to the previously reported 

air-cured films21 (with exception of sample 700). This increase in coating performance may 

originate from an increased hydrophobicity for the temperature regime from 400-600 ºC and an 

increased coating density at high curing temperatures. Since the data allow a clear distinction 

between coating and charge transfer resistance, the coating acts as an imperfect barrier and 

clearly possesses defects which allow electrolyte transfer to the substrate. Thus, the coating 

quality clearly deviates from e.g. CVD based SiOx coatings on mirror polished substrates, which 

have previously shown perfect barrier performance with a single capacitive plateau over the 

entire frequency domain7. The nature of the given defects cannot be determined solely based on 

EIS analysis, however, the significant experimental error observed from Figure 8 indicates that 

the coating defects are unevenly spread over the surface, i.e. originate from inhomogeneous 

coating imperfections such as cracks, pinholes or delamination. 

Passivity breakdown. It was shown by EIS that the coated substrates have access to the 

electrolyte. Hence, an electrochemical response of the substrate at externally imposed 

polarization is expected and the coated substrates were, together with an uncoated reference 

substrate, investigated by anodic CP. As reference, a representative polarization curve of an 

uncoated substrate is indicated in in all potential vs. current diagrams in Figure 9. Similar to our 
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previous investigation, the reference material shows a clear hysteresis loop with a distinct 

breakdown and re-passivation at the corrosion potential together with current transients from 

metastable pit formation54 below the breakdown potential (Figure 9(a-c)). The reference 

measurements showed excellent repeatability with an average breakdown potential of 529 mV 

vs. Ag-AgCl at a standard deviation of 24 mV (at a population of six measurements). Generally, 

the coated samples show a significant decrease in corrosion potential. In analogy to a previous 

study7, we suggest that the decrease in corrosion potential originates from a locally changed 

electrolyte composition in microscopic coating defects; however, due to the significant changes 

in both passive layer composition and morphology55, we cannot exclude that the potential shift 

originates from an alteration of the electrochemical characteristics of the substrate. In contrast to 

the uncoated reference, the coated samples show a significant spread in breakdown potential. 

Representative CP plots of samples 400, 600 and 800 are shown in Figure 9(a-c). Since samples 

500 and 700 showed qualitatively similar behavior, representative curves for these samples are 

omitted from the plots.  

In agreement with other groups7,56–58, the application of the coating reduces the passive current 

density, indicating a reduction of the exposed substrate surface. Analysis of sample 400 (Figure 9 

(a)) shows a general increase in breakdown potential with respect to the reference together with 

depression of metastable pitting during the positive sweep, indicating excellent barrier efficiency 

of the coated system. Similarly, an increase in breakdown potential is observed for sample 600, 

as shown by curve A in Figure 9(b). The increase in breakdown potential is inconsistent and, as 

shown by curve B, the surface treatment may decrease the breakdown potential and initiate 

pronounced current transients below the breakdown potential. A further increase in curing 

temperature, as in the case of sample 800 (Figure 9(c)), yields similar behavior, i.e. a possible 
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anodic shift in breakdown potential (curve A), together with a possible cathodic shift in 

breakdown potential (curve B). The increased performance obtained over the entire curing 

temperature range demonstrates that well-functioning coatings may efficiently suppress the 

initiation of pitting corrosion. Similar observations have been previously reported for a variety of 

silica coatings on stainless steels7,9,12, together with the herein observed fluctuations in 

breakdown potential7. The fluctuations were previously presumed to be due to a large disparity 

of the dielectric coating rigidity, which may induce local coating breakdown at varying 

potentials. However, negative-shifts in breakdown potential or pronounced current transients on 

the forward sweep were not reported7. Hence, the herein observed deterioration in passive 

properties cannot be explained solely by the previously outlaid dielectric film breakdown 

theory7. Other authors59 reported substrate sensitization due to carbide precipitation as failure 

mechanism of sol-gel coated stainless steels after high temperature sintering. The effect can, 

however, be neglected due to the low carbon content of the herein used substrates (Table 1), 

which is expected to prevent carbide sensitization within the applied temperature range and the 

short applied curing times60. Consequently, we suggest, in analogy to the breakdown theory 

previously outlaid for air-cured HSQ-based coatings21, that the coating may act as micro-crevice 

or stable pit cover at microscopic coating defects. 

To conclude on the nature of the preliminary breakdown and potential coating defects, sample 

600 has been investigated by spot testing in 3.5 wt.% NaCl aqueous solution with addition of 

K3Fe(CN)6. The sample shows a clear response to the indicator solution after 5 min of immersion 

in form of irregularly distributed precipitation of blue pigment (Figure 10(a)), indicating the local 

release of Fe2+ through the coating due to the initiation of localized corrosion. The localized 

pigmentation was analyzed by ion beam cross-sectioning (Figure 10(b)). Although not shown 
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here, the analysis was repeated on several spots and the following observations were found to be 

reproducible. Void formation between the coating and the substrate in interrelation with coating 

delamination is visible in the immediate vicinity of the pigment, supporting the hypothesis of 

micro-crevice corrosion at microscopic coating defects. Further, the defect is observed directly at 

a grain boundary, i.e. at a particularly large coating cross-section induced by substrate roughness. 

The exact origin for the coating delamination was not investigated in this study; however, we 

suggest that the observed coating failure roots from inappropriate pretreatment, leading to 

residual surface contamination in narrow surface voids, mismatch in thermal expansion 

coefficient between the resinous HSQ and the substrate, or stress due to volumetric shrinkage of 

the coating. 

Based on the observation of pronounced metastable pitting during anodic polarization and the 

localized release of Fe2+ at microscopic coating delamination, we propose the failure mechanism 

schematically illustrated in Figure 11: The coating delaminates at a substrate defect such as a 

grain boundary valley. The so created micro-crevice fills up with electrolyte through a coating 

defect such as a micro-fissure or general coating porosity and is subsequently acidified in 

analogy to conventional crevice corrosion theory (i)61. As the occluded anodic site evolves in 

size, the coating may rupture, leading to dissolution of the aggressive crevice electrolyte and, 

consequently, re-passivation (ii). Alternatively, the coating is sustained during the growth of the 

anodic site, yielding a large subsurface pit, which may eventually grow to a sufficient size to 

sustain stable growth after rupture of the covering coating (iii). 

Overall, the results emphasize the importance of the substrate finish and pretreatment on the 

performance of (sub-) micron barrier coatings, showing that e.g. excessive substrate roughness 

may lead to preliminary coating failure. Further, the results indicate that HSQ-based coatings 
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pose a viable solution to increase the corrosion performance of stainless steels in the absence of 

coating defects. Since the defects were associated with the substrate roughness, we propose that 

the preliminary failure may be eliminated by the use of a higher-grade substrate finish, yielding 

more reliable coating systems. 

Chemical coating stability. In our previous study21 it was suggested that HSQ-based coatings 

are, dependent on the degree of polymerization, chemically unstable during ageing under salt 

spray testing conditions. To analyze the coating dissolution rate, a thermal oxide and HSQ-based 

films cured between 400 and 800 ºC were aged by neutral salt spray testing and periodically 

analyzed by (FIB-)SEM. The ion beam milled cross sections of the oxides at the initial state 

(reference) and terminal state (full dissolution or end of the experiment) are shown in Figure 12. 

The respective reduction in film thickness vs. ageing time is plotted in Figure 13(a). All HSQ-

based films show a significant decrease in thickness, leading to full dissolution of the films cured 

at 400 ºC (after 2 weeks of ageing) and 500 ºC (after 4 weeks of ageing) together with a partial 

dissolution of the films cured above 500 ºC. Moreover, the remaining films show a homogeneous 

coverage, indicating that the material dissolution occurs from the film surface, leading to 

successive material removal and thinning on the films. In agreement with our previous 

observations21, the dissolution rate (indicated in Figure 13(b)) correlates with the curing 

temperatures, whereby higher curing temperatures yield higher coating stabilities. The 

dissolution of the thermal oxide is insignificant. 

Amorphous SiO2 is thermodynamically unstable in aqueous solution at 35 ºC and may dissolve 

into silicic acid under the given test conditions (Figure 14). This is in agreement with results 

from Deltomee et al.62, who stated that silica dissolves into various forms of silicic acid in 

neutral aqueous solution, whereby the solubility is significantly increased for the amorphous 
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silica polymorphs with respect to the crystalline ones. Moreover, previous groups63,64 have 

shown that the dissolution kinetics of SiO2 films in near neutral solution may be significantly 

increased for SiOx films of poor quality. As revealed by IR-spectroscopy, film curing up to 700 

ºC leads to films defects, such as significant hydrogenation or film hydroxylation. Even for the 

films cured at 800 ºC, the spectroscopy analysis indicated a minor degree of hydrogenation 

together with the presence of Si-sub-oxides while the nanoindentation analysis revealed inferior 

mechanical properties with respect to fused silica and, thus, indicated weaker cross linking or a 

decreased film density24. Overall, the coating analysis indicated an imperfect transformation of 

the resin to SiO2 or an incomplete densification for HSQ-based films for curing temperatures ≤ 

800 ºC, which may greatly account for the advanced dissolution speed of the HSQ-based films 

with respect to the thermally grown oxide. 

In analogy to our previous work21, the coated stainless steel substrates have been subjected to 

1000 h of salt spray testing and investigated by FIB-SEM to conclude about the film chemistry in 

the application. Cross-sectional micrographs of sample 400, 600 and 800 after salt spray testing, 

together with a cross section of sample 600 before salt spray testing, are shown in Figure 15. In 

agreement with the dissolution rates described in Figure 13(b), difference in residual coating 

thickness and coverage is evident for the coatings cured at different temperatures. While the 

reference exhibited a thickness of ~ 0.17-1.27 µm (indicated in Figure 15(a)), the coating of 

sample 400 is fully removed (Figure 15(b)) and only coating remnants remain at the previously 

large coating cross-sections of sample 600 (Figure 15(c)). Analysis of sample 800 (Figure 15(d)) 

shows that the coating thickness is significantly reduced; however, a thin coating film with high 

coverage remains on the surface. These results indicate that further work on the optimum curing 

parameters is necessary to enable long-term performance of the coatings in applications such as 
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heat exchanges. Results from Liou et al.19 indicated that SOG films may be fully transformed to 

SiO2 by highly oxidative curing, which is, however, not feasible on stainless steel substrates due 

to the previously described deterioration of substrate properties21,22. As shown by Bremmer et 

al.3, SOG films are susceptible to very low concentrations of O2 and we propose that e.g. a 

precise dosing of O2 into an inert atmosphere may increase the curing performance without 

deterioration of the substrate properties, and thus increase the SiO2-like character of the material 

significantly. 

4 Conclusions 

The deposition of thin films from HSQ precursor was demonstrated as a viable process to deposit 

(sub)-µm thick coatings on stainless steel substrates. The coating precursor could flow freely on 

the surface during deposition and the coating was capable of leveling the pickled surface of a no. 

2B finished stainless steel substrate to a Ra roughness of 15 nm. The degree of film 

polymerization was dependent on the curing temperature, yielding virtually hydrogenation free 

oxides for curing above 700 ºC. However, curing at 800 ºC in Ar/H2 atmosphere did not lead to 

complete transformation to SiO2 and a significant amount of lower valent Si was detected in the 

films. Further, the elastic modulus and film hardness showed an increasing trend with increasing 

curing temperature, however, remained below the values observed for fused silica. The coating 

hydrophobicity correlated with the residual hydrogenation and hydroxylation, showing 

hydrophobic behavior for films cured below 600 ºC and hydrophilic behavior for films cured 

above 500 ºC. All films showed high barrier properties in NaCl electrolyte, however, generally 

acted as imperfect barrier coatings which allowed electrolyte to penetrate to the substrate. 

Polarization measurements indicated a potential increase in breakdown potential for coated films. 
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This increase was inconsistent due to the presence of inhomogeneously spread coating defects. 

Defects originating from substrate roughness were found to trigger microscopic coating 

delamination, which further triggers the initiation of micro-crevice corrosion between the coating 

and the substrate. All coatings cured with the herein applied curing conditions were unstable in 

aqueous environment and showed significant dissolution rates during neutral salt spray testing. 

Further, a trend between dissolution rate and degree of polymerization was evident, with 

increasing polymerization leading to higher coating stability.  
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Tables 

Table 1: Chemical composition of the substrates (by Optical Emission Spectroscopy). In 

addition, traces (< 0.1 wt.%; > 0.01 wt.%) of P, Nb, V, W were detected. 

Element Cr Ni Mo Mn Si Cu Co N C Fe 

Composition (wt.%) 16.8 10.4 2.07 0.92 0.47 0.41 0.21 0.048 0.019 bal. 

 

Table 2: Dip coating withdrawal speed and final film thickness (determined from cross-sectional 

imaging on fractured wafers) of films used for nanoindentation 

Curing temp. (ºC) 400 500 600 700 800 

Thickness (µm) 1.41 1.16 0.89 0.89 0.82 
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Figure captions 

Figure 1: AFM plots of (a) uncoated reference coupon, map size 20x20 µm2; (b) SOG coated 

substrate, map size 20x20 µm2; (c) SOG coated substrate (high magnification), map size 0.5x0.5 

µm2. 

Figure 2: Bright-field TEM image of the coating (cured at 600 ºC) on AISI 316L substrate in 

cross-sectional geometry. 

Figure 3: (a) FT-IR absorption spectra of HSQ films deposited on Si wafer after curing at 

various temperatures. The identification of the spectral features was carried out according to the 

data reviewed by Lampert et al.21; (b) Remaining percentage of Si-H based on the Si-H 

stretching absorption edges at 2260-2285 cm-1 observed in FT-IR. 

Figure 4: Deconvolution of Si 2p emissions: (a) Thermal oxide; (b) HSQ-resin after curing at 

800 ºC. 

Figure 5: Water contact angle vs. curing temperature on coated AISI 316L substrates. 

Figure 6: (a) Indentation load vs. displacement curves determined on HSQ-based films and 

fused silica as reference. (b) Indentation modulus for different curing treatments. The error bars 

indicate the standard deviation over 5 individual measurements. 

Figure 7: EIS Bode plots of test coupons in 3.5 wt.% NaCl aqueous solution. The solid lines are 

on the basis of the fitted model. 

Figure 8: Results of EIS fits vs. curing temperature: (a) Normalized pore/charge transfer layer 

resistance (Rp/Rct); (b) Normalized coating capacitance, Ccoat; (c) Normalized double layer 
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capacitance, Cdl. The values represent average values of 5 measurements with the indicated 

standard deviation. 

Figure 9: Anodic CP curves in neutral 3.5 wt.% NaCl aqueous solution: (a) sample 400; (b) 

sample 600; (c) sample 800. The reference is indicated in all figures. 

Figure 10: Spot test on sample 600: (a) Top view optical micrograph of a pigment precipitated 

within the spot test on sample 600; (b) SEM image of ion beam milled cross section along 

pigment precipitation. Microscope settings: TLD, beam current 43 pA 

Figure 11: Schematic illustration of micro-crevice corrosion at delaminated coating cross-

sections. 

Figure 12: SEM analysis on ion beam cross sections of HSQ-based films on Si-wafer substrate 

before (reference) and after ageing by neutral salt spray testing. “ox.” indicates the film layer. All 

films were protected by a double layered Pt. deposition (“Pt”) during analysis. SEM settings: 

TLD; beam current 26 pA. 

Figure 13: (a) Thickness reduction vs. ageing time based on SEM analysis; (b) Dissolution rate 

vs. curing temperature. The rates for curing from 400-500 ºC were calculated based on 2 weeks 

of ageing and the rates for curing from 600-800 ºC and the thermal oxide were calculated based 

on 6 weeks of ageing. 

Figure 14: Free energy vs. temperature for the dissolution of amorphous silica to silicic acid. 

Calculated with HSC Chemistry 5.11. 
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Figure 15: SEM micrographs of ion beam milled cross sections of: (a) sample 600 before salt 

spray testing (reference); (b) sample 400 after salt spray testing; (b) sample 600 after salt spray 

testing; (c) sample 800 after salt spray testing. 
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Figure 10  2 
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Figure 11  2 
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Figure 12  2 
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Figure 13 2 
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Figure 14  2 
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Figure 15 2 
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