
 Journal of Coating Science and Technology, 2016, 3, 100-108  

 
100 E-ISSN: 2369-3355/16  © 2016 Lifescience Global 

 

 

Journal of Coating Science and Technology 
http://www.lifescienceglobal.com/journals/journal-of-coating-science-and-technology 

 

Wear-Resistant Nanostructured Sol-Gel Coatings for Functional 
Applications 

Nadja Felde1,2,*, Luisa Coriand1, Angela Duparré1 and Andreas Tünnermann1,2 

1Fraunhofer Institute for Applied Optics and Precision Engineering, Albert-Einstein-Str. 7, 07745 Jena, Germany 

2Friedrich-Schiller-University, Institute of Applied Physics, Abbe Center of Photonics, Albert-Einstein-Str. 6, 07745 Jena, 
Germany 

Abstract: Improvement of the wear resistance of functional surfaces is crucial in order to facilitate a variety 
of practical applications, such as self-cleaning or anti-fogging. This especially holds for functional surface 
nanostructures, whose tops can easily get worn off when exposed to even low abrasion forces. Thus, our 
work addresses the enhancement of the wear resistance of such fine-scale structures. We present an 
efficient manufacturing procedure for generating long-term durable surfaces with simultaneously tailored 
wetting behavior and high optical quality. Our approach is based on a sol-gel coating that consists of an 
alumina layer with specific nanoroughness yielding the function-relevant surface structure, and a protective 
thin smooth silica film providing the mechanical robustness without influencing that functional structure. The 
roughness of the alumina layer can be systematically adjusted, thus enabling us to achieve desired wetting 
effects all the way up to superhydrophilicity and, after application of an additional thin hydrophobic top coat, 
to superhydrophobicity. To demonstrate the enhanced robustness of these coatings we perform abrasive 
wear tests and investigate the impact of abrasion cycles on the wetting effects and optical properties of the 
coatings. Furthermore, the durability of the structures is directly revealed by advanced roughness 
characterization procedures based on Atomic Force Microscopy followed by power spectral density function 
(PSD) analysis. 
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1. INTRODUCTION* 

Over the last decades the role of functional surfaces has 
considerably changed. There is an ongoing trend of requests 
for surfaces that cover several different functionalities at  
once [1, 2]. Prominent examples are combinations of extreme 
wetting behavior, special optical properties, and high 
mechanical robustness. The technical realization of such 
multifunctionality enables e.g. equipping optical components 
with self-cleaning, anti-fogging or anti-icing effects while 
ensuring long-term stability.  

Especially the roughness structure of the surface, in addition 
to the chemical composition, has been shown to be 
responsible for such smart wetting behavior [3, 4]. However, 
the first fundamental basics for this relationship were set by 
Wenzel as well as Cassie and Baxter [5, 6]. Utilizing these 
theoretical studies various methods have been developed in 
the last decades to realize specific wetting properties like 
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superhydrophobicity [7-9], superhydrophilicity [10, 11] as well 
as anti-icing behavior [12, 13].  

Although surface roughness is required for such 
functionalities, it can also be a critical factor in regard to 
optical applications. This is mainly because even small 
amounts of surface roughness can induce light scattering 
causing in acceptable optical properties [14, 15]. This 
problem can however be addressed by shifting the roughness 
structures to lateral scales that reduce or even prevent 
scatter losses in the visible range. Since about a decade ago, 
stochastic nanostructures have therefore become a focus of 
research as suitable candidates for realizing optical functional 
surfaces [16-19]. But compared to microscale features, the 
practical use of such nanorough components remained 
strongly limited as a result of their poor mechanical 
robustness. Applying even moderate forces to the surface 
results in a relatively fast destruction of the structures and 
simultaneously in a loss of the specific wetting behavior as 
well as the optical quality. In contrast to a smooth functional 
layer, which is easily replaceable by simple film deposition 
techniques (shown exemplarily in [20]), a rough structure is 
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not restorable in only one single process step. This results in 
a high demand on mechanically durable surface roughness 
structures. 

In the last years, however, a large number of reports have 
been published on durable functional surfaces adopting 
different manufacturing processes (see e.g. overview in [21]). 
Various investigations were based on examples from nature 
like the Lotus Leaf with its hierarchical roughness  
structure [22]. In addition to microscale or hierarchical wear-
resistant roughness structures [23, 24] durable 
nanostructured surfaces which exhibit high optical quality at 
the same time have attracted particular interest. In the 
majority of these studies nanostructures are generated on 
glass surfaces by phase-separation procedures [25, 26], 
reactive ion-etching [27] or self-assembly methods [28]. In the 
light of cost reduction requirements, the sol-gel process is 
also described as a preferred method [29-32] where the 
derived structures are mostly formed by nanoparticles. 
Whereas numerous papers concentrate on superhydrophobic 
surfaces, the coating in [26] displays both, long-term 
superhydrophilicity and after applying a hydrophobic top 
coating also superhydrophobicity with low contact angle 
hysteresis < 3°. One main problem in the literature so far is 
the use of the term “durability” for robustness regarding 
chemical attack [33, 34], UV radiation [32, 35] or particle 
contamination. Even if the mechanical stability of rough 
structures is investigated, an objective assessment of the 
wear resistance is often hindered by the lack of quantitative 
determination of the abrasion. The effect of wear remains 
mostly indirectly estimated by comparative contact angle 
measurements, e.g. in [25, 28]. Here different weak criteria 
are used like the change of the apparent water contact angle 
without any differentiation of the specific wetting system. 
Even if the structure is investigated, only AFM or SEM 
images (e.g. in [27, 36]) are demonstrated, relevant 
roughness properties are not presented or solely by simple 
roughness parameters as rms-roughness [37]. However, 
reliable prediction of the long-term stability of a given surface 
requires a direct estimation of the durability by 
comprehensive roughness characterization methods.  

Thus, as described above, protection of the function-relevant 
roughness characteristics constitutes an essential 

precondition for a successful technical realization of durable 
surfaces. In our paper we will therefore present an efficient 
way to manufacture a surface with tailored wetting properties 
and high optical quality utilizing a sol-gel dip-coating process, 
where the functional structures are protected against wear. 
This coating consists of a nanorough alumina layer, 
responsible for the function-relevant surface roughness and a 
upper layer of silica, which largely enhances the mechanical 
durability of the whole system [38]. Well determined 
roughening of the alumina film roughness enables us to 
adjust the wettability for both hydrophilicity and – after 
depositing a hydrophobic top layer – hydrophobicity. In this 
work, the increased mechanical robustness of the 
multifunctional coating will be quantified by advanced 
roughness analysis using power spectral density  
functions [39].  

2. EXPERIMENTAL 

2.1. Nanorough Coating Preparation 

Nanorough coatings based on Al2O3 films were deposited on 
borosilicate glass substrates (120 mm x 60 mm x 3 mm) 
using sol-gel and dip-coating processes [40]. The alumina 
bottom layer was prepared by a standard process using 
aluminum tri-sec-butoxide, isopropyl alcohol, ethyl 
acetoacetate, and water [41]. The sol was dip-coated onto 
the glass substrates and dried afterwards at 300°C. In order 
to obtain the derived surface roughness, the smooth Al2O3 
films then underwent post-treatment in distilled boiling water 
for various periods (0 s to 600 s) and heat-treatment again at 
300°C.  

After cooling down, an additional thin smooth SiO2 film was 
applied onto the nanostructure by sol-gel dip-coating to 
improve the mechanical robustness of the coating. Therefore, 
a silica sol with a solid content of 5.4 wt% was prepared via 
hydrolysis and condensation of tetraethylorthosilicat in 
presence of ethanol, hydrochloric acid, and distilled water. 
After dip-coating, heat-treatment was carried out at 300°C for 
10 min. The precise adjustment of the dip-coating and heat-
treatment processes could be ensured that the initial alumina 
roughness structure was not negatively affected. For 

 

Figure 1: Preparation procedure of mechanically durable functional surfaces. 



Journal of Coating Science and Technology, 2016, Volume 3, No. 3 

 

102 Felde et al. 

maximum enhancement of the protective function, the silica 
film thickness was chosen between 40 nm and 50 nm. 

Both layer materials, alumina as well as silica, show intrinsic 
hydrophilic behavior. In order to deliver hydrophobic wetting 
properties, the surface chemistry of the nanorough samples 
had to be altered by applying a thin hydrophobic 
perfluorpolyether top layer (DuralonUltraTec/ COTEC GmbH) 
using the same dip-coating process. Figure 1 summarizes the 
entire sample preparation procedure. 

2.2. Characterization of Surface Structures 

Roughness characterization of the samples was performed 
using Atomic Force Microscopy (AFM; Dimension Icon/ 
Bruker) in spatial frequency ranges from 0.1 µm-1 to  
1000 µm-1, corresponding to scan areas from 50 x 50 µm² to 
0.2 x 0.2 µm². For quantitative roughness analysis, the two-
dimensional power spectral density (PSD) function was 
calculated for each measurement area [39]: 

PSD( fx , fy ) = limL!"

1
L2

(h(x, y) # e$2%i( fxx+ fyy)dxdy
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where h(x,y) denotes the topographic surface data, L the 
scan size, and fx, fy the spatial frequency components. The 
PSD function (Eq. 1) describes the relative strength of each 
roughness component as a function of the spatial frequency. 
Furthermore, it enables a direct link between the roughness 
characteristics and the wetting behavior of a given stochastic 
surface. A subsequent data reduction procedure of the PSD 
function leads to the wetting parameter κB [42, 43], which was 
used in this work to separate the influence of the roughness 
characteristics and the material properties on the wetting 
behavior. Previous studies [44, 45] showed that a κB value of 
at least 0.4 is necessary to reach an extreme wetting 
behavior e.g. superhydrophobicity.  

Additional to the roughness analysis by PSD functions, the 
root mean square (rms) roughness was calculated from the 
surface topography data. It should be mentioned that these 
measurements can be influenced by noise as well as by the 
shape of the AFM probe tip. This significantly occurs in the 
high spatial frequency range (10 µm-1 to 1000 µm-1). To 
appropriately estimate the lateral features these factors 
should hence be known and minimized by optimized 
measurement parameters and a calibration of the 
measurement system with suitable standards [46, 47]. 

2.3. Wetting Characterization 

For the wetting analysis of hydrophilic as well as hydrophobic 
surfaces, an OCA20 measurement system (Data Physics 
GmbH) was used. Hydrophobic surfaces were investigated 
by measuring the advancing (ACA) and receding contact 
angles (RCA), as well as the roll-off angles α, and the 
bounce-off angles αbo [45]. Surfaces with ACA ≥ 150°, low 

hysteresis (ACA-RCA) [48], and roll-off angles ≤ 10° were 
declared as superhydrophobic [45]. 

For the wetting analysis of hydrophilic samples, however, the 
ACA and RCA measurements fail as a result of a vanishing 
RCA. Therefore, the analysis was instead performed by 
determining the apparent contact angle (CA) as a function of 
the wetting time t [45]. Strong hydrophilic behavior with  
CA < 5° within a few seconds was referred to as 
superhydrophilicity. 

2.4. Light Scattering Measurements 

For optical investigations, light scattering measurements 
were performed using the instrument ALBATROSS-TT (3D-
Arrangement for Laser Based Transmittance, Reflectance, 
and Optical Scatter Measurement-Table Top/ Fraunhofer 
IOF) [49] at a wavelength λ of 640 nm. Scatter losses were 
determined as angle resolved scattering (ARS) and total 
scattering in the transmission hemisphere (TSf) by integration 
of the ARS data [50]. 

2.5. Mechanical Durability Testing 

To investigate the mechanical robustness of the nanorough 
coatings, abrasive wear measurements were carried out with 
a Universal Mechanical Tester (UMT-1/ Bruker). Here the 
samples were wiped in a multiple-slide test against a counter 
surface (2 cm x 2 cm) covered with a microfiber lens cleaning 
tissue applying a normal load of 1.5 N and varied number of 
wiping cycles (1 to 150). To ensure a controlled mechanical 
stress to the structures, the following parameters were 
chosen for the investigations: sliding distance 4 cm and 
sliding speed 5 mm/s. The results were then evaluated by 
roughness measurements. Using these data, PSD functions 
and κB values were calculated for quantitative estimation of 
the durability. 

3. RESULTS AND DISCUSSION 

3.1. Adjustable Surface Roughness 

Figure 2 presents the nanostructures of five selected samples 
(alumina coated with silica) compared to the surface of a bare 
glass substrate. The AFM images and the rms-roughness 
reveal the systematically graded surface roughness from 
sample #1 to sample #5 as a consequence of the increased 
immersion time of the alumina film in boiling water (0 s to  
300 s). 

This post-treatment step allows the initial smooth Al2O3 film 
(cf. sample #1) to react with water resulting in boehmite 
crystals (AlO(OH)) [41]. As a consequence, the aspect ratio 
of the surface structure is increasing, clearly exhibited by the 
corresponding PSD functions (Figure 3). Here the combined 
PSD functions over the entire measured spatial frequency 
range are presented. Especially in the high spatial frequency 
range, 10 µm-1 to 1000 µm-1, which is tantamount to lateral 
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components from 100 nm to 1 nm, the PSD values are 
significantly increasing from sample #1 to sample #5. This 
spatial frequency range has been shown as to be wetting-
relevant for nanorough optical coatings [42]. The derived κB 

values from the PSD data in the spatial frequency range  
0.1 µm-1 to 1000 µm-1, however, indicate different wetting 
states of the investigated coatings (see Figure 3). Sample #5 
even exceeds the threshold value of 0.4, introduced in 
section 2.2, and hence open up the potential for extreme 
wetting behavior, to which is addressed to in the following. 

3.2. Adjustable Wetting Behavior and Optical Properties 

The wetting properties of the nanostructures before and after 
application of an additional smooth hydrophobic top layer are 
depicted in Figure 4. The results clearly demonstrate that 
hydrophobicity and hydrophilicity, respectively, increase with 
rising surface roughness, all the way up to extreme wetting 

behavior. The roughest sample #5 exhibits, in the hydrophilic 
case, even water CA less than 5°, i.e. complete spreading of 
water drops within only a few seconds (Figure 5a). The 
corresponding hydrophobic surface reveals high ACA and 
RCA of 155° and 145°, respectively, resulting in a hysteresis 
as low as 10°. This leads water drops with a volume of 30 µl 
to roll-off at a tilting angle of only 3° and hence confirms the 
κB prediction of possible superhydrophobicity. This means 
that the surface of sample #5 reaches a sufficiently high 
aspect ratio of the roughness structure to trap air between the 
surface and the water drop, also referred to as 
heterogeneous wetting [6, 51]. In contrast, sample #4 shows 
comparable ACA values of 154°, but a significant higher CA 
hysteresis of 71°, indicating a homogeneous wetting state [5]. 
Although these values do not meet the strict criteria for 
superhydrophobicity, the sample #4 is still useful for a variety 
of practical applications due to the bounce-off behavior of 

 

Figure 2: AFM surface topographies (field of view: 1x1 µm²) and rms-roughness values of samples #1 to #5 and bare glass substrate. 

 

 

Figure 3: Comparison of PSD functions and κB values for sample #1 to sample #5 and bare glass substrate. 
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water drops at low angles of 20° (see section 2.3), as 
illustrated in Figure 5c.  

In addition to the adjustable wetting properties through 
graded nanoroughness, the presented surfaces show also 
high transparency with low scatter losses. Compared to the 
bare glass substrate with scatter losses into the transmission 
hemisphere amounting to as low as TSf=0.001%, the 
roughest sample #5 indicates an insignificant higher value of 
TSf=0.007%. As the increased surface roughness, which is 
related to the more pronounced wetting behavior, 
predominantly occurs in the high spatial frequency range  
(10 µm-1 – 1000 µm-1), it is not negatively affecting the optical 
quality of the surface in the visible spectral (VIS) region [17]. 

3.4. Enhanced Mechanical Durability  

As shown in the previous section, the wetting properties of a 
surface can be tailored to a large extend by their 
nanoroughness. However, compared to microscale features, 
such fine-scale surface structures with high aspect ratios (cf. 
sample #5) are extremely fragile and can be destroyed by 
applying even low mechanical stress. This leads to a 
relatively fast loss of the desired wetting behavior and optical 
quality. Hence, protection of the rough nanostructures is the 
most important task in order to transfer such surfaces into 
practical use.  

Regarding the presented coatings, damage of the roughness 
structure would be most critical for the roughest sample #5. 

Therefore, in the following the results for abrasion 
investigations will concentrate on this surface. Further the 
wear properties of a pure unprotected alumina layer, which 
exhibits the same roughness characteristics as sample #5, 
will be demonstrated in the beginning and compared to the 
properties of sample #5. 

Figure 6 illustrates the effects of wear tests with a load of  
1.5 N and different wiping cycles on the as introduced pure 
nanorough alumina layer. The aspect ratio of the 
nanostructure significantly decreases after only 2 cycles of 
wear and after 32 wiping cycles a complete damage of the 
nanostructure is observed. 

By analyzing the PSD functions (see Figure 7), the 
destruction of the nanostructures reveals as a strong 
decrease of the PSD values in the high spatial frequency 
range (3 µm-1 to 1000 µm-1). On the other hand, scratches 
resulting from the abrasion induce increased PSD values in 
the spatial frequency range below 3 µm-1. This leads to a 
significant increase of scattering losses and decrease of the 
optical quality. By calculating the κB values for the surface 
before and after the applied wear, it can be noticed that there 
is a decrease from 0.91 to 0.28 after only 2 abrasion cycles, 
predicting the loss of the extreme wetting behavior. After 
applying the additional hydrophobic top layer, a significant 
change of the wetting properties as compared to those before 
the wear tests occurs, confirming the prediction derived from 
the roughness analysis. As a consequence of the destroyed 

 
Figure 4: CA as a function of the wetting time for hydrophilic coatings #1 to #5 (left); ACA, RCA and roll-off angle for coatings #1 to #5 after 
applying an additional thin hydrophobic top layer. 

 

 

Figure 5: (a) Water drop (CA = 5° at t = 2.5 s) on the superhydrophilic sample #5, (b) water drop (ACA = 155°) on the superhydrophobic  
sample #5, (c) bounce-off test (αbo = 20°) on the hydrophobic sample #4.  
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nanostructure, the wetting regime has changed from the 
heterogeneous to homogenous causing decreased ACA 
values of 134° and high roll-off angles of 31°. 

A completely different reaction to the applied load, however, 
was observed when the nanostructures were protected by a 
thin silica film (cf. sample #5). As compared to the 
unprotected structure, this surface remains sufficiently intact 
up to 150 wiping cycles with a force of 1.5 N. After 2 or 32 
cycles of abrasion only the tops of the features are slightly 
modified (see Figure 8), but still maintain the aspect ratio 
needed for the functional behavior. 

More clearly this is presented by the PSD diagram in  
Figure 9, showing negligible differences between the PSD 
functions of the protected surface before and after wear with 
2 and 32 abrasion cycles. Calculated κB values demonstrate 
that up to 100 abrasion cycles the surface of sample #5 
exceeds the κB threshold of 0.4 and, hence, shows the 
potential for superhydrophobicity. Even after 150 abrasion 
cycles the sample #5 still shows a κB value above 0.3. 

The contact angles of the samples with the additional thin 
hydrophobic layer remained nearly unaffected after up to 100 
abrasion cycles (see Figure 10b): ACA = 154°, RCA = 142°, 

and α = 7° i.e. superhydrophobicity was preserved. After 
further 50 wiping cycles with a force of 1.5 N, the ACA slightly 
changed to 141°. Although the CA hysteresis increased (see 
Figure 10c), the sample #5 still shows great bounce-off 
properties of water, which is sufficient for a wide range of 
practical applications. Moreover, in the light scattering-
relevant spatial frequency range (0.05 µm-1 to 1.6 µm-1 for  
λ = 640 nm) the PSD values are not significantly increasing, 
which confirms optical quality even after applied wear. 

A comparison of the results from roughness and wetting 
analysis demonstrates that the silica protected nanostructure 
(sample #5) exhibits a significant higher mechanical durability 
than the unprotected alumina structure. While alumina as a 
thin smooth and dense layer is hard and wear resistant, the 
roughened alumina film exhibits a porous structure with deep 
valleys and high tips which can easily be abraded. Applying 
an additional, very thin smooth and hence dense silica layer 
on top of the rough alumina film protects its roughness 
structure while completely replicating it. Especially in Figure 9 
this improvement is obvious when comparing the PSD 
function of the unprotected structure after 2 wiping cycles to 
the PSD function of sample #5 after 150 wiping cycles. Here 
negligible differences are noticed, stating the same level of 

 
Figure 6: AFM topography images (field of view: 1x1 µm²) for the unprotected alumina nanostructure (same roughness characteristics as 
sample #5): (a) before wear, (b) after 2 cycles of wear, (c) after 32 cycles of wear. 

 

 
Figure 7: PSD functions, κB values and AFM topography images (field of view: 10x10 µm²) for the unprotected alumina nanostructure (same 
roughness characteristics as sample #5) before and after applied wear. 
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structure abrasion. The findings give therefore a promising 
approach to apply coatings like that of sample #5 on optical 
components, where the wear properties are sufficient to 
ensure long-term use. 

4. SUMMARY 

The presented study focused on the mechanical durability of 
nanorough surfaces with enhanced wetting properties. An 
efficient method has been developed of utilizing a sol-gel dip-

coating process to realize multifunctional coatings on glass 
surfaces, which combine extreme wetting behavior, optical 
quality, and high mechanical robustness. The coatings are 
based on nanorough alumina films with an additional thin 
silica layer, which does not negatively affect the initial 
roughness structure. The stochastic surface roughness of the 
alumina layer was shown to be adjustable by thermal post-
treatment. In this way, the desired wetting properties of the 
coatings were achieved for both hydrophilicity and - after 
applying an additional thin hydrophobic film - for 

 

Figure 8: AFM topography images (field of view: 1x1 µm²) for sample #5: (a) before wear, (b) after 2 cycles of wear, (c) after 32 cycles of wear, 
(d) after 150 cycles of wear. 

 

 
Figure 9: PSD functions and κB values for sample #5 before and after applied wear. Light scattering (λ = 640 nm)- and wetting-relevant spatial 
frequency ranges are highlighted.  
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hydrophobicity up to superhydrophobicity. Using specific 
roughness measurement and analysis procedures enabled 
us to predict and control the surface roughness for tailoring 
the wetting properties. 

It was demonstrated that the long-term stability of these 
functional properties as well as the high optical quality 
significantly depend on the mechanical durability of the 
surface roughness structures. The combination of the 
nanorough alumina layer and the protecting silica film, 
revealed a dramatically improved mechanical wear resistance 
as compared to surfaces containing alumina structures only. 
The enhanced mechanical robustness was studied by means 
of surface roughness analysis using power spectral density 
functions and a so called wetting parameter that constitutes a 
reliable indicator for the wetting behavior. The improvement 
of the wear properties became also evident when the wetting 
characteristics of the obtained surfaces were controlled after 
wear. While the alumina nanostructure without the protective 
layer already lost its superhydrophobic or superhydrophilic 
properties completely even after application of moderate 
mechanical stress, the wetting behavior of the protected 
surfaces was, under the same conditions, preserved till at 
least 50 times the initial wiping cycles. The fabrication of such 
nanorough coatings offers hence an effective approach to 
mechanical durable functional optical surfaces with 
appropriate reliability in practical applications. 
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