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Abstract:  

This paper research mainly the hydrophobic of the enamel material 

surface．By sol-gel method and using tetraethoxysilane (TEOS) as the 

precursor which is combined with dimethyldichlorosilane ( DDS)，the 

films with DDS-SiO2 nano-particles were prepared on the enamel 

surface，which make droplets contact angle increase, so that enamel 

surface has been changed from hydrophilic properties to hydrophobic 

properties．  
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1. Introduction 

   Surface water contact angle is one kind of natural phenomenon. 

Surface water contact angle of solids mainly depend on the chemical 

composition and structure of materials. If surface water contact angle of 

materials is over 90°,the material surface has hydrophobic performance.  
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There have many surface character properties for the hydrophobic 

materials, such as, self-cleaning, anti-pollution, low friction etc. [1]  

A lot of research works on glass surface hydrophobic have been done. 

The glasses with hydrophobic properties have been manufactured and 

used for automobile and airplane wind-screen [2,3]. The glasses can be kept 

cleanly and transparently without water droplet and pollution. Steel sheet 

enamels have been widely used as decorating materials inside and outside 

building, subway stations and tunnels. With the hydrophobic properties, 

these decorating materials could self-clean and cleaned very easily.  

Since enamels are different from glasses in chemical composition, 

structure and properties, especially, the soften point temperature and 

surface structure. These properties will influence coating technology and 

film structure as well as hydrophobic properties. 

In this paper, the enamels with the hydrophobic properties have been 

made by sol-gel process, the hydrophobic properties have been observed 

and the hydrophobic mechanism has been studied by investigating the 

microstructure and the crystal structures of the film with the help of 

scanning electron microscope (SEM), X-ray diffract meter (XRD) and 

infrared spectrum analysis. 
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2. Experimental  

2.1 Preparation of enamel specimen 

The ordinary white enamel with TiO2 opaque has been used as the 

basic specimen. The chemical composition range of enamel is shown on 

Table 1. 

Size of the enamel specimen was 100×100×1mm. The enamel 

sample was immerged in 10% HCl solution for 10 min, then rinsed with 

de-ion water and washed in acetone solution with supersonic wave. After 

that, it was rinsed with de-ion water for the second time. The treated 

enamel sample was dried at 100℃ for 15min, and the enamel specimens 

without the hydrophobic film (E1) were then made. 

Tab.1 the chemical composition range of titanium dioxide enamel 

Chemical 
composition 

SiO2 + 
TiO2 

Al2O3 + 
B2O3 

CaO + 
MgO 

K2O+ 
Na2O+ 
Li2O 

F 

Weight % 55～65 10～18 3～8 10～18 2～6 

 

2.2 Preparation of hydrophobic film on enamels  

The proportion of tetraethoxysilane (TEOS, 99%): C2H5OH : NH4OH 

must be controlled to prepare stable sol solution. First, 40-50 ml solution 

of C2H5OH and 3-5 ml solution NH4OH was mixed and stirred for 1 

hour, and then 3-5ml solution of tetraethoxysilane (TEOS, 99%) was 

dribbled into it and stirred for 1-1.5 hour. After that, the solution was kept 

in standstill for 24 h. the stable TEOS sol solution was made. 
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A enamel specimen (E1) was dipped into the TEOS sol solution for 

0.5 hour, and dried at 60℃ for 1 hour. The enamel sample with SiO2 film 

(E2) was made. After that, the enamel specimen (E2) was dipped into the 

dimethyldichlorosilane (DDS) for 1-3 hour, and then cooled down to the 

room temperature. The enamel sample (E3) with DDS-SiO2 film was 

made. 

2.3 Observation of the water contact angle on the enamel specimen 

The wettability of the films was evaluated by measuring the contact 

angle (θ) of a water droplet of 10mg placed on the surface with the help 

of the contact angle meter equipped with a CCD camera (CYG-055C, 

China) at an ambient temperature.  The static water contact angles were 

measured at six different positions for each sample, and the average value 

was adopted as the contact angle. 

2.4 Microstructure analysis 

   Microstructures of the enamels surface with and without hydrophobic 

film were analyzed by using a scanning electron microscope 

(EPMA-8705QH, Japan) (SEM). 

2.5 Crystal structure analysis 

The hydrophobic film on enamel specimen was removed from the 

enamel surface and ground into powder. The powder was analyzed with 

the help of an X-ray diffract-meter (Ragaku D/max 2550, Japan) to 

investigate the crystal structure of the hydrophobic film on the enamel. 
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2.6 Fourier transforms infrared spectroscopy (FTIR) 

The enamel surface before and after the DDS modification was 

investigated by Fourier transform infrared spectroscopy (FTIR). The 

infrared spectroscopy of the hydrophobic film has been studied. 

 

3. Result and discussion 

3.1 Water contact angles  

The water contact angles on the enamel surface before and after SiO2 

and DDS-SiO2 modification are shown on fig.1. It can been seen from 

fig.1 (a) that the water contact angles on the enamel surface before the 

modification is 23°, and the enamel surface is hydrophilic.  

It can also been discovered from fig.1 (b) that the water contact angles 

on the enamel surface after the SiO2 modification is 50°, and the enamel 

surface become less hydrophilic. 

It can been seen from fig.1 (c) that the water contact angles on the 

enamel surface after the DDS-SiO2 modification is 115°. It indicates that 

the enamel surface can be changed from hydrophilic to hydrophobic 

through the surface modification. 
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(a)The water contact angles of 23°before modification  
(b) The water contact angles of 50°after SiO2 modification  
(c) The water contact angles of 115°after DDS-SiO2 modification 

Fig.1 the water contact angles on the enamels before and after the modification 

 

 

 

3.2 Microstructure of the hydrophobic film 

 
(a) the enamel surface before modification(×5000)  

11

5° 

50° 

50° 115° 23° 

a b c 



 7 

 
(b) the enamel surface after DDS-SiO2 modification (×5000) 

 
(c) the enamel surface after DDS-SiO2 modification (×20000) 
Fig.2 The microstructure of the enamel surface before and after the modification 

 

The microstructure of the enamel surface before and after the 

modification is shown in fig.2. It can been seen from fig.2 (a) that except 

a few particles from mill addition, the enamel surface has a relatively 

uniformed and densification structure, and the water contact angle is 23° 

(see fig.1(a)), and the enamel surface is hydrophilic. 

It can be discovered from fig.2 (b) that the enamel surface has a lot of 

small particles, which should be resulted in by sol-gel, and the enamel 

surface become hydrophobic. It can also been discovered from fig.2 (c) 
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that the enamel surface with the hydrophobic, which has been enlarged 

for 20000 times, consists of a lot of small particles. Since those small 

particles have very small size (0.01-0.05 um and/or 10-50 nm), it must 

have very large surface dimension, and very high chemical activity, 

which makes the enamel surface have excellent hydrophobic function.  

 

3.3 Crystal structure of the hydrophobic film 
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(a) SiO2 modification film            (b) DDS-SiO2 modification film 

Fig.3 XRD spectrum of modification films 

 

The crystal structures of SiO2 modification film and DDS-SiO2 

modification film on the enamel surface is shown in fig.3. It can be seen 

from fig.3 that there has no X-ray diffraction peak for SiO2 modification 

film and DDS-SiO2 modification film. It indicates that both SiO2 

modification film and DDS-SiO2 modification film should be in the 

vitreous state.  
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3.4 Infrared spectroscopy of the hydrophobic film 
 

 
 (a) SiO2 film                    (b) DDS-SiO2 film 

Fig.4 FTIR spectrum of SiO2 film and DDS-SiO2 film 

Fig.4 (a) shows FTIR spectrum of SiO2 film on the enamel. It can be 

seen that several characteristic absorption peaks were observed in the 

range from 500 to 4000cm-1 indicating the presence of methyl groups 

and the Si-O-Si group.  In the Fig.4 (a), the peak at 1103.9 cm-1 

corresponded to the Si-O-Si asymmetric stretching vibration [4,5].  The 

presence of this peak confirms the formation of a network structure inside 

the film.  The absorption bands observed at around 2950cm-1 and 

1384.4 cm-1 are due to stretching and bending of C-H bonds [6,7].  It 

shows that TEOS has a cross bonding with surface hydroxyls and most of 

which has broken down to form SiO2 particles (see fig.2(c)), which can 

be proved by the increased water contact angle. The peak at around 1637 

cm-1 and the broad absorption band at around 3426.9 cm-1 are due to the 



 10 

–OH groups [7,8].  The residual Si-OH groups are the main source of 

hydrophilic character and can be seen in FTIR spectra, which indicates 

that surface hydroxyls still exist, even though the materials show the less 

hydrophilic properties. 

  Fig.4 (b) show FTIR spectrum of hydrophobic film on the enamel. It 

can be seen that the absorption bands observed between 3000-2800cm-1 

corresponded to the symmetric and anti-symmetric stretching vibration of 

–CH3 and mythylene C-H [6,7,8].  Pic.1 shows the water contact angle of 

hydrophobic film corresponding to the FTIR spectrum, which proves that 

–CH3 was connected to the SiO2 particles and played important role in 

increasing the hydrophobic of the enamel surface. 

3.5 Hydrophobic mechanism of the film 

The wetting behavior of hydrophobic surfaces mainly depends on the 

chemical composition and structure of the materials surface. The normal 

enamel surfaces consist of -Si-O-H group and -Si-O-Na group structures. 

These -Si-O-H groups and -Si-O-Na groups are able to react with water in 

air easily. These kinds of structures have the hydrophilic property and the 

contact angles are 23°(see fig.1(a)). 

After the sol-gel process, the enamel surface has been covered with 

SiO2 film. -Si-O-H group and -Si-O-Na group structures have been 

replaced partly by methyl groups and the Si-O-Si group (see fig.4(a)). 

Since there still have -Si-O-H groups on the film surface(see fig.4(a)), 
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these kinds of structures have the less hydrophilic property and the 

contact angles are 50°(see fig.1(b)).  

After the DDS modification, the enamel surface with SiO2 film has 

been covered with –CH3 and mythylene C-H group (see fig.4 (b)). The 

SiO2 micro-nano particles of silica film made a roughness on the surface 

(see fig.2(c)). The DDS modified particles decrease the surface energy 

since the Si-OH groups on SiO2 particles surface could be easily replaced 

by the methyl group.  The mechanism of the SiO2 particles modified by 

DDS is shown as follow: 

   ≡SiOH + ClSi(CH3)2 → ≡SiOSi(CH3)3 + HCl 

With the two conditions, the enamel surface with the excellent 

hydrophobic performance can be achieved, and the water contact angle of 

the enamel is as high as 115° (see fig.1(c)).  
 
 

4. Conclusions 

(1) The enamel surface can be changed from hydrophilic to hydrophobic 

by sol-gel method of using TEOS and DDS modification.  

(2) SiO2 particles modified by DDS were connected to the enamel 

substrate by cross bonding.  The roughness and low surface film make 

the enamel surface have excellent hydrophobic function.  
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