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ABSTRACT 

Studies on glass coated steel surfaces and its applications on surface engineering were 

carried out. Mineral based samples mainly silica sand, feldspar and some chemical additives 

were used to obtain glasses of different compositions by conventional smelting procedures. 

Correlation between the glass oxide compositions and properties of the glasses obtained 

were established. The glasses were used to obtain enamels on application on O-37 type steel. 

The coated surfaces were investigated for micro-structural changes using Atomic Force 

Microscope (AFM). Thermal shock evaluation was achieved by Harkort test while 90 degrees 

Angle Bend Adhesion test was explored using Esienkraft metal bending tools. Transmission 

Electron Microscope (TEM) was used to assess the coating properties while Electron 

Dispersive Atomic X-ray (EDAX) gave evidence of the chemical interaction that occurred 

between the ceramic glass coating and steel support. The coated samples exposed to different 

service environments performed satisfactorily. 
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1. INTRODUCTION 

The growing interests toward the production of materials with good surface properties and 

engineering applications are very desirable. Evidence is the relationship between coating 

properties and surface function performance. [Ihsan and Yetgin 2013] A coated surface is an 

applied superficial region of appropriate depth with good bonding to function adequately 

with the bulk material [Gubyan, (2006).].  The processes involved in realizing a coated 

surface depend on the coating compositions {Mustapha, Erhan and Esin , 2008].  This further 

determines the method of application of the coating material and the subsequent heat 

treatments that make the difference between one coated surface and another [NASA TM – 

2010].  Therefore, surface coatings are regarded as property enhancing to the support 

material. 

The past few decades have seen an evolution of surface engineering with varying 

surface coatings exhibiting properties that are unattainable by the substrate material [Hamad, 

2008]. Glass coating is a form of ceramic coating applied on metallic and non-metallic 

substrates which is protective, attractive and permanent. The process of applying glass 

coating on a metal is referred to as enameling. Glass coating does not only act as a protective 

and aesthetically pleasing surface, but also must bond to the support material. This paper 

therefore aims at investigating the properties of a glass coating on steel and its suitability as 

an engineering material. 
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2. Materials and Methods 

2.1 Theoretical Application 

In developing enamel for specific applications, it is routine to measure the effect of 

compositional changes using a laboratory dilactometer. However Appen [Andrews, 1962] 

developed a relationship for the calculation of linear expansion of glass which has a 

maximum deviation of ± 2.2% expressed as follows: 

 

 

 

 

 

Where :α = expansion coefficient of glass 

γi  = content of oxides expressed in molar fraction 

γi%= content of oxides expressed in % molar 

γim= content of oxides expressed in moles 

 

In this study, the oxide compositions of the glass coating were calculated according to the 

Appen formulae in order to obtain the theoretical thermal expansion coefficients, adequate 

for a good adhesion on the steel support. 

 

2.2 Batch Compositions 

Batch oxide compositions were developed using typical Nigerian silica sand, feldspar 

deposits and some chemical additives [Chukwu, Muntean 2003]. Three different 

compositions were prepared numbered F1, F2 and F3 as shown in (Table 1.1). The oxide-

compositions were homogeneously processed by conventional Frits smelting procedure. The 

glassy melts were quenched in water to yield Frits. Oxide composition F4 for the control 

experiment was realized using the same procedures but with pure commercial chemical 

oxides [Chukwu, Muntean 2008]. F4 was obtained by taking the average of F1, F2 and F3. 

(Table 1.1) 
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Table 1.1: Oxide Composition, Melting Temperature and Thermal Expansion 

Coefficient of the Frits 

 
 

2.3 Frits Preparation 

The Frits were processed into slurry. A mill batch consisting of 100g of the Frits, 4g of clay, 

20ml of water and 0.4g of sodium nitrate was milled until a consistent paste of the slurry was 

obtained. 

 

2.4 Metal Preparation 

An O 37- type steel with thermal expansion 113.910 -7 (grd-1) was used as 

the metal support. The steel was made into coupons of dimension 60mm X 20mm X 1.5mm. 

The traditional procedure was used for degreasing and etching. 
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2.5 Frits Application 

The cleaned steel coupons were dipped into the slurry and introduced into the oven at 100 oC 

for 10 minutes followed by baking in the furnace at the enameling temperature range of 

(700oC-800oC). 

 

2.6 Visual Inspection. 

The enameled samples were examined physically and also with optical microscope regularly 

for over a period of six months for surface defects. 

 

2.7 Atomic Force Electron Microscopic (AFM) Study 

Micro-structural changes / transformations that occurred during the baking of the Frits were 

investigated using (AFM). Figs 1(a) and 1(b) are the micrographs at 20µ in 3 dimensions of 

enameled samples of different oxide compositions. 

 

 
Fig 1 (a) Frits F2_20μ _ 3D

 

 

 
Fig 1 (b) Frits F4_ 20μ _ 3D 

2.8 Harkork Test 

The Harkort test was carried out on all the enameled samples produced with the oxide 

compositions F1, F2, F3 and F4 for the temperature ranges 100oC, 150oC, 200oC, 250oC as 

shown in table 2.1. The samples were heated in the furnace at these temperatures for 10mins 

and dropped into water at room temperature. The process was repeated 10 times for a 

particular temperature. 
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Table 2.1  Resistance to crazing 

No Temper

ature.oC 
No. of 

cycles 

Resistance time 

to crazing 

1. 100 10 Very resistant 

2. 150 10 Very resistant 

3. 200 10 Very resistant 

4. 250 10 Very resistant 

 

2.9 Evaluation of Adhesion/Abrasion Resistance 

The bond strength of the resultant enameled samples were assessed by measuring adhesion at 

90o bend. This was achieved using enameled steel coupons measuring 100mm long by 20mm 

wide and 1.5 mm thick. The samples were forced to bend at the middle to make an angle of 

90o using Eisenkraft Metal Bending Tool, Fig 2(a) The amount of coating material that 

chipped off from the bent edge quantitatively indicates the bond strength of the coating.

 

 

 
Fig 2a: Eisenkraft Bending Tool 

 

2.10 Transmission Electron Microscope (TEM) Investigation 

The bonding between the glass coating and the steel support was evident by TEM studies 

shown on figs 3 (a), 3(b) and 3 (c). 

 

 
Fig 3 (a) cross section of a sample enameled with F4 
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Fig 3 (b) cross section of a sample enameled with F2 

 

 

 
Fig 3 © cross section of a sample enameled with F3 

 

2.11 Emission Dispersive Atomic X- rays (EDAX) Analysis 

Element distribution at the point of bond formation (ceramic / metal interface) was examined. 

The different colours represent the following elements as seen in fig 4. .Red--Fe;   Blue – O: 

Yellow – Silicon   Green –Al
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Fig 4 cross section Sample Enameled with   F3 

 

2.12 Exposure to Service Condition 

Hospital tray pans, flower vases, book shelves, bath room appliances and steel plates of  

400mm X 200mm X 1.5 mm dimension were enameled with the different frit formulations 

and subjected to various service environments. 

 

 

3.0 Results and Discussion 

Several multi component glass coatings, F1, F2, and F3 were obtained by conventional 

smelting procedure using typical Nigerian silica sand and feldspar. This gives direct 

experimental evidence that the sand and feldspar can serve as raw materials for glass coating. 

From the calculated coefficient of expansion of the glass compositions, the coefficient of 

expansion of glass is close to that of steel 111.4x10 -7(grd-1), 113.9x10 -7(grd-1). This result 

is in agreement with the Appen theory [Andrews, (1962)]. On coating pretreated steel 

coupons, double faced enameled samples were obtained. Visual inspection of the enameled 

pieces showed that smooth, glossy, beautiful, black surfaces void of discoloration and 

impervious to water were obtained. 

Atomic force electron microscope study revealed no striking morphological 

difference at the same magnification between the coupons enameled with Frits of the 

different oxide compositions as seen on fig 1a and fig 1b. The coatings appeared consistent, 

without blisters or any known surface flaws. The coatings attained some degree of 

smoothness. However, clusters of white fragments containing unmelted quartz particles 

within the enameled layers were very distinct fig 1 (a) and varied with the different 

formulations. The control formulation gave a more orderly surface in the microscopic 

analysis. 
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The enameled samples exhibited high resistance (no chipping or spalling) on 10 cycles of 

thermal shock between room temperature and the working temperature of 250oC. (Table 2.1). 

The 90o bend test showed only traces of 'chipping off' from the most convex surface which 

indicates strong bonding of the coating with the metal support. A cross section of the 

enameled samples investigated with the transmission electron microscope (TEM) revealed a 

continuous graded interface that made perfect contact between the coating and the steel 

support fig 3 (a). The metal and the ceramic matrices were very distinct and well demarcated 

by the interfacial layer in the coating realized with the control formulation fig 3(a).  

Furthermore, dendritic networks which are anchor points for interlock in mechanical bonds 

formations fig 3 (c) were visible. 

Electron dispersive atomic X - ray (EDAX) analysis signifies good chemical 

interaction of the glass ceramic - metal layers in all the enameled samples.  Evident is the 

silicon profile which is constant within the coating matrix and decreases sharply with a 

downward slope at the point of interface.  The iron profile is the mirror image of the silicon 

profile. Fe is constant over the metal matrix and decreases sharply with a downward slope 

similar to that of silicon profile at the point of interface.  Both elements are the major 

components of the interface microstructure Fig 4.  The dissolution/diffusion of silicon into 

the Fe phase and Fe into the silicon phase confirms that chemical interaction/bond formation 

between the steel substrate and the coating material (glass - ceramic) has taken place at the 

interface. Consequently, a chemical bond is formed and the reaction product is fayalyte 

[Lupescu, 1997] ferrous ortho silicate. The chemical and mechanical bonds formed gave 

strong adhesion to the bond between the enamel coating and the substrate at the interface 

[Bhurpinder , Sigh, Pandey 2013]. In all the investigations carried out a clearer micrograph 

and better results were observed in test coupons enameled with the control batch formulation. 

This could be attributed to the purer form of the commercial oxides used in comparison to the 

raw materials sand and feldspar. The various enameled samples subjected to different service 

conditions have performed satisfactorily. The enameled flower vases have been in use since 

2007 till date with out any trace of rusting or discoloration. The enameled hospital tray pan, 

book shelves  are still performing its service while the enameled steel sheet panel though not 

put into direct use has not shown any sign of deterioration till date 

 

4.0 Conclusion 

The study proved that the enamel coatings produced with the sand and feldspar adhered 

strongly, forming chemical and mechanical bonds with the steel substrate. The proof that 

chemical bond was formed was supported by the interaction between the metallic matrix and 

the ceramic matrix. The combination of the chemical and mechanical bonds are responsible 

for the strong adhesion of enamel coating on metal, which renders the coated surfaces 

chemically inert, impermeable to liquids and gases, mechanically stronger, decorative and 

aesthetically pleasing to the eyes. Sample pieces enameled with the glass coating performed 

very well in their various service conditions providing protection to the steel as well as 

enhancing their surface value. Extension of the application of the glass coating on steel can 

be employed for creative application in diverse engineering designs that continues to offer 

innovative solutions to advanced technologies. 
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