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Abstract 

A borosilicate glass composition was synthesized. A protective coating of this glass was 

developed on steel substrate O L 37 Steel, Romanian Standard. The interfacial characteristic 

of the glass- coated steel was investigated under atomic force microscopy (AFM) scanning 

electron microscope SEM, high resolution transmission electron microscope, (HRTEM), and 

energy dispersive atomic Xray (EDAX). The Interface between glass and steel is found to be 

non porous, smooth, crack free and cohesive, hence exhibits good adhesion with the steel 

substrate. This study demonstrates that the synthesized glass coating used in the present 

investigation adhered perfectly to the surface of steel.  
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1.0  Introduction 

The material structure of our society is based on iron and steel.  Iron and steel are considered 

as the most widely used engineering construction material because it can be manufactured 

cheaply in large quantities and in most precise specifications [Hawes, 1986].  However, rusting 

of most ferrous metal on exposure to various service conditions has been detrimental to its use 

in some engineering applications. [Hiroki Tamura, 2008],  [RTU. EPA Report, 2004] and 

[Benarie, M. 1984].  This has led to the growing interest in surface modifications and its 

importance for engineering applications. [Dr. J. Zankonyte, Dr. A. Kropski, Dr. J. Radulvic, 

2018] Evidence is the relationship between surface properties and surface functional 

performance [Springer, 1995]. This relationship is predetermined by the physical and chemical 

properties of the boundary layer ‘Interface’.  Surfaces are modified by various methods 

including coatings in order to achieve the required functional performance.  Coatings applied 

to materials are an essential part of manufacturing.  Without coatings many materials would 

not have the properties that make them so useful and many would be impossible to make 

[Zarczycki. J. (2002)].  Consequently, a coated surface is defined as a superficial region with 

good bonding to function adequately with the bulk materials [Springer, 1995].  

 

Surface coatings enable development and provision of improved properties to the substrate 

materials. The coating process depends on the type of coating material and its compositions 

[Mustapha, Erhan and Esin, 2008].  That consequently determines the method of the 

application of the coating material on the metal substrate and subsequent heat treatments that 

makes a coated surface different from another [NASA  TM -  2010]. Glass coating on steel 

substrate is one of the methods used to enhance the surface property of the metal for industrial 

applications and also enhances the aesthetic values [E. Scrinzi & S, Rossi (2010)]. Glass is a 
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class of inorganic solids that are subjected to high temperature by manufacture. The product is 

an alkali borosilicate glass.  [R. A. Eppeler, (1986)] to which the ingredients appropriate to 

their applications are added. Hence, glass coatings are tailor made. [Majumbar A, & Jana S. 

(2001)]. The glass usually adheres to the steel by fusion at high temperature to give a glossy 

type of coating which bonds to the steel substrate through the formation of an interface layer 

underlying the coated surface.  The interface layer or boundary layer separates the coated 

surface from the bulk material exerting great influence during interactions with the 

environment. [Springer (1994)]. Usually, the surface atoms of the interface layer has atomic 

and electronic structures different from those of the bulk material exhibiting varying physio-

chemical activities [I, Lupescu M. Zahrescu M, Volceanov, A. [1998]. Glass coated surfaces 

are characterized by dimensional stability over a range of temperatures and are optimized to 

have good mechanical strength and chemical resistance.  In this work, AFM, SEM, HRTEM 

and EDAX have been used to elucidate the integrity of the glass / steel interface while the 

surface property of the coated surfaces remains of interest. 

 

2: EXPERIMENTAL PROCEDURE 

2.1 Theoretical Application 

In the development of glass coating for specific applications, it is routine to measure the effect 

of compositional changes using a laboratory dilactometer. However Appen [Lupescu M. B 

(1997)] developed a relationship for the calculation of linear expansion of glass that has a 

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. [Lupescu M. B (1997).] 

 

2.2 Batch Compositions 

Batch oxide compositions were developed using typical  silica sand and feldspar deposits and 

some chemical additives. [Chukwu P, Muntean M. (2003)] Three different compositions were 

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

processed by conventional Frits smelting procedure. The glassy melts were quenched in water 

to yield Frits.  

 

2.3 Frits Preparation 

 The Frits were processed into slurry. A mill batch consisting of 100g of the Frits, 6g of clay, 

50ml of water and 0.2g of sodium nitrate was milled until a consistent paste of the slurry was 

obtained. 

 

100        Σγim 
Σγi%αi    Σγim.αi 

α.107=Σγi.αi = = 
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2.4 Metal Preparation 

 An O L 37- type steel with thermal expansion 113.910 -7 (grd-1) was used and made into 

coupons of dimension 60mm X 20mm X 1.5mm. The traditional procedure was used for 

degreasing and etching. 

 

2.5 Frits Application  

The cleaned steel coupons were dipped into the slurry and baked in the furnace at the 

enameling temperature of (900 -oC).  

 

Table 1.1: Oxide Compositions, and Thermal Expansion Coefficient of the Frits 

Oxide Material F1 F2 F3 

SiO2 39.0 46.5 48.0 

B2O3 13.6 15.5 16.0 

Na2O 9.2 15.0 19.0 

K2O 4.8 6.8 4.0 

Al2O3 1.0 6.0 6.0 

CaO 4.0 4.0 5.4 

BaO 19.0 - - 

ZrO2 4.5 3.0 - 

TiO2 3.0 1.4 - 

CoO 0.5 0.5 0.5 

NiO 1.1 1.1 1.1 

α x [10-7deg-1] 109.1 109.9 110.8 

 

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.  
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Fig 1 (a) Frits F2_20μ _ 3D 

 

 

 
Fig 1 (b) Frits F4_ 20μ _ 3D 

 

 

2.8.a.  High Resolution Transmission Electron Micrograph  (HRTEM) 
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2.8.b (HRTEM) Image of The Processed Metal – Enamel Interface Area  
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Fig 2.3.   Processed metal  - enamel Interface Area 

 

2.9. Scanning Electron Microscope (SEM) Investigation 

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

 

2.10 Emission Dispersive Atomic X- rays (EDAX) Analysis 

Elements 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;  

 

 
Fig 4: cross section Sample Enameled with   F3 
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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 [Lupescu M. B (1997)]. 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 un-melted 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.  HRTEM results fig 2. 1. and fig 2.2 

revealed the interface layer sandwiched by the ceramic matrix and the steel substrate.  The 

presence of  bubbles are quite evident in some of the samples.  Fig 2.2 shows that 80% of the 

metal surface has a coating thickness of more than 100 microns.  Fig 3a, 3b and 3c are cross 

section of the enameled samples investigated with the scanning electron microscope (SEM).  

Evident in these micrographs are continuous graded interface that made perfect contact 

between the coating and the steel support. 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 that are anchor points [Zarzycki. J. 

(2002)] 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 that 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 M. B (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. 

 

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. 
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4.0 Conclusion 

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

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 confirmed by the 

microscopic investigations ensures the dimensional stability of glass coated surfaces over a 

range of temperatures. These are some the characteristics of glass coated surfaces that can be 

employed for creative application in diverse engineering designs. 

 

References 

(i) Howes, M. K. (1986) The Steel Industry: ‘’Change and Challenges” International Journal . 

Vol. 42. No. 1. Pp 25 - 58 

 

(ii) Hiroki Tamura, (2008) ‘ The Role of Rusts in Corrosion and Corrosion Protection of Iron 

and steel”DOI.10.1016/Corsci 2008.03.008 Corrosion Science 50(70) 

 

(iii) RTU, EPA Report, 2004. ‘’Air Quality Criteria For Particulate Matter Effects on 

Materials’’ Vol. II, EPA’s National Center For Environmental Assessment 

 

(iv) Benarie, M. (1984). “Metallic Corrosion as Functioning of Atmospheric Pollutant 

Concentrations and Rain pH” BNL 35668, Brookshaven National Laboratory Upon NY 

 

(v) Dr. J. Zekonyte, Dr. A. Krupski, Dr. J. Radulovic (2004) “ Surface Modification For 

Advanced Engineering Application’ Ph. D. Student Project. University of Pismouth School of 

Mechanical and Design Engineering. Project ID. ENG N 3410217 

 

(vi) Springer (1995) “Surfaces and Interfaces of Solid Materials”  3rd Edition, Cambridge 

University Press p 111 – 112  

 

( vii) Zarczycki. J, (2002) “Interfacial science in Ceramic Joining; Adhesion in Steel/Silicate 

Glass Systems” Ceramic Congress Proceedings Turkey p. 255 - 261 

 

(viii) Mustapha. A, Erhan. K,  Esin. S,  [2008] “Effect of Coating Bath Composition on the 

Properties of Electroless Nickel  - Boron Films” Surface Coating Technology, Vol 202 Issue 

9, pp 1718 – 1727 

 

(ix) NASA / TM - [2010]. “The Effect of Composition on the Surface Finish of PS 400  A New 

High Temperature Solid Lubricant  Coating” NASA TM/ 2010 – 216774 

 

(x) E. Scrinzi & S, Rossi (2010). “The Aesthetic And Functional Properties of Enamel Coatings 

on Steel” Materials and Designs Vol 3 (9) 4139 - 4146 

 

(xi) Eppeler, R. A.  (1986) “ Glazes and Enamels” Advances in Ceramic Vol 13  

 

 



 
 

 
275 

 

COOU Journal of Physical Sciences 4 (1), 2021 

Website:www.coou.edu.ng 

( xii) Majumbar A. & Jana S. (2001). “ Glasses and Glass Ceramic Coatings” Indian Academy 

of Science, Bull Material Sci, 24 (1) p.69 – 77 

 

 

(xiii) Springer [1994] Adsorption on Ordered Surfaces of Ionic Solids and Thin Films 

Cambridge University Press p 121 – 124    

 

(xiv) I, Lupescu M. Zahrescu M, Volceanov, A. [1998] “Surface Interface Engineering and 

Adhesion in Metal Silicate Glass Systems Glasses and Vitreous State” Ceramic Congress 

Proceedings Eskischir Turkey. p119 – 197.   

 

(xv) R. A. Eppeler. D. R.  Eppeler, (2002) “ Glasses and Glass Coatings” The America Ceramic 

Society, Westerville, Ohio, p. 49 – 50  

 

(xvi) Lupescu, M. B. (1997) “ interface Phenomenon in Metal / Glass Silicate Systems” 

Doctorate Thesis. University of “Politechnical” Bucharest. P.120 

 

(xvii) Chukwu, P. Muntean, M. (2003) “Characterization of Nigerian Raw Materials For 

Coating Properties” Part One 10Th International Conference Composite /Nano Engineering 

(ICCE-10) New Orleans USA p. 557   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


