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Introduction 

The reactions during the burning process, which lead to a good adherence of vitreous enamels on steel, 

are described by a number of theories that partially interrelate with each other. The most common 

bonding reactions are mechanical interlocking, electrostatic attraction by contact potential, adherence-

promoting oxide layers as well as chemical bonding by a glass boundary layer saturated with metal 

oxide  [Pet92]. The classical adherence theory is given by Dietzel & Meures [Die33] and was later on 

extended and confirmed by several authors: King et al. [Kin59], Cline et al. [Cli61], Adams & Pask 

[Ada61], Pask & Fulrath [Pas62], Borom & Pask [Bor66], Pask [Pas71], Hoge et al. [Hog73] and Bath 

& Manning [Bat73]. Herein the adherence is related to a relatively small zone in the glass, which is 

saturated with FeO. Because of the diffusion of FeO into the glass a near-interface zone only exists if 

sufficient FeO is provided from the sheet steel surface. This supersaturated zone has a character of an 

oxide interlayer [Hei62]. In addition to the forming of iron oxide, adherence promoting oxides like 

CoO and NiO are playing a central role. Numerous studies have demonstrated that the presence of 

these oxides leads to an intensive roughening of the steel surface. After Dietzel [Die34, Die35, Die45] 

the basis of this roughening is an electrochemical corrosion of iron due to the precious nickel and 

cobalt.  

To avoid the use of cobalt and nickel in particular, several attempts have been made to achieve the 

desired adherence, i.e. by mechanical roughening [Moo54]. It turned out, however, that the adherence 

of enamels without adherence promoting oxides on blasted metal sheets is less compared to those 

enamels containing adherence oxides on normal pre-treated steel sheet. Petzold et al. [Pet55] explained 

the poor adherence to a smoothening of the metal surface during the firing process where the peaks of 

the profile from the mechanical roughening are oxidized and thus removed first. The metal surface is 

getting smoother and consequently anchor points are vanishing. In addition, same authors found that 

blasted steel plates showed reduced scaling, which leads to an insufficient amount of dissolved FeO in 

the glass. 

In this work the effect of the surface roughness of the steel plates on the adherence of vitreous enamel 

being completely free of cobalt and nickel is investigated. Different grades of roughening were 

obtained by mechanical or chemical treatment. Additionally the fraction of the mechanical 

interlocking on the adherence of vitreous enamel on steel will be estimated. 

 

Methods/Experiments 

 Surface roughening  

Square-based steel sheets of quality DC04ED (Type YMVIT ULTRA of TATA Steel IJmuiden BV, 

The Netherlands) with dimension 100 x 100 mm² and a thickness of 1.6 mm were used for the 

experiments. Mechanically roughening was performed manually by means of a compressed air jet 

cabin by blasting with abrasives of corundum, chilled cast iron and steel shot at an air pressure of five 

bars. The chemical roughening was done by etching in an acidic FeCl3 solution at room temperature 

(T=20 °C) and at T=70 °C and reaction time of 60 minutes. After the mechanical or chemical 

treatment the steel sheets were rinsed with distilled water in order to remove abrasive residue or 

reaction products and acid residues, respectively. 

 

 Enameling 

After cleaning the pretreated steel sheets were characterized with respect to their surface roughness 

(MarSurf M300 + RD18, Mahr GmbH, Göttingen, Germany) and then enameled with ground enamels. 

Basis of the experiments are two kinds of ready-to-use enamels (RTU) from Wendel Email, 

Dillenburg, Germany. The first batch is commercially available ground enamel, containing standard 

amounts and ratio of adherence oxides cobalt and nickel normally used in industry (herein after 

referred as Co100). A second batch of nominally the same composition contains no fraction of cobalt 



or nickel oxides (herein after referred as Co0). From both of these ground enamel batches mixtures 

were generated in ratios of 3:1 (Co75), 1:1 (Co50) und 1:3 (Co25). In this way five enamel slips with 

varying content of adherence oxides were produced, in which Co0 was free of adherence agents and 

Co100 was industrial standard. According to the requirements the enamel slips were homogenized and 

applied with a spray gun producing a resulting layer thickness between 200-300 µm (corresponding to 

a coating weight of 6-8 g). After being dried at 80 °C for about half an hour the plates were burned in 

a pre-heated muffle furnace (T=800 °C) for a dwell time of seven minutes. In total steel sheets were 

enamelled with five different enamel compositions (Co0, Co25, Co50, Co75 and Co100) for each pre-

treatment process. 

 

 Adherence 

To determine the adherence two different methods have been used. The first method is based on the 

deformation of enamelled sheets by deep drawing and subsequently testing the surface in a needle 

contact device measuring electrical contact to parts of bare metallic surface in a closed circuit. The 

second test procedure was performed by a pull-off test of glued-on screws from the enamel surface. 

Herein screw heads of type M8/10 were cut plane parallel and glued on the enamel surface using a 

two-component adhesive, Araldite AV 2011. At 140 °C and 60 minutes the two-component adhesive 

was hardened. The glued-on bolts were pulled off hydraulically with a specially constructed apparatus. 

It is not necessary to register the applied force since the evaluation of adherence is done by quantifying 

the area of exposed bare metal surface. Depending on the adherence of the enamel a specific area of 

bare metal surface is exposed after the pull-off test. Normally, in case of excellent adherence no metal 

surface is exposed. However, the fracture appears in the enamel layer and some amount of the enamel 

remains on the steel within the pull-off test area. Images of these pull-off test areas were taken using a 

scanner device (HP Scanjet 5550c). An image analysis program ("ImageJ", http://imagej.nih.gov/ij/) 

was used to quantify the exposed bare metal area. Figure 1 shows a typical damage pattern after the 

pull-off test as well as the evaluation process and quantification done by the software. 

 
Figure 1: Image of the surface of an 

enameled sheet steel after the pull-off test 

of six screws (left). The zoom in (right) 

shows the evaluation of the exposed bare 

metal surfaces (marked by yellow lines). 

 

Additionally, adherence can be analyzed quantitatively by the help of a needle contact device (Tilp 

Engineering, Schwarzenberg, Germany). In this method parts of the enamel coating on a sheet steel 

will chip off during a deep drawing process, in which the drawing depth is depending on the sheet 

thickness [PET92]. Enamelled plates of thickness 1.6 mm are drawn in a sheet steel test device 

(Erichsen, Hemer, Germany) onto an indentation depth of 2.3 mm. The exposed bare metal surface 

will be quantified by contact of in sum one hundred symmetrically arranged needles, when the needle 

holder is placed on top. Depending on the area, in which the enamel was chipped off, the number of 

electrical contacts will represent the needle contact number and therefore this is an adherence index. A 

contact number needle-metal “zero” represents a perfect adherence corresponding to an index of 100% 

[Pet92], so no metal contact will be detected on enamel with perfect adherence. 

 

 Chemical analysis 

Images were taken in a scanning electron microscope (Model EVO50 from Zeiss, Jena, Germany) as 

secondary electron (SE) and as back-scattered electron (BSE) after polishing sections of enamelled 

steel sheets. The samples were also prepared with a sputter layer of carbon (layer thickness about 6.4 

nm). Furthermore, high resolution energy dispersive point analysis (EDX) and line scans were 

recorded. For higher resolution and better signal-to-noise ratios selected samples were analyzed 

quantitatively in an electron microprobe (EMPA, SX100, Cameca, Gennevilliers Cedex, France) using 

wavelength dispersive X-ray diffraction (WDX). 

 

Results/Discussion 
Pre-treatment of the steel sheets by blasting or chemical etching leads to a significant increase in 

roughness of the sheet steel surface compared to the delivery status. Usually, the roughness is 



characterized by values of Ra (mean roughness) and RPc (number of peaks in a profile of 1 cm). A 

good correlation can be observed between the method of pre-treatment and the roughness parameter 

RPc as shown in Figure 2a. The highest values for RPc are measured after blasting with corundum 

(RPc ≈ 168 cm-1) and thus are approximately doubled compared to the untreated plate (RPc ≈ 82 cm-1). 

In consideration of the mechanical pre-treatment RPc decreases in the order: corundum, chilled cast 

iron and steel shot (RPc ≈ 98 cm-1). Chemical etching at elevated temperatures will increase the peak 

number RPc significantly. At room temperature the chemical attack is rather moderate and leads to a 

small increase in RPc value by about 30 cm-1 relative to the initial state. The ranking course is different 

if the roughness parameter Ra is plotted versus the pre-treatment (Fig. 2b). 

  

Figure 2a: Profile peak number RPc as 

a function of pre-treatment. 

Figure 2b: Surface roughness Ra as a 

function of pre-treatment. 

 

The highest values of Ra are obtained if blasting is done with chilled cast iron (Ra = 4.4 µm). Blasting 

with corundum or steel shot as well as chemical etching at T = 70 °C generates roughness values of Ra, 

similarly, of about 3 µm. An etching process at room temperature (Ra = 2.2 µm) produces a still higher 

roughness compared to the untreated sample (Ra = 0.9 µm).  

 

The pull-off test of the screw heads showed a significant correlation with the portion of adherence 

oxides as well as with the blasting agent used or the surface roughness, respectively. Table 1 specifies 

the fractions of exposed bare metal surface as a function of pre-treatment (blasting or etching) and the 

adherence oxide content. Obviously, the standard composition of the enamel (Co100) provides very 

good adherence (less than 10% of the surface are exposed metal) regardless of the type of pre-

treatment. Furthermore, the area fraction of bare metal increases as expected with decreasing quantity 

of adherence oxides in the enamel. Having only half of the usual quantity of cobalt and nickel oxides 

in the enamel (Co50) a significant deterioration of the adherence can be stated. The influence of a pre-

treatment of steel sheets is also carried out very clearly. The fraction of exposed metal surface 

increases only about 25% if steel sheet is blasted with corundum (strong mechanical roughening), i.e. 

adherence deterioration is about 25%. Samples of status "untreated" show an adherence, which is 

significantly getting worse as about 80% under the pull-off area is bare metal. 

 

Table 1: Surface fraction of bare metal exposed after screw pull-off test, relative to the pre-treatment 

of sheet steel and the portion of adherence oxides in the enamel. 
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Thus, a total avoidance of cobalt and nickel oxides in enamel ground coat leads to a significant loss in 

adherence. The pre-treatment methods like etching at room temperature, blasting with steel shot and 

also sheet steel from delivery state (untreated) exhibit no adherence in the pull-off test of screws 

(surface area is 100% metal). Etching at 70 °C as well as blasting with chilled cast iron improves the 

situation. The bare metal surface area is still above 50%. Only blasting with corundum provides 

slightly adherence (approximately 33% metal surface). Figure 3 shows the correlation of the roughness 

parameter RPc (peak number) and the applied pre-treatment method on the adherence. 

 

 

Figure 3: Surface area of bare metal 

after screw pull-off test versus RPc 

depending on pre-treatment and the 

adherence oxide content as parameters. 

 

From Fig. 3 one can state that an increase in surface roughness (RPc) leads to better adherence, even if 

no adherence oxides are used in the ground enamel. A pre-treatment from mechanical or chemical way 

leads to an increase of about 60% versus an untreated steel sheet. Despite of these relative 

improvements significant deficits in adherence remain if compared to ground coats containing CoO 

and NiO. The method screw pull-off test using area quantifying analysis of the bare metal surface 

shows a rather large uncertainty of about 10%. This may be demonstrated on the experiments using 

samples of Co100. 

Additionally, to describe the adherence of vitreous enamel on sheet steel the method needle contact 

detection was used. In Fig. 4, an increase in adherence is seen with increasing NiO and CoO content 

from fraction 0 to 100% in steps of 25%. Without CoO or NiO in the frits the adherence of the 

vitreous enamel is rather bad despite from surface pretreatment. Thus, an improved surface roughness 

cannot compensate the function of adherence oxides.  



 

Figure 4: Percentage of electric 

contacts of needle-metal after deep 

drawing versus fraction of adherence 

oxides with respect to the pre-treatment 

(mechanically: Square – Chilled cast 

iron, Sphere – Corundum; chemically: 

Triangle up – Etching at 20 °C, 

Triangle down – Etching at 70 °C). 

 

A modification in the adherence of enamel to steel is also indicated on a closer look to the 

microstructure of the metal – enamel interface. A change in the interface structure is already obvious 

by optical microscopy. Higher levels of NiO and CoO cause increased precipitation of metal particles 

in the enamel near the interface. This is marked in red color in Fig. 5. Apparently, in the absence of 

adherence oxides no metal particles are formed. Therefore it is assumed that these Co- and Ni-

containing alloys must play an important role in the adherence of enamel to steel and the formation of 

the material compound. 

 

Figure 5: Optical micrographs of profiles in the interface metal to enamel with different amounts of 

adherence oxides (Co0, Co50 and Co100) on corundum-blasted steel plates. The red markings 

emphasize areas in which metal particles were formed. 

 

Analyses in the line scan mode of an electron microprobe show a metal to enamel boundary, which is 

characterized by a sharp decrease in the concentration of iron. In the transition zone a significant 

enrichment of iron is observed. In the vitreous enamel the iron concentration decreases with increasing 

distance from the sheet steel against zero. One finding is remarkable in the investigation of samples 

with different amounts of adherence oxides. The transition zone with an accumulation of iron differs 

in width depending on the level of adherence oxide. In sample Co0 (no adherence oxide) the iron 

concentration decreases already within about 50 µm to its minimum value (Fig. 6, diagram). In 

enamels with standard level of adherence oxides (sample Co100) the iron-diffusion zone measures 

about 125 µm in width. 

 

 

 



Figure 6: Backscatter electron image of corundum-blasted and enamelled steel sheet (Co100). The 

arrow indicates the scan direction during the element analysis along a distance of 250 µm. The 

normalized Fe concentration for the three enamels Co100 (black), Co50 (red) and Co0 (blue) is 

plotted versus the scan path. 

The detected iron diffusion zone is also found on element distribution mappings (see Fig. 7). If 

adherence oxides are present in the enamel, it is obvious that an apparently faster dissolution or 

diffusion of iron oxides or iron takes place from the sheet steel into the glass melt. The most 

pronounced diffusion horizon is detected in the standard enamel (Co100). This diffusion zone is 

almost twice as wide compared to the vitreous enamel, which is free of adherence oxides (Co0). 

 

Figure 7: 

Element 

distributio

n mapping 

of iron in 

the enamel 

layer of 

corundum-

blasted 

steel sheets 

(Co0, 

Co50 and 

Co100). 

 

The diffusion process of the Fe ions into the glass melt were studied in more detail. Line scanning 

concentration profiles of the elements Fe, Co and Ni were carried out (see Fig. 8). They prove that the 

iron content in the diffusion zone close to the sheet steel is almost saturated. 

 

Figure 8: Concentration profiles of 

elements Fe, Co and Ni in the interface 

metal-enamel (Co100). 

 

From the concentration profile shown in Fig. 8, it is obvious that a maximum value of iron (black line) 

is detected in the steel sheet. At the interface steel/enamel a steep decrease of the iron-signal is 

observed. In a range of around 50µm into the enamel the iron signal remains at a rather high constant 

count rate indicating Fe-saturation. In further distance from the interface the Fe-signal decreases 

within short distance to nearly zero, which indicates the pure enamel. On the other hand, within this 

zone of saturated iron concentration relatively lower concentration levels are detected for nickel and 

also cobalt compared to the concentration of these elements in the enamel. So, in this position these 

elements are slightly depleted. Distant from the steel substrate concentrations of cobalt and nickel are 

significantly higher in the enamel layer. The occurrence of metal particles (Fig. 5) from optical 

microscopy can be explained by the presence of this zone, saturated with iron at the interface steel to 

enamel. If the solubility product for iron in the melt is exceeded, processes with precipitation will 

start. In element distribution analyses these precipitates are identified as metal alloy phases of Fe, Co 

and Ni. These particles are not of primary nature but secondary as the metal precipitation exhibit 

concentrations of cobalt and nickel, which differ significantly from those in the steel as their 

concentration is higher. This fact proves that these particles are not relicts resulting from corrosion 

processes of the steel sheet. 



 

Conclusions 

Both, abrasive blasting with Corundum and pickling in an acidic FeCl3 solution are pre-treatment 

methods, which are suitable to achieve maximum values for surface roughness on steel sheet. These 

methods provide sufficient undercuts and anchoring points for a subsequent enameling. Tests using the 

screw pull-off method determine that an increase in the profile peak number RPc provides an 

improvement in adherence up to 60%. But firstly, this method for testing adherence exhibits a rather 

broad uncertainty around 10%. Secondly, the results of this test method can be falsified by special 

features in the fracture mechanics of enamels, since pure tensile forces are applied perpendicular to the 

surface. In contrast, the test method of deep drawing applies additional shear forces, which lead to a 

more complex stress situation in the composite of metal and glass. In deep drawing experiments on 

enamels, which contain no adherence oxides, the results show only poor adherence regardless of the 

type of pretreatment and almost without exception. Therefore the formation of a composite material 

metal-glass was not achieved. The adherence was only based on an increase in mechanical 

interlocking of the enamel layer on the steel substrate. The results obtained so far are consistent with 

the literature and show the importance of using the adherence oxides CoO and NiO. Future 

experiments will investigate the chemical interaction of redox partners in the vitreous enamel that have 

an influence on the formation of a composite material. 
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