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Abstract 
             The development of a new enamelling process and a new enamelled product is presented. It 

focuses on “green enamelling”, and proposes a solution that keeps the main advantages of enamel 

coatings and integrates some modifications in order to avoid the use of heavy metals for the glass-

metal link and to improve Life Cycle Assessment of enamelled product. The system described is based 

on the use of metallic coated steel-aluminium based, which includes the precursor of a thin primer 

glass layer. The vitrification is carried out at about 700°C. A strong mechanical adherence is obtained, 

Co and Ni free. The risk to get fish scale for two sided enamelled part is eliminated. This pre-primed 

metallic coated steel can be further coated with topcoat enamels vitrified at about 700°C and presented 

during this Congress by Ferro Enamels. The full system is much thinner than its equivalent using cold 

rolled steel( processed at 820°), reducing material consumption and permanent deformations. It opens 

potential new applications for enamelled steel in the Architecture and Construction market. 

 

 

Introduction 

Porcelain enamel coatings have been well acknowledged for many years as one of the most 

durable ways to protect metals against abrasion, temperature, corrosion by the most severe chemicals 

[1],[2]. Combined to an extremely high resistance to UV light, their aesthetic aspect allowed their 

development for applications in architecture, although on a limited scale, because of strong technical 

constrains due to warping and twisting [3]. In the last decade, several restrictions and actions started, 

for instance through REACH process, obliged the enamelling industry to evolve, by limiting or avoid-

ing the use of dangerous, expensive or strategic raw materials [4]. In the coming years, further actions 

will likely focus on boron, cobalt, fluorine and others [5], and this could put the whole segment in a 

delicate position. In fact, some evolutions were brought on the enamelling process in order to reduce 

footprint on the environment and to make substantial cost savings [6], [7], but this is not enough. The 

enamelling industry needs to keep on trying to increase the life time of manufactured products, to im-

prove recycling ability, to reduce raw materials and energy consumptions and to strengthen the com-

petitiveness with other segments of the industry by reducing manpower and manufacturing costs, and 

by extending the use of enamelled products. For all these reasons, OCAS N.V. decided to launch a 

project on “green enamelling”, which means to try solving the drawbacks, whatever they are, technical 

or economical, and to propose a new enamelling process and a new enamelled steel, that keeps all the 

advantages of the porcelain enamel surface. 

How to define a new enamelling concept?  

An extended exercise was first launched in order to analyze “the enamelling” in a correct way. 

To do so, a particular methodology was used, more efficient than making a simple brainstorming, us-

ing the STEPS software [8], [9]. It relies on a theory called TRIZ (the Russian acronym for “theory for 

inventive problems resolution”), developed in the 1940’s by a Russian engineer[10], [11]. This meth-

odology aims at promoting innovations through an algorithmic approach [12]. TRIZ acquisition was 

developed to guide the user through these steps and provide different kinds of tool,  helping the 

achievement of a complete description of the problem, proposing systematic searches for possible 

solutions[13], allowing an objective evaluation of the generated concepts and the selection of the most 

promising one(s).  

TRIZ acquisition can be described as a very structured and systematic brainstorming, standing 

in 5 main steps[14]: 
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1) Description of the “problem network”: a first brainstorming to identify all the problems and 

sub-problems involved in the studied case; this step mostly determines the success of the 

whole work;  

2) System analysis: achievement of the complete description of the problem, using different 

tools; this step includes the synthesis and the analysis of all the contradictions stemming from 

the different problems and sub-problems; 

3) Contradictions treatment: a second brainstorming to generate ideas called “solution concepts”, 

using the suggestions made by the software that points out the most relevant contradictions to 

start with; various tools are provided to boost the creativity and spark off innovative ideas;    

4) Solution concepts analysis: objective evaluation of the resulting concepts by external experts, 

individually, whose feedbacks are used to screen and sort out the ideas and finally identify the 

most promising ones; 

5) Pre-calculations and validation of the chosen solution: laboratory tests and/or simulations aim-

ing at the collection of data to prove or invalidate the potential of the selected idea(s) 

 

Conception of the new enamelled steel product 

Our creative work gave rise to a total of 24 Solution Concepts. They were classified into 5 cat-

egories, depending on whether they were related to the interface steel / enamel, the steel itself, the 

enamel itself, the enamelling process, or the use of a composite coating. We ended up with 17 solu-

tions from which only one is presented. The study highlighted that: 

1) The decrease of the global thickness implies the control on a very small scale (order of magni-

tude 1µm at max) of the reactions occurring between the metal and the glass  during firing. 

Such a control, in turn, implies to split the enamel layer into at least 2 sub-layers, fulfilling re-

spectively the adhesive function and the surface properties,  

2) The enamelling temperature should be about 720°C, in order to limit or avoid the risk of fish 

scales 
3) With such a temperature the possibility to get an adhesion by chemical interactions (diffusion- 

redox...) is limited and it would be preferable to base the concept on mechanical adherence 

4) Steel can be coated with a metal or alloy strongly bonded to and compatible, itself easily coat-

able by glass. Considering the previous points 1 & 2, our choice went to aluminium based me-

tallic coatings.  

5) The concept implies the development of specific enamels adapted to the temperature. A col-

laboration was launched with Ferro Enamels, in charge of the development of “topcoats for 

700°C” presented during this congress.  
 

Changes in Aluminium based hot dip coatings during heat treatment at about 700°C 

Several metallic coated steel products detailed in table 1 are considered in this study. 

A commercial pre-alloyed Alusi®is taken as reference, all other substrates have been selected 

within  ArcelorMittal product range 

Table 1: metallic coated steel products used in the project 

Substrate steel 

Pre-annealed AluSi120 DX52 

AluSi60 DX54-0,6mm 

AluSi120 DX56-0,35mm 

AluSi120 DX56-0.8mm 

AluPur®120 DX54-0,7mm 

AluZinc 70 DX51-0,6mm 

 

As shown as example in table 2 for Alupur® and Alusi® coated steel, any aluminium 

based hot dip coating evolves from a smooth and bright metallic surface to a rough chaotic 



relief during a heat treatment performed from 670°C to 740°C. The tests were performed in 

air, to simulate in advance future enamelling tests. The metallic coatings were slightly oxi-

dized on their top surface, as shown on GDOES profiles in figure 1. It was observed that it 

would be preferable to use either Alusi® or Alupur®, fastly hardened by the diffusion of iron. 

For Aluzinc®, the presence of rich Zn containing phase, melting at very low temperature, 

leads to a considerable reduction of the process window below 700°C: molten zinc phase easi-

ly contaminates top coat enamels, producing pin holes and lumps. However, it has to be kept 

in mind that Alusi® is the most formable Al based metallic coated steel, so far.  

 

Table 2: SEM images from top surface after heat treatement, for Alusi®(AS60) and Alupur®(AL80) 

Thermal treatment 670°C-3mins 670°C-6mins 670°C-12mins 

Alupur AL 80 

~15 µm  

   
  740°C-3mins 740°C-6mins 740 °C-12mins 

Alusi AS 60 

~10 µm 

   
 

Figure 1: GDOES profiles of Alusi®-left, Aluzinc®-right, after enamelling firing cycle at 700°C 

 

 

Bulk and surface properties of Annealed aluminium based hot dip metallic coatings  

Unfortunately, once the alloying is done, none of the metallic coatings shows good 

formability behavior. In the system Al-Fe, several phases such as Fe2Al5 are known to be brit-

tle and to induce cracks near the steel-metallic coating interface during forming operation. 

Moreover, on top surface of the metallic coating, the enrichment of iron obtained by diffusion 

leads also to powdering, which affects the friction behavior and robustness of the layer in con-

tact with blank holders or dies. This situation can be improved by applying an organic film on 

top of the metallic coating. This concept, already used in the past on enamelling steels [15], 

[16],[17], was used again in this development. 

In addition, it was verified that the glass to metal link was not obvious when combin-

ing standard enamel compositions provided by Ferro such as RTU CS500 or RM669, and 

Alusi® or Alupur® alloyed. Vitrification tests were performed first at about 800°C, then de-

creased step by step down to about 700°C, thanks to the introduction of soft enamels normally 

used for the enamelling of aluminium. Rather bad results were obtained, most of them be-
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cause of bad wettability of the surface by molten enamel or because of strong reactions lead-

ing to the formation of gases, thus forming bubbles in the enamel layers.  

 

Enamel primer for 700°C  

A thin hybrid coating is currently being developed by OCAS, applied on aluminium 

based metallic coated steel. It consists of a mineral filler embedded in a polymer matrix. This 

system is absolutely Cobalt and Nickel free. The filler leads to the formation of a partly amor-

phous film during the vitrification step performed at about 700°C. The polymer matrix en-

sures first good adhesion to the original surface of the metallic coating, and is highly forma-

ble. It will be eliminated during the vitrification step. The mineral filler is wetting the surface 

of the metallic coating and at the same time is chemically compatible with top coat enamels. 

All compositions tested were applied on both sides of the substrates in order to see if hydro-

gen adsorption/desorption could generate the formation of fish scale in the glass layer. The 

defect hasn’t been observed yet in this study.  

Vitrification is explored from 675°C to 740°C at maximum and takes from 7 to 3 mi-

nutes, as shown in table 2. Bonding results from the superposition of 2 effects: 

 mechanical bonding, the mineral layer and the alloyed Alusi® creating an interlock 

 chemical bonding, some reactions of diffusion occurre between the 2 layers. Iron 

clearly diffuses from the substrate into the coating during firing. 

The adherence was checked across a wide temperature range, as shown in table 2. For 

primer compositions not adhering to the substrates, the first key is clearly the wettability of 

the metallic layer by the glass-ceramic layer, as shown on figure 2 (right). 

The mineral layer- enamel primer obtained after vitrification step can be as thin as 5 

µm, as shown in figure 3. Deposition of the hybrid coating needs to be controlled in order to 

get full coverage of the metallic coating even after combining formability and roughening (by 

alloying), as shown on upper left cross section.  

Thanks to the low thickness of the glass layer one can obtain, as detailed in figure 3, 

the system shows a certain “flexibility”: when traditional ground coat enamel layer of about 

100 µm on steel are broken by impact (performed according to EN10209) the same test per-

formed on enamelled Alusi® shows that it’s not possible to get chipping off of the glass, even 

for impact which energy raises 20 Joules (figure 2). 

 

Table 2: process window explored for thin glass primer layers  

 675°C 710°C 740°C 

Minutes 4/5/6/7 3/4/5 3/3’30”/4  

Adherence  bad/fair/good/good Good/good/good good/good/good 

 

Figure 2:impact tests on enamel primer , performed at 20 Joules – from good(left), to fair and bad 

(right) 

 

Good             Fair                   bad 

 
 

Good Adherence Impact tests 20 joules (EN10209) Bad adherence 



 

Further characterization and explorations 

This ceramic primer is currently being combined to low temperature enamels- vitrified at 

about 700°C, developed by Ferro Enamels. Furthermore, a study was launched in order to see 

if the thin layer could even be used alone and offer the possibility of developing new busi-

nesses for enamelled steel. The main aspects are: 

 corrosion resistance, main specific for outdoor exposure, focusing on cut edge behav-

ior. 

 impact of lowering enamel thicknesses on warping and twisting of panels 
Figure 3: detailed cross sections of enamel primers 

 
Average thickness < 3 µm 

 
Average thickness 10 µm 

 
Average thickness 6.6 µm 

 
Average thickness 11.5 µm 

 

Conclusions 

A new field is about to be opened. Nowadays it is possible to enamel metallic coated steel- aluminium 

based, at a temperature which will ensure very strong adhesion and not using any more of the heavy 

metals such as Co, Ni, Sb, that were introduced until now in ground coat enamels. The new enamel-

ling temperature slightly above 700°C, strongly limit the risk of getting fish scales which were not 

observed until now in this project. The full solution will consist of a 2 glass layers system, a hybrid 

primer being first applied on metallic coated steel. By the way the glass to metal link functionality is 

now transferred to the substrate, allowing the enamel supplier to focus only on aesthetic and surface 

aspects of top coat layers, which need now to be developed for this new temperature range, in between 

the enamelling of steel and that of aluminum. The enameller will have to apply only one coat before 

the vitrification step, which is certainly an advantage compared to the so called “2coats-1fire” process. 

The whole system includes much thinner layers than the prior art, limiting at the same time the defor-

mations. Suitable top coats for this new enamelling process will be combined soon with pre-primed 

metallic coated steel on industrial scale. The corrosion resistance of such a system is currently being 



evaluated to see if opportunities can be found for this “thin glass coating” beside hot dip galvanized 

and pre-painted steel, for manufacturing of profiles or panels .  
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