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Summary  
 
 TITEL : Thin organic coated steel simplifies the enamelling process  
 
 
Bonding mechanism of enamel on cold rolled steel proceeds from oxidation corrosion followed by 
redox exchanges near to the steel enamel interface. For both ground coat enamel and direct white 
enamelling (DWE) process, the state-of-the-art can be modified by using thin organic coated steels. 
Their nature allows simplifying the enamelling process avoiding re-oiling and degreasing steps and 
their chemistry can modify the reactive scheme, speeding up the bonding reaction or reducing  firing 
temperature. Its impact on the current ground coat as well as direct white enamelling will be described 
and compared to the state of the art, from chemical, physical and economical point of view. 
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Ø Ground coat enamelling –state of the art of bonding reaction  
Ø organic functionalized steel for ground coat enamelling 
Ø properties: formability- surface treatment - welding- enamel application  
Ø increased productivity at lower cost  
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Ø properties: formability- surface treatment - welding- enamel application and firing   
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1 Introduction 
The adherence of enamel on steel has long been studied [i], and many different concepts were 
considered and optimized to succeed in ensuring a durable, strong and permanent but also as cheap 
as possible link between a ductile and corrodible steel material and its protective enamel coating [ii] 
Many different points of view and ideas led over the last 60 years to the development of new steel 
grades, surface treatments, enamel compositions or specific enamelling processes [iii],[iv]. 
Sometimes, rather exotic solutions were considered, such as plasma etching [v], to clean and activate 
the steel surface. Gradually, the enamelling industry stopped using rather complex, costly and 
environmental unfriendly surface preparations such as sand blasting or acid pickling, sometimes 
followed by nickeling, thanks to progress made by the steel industry. These surface treatments were 
at first combined to several applications of enamel layers fired separately. Nowadays the enamelling 
industry preferably uses the 2 coats - 1 fire technology, and focuses as much as possible on 
application of dry electrostatic powders on only degreased steel surface [vi]. Recent progress in 
material sciences, mostly in the field of ceramics and polymers, can now offers new options for 
increased productivity, simplified enamelling process, and offers a cheaper enamelled product. A new 
generation of steel suitable for enamelling is being developed, according to the “Ready To “main 
concept [vii],[viii ],known other sectors such as automotive or general industry for glueing or painting 
operations. 
 
The link between enamel composition and steel proceeds from oxidation, electrochemical and redox 
processes occurring at high temperature during the enamelling process [ix],[x]. Two different cases 
can be considered: 
1. For ground coat enamels, the steel surface, oxidized during pre heating, is progressively 
corroded by molten glass. The formed oxide (FeO) , and iron from the steel substrate are dissolved 
into the glass matrix above 750°C. Iron and carbon from the steel matrix reduce metallic oxides from 
the ground coat composition in situ. This reduction leads to precipitation onto the steel surface of 
rather complex metallic phases composed of iron, cobalt, copper, nickel [xi]. Besides, silicates and 
titanates can be observed [xii ][xiii ]. After cooling down, a strong link is obtained thanks to the 
roughened interface (similar to a phosphate layer obtained on steel and used before painting) trapped 
into the glass layer. 
2. Cover coat enamels (white, transparent), they can only bond directly onto steel if a 
conversion treatment is performed prior to enamelling [xiv ]. After activating the steel surface by acid 
pickling, a layer of metallic nickel is obtained by immersion into a Ni sulphate bath. Ni and iron will 
form dendrites of titanates and silicates later on with the enamel composition, originating from the 
steel surface and growing perpendicularly to it. Again, a rough interface grown in situ in molten 
enamel is trapped in the glass after cooling [xv]. A permanent bonding is obtained. 
 
Traditional enamelling requires a surface preparation to ensure intimate and uniform reactions 
between steel and enamel [ii],[iii]. To protect steel from corrosion, protective oil is used. This oil is 
rarely compatible with the enamelling process [xvi ], either because of the quantity present on the 
surface, which might be high, or by its composition, and can cause: 
1. bad enamel surface quality , creating bubbles, pin holes craters 
2. modification of the bonding reaction steel enamel, mostly because they prevent steel 
from oxidation, 
However, some non degreased surfaces can be enamelled, even in a wet process, as described for 
instance in [xvii ]. 
The situation worsens when deep drawing oils are combined with corrosion protection oils to help 
forming steel prior to enamelling. Their composition and amount make them even less compatible 
than protection oils. 
 
Combining progress made in Polymer Sciences [xviii ], [xix] and Nano 
Technologies[xx,[xxi ],[xxii ],[xxiii ], a simplification of the enamelling process can be offered now for 
both ground coat and white enamelling. So called ”Ready To” steel grades can be manufactured by 
the steel industry, similar to those offered for the automotive industry for painting or glueing 
processes, as illustrated here after. 
 
To identify possible options for further improvement, deep and detailed analyses of process cost, but 
also use life cycle assessments (LCA) and Environmental Products Declarations (EPD) of 
manufactured products can be performed. These exercises allow weighing the most important steps 
in manufacturing, the most important compounds used for manufacturing of, cars, electronic or 
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household devices etc, but also show impact such as in-use properties and recycling.[xxiv ], [xxv ], 
[xxvi ]. Then, in a second stage, brainstorming is required to build possible scenarios for the 
replacement or improvement of existing solutions.  
The driving forces of a Ready To Enamel (R2E) were identified and consolidated through 2 recent 
EPD published on enamelled products [xxvii ],[xxviii ]. So far, the exercise focused on manufacturing 
and not on in use properties, as shown in Figure 1.  
As it can be seen in Figure 2, according to [xxvii], the footprint of an enamelled product- here sanitary 
ware, is mainly brought by steel, forming operation and pre-treatment. The enamel layer is not 
negligible, but arrives in second position. Interesting data is found in [xxviii]. From the weight 
distribution of chemicals and auxiliaries (Figure 2- right) one can see that oil used for forming, and 
steel represent the most important compounds.  
 

C onventional	  
s teel	  for	  enamel

R 2E

C old	  rolled	  sheet C old	  rolled	  sheet

P rotection	  oil
Quaker	  N6130

~1g/m²

Dry	  L ube
Or	  Thin	  O rganic	  C oating

~1g/m²

Degreas ing
"Alkaline	  products
"E nergy	  for	  hot	  
rins ing
"Demineralised	  water

F iring	  of	  the	  enamel
830°C

F iring	  of	  the	  enamel
at	  lower	  T°C 	  or	  

fas ter

1.	  Thickness 	  
reduction	  

Difference	  between	  the	  
two	  chemicals 	  not	  

assessed

3.	  E nergy	  
consumption	  

avoided

C hemical	  not	  assessed
2.	  Water	  &	  energy	  

consumption	  avoided
Ø

C onventional	  
s teel	  for	  enamel

R 2E

C old	  rolled	  sheet C old	  rolled	  sheet

P rotection	  oil
Quaker	  N6130

~1g/m²

Dry	  L ube
Or	  Thin	  O rganic	  C oating

~1g/m²

Degreas ing
"Alkaline	  products
"E nergy	  for	  hot	  
rins ing
"Demineralised	  water

F iring	  of	  the	  enamel
830°C

F iring	  of	  the	  enamel
at	  lower	  T°C 	  or	  

fas ter

1.	  Thickness 	  
reduction	  

Difference	  between	  the	  
two	  chemicals 	  not	  

assessed

3.	  E nergy	  
consumption	  

avoided

C hemical	  not	  assessed
2.	  Water	  &	  energy	  

consumption	  avoided
Ø

 
Figure 1: overview of Ready To Enamelling concept and main differences with current process 
 

 
 
Figure 2 left: relative contribution of individual categories to the environmental impacts (5 
main indicators GWP: global warming, ODP: Primary energy consumption, AP: acidification, 
EP: eutrophication, POCP: photochemical ozone creation) over the life cycle of 1m² of 
enamelled steel, according to [xxvii]. Right: weight distributions of raw materials and auxiliary 
materials used for manufacturing of enamelled steel according to [xxviii] 
 
It then becomes obvious that an improved enamelled product, manufactured at a lower cost and 
having a reduced impact on the environment should include: 
1. a better formability reducing consumption of chemicals , allowing optimisation of steel grades 
and gauges 
2. a simplified enamelling process 
3. a reduction of energy consumption 
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2 New Concepts 

2.1 Concept of Ready To Enamel steel for ground coat enamelling 
First of all it has to be pointed out again that during enamel firing, carbon is being oxidized together 
with iron. So the adherence is not only a matter of oxidation by air, followed by dissolution and further 
oxidation of Fe2+ to Fe3+ in situ [xi]. Carbon is playing an important role in the reaction, as it remains 
the most sensitive element towards high temperature and an oxidizing environment (the enamel). 
This is known from enamellers, who easily made the difference when new steel grades were 
developed over the last 30 years. Progresses made on manufacturing of steel first, then 
developments of Ultra Low Carbon grade (Solfer®) and more recently Ti-interstitial Free grades, 
showed that carbon from the steel composition is certainly the most efficient element playing a role in 
built up of the metallic interface. Each time a new steel grade appeared on the market, it was 
necessary either to review enamelling parameters, increasing firing temperature or time, or to change 
enamel formulations, making them softer and more expensive, increasing the amount of metallic 
oxides and soft oxides [ii]. In fact, carbon was to a certain extend missing for the enameller.  
How could carbon be replaced? A few examples are known from the field, in which organic 
compounds play this role. It is the case for instance with silicone oils in electrostatic powders. The 
decomposition of oils modifies – in the positive way, the bonding reaction. At the same time, 
depending on their nature and even more on their amount, they can lower the surface quality of the 
enamel layer, developing pin holes and bubbles during decomposition.  
An ideal “adherence promoter” for ground coat enamels would be: 
o reductive towards bonding oxides of the enamel composition at high temperature, above 
780°C  
o resistant to oxidation at low temperature, i.e. at temperatures < Tg of the enamel 
o corroded by molten glass at high temperature  
These 3 properties are offered by non oxide ceramics[vii], now available in nano form. They are first 
dissolved by molten glass at high temperature according to the reaction:  
 

MxRy +[Earth+Alcaline-borosilicate  [Earth Alcali-borosilicate …xM,yR] 
 
And then reduce the bonding oxides according to the reaction  
 

[xM+xCoO] Co  +[Earth Alcali-borosilicate....,xMO] 
 
As the active compounds need to react locally inside the interfacial area steel-enamel, they have to 
be fixed onto the surface of the steel. They also have to stay on this surface during the preparation of 
the parts to be enamelled. The steel has not to be re-oiled before forming, nor to be degreased. 
The nano powders can be fixed onto the surface by organic binders. Obviously, these compounds 
have to be oxidized ideally before reaching the softening point of ground coat enamel layers, i.e. 
450°C. Otherwise, their decomposition leads to the formation of bubbles in the layer. 

2.2 Concept of Ready To Enamel steel for DWE  
The same concept based on thin organic coatings (TOC) can now be developed to match the DWE 
process [viii]. Metals or preferably oxides from the transition group - today available as nano powders 
[xx],[xxi],[xxii],[xxiii], can be used in the same way as previously described, in order to replace ground 
coat enamels in 2C/1F or 2C/2F enamelling or Ni-flash treatment. The coating must replace corrosion 
protection oil, needs to pass forming operations, keeping the bonding agent available all over the 
steel sheet surface. Several metals were often used to build up an interface between cover coat 
enamels and steel [xxix].Most of them can hardly be used in thin organic coatings as nano powder, 
because of their high reactivity in air. They would be oxidized too early during the application step, 
even when encapsulated and used in solvent based formulations. 

3 Experimental Results  

3.1 Adherence promoter selection for ground coats 
Special attention has to be paid to the selection of the active compounds. To make sure ceramics in 
powder form are trapped in the roughness of the steel sheets their particle size has to be as low as 
possible, ideally below 1 µm, and their specific surface is as high as possible to ensure a correct 
reactivity. The oxidation kinetic in air has to stay low and the decomposition by molten ground coat 
enamel effective. In the field of non oxide ceramics, many different options belonging to borides, 
carbides, nitrides, silicides, sulphides were evaluated [vii]. Beside the criteria already mentioned, one 
was the redox potential” towards enamel composition, balanced by “gas release”. A few examples 
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taken from our study are grouped in Table 1 that illustrate the purpose. For a nitride, nitrogen is 
released by decomposition, leading to the formation of bubbles in the enamel layer. The same 
phenomenon is observed for carbides, with the advantage that carbon is reductive towards bonding 
oxides. Borides and silicides don’t release gasses, whilst sulphides act in the same way as carbides. 
Finally, many different options presenting different reductive potentials can be developed.  
 

product  decomposition reaction  oxygen caught gas released  
  mol / mol ceramic mol /mol ceramic 
Si3N4 Si3N4 + 6O2-                3 SiO2+2N2 6 2 
AlN 2 AlN+ 3O2-                Al2O3+N2 1.5 0.5 
MgB2 MgB2 + 4O2-                 MgO+B2O3

 4 0 
SiB6 SiB6 + 11O2-              SiO2+ 3 

B2O3 
11 0 

MoSi2 MoSi2 + 7O2-             MoO3+2 
SiO2 

7 0 

B4C B4C + 8O2-                2 B2O3+ CO2 8 1 
Table 1 : reductive capacity and relative gas release of non oxide ceramics mixed with 

enamels 
 
Each one of the active compounds needs to be optimized regarding the quantity required on the 
surface. An average was determined after testing a few enamels taken from the field [vii]. Generally a 
few mg up to a few tenth of mg/m² are sufficient.  
 

3.2 Selection of bonding agents for DWE 
According to previous works [xxx ], [xxxi ],[xxxii ], it was decided to use metallic oxides embedded in an 
organic matrix. Again nano powders - oxides of Cobalt, Nickel, Copper, Molybdenum, were dispersed 
in polymers and applied onto Solfer® steel at different coating weights, from 1 to 5 g/m² [viii]. The best 
results were obtained for Cobalt and Nickel oxides,.[viii]. 
 
 

3.3 Selection of Organic vehicles  

3.3.1 Interaction with enamelling 
For organic vehicles, there are hundreds of possible options. Thermo set or thermo fused based 
formulations can be developed to be compatible with enamelling process, assuming the following 
requirements: 
o temporary corrosion protection during storage and transport, as they replace the corrosion 
protection oil currently used  
o low friction coefficient to provide a good formability without adding deep drawing oil nor 
emulsions 
o fast decomposition at low temperature during enamelling, preferably below Tg of the enamel 
o no generation of toxic fumes  
 
Obviously, thermo set based systems- for instance polyester or polyurethane based, will form a thin 
and robust film on the steel, having excellent adhesion thus good forming behaviour [xviii]. But they 
will also interact with oxidation of the steel during preheating phase of the enamelling firing cycle, and 
can also develop a bubble structure in the enamel layer. By the way, thermo fused systems 
decompose more easily during enamelling but can offer lower performances in formability. For both 
routes, a full formulation needs to be developed and finally contains polymer(s), wax(es) and 
anticorrosive pigment(s). The compatibility of each one of the ingredients with the enamelling 
process, in terms of enamel adherence and surface quality is checked, and the limits allowed for its 
concentration determined. For organics or organo metallic compounds, the faster they decompose, 
the better. By nature, they need to be compatible with the state-of-the-art in enamelling. Known 
poisons, such as Cr containing compounds for instance, have to be eliminated. Examples of results 
obtained after a first screening using thermo gravimetric analyse in air for both polymers and hot 
melts illustrate the purpose (Figure 3,Figure 4). Below 400°C, any organic, depending on its nature, 
evaporates or slightly oxidizes and never interacts with the enamel layer, if uniformly distributed. 
Above 400°C and more especially 500°C, considered to be the lowest temperature at which the glass 
film starts to form (slightly above Tg of any enamel frit), we enter in an oxidative regime for the 
organic that could strongly interact with glass film formation. Typically, Polyester B (Figure 3) is not a 
good candidate for further enamelling purpose, when approximately 10w% is not oxidized yet at 
600°C. One can expect strong bubbling in the enamel layer if using it. The same trend is obtained 
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with waxes and thermo fuse products (Figure 4). Some formulations are not really compatible with 
enamelling purpose.  
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Figure 3: TGA in air of polymers, extraction of the results between 400°C and 600°C 
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Figure 4 : TGA in air of lubricants, extraction of the results between 400°C and 600°C 

 
For anyone of the possible options, the thickness of the organic binder has to be reduced to the 
minimum, to get a solution at the lowest cost, the best forming behaviour, but also interfering as less 
as possible with glass film built-up during enamelling. For the most efficient solutions in terms of 
formability, it was possible to use organic films of about 1 to 4 microns (dry film). 
 

3.3.2 Interaction with welding process and environmental issues 
It is necessary to gather information on thermal degradation of organic products during welding and 
enamelling processes, and to verify that the coatings don’t interfere with welding processes. Spot and 
seam welding are mostly used in the white goods sector. The commonly used procedure described in 
ISO15011 consists in checking the nature and amount of gasses generated during pyrolyses at 
several temperatures by GCMS under helium, generally from 500 to 800°C. The information is then 
used  
o by manufacturers to provide guide lines and recommendations for specifications in safety 
datasheets 
o by occupational hygienists 
o to identify any compound of occupational  hygiene significance that further merit 
investigations on quantitative level 
o to provide information for use as part of risk assessment of workplaces 
o to identify thermal degradation products that need to be included in personal 
exposure   
o to identify possible markers that could simplify personal exposure assessments 
 
If tomorrow steels suitable for enamelling are organic coated steels, the elimination of the organic 
matrix during enamelling could also have some impact on H&S and the Environment. 

Extreme Pressure additives  
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First it was checked if the procedure used for H&S and welding provides the same information as 
obtained by catching gasses in an enamelling furnace. Obviously an organic burned off during 
enamelling will release most gasses below Tg of the enamel, i.e. 500°C. The configuration of the 
ovens will lead to poor transfer of air from the pre heating zone to the firing zone. Nevertheless, tests 
were performed at both 500°C and 800°C. Results are presented hereafter in Table 2 and Table 3.  
From full record, the pick area representative from each compound is extracted. It gives an indication 
of the relative amount generated. A ranking is made for the most important ones (in quantity) and 
most problematic ones, considering their occupational exposure limit (OEL), when defined, by 
calculating the ratio area/ OEL.  
As can be seen, when enamelling shops already apply enamels on not degreased steel, the amount 
of heavy molecules released at 500°C is more important than for R2E (11% against 0,65% of the 
total). At 800°C, the temperature leads to the formation of heavier compounds but again in lower 
quantity for R2E than for oil. 
 

OEL
Name formula CAS nr mg/m3 %Area %area/OEL Ranking %Area %area/OEL Ranking

hexane C6H14  110-54-3 72 0.99 1.38E-02 4 0.17 2.36E-03 1
Benzene C6H6 3.25 0.54 1.66E-01 1 nm
Heptane C7H16 142-82-5 2085 1.56 7.48E-04 12 nm
toluene C7H8 108-88-3 192 1.35 7.03E-03 5 0.17 8.85E-04 2
octane C8H18 111-65-9 1450 1.42 9.79E-04 11 nm

ethylbenzene C8H10 100-41-4 442 0.52 1.18E-03 9 0.2 4.52E-04 4
o-Xylene C8H10 221 0.43 1.95E-03 6 nm
Styrene C8H8 216 0.38 1.76E-03 7 0.11 5.09E-04 3
Nonane C9H20 1050 1.29 1.23E-03 8 nm
Phenol C6H6O 7.8 0.44 5.64E-02 2 nm

Phenol, 4-methyl-, p-cresol C7H8O 22 0.38 1.73E-02  3 nm
Undecane C11H24 2100 1.83 8.71E-04 10 nm

Total Peak Area 11.13 0.65

pyrolyse- GCMS- at 500°C 
protection oil R2E - dry lube 

 
Table 2 : comparison oil / R2E-pyrolysed at 500°C 

OEL
Name formula CAS nr mg/m3 %Area %area/OEL Ranking %Area %area/OEL Ranking

1,3-butadiene C4H6 4.4 7.76 1.76E+00  1 nm
1,3-cyclopentadiene C5H6 542-92-7 200 2.9 1.45E-02  4 nm

benzene C6H6 71-43-2 3.25 5.53 1.70E+00 2 4.19 1.29E+00 1
toluene C7H8 108-88-3 192 4.49 2.34E-02 6 3.39 4

ethylbenzene C8H10 100-41-4 442 1.07 2.42E-03 11 1.05 2.38E-03 8
o-xylene C8H10 95-47-6 221 1.16 5.25E-03 8 1.38 6.24E-03 6
styrene C8H8 100-42-5 215 1.26 5.86E-03 9 2.24 1.04E-02 5

Benzene, 1,2,4-trimethyl- C9H12 125 0.21 1.68E-03 10 nm
phenol C6H6O 7.8 0.29 3.72E-02 3 nm

Benzene, 1,2,3-trimethyl- C9H12 125 0.2424 1.94E-03 12 nm
p-cresol C7H8O 22 0.22 1.00E-02  7 nm

naphthalene C10H8 91-20-3 50 0.63 1.26E-02 5 1.67 3.34E-02 2
Pentane C5H12 109-66-0 1800 nm nm
Hexane C6H14 110-54-3 170 nm nm

p-Xylene C8H10 106-42-3 221 nm 0.58 2.62E-03 7
a-Methylstyrene C9H10 98-83-9 240 nm nm

Indene C9H8 95-13-6 45 nm 1.36 3.02E-02 3
Total Peak Area 25.7624 13.92

pyrolyse- GCMS- at 800°C 
protection oil R2E - dry lube 

 
Table 3 : comparison oil / R2E-pyrolysed at 800°C 

 
For the thin organic coating developed for DWE process, the six biggest compounds found after 
single shot cryo analysis at 500°C (Table 4) are: styrene, 2-butene, 17-pentatriacontene, n-
hexadecanoic acid, 1-nonadecene and cyclotetradecane. Styrene is positioned as number 2 in the 
top 6 of the ranking. As it can be observed in Table 5, benzene is still present at 800°C.  
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OEL
name formula CAS nr  (mg/m³) %Area %area/OEL ranking

Acetaldehyde C2H4O 75-07-0 46 0.38 0.0083 3
2-Butene C4H8 107-01-7 3.1
Benzene C6H6 71-43-2 3.25 0.87 0.27 1
Toluene C7H8 108-88-3 192 1.38 0.0072 4

Ethylbenzene C8H10 100-41-4 442 0.3 0.00068 6
o-Xylene C8H10 95-47-6 221 0.24 0.0011 5
Styrene C8H8 100-42-5 216 5.13 0.024 2

Total 11.4

pyrolyse TOC-GCMS at 500°C 
TOC for DWE

 
Table 4 : pyrolysis at 500°C and GCMS results of TOC suitable for DWE 

 
 

OEL
name formula cas nr OEL %Area %Area/OEL ranking

Benzene C6H6 71-43-2 3.25 5.8 1.8 1
Toluene C7H8 108-88-3 192 4.18 0.022 5
o-Xylene C8H10 95-47-6 221 0.19 0.0009 10

Ethylbenzene C8H10 100-41-4 442 1.22 0.0028 9
p-Xylene C8H10 106-42-3 221 0.86 0.0039 8
Styrene C8H8 100-42-5 216 3.93 0.018 7
Phenol C6H6O 108-95-2 7.8 0.16 0.021 6
Indene C9H8 95-13-6 49 1.07 0.022 4

Naphthalene C10H8 91-20-3 53 1.53 0.029 3
Biphenyl C12H10 92-52-4 1.3 0.33 0.25 2

Total 19.27

TOC for DWE
pyrolyse TOC- GCMS at 800°C 

 
Table 5: pyrolysis  at 800°C and GCMS results of TOC suitable for DWE 

3.4 Temporary corrosion protection  
We have to guarantee corrosion protection of steel during transport & storage, as rust can affect 
surface quality of the enamel layers. Cold rolled steel is currently tested by the way of an accelerated 
test: A cyclic humidity test is carried out according to NBN EN ISO 6270-2 E KFW during about 500 
hours as detailed in Table 6.  

 
Cyclic humidity test step 1 : 8 hours 
With “dry” periods T = (40 +/- 3) °C 

 RH = (98 +/- 2) % 
NBN EN ISO 6270-2 E 

KFW 
step 2 : 16 hours 

(500 hrs) T = (20 +/- 3) °C 
 RH = (70 +/- 2) % 

Table 6: steps of cyclic humidity test 
 
During the test panels are periodically monitored by visual inspection for possible uniform or local 
modifications, such as blistering or corrosion (e.g. red rust). A rating is used to quantify the amount of 
rust according to ISO4628-3, (see Table 7). 
 

Rating Explanation 
0 No white rust, red rust 
1 0.05 % 
2 0.5 % 
3 1 % 
4 8 % 
5 40 to 50 % 

Table 7: Characterisation of red rust by a rating according to ISO4628-3. 
 
For all products suitable for enamelling, including functionalized steels for further ground coat 
enamelling as well as pre primed steel for DWE, rating between 0 and 1 are obtained after 500 hours. 
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These accelerated test results fit with practical experience of storage during 6 months without red rust 
formation. 

3.5  Friction / formability 
Two types of tests were performed to evaluate the forming performance of the solutions. The first one 
consists of measuring the friction coefficient of a given coated steel, applying a coating weight just 
adequate to fill the roughness. Flat and round tools are put in contact with the sample and a force of 
5kN is applied (Figure 5, Table 8). The friction coefficient is calculated after measuring the force 
required to move the sample. The operation is repeated 10 times.  
 

tool material standard DIN 13207 
tool dimensions 50*20mm flat 50*Ǿ20mm 

round 
sample dimensions 50*300mm 

normal force 5kN 
traction speed 500mm/min 

stroke 10 times 150mm 
Table 8: test conditions of flat die multi-friction test 

 

 
Figure 5 : design of flat die multi friction test  

 
The second one consists of testing the steel on an Erichsen cup test machine, using given 
configurations. A drawing ratio of 2 was used for this study. The maximum blank holder force 
applicable before rupture is determined for both the reference (oiled) and coated steel and the punch 
force is measured constantly during forming. For a given blank holder force (BHF), the reduction of 
the friction coefficient leads to shifting of the evolution of punch force (PF) during forming operation. 
Finally, a higher blank holder force can be applied on the blanks to increase the formability. As a 
consequence, thickness of the blanks can be optimized. A few results presented in Figure 7 show that 
for R2E in case of ground coat enamelling, the blank holder force can be increased about 30% before 
getting rupture. For pre-primed steel for DWE (same grade, same thickness) the force can be 
increased up to 50% compared to an oiled surface. 
 
Concerning friction coefficients, the best options lead to a reduction of about 0.05 for coatings 
developed to react with ground coat enamels and up to 0.075 for coatings suitable for DWE 
application as shown in Figure 6. 
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Figure 7: maximum punch force registered for Solfer 0.9mm during forming. Rupture at 58kN 

 
The possibility to avoid re-oiling before forming also results in cost saving(Table 9). Market price for 
deep drawing oils is about 3 to 5 €/litter. An optimized use of oil implies to add about 1 to 2 g/m² extra 
on protection oil, and to treat 1 or 2 sides of the blanks, at least for standard roughness currently in 
use in white goods industry. As shown, if a general cost of a few cents is charged for re-oiling 
operation, about 10 €/T treated steel can be saved for thin gauges. 
 

thickness mm
sides treated 1 2 1 2
surface m² 214 427 142 285

oil cost min 0.003€/m² 0.6 1.3 0.4 0.9
oil cost max 0.015€/m² 3 6 2 4

Process cost min 0.025€/m² 5.4 11 4 7
Process cost max 0.075€:m² 16.1 32 11 21

6 12.3 4.4 7.9

0.9

Reoiling cost min/T

€/T
0.6

 
Table 9: average estimated cost for re oiling operation before forming  

 

3.6  About degreasing 
To benefit from the presence of adherence promoters on the steel surface, degreasing needs to be 
avoided. It is rather difficult to know the precise cost of degreasing, as it depends on many 
parameters, starting from the process itself (dipping or spraying) the type of shape treated (flat or 
volume) the number of baths, the degree of automation and man power costs etc. The Table 10 gives 
an overview, based on own calculations consolidated by data taken from the field. It is clear that the 
degreasing cost will increase in the coming years, as it integrates even more ecological aspects. 
 

€/T thickness (mm)
source base for calculation min max min max min max

P1
water+chemicals +energy+labour 

costs+depreciation 21 43 14 28 0.05€/m² 0.1€/m²
P2 water ( fresh+waste) + chemicals 3.5 13 2.5 8.5 0.008€/m² 0.03€/m²

0.6 0.9

 
Table 10 : average estimated costs for alkaline degreasing of CRS 

 

3.7 Enamelling Results  

3.7.1 Bonding reaction Interface ground coat enamel-steel 
The bonding reaction between ground coat enamel and steel is modified by the presence of a thin 
organo-ceramic layer. As it is seen in Figure 9 the interface discovered after impacting samples 
according to EN10209 of two samples coated with the same enamel and baked at the same 
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temperature and time seems to be more compact for the sample previously coated with an organo-
ceramic layer (on the right) .  
This trend was  general, observed on all steel grades suitable for enamelling, from DC01 to DC04EK, 
ED grades or Ti-IF. For a given steel and enamel, substantial changes can be obtained in terms of 
firing temperature and times as shown in Figure 8). Firing time can be kept constant, reducing firing 
temperature, or firing temperature constant, reducing firing time. Obviously both options are possible. 
More details about possible uses and performances are given in another paper during this congress 
[xxxiii ]. 

 
Figure 8: trend for enamel adherence with firing temperature or firing time for R2E coated steel 
 

 
 Degreased solfer®-820°C-3’ R2E system-820°C-3’ 

 
 

Figure 9: impact and cross section of R2E- coated (right)  for ground coat against degreased 
solfer®(left) 

 
At first glance, observations made using an optical microscope don’t show a big difference, as it can 
be seen in Figure 9. Inter-diffusion layer and bubble structure remain comparable for both samples  
Cross sections for further TEM investigations were prepared using Focused Ion Beam (FIB). In this 
way a small foil of about 15 µm long and 6 µm large, 70 nm thick is taken across the steel enamel 
interface (Figure 10). 
 

 
Figure 10 : schematic overview of sampling an interface enamel steel by FIB 

 
As it can be seen in,Figure 12 and Figure 13, we can visualise more detailed observations as related 
also [xi],[xii],[xiii]: 
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o an inter metallic layer is formed during enamelling near to the steel surface, which is 
crystalline and trapped in a glass matrix 
o reduction of metallic oxides (so called bonding oxides) is effective in the glass at a few 
microns from the steel interface. Inter metallic nodules were formed in the bulk. 
If we compare the morphology of the reactive interface obtained for degreased steel with the one 
obtained applying the enamel on R2E coated steel, the main difference is found in the thickness of 
the inter metallic layer: 0.3 to 1.5 µm for R2E against 0.3 to 0.6 µm for the reference.  
  

 
  Solfer® degreased 
  
 Solfer® coated R2E 

Figure 11: samples overview for further TEM observations 
 

 
 Solfer®degreased Solfer® coated R2E 
Figure 12: detailed TEM images of Solfer® and Solfer®- R2E coated covered with ground coat 

enamel 
 
 

 
Figure 13 : XRD patterns of bulk enamel(L), inter metallic area (C), and nodules (R) 

 

3.7.2 Bonding reaction Interface cover coat enamel- R2E coated steel for DWE 
Pre-primed steel for DWE process can be combined with white enamels – wet or Poesta, semi-
opacified or transparent systems (Figure 14). A good enamel adherence was obtained for firing 
temperatures of about 820 to 840°C, and about 4 minutes firing time.  
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The interface steel-enamel was characterized for these 4 examples, here after detailed. Similar 
results as the one known for DWE are observed [ix]: 
o interfaces show a transition enamel-steel made of needles and nodules  
o the density of needles is function of the amount of titanium dioxide of the enamel composition 
o XRD performed on bulk enamels and comparatively on impacts, show that these needles are 
based on TiO2 rich phases (Figure 15) 

 
Figure 14: 4 examples of enamelling on pre primed Solfer® steel 

 
overlay of the four enamels

01-086-0147 (C) - Rutile - TiO2 - Y: 2.09 % - d x by: 1. - WL: 1.78897 - Tetragonal - a 4.59400 - b 4.5940
01-085-0798 (C) - Quartz - SiO2 - Y: 3.81 % - d x by: 1. - WL: 1.78897 - Hexagonal - a 4.91400 - b 4.914
00-021-1272 (*) - Anatase, syn - TiO2 - Y: 11.64 % - d x by: 1. - WL: 1.78897 - Tetragonal - a 3.78520 - 
01-087-0721 (C) - Iron - Fe - Y: 62.20 % - d x by: 1. - WL: 1.78897 - Cubic - a 2.86620 - b 2.86620 - c 2.

Operations: Y Scale Add 292 | Background 1.000,1.000 | Import
File: 3enamel.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 105.010 ° - Step: 0.030 ° - Step time: 4.
Operations: Y Scale Add 125 | Y Scale Add -167 | Y Scale Add 167 | Background 1.000,1.000 | Import
File: 2enamel.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 105.010 ° - Step: 0.030 ° - Step time: 4.
Operations: Background 1.000,1.000 | Import
File: 1enamel.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 105.010 ° - Step: 0.030 ° - Step time: 4.
Operations: Y Scale Add 458 | Y Scale Add -42 | Y Scale Add -417 | Y Scale Add 458 | Y Scale Add -45
File: 4enamel.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 105.010 ° - Step: 0.030 ° - Step time: 4.
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Figure 15: xrd patterns of the 4 enamels. 

 
More detailed observations of the different phases present in the interfacial zone steel-enamel of a 
white coated sample (Poesta) are presented in [xxxiii] during this congress. These observations fit 
with the state of the art of DWE. 
 

3.7.3 Cost savings on firing operation 
For Ground coat enamelling, the fact that the reactivity of the steel towards the enamel composition 
increases can bring substantial savings. In a first stage, the firing cycle can be optimized, reducing 
firing temperature or increasing the productivity. It is clear that more reactive steel can lead in a 
second stage to optimize the enamel formulation itself [xxxiii]. Estimations of the reduction of energy 
consumption were made, based on 20 to 80°C reductions (Figure 16). Of course these changes 
cannot be directly implemented in enamelling workshops, as the lowest workable limit of existing 
enamel compositions to day is about 800°C, more rarely 780°C.  
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Figure 16: possible estimated reduction of energy consumption provided by R2E concept 

according to a furnace manufacturer (calculation needs to be made case by case) 
 

3.8 Life Cycle Assessment 
A life cycle assessment was started, based on the information collected by our partners in this study, 
as well as actors in enamelling, customers or equipment manufacturers. Obviously, this exercise was 
compared to other ones cited in this article [xxvii], [xxviii], and is not fully completed when this article 
is being emitted. More information is required to get a more precise overview of the footprint of 
functionalised steel for enamelling. The data available in [xxvii] and [xxviii] were first converted from 
m² to kg steel, to be able to be compared later on to the EPD of Ready To concept as shown in Table 
11. 
 

 

 
Table 11: data conversion  from m² to kg steel for EPDs according to [xxvii] and [xxviii] 

 
The following assumptions were made: 
o as detailed in Table 12, reduction of steel thickness of about 17%- 0.6 mm replaced by 0.5 
mm thanks to a better formability,  
o in Table 13 a consumption of 1l/m² of tape water and 1l/m² of demineralised water, heated up 
to 65°C with an efficiency of 80% and using natural gas is considered, 
o a probable reduction of firing temperature of 30°C, for 3T steel enamelled per hour (conveyor 
and hangers included) is detailed in Table 14. 
o  

 
Table 12: Benefit per m² linked to steel sheet reduction 

 

INDICATORS units  result 
Climate change kg CO2eq/m² 7.06E-01 

Energy  MJ/m² 1.02E+01 
Acidification  kg SO2eq/m² 1,82E-03 

Eutrophication  kg PO4eq/m² 1,64E-04 
Photochemical Ozone  kg C2H2eq/m² 6,53E-04 

Water consumption  kg/m² 6,09E+00 

INDICATORS units  
Impact According To  [27] [28] [27] [28] 
weight /m² 17.32 10.3 
CLIMATE CHANGE kgCO2eq 31.9 17.4 1.84 1.69 
ENERGY CONSUMPTION MJ primary 458 332 26.4 31.3 
ACIDIFICATION kg SO2eq 0.09 0.08 0.005 0.008 
EUTROPHICATION kgPO4eq 0.007 0.01 0.0004 0.001 
PHOTOCHEMICAL OZONE  kgC2H2eq 0.009 0.009 0.0005 0.0009 

per m² steel  per kg steel  

power stationary kW 
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Table 13: Benefit per m² linked to degreasing step avoided 

 

 
Table 14: Benefit per m² from the reduction of firing temperature 

 
The calculations were made according to Worldsteel model (as used in [xxviii]). The distribution of 
avoided impacts (see Figure 17) shows that steel thickness reduction remains the main important 
factor, followed by degreasing. Considering the impact on energy, we think that the impact brought by 
changes on enamelling temperature is still underestimated.  
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Figure 17: distribution of avoided impacts  

 
Finally, compared to previous EPD [xxvii] and [xxviii], the impacts avoided thanks to Ready To 
concept (Figure 18) would represent approximately 8% reduction for climate change and 9% 
reduction for energy. For the other indicators, this reduction ranks from 3 to 13%. 
 

INDICATORS units  result 

Climate change kg CO2eq/m² 3,76E-03 
Energy  MJ/m² 6,27E-02 

Acidification  kg SO2eq/m² 3,76E-06 
Eutrophication  kg PO4eq/m² 6,01E-07 

Photochemical Ozone  kg C2H2eq/m² 4,68E-07 
Water consumption  kg/m² 9,82E-05 

INDICATORS units  
Production of demineralised  

water  Heating of the bath 
Climate change kg CO2eq/m² 4,82E-03 2,08E-02 

Energy  MJ/m² 8,29E-02 3,49E-01 
Acidification  kg SO2eq/m² 9,72E-06 2,81E-05 

Eutrophication  kg PO4eq/m² 1,37E-06 4,47E-06 
Photochemical Ozone  kg C2H2eq/m² 8,71E-07 3,03E-06 

Water consumption  kg/m² 1,04E+00 8,38E-04 
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Figure 18: comparison with previous EPDs 

 
If an annual consumption of 3.5 kT steel is considered, the implementation of R2E for ground coat 
enamels would lead to a reduction of : 
o 546 TCO2eq 
o Primary Energy: 8000 GJ 
 
The avoided greenhouse gasses are equivalent to 4 billions of km (133 grCO2/km) or carbon stocked 
in a 78 ha forest during 1 year (source ADEME- France). 
For the energy, the earns are of about 190 T oil, equivalent to the consumption of about 37 families in 
France during 1 year (source ADEME- France). 

4 Conclusion and future works  
The enamelling industry can now benefit from progress made in polymer and materials sciences. The 
surface of steel grades suitable for enamelling can be functionalized by thin organo- ceramic coatings 
to simplify the enamelling process, realise costs savings, increase the productivity or even avoid the 
use of ground coat enamels or Ni flash treatments in a few cases. These coatings, thanks to their low 
friction coefficient and adhesion to the steel, offer very good formability comparable to the one 
obtained using deep drawing oils. Active compounds availability of nano technology, can modify the 
state-of-the-art of enamelling. In a first stage these new options can be used by enamellers sticking to 
existing enamel formulations. In a second stage, new cheaper enamels could be developed for lower 
temperatures and shorter firing times, increasing the competitiveness of enamelling towards other 
coating technologies and reducing its footprint.  
For white enamelling, the easiest process ever seen in the field- DWE, is updated. The new option 
allows reducing  total enamel thickness, and offers the possibility to overcome difficulties when 
applying 2C/1F systems on complexes shapes.  
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