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Introduction (Wendel Email) 
 
Enamel, glass and ceramics are good insulators. This property is of course especially 
useful in the manufacture of electrotechnical porcelain and dielectric enamels. 
Insulators made from electrotechnical porcelain are provided with a high-gloss glaze. 
This glaze has low electrical conductivity properties and prevents the accumulation of 
dirt due to its smooth surface. Dielectric enamels do not contain alkalis and otherwise 
differ in structure from conventional enamels. 

 
Diagram 1 shows the good insulating properties of glass. The lower the dielectric 
conductivity is, the lower the permittivity. 

 

Permittivity ε (from latin: permittere = to allow, to relinquish, to let through; also: 
dielectric conductivity) indicates the permeability of a material for electrical fields. 

 
Relative permeability of several materials at 18°C and a frequency of 50Hz. 
 
                    Medium 
 

     Relative Permeability in Epsilon 

 Vacuum 
 

                           1.0 

 Glass 
 

                           6-8 

 Water 
 

                           80.1 

Abbildung 1: Medium-dependant permittivity 
                       Source: H.Frohne: Einführung in die Elektrotechnik, Band 2 
 

If electrically conductive enamels are required there are not many potential solutions. 
In published literature there is reference to the use of precious metals. Pastes 
containing precious metals are used in the manufacture of enamelled hotplates. The 
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pastes are imprinted and transfer the correspondingly set heat quantity. Creating 
conductivity using precipitates of silver in the enamel is also an alternative which is 
known. Gold or platinum can also be used for these applications. Diagram 2 shows 
heating elements with conductive pastes. 

 

 
 
Diagram 2: Heating elements with conductive pastes 
                      Source: Ferro Technik 
 
Also known is the possibility of plating the surfaces in order to create conductivity. 

 

For the application presented here the known solutions to date can be ruled out. A 
way is being sought to provide a chemically resistant enamel with a defined 
conductivity. 

 
In the burning of biomass, large amounts of dust and acids are produced. 
Electrostatic filters are used to clean the emissions. The metallic materials used up to 
now are destroyed by the aggressive emissions. Enamel has proved its worth in heat 
exchangers in power plants and would therefore be a suitable material. A defined 
conductivity must exist however in order to be suitable for the enamelling of 
electrostatic filters. The chemical resistance may not be impaired in any way. 

 
For reasons of cost the use of precious metals can be ruled out. 
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Technical Trials with Enamel: 
 
In powder metallurgy there are all kinds of metal powders available. 
 

 
 
Diagram 3: Metal powder 
                   Source: http://de.wikipedia.org 
 
Diagram 3 shows a metal powder which has been pressed into moulds and 
subsequently sintered. 

These powders are available in a whole variety of refinements and compositions. 
Some of the tested qualities are listed in diagram 4. 

The use of these powders was tested in enamel. We know from the enamelling of 
stainless steel that stainless steel does not dissolve in enamel as with the normal 
enamelling of ordinary steel. The adhesive layer is extremely thin. 

 

 
 
Diagram 4: Stainless steel alloys 
                    Source: Höganäs 
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This property is very important for the task ahead. The stainless steel powder should 
not disintegrate or oxidise. With the help of the trial selection, further tests were 
carried out with the product Cold 100.  

 
The following systems are presented: 
 
H204               Dielectrical enamel on stainless steel 
 
H058               Acid-resistant direct-on enamel 
 
H057               Acid-resistant direct-on enamel with Cold 100  
 
H057+H060    Acid-resistant direct-on enamel with Cold 100 as ground  
                       coat and cover coat enamel with Cold 100  
 
The enamel structure of the enamel batches can be seen in diagrams 5-7. 
 

 
 
Diagram 5: Direct-on enamel without additives H058 
                    Source:Wendel GmbH 
 
The normal bubble structure and adhesive layer of a direct-on enamel can be seen in 
diagram 5. 

 

 
 
Diagram 6: Direct-on enamel with additives H057 
                    Source: Wendel GmbH 
 
In diagram 6 one can see the direct-on enamel with Cold 100 after diagram 5. The 
metal powder is seen as white spots. One can discern joined-up particles running 
through and isolated particles incorporated in the enamel. The grain boundaries have 
not dissolved. The stainless steel powder does not dissolve in the enamel. 
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Diagram 7: Ground coat doped with metal powder and cover coat enamel lying on top doped 
with metal powder H057+H060. 

                    Source: Wendel GmbH 

Diagram 7 shows the ground coat containing metal powder with a cover coat enamel 
in their Cold 100 as a metal powder is integrated. Even after an additional firing the 
metal powder does not dissolve.  

Further experiments were carried out to check if the metal powder changed the 
chemical resistance of the enamels. 

The boiling values are listed in table 1. The samples of direct-on enamel H058 and 
with a high concentration of Cold 100 (H60) were tested with water, 6% strength citric 
acid, sulphuric acid, sodium hydroxide and sodium fluoride. 

By the addition of stainless steel powder the chemical resistance is only impaired by 
sulphuric acid. The generally worse resistance of stainless steel to hot sulphuric acid 
can be recognised here. The losses in weight are still significantly less than pure 
stainless steel qualities in the cooking process. 

The weakness of enamel against alkalis in a chemical attack is improved by stainless 
steel powder. The losses in weight are slightly improved against sodium hydroxide. 
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Tabelle 1: Cooking process tests to determine the chemical resistance of the developed 
enamels.  

Tests H058 H060 

EN 14483-2-13 

Water fluid 48 hours in 
(g/m²*24h) 

 

0,44 

 

0,22 

EN 14483-2-13 

Water steam 48 hours in 
(g/m²*24h) 

 

0,73 

 

1,12 

EN 14483-2-10 

Citric acid 2.5 hours in 
(g/m²) 

 

1,99 

 

2,05 

EN 14483-4-9 

NaOH 0,4% 24 hours 

80 °C in (g/m²) 

 

5,64 

 

4,37 

EN 14483-2-11 

Sulphuric acid 30% 

18 hours in (g/m²) 

 

3,88 

 

9,55 

In-house test 

NaF 6 hours  80 °C in (g/m²) 

 

6,98 

 

7,29 

 
The tests have shown that it is possible to integrate various stainless steel powders 
from the field of powder metallurgy into enamel. The chemical resistance of the 
enamels is changed in accordance with the resistance of the metal powder. The 
bonding of the enamels containing stainless steel is preserved or can even be better. 
The metal powder does not change the bubble structure and does not dissolve in the 
enamel. In comparison with an alkali-free, dielectric enamel, the electrical 
measurements will now be presented. 
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Introduction/Preface (DBFZ) 

The Deutsches BiomasseForschungsZentrum gGmbH (DBFZ- German Biomass 
Research Centre) is a public research institute under the authority of the Federal 
Ministry of Food, Agriculture and Consumer Protection. Its objective is to carry out 
practical and industry-oriented research and development on technical, economic 
and ecological questions regarding the sustainable, energetic use of solid, liquid and 
gaseous biofuels. 

The DBFZ’s tasks and fields of activity consequently cover: 

• testing and certification of solid and liquid biofuels and plants for the supply of heat, 
electricity and fuel 

• advising private and public establishments on all aspects of “ energy production 
from biomass” 

• market monitoring and supply of data 

• work on national and international committees and commissions (among other 
things for the drawing-up of directives and guidelines) 

• networking activities of relevant players within the biomass/bioenergy sector 

• supporting federal ministries in strategic issues concerning “biomass/bioenergy” 

The DBFZ subdivides these tasks and fields of activity accordingly into 4 research 
areas: 

• bioenergy systems 

• biochemical conversion 

• thermo-chemical conversion 

• biorefineries 

The necessity of developing an innovative surface coating based on enamel arose 
from the work group “Small Plant Technology” from the “Thermo-Chemical 
Conversion” department. 
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Background: 

The research area of thermo-chemical conversion processes of biomass 
(combustion) also includes, alongside fuel development, development of 
measurement technology, energy management and control systems as well as other 
key areas, the development and research into primary and secondary emission 
reduction measures and their physical and chemical bases. 

 In the course of increasing interest in substitute fuels and agrofuels and their 
potential for higher gaseous emissions, the latter key area causes us to inspect new 
methods for their implementation. 

Emissions from the combustion of biomass contain dust, and organic and inorganic 
compounds. The emissions released from the combustion fluctuate with regard to 
their emission level ([mg/Nm3] or [ppm]) considerably. The burning of wood thus 
produces markedly lower emission values than those from agrofuels.  

The energetic use of the renewable energy source biomass is subject to the 1. 
Bundesimmissionsschutzverordnung (1.BlmSchV – Federal Emission Control Act) as 
is the use of fossil fuel energy sources. This regulates the minimum requirements 
regarding the efficiency and the emissions of the energetic use of energy sources, 
and thus specifies that these are used sustainably. 

Since the amendment of the 1.BlmSchV from 22nd March 2010 with lower limits, the 
deployment of emission reduction measures in the energetic exploitation of biomass 
has become necessary. Secondary measures to reduce emissions are centrifugal 
separators, bag filters, scrubbers and electrostatic precipitators. 

The problem with energetically exploiting agrofuels is the high emissions of inorganic, 
highly-corrosive compounds like sulphur dioxide and hydrogen chloride, a 
consequence of the deposit of the elements chlorine and sulphur from fertilizer. 
Diagram 8 shows the emissions dependant on the fuel used and boiler.  
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Diagram 8: HCI emissions dependant on fuel used 

                    Source: Nadja Weller, Thomas Zeng (DBFZ) 

In diagram 8 the difference in emission levels between the various biomass fuels is 
clear, but especially recognizable between the agrofuel straw and wood. 

If the biomass fuel straw is utilised in biomass combustion then considerable 
corrosive damage occurs on the used materials within a short space of time (see 
diagram 9).  
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Diagram 9: Corrosive effect on the walls of a secondary measure for reducing emissions after 
an operating time of 24 hours 

                    Source: Christian Koch (DBFZ) 

The potential solutions for avoiding corrosion problems are: 

• high-alloyed stainless steel 

• electrically conductive plastic coatings 

• electrically conductive enamel 

High-alloyed stainless steel represents a good temporary solution but, due to high 
costs and also insufficient durability regarding corrosive resistance, is only partly 
suitable. 

Electrically conductive plastic coatings are less suitable for use as they do not 
sufficiently withstand the operating conditions with regard to temperature. 
Furthermore these plastics are not sufficiently abrasion-resistant and over time the 
plastic increasingly undergoes a decomposition process due to the reaction with HCl 
and H2SO4. 

Electrically conductive enamel is, given the property of non-conductive enamels in 
such corrosive conditions, most suitable for use as a surface coating. Enamel is 
temperature, corrosion and abrasion-resistant. 
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Objective 
 
As enamel is not conductive in its basic form there is a need to transform this into an 
electrically conductive state. Conversion into an electrically conductive state should 
enable this to also be deployed as a coating in highly-efficient electrostatic 
precipitators. 

The demands on the enamel to be developed result from the operating conditions of 
the filtering precipitators following the combustion of biomass. 

Properties for electrically conductive enamels:  

• electrical conductivity of semiconductors and conductors (σ>1*10–8[S/m]) 

• temperature-resistant to >400°C 

• corrosion-resistant 

• abrasion-resistant 

• homogenous, smooth surface 

Shown in diagram 10 is a selection of enamel samples developed and presented in 
the following pictures. 

 

 
 
Diagram 10: selection of developed enamel samples 

                     Source: Eckhard Voss (Wendel Email), Christian Koch (DBFZ) 
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Measuring Process 
 
The measuring of the developed enamel samples occurs in two test rigs developed 
for these measurements. The construction of the test rigs and the measuring of the 
enamel samples is based on the standard VDE 0303-30. 

Qualitative as well as quantitative statements regarding the electrical conductivity as 
well as the electrical properties of the enamel overall can be made with both 
measuring processes. 

Diagram 11 following shows the test rig construction in accordance with    VDE 0303-
30 to which both test rigs were constructed. 

 

 
 
Diagram 11: Test rig construction for measuring the electrical conductivity of enamel 

                     Source: VDE 0303-30, Christian Koch (DBFZ) 

The test set-up enables the measuring of a test sample for its electrical conductivity 
using electrode configuration. The recording of the specific voltage values and 
current values of a test sample results in an IV-curve progression. Furthermore, a 
ring electrode is located around the live electrode (on the upper side of the test 
sample) with the objective of possibly absorbing conducted electric currents across 
the surface of the test sample (as a result of too little electrical resistance compared 
to that through the test sample) and conducting this directly to the earth terminal. The 
result of this test rig is measurement of the samples with minimal margins of error. 
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To ensure reproducibility and limited systematic measurement errors, the 
measurements were carried out under the following conditions: 

• T,p and RH = constant 

• pre-treatment of the enamel surface to avoid surface conductivity 

• repetitive measuring of more than twice 

• electromagnetic shielding of the test rigs (to prevent secondary currents) 

The measuring accuracy can be specified with a maximum  ±10%. 

It was assumed that the determined IV-curves demonstrate the characteristic 
progression of insulating materials. As demonstrated in diagram 12 such IV-curves 
show a stable and a labile state of the electrical conductivity. 

 
 
Diagram 12: Representation of the specific IV-curve of an insulating material 

                      Source: K.-W. Wagner “Der elektr. Durchschlag von festen Isolatoren“ 

In order to determine the electrical load limit (=breakdown voltage) of insulating 
materials it is also important to measure the labile state. The transition from the 
stable to the labile state represents the turning point of the IV-curve and 
simultaneously the maximum potential load of the insulating material. 

Due to the postulated influence on the part of the additive concentration and the 
application weight, several development versions and methods of enamelling were 
carried out for the developed enamel. These are listed as follows: 
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1. single-coated enamelling 
 
- variation of the additive concentration 
- variation of the application weight 

 
2. multi-coated enamelling 

 
- variation of the application weight 

 
The measurement results obtained from this matrix for the enamelling of the enamels 
to be developed are shown in diagram 13 following. 

 

 
 
Diagram 13: Enamel-specific IV curves from a selection of developed enamels 
                      Source: Christian Koch (DBFZ) 
 
From the measurement results it can be inferred that both the additive concentration, 
the coat thickness and the coat-on-coat enamelling of the enamel influences the level 
of conductivity. 
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It can be gathered from diagram 13 that the coat-on-coat enamelling (according to 
the laws of electrical engineering) shows a higher electrical resistance and therefore 
lower electrical conductivity, on condition that the overall thickness is thicker than that 
of the single-coated enamelling (compare H057 with H057+H060). These 
measurement results are validated by the resistance model of electrical engineering, 
therefore the same electrical resistance is assigned to each enamel coat of the same 
coat thickness and additive concentration. As the sample H057+H060 possess, in 
their top coat, an additive concentration smaller than that of H057 and so less 
electrically conductive material is contained in the enamel, then a higher electrical 
resistance can be assigned to these. The summation of both resistances (enamel 
coats of the multi-coated enamelling samples) confirms the measured IV-curve 
progression. Consequently, through the measurement results obtained, it can be 
concluded that the coat thickness and coat-by-coat enamelling, subject to the 
additive concentration, influences the electrical conductivity. 

 
The charge carrier transport takes place in the enamel via so called discharge 
channels (the electrically conductive additives). Dependant on their  exact positioning 
in the enamel  there are electrical barriers present between the conductive additives 
which must be overcome by means of the adjacent potential 

 

Furthermore it can be inferred from diagram 13 that the electrical conductivity 
generally increases with the introduction of additives. Whereas samples H058 and 
H204, without the introduction of additives, do not exhibit any electrical conductivity 
over the complete voltage range measured. Why sample H058 does not show any 
significant current flow within the voltage range measured can be attributed to the 
test conditions in this instance. This was carried out at ambient temperatures of T = 
23°C and a pressure of p = 1006 hPa. 

 

It can also be recognised that none of the measured samples show a regular (linear) 
or an insulator-specific IV-curve progression. It can similarly be inferred from the 
diagrams that no sample reached its electrical load limit (breakdown voltage) at the 
voltages in this instance (all samples were tested up to 500V). On the basis of this, 
further measurements in the voltage range above 0.5kV must and will follow. 

 

In the case of charge dispersal in electrostatic precipitators, a homogenous 
distribution of the additives in the enamel is of vital importance as this ensures that a 
field concentration does not occur on a few locations of the enamel surface whereby 
a surplus of charge carriers per discharge channel exists and therefore overload 
damage occurs on and in the enamel. This load limit, however, can be determined 
using the test rigs already mentioned. 
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Conclusion 
 
The measurement results show that it is possible to transform enamel into an 
electrically conductive state while still retaining the known positive properties 
(temperature, corrosion and abrasion-resistance). 

The tests show that further measurements are necessary in the area of higher 
voltages (high voltage area) in order to detect the maximum loads of the developed 
enamels. Furthermore, more work is required on the distribution of the additives in 
the enamel in order to achieve better results. The achieved electrical conductivity up 
to now is definitely sufficient as surface coating in chemical vessels and also for use 
in electrostatic precipitators as a protective coating against corrosive media. 
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