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Introduction 

With the aim of the widest possible protection of resources together with a maximum 

weight saving on the final component, a series of new high-strength, low-alloyed air-

hardenable steels has been developed. These steels have excellent formability in the 

soft-delivered state and high tensile strength of 750 MPa and higher after heat 

treatment, comparable to the enameling cycle, which allows for a considerable 

reduction of sheet thickness. The factors influencing the enamel adhesion on such low-

alloyed air-hardenable steels were investigated experimentally and compared with the 

behavior of a conventional enameling steel, DC04EK, with tensile strengths of the 

enameled component of ≤400 MPa. First, the enamel adhesion was determined in drop 

tests according to DIN EN 10209. In a second step, a new experimental apparatus for 

testing the email adhesion was developed and tested. This test is based on the so-

called pull test, in which a metal rod is first attached with adhesive onto the enamel 

layer, and then torn off of the surface while measuring the necessary pulling force. The 

effect of firing (firing temperature, firing time) interacting with the steel substrate on the 

enamel adhesion to the two examined steels was investigated. The survey results are 

used to achieve not only a high strength enameled component, but also to ensure high 

enamel adhesion that meets the users’ requirements. 

1. Motivation for light-weight construction 

A main argument for light-weight construction is the saving of resources both in the 

manufacture of the product as well as in its use. In comparison to conventional steel 

grades, high-strength steels allow for a reduction of sheet thicknesses while assuring 

the same component properties. In the field of enameled components, several benefits 

may derive. In addition to the reduced material requirements, these include an improved 

energy and resource usage, e.g. through the use of heat exchanger tubes and sheets 

with reduced thickness, but also simplified transport, handling and assembly of 

components and devices. In this context, the use of high-strength steels for innovative 

lightweight applications in the field of enameling applications appears reasonable.   
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2. Change of steel properties during heat treatment 

From the perspective of enameling applications, the use of conventional high-strength 

steels seems questionable because the mechanical properties of most of these steels 

are ensured by thermomechanical treatment during hot rolling and/or final annealing 

processes. The enamel firing, at temperatures above 850°C, results in a softening of the 

microstructure and a reduction of strength of these steels, which is significantly more 

pronounced than in normalized rolled steels [1]. This trend becomes stronger with an 

increasing initial strength level. With multiple firing this trend worsens, so that the 

material loses strength steadily. Regarding enameling applications, this illustrates a 

demand for steels with high strength after enamel firing.  

To take advantage of light-weight construction in the area of enameling applications, a 

series of innovative air-hardenable steels (LH® steels for common applications and EH 

for enameling needs) have been developed, which combine excellent formability in the 

soft-delivered state, with high strength after heat treatment comprising of heating up into 

the austenitic region followed by relatively slow cooling (e.g. analogous to enameling). 

These steels are distinguished by the fact that they not only don’t lose strength after 

such a heat treatment, but even gain strength due to the air-hardening effect. As shown 

in Fig. 1, the achievable mechanical properties of EH800 depend on the heating 

conditions such as temperature (820°C or 870°C) and furnace holding time (4 min or 7 

min). For comparison, the results for the soft-delivered state are given as V1. 

 

Fig. 1:  Tensile test results for EH800 after enameling with different heating conditions 

Compared to the delivery condition, after enameling with firing temperatures of 820°C, 

yield strength (YS) and tensile strength (TS) values increase by approx. 50 %, and with 

firing temperatures of 870°C even by up to 100 %.  This occurs due to more γ-Fe being 
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formed at higher temperatures which promotes the formation of a martensitic or bainitic 

steel structure and therefore higher strength. Time has the same, however, smaller 

impact as the above mentioned firing temperature. Higher firing time gives the structure 

more time to form austenite. Due to the fact that this is a steel microalloyed with Ti and 

V, the possibility of strengthening through precipitation of Ti and V carbonitrides is 

another domain. With an increase in time the harder precipitations can distribute 

themselves subtly thus creating a stronger microstructure. In general, a raise in 

temperature and/or time decreases the ductility and fracture strain of the material. 

The typical mechanical characteristics of the air-hardenable enameling steel EH800 

before and after enameling are: 

As-delivered: YS: 280 - 400 MPa TS: 450 - 570 MPa     El: 24 - 30 % 

After enameling: YS: 500 - 650 MPa TS: 700 - 900 MPa     El: 15 - 23 % 

3. Enamelability of air-hardening steel EH800 

Among the basic requirements of a good enamelability of steel sheets is a resistance to 

the formation of “fish scale” defects, caused by an excessive quantity of hydrogen at the 

interface steel/enamel. The excellent fish-scale resistance of EH800, even in double-

side enameling of hot-rolled sheets, has already been reported on in a former paper [1].  

The primary cause of this is the increased content of precipitation products in the form 

of titanium and/or vanadium carbonitrides in the microstructure of the steel, effectively 

serving as hydrogen traps. 

The enamel adhesion on EH800 is comparable to conventional enameling type 

DC04EK, if appropriate pre-treatment is provided. Nevertheless, in a few cases of 

industrial tests, an insufficient enamel adhesion was noted. Therefore, a research 

program to investigate the fundamental factors influencing the enamel adhesion on 

EH800 sheets was started in co-operation with the Monash University, Australia. The 

main results of the tests are summarized in the following sections. 

4. Investigation of enamel adherence 

The basic idea of this research program was to observe processes and phenomena 

within the  enamel and steel and link changes to specific manufacturing parameters as 

well as  macroscopic properties (in essence adhesion). 

The examinations were performed with the variation of the following parameters: 

• Steel quality  - EH800 and DC04EK as comparative material 

• Firing temperature - 820°C or 870°C 
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• Firing time  - 4 min or 7 min 

• Type of enamel frit - direct-on white test enamel based on the Ferro 17206 

   frit, or boiler direct frit Ferro G 292 

 

Two identical 100 mm x 100 mm plates were made for every possible parameter 

constellation as well as the separate tensile test samples.   

The specific features of the interface between steel and enamel were examined by 

microscopy and SEM.  

Optical Microscopy 

The aim of the optical microscopy examinations was to distinguish obvious 

characteristics at the steel-enamel boundary layer and point out their development with 

respect to the used manufacturing parameters. Considering the results, some 

observation classifications that have potential impact on adhesion properties were 

made:   

• Wideness of intermediate layer 

• Stick shaped titanium oxide crystals when using direct-on white enamel 

• Steel surface/roughness 

Wideness of intermediate layer 

The dimensions of the intermediate layer were defined as the distance between the 

steel surface and the point where the homogeneous enamel starts. Temperature seems 

to have a strong impact on the wideness of intermediate layer. Wideness increases with 

temperature for EH800 and it decreases for DC04EK by rather similar magnitude. The 

tendency of increase in wideness is also visible for the effect of longer times on EH800, 

however the impact is significantly smaller and seems to decline steadily.  

 

Titanium oxide crystals 

When using direct-on white enamel, the formation of stick shaped FeTiO3 crystals on 

steel surfaces was observed. In general, both steels show the clear tendency to reduce 

the total amount of Ti-crystals with a rise in temperature and time, whereas, longer 

times have a much lighter but still recognizable impact.  

 

Steel Surface 

The steel surface itself has a significant impact on adhesion properties. Mechanisms 

like mechanical gearing, amount of chemical bonds, or electrostatic attractions are 
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linked to the surface properties of the parent metal. Specifically in terms of mechanical 

gearing, the roughness of the surface is a meaningful criterion. More surface per 

examination width causes an obvious increase in all of the mentioned characteristics, so 

therefore a simple measurement of the 2-D surface length is representative. This length, 

L, divided by the wideness of the examined image, B, displays a universal comparable 

relation. L was established by examining 6 images per parameter configuration using a 

map distance reader. 

Surface roughness of EH800 with the test enamel remains constant throughout the 

changes in parameters and constantly has the lowest ratio for all combinations of steel 

and enamel. Roughness for EH800 with the boiler enamel increases with temperature. 

The same applies for a longer firing time at 820°C but the ratio declines for longer times 

at 870°C. However, it still has a higher ratio than at 820°C and 4 min. In general, 

DC04EK has a higher surface roughness than EH800. Here also, L/B increases with 

temperature.  

 

Fig. 2:  Different phenomenological behaviors at the steel-enamel interface (100x) 

Top left: Detachment of nickel coating (EH800, test enamel, 820° C, 4 min);  
Top right: Much more rugged detachment of steel surface (EH800, boiler enamel, 870° C, 7 
min);  
Bottom left: Only slight detachment of nickel coating with a tendency of dissolving (DC04EK, 
test enamel, 820°C, 4 min); 
Bottom right: Dissolving of steel surface and visible minor steel particles (DC04EK, boiler 
enamel, 870°C, 7 min) 
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The steels also show different phenomenological behaviors at the steel-enamel 

interface: either a continuous detachment, or dissolving of the outer layer. In essence, 

the different types of surface processes are induced by the choice of steel and enamel 

and not by the experimental parameters. However, the magnitude of these 

phenomena may be influenced by such (i.e. dissolving of steel for DC04EK with boiler 

enamel).  

EH800 has the strong tendency to separately detach its nickel coating (EH800, test 

enamel) as an "island chain" and "release" it into the enamel or where no nickel is 

applied, into the outer steel layer, Fig. 2 Top. This outer steel layer, however, is much 

more rugged and consists of many more (especially smaller) components. Sporadically, 

there are areas of dissolution which is also a strong distinction to the nickel coating. A 

general overview of all EH800 with boiler enamel images shows no obvious effect of 

temperature or time on either magnitude or distance of detachment.  

DC04EK shows a severe "acid-like" dissolving of the surface. Even the nickel coated 

test enamel samples only show a minor (if at all) detachment of the nickel layer. 

SEM 

SEM was conducted on EH800 steel with both enamel types. The aim here was 

principally to get clarification on chemical compositions. The most important procedure 

was the usage of linescans throughout the different characteristic zones of the 

composite material.  

Main components of the intermediate layer are Fe, O, Si and C. The most important 

result as given in Fig. 3 and Fig. 4, is that the globular particles of boiler enamel 

samples are iron-based and in addition contain Si, O and C.  
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Fig. 3:  Display of boiler enamel linescan with tagged characteristic components 
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Fig. 4:  Chemical composition of globular crystals (brown) and boiler enamel (red) 

 

Adhesion Tests 

The aim of adhesion tests is to receive a quantitative magnitude of mechanical 

adhesion of the enamel on the steel surface. First thoughts were given to a 

standardized drop test (prEN 10209:2010). This delivers results based on an optical 

comparison and categorization in adhesion classes of 1 - 5. Due to a high error potential 

and the fact that a significant amount of results were nonevaluative, a specially 

constructed device was built. After considering the pros and cons of other adhesion 

testing methods the Pull Test was chosen as a basis for examinations and the final 

device is presented in Fig. 5. It is attached to a conventional tensile test machine and 

the replaceable rods are glued to the samples and pulled off vertically. 'Ultra Bond 100' 

manufactured by 'Dr. Karlis Gross’ was used as the adhesive. It and the connected 

sample were heat-treated at 150°C for 90 min. Test velocity was a constant 0.25 

mm/min. The results of this test are tension values representing the adhesion 

characteristics that are relative to each other. A total of 4 tests per parameter 

configuration were conducted. As an example of the scattering of the measured results 

within one parameter configuration, this compilation is given in Fig. 6 for the 

combination EH800 steel and boiler enamel. 
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 Fig. 5:  Sketch of self designed adhesion pull test  

 

Fig. 6 shows that vertically tearing off the enamel mostly deviates from the expected 

stiff elastic tensile test behavior. Because of the brittle properties of enamel, a steady 

straight slope with a rapid tension plunge right after maximum tension  was anticipated 

but due to the presumed inequalities with the adhesion of the adhesive, and resulting 

moments (shearing) linked to the device and sample geometry (deformed after previous 

drop tests) results are different. One can recognize the frequent non-linear rises in 

tension (probably, the plasticity of the adhesive) and often local tension dips and rises 

(cant/jamming/shearing) that result in severe variations of the graphs within one 

parameter configuration. Another distinction is the fluctuation of qualitative pull distance 

(x-axis), which is also likely a result of the elastic properties of the adhesive. An 

examination of the standard deviation suggests that these results should be interpreted 

with caution. In addition as already mentioned, the actual enamel detachment staggers 

strongly as well. 
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Fig. 6:  Compilation of the different results for each parameter constellation with EH800 steel and 
 boiler enamel 

  

Despite the mentioned experimental criticism, thoroughness of detachment has a 

strikingly clear tendency.  It is clearly effected by steel-enamel combination and not by 

the used parameters. Also, the more the enamel detaches thoroughly, the less of a 

scattering of the individual values is observed (Tab. 1). The tendency that the tensile 

samples with higher detachment thoroughness also have higher maximum stress 

values within the same parameter configuration, seldom if never applies. Samples with 

the same rating also do not have similar values. Issuing factors for the maximum stress 

values considering their validity is therefore futile.  
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Parameters Sample Max. Stress Mean Max. Stress Rating Mean Rating

LH800 1 1 1,00 4

820° C, 4 min. 1 1 b 0,53 4,5

Testenamel 1 2 3,36 2

1 2 b 0,63 5

LH800 1 3 1,41 4

820° C, 7 min. 1 3 b 2,07 5

Testenamel 1 4 2,45 2,5

1 4 b 1,34 2,5

LH800 1 5 1,07 2,5

870° C, 4 min. 1 5 b 1,65 4

Testenamel 1 6 1,01 4

1 6 b 2,29 2

LH800 1 7 2,68 1,5

870° C, 7 min. 1 7 b 1,88 5

Testenamel 1 8 1,14 4

1 8 b 2,22 5

LH800 1 9 0,48 2,5

820° C, 4 min. 1 9 b 0,55 1,5

Boilerenamel 1 10 1,68 2,5

1 10 b 2,28 4,5

LH800 1 11 2,24 2,5

820° C, 7 min. 1 11 b 1,27 2,5

Boilerenamel 1 12 0,94 3

1 12 b 1,09 4,5

LH800 1 13 1,35 3

870° C, 4 min. 1 13 b 1,60 5

Boilerenamel 1 14 2,03 2,5

1 14 b 1,95 3,5

LH800 1 15 1,33 3

870° C, 7 min. 1 15 b 2,99 3,5

Boilerenamel 1 16 3,35 1,5

1 16 b 2,79 3,5

1,73

1,38

1,82

1,50

1,98

1,25

1,39

2,61

3,88

3,50

3,13

3,88

2,75

3,13

3,50

2,88

Parameters Sample Max. Stress Mean Max. Stress Rating Mean Rating

DC04EK 2 1 2,16 2,5

820° C, 4 min. 2 1 b 0,34 2,5

Testenamel 2 2 1,02 1,5

2 2 b 0,86 2,5

DC04EK 2 3 1,27 1,5

820° C, 7 min. 2 3 b 2,12 3

Testenamel 2 4 0,62 3

2 4 b 1,18 3,5

DC04EK 2 5 1,61 2

870° C, 4 min. 2 5 b 1,55 2,5

Testenamel 2 6 0,68 2

2 6 b 1,90 4

DC04EK 2 7 1,28 1

870° C, 7 min. 2 7 b 2,03 2,5

Testenamel 2 8 0,86 2

2 8 b 1,27 3

DC04EK 2 9 1,06 1,5

820° C, 4 min. 2 9 b 0,64 1,5

Boilerenamel 2 10 0,09 1,5

2 10 b 1,57 1

DC04EK 2 11 0,63 1,5

820° C, 7 min. 2 11 b 0,65 1,5

Boilerenamel 2 12 0,48 1,5

2 12 b 1,81 1

DC04EK 2 13 0,77 1

870° C, 4 min. 2 13 b 0,41 1,5

Boilerenamel 2 14 0,75 1

2 14 b 0,19 1,5

DC04EK 2 15 0,91 1

870° C, 7 min. 2 15 b 1,26 1,5

Boilerenamel 2 16 0,52 1,5

2 16 b 0,82 1,5

0,84

0,89

1,09

1,30

1,44

1,36

0,88

0,53

1,38

1,38

1,38

2,25

2,75

2,63

2,13

1,25

 

Tab. 1:   Measured values of maximum stress for tearing off the enamel and rating for thoroughness of 
 enamel detachment from steel (1 = very good, 5 = very bad) 

 

Despite these variations, the mean values of the maximum withdrawal stresses were 

determined for each parameter constellation (Fig. 7).  

 

 

Fig. 7:  Overview of mean maximum stress for adhesion tests for all steel and enamel types and 
 parameter configurations 
 

A comparison of these averages for the various parameter combinations with the 

adhesion ranking values previously determined in the drop tests, provides a more 

meaningful picture (see Fig. 8). It clearly demonstrates that samples with thorough 

enamel separation (higher rating = poor enamel adhesion) have higher mean values of 

the maximum withdrawal tension. The only real point of discontinuity in this graph is 
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'EH800, boiler enamel, 870° C, 7 min.' which in addition also has the most outstanding 

adhesion properties. 

 

 

Fig. 8:  Correlation between thoroughness of enamel detachment (rating) and adhesion strength (lighter 
color means better rating, darker means worse) 

 

Based on the experiences made with this self-made test type, the test has the potential 

to deliver representative adhesion results. Despite the strong scattering of results, this 

test still has a substantial regularity and significance considering this research. 

However, the following ideas for improvement are recommended:   

• use of completely flat samples (not pre-used drop test samples) to prevent 

unwanted  shearing or moments, 

• use of the strongest adhesive possible with a similar Young's Modulus as enamel 

to  prevent different elastic behaviors during the test, 

• if possible applying additional pressure to samples or using adhesives that do not 

require this. 

Correlation of Individual Results 

Since all parameter constellations gave representative results concerning the 

microstructure of the steel/enamel interface and the adhesive strength of the enamel, 

possible correlations between the single most important results of these studies were 

examined. 
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The analysis reveals that generally, adhesion increases with higher surface 

roughness. Similar combinations of steel and enamel show an obvious arrangement in 

groups, while the positioning within these combinations varies. 

Further, a raise of temperature and holding time always results in an increase of 

adhesion (similar magnitude) for the EH800 steel.  

The width of the transition layer between steel and enamel, and the occurrence of the 

mentioned titanium oxide crystals then using direct-on white test enamel, have no 

impact on the adhesion strength of enamel on steel, wherein the adhesive strength of 

the direct-on white enamel was generally worse than that of the boiler emails. 

5. Conclusion 

For lightweight construction in enameling applications, innovative air-hardenable steel 

with excellent formability in the soft-delivered state and high strength after a relatively 

slow cooling from the austenite region was developed and investigated regarding 

enamel adhesion. First, the enamel adhesion was determined in drop tests according to 

EN 10209. In a second step, a new experimental apparatus for testing the email 

adhesion by measuring the withdrawal stress was developed and tested. The study 

results show the complexity and variety of factors influencing the email adhesion on the 

steel surface. The main results can be summarized as follows: 

1) The combination steel-adhesive-enamel only in several cases (and even here only 

approximately) behaves like an ideal brittle material. 

2) Scattering of adhesion test results is rather extreme (mean standard deviation ≈ 50 

%), however mean adhesion results can successfully be linked to certain examination 

results. 

3) Improved enamel adhesion is not associated with higher maximum withdrawal stress 

of the enamel from the steel surface in the pull-test. 

4) A raise in temperature and furnace holding time consistently improves enamel 

adhesion on EH800 steel. 

5) With increasing roughness of the steel surface the enamel adhesion improves. 

6) Wideness of intermediate layer shows no general correlation with adhesive strength.  

7) The new test type has potential but improvements have to be made to ensure the 

credibility of the results. 

The enamel adhesion on EH800 is comparable to conventional enameling type 

DC04EK, if appropriate pre-treatment is provided. Promising areas of application for 

high-strength, enameled components made of air-hardenable steel appear to be in the 
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manufacture of tanks and silos for farming or biogas plants, or production of heat 

exchangers and water heaters. Here, the strength increase enables a sheet thickness 

reduction of up to 40%, combined with an enormous weight reduction effect.  
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