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Abstract 

In industry adherence of enamel on cast iron substrates is frequently tested by indirect 
methods such as the impact of a sharp steel cone. Another test requires bulging of the 
substrate and evaluation of the de-enamelled surface fraction (see EEA handbook and EN 
10209 Annex D, 1996) In the case of cast iron the requirements of the impact test can not met 
due to poor plastic deformation of the substrate. Other methods used in industry are 
individually developed and not given by any standard. Thus, they can serve only as in-house 
reference of the enameller. To fill the gap this study aims to establish a pull-off test, which 
can eliminate uncertainties of individual testing regimes and evaluation procedures. The test is 
based on pulling-off glued screw heads from the enamelled cast iron. Fracture surface, i.e. the 
zone of crack propagation, rather than the pull-off tensile stress (strength) was found to 
determine adherence of enamel on cast iron. Specifically, test specimen, which were prepared 
by enamelling cast iron of globular (GJS) and lamellar (GJL) graphite structure under 
different firing conditions and classified as “too low”, “well” and “too high” on basis of 
colour generation, showed within the statistic average the same pull-off stress. In contrast to 
the ambiguous situation of pull-off stresses, analyses of the fracture surface revealed 3 
characteristic failure events: 
a) The crack propagates through the enamel coat as tensile stresses exceed the practical glass 
strength. Latter is determined by size and distribution of internal flaws (bubbles, crystalline 
relicts) as well as surficial micro-cracks.  
b) The crack propagates through the zone of diffused iron ions between enamel coat and 
interlayer. 
c) The crack propagates through the interlayer, i.e. the interface between cast iron and Fe ion 
diffusion zone. This fracture behaviour is characteristic for the adherence of the enamel-metal 
composite since it leaves a bare metal surface behind.  
Post-mortem inspection of the pull-off surfaces revealed that in all cases fracture was initiated 
at the surface of the enamel coat close to the rim of the screw head, where critical tensile 
stresses at pre-existing surficial or near-surface flaws were accumulated. Therefore, measured 
pull-off stresses reflected the enamel tensile strength (= practical glass strength) and not the 
adherence of the enamel-metal composite. Crack propagation through the enamel coat, the Fe 
ion diffusion zone or the interlayer indicated if enamel tensile strength was lower (a and b) or 
higher (c) than the adhesion strength of enamel on cast iron. 
Applicability of the presented pull-off test in enamel industry is provided since the fraction of 
bare metal surface can be visually determined. Using a regime of 30 screws (head surface 1.1 
cm² each on a 100 cm²) enamelled cast iron plate a failure criterion was proposed, i.e. the 
averaged fraction of bare metal surface should not exceed 3 % of the total fracture surface. 
 
 
1. Introduction 

Impact tests were standardized for enamelled steel sheets but used frequently in industry to 
evaluate the adherence of enamel on cast iron. These tests suffer from the disadvantage that 
the required bulging of the metal sheet can not be met by most cast iron substrates. Thus, the 
generation of shear stresses parallel to the enamelled surface is limited. Recently, pull-off 
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tests, which are used in lacquer production to determine the adhesion strength of polymer 
coats on metal substrates, are receiving significant attention in enamel industry. Preliminary 
tests indicated, however, an apparent low sensitivity of this method if exclusively pull-off 
stresses were evaluated. In the present study we report therefore on a modified set-up for 
pulling-off screw heads from the enamelled surface. Besides pull-off stress, fracture surface 
and crack propagation were taken into account. Cast iron qualities and enamelling conditions 
were varied to gain insights in parameters, which governs adherence of enamel on cast iron. 
 
 
2. Experimental 

The set-up of a simple screw head pull-off test was adopted from industry (Ferro Techniek 
BV, 10/2008, lab. report) but modified with respect to force-control using a material testing 
machine (Instron GmbH, Pfungstadt, Germany) and a gimbal-mounted central clamp to 
ensure vertical pulling direction of the glued screw head (Fig. 1). 
 

 
 

Fig. 1: Set-up of the pull-off test 
 
Test specimen were prepared by gluing heads (corundum blasted) of commercial stainless 
steel screws (M8/10 of cap size 12 mm) using a two-component adhesive (Araldite AV 2011) 
on enamelled cast iron plates (10 cm x 10 cm). Curing of the adhesive was performed at 
150°C for 45 min. Plates of cast iron of globular (GJS) and lamellar (GJL) graphite 
microstructure were previously enamelled in an electrically heated furnace using a 
commercial blue direct enamel (Wendel GmbH, Dillenburg, Germany). Enamelling 
parameters were changed (viscosity and spraying pressure of slicker) in order to vary the 
thickness of the enamel in the range from 250 to 450 µm. Cast iron substrates were pre-
treated by blasting with steel shot or polished using SiC to vary roughness in the range from 3 
to 18 μm (Ra). Finally, firing conditions were changed in the range from 690 to 740 °C 
(laboratory furnace, 6 series in 10 K steps, dwelling of 15 minutes) and at peak temperatures 
of 680, 700, 720 and 740°C (enamel industry, 15-21 minutes), which resulted in enamelled 
plates classified on basis of colour generation as “too low”, “well” and “too high” fired for 
light, regular and dark blue taint, respectively.  
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3. Results and discussion 
3.1 Microstructure 

Scanning electron microscopy (SEM) and chemical profiling by energy dispersive X-ray 
spectroscopy (EDX) of polished cross sections revealed the formation of two reaction layers: 
an interlayer of embedded iron precipitates (2-10 μm) and an iron ion diffusion zone (50 μm) 
between the metal surface and the bubble-bearing enamel coat (Fig. 2). 

 

 
 

Fig. 2: Cross section through enamelled cast iron (GJS). Lines: Fe (red) and Si (blue) 
concentration profiles (EDX). Layered texture of enamel coat (A), zone of diffused Fe-ions (B) 
and interlayer (C). 

 
The microstructure was found to be constant with respect to the sequence of interlayer and 
iron ions diffusion zone but was changed in formation and distribution of bubbles if fired too 
low, well and too high as displayed in Fig. 3.  

 

 
 

Fig. 3: Microstructure of enamel on cast iron (GJS) for different firing condition. Top left: 680-
15, top right: 700-21, bottom left: 720-15 and bottom right: 740-24 (°C-min). Insert: Enamel 
surface with two circular residuals of pulled-off screw heads. 
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3.2 Fractography 

Optical inspection of the fracture surface on enamelled plates after pulling-off screw heads 
showed that independent on firing conditions the crack propagate exclusively through the blue 
enamel coat and golden Fe-ion diffusion zone (Fig. 4).  
 

 
 

Fig. 4: Fracture surface of enamelled cast iron (GJS). Firing condition and microstructure as 
shown in Fig. 3. From left to right: 680-15, 700-21, 720-15 and 740-24 (°C-min). 

 
Roughness of the fracture surface was positively correlated with the size of bubbles in the 
enamel coat indicating crack propagation through the bubble structure (Fig. 5).  
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: 3D-laser scanning microscopic image of fracture surface. Left: 690-15, right: 730-15 
(°C-min)  

 
Characteristic fracture surfaces were identified for series of multiple changed parameters (pre-
treatment and type of GJS, slicker and firing condition). These surfaces reflect the layered 
texture of the enamel as the crack propagates predominately through the blue enamel coat 
(Fig. 6a), the golden Fe-ion diffusion zone (Fig. 6b) and the grey metallic interlayer (Fig. 6c). 

 

 
 

Fig. 6: Characteristic fracture surfaces for crack propagation predominately through A) 
enamel coat, B) Fe-ion diffusion zone and c) interlayer. 
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Crack initiation was located in all cases close to the rim of the screw head where tensile 
stresses exceed critical values. The origin of cracking was determined from retracing Wallner 
lines as shown in Fig. 7. 
 

 
 

Fig. 7: Representative fracture surfaces of pulled-off screw heads (diameter = 12 mm) showing 
remaining enamel, Wallner lines, mirror, mist and hackle. 

 
 
3.3 Strength (critical pull-off stress) 

Tensile strength of the enamelled cast iron was determined from the applied force to pull-off 
the glued screw head from the enamel surface. Using 30 screws each a distribution of pull-off 
stresses in the range from 10-30 MPa was determined. The range of pull-off stresses was 
unaffected by the enamel thickness, slicker parameter and firing condition. Analysis of the 
failure distribution revealed almost equal Weibull slope = 5  0.4 (Fig. 8). 

 
 
 

 
 
 

Fig. 8: Pull-off tensile stress as a function of enamel thickness (left) and Weibull plot of survival 
probability (right) for 3 series of enamelled cast iron (GJS) using different slicker viscosity and 
spraying pressure (pistol) of the coating process. Black square: viscosity high, 5 bar; red circle: 
viscosity moderate, 5 bar; blue diamond: viscosity low, 3 bar.  
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3.4 Failure criterion  

On basis of the results on strength and fractography two series of enamelled cast iron were 
opposed on one plate to demonstrate different adherence level (Fig. 9). The GJS substrate was 
blasted using steel shot (Ra = 18 m), while the left hand side was subsequently polished (SiC) 
to smooth surface again (Ra = 3 m). Firing of the plate was performed at 690°C for 15 
minutes (enamel thickness = 380  20 m). For this comparison only 15 screws per series 
were glued and pulled-off. Critical tensile stresses were found cover the same range with an 
average value of 13 MPa on the left hand side and 11 MPa on the right hand side of Fig. 9. In 
contrast to the ambiguous situation of pull-off stresses, analyses of the fracture surface 
revealed clear situation of the failure events. A considerable fraction (in average  23 %) of 
bare metal after pulling-off screw heads was observed, if enamelling on the smoothed surface 
was performed. In case of enamelling on the rough surface this fraction was absent (0 %). 
Assuming a low energy path of the crack, we concluded that for propagation through the 
interlayer (visible bare metal) less energy than in the enamel coat and Fe-diffusion layer is 
needed to create surface. Thus, we considered this event as characteristic for the adherence of 
the enamel on the metal substrate. 
 

 

 
 

Fig. 9: Fracture surface of two series of enamelled GJS cast iron. Fracture through the 
interlayer (bare metal, grey colour) occurred only on the left hand side of the plate indicating 
poor adherence of the enamel. 

 
From this failure event a criterion for adherence of the enamel on the cast iron substrate can 
be derived. In particular, for the regime of 30 screws (head surface 1.1 cm² each, on a 100 
cm² enamelled cast iron plate) we propose that the averaged fraction of bare metal surface 
should not exceed 3 % (which is in total 1 cm2). If one uses this criterion, the enamel on the 
left hand side of Fig. 9 will be considered as failure while the adherence of the enamel on the 
right hand side will be approved. 
 
 
4. Conclusion 
In contrast to the methods applied in industry for evaluating adherence of enamel on cast iron 
the pull-off test presented in this study assesses crack propagation through the layered texture 
of the metal coating. Three characteristic failure events were observed: a) the crack 
propagates through the enamel coat, b) the zone of diffused iron ions and c) the interlayer. 
Latter fracture event was found to be characteristic for the adherence of the enamel-metal 
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composite since it leaves a bare metal surface behind. Post-mortem inspection of the pull-off 
surfaces revealed that in all cases fracture was initiated at the surface of the enamel coat close 
to the rim of the screw head, where critical tensile stresses at pre-existing surficial or near-
surface flaws were accumulated. Therefore, measured pull-off stresses reflected the enamel 
tensile strength (= practical glass strength) and not the adherence of the enamel-metal 
composite. Crack propagation indicated if enamel tensile strength was lower (a and b) or 
higher (c) than the adhesion strength of enamel on cast iron. 
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