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Abstract  When an enamelled steel part is cooled down after firing, residual stresses are induced due to the 
difference in thermal dilatation between the enamel and the steel grade. These thermal stresses can give rise to 
buckling and warping of enamelled steel parts. Especially slender designs, like baking trays (household appliance) or 
flat architectural panels (building industry) are prone to these problems. Here, a finite element model is presented to 
predict these phenomena and, correspondingly, derive some guidelines to avoid thermal warping and buckling in 
enamelled steel parts. 
 
First, an enamelled cantilever beam is studied, and the calculated stress distribution is compared with the traditional 
Timoshenko thermostat theory. The assumptions of the finite element model are validated by performing 
experimental Klotz tests. 
 
Then, this model is applied to simulate real-scale enamelled steel parts. Two case studies are considered: a warped 
baking tray, and a flat architectural panel, where buckling occurs after enamelling. It is shown that finite element 
simulations can predict these distortions, and can be used to derive design guidelines for enamelled steel parts.  
 
Stress development in steel/enamel composite systems 
 
When firing an enamel, the steel/enamel composite system is subjected to a typical temperature 
cycle like the one shown in Fig. 1: 
 
• The enamel may be applied either as a wet slurry or dry powder onto the degreased sample. 

The enamel layer will fuse at a relatively low temperature in the firing cycle, and start to seal the 
surface of the metal (to retard oxidation). The viscous enamel layer flows to form a uniform film 
on the metal substrate. 

 
• During the heating of the steel/enamel combination, the system is not under stress up to the 

point of peak fire, which is typically around 850°C. 
 
• As the fused glass and metal start to cool, the different thermal expansions of the enamel and 

the steel now become important in developing the characteristics of the fired part. The steel 
expands and contracts at an almost uniform rate within the range of firing. The enamel, 
however, will have different expansion and contraction rates as compared to the steel, like 
explained in Fig. 2.  

• From the dilatometric softening point TE to the glass transition temperature TG, the enamel has a 
higher thermal expansion than the steel. At the dilatometric softening point, the enamel is very 
soft, and any stresses are immediately relieved. However, as the enamel cools, it becomes 

338



 

Numerical Simulation of Thermal Warping
and Buckling in Enamelled Steel Parts

more viscous (stiffer), and the ability to relieve stresses decreases significantly. Moreover, the 
viscosity will rise to such a level that the enamel can be treated as a solid.  

 
• Hence, at high temperatures (typically between~600°C and~350°C), the (viscous) enamel layer 

is under a tensile stress state. 
 
• Any steel/enamel composite system exhibits a neutral temperature TN, where there is no 

difference between thermal dilatation of steel and enamel. Thus, there are no thermal stresses 
in the system at the neutral temperature (in most cases around ~350°C, depending on the 
enamel composition). 

 
• Between neutral temperature (~350°C) and room temperature (~20°C), the steel wants to shrink 

faster than the enamel. As a result, the enamel layer is under compressive stresses at room 
temperature, and the composite beam buckles in the direction of the enamel.  

 
 

 
Fig. 1  Schematic full firing cycle showing stress development in the enamel layer 

 
 

Hence, thermal warping and buckling issues are triggered by the stresses induced upon cooling from 
neutral temperature to room temperature. As seen on Fig. 3, the composite beam buckles in the 
direction of the enamel layer at room temperature. However, the enamel is still under a compressive 
stress state! The residual stresses are determined incrementally upon cooling by invoking the 
following analytical logic for each temperature increment [1]: 
 
• There are no residual stresses at the neutral temperature. 
• Steel and enamel experience an unconstrained differential shrinkage, where steel wants to 

shrink faster.  
• To achieve displacement compatibility at the interface, uniform tensile and compressive stresses 

are imposed on the steel and the enamel respectively. 
• Finally, bending is allowed to occur, in order to balance the bending moment induced by the 

asymmetric stresses in the previous situation. 
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Fig. 2  Difference in thermal dilatation between steel and enamel 

 
 

 
Fig. 3  Stress development during cooling from neutral to room temperature 

 
 
Calculating thermal deflection with Timoshenko bimetal theory 
The thermal deflection of an enamelled cantilever steel sample can be calculated with the traditional 
Timoshenko bimetal thermostat theory [2]. The radius of curvature ρ for a cantilever beam with 
length L is connected with the tangential deflection 
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Hence, with the conventions of Fig. 4, and after some algebraic manipulations [2], the thermal 
deflection at temperature T can be written as 
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where TN is the neutral temperature, αs - αe is the difference between the thermal coefficients of 
steel (s) and enamel (e), H = he + hs is the total height, and 
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is a function of the dimensionless stiffness 
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and the relative enamel thickness 
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Thus, the thermal deflection δ(T) is linearly dependent on the temperature drop (T – TN), and the 
difference in dilatation (αs - αe) between the steel and the enamel. While the influence of the stiffness 
ratio n is not pronounced (n ≈ 1/3, which can hardly be engineered), the relative enamel thickness m 
is very important, especially for 0 < m < 0.3 (see Fig. 5). 
 
The resulting through-thickness stress distribution shows a superposition (Fig. 4) of 
• the uniform compressive stress in the enamel 
• the uniform tensile stress in the steel substrate 
• the linear bending stresses, intersecting the neutral fibre 

 
and the corresponding compressive stress state in the enamel layer is given by [3] 
 

( ) zE
L

z ee 2max
2δσσ −=  

 
where 

( )
( )mnm

mnmEh
L ee +

++
=

13
431

2

2

2max
δσ  

 
is the maximum compressive stress at the enamel interface. Note that this value for σmax is, again, 
highly dependent on the relative enamel thickness m.  
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Fig. 4  Stress distribution in steel/enamel system at room temperature 

 

 
Fig. 5  Influence of relative enamel thickness on thermal deflection 

 
Finite element simulation of Klotz test 
In order to predict thermal warping, a simple Klotz test is simulated first. In this procedure, an 
enamelled steel sample is heated by an electric current, and the resulting thermal deflection is 
measured with an inductive displacement sensor, while the temperature is monitored with an 
infrared pyrometer. This accelerated test method gives, within less than 15 minutes after enamelling, 
a summary of the complex physical properties of the steel/enamel composite system. The measured 
parameters comprise the various typical temperatures (i.e. TG, TN and TE), and the deflection values 
are directly related to the enamel stresses. Based on these parameters, the quality of an enamelled 
system can be judged. 
 
In our thermomechanical model, the composite shell theory was applied for a specific set of enamel 
properties, with 
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• temperature dependent sitffnesses Ee(T) and Es(T) 
• dilatometric data for αe(T) and αs(T) 
• neutral temperature TN = 350°C as initial condition 
• steel substrate thickness hs = 1.5 mm 
• total enamel layer thickness he = 0.3 mm 

 
Fig. 6 shows that the simulated deflection of the specimen is in very good agreement with the 
experimental data, and one can observe that 
• the simulation/experiment starts with an enamelled (and buckled) specimen 
• he compressive stress state at room temperature is very well predicted 
• the simulated curve exhibits some overshoot at higher temperatures, where thermal dilatation 

measurements are most difficult 
 

 
Fig. 6  Comparison between experimental and simulated Klotz test deflection 

 
 
Numerical prediction of thermal warping and buckling 
The validated finite element model can be applied to simulate real-scale enamelled steel parts, 
especially to predict 
 
• thermal buckling, which is a stable deformation mode, related to the difference in thermal 

expansion between steel and enamel. This process is basically governed by the same 
mechanism as the steel/enamel cantilever beam. Uniform buckling (in the direction of the 
enamel layer) can never be avoided, since αe < αs for T < TN. 

• thermal warping, which is an unstable deformation mode, connected with the frequency 
response of the enamelled part. Modal analysis leads to the belief that unstable collapse might 
occur under thermal loading. This might explain why asymmetric warping is observed after 
enamelling. 
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Fig. 7  Thermal buckling and warping in enamelled steel parts 

 
Fig. 7 shows the simulation of thermal buckling (for a hob-top) and thermal warping (of a baking tray) 
for household appliances. Especially slender designs, with a low sheet thickness, are prone to these 
distortions. For instance, when a flat architectural panel moves through an enamelling furnace (Fig. 
8), buckling can hardly be avoided [4]. Nonetheless, we now have both analytical and numerical 
tools to simulate and predict these problems. This allows us to derive design guidelines for 
enamelled steel parts. 

 

 
 

Fig. 8  Distortion of flat architectural panels after enamelling 
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