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Abstract. Spallation of oxide scale was analyzed by finite element simulations. Three factors contributing to the 

interface fracture, i.e., thermal expansion mismatch, stress relaxation and the geometry of interface, were 

investigated. Particularly, stresses near interface were analyzed. Thermal and mechanical properties of substrate and 

oxide scale were measured, and the fracture property of the interface to describe the spallation behavior was inversely 

determined by the scratch analysis. The effects of the interface geometry and residual stress induced during the hot 

rolling process on the spallation behavior were analyzed using the normal and shear stress at the interface. 

1 Introduction 

The spallation of oxide scale has been primarily regarded 

as a result from the interfacial fracture between substrate 
and oxide scale. There have been previous investigations 

to discover the spallation mechanism, which usually 

focused on the normal stress development at the interface 

between the substrate and scale [1]. The objective of this 

work is to study the effect of oxide properties such as the 

thickness of oxide scale and the geometry of interface on 

the spallation behaviour. For this purpose, detailed stress 

analysis was made near the interface by varying the 
interface profiles. A typical interface profile is shown in 

Fig.1. Moreover, the effect of the thermal expansion 

mismatch, stress relaxation during cooling [2] and the 

growth stress induced in the thermally grown oxide were 

also investigated by the numerical method. 

 

Figure 1. An interface between substrate and oxide scale, and 
its simplification by period and amplitude. 

2 Mechanical and thermal properties 

A low carbon steel was considered in this study. The 

elastic modulus of the base steel was measured by tensile 

tests from room temperature (RT) to 1000 °C. The 
Young’s modulus of oxide scale mainly consisting of the 

magnetite (Fe3O4) at RT was estimated by Berkovich 

nano indentation and Oliver & Pharr method [1, 3]. 

Thermal properties such as thermal expansion coefficient, 

specific heat and thermal conductivity of the low carbon 
steel and the scale were obtained by either measurement 

or from literature. The fracture property of the interface 

was inversely determined from the coupled analysis 

between the scratch experiment and corresponding FE 

simulation [4, 5]. The details of the inverse identification 

are omitted here. Growth stress in the scale was 

numerically calculated following the procedure in the 

previous literature [6, 7]. 

3 Result and Discussion 

Stress distributions at the oxide scale/steel substrate 

interface were investigated by simulating a four point 

bending test [1]. Preliminary study showed that highest 

normal traction in tensile sense was calculated at the 

“peak”, while the highest shear traction was observed 

between the “peak” and “valley”. The parametric analysis 
on the roughness with different periods (100, 200, 400 

m) and amplitudes (10, 20, 40 m) are shown in Fig.2.  
In this figure, the tractions normal to the interface and 

shear tractions were calculated at the peak position of 

interface profiles.  Both the cases with and without 

considering residual stress effect were included in this 

figure. The case with residual stress effect means that the 

simulation considered the effect of the thermal history 

from 1000°C to RT in hot rolling process and the effect 
of thermal expansion mismatch between substrate and 

scale during cooling. The figures show that larger normal 

tractions were calculated, which contributes to the more 

spallation, as the amplitude and period of the interface 

increase. Since the shear stress also played a significant 

role for the spallation, the stress components between 

peak and valley region; i.e., Max shear region, were also 
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calculated in Fig.3. The figures show that larger shear 

tractions were estimated as the amplitude of the interface 

increases or period decreases. Thought not very 

significant the case with considering the residual stress 

after cooling increases the tensile normal traction at the 

“Peak” and the absolute value of shear stress at the “Max. 

Shear” region of the interface. 

 

Figure 2. Effect of interface amplitude and period on the normal stress values at the peak region. 

 
 

Figure 3. Effect of interface amplitude and period on the shear stress values at the maximum shear region.

4 Summary 

The spallation of the oxide scale in the low carbon steel 

during bending could be analysed by investigating the 

stress distributions near the oxide scale/steel substrate 

interface. The finite element simulations showed the 

effect of the interface profiles on the development of 

normal and shear tractions which might be a virtual 
measurement for the spallation mechanism.  Also, the 

detailed thermal history and residual stress developed 

during the hot rolling process were included in the 

simulation, which increased the major stress components; 

i.e., tensile normal traction and shear stress at the 

interface. 
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