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Abstract. During hot rolling process, an oxide scale grows at the surface of steel slabs. To avoid 
surface defects such as embedded scale at the end of the finishing mill, descaling stands are 
added in the production line to remove it using high-pressure water jets. Different steel grades 
show different descaling capacities and final surface qualities, which may depend on 
composition through oxide and interface toughness. The idea of this study is to measure the latter 
using micro-indentation to feed thermomechanical models of the descaling process. After 
indentation, Focused Ion Beam (FIB) is employed to observe cracking and delamination of 
oxidized specimen and to calculate adhesion of oxide thanks to an analytical formula. The 
experimental study confirms that alloying elements have a strong influence on the adhesion of 
oxide film and suggests that difficult-to-descale grades are those showing a large scatter of 
interfacial toughness. In parallel, numerical finite element (FEM) simulations of indentation are 
carried out using Abaqus® to have a better understanding of cracking mechanism and 
delamination of oxide. 

1. Introduction 
During the hot rolling process, steel slabs are heated at high temperature (1200°C) to be made softer 
(reduction of the roll load), more deformable and to transform the improper casting microstructure. At 
high temperature, an oxide scale is produced on the surface of the slabs. For low carbon steel, it consists 
of three components: Wustite Fe1-xO (~90%) in contact with the steel, an intermediate layer of Magnetite 
Fe3O4 (~8%) and a thin layer at the surface (~2%) of Hematite Fe2O3. The percentage is given as an 
average indication but of course may vary depending on grades and the rolling parameters (speed, 
temperature…). Unfortunately, this thick scale (~100 µm at the entry of the finishing mill) induces some 
surface defects during rolling and it has to be removed. Some descaling stands are therefore added in 
the production line to remove it and to improve the surface quality of the final product. By sending 150 
bar-pressurized water on the scale, mechanical and thermal stresses make the oxide layer crack and spall.  
The work reported here is a part of an on-going study, which consists in designing and carrying out 
experiments at high temperature to understand the oxide scale behaviour during descaling. This includes 
characterization of both oxide and steel and their interface, which is essential to determine a stress-based 
fracture criterion relevant for the computation of descaling. Moreover at high temperature, oxide scale 
undergoes a ductile-brittle transition which has been reported in literature during hot rolling [1–4]. It is 
essential to identify this transition and measure oxide and interface properties below and above the 
transition temperature to optimize descaling process.   
Scratch testing is the standard way of estimating qualitatively the adhesion of coatings. Some attempts 
at high temperature scratch testing have been reported [5–9] but on the one hand they are complex to 
carry out and on the other hand, it is difficult to extract reliable quantitative toughness parameters. 
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Therefore, the project final aim is to implement a hot indentation test. Indentation is adapted to solicit 
oxide and its interface to active delamination mechanism, the one that is essential in descaling. Several 
models have been developed to evaluate adhesion of thin film on a substrate [10–16]. Recently, 
indentation tests at high temperature have been successfully carried out, overcoming technical 
difficulties (thermal drift, degradation of diamond indenter…) [17–20].  
In the present paper, Room Temperature (RT) indentation of pre-oxidized samples is carried out as a 
first step, to demonstrate the capability of the approach which combines: 
• indentation tests at different loads (i.e. indentation depth/oxide thickness ratios),  
• FIB cutting on indentation marks to investigate the diverse types of cracks, in particular to measure 

interfacial crack length, 
• Apply theoretical models to evaluate interfacial toughness from interfacial crack length. Both an 

analytical formula and FEM modelling with ABAQUS® are used for this purpose. 

2. Experimental procedure 

2.1. Controlled oxidation of low carbon steel  

Three grades are selected for this study:  Interstitial Free steel (IF), High Strength steel (HS) and a third 
grade called here N1. The last two are difficult to descale in production. In Table 1, percentages of C 
and Mn of each grade are presented (other elements are similar between them). Specimens have been 
manually polished with a SiC abrasive paper (granulometry 22 µm) and oxidized in a controlled 
atmosphere furnace at 650°C or 700°C. Different oxidation times and percentages of oxygen are selected 
to vary the thickness of oxide in the range 15 – 60 µm. For example, oxidation at 650°C for 410 s with 
air (20.9% of oxygen) forms a 26µm oxide thickness. 

Table 1 . Compositions of the 3 grades. 

Grades C% Mn% 

HS 0.078 0.435 
IF <0.002 0.088 
N1 0.117 0.558 

2.2. Indentation at room temperature  

A homemade apparatus intended for high temperature instrumented indentation is used, here at RT, in 
the 2 - 45N load range. A standard micro-indentation tester (Buehler) is also used from 0.05 to 5N. In 
both cases, RT indentations on pre-oxidized specimens are made using a Diamond Vickers indenter. 
Indentation tests are performed in 3 steps. First, a loading step to the desired force at an indention speed 
of 3 µm/s is realized. The load is then maintained for 10s before the final unloading (same speed than 
the loading step).  

2.3. Observations of indentation with SEM and FIB  

After indentation, multiple fractures are observed on the oxide surface, as observed using a Scanning 
Electron Microscopy (SEM, MAIA3, Tescan, see Fig. 1). In order to have information at the interface 
between steel and oxide, cross-sections are prepared using a plasma (Xe source) Focus Ion Beam (FIB) 
thanks to a FIB column mounted on a SEM (Tescan FERA3 dual beam microscope). Cross-sections are 
obtained in 3 milling steps. Cross-sections opening is performed at 30 kV and high current (2 µA). The 
resulting cross-section is then polished at 30 kV and a current intensity of 1 µA. Finally, the FIB current 
intensity is reduced down to 100 nA to refine the cross-section surface quality.   
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3. Results 

3.1. Fracture mechanism due to indentation   

In order to facilitate comparison between specimens of different thickness, a normalisation is done by 
dividing the penetration of indenter p by the oxide thickness t (p/t). Once indentation has been carried 
out, surface observations highlight “circular” cracks (Figure 1). All along the loading, more cracks 
appear periodically. For a given grade, and for a constant thickness, the critical force for the first 
superficial crack is 1N for the IF grade and it corresponds to p/t=0.1. As a reminder, when ratio p/t > 
0.1, results are more and more strongly influenced by the substrate. It indicates that fracture behaviour 
of oxide depends on substrate: for low force indentation, oxide is not fractured, as long as the substrate 
does not yield; when it does, it forces the whole oxide layer to bend under the indenter. With increasing 
load, the bending effect increases and other cracks form. Starting from the corners of indentation, radial 
cracks are observed as well.  
 

  
Figure 1. SEM observation of oxidized specimen 
(26µm) after a 40N indentation 

 

         
Figure 2. SEM observation of oxidized IF specimen indentation with 5N force (p/t~0.6). (a) top 
view showing circular cracks. (b) cross-section of the indentation, the cross-section is prepared by 
milling the imprint along the red-line, perpendicular to the top surface. 

However, by optical observation from the surface, information is missing, particularly what is happening 
at the interface between oxide and steel. A cross-section is prepared by milling the vicinity of the 
indentation with FIB technology (Figure 2b and Figure 3b). These cross-sectional observations bring an 
important complement of information:  
1)  in reality, circular cracks deviate outwards and do not propagate to the interface with steel 
2)  radial cracks propagate to the interface 
3)  delamination is observed below indentation. This indicates a poor adhesion of oxide on this steel 

grade under these conditions. This delamination is commonly described in literature [10,11]. The 

(a) (b) 
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large compression zone below the indenter makes thin film buckle (if a compression threshold is 
reached). 

4)  normal cracks starting perpendicular to the interface are also present. This is due to the oxide layer 
bending following plastic deformation of steel; fracture occurs on the extrados.  

These crack mechanisms at room temperature are reproducible for all these three grades (IF, HS and 
N1). Some regions far from indentations are also milled, showing that initially, the oxide is perfectly 
bonded, with no interfacial gap (Figure 4).  
 

                  
Figure 3 . SEM observation of oxidized IF specimen indentation with 30N force (55µm of thickness). 
(a) top view showing circular and radial cracks. (b) cross-section of the indentation, the cross-section 
is prepared by milling the impression along the red-line, perpendicular to the top surface. 

 

Figure 4. cross-section observation of oxidized 
specimen in an area without indentation (IF grade). 

3.2. Evaluation of adhesion value: Gc interfacial adhesion energy 

Propagation of fracture at the interface between oxide and steel is representative of adherence of scale. 
Adhesion of a thin film is controlled by interfacial bonding strength. Indeed, indentation can be used to 
stress the interface and generate delamination. G, the energy release rate, is the drop of strain energy in 
the system brought about by a unit increase of crack surface area. It is related to the stress intensity 
factor K (proportional to the load) by G = K2/E. G provides the energy needed to create new surface 
(surface energy ), plus some inelastic strain energy if needed to propagate the crack (plasticity or 
viscoelasticity at crack tip). In case of non-dissipative, elastic behaviour, equilibrium propagation 
implies that G = 2. Therefore, following crack propagation provides a quantitative determination of 
interface energy. Rosenfeld [12] determines interfacial fracture energy of epoxy coating on soda-lime 
glass substrate by considering that debond crack is driven by contact stresses during loading. This model 
is efficient when the delaminated area is an annulus of inner radius a, the contact radius, and outer radius 
c (crack extension). The interfacial adhesion energy G is given by: 

(b) (a) 
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Ec and c are the Young’s modulus and Poisson’s ratio of the coating, hc its thickness. σrb is the radial 
stress at the outer edge of the contact zone at full load; it is calculated by applying the Tresca yield 
criterion to the plastically deformed zone contact. They assumed that σrb = σyc − Hc where σyc is the yield 
stress and Hc is the hardness of the coating and an approximation of the hydrostatic stress. The Hc/σyc 
ratio is approximately 3. This method is also used to evaluate properties of a Diamond-like carbon (DLC) 
thin film on a steel substrate [21].  
The exploitation of this analytical model is based on debond crack size measurements. Only specimens 
on which delamination is observed are considered. For IF grade, Figure 5 represents calculated Gc value 
as a function of thickness (a) and ratio p/t (b). Gc seems to be reasonably independent of thickness and 
p/t. However, for this grade, when ratio p/t is lower than 0.1, no delamination is observed. In this case, 
influence of steel substrate is very limited. Yet, for a same sample (16 µm), dispersion is present and 
suggests heterogeneity of the metal-oxide interface, although the preparation method and the indentation 
itself may bring part of the variance.  

 
Figure 5. Influence of thickness (a) and ratio p/t (b) on Gc for IF grade. 

For HS and N1, indentations are carried out from 0.5 to 20 N. For samples with a thickness higher than 
20 µm, oxide has been completely flaked-off during indention. Thus, adhesion values are calculated for 
samples with thickness lower than 20 µm . Even for low force indentation, delamination of oxide is larger 
than cross-section lateral size (Figure 6). This reflects poor adhesion of theses grades. Once delamination 
has started, the fracture is propagated far from indentation area.  
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Figure 6. SEM observation of oxidized N1 specimen after indentation (a) with 20N force. (b) with 1N. 
The cross-section is prepared by milling perpendicular to the top surface. Grey level contrast shows 
oxide heterogeneity as magnetite appears darker in BSE (Back-Scattered Electron) mode due to higher 
oxygen content and lower average atomic mass.  

Results for three grades are presented in  
 
Table 2. Adhesion for HS and N1 is much lower than for IF. Standard deviation has the same order of 
magnitude as the average for HS and N1, it reflects the large heterogeneity of adherence for these grades. 
This method used to determine adhesion of oxide scale shows a large variability in results. This may be 
due partly to the uncertainty of the methodology, but also to the spatial variability of the adhesion and, 
presumably, the interface composition or microstructure. Thus, it is then necessary to multiply the 
analyses to refine results. 
 

Table 2. Adherence value calculated thanks to indentation method. 

Grade 
Gc (J/m2) 
Average Min-Max 

IF  336 ± 39 287 – 474 
HS 45 ± 30 0 – 136 
N1 43 ± 33 1 - 139 

3.3. Numerical simulation of indentation 

Room temperature indentation results show competition between the delamination, of interest to us, and 
spurious through-thickness cracks which may prevent observation of the former. The combination of 
simulation and experimental tests is useful to understand the behavior of the material, it is frequently 

used for indentation test on thin film [22–26].  
Indentation simulations are launched in order to understand cracking mechanism in oxide. Simulation 
is simplified using 2D axis-symmetry, with as usual an indenter angle of 71.3° (Vickers equivalent [27]). 
The thickness of oxide is 26 µm . After some tests, a computation volume of 250 µm (radius) x 100 µm 
(thickness) has been found sufficient to avoid edge effects. The same mesh size (0.5 µm) is used in oxide 
and steel, and 4-node bilinear axisymmetric quadrilateral elements with reduced integration are selected. 
Both the loading and the unloading are simulated. Reference node is localized at the top of the indenter, 
a displacement is applied in the -z direction at a speed of 3µm/s.  Indenter is considered as a rigid body 
for simplicity due to its high hardness and modulus.  No-displacement boundary conditions are applied 
to the bottom of the steel part and to the external side of the sample. Interaction between indenter and 
oxide is specified as master-slave surface (indenter is master) with friction µ = 0.1 (Coulomb model) 
imposed by a penalty technique and unilateral contact normal behaviour (hard contact and separation 
allowed after contact).  

(a) (b) 
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The behaviours of each materials are considered elasto-visco-plastic. The Young’s moduli of the oxide 
and the steel at room temperature are respectively 240 GPa and 210 GPa [28], both Poisson’s 
coefficients are 0.3. The visco-plastic part follows a Hollomon-type model where K the consistency, the 
strain hardening exponent n and the strain rate sensitivity coefficient m depend on temperature T: 
 

𝜎 =  𝐾(𝑇). 𝜀𝑛(𝑇). 𝜀̇𝑚(𝑇) (2) 

For steel, K value is directly calculated using Tabor formula [29],  considering that flow stress is equal 
to Vickers Hardness divided by three for a representative strain of 0.08. As ratio of hardness between 
oxide and steel at room temperature is equal to 3 (Hvsteel = 1.9 GPa,  Hvoxide = 6.5 GPa), the assumption 
is made that Koxide = 3 Ksteel. For steel, m is set as 0.01 and n=0.152 in agreement with data calculated 
by Picqué using 4 point bending tests on low carbon steel [1]. For oxide, a strong assumption is made 
by which the n and m coefficients are chosen identical to those of steel.  All parameters used are 
indicated in Table 3. Neither compressive residual stresses due to the thermal stresses during cooling 
nor growth stress are taken into consideration [30].  

Table 3. Material parameters used in numerical simulation. 
Material law 

Parameter Steel Oxide 

K (MPa) 1076 3230 

m 0.152 0.152 

n 0.01 0.01 

E (GPa) 210 240 

Poisson’s coefficient 0.3 0.3 

 
It is useful to observe stress field to predict zone where failure may happen (Figure 7). In surface, the 
11 (radial: Figure 7(a)) and 33 (circumferential: Figure 7(c)) stress components are in tension near the 
contact edge, and are increasing all along the loading. At the end of the loading, maximums are reached 
(respectively 1700 and 1000 MPa). In experimental indentation tests, first circular and then radial cracks 
appear at the surface. This highly bi-component stress area confirms localization of cracks in surface. 
Experimental work shows that these circular cracks are not propagated until interface. From a certain 
stage of oxide bending, a compression area is present at the interface (11-stress component), below the 
edge of indentation. This bending field (surface in tension and compression at the interface) channels 
crack outward more and more horizontally. The 33-stress component is in tension all along oxide, it 
allows propagation of radial crack to the interface and outwards, since the oxide is in tension all through 
the thickness and to a radius at least twice the indentation radius. At the interface, values of normal 
stress are largely compressive (Figure 7(b)). The shearing component (Figure 7(d)) is larger below 
indentation contact edge. It is seen that delamination is likely to initiate where this component is 
maximal (400 MPa), and delamination behaviour remains in mode II. Once oxide is delaminated, 
interface is bent which leads to normal cracks starting from the interface. During unloading, due to the 
visco-plastic behaviour, all stresses are relaxed in the long run, we have found no stress component 
suggesting crack initiation.  
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Figure 7. Stress distribution: (a) 11 component, (b) 22 component, (c) 33 component (d) 12 shearing 
component, at the end of loading of Vickers indentation (5 N) of an oxidized steel sample (thickness 
of oxide: 26 µm). 

4. Discussion 

4.1. Cracking/delamination mechanism   

Combination of simulation and FIB analysis confirmed localization of circular and radial cracks reported 
in literature during the loading of indentation on thin films [21,26,31–34]. For delamination, shearing 
component is increasing all along the loading and is at the initiation of this phenomenon. It is in 
agreement with Rosenfeld model in which interfacial crack grows only during loading [12].  This 
mechanism differs from lateral cracks reported by Marshall [35] which propagated at the end of the 
unloading in bulk brittle material parallelly to the surface. In reality, degradation at the interface is in a 
mixed mode between I and II according to Rosenfeld [12]. The relative amount of each mode can be 
described by the phase angle tanα = KII/KI (0° for a pure crack opening and 90° for a pure shear loading). 
For indentation of an epoxy-glass interface, the authors found α = 45° to 55°. The influence of fracture 
mode on Gc has been widely described in literature ; by increasing α, Gc tends to increase too, an 
explanation is crack tip plasticity and non-planar interface [12].  In this model, buckling and residual 
stress are not accounted for, and hardness is supposed to be constant through thickness. Compressive 
stress strongly influenced delamination by increasing driving force of interfacial cracks when buckling 
occurs [11]. A limitation in the application of the model is that the FIB-milled zone must be larger than 
the delaminated area (Figure 6) (for technical issues, no cross-section larger than 300 µm are prepared). 
Otherwise, delamination radius c may be underestimated and therefore, Gc overestimated, especially for 
N1 and HS grades.  

4.2. Influence of alloying elements  

A large difference in adhesion value is observed between IF and others grades (for a same oxidation 
cycle and preparation). In literature [36], alloying elements, such as Ni, modify ability to be descaled.  
The removability of scale is reduced due to the existence of a small amount of Ni. Thus, interface is 
uneven which reduces crack propagation. In our tests, there are differences of Mn and C percentage. It 
could explain difference in the adhesion values calculated. Effects of these alloying elements are 
discussed by Kizu [37]. In his study, specimens are oxidized at high temperature and blistering is 
observed. Scale blistering is the balance between delaminating (by compressive buckling or gas 
formation at the interface) and adhesive forces between steel and oxide. For a fixed oxidation time, 

(a) (b) 

(d) (c) 

Oxide 

Steel 

1 

2 
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blistering tends to decrease for oxidation at T>800°, when the percentage of Mn is higher than 0.2. At 
800°C, for %wC > 0.02, the same tendency is observed. Thus, high C and Mn content tends to promote 
blistering, and decrease adhesion of oxide. Several explanations are possible. At the interface, with more 
carbon, CO is more liable to be generated by selective oxidation of carbon, and adhesive force decreases. 
This tendency is also confirmed by Chandra-Ambhorn [38]: lower scale adhesion is related to the higher 
amount of carbon at the scale-steel interface, favouring CO gas or graphite formation. In addition, 
according to Kizu [37], wüstite, the main oxide phase, normally has a strong fiber  texture {100}. The 
increasing percentage of Mn tends to favour other crystalline orientations such as {110} and {111}. The 
volume occupied by these two minority orientations causes compressive stress due to the different 
crystal growth rates. It deteriorates adhesion between oxide and substrate. Mn also affects the grain size 
of wüstite. With a lower grain size, others crystalline orientations {110} and {111} are more present, 
which increases compressive stress. 

4.3. Oxide adhesion in literature  

In the literature, other methods are used to determine adhesion of oxide at room temperature (Table 4): 
tensile tests [38–41], inverted blister-test [42], scratch test [43] and indentation [44,45]. Large variability 
is also observed in adhesion values. It confirms difficulty to characterize adhesion of thin oxide steel. 
Ahtoy [44] used RT Vickers indentation to study the interface of low carbon oxidized steel  as an 
utilization of the method described by Drory and Hutchinson [10]. Her study mainly focused on alloying 
elements such as P, Al and Si. For a P-containing steel oxidized at 1000°C, adhesion energy lies in the 
range of 0 – 350 J/m2, which means that certain areas are initially non-adherent while interface is tough 
at other places. Oxide adhesion was also calculated by Chandra-Ambhorn et al. using tensile test [39] 
by considering that spallation of oxide occurs when energy stored in oxide exceeds energy required to 
separate scale-metal interface. During the test, spallation ratio (spalled area divided by total area of 
sample) was calculated using quantitative image analysis. Their conclusion was that adhesion is 
influenced by residual stresses (an initially stored energy) and Young’s modulus (to which elastic strain 
energy is proportional). Indeed, higher Young’s modulus gave higher quantified mechanical adhesion 
energy. In our experiments, oxide is composed of three phases, which have different properties. SEM 
observations show different proportions of phases for N1 and HS (Figure 6) for which magnetite is the 
main phase and has a higher Young modulus than wüstite [46]. This variation fosters heterogeneity in 
adhesion values calculated. Similarly, Nilsonthi et al. [47] used macro-tensile tests, in order to evaluate 
adhesion of steel oxide (mainly magnetite); they found that Si tends to increase adhesion by precipitation 
of SiO2 at the interface between steel and iron oxides. Another study highlights influence of temperature  
and humidity [40]. High temperature at the end of the finishing mill tends to decrease adhesion, by 
increasing diffusion rate which creates defects at the interface. Adhesion further decreases after 
oxidation in humidified atmosphere. Inverted blister test was used to quantify adhesion of thermal oxide 
layers (1 µm) grown on ferritic stainless steel (18% Cr) [42]. Alloying elements, such as Ti and Nb, 
have a great influence on adhesion values calculated. TiO2 precipitates at the interface anchor the oxide 
layer but intermetallic precipitates (Fe2Nb) are harmful for adhesion. Macro-scratch test is used by Noh 
[43] to estimate spallation of oxide which occurs during uncoiling of low carbon steel. A combined 
experimental and simulation method is carried out to determine the value of fracture energy, it is 
estimated to 18 J/m2 (thickness < 30 µm).  

1.1. It can be concluded that variability is inherent to the adhesion of oxides on steels and that, even if 

conditions of oxidation are specific to each case, our RT indentation oxide adhesion tests are in 

agreement with literature. In an industrial context, N1 and HS grades are difficult to descale. It is known 

that the descaled slab surface shows alternance of well-descaled areas and remaining fragments of oxide. 

During the process, if oxide has a large heterogeneity in adhesion values such as shown by the present 

measurements, it may induce such a composite area where when local oxide is not well delaminated. In 

the roll bite, this remaining oxide fragments will be embedded in steel and may disturb re-oxidation. At 

the end of the finishing mill, surface defects are more liable to be present. The uncertainty exposed in  

1.2.  
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Table 2 therefore does not plead against indentation but reveals heterogeneity of interface properties 

strongly linked with poor descalability. 
 

5. Conclusion and perspectives 
The core of the project consists in designing and carrying out experiments at high temperature to 
understand the behaviour of scale and determine a stress-based fracture criterion relevant for the 
computation of descaling. At room temperature, adhesion has been successfully measured by 
indentation, highlighting the strong influence of alloying elements on the adhesion of oxide scale, 
particularly C and Mn. Adhesion values calculated agree with other studies. New grades, which are 
difficult to descale, are planned to be tested. Numerical simulation has confirmed the mechanism of 
cracking in surface (radial and circular) and delamination of oxide at the interface, by shear (mode II). 
Others methods to evaluate properties of oxide should be implemented to confirm these results. In 
simulations, Cohesive Zone model (CZM) will be implemented to allow cracking and delamination of 
oxide. Residual stresses (measured by X-Ray Diffraction) will be considered. In future work, similar 
instrumented indentation tests will be done at high temperature to evaluate the ductile-brittle transition 
of the oxide layer, and to quantify properties of the oxide. These tests will allow us to quantify influence 
of temperature on degradation mechanisms (crack, delamination...) in order to have a better 
understanding of the descaling process and allow numerical simulation of this process. 
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