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Abstract

In hot forming processes, the interface tool/product is important for the quality of the finished product. In hot rolling, the scale formed
on the roll material plays an essential role. As soon as the contact oxide–oxide is established between the roll and the slab, friction allows
the process to start. However, the oxide scale will continue to grow under the cyclic action of hot contacts and water cooling and will be
subjected to thermo-mechanical stresses. Beyond a certain critical thickness, the oxidized surface layer of the cylinders has not sufficient
mechanical strength to withstand the shear stresses.
The wear and friction behavior of the oxides appearing on the surface of the hot working rolls is not well known. The influence of 

these oxides on the friction and, consequently, the quality of the products of finishing mills, seems very significant. So, in this study, 
we investigate the evolution of the friction coefficient and the wear, according to the growth, the nature and the thickness of the formed 
scale. We use a high temperature pin on disc tribometer. The pin consists of material “rolls” while the disc consists of the slab. The pin 
is instrumented with thermocouples in order to couple the friction coefficient measurements with the thermal gradient in the pin and the 
surface temperature and the formed oxides. Then, the characterization of the surfaces is done by scanning electronic microscopy (SEM) 
and EDS analyses. We use the method of sin2 Ψ to evaluate residual stresses of oxide and correlate these data with shear stress behavior. 

Keywords:Wear; Friction; Oxidation; Hot forming.

1. Introduction

The thermal cyclic working of tools in hot metal form-
ing causes a superficial oxide scale. In thermo-mechanical
working this scale grows to a critical thickness and then de-
teriorates and causes damage by inlaying and breakdown on
the surfaces of rolled product and tools.
In hot rolling this oxide scale plays a major role be-

cause it allows the starting and the driving of the metal
sheet between the rolls [1]. Without the generation of an
oxide–oxide contact, much scuffing appears which is char-
acteristic of a metal–oxide contact [2]. If a metal–metal
contact is established at the start of mounting, the sheet
is not pulled between the rolls what gives rise to slid-
ing. For these reasons it is very interesting for the man-
ufacturers to understand the birth and the growth of
this oxide scale formed on the hot working rolls in or-
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der to optimize the parameters of the process (pressure,
speed, torque, etc.) and the quality of finished prod-
ucts.
The superficial damage of the tribological antagonists

will depend on the nature and mechanical properties of
oxides in the contact [3,4]. Thus, a hard oxide may give
abrasive behavior whereas a ductile oxide may decrease
the friction coefficient as well as the wear. The second
factor often considered is the thickness of the oxide scale
which is associated with adherence. Many studies have
assessed the mechanical and tribological characteristics of
the oxide scale formed on the rolled product, but the ox-
idation of rolls and its interaction with the strip are less
reported. Nevertheless, one fact seems established: the
coefficient of friction increases when the scale thickness
decreases. The explanation of this remains controversial
[5,6].
The aim of this contribution is to correlate the evolution

of the coefficient of friction with the appearance, the nature
and the mechanical properties of the scales formed on hot
metal working tools and their products.



Fig. 1. High temperature pin on disc tribometer.

2. Experimental equipment, materials, procedure and
analysis

2.1. High temperature pin on disc tribometer

A high temperature pin on disc tribometer was developed
in our laboratory. The disc (Fig. 1-(3)) has a continuous
rotating movement and the rotating speed can vary from
30 to 3000 rpm. Linear velocity depends upon radius of the
wear track and ranges from 0.05 to 50m/s (Fig. 1). The
disc can be heated to 1000◦C by a high frequency induction
heating system before rotation (Fig. 1-(2)). The homogene-
ity of the surface temperature of the disc is checked by
spot-welded thermocouples. While in rotation, the disc tem-
perature is controlled by an IR-pyrometer (350–1400◦C).
A thermal screen protects the engine shaft (Fig. 1-(1)).
The loading is carried out using dead weights (maximum
capacity 100N — Fig. 1-(5)). The tangential force is
measured using a strain gauge placed parallel to the fric-
tion plane (Fig. 1-(6)). The friction coefficient is recorded
with a software developed on LABVIEW. After test, wear
surfaces are observed by optical microscopy and/or scan-
ning electronic microscopy (SEM) with dispersive energy
analysis.
The radius of curvature of the hemispherical pin was

20mm. The pins (Fig. 1-(4)) have been instrumented with
two thermocouples located at 1 and 3mm depths from the
center of the pin contact. The temperatures in the pin have

Table 1
Experimental conditions of tribological tests

Load (N) Sliding speed (m/s) Test duration (s) Temperature of
the disc (◦C)

Stabilizataion of the
temperature in the pin

Series A 2.5 0.05 3600 20 –
Series B 2.5 0.05 3600 950 Yes
Series C 2.5 0.05 3600 950 No
Series D 10 0.05 3600 950 No

been continuously measured using a “Multireg C1732”
SIEMENS recorder. The acquisition frequency is 3Hz. The
initial arithmetic roughness of the discs was about 0.04!m
Ra. The disc was first heated up in rest to achieve the
test temperature of 950◦C. The pin, which was initially at
room-temperature was put on the disc. The rotation of the
disc began (a) as soon as the pin was put on the disc, or (b)
after stabilization of the temperature in the pin.
Test conditions are summarized in Table 1.

2.2. Materials

A white cast iron rich in carbides, called cast iron “A”,
and a ferritic-pearlitic mild steel XC18 (AISI 1018) (Fig. 2a
and b, Table 2) were examined. The cast iron had a high
hardness of 63 HRC (772 HV) and was brittle whereas the
steel XC18 (AISI 1018) had a lower hardness of 168 HV.
The pin was always made of cast iron “A” and the disc was

always made of AISI 1018 mild steel. The pin represented
the tool (roll material) and the disc represented the sheet
(rolled product).

2.3. Oxidation

The oxidation of these alloys was studied. The purpose
of these tests was to define a reference in thickness and
to determine the nature of the oxide scales formed on the
antagonists during the tribological tests.We performed phase



Fig. 2. Optical micrographs of AISI 1018 (a) and cast iron “A” (b).

Table 2
Chemical elements of materials.

Elements (wt.%) C Mn Si P S Cr Ni Mo Nb V

Pin Cast iron “A”a 3.2–3.5 – 0.9–1.1 0.109 0.077 – – – – –
Disc XC18/AISI1018 0.16–0.22 0.4–0.70 0.15–0.35 <0.035 <0.035 <0.40 <0.40 <0.1 – –

a Cast iron “A”: the total chemical composition of the case iron is confidential.

analysis on the samples in order to identify the nature of
surface oxides.
Thermo-gravimetric analysis was done to study the oxi-

dation kinetics. We used an electronic SETSYS thermobal-
ance. The temperature was chosen to represent the friction
test temperature and the various rolling temperatures. Dif-
ferent holding times were selected. The heating and cooling
rates were 20 and 50◦C/min, respectively.

2.3.1. Oxide scale phase analysis
The X-rays were used to determine the different nature of

the oxide scale on the pin and on the disc after oxidation.
Measurements were made with a diffractometer in the con-
figuration θ–2θ . The sample turned with a speed ω and the
detector turned with a speed 2ω. The rotation of the sample
and the detector unit was continuous or step-by-step. A lin-
ear detector with Cr K" rays was used. The collimator beam

Fig. 3. (a) Principle of a X-ray diffractometer; (b) rotation of the reference frame in terms of ψ and φ angles, with (X1, Y1, Z1) sample references.

diameter was about 800!m. The acquisition time was 3 h
and the range of the scanning angle was 15–160◦ (Fig. 3a).

2.3.2. Residual stress calculation
In crystalline structures, {h k l} planes are characterized

by interplanar spacing d(h k l). A residual stress introduces
a variation of the lattice parameter and of the interplanar
spacing d(h k l). This variation produces modifications of θ ,
the diffraction angle. If λ, the wavelength of the X-ray, is
constant, the microscopic deformation of the crystal lattice
is given by
'd

d
+ ' sin θ

sin θ
= 0 (1)

and

εmicro = 'd

d
(2)



A well-known classical X-ray residual stress measurements
using the sin2 ψ technique was used [7]. Details of this
method can be found in [8]. It can be summarized by the
following expression for an isotropic material:

'[2θφ,ψ (h k l)]=
(

−1
2
S2(h k l)σφ

2
cot gθ

)

sin2 ψ

+S1(h k l)(σ1 + σ2)
2

cot gθ
(3)

where (φ, ψ) is the measurement directions, {h k l} the
diffraction planes, '[2θφ,ψ (h k l)] the Bragg angle stress in-
duced variation, σ 1 and σ 2 the principal stresses, σφ the
stress in the direction φ and 12(S2(h k l)) and S1(h k l) the
X-ray elastic constants. Changes in the Bragg angle corre-
late with residual stresses.
The apparatus is the Set-X equipped with a linear detector

having an angular accuracy of 0.09◦. The goniometer can
make an angular movement of ±180◦ for the φ angle and

Fig. 4. XRD traces obtained from AISI 1018 samples (a) and cast iron “A” samples (b).

an angular movement of ±44◦ for the ψ angle (Fig. 3b). To
measure deformation in the oxide scale, a supply voltage of
20 kV and an intensity of 4.5mA were used. Vanadium K"
radiation was used. The acquisition duration, for each peak
(value of ψ angle) took 15 or 30min. The penetration depth
of the beam in the oxide is about 5–10!m.

3. Results

3.1. Nature and thickness of oxide scales

For the mild steel, the analysis of oxidized samples was
given in Fig. 4a. Oxide scale basically consisted of hematite.
The intensity of peaks in the diffraction spectrum of hematite
was not in agreement with JCPDS cards. In addition, some
peaks could not be detected. The difference in intensity is
assumed to be caused by the fact that the hematite is not
statistically isotropic, i.e. that it was not composed of fine



Fig. 5. Calculated compressive stresses of scale formed on AISI 1018 samples at 900◦C for the (1 1 9) plane.

grains distributed in a random way. So, we can conclude
that hematite with a preferential direction has been formed
on the surface of our samples.
On the surface of cast iron “A” samples oxidized at

900◦C for 24 h, we observed peaks for hematite and peaks
for chromite FeCr2O4 or to a compound (FeO6, CrO4)2O3
(Fig. 4b). The chromite peaks are observed at the base of
hematite peaks. So, the hematite on the cast iron “A” sam-
ples is much less textured than that observed on the surface
of XC18 samples.
According to [5], the AISI 1018 steel has parabolic ox-

idation kinetics with regard to the time and an exponen-
tial dependence on temperature. In the range of temperature
studied, between 900 and 1000◦C, the thickness of the scale
formed on the AISI 1018 samples increases linearly. So we
can suppose that the oxide scale which is formed at 900◦C
has a thickness of about 50!m after 1 h and about 70!m
after 2 h.

3.2. Residual stresses in an oxide scale

Residual stresses in different oxide scales were measured
for AISI 1018 samples oxidized at 900◦C for different oxida-
tion times [9]. Whatever the testing time, two peaks were de-
tected versus ψ angle. The hematite texture phenomenon is
responsible for the presence of two peaks. These two diffrac-
tion peaks correspond to the (1 1 9) and (1 0 1 0) planes. The
internal stresses have, thus, been calculated for each fam-
ily of planes. We made measurements with a small ψ angle
to characterize the residual stresses in (1 0 1 0) planes and
with a large ψ angle to identify stresses for (1 1 9) plane.
Fig. 5 shows the results of the calculated internal stresses
for (1 1 9) planes. So we have observed.

• There are residual stresses in the hematite layer. The initial
compressive residual stresses due to the preparation of
samples were not considered because such stresses are
relaxed when the samples are heated beyond the austenitic
temperature.

Fig. 6. Evolution of friction coefficient vs. testing time — Fn = 2.5N,
v = 0.05m/s: (a) at room temperature, (b) 950◦C, with stabilized tem-
perature in the pin, (c) 950◦C, without stabilized temperature in the pin.



• The measured residual stresses are compressive as de-
scribed by the following analytical model (Eq. (4)).

• The stress relaxation by cracking or buckling of oxide
scale does not completely release the residual stresses
even if some residual stresses approach zero. The same
observation was made for the (1 0 1 0) planes.

The internal stresses within the oxide scales were calcu-
lated by an analytical model [10,11]. The effect of stresses
related to the growth of the oxide scale and stress relaxation
in the substrate were not taken into consideration. The ther-
mal stresses seem to play the major role. We can write them
as

σth = Eox/(1− υox)[αox(T ) − αs(T )]'T

1+ (hox/hs)(Eox(T )(1− ϑox)/Es(T )(1− υs))
(4)

where Ei , νi , αi and hi are the Young’s modulus, Poisson’s
ratio, the thermal-expansion coefficient and the thickness of
the substrate (s) or the oxide scale (ox).
We can use this model because the value hox/hs is not

negligible. Considering the fact that the oxide scale mainly
consists of hematite, the calculated residual thermal stress
value (Eq. (4)) is about 550MPa, which is close to the stress
measured by X-rays at room temperature (σ ≈ 400MPa).

3.3. Tribological results

Three types of tribological tests were carried out accord-
ing to the experimental conditions described in Table 1.

Fig. 7. (a) Disc micrograph — oxide scale feature out of the sliding contact surface; (b) disc micrograph — columnar-like microstructure of oxide scale;
(c) disc analysis — EDX spectrum of the oxide scale columnar-like microstructure.

At room temperature (series A), the mean value of the
friction coefficient “µ” of the couple cast iron “A”/XC18 is
0.60±0.02. Literature [12] gives a friction coefficient about
0.3 for cast iron on cast iron. In our case, the friction coeffi-
cient is close to the value generally found for steel on steel
friction without lubrication. The presence of carbides in our
cast iron could explain this elevated value. The friction evo-
lution versus test duration includes a non-stationary period
(Fig. 6a). This evolution could be characteristic of the me-
chanical accommodation of the couple cast iron “A”/XC18
In high temperature experiments (950◦C), the friction co-

efficient versus test duration evolution was different depend-
ing on the temperature stabilization time in the pin before
sliding. The main difference between these two types of
tests was in the non-stationary period. When the temper-
ature in the pin was stabilized before sliding (series B),
the pin thermocouples gave a temperature equal to 700◦C
at a depth of 1mm from the contact surface, and equal to
670◦C at a depth of 3mm (Fig. 6b). In this case, the fric-
tion coefficient measured at the start of the test was in the
same order of magnitude as the established one. The dura-
tion of the non-stationary period of the friction was not sig-
nificant. So, the average value of the coefficient of friction
was 0.46 ± 0.01. In the second case (series C), where we
did not wait for the temperature stabilization in the pin be-
fore sliding, we observed that the coefficient of friction had
two periods, the first one ranging between the test beginning
and around 900 s, the second one beyond 900 s (Fig. 6c).
The first period is considered as a non-stationary period and
the other one is a quasi-stationary period. We note that the
non-stationary period corresponds to the duration of stabi-



Fig. 8. (a) Disc micrograph — plastic deformation of the oxide scale columnar-like microstructure; (b) disc micrograph — “under-cells” with oxidized
boundaries.

lization of the temperature in the pin and in this case, there
is a large variation of the friction coefficient. In the station-
ary part, the average value of the coefficient of friction is
0.44 ± 0.02, so it is equal to the average value during the
first tests (series B).
The same friction evolution is noted when we increase the

load (series D), but in the stationary part, the average value
of the coefficient of friction is lower 0.37.
When the temperature in the pin was stabilized before

sliding, we could consider that the contact in the beginning
of the sliding was oxide on oxide. In the second case, without
stabilization, the contact was cast iron on oxide. In fact, the
thickness of the natural oxide layer formed on the cast iron
at room temperature is negligible.

3.4. SEM micrographs and EDX spectra

For all friction tests carried out at 950◦C — with or with-
out stabilization of the temperature in the pin — the AISI
1018 discs as the cast iron “A” pins have identical macro-
scopic wear surface features after 1 h test duration.
On the AISI 1018 discs, out of the friction surface, the

oxide scale presents a columnar like micro-structure (Fig. 7a
and b). The boundaries between columns are more or less
broad and deep, and some could indicate cracks. EDX spec-
tra of these columns reveals that it is iron oxide (Fig. 7c).
SEM micrographs of the disc wear surface reveal that the
real surface of contact is much lower than the apparent one.
In addition, two types of contact can be observed depend-
ing on their localization in the friction zone. Outside of
the wear scar, plastic deformation of the column is visible
(Fig. 8a). The EDX spectrum shows that this bearing pres-
sure area is made only of iron oxide. With a higher mag-
nification, Fig. 8b shows that this plastically deformed area
shows “under-cells” whose boundaries are also oxidized. For
instance, the metallurgical reason of this microstructure is
not well understood. Lastly, we can also observe an area on

which plastically deformed material is transferred (Fig. 9)
and identified by EDX spectra as being only iron oxide. In
the center of the wear scar, there are zones made of aggre-
gates at the top of which plastically deformed oxide layers
are found (Fig. 10a). EDX analysis reveals that these lay-
ers are always made only of iron oxide, whereas the aggre-
gates present iron, oxygen as well as traces of Mn and Ni
(Fig. 10b).
A test of the series C was stopped after 500 s sliding. Sur-

face observations have revealed in the disc wear track small
agglomerated crystals zones (Fig. 11a and b), not plastically
deformed. EDX analysis shows that these crystals consist
primarily of oxygen and iron, but also of Nb, Mn, V and Cr.
These crystals could be Nb, V, Cr and Fe carbides which
would be oxidized.
With regard to the cast iron pins, three zones are ob-

served. The first one, out of the wear track, has an acicular
micro-structure (Fig. 12), made up only of iron oxide, which
looks like needles of hematite Fe2O3. During the high tem-
perature tribological test, this part is the coldest zone of the
pin. The pin is hemispherical and this zone is not affected

Fig. 9. Disc micrograph — material transfer on the disc wear track.



Fig. 10. (a) Disc micrograph — observation of the wear feature in the friction surface center; (b) disc analysis — EDX spectrum of the aggregates
around the plastically deformed layer.

Fig. 11. (a) Disc micrograph — observation of small agglomerated crystals zones not plastically deformed; (b) disc micrograph — magnification of the
agglomerated crystals zones.

by friction. Near the wear track, SEM micrographs reveal
a microstructure like a sponge or nodules made up of ag-
glomerated particles (Fig. 13). The first microstructure is a
form of iron oxide, while the second one exhibits iron, oxy-
gen, Cr, V and Mn. We can also see some excrescences of

Fig. 12. Pin micrograph — acicular microstructure of the oxide scale out
of the wear track.

the scale (Fig. 14a), rich in Nb (Fig. 14b). There could be
oxidized niobium carbide from the cast iron “A”.
Macroscopically, the shape of the pin friction surface is

ellipsoidal and the large diameter is perpendicular to the di-
rection of sliding. In the center of this surface, the wear track

Fig. 13. Pin micrograph — observation of the two oxide microstructures
(sponge and nodule).



Fig. 14. (a)Pin micrograph — excrescences of the scale rich in Nb; (b) pin analysis — EDX spectrum of the excrescences of the scale.

is not uniform, with an alternation of zones of contact and
zones without contact (Fig. 15a). Furthermore, the real con-
tact surface is lower than the macroscopic apparent contact
surface. Moreover, plastic deformation of the zone of contact
is also observed. This area is made of a layer of iron oxide,
plastically deformed and sustained by nodules (Fig. 15b).
These plastically deformed layers seem to be super-

ficial and they do not affect the oxide scale thickness

Fig. 15. (a) Pin micrograph — pin wear track with contact and no contact zones; (b) pin micrograph — plastically deformed layer of iron oxide, and
sustained by nodules; (c) pin micrograph — superficial plastic deformation of the wear track.

(Fig. 15c). In the limits of the pin wear zone, SEM
examinations show that the initial excrescences of ox-
ide coatings, rich in Nb, take place during friction
phenomena (Fig. 14a before friction and Fig. 16 after
friction).
Finally, if the test duration was longer, perhaps more zones

of debris cracking and debris formation could appear in these
plastically deformed zones (Fig. 17).



Fig. 16. Pin micrograph — participation of an excrescency in the friction.

4. Discussion

4.1. Nature and mechanical properties of oxide scales

The thermodynamic calculation of the oxide scale
thickness gives a value of 10!m after a testing time of
900 s.
As mentioned earlier (Section 3.2), the calculated residual

stresses in the hematite layers are compressive at room tem-
perature. This result may be related to the following three
observations.

• The surface oxide layer is hematite.
• The hematite scale is about 6!m.
• The hematite scale is in compression at room tempera-
ture. So the internal stresses may explain the macroscopic
circular crack of the disc scale in the center of the wear
track.

So we can suppose that at high temperature the initial
friction contact of the disc is established on the hematite
scale which is very textured.

Fig. 17. Pin micrograph — observation of wear debris.

4.2. Tribological behavior of oxide scales

For both tests (series B and series C), the calculated
heat flow between the pin and the disc surface is about
0.02W/mm2. Friction does not affect the duration of tem-
perature stabilization in the pin (approximately 900 s) nor
the pin temperature level (approximately 700◦C) at 1mm
from the wear surface. It does not drastically increase the
contact temperature.
The mean friction coefficient is less important when the

test is performed under high temperature in comparison to
room temperature. So, the oxide scale decreases the coeffi-
cient of friction and it can be considered as a solid lubricant.
Furthermore, under high load (10N), the friction coeffi-

cient decreases, for the same conditions of temperature. In
this case (Fig. 18), the plastically deformed layer at the pin
surface is thicker than in the case of 2.5N (Fig. 15c). It
seems that the bulk behavior of oxide would be more im-
portant in friction phenomenon than the surface oxide.
At the end of series B like series C, the wear tracks present

the same features. The contact, therefore, friction, is sus-
tained by the nodules and the plastic deformation of the
wear tracks. The real contact surface presents a glazed as-
pect. It is very different (lower) from the apparent surface
of contact. EDS spectra show only iron oxides on the pin
wear track, whereas this cast iron, outside the friction zones,
always presents oxides rich in Cr, Mn, V and Nb. This anal-
ysis would indicate a transfer from the disc oxide scale to
the pin surface.
EDS spectra show also that the plastically deformed areas

consist exclusively of iron oxides. We never observed plastic
deformation of presumed oxidized carbides.
No mechanically shear ruptured oxide layer is observed.

Nevertheless, a plastic flow of oxide is observed on the con-
tact surface of the disc and the pin. This plastic deformation
is not observed in the bulk oxide layer. In fact, the super-
ficial plastic deformation of the oxide layer, formed on the
pin and disc surfaces, reinforces the idea that the coefficient
of friction, in our case, is a Coulomb type.

Fig. 18. Pin micrograph — plastically deformed layer of iron oxide
(Fn = 10N).



Fig. 19. Evolution of friction coefficient in the case of the non stabilized temperature in the pin (a) and evolution of the superficial temperature of the
pin calculated by a numerical model (b).

4.3. Interpretation of the friction coefficient evolution for
initial metal–oxide contact

In experiments without stabilization of the temperature in
the pin (series C), we can assume that the non-stationary pe-
riod of the coefficient of friction, observed in the beginning
of the test, is due to the formation of iron oxide layers at the
pin surface. This non-stationary period was also observed
by other authors [13]. The average steady friction value is
equal to one of the series B.
In the case of tests in non stabilized temperature

(Fig. 19a), the general evolution of the friction coefficient
can be associated with the change of the pin surface tem-
perature, calculated from a numerical inverse method of
integration (Fig. 19b). We can identify four significant
stages.
Stage (1) concerns the increase of the friction coefficient

at the start of the tribological test. Here, sliding is assumed
by the cast iron “A” on AISI 1018 950◦C oxidized steel. So,
initially, contact is metal on oxide.
While the friction coefficient increases, the surface pin

temperature rises to 500◦C. At this temperature, pin surface
oxidation occurs. The pin material is an alloyed cast iron
containing Nb carbides. Indeed, these carbides are very nu-
merous at the surface of the cast iron, and they oxidize at
430◦C. In the same way, the carbides of V, Fe and Mo can
also be oxidized at temperatures lower than 500◦C. In addi-
tion, the Nb carbides, during oxidation, form excrescences
perforating the surface oxide scale.
In stage (2), the coefficient of friction decreases. So, the

oxide scales play a lubricant role. We can verify, with inter-
ruption of the test, transfer of the oxidized Nb carbides on
the disc and the onset of debris compaction without plastic
deformation. Debris formation is a consequence of the attri-
tion phenomenon which precedes adhesion. It is facilitated
by shearing and abrasion. Transfer of oxidized Nb carbides
was made possible by the porous columnar-like microstruc-
ture of iron oxides on the disc surface (Fig. 9b). This
microstructure could contribute to mechanical adhesion.
The debris compaction seems to result in the diminution of
contact pressures and, thus, a reduction of the coefficient

of friction. The calculated pin temperature then reaches
700◦C.
In stage (3), the friction coefficient increases. The tri-

bosystem initiates transfer to the pin, more precisely the
transfer of iron oxides formed on the surface of the disc. This
transfer may occur on the top of the agglomerated particles,
on the top of sponge microstructure iron oxides and on the
top of Nb-rich excrescences. Reciprocally on the disc sur-
face, there are zones of compaction of oxidized Nb carbide
debris coming from the pin. These zones also constitute an
area of mechanical adhesion of iron oxides. The increase of
the coefficient of friction is consecutive with the mechanical
adhesion, plastic deformation and abrasion of iron oxides,
from the pin toward the disc and from the disc toward the
pin. When the contact is mechanically and chemically estab-
lished, the pin surface temperature is steady, and estimated
by calculation to be 950◦C.
In stage (4), the stationary regime of the friction coeffi-

cient begins as in series B tests. During these experiments,
the phases of pin oxidation during sliding are not revealed
and the transfer phenomena are much faster. For these rea-
sons, in the series B tests, the stationary state of the friction
coefficient occurs more quickly.
At the end of this part, whatever the type of test, a new

microstructure is carried out in the contact zones, initially
plastically deformed. This new microstructure that we call
“under-cells” seems to result from strain-hardening by shear-
ing of the friction surface. The mechanisms of the growth
of these “under-cells” are not well known yet.

5. Conclusion

The high temperature pin on disc tribometer allows study
of friction coefficient variations during the oxidation of the
samples.
Oxide scale plays a lubricant role in friction. During high

temperature experiments (950◦C), the friction coefficient
evolution depends on the temperature stabilization time in
the pin before sliding. Following two friction regimes are
observed.



• Low friction variation when the oxide scale is already
formed on the pin before sliding.

• Large friction variation when the pin oxide scale grows
during friction.

In both cases, wear track features, after friction coefficient
stabilization, are the same. We observe plastically deformed
zones exclusively made of iron oxides (even on the pin) and
oxidized carbide agglomerates (even on the disc). So, we
can conclude, there is transfer between the two specimens.
The contact is established at the interface of the pin and disc
and not in the bulk oxide scale.
The aim of this study is to understand the first step of fric-

tion between the roll and the slab in hot rolling. We try to
understand the influence of roll oxidation on wear mecha-
nisms and friction values. This work will go on with the tri-
bological study of different cast irons used as “roll” material.
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