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Abstract: Stainless steels are iron-based alloys that contain a minimum
of about 12% Cr. They have been classified by microstructure at room
temperature. Two stainless steel grades 304 and 410L were studied in this
paper. Hot rolling was performed on a Hille 100 experimental rolling mill
under various reductions with consideration of the oxide scale thickness
controlled by oxidation time. The experimental results show that the
deformation behaviour of the oxide scale on the stainless steel 304 is sensitive
to its thickness and exhibits higher resistance to be deformed. However, the
reduction in thickness plays an important role in the uniformity of the oxide
scale deformation for the stainless steel 410L. Friction coefficients were
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calculated and compared. Simulations results show that the reduction in
thickness and initial surface roughness play roles on final surface roughness.
Steel substrate surface is rougher than that of the oxide scale at different
reductions.

Keywords: stainless steel; deformation; friction; surface roughness; oxide
scale.

Reference to this paper should be made as follows: Cheng, X., Wei, D.,
Jiang, Z. and Jiang, L. (2017) ‘Analysis of oxide scale deformation and
surface roughness characterisation in hot rolling of stainless steels’, Int. J.
Surface Science and Engineering, Vol. 11, No. 3, pp.241-261.

Biographical notes: Xiawei Cheng is an Associate Research Fellow in the
School of Mechanical, Materials and Mechatronic Engineering, University of
Wollongong. Her main research interests include tribology in material
processing, surface engineering, oxidation of metals and corrosion engineering.

Dongbin Wei is a Senior Lecturer in School of Electrical, Mechanical and
Mechatronic Systems, University of Technology, Sydney. His research
interests include modelling of metal forming processes, tribology in metal
forming, micro-metal forming and surface engineering.

Zhengyi Jiang is a Professor in the School of Mechanical, Materials and
Mechatronic Engineering, University of Wollongong. His main research
interests include modelling of metal forming processes, tribology in metal
forming, micro-metal forming and defect control in metal forming process.

Laizhu Jiang is the Vice President in the Baosteel Research Institute (R&D
Center). He is one of the top experts in both microalloyed steels and stainless
steels in Baosteel. His research interests include stainless steel processing and
tribology in metal forming.

1 Introduction

The consumption of stainless steel across the world is on a steady growth due to its
applications in the process industry, construction, consumer products, kitchen wares and
so on (Baddoo, 2008; McGuire, 2008; Kaladhar et al., 2012; Vignal et al., 2014). In hot
rolling, the stainless steel slabs are firstly placed in the reheating furnace to a high
temperature. The oxidation of stainless steels is significantly affected by the alloying
elements and atmosphere, and this means that its oxidation is more complex than that of
carbon steels. The two major potential components of a stainless steel oxide scale are
M,0; rhombohedral phase and M;0, spinel phase (Reichardt, 2001). Spinel crystallite
oxides always exist in the hot working of stainless steels. For instance, the Fe-Cr spinel is
located upon the steel substrate of ferrtic stainless steel SUS 430 (Cheng et al., 2015b);
the Mn-Cr spinel is on top of the Cr,O; scale on ferritic stainless steel B445J1M
(Cheng et al., 2015c).
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The deformation behaviour of the oxide scale on carbon steel can be characterised as
brittle, mixed, or ductile, based on its integrity between 650°C and 1,050°C in hot rolling
(Suarez et al., 2009). The oxide scale shows various deformation behaviours
(Krzyzanowski et al., 2010; Krzyzanowski and Beynon, 2006; Utsunomiya et al., 2014).
For instance, uniform deformation with matrix steel, cracking, fragmentation, and
indentation to matrix steel. It is found that the oxide scale deformation behaviour strongly
depends on the rolling temperature and the oxide scale thickness (Munther and Lenard,
1999). However, all the researches above were concerned about carbon steels on which
iron oxides; especially FeO is the main constituent of the oxide scale in hot process. It
was found that the composition of the oxide scale on stainless steel plays a significant
role on its tribological effect in hot rolling. Thin, hard, and brittle oxide scale causes
severe roll wear (Cheng et al., 2015c¢). Thinner Fe-Cr spinel is prone to be fragmented at
a high reduction and displays improved ductility (Cheng et al., 2015a). Hidaka et al.
(2006) concluded that plastic deformation by dislocation would occur to some extent in
Fe;0,4 and FeCr,0y crystals, but they would be broken when under high rolling reduction.
The deformation of oxide scale and the transformation of the surface roughness were
investigated (Wei et al., 2009a, 2009b, 2011; Zhang et al., 2012). Oxide scale thickness
decreases with an increase of rolling reduction (Sun et al., 2004a), and higher reduction
and thinner oxide scale result in better surface.

The surface of an oxidised hot steel strip is reported to be rough (Sun et al., 2004a).
The oxide scale may be depressed deeper into the strip surface and the hot metal is
extruded outward to fill the void between the oxide scale cracks, thus, a rougher surface
is generated (Jiang et al., 2006). Surface roughness is an important index of the quality of
arolled strip (Tieu et al., 2007; Jiang et al., 2008; Zhang et al., 2009). Researchers carried
out hot rolling test of low carbon steel, and found that the surface roughness decreases
remarkably in the case of thick primary oxide scale (Jiang et al., 2006; Sun et al., 2004a),
however, the ability to decrease surface roughness by the deformation of thin secondary
oxide scale is very limited. Chang et al. (2013) found that the rolling temperature is an
important factor affecting the surface roughness R, of low carbon strip. When the amount
of the outer brittle a-Fe,0; formed above 927°C increases, the roughness of the product
will increase.

This paper investigates the deformation of oxide scale on austenitic stainless steel
grade 304 and martensitic stainless steel grade 410L in hot rolling. Stainless steels have
traditionally been divided into categories depending on their structure at room
temperature. The thickness of the oxide scale on the steels was controlled by the
oxidation time. The hot rolling tests were carried out on a 2-high Hille 100 experimental
rolling mill and the rolling parameters including rolling force and reduction were
collected. Friction coefficients were calculated and characteristics of the oxide scale of
the steels before and after hot rolling were investigated. Finite element method (FEM)
has been employed in this study and the oxide scale layers and surface roughness have
been considered in the FEM model.



244 X Cheng et al.
2 Experimental details

2.1 Material and specimen geometry

The chemical compositions of stainless steel grades 304 and 410L are shown in Table 1.
The mechanical properties of the stainless steels are given in Table 2. All the materials
used in the experiment were taken from hot rolled strips and the specimens were
machined to the size of 100(W) x 400(L) x 10(H) mm®. In order to assist the sample to be
bitten into the roll gap, the front of the specimen was tapered to a thickness of 1 mm and
a length of 80 mm. The surface of the specimens was ground and the measured surface
roughness R, was 0.25 pm. Small samples of 15(W) x 15(L) x 10(H) mm’® were cut from
the same material with the same surface roughness for the oxidation test and were placed
with the rolling specimens in the electric resistance furnace to study the composition and
the thickness of the oxide scale before hot rolling.

Table 1 Chemical compositions of the stainless steels (wt.%)
Steel grade C Cr Ni Si Mn Nb Mo Cu Co Fe
304 0.048 18.14 8.15 036 1.09 0.011 0.15 0.19 0.143 71.58
410L 0.0241 1274 0.09 0.17 031 0.025 0.02 0.02 0.009 86.54
Table 2 Mechanical properties of the stainless steels at room temperature
0.2% proof stress Tensile strength Elongation Hardness
Steel grade (Mpa) (Mpa) (%) (HY)
304 250 600 55 160
410L 275 455 18 185

2.2 Reheating and hot rolling test

Reheating was carried out in a high temperature electric resistance furnace with a
chamber size of 350(W) x 330(H) x 870 (D) mm’. Hot rolling experiments were carried
out on a 2-high Hille 100 experimental rolling mill with rolls of 225 mm diameter and
254 mm roll body length. Rolling forces were measured by load cells on the mill. Rolling
speed can be set from 0.12 to 0.72 m/s. By considering the roll speed in the real industry
is far faster than that in the laboratory, in this study, the rolling speed was kept as
0.72 m/s, or 60 rpm. Reductions from 10% to 40% were selected. The samples were
oxidised at 1,100°C for 25 and 35 min, then rolled at 1,050°C. All the specimens were
thoroughly cleaned with acetone before heating, after rolling or reheating, all the
specimens were placed immediately in a cooling box with nitrogen gas to prevent further
oxidation and the specimen surfaces were covered with a small block of the stainless steel
304 to prevent the spallation of the oxide scale.

2.3 Observation and analysis

After the specimens were cooled to room temperature, the surface of the small and the
rolled samples was covered with a mixture of epoxy resin and hardener to protect the
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oxide scale. After 24 hours the resin coagulated, and then the protected oxide scale part
was sectioned along the rolling direction by a Stuers Accutom50 Cutting Machine to
obtain the cross-section of the oxide scale. Finally, the oxide scale sample was cold
mounted, ground and polished for metallographic examination.

The microstructures, composition and thickness of the oxide scale were examined by
a JEOL JSM 6490 scanning electron microscope (SEM) equipped with an energy
dispersive spectroscopy (EDS). Topographic feature of the oxide scale surface was
examined using an atomic force microscope (AFM).

3 Results and discussion

3.1 Okxide scale thickness before and after hot rolling

The thicknesses of the oxide scale formed on the two stainless steels before hot rolling
were measured on the cross section of SEM micrographs. Figure 1(a) shows the thickness
of the oxide scale before rolling. The thickness of oxide scale on the stainless steel 304 is
obviously thinner than that on the stainless steel 410L at 1,100°C at the same oxidation
time, indicating that the stainless steel 304 has higher oxidation resistance. Cr is the main
element for high temperature corrosion resistance of stainless steels. Generally, it is
considered as favourable and the higher the Cr concentration the higher the oxidation
resistance (Young, 2008). The Cr content of the stainless steel 304 is 18.14 wt.%, which
is much higher than that of the stainless steel 410L, and then thinner oxide scale was
formed during oxidation. Figure 1(b) shows the relationship between the reduction and
the thickness of the oxide scale after hot rolling. It can be seen that the oxide scale
thickness decreases linearly with an increase of reduction. Standard deviation of the
oxide scale thickness for the measurement increases with increasing reduction, and this
indicates that the uniformity of the oxide scale is affected by the increase of the
reduction. The uniformity of the oxide scale is associated with the even surface and
steel/oxide interface. The equations of linear fit to the measurements in Figure 1(b) are
shown in Table 3. The multiple coefficient of determination R? is a measure of the loss of
predictive power or shrinkage in regression. In the equations, x is the reduction in
thickness, and y is the oxide scale thickness in um. With different thickness of the oxide
scale before rolling, the slops of the linear fit lines of the stainless steel 304 are smaller
than that of the stainless steel 410L. It indicates that the thinner oxide scale formed on the
stainless steel 304 has higher resistance to be deformed in hot rolling. The composition
and thickness of the oxide scale play roles in the deformation of oxide scale in hot
rolling. Different compositions of oxide scales have different mechanical properties. On
carbon steels, the oxide scale is mainly made of iron oxides. The hardness of FeO, Fe;0,,
and Fe,O5 are 460, 540 and 1,050 HV, respectively at room temperature (Luong and
Heijkoop, 1981). However, at 900°C, the above values drop to 105, 366 and 516 HV,
respectively (Lundberg and Gustafsson, 1994). The hardness of the oxides formed on the
stainless steel is affected by the alloy elements, oxidising atmosphere and time (Amano
et al., 2006), and the volume ratio of iron oxides to Fe-Cr spinel is also varied with
oxidation temperature and time (Cheng et al., 2015b).
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Figure 1 Thickness of oxide scale on two stainless steels, (a) before hot rolling and (b) after hot
rolling at different reductions (see online version for colours)
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Table 3 linear fit regression equations derived from the lines in Figure 1(b)
Steel grade Oxidation time (min) Linear fit regression equation R’
304 25 y=-41.84x +45.62 0.98
35 y=-50.16x + 54.55 0.99
410L 25 y=-129.79x + 130.89 0.97
35 y=-167.99x + 168.14 0.96

Note: x is the reduction in thickness and y is the oxide scale thickness in pm.

3.2 Characterisations of the oxide scale deformation

3.2.1 The deformation of the oxide scale on the stainless steel 304

Figure 2 illustrates the longitudinal cross section of the oxide scale on the stainless steel
304 before and after the deformation in hot rolling. Figure 3 shows the EDS line scanning
element analysis of oxide scale on the stainless steel 304 in Figures 2(a) and 2(b), which
are the oxide scale formed at 25 and 35 min before hot rolling, respectively. The outer
oxide layer is made of iron oxides and the inner oxide layer is mainly formed by Fe-Cr
spinel with a small portion of Ni. This result agrees with the observation of Cheng et al.
(2014b, 2015b). Generally, the outer oxide layer is a combination of Fe,O; and Fe;0,
whereas, as indicated by Lee et al. (1991), the inner layer is formed by different
proportion of FeCr,0Oy4, NiFe,0, and Fe;0,4. There is a very severe spallation of the oxide
scale on the stainless steel 304 during cooling off because of the large difference of the
thermal conductivity between the steel substrate and the oxide scale. As seen in
Figures 2(a) and 2(b), the outer layer of the oxide scale is detached from the inner layer.
Figures 2(al) to 2(b2) shows that, at the same reduction, with a thicker oxide scale
formed at 35 min, the interface of steel/oxide becomes rougher after hot rolling. The
outer oxide layer is roughly 50% of the whole oxide scale, and the iron oxides are
pulverised or fragmented. In the case of the oxide scale formed at 25 min, there is not
much difference of the deformed oxide scale when the reduction is from 10% to 30%,
and the steel/oxide interface is slightly rougher with an increase of reduction. In the case
of the oxide scale formed at 35 min, roughening of the interface between the oxide scale
and the steel substrate is obvious even at the small reduction of 10%. The inner spinel
oxide layer is fragmented and indented into the steel substrate, and the steel substrate is
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extruded through the cracks of the inner spinel oxides, causing a very rough steel/oxide
interface at the high reduction. It seems that the characterisation of oxide scale
deformation in hot rolling differs as the thickness of the oxide scale differs. The thickness
of Fe, Cr, Ni spinel increases with increasing oxidation time, because it is hard and
brittle, resulting in fracture and displaying zig-zag feature under reduction. The
deformation behaviour of the oxide scale of the stainless steel 304 is sensitive to its
thickness in hot rolling.

Figure 2 SEM micrograph of the cross section of the hot-rolled specimen on the stainless
steel 304 along the rolling direction (a) oxide scale formed at 25 min before rolling;
(al)(a2) different reduction for the oxide scale in (a); (b) oxide scale formed at 35 min
before rolling; and (b1)(b2) different reduction for the oxide scale in (b) (see online
version for colours)

35 min *5

: Reduction
10%

30%

Figure 3 EDS line scanning element analysis of oxide scale on the stainless steel 304 in
Figures 2(a) and 2(b), (a) 25 min and (b) 35 min (see online version for colours)
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Figure 4 SEM micrograph of the cross section of the hot-rolled specimen on the stainless
steel 410L along the rolling redirection (a) oxide scale formed at 25 min before rolling;
(al)—(a3) different reduction for the oxide scale in (a); (b) oxide scale formed at 35 min
before rolling; and (b1)—(b3) different reduction for the oxide scale in (b) (see online
version for colours)
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Figure 5 EDS line scanning element analysis of oxide scale on the stainless steel 410L in
Figures 4(a) and 4(b), (a) 25 min and (b) 35 min (see online version for colours)
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3.2.2 The deformation of the oxide scale on the stainless steel 410L

Figure 4 illustrates the longitudinal cross section of the oxide scale on the stainless steel
410L before and after the deformation. Figure 5 shows the EDS line scanning element
analysis of oxide scale on the stainless steel 410L in Figures 4(a) and 4(b), which are the
oxide scale formed at 25 and 35 min before hot rolling, respectively. There are very clear
two layers of the oxide scale. The outer oxide layer is made of iron oxides and the inner
oxide layer is mainly Fe-Cr spinel. The volume ratio of the outer layer to inner layer of
oxide scale is roughly 1:1. The thickness of the oxide scale is more than double
than that formed on the stainless steel 304 at the same oxidation time [Figure 1(a)].
Figures 4(al) to 4(b2) shows that the deformation behaviour of the oxide scale is similar
as the rolling reduction is from 10% to 20%. The oxide scale deforms uniformly, and
there is still very clear interface between the outer and the inner oxide layer. Cracks in the
thickness direction were observed in the outer and the inner oxide layers respectively,
indicating that the oxide scale on the stainless steel 410L is still brittle. When the
reduction is higher than 30%, as seen in Figures 4(a3) to 4(b3), the inner Fe-Cr spinel is
fragmented and indented into the steel substrate causing a rough steel/oxide interface.
The outer layer of iron oxides are pulverised and covered on the top. The transition from
the uniform to the non-uniform deformation of the oxide scale is associated greatly with
the rolling reduction in hot rolling of the stainless steel 410L with different oxide scale
thicknesses.

3.3 Friction coefficient in hot rolling

A formula developed by Alexander et al. (1987) on the basis of Oroman’s model was
used for inverse calculation of the friction coefficient. The model is based on the static
equilibrium of the forces in a slab of metal undergoing plastic deformation between the
rolls. This model is described in Wei et al. (2009b, 2011) and Cheng et al. (2014a).

d(o.h) dh
+p—F2up=0 1
o TP T (1)

where p is the roll pressure, % is the strip thickness, o, is the stress in the rolling direction,

and x is the distance in the direction of rolling. The sign of the frictional traction in

equation (1) changes from being negative to positive at the neutral point (Lenard, 2007).
According to Lenard et al. (1999), the yield stress of the steel can be described as:

Osteel =00 * eiaT ) klgm1 : kZémz (2)

where oy, is the yield stress, oy the base yield stress, ¢ and ¢ the true strain and strain
rate (sﬁl), respectively, T the temperature in K, and a, k, k», m; and m, are constants.

In Alexander’s program, the flow stress is modified in the following form (Alexander
etal., 1987).

Ogees = A-(1+ Be)™ -(1+ Dg)" (3)

In which 4 = g, - ¢ T, where B, D, n; and n, are constants. Assuming D =B = 1,000 >> 1,
equation (3) still complies with equation (2). Sufficiently, 4, n, and n, in equation (3) are
determined by multiple-regression.
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Because the rolling speed is kept as 0.72 m/s, the strain rate is in the range 7—18 s
that depends on reduction in thickness according to Machida and Katsumata (1984).

- 2rn R ( 1 )
E§=—— |—-In| — 4
60~/ \ Ho l-r @

where ¢ is the mean rolling strain rate, n is the roll speed (rpm), r is the rolling
reduction, R is the roll radius (mm), and H, is the thickness before reduction (mm). In the
experiments, reductions of 10, 20, 30 and 40% correspond to strain rates of 7, 11, 14 and
18 s, respectively.

Figure 6 True o-¢ curves obtained from compression tests and regression equations at 1,050°C,
(a) stainless steel 304 and (b) stainless steel 410L (see online version for colours)
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Table 4 The regression equations for true o-¢ at different reductions at 1,050°C
Steel grade Strain rate (s) Regression equation
304 7 o=18.25x (1 + 1,000 &)**
11 =26.40 x (1 + 1,000 &)*’
14 o=24.75 x (1+ 1,000 &)*’
410L 7 6=736.62 x (1+ 1,000 &)**
11 0=27.80 x (1+ 1,000 £)*?’
14 6=31.04 x (1 + 1,000 )2
18 6=20.33 x (1 + 1,000 &)>**

In order to determine the flow stress model adapted by Alexander’s program,
compression tests were carried out for the stainless steels on Gleeble-3500 Hydro Wedge
testing system at different strain rates that correspond to different reductions at 1,050°C.
The rolling strain in the experiments is related to rolling reduction. In a rolling pass, the
total true strain is ¢ = In(H, / H), where H is the strip entry thickness and H is the strip
exit thickness. Reduction 30% corresponds to a true strain of 0.36 and reduction 40%
corresponds to a true strain of 0.51. Figure 6 shows the experimental and the regression
curves according to equation (3). It has to be noticed that, due to a small strain rate range,
the curves of the two stainless steels are very close. The regression curves in Figure 6(a)
are conformable to the experimental curves when the strain is less than 0.4, which is good
because the maximum reduction adopted for the steel 304 is about 30%; while the
regression curves in Figure 6(b) are conformable to the experimental curves when the
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strain is less than 0.55, which is also good because the maximum reduction adopted for
the steel 410L is about 40%. It can be seen that the flow stress of the stainless steel 304 is
much higher than that of the stainless steel 410L at the strain between 0.1 and 0.4 at
1,050°C. It can be concluded that the stainless steel 410L becomes softer at 1,050°C,
although this martensitic stainless steel has a higher tensile strength at room temperature.
The two stainless steel exhibits austenitic phase at this temperature. Table 4 shows the
regression equations according to equation (3) based on the different strain rates.

Figure 7 The relationship between friction coefficient and reduction with different oxide scale
thickness, (a) stainless steel 304 and (b) stainless steel 410L (see online version
for colours)
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The coefficient of friction was adjusted to a number until the output separating rolling
force is less than 1% error with the measured value. The relationship between the
reduction and the calculated friction coefficient is shown in Figure 7. In the case of the
stainless steel 304, the oxide scale is much thinner than that on the stainless steel 410L at
the same oxidation time (Figure 1). At the low reduction of 10%, the thicker oxide scale
on the stainless steel 304 causes high friction coefficient. Wei et al. (2009b, 2011) found
that the integral of the oxide scale on stainless steels was improved with increasing
reduction in hot rolling. It was observed that the oxide scale on the stainless steel 304 was
easily peeled off at the reduction of 10% [Figure 2(b1)]. However, as the reduction
increases to 20%, the thicker oxide scales on the stainless steel 304 leads to a lower
friction coefficient, and this tendency takes place on the stainless steel 410L as well.
Munther and Lenard (1999) found that the oxide scale thickness appears to have a greater
effect on friction than the oxide scale composition, and thicker oxide scales give lower
friction coefficient values. The same result was also confirmed by Luong and Heijkoop
(1981). Suarez et al. (2009) concluded that the deformation temperature is the important
factor affecting the plastic behaviour of the oxide scale formed on ultra-low carbon steel.
However, the oxide scale on stainless steels may display different deformation behaviour
from that on carbon steels due to their complex oxidation behaviour (Cheng et al.,
2015a). Compared to the stainless steel 304, friction coefficients of the stainless steel
410L are lower than that of the stainless steel 304 at the similar reductions (> 20%), this
is attributed to its thicker oxide scale and the softer steel substrate at 1,050°C
(Figure 6). For the stainless steel 304, the deformed thicker oxide scale formed at
35 min displayed rougher steel/oxide interface as the reduction increases (> 20%)
[Figures 2(bl) and 2(b2)], however, it has little effect on friction coefficients. Cheng
et al. (2015a) found that the outer layer of oxide scale constituted with Fe,O; and Fe;0,
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would be fragmented and covered the rolled specimen uniformly, in this way, the bare
steel substrate to contact against the roll surface will be eliminated.

An increase in the friction coefficient after increasing reduction from 32% to 40% is
shown in Figure 7(b). The thicker oxide scale on the steel 410L has not caused a decrease
in friction coefficient at the reduction of 40% compared to that at lower reductions. On
the steel 410L, the non-uniform deformation of the oxide scale is associated greatly with
the rolling reduction but not the thickness, therefore, at this reduction, the inner Fe-Cr
spinel is fragmented heavily and the cracks are enlarged, and this causes the steel
substrate extruding from the cracks and some soft substrate might touch the roll surface,
and the sticking occurs. As a result, friction coefficient increases. This phenomenon is
different from the carbon steels, on which the porous FeO has a good ductility and acts as
a lubricant to reduce the friction coefficient at high reductions (Krzyzanowski et al.,
2010; Hidaka et al., 2003).

3.4 Finite element analysis of surface roughness transformation

FEM used in this study was to analysis transformation of the surface roughness of the
oxide scale and the steel (steel/oxide interface) in hot rolling.

Surface roughness plays an important role because it directly affects the friction in the
roll bite so that parameters such as the rolling force, torque and energy consumption are
altered. With the surface roughness included in the model of strip rolling process, the
oxide scale layer on the strip can be described in realistic detail, so the roughness
transformation of the scale and steel during rolling can be better understood.

3.4.1 Generation of 3D rough surface profile

The surface topography of the oxidised surface on the stainless steel before hot rolling
was scanned by AFM as shown in Figure 8. It is similar to the surface profile of oxidised
carbon steel (Sun et al., 2004b). This is because the top oxide on the outer layer of oxide
scale on stainless steels is also Fe,O3 (Cheng et al., 2015b). It can be seen that the surface
valleys are in a random pattern.

The surface roughness topography is assumed as a linear superposition of a series of
normal distribution functions. The model has been described in the work of Jiang et al.
(2006). Then, the profiles of a roughness asperity can be described as follows:

z= Ae_[ o 7 ©)

where Z and A4 are the height and the peak height of the roughness asperity respectively; u
and v are the summit coordinates; o, and o, are standard deviations that reflect the wave
length or sharpness of the normal distribution function.

For any plane p parallel to Z as described by:

p:Ax+By+C=0 (6)
intersects the surface described by equation (4), the curve at the intersection can be

obtained by eliminating y (or x) in equation (5) using equation 6), as shown in
equation (7).
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—(x=)?

z=A'e 20 (7

where A’ is the modified peak height of the roughness asperity and x” is the modified

summit x coordinates. The intersection curve is shown in equation (7). It can be seen that
the curve at the intersection still has a Gaussian function form. If the asperities of the
rough surface are constituted by a series of profiles expressed by equation (4), any profile
of a surface section can be constituted by a series of curves expressed by equation (4).
The profile of a single asperity can be described by the Gaussian function in 3D or 2D
form. Gaussian function is asymmetrical at its peak position. As x—u' =30 or

x—u' =-30, zis very close to zero in equation (6) compared with the peak value of z
(Jiang et al., 2010).

Figure 8 Oxidised stainless steel surface profile scanned by AFM (see online version for colours)
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For a rough surface, the peak height 4 of an asperity is a random number and usually
obeys normal distribution. The distribution of wavelength 4., 4, of the asperities of the
oxide scale has a single peak in the range of 20-30 um. 4, A, and 4,, the parameters of a
roughness asperity profile are assumed to have a normal distribution in a specified rough
surface. When the mean value 4,,, A, 4, and the standard deviation value g, oy, 0, of 4,
Av, A, are specified, the parameters of a roughness asperity profile 4, A, 4, in a small
rectangular area can be obtained by running a random number generator which uses
normal distribution functions N(4,,, 6,), N(Axm, 0x) and N(A,,,, 6,), respectively.

Figures 9(a) to 9(b) show the rough surface generated by the model stated in equation
(5) in a rectangular area. The peak distribution and profile in Figure 9(b) and Figure 8 are
relatively close, which shows that the surface roughness generated is similar to a real one
if suitable parameters are used.
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Figure 9 (a) Generated individual 3D valley and (b) Generated 3D surface profile for simulation
(see online version for colours)
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3.4.2 Finite element model

According to the experimental results, two oxide scale layers are considered. The outer
layer of the oxide scale is iron oxides and the inner layer of the oxide scale is chromite.
Echsler et al. (2003) found that the flow stress-strain curve of oxide scale was similar to
that of the substrate steel in a bending experiment of mild steel. The flow stress of the
scale layer is always less than that of the steel substrate for the same strain. The empirical
formula obtained by Yu and Lenard (2002) estimated the average flow stress of the scale
layer is 123.37 to 443.1 MPa, which may be larger than that of the steel substrate.

In this simulation, the oxide scale is assumed to be elastic-plastic materials and the
flow stress is assumed to be proportional to that of steel substrate and can be expressed
by the form of equation (8).

0=k O (8)

where £ is the proportional constant, and is derived from o, equation (3).

The Poisson ratio is 0.3 and Young’s modulus of whole oxide scale is calculated by
using equation (9) (Morrel, 1987). E, = 220 and 280 GN/m” for iron oxide and chromite,
respectively (Krzyzanowski et al., 2010).

E = Ey[1-4.7x10*(T - 25)]GPa ©)

Coulomb’s friction model was used in this study. As the friction coefficient is affected by
the thickness of oxide scale, temperature, speed, pressure, reduction, and lubrication, it
varies in different experiments and may change during rolling. The friction coefficient
was assumed a constant in each case in the simulation. The friction coefficient used in the
simulation was assumed as a constant and used the value from the inverse calculation as
shown in Figure 7.

A series of simulations having the same rolling and profile parameter were
performed. k& varies from 0.5 to 1.2 based on the results of Echsler et al. (2003) and
Yu and Lenard (2002). Figure 10 shows the surface roughness of the oxide scales and
steel after deformation. It can be seen that the surface roughness of both the oxide scale
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and the steel substrate keep stable when the constant £ is larger than 1.0. k is assumed to
be 1.2 in the simulation.

Figure 10 Effect of k£ values on surface roughness of oxide scale and steel (see online version
for colours)
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3.4.3 Simulation results and discussion
3.4.3.1 Effect of reduction

The rolling parameters used in the simulation for the effect of rolling reduction are
adopted as those in the experiment. The steel grade 410L was chosen for simulation
firstly. The oxide scale thickness is 140 um, corresponding to the oxide scale formed for
35 min [Figure 4(b)]. It is assumed that the thickness of iron oxide is one order of
magnitude of the thickness of chrome oxide, i.e., the thickness of iron oxide and spinel
chromite oxide are 70 um equally.

Figure 11 Effect of reduction on surface roughness of oxide scale and steel, (a) stainless steel
410L and (b) stainless steel 304 (see online version for colours)
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Effect of reduction on surface roughness of the stainless steel 410L is shown in
Figure 11(a). The surface roughness decreases with an increase of reduction and the
decrease of scale surface roughness is more than that of steel substrate, which is
accordance with the experimental results. When the reduction is higher than 20%, the
tendency for decreasing surface roughness is not so significant. In fact, the peaks of
surface asperities encounter the roll, and they are compressed firstly. This causes the
peaks of the asperities to be flattened quickly and then the surface roughness decreases
dramatically. The contact area between the oxide scale and the roll increases when more
and more peaks of the asperities are flattened. Simulation was also carried out for the
stainless steel 304, as shown in Figure 11(b) and the result is similar to that of the
stainless steel 410L.

3.4.3.2 Effect of initial surface roughness

The initial surface influences the lubrication in sheet forming of stainless steel (Nilsson
et al., 2010). Initial surface roughness chosen is in the range of 2.1 to 4.0 um based on
experimental results after descaling but before rolling (Sun et al., 2004a). The steel grade
410L was chosen for simulation firstly. The oxide scale thickness is 140 pm.

The simulation results of the stainless steel 410L are shown in Figure 12(a). Two
reductions were used. It can be seen that the final surface roughness of both the oxide
scale and the steel substrate increases linearly with an increase of initial surface
roughness. At the higher reduction of 40%, the slopes of the lines are smaller than those
at the lower reduction; this means that the initial roughness influences the final surface
roughness less when the reduction is high. Simulation was also carried out for the
stainless steel 304 with oxide scale thickness of 70 pm, as shown in Figure 12(b) and the
result shows the similar trend as that of the stainless steel 410L.

Figure 12 Final surface roughness of oxide scale and steel vs. initial surface roughness,
(a) stainless steel 410L and (b) stainless steel 304 (see online version for colours)
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3.4.3.3 Effect of oxide scale layer thickness

Simulations with various thicknesses of the oxide scale were chosen to evaluate the effect
of initial thickness of the oxide scale on final surface roughness. The steel grade 410L
was chosen for simulation firstly. Rolling reduction is 40%, average asperity wavelength
is 40 um and initial surface roughness is about 2.0 pm.
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The results of the stainless steel 410L are shown in Figure 13(a). There is not much
variation of the final surface roughness with increasing oxide scale thickness. As the
oxide scale thickness increases from 100 to 160 pum, the steel surface roughness increases
slightly. The result is different from of the oxide scale on carbon steel (Jiang et al., 2010),
in which the increase of final surface roughness of steel substrate is faster than that of
oxide scale. However, the simulation for the surface roughness transformation of carbon
steel was only considered one layer of oxide scale and the FeO is the main constituent.
Simulation was also carried out for the stainless steel 304, as shown in Figure 13(b) and
the result is similar to that of the stainless steel 410L.

Figure 13 Final surface roughness of oxide scale and steel vs. oxide scale thickness,
(a) stainless steel 410L and (b) stainless steel 304 (see online version for colours)
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3.4.3.4 Comparison of simulation results with experimental results

The values of R, of oxide scale after rolling obtained from the simulation and the
experiments are compared in Figure 14(a) for the stainless steel 304 and Figure 14(b) for
the stainless steel 410L, respectively.

Figure 14 Comparison of experimental and simulation results of surface roughness vs. reduction,
(a) stainless steel 304 and (b) stainless steel 410L (see online version for colours)

a) 36 b) 3.6]
( ) 3.4 4 Steel 304 ( ) 3.4- Steel 410L
§§ Oxidation time: 25 min g-g: Oxidation time: 25 min
g'a. ®m— Experimental 2I8- A —u— Experimental
A i " & Simulation
2.6 &  Simulation 261 | & o St
244 Oxidation time: 35 min 2.4 xidation time: 35 min
E 224 A~ Experimental E 22/ A~ Experimental
Tw 20 4 Simulation 22.0] 4 Simulation
o 184 o 18 1
164 +-=-__ 164 .
144 — ‘; i 144 .
124 % — 12 9§ 0
1.04 gl 1.0 1 —z
0.8 . " o8]
0.6 5 0.6 :
0.4 0.4 <L
0.2 4 T T 021 T T T
10 20 30 10 20 ) 30 40
Reduction, % Reduction, %

For the two stainless steels, the thicker oxide scale oxidised for 35 min has higher R, than
the thinner oxide scale oxidised for 25 min at the same reduction, and R, decreases with
an increase of reduction. However, the change of R, in simulation is negligible when the
oxide scale thickness is different. The decreasing tendency of R, with increasing
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reduction is similar to that in the experiments. It is noted that the values of R, obtained
from simulation are lower than those from experiments. The reason may be lack of
compact ability of the thicker oxide scale and this may cause more broken surfaces,
hence increase surface roughness. The spallation of the oxide scale on the austenitic
stainless steel 304 is severe when the rolling reduction is small during cooling process,
which could also increase the surface roughness.

Generally, the simulation results can match the results obtained in the experiments.
The two layers of the oxide scale were employed in the simulation and the mechanical
properties of the oxide layers are used same values without considering oxide
compositions, therefore the simulation results of 410L and the stainless steel 304 are
similar. The measurement of the mechanical properties of oxide scale, which requires a
combination of experiments under appropriate operating conditions and computer-based
modelling (Echsler et al., 2003; Tiley et al., 1999) is a challenge. Especially, the
measurement at high temperature is quite difficult. Different methodology has been
employed to observe and to measure the mechanical properties of the oxide scale at high
temperature. Echsler et al. (2003) found that the flow stress-strain curve of oxide scale
was similar to that of the substrate steel in a bending experiment of mild steel. The flow
stress of the scale layer is always less than that of the steel substrate for the same strain.
Krzyzanowski and Beynon (1999, 2006) have investigated the failure of oxide scales
formed on mild steel using high temperature tensile tests because of a longitudinal tensile
stress in the stock surface ahead of contact with the roll. The oxide scale can have
through-thickness cracks or delamination (Krzyzanowski et al., 2010, Krzyzanowski and
Beynon, 1999). The simulation will be further considered with the composition of the
oxide scale and its mechanical properties at high temperature. The developed FE
simulation can be applied in the analysis of deformation behaviour of oxide scale, friction
and surface roughness transfer during hot rolling of stainless steels.

4 Conclusions

In this paper, hot rolling tests were carried out on a 2-high Hille 100 mill. Friction
coefficient was calculated and the deformation behaviour of the oxide scale on austenitic
stainless steel 304 and martensitic stainless steel 410L were analysed.

Austenitic stainless steel 304 has higher oxidation resistance than martensitic stainless
steel 410L at 1,050°C. The thickness of the oxide scale formed on the stainless steel 304
is more than double of that on the stainless steel 410L at the same oxidation time. On the
stainless steel 304, the oxide scale exhibits higher resistance to be deformed in hot rolling
and the deformation behaviour of the oxide scale is sensitive to its thickness. On the
stainless steel 410L, the reduction in thickness is important to the uniformity of the
deformed oxide scale. Friction coefficient of the steel 410L is less than that of the
stainless steel 304 when the reduction is higher than 20% at the rolling temperature of
1,050°C in the experiment.

The surface roughness transformation including the oxide scale and the steel
(steel/oxide interface) of the stainless steels in hot rolling has been analysed using a
FEM. 3D surface profile by generating the rough oxidised surface on stainless steel has
been successfully applied for the simulation. Simulation results show that the final
surface roughness decreases with increasing reduction, and the surface roughness of steel
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is always larger than that of oxide scale. Higher initial surface roughness causes higher
final surface roughness.
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