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In this paper, a semi-analytical model was proposed to superimpose the initial
residual stress components on the work roll surface and subsurface to minimize
the maximum value of Von-Mises Stresses (MVMS) during the hot rolling
process to reduce the possibility of roll wear and increase the fatigue life. A
Finite Element Model (FEM) was proposed to assess the temperature and
thermomechanical stress in work roll during hot rolling. An analytical method
was developed to implement the three initial residual stress components
designed by the full factorial analysis of variance (ANOVA) method in the
obtained FEM thermomechanical stress results. An Artificial Neural Network
(ANN) was used to establish an objective function to relate the initial residual
stress components to the MVMS. Subsequently, the single and multi-objective
Genetic Algorithm (GA) optimization were used to find the optimal value of
initial residual stress components to minimize the MVMS on the surface and
subsurface of the work roll. The results showed a significant reduction of both
the value and amplitude of the MVMS on surface and subsurface of a work
roll during the hot rolling process.
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Hot rolling

1. Introduction strong relationship between the surface wear rate and
the plastic deformation [5]. Since the onset of plas-

tic deformation is governed by MVMS, this criterion is

The surface layers of work rolls in the hot rolling indus-
trial process are commonly imposed to cyclic thermal
and mechanical stresses during their service life. These
cyclic stresses in macro-scale and micro-scale lead to lo-
calized micro-scale plastic deformation and damage ac-
cumulation on the work roll surface in roughing trains
and finishing stands [1-3]. These damages are related
to fatigue cracks that nucleate and grow under thermal
and mechanical cyclic stresses [4]. Therefore, there is a
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an excellent indicator of the effectiveness of all stress
tensor components on the fatigue life [6-8].

It can be stated that one way to suppress or delay
the plastic strain is to reduce the MVMS stress [3, 6-8].
A few investigators have presented that this aim can
be achieved by incorporating a shallow surface layer of
compressive residual stress [9-11]. In a contrary view-
point, if the combination of compressive residual stress
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and in-service stress exceeds the compressive yield limit
of the roll material, the roll surface will deform plas-
tically, and crack nucleation will begin [1]. Therefore,
there remains a need for an optimum value of compres-
sive residual stress that can balance these two tenden-
cies and improves the rolling fatigue life. For example,
Cretu et al. [12] used an equivalent critical stress cri-
terion for finding the optimum residual stress distribu-
tion with an experimentally confirmed positive effect
on the fatigue life of ball bearing. Warhadpande et
al. [8] studied the influence of superimposed residual
stress patterns on the MVMS of bearing operation by
a 2-D elasto-plastic FEM model. Recently, Mahdavi
et al. introduced a 2-D elastic semi-analytical frame-
work [3] and an elastoplastic micromechanical model
[13] to evaluate a favorable macro-scale compressive
residual stress in the vicinity of non-metallic inclusion
and related it to the micro-scale Von-Mises stress as
the optimization criterion of fatigue initiation. How-
ever, although the effect of initial compressive residual
stress on the mechanical fatigue life of bearings was
demonstrated over time, little attention has been paid
to the effect of initial compressive residual stress on
the thermal and mechanical fatigue life of work rolls in
hot rolling operation. Moreover, there is no study to
consider the effect of each independent component of
residual stress on the rolling fatigue life separately.

This study represents a semi-analytical model to
generate three components of stress tensors as initial
compressive residual stresses in surface and subsurface
layers of FEM of hot rolling work roll to minimize the
MVMS. The ANOVA with full factorial experiments is
employed to obtain enough data for establishing an ob-
jective function by ANN. ANN was used to create the
mathematical relationship between input initial resid-
ual stresses and the MVMS in different layers using
Matlab software. Moreover, the model was applied
to determine the optimum value of each component
of initial residual stress by single-objective and multi-
objective GA to achieve the minimum value of MVMS
as a means for suppressing or delaying the onset of
plasticity and increasing the roll fatigue life.

2. Theory

2.1. Finite Element Analysis

According to the previous finite element analysis
(FEA) of the hot rolling work roll in three-dimensional
(3D) [14, 15] and two-dimensional (2D) [16-19], a 2D
plane-strain FEM of only rotating work roll and fixed
boundary conditions is used here in order to study
temperature and thermo-mechanical stress evolution of
work roll during hot rolling process. The advantage of
2D over 3D FEM is a reduction of total computational
effort and time. The elastic FEA was developed using
ABAQUS/Standard commercial finite element solver
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(Fig. 1a) [20]. The linear elasticity of the model is
a conservative constraint for excluding cyclic plastic-
ity [3]. A local cylindrical coordinate system is defined
such that radial direction is along the X-direction, tan-
gential direction along the Y-axis, and axial direction
along the Z-axis as shown in Fig. la. As detailed in this
Fig. 1, mesh refinement is positioned near-surface in
order to improve the calculation accuracy, and coarse
mesh was used inside the work roll to reduce the to-
tal computation effort and time. The mesh size was
selected to be independent of temperature and stress
results. In the center of the model, a reference point
was placed and coupled to the surface points of the
small hole to conduct a circular motion. This model is
based on the experimental work done for on-site mea-
surement of the temperature change in an S.G. cast
iron work roll in a roughing stand of a medium-width
strip mill [2]. Fig. 1b shows the detailed boundary con-
ditions along the circumferential direction of the work
roll, where four regions were divided. Region AB in-
volves the roll bite region, regions BC and DA indicate
the natural air cooling regions, and region CD indicates
the nozzle-spraying region. During the FEA, the con-
vective heat transfer coefficients in nozzle spraying and
natural air-cooling regions were defined in a user sub-
routine film [20]. Roll bite region subjected to constant
heat flux and rolling pressure using Dflux subroutine
and Dload subroutine, respectively [20].

Work roll

Strip

! 5

/7 Strip Input

Strip Output

(b)
FEM model of the S.G cast iron work roll:

Fig. 1.
a) Circumferential plane of FEA model with detailed
mesh; b) Schematic of boundary condition during hot
rolling.

The rolling parameters and physical and mechani-
cal properties of work roll and strip are shown in Tables
1 and 2, respectively. The heat transfer coefficients in
the air cooling and nozzle-spraying regions were cal-
culated based on the formula used in [10]. Also, in-
put thermal flux was calculated by the equation pro-
posed by Deng et al. [18]. An equation developed
by Shida [21] for hot-rolled strip flow stress was con-
sidered to generate the rolling pressure based on the
well-known expression developed by Sims [22]. The de-
formation conditions needed for calculating the Shida’s
flow stress, such as the rolling reduction and tempera-
ture of the strip, are detailed in Table 1.
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Table 1
Rolling parameters of the work roll and hot strip used in the simulation.
Parameters Value
Velocity of the work roll (rad/s) [2] 1.31
Roll diameter (mm) [2] 800
Initial work roll temperature (K) [2] 293.15
Entry strip temperature (K) [2] 1503.15
Air/Water temperature (K) [2] 293.15

Entry strip width (m) 1

Rolling reduction (%) [2] 22.5%

Rolling pressure (MPa) 63.3

Heat transfer coefficient (W/(m?K))

Bite region, 18000 [2] Water cooling, 35000 [10] Air cooling, 5 [10]

Sectors (degree)

Heating (AB), 13 Air cooling (BC), 12 Water cooling (CD),
97 Air cooling (DA), 238

The Steel St37-2 was considered as the strip mate-
rial with carbon content equal to 0.032%. The sticking
friction was considered to model the contact arc be-
tween the hot-rolled strip and work rolls. The element
used in the analysis is four-node plain strain thermally
coupled quadrilateral CPE4T with bilinear displace-
ment and temperature.

Table 2

Mechanical and thermal properties of work roll material.
Parameters Value
Young’s modulus (GPa) [2] 175
Poisson’s ratio [2] 0.275
Density (kg/m?) [2] 7800
Thermal expansion coefficient (1/K) [2] 12.6 x 10~°

Thermal conductivity (W/(m K)) [2] 35

Specific heat (J/(kg K)) [18] 460

2.2. Analytical Model

Let o (y,t) be the original stress tensor depending on
the local depth y (see Fig. 1la, detailed section) and
rolling time ¢ extracted from FEA results at each arbi-
trary point. Based on the linear elasticity, the MVMS
can be considered a valid criterion for suppressing
micro-scale plasticity entirely [6-8]. In this linear map-
ping, the offset stress state o4 (y,t, 0res(y)) replacing
the original one oy; at each specific point can be rep-
resented by the following combination with the super-
imposed residual stress state g,.q:

Tr(Y, t, Ores(y)) = ori(y, 1)

O11,res (y) 0 0
+ 0 022 res (y) 0 (1)
0 0 0'33,res (y)

The pattern of arbitrary initial residual stress in
three directions can be accounted for through modifi-
cation of Eq. (1). This modification resulted in the

following Von-Mises stress formula:
(2)

\/(311 — G22)° + (G33 — 611)° + (Goz — G33)° + 602,
2

oV M (y7 ta Ores (y)) =

The idea is to minimize the MVMS at each depth
by finding an optimum value of each component of ini-
tial residual stress resulting in maximum fatigue life of
work roll during hot rolling.

2.3. Optimization

ANN is used here to map the data set of three input
variables and a set of targets. The radial, axial, and
tangential residual stress components were considered
input variables. Full factorial ANOVA designs were
utilized to create enough data set at three depths in
six levels of residual stress components, as shown in
Table 3. By conducting a full factorial analysis using
Minitab software, 216 data sets were designed by com-
bining three input variables at different levels. There-
fore, each data set was determined by changing input
variables in six levels. The amount of upper and lower
bound of the residual stress interval was obtained based
on the pre-simulation and experimental observations of
maximum initial compressive residual stress after the
heat treatment process in related literatures [23-25].
The targets were calculated by superimposing the de-
signed input data set into the attained finite element
simulated stress through Eq. (1). This can lead to the
new Von-Mises stresses as the output variables through
Eq. (2). For the training of the ANN, we used the
Matlab Neural Networks module. The network is a
two-layer feedforward network with a sigmoid transfer
function in the hidden layer and a linear transfer func-
tion in the output layer. The data set was randomly di-
vided for each combination of state, input, and output
variables into training (70%, 152 samples), validation
(15%, 32 samples), and test set (15%, 32 samples).
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Table 3
Input parameters and their levels.
Level
Parameter
1 2 3 4 5 6
Initial compressive radial stress (MPa)
Initial compressive tangential stress (MPa) 0 130 260 390 520 650
Initial compressive axial stress (MPa)
C s D
! ! ~— l
Select i d In-situ
elect mput paral_neters an measurcments FEA
levels and design full 2]
factorial experiments
Comparison of FEA results
and in-situ measurements of
temperature
Changing
thermal
v specifications
. €s Ni
Conduct analytical Validation o |
procedure \/
Single and multi
ANOVA ANN model objective optimization
by GA

Fig. 2. The flowchart of considered steps in this study.

For the training, the Bayesian regularization back-
propagation algorithm was used. The network struc-
ture consists of one hidden layer with 20 neurons. The
number of neurons was selected based on the minimum
value of the test and training mean-square-error (MSE)
in an iterative trial-and-error procedure. The epoch
number was 1000, and the training finished after 1000
iterations. The measurement of the performance of
the ANN model is done by using the MSE and coef-
ficient of correlation (R). The MSE and R values of
the test network are 0.134 and 0.99998 on the surface,
0.478 and 0.99994 at a depth of 1.7mm, and 0.255 and
0.9994 at a depth of 3.5mm, respectively. According
to these results, we can say that the ANN is very well
at predicting the MVMS. After fitting the data, neural
network function was generated that forms a general-
ization of the input-output relationship. The attained
fitness function was implemented into the Matlab op-
timization toolbox as an objective function. The lower
and upper bounds on the input variables are deter-
mined based on Table 3. Then, GA solver was used to
find a minimum value of the objective function on the
surface and selected depths. Fig. 2 shows the flowchart
of considered steps in this study.

3. Results and Discussion

3.1. Temperature Variations

Fig. 3a compares simulated and experimental results
of reference [2] during the first revolution. The simu-
lation results agree with the experimental on-site mea-
surement that indicates the reliability of the FEA of
the S.G cast iron work roll during hot rolling. As
can be seen, the surface temperature increases rapidly
from 20°C to 534°C during contact with the hot strip
(AB). It then decreases due to subsequent air cooling
(BC) and water cooling (CD) until reaching a stable
value of 50°C. After the water-cooling position (point
D) had been passed, the surface temperature increased
slightly due to heat conduction from subsurface layers
of a higher temperature. This is consistent with results
obtained in previous studies [16-19]. The variation of
the simulated roll temperature history of three-selected
depths during the five revolutions is shown in Fig. 3b.
As can be seen, the maximum temperature increases
gradually on the surface during the first three revolu-
tions. It then reaches a stable maximum value of about
545°C during subsequent revolutions.
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Fig. 3. a) Verifying simulated temperature by Stevens on-situ measurements [2]; b) Temperature histories of
three selected depths during the early five revolutions from FEA.
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Fig. 4. a) Stress components evolution history at roll surface; b) Stress components evolution history at 1.7mm
beneath the surface; ¢) Stress components evolution history at 3.5mm beneath the surface; d) Von-Mises stress

within different depths.

Also, it can be stated that there is no stable max-
imum temperature beneath the surface during early
revolutions due to non-uniform conduction between
different depths. The maximum temperature at depths
of 1.7mm and 3.5mm during the early five revolutions
are equal to 233°C and 130°C, respectively, which
are significantly lower than the surface temperature.
Therefore, it can be concluded that the extreme tem-
perature is limited to a thin surface layer only.

3.2. Thermo-mechanical Stresses

Fig. 4 illustrates all relevant thermo-mechanical stress
profiles on the surface, 1.7mm and 3.5mm beneath the
surface. As can be seen, axial and tangential stress dis-
tributions are almost identical, and a minimum value
of radial stress is due to rolling pressure. Fig. 4a il-
lustrates the maximum compressive axial and tangen-
tial stresses of 933 and 914MPa, respectively. They
developed on the roll surface due to contact with the
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hot strip in the first revolution, then reached a stable
value of about 1033MPa in axial direction and 999MPa
in tangential directions in subsequent revolutions. At
a depth of 1.7mm (see Fig. 4b), the maximum com-
pressive axial and tangential stresses in the first revo-
lution reduced to 585 and 562MPa, respectively. This
reduction of the maximum compressive axial and tan-
gential stresses in the first revolution continues to 231
and 220MPa at the depth of 3.5mm, as shown in Fig.
4c. As can be seen, there was no stable compressive
stress at these depths during the early five revolutions.
A comparison with temperature variations in Fig. 3
confirms that the stresses at the depths of 1.7mm and
3.5mm follow a similar pattern to the temperature vari-
ations. Fig. 4d shows that Von-Mises stress on the
surface when the first revolution reaches 909MPa and
is then reduced to 50MPa during subsequent cooling,
which shows a significant amplitude level. In the sub-
sequent revolutions, the Von-Mises stress gets a stable
amplitude between 994MPa and 63MPa. In addition,
it can be concluded that there are much smaller Von-
Mises stresses at selected depths than on the surface.
Thus, a significant Von-Mises stress develops on the roll
surface, where the material undergoes plastic deforma-
tion. So, the voids and cracks initiate and grow toward
the depth [2]. Regarding the effect of high-magnitude
of Von-Mises stress, it is apparent that high-stress am-
plitude also leads to a significant reduction in the fa-
tigue life due to an increase in the growth rate of short
cracks on the surface [25]. Therefore, it can be con-
cluded that minimizing the MVMS by superimposing
the optimal residual stresses is beneficial in improving
the fatigue life.

Table 4
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3.3. Optimization

The input parameters determined in section 2.3 was
applied to FEA simulated results of three directions
at three depths in order to minimize the maximum
value of attained Von-Mises stresses. Table 4 depicts
the optimal residual stresses required for maximum
reduction in Von-Mises stress at three depths obtained
by the ANN method and GA optimization. A sum-
mary of the ANOVA result is given in Table 5. All
input parameters and interactions were highly sig-
nificant (P< 0.001). The results illustrate that the
initial radial stress has the most effect on the Von-
Mises stress, with the contribution of 63.7% on the
surface, 55.1% at the depth of 1.7mm, and 24.8% at
the depth of 3.5mm. The contributions of the tangen-
tial and the axial stress are 14.8% and 18.1% on the
surface, 12.2% and 16.9% at the depth of 1.7mm, and
5.7% and 5.4 % at the depth of 3.5mm, respectively.
It can be observed that the tangential and the axial
stresses have approximately the same contribution on
Von-Mises stress. Although there was a lower contri-
bution of radial stress at deeper depths compared to
the surface, it is still more prominent than axial and
tangential stress. Therefore, it should be noted that
the minimum MVMS is attained approximately when
the radial compressive residual stress increases to an
optimum value, irrespective of the type of two other
components. However, a strong destructive influence
of the superimposed radial residual stress was observed
when it increases beyond the optimal value.

Optimal parameters of initial residual stress components and optimized MVMS.

Optimal parameters (MPa)

Radial stress

Tangential stress

- Optimized oy (MPa)
Axial stress

Surface -552.1 -110.2 -100.9 458.7
1.7mm -382.1 -118.1 -95.1 290.9
3.5mm -356.9 -268.7 -255.2 147.2
Table 5
Summary of ANOVA results.
Source DF Surface contribution (%) 1.7mm Contribution (%) 3.5mm Contribution (%) P-Value
A (Radial) 5 63.7 55.1 24.8 <0.001
B (Tangential) 5  14.8 12.2 5.7 <0.001
C (Axial) 5 18.1 16.9 5.4 <0.001
AB 25 0.7 5.9 10.6 <0.001
AC 25 0.69 6.5 19.23 <0.001
BC 25 1.46 2.5 10.8 <0.001
Error 125 0.43 1.0 23.1
Total 215
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Fig. 5. a) Optimized Von-Mises stresses evolution history within different depths; b) Multi-objective uniform
optimized Von-Mises stresses evolution history through the depth up to 3.5mm.

Table 6

Multi-objective optimal parameters of initial residual stress components and optimized MVMS.

Input optimal parameters (MPa)

Multi-objective of optimized maximum

ovM (MPa)
Radial stress Tangential stress Axial stress Surface  1.7mm 3.5mm
-575.058 -162.109 -152.804 471.45 414.86 447.47

0 - 3.5mm

Fig. 5a shows the optimized Von-Mises stresses ob-
tained in the presence of optimal residual stresses dur-
ing the first revolution. Comparing Figs. 5a and 4d,
demonstrates that the MVMS on the surface is reduced
significantly from 909 to 458.7 by introducing optimal
initial residual stress. A similar effect at the depth
of 1.7mm and 3.5mm can be seen. The optimal ini-
tial residual stress decreases the magnitude of MVMS
to 290.9MPa from 670.8MPa at the depth of 1.7mm.
Also, the magnitude of MVMS at the depth of 3.5mm
decreases to 147.2MPa from 334.6MPa. The conse-
quence of these reductions will lead to a significant
reduction of micro-scale plasticity and near-inclusion
micro cracks [3].

Despite the simplicity of the theory of proposing
the optimal residual stresses in different points, there
are practical limitations when applying it to real ap-
plications. Shot peening and heat treatment are two
well-known processes, which can induce compressive
residual stresses into the subsurface of materials in or-
der to improve the fatigue life [26]. However, it is worth
noting that future works are needed to find a method
for implementing desired residual stress components
at different points in different directions. In addition,
the rapid changing of applying optimized Von-Mises
stress between different points could be a cause of the

possibility of additional negative effects on fatigue life.
Therefore, in this paper, the ANN method and multi-
objective GA optimization algorithm were also used to
find the optimal value of initial components of residual
stresses through the entire length of a thin subsurface
layer up to 3.5mm, which results in minimizing the
maximum value of a constant Von-Mises stress. The
results were reported in Table 6 and Fig. 5b. As
can be seen, the optimized Von-Mises stress is equal
to 471.45MPa on the surface, 414.86MPa at the depth
of 1.7mm, and 447.47TMPa at 3.5mm. Therefore, it can
be concluded from Fig. 5b that with superimposing
the optimal residual stresses in Table 6, the MVMS is
observed to a constant optimized level around 450MPa
through the thin layer under the surface.

4. Conclusions

Prior works have documented the effectiveness of im-
posing initial compressive residual stress in reducing
the MVMS and improving the fatigue life of bearings.
However, these studies either have been mechanical or
have not focused on finding the optimal value of initial
residual stress in different components of stress ten-
sors in order to find the best-optimized values. In this
paper, a semi-analytical method was proposed to opti-
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mize residual stress in three directions, aiming to min-
imize the MVMS of work roll during hot rolling. The
results of the current study can be summarized as fol-
lows:

1. Considering the initial residual stress, radial
residual stress was the most effective parameter
on the Von-Mises stress. Axial and tangential
stresses have the same contribution from an ef-
fectiveness point of view on the MVMS.

2. By proposing the optimal value of initial com-
pressive residual stress components at three di-
rections, MVMS of the work roll was reduced
by 48.6 % on the surface, 47.93% at 1.7mm
and 33.48 % at 3.5mm during hot rolling based
on proposing a semi-analytical model and ANN
method and Genetic algorithm optimization.

3. Analysis of attained optimal residual stresses for
three depths revealed that the subsurface of the
work roll experienced a rapid change of opti-
mal residual stresses and optimized Von-Mises
stresses, which is out of access from a practical
point of view. Thus, the MVMS reached a min-
imized level of around 450MPa with proposing
uniform optimal residual stresses through a thin
layer near the surface using multi-objective Ge-
netic algorithm optimization.

4. Besides the attained lower MVMS under cyclic
thermo-mechanical loading, the Von-Mises am-
plitude was reduced significantly, which resulted
in the lower fatigue crack initiation and propaga-
tion.
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