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Abstract: In hot rolling mills, bimetallic rolls are used because of the excellent hardness and
wear resistance by applying high-speed steel (HSS) and ductile casting iron (DCI). Since most
of the previous studies focused on surface spalling, almost no study is available for internal
fatigue failure based on the stress during the rolling. In this study, therefore, a three-
dimensional finite element method is applied to investigate the rolling stress of the work roll
in the 4-high rolling mill. A suitable chamfer geometry in the backup roll is discussed as well
as the standard wear profile by considering those effects on the fatigue. Then, to evaluate the
fatigue risk under compressive mean stress, the fatigue limit lines in the stress amplitude
versus mean stress diagram are newly discussed. With the aid of previous experience in
industries, the fatigue fracture risk is discussed by focusing on three critical points inside the
work roll.
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Nomenclature
B3270 Critical point on HSS/DCI boundary where (r,z) = (270 mm, 0)
BZZ0 Critical point on HSS/DCI boundary where (r,z) = (270 mm, 750 mm)

B27900lg=—o0° Critical point on HSS/DCI boundary where (r,z) = (270 mm, 0~900 mm)
from the rolled steel side (6 = —90°)

B27%00lo=00 Critical point on HSS/DCI boundary where (r,z) = (270 mm, 0~900 mm)
from the backup roll side (6 = 90°)

B27%00lo=¢> Critical point on HSS/DCI boundary where (r,z) = (270 mm, 0~900 mm) at
0=0°
cd Critical point at center point where (r,z) = (0, 0)

CY_o00le=90> Critical point at center point where (r,z) = (0,0~900 mm) at 6 = 90°
CY_o00le=ge Critical point at center point where (r,z) = (0,0~900 mm) at 6 = 0°

DCI Ductile casting iron

Dw Work roll diameter (mm)

Dg Backup roll diameter (mm)

FEM Finite element method

Grain/FC Grain graphite/Flaky graphite cast iron

HSS High speed steel

h Crown profile height at the backup roll surface (mm)
hy Wear profile depth at the work roll surface (mm)

L Length of work roll and backup roll (mm)

P Total rolling force defined in Equation (5)

Protal Fixed total rolling force (kN)

pa'c Average line force from backup roll side (kN/mm)
pave Average line force from rolled steel side (kN/mm)
Ps(z) Line force from backup roll (kN/mm)

r Radius (mm)

SF Safety factor defined as SF = OB’ /OB in Figure 15F
\W% Width of the rolled steel (mm)



X,V,Z Cartesian coordinate system

7, End point of the contact length in z-direction (mm)
0 Angle (°)

0, Contact angle in 0-direction (°)

£, Length of the curved part of the work roll (mm)
?y Length of the curved part of the backup roll (mm)
L. Chamfer length at the backup roll surface (mm)
Oy Radial stress (MPa)

o, Axial stress (MPa)

Og Tangential stress (MPa)

a3 Maximum stress at 8 = 0° (MPa)

ooz —90° Minimum stress at 8 = —90° (MPa)

o O=90° Minimum stress at = 90° (MPa)

04 Stress amplitude (MPa)

Om Mean stress (MPa)

o Maximum stress amplitude (MPa)

Ow Fatigue limit stress (MPa)

OB Ultimate tensile strength (MPa)

6 Roll deflection (mm)

AS Backup roll’s bending deformation (mm)

Try Surface shear stress

R Stress ratio is defined as the ratio of minimum stress to maximum stress
Hy Vickers hardness

AKyp, Threshold stress intensity factor

1. INTRODUCTION

Hot rolling processes more tonnage than any other manufacturing process. The most
important segments of a modern hot rolling mill are often related to the work rolls; and
therefore, many studies have been conducted to improve wear resistance, surface resistance,
and heat crack resistance of the work rolls.!® To meet such different demands, roll
manufactures have developed bimetallic rolls widely used to replace the conventional single
material rolls.* Bimetallic rolls are manufactured by the centrifugal casting method, in which
high-speed steel (HSS) is used as the outer layer and ductile casting iron (DCI) is used and the
inner layer.” The bimetallic roll can be used more than 10 times longer than the high alloy
grain rolls and high chromium rolls previously used.

Compared to the backup roll, the work roll surface is frequently ground with a smaller
wear amount in order to use the surface repeatedly by removing surface roughness caused by
wear during the use. For this reason, surface spalling caused by the crack initiated at the roll
surface hardly occurs in works rolls although it often occurs in backup rolls. Although the
outer surface damage is often removed in the bimetallic work rolls, the inner layer is
consecutively used and therefore is subjected to a large number of load repetitions exceeding

107 times corresponding to the total life of the work roll. Small defects and abnormal
Y g
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microstructures near the HSS/DCI boundary layer appearing during the casting process can be
the defect causing delamination under the repeated rolling loads. Since the recent work roll
tends to be used for a longer period under severe conditions by applying high-strength
materials, the fatigue fracture caused by the crack initiation at the inside of the roll is
becoming important.

Figure 1 illustrates an example of internal fatigue failure considered in this paper. As
shown in Figure 1A, in this high alloy grain roll, a semi-elliptical beach mark can be clearly
seen near the Grain/FC boundary at point B. The beach mark proves that the fatigue crack
initiates at the inner boundary point A and propagates towards the surface.*’ Roll maker
companies also identified that similar failure sometimes can be seen near the end of the roll
body (see point BZZ9 in Figure 12). Such peeling in Figure 1 is mainly caused by the variation
of g,- during the roll rotation. In this way, the internal failure focused in this study is totally
different from the surface spalling causing surface layer peeling observed in the backup rolls.
This is because the spalling is mainly controlled by the repeated shear stress due to the rolling
contact fatigue at several mm depth from the roll surface. Considering those situations, the
authors have been keenly aware of the necessity for considering the entire roll space instead
of just focusing on the surface spalling. Then, the fatigue failure risk should be evaluated on

the basis of the rolled stress clarified in this paper.

Diameter =642 mm

Beach mark

(A) (B)

Figure 1 Roll failure where the crack originated at Grain/FC boundary (Grain: Grain graphite, FC:
Flaky graphite cast iron) in bimetallic work roll and propagates towards the surface
(A) Fractured surface; A: Near boundary, B: Beach mark in shell, C: Roll surface,
(B) Cross-section view of spalling crack &7

Therefore, in this study, the fatigue risk will be evaluated by clarifying the rolling stress
appearing inside of the bimetallic work rolls when the work roll is used in a 4-high rolling
mill. It is necessary to consider the residual stress of the work roll in the final evaluation of
fracture risk. However, the heat treatment conditions are different depending on each roll

manufacture's company. Therefore, this study focuses on clarifying the rolling stress in the 4-
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high rolling mill, which has not been studied until now. For this purpose, the residual stress is
set to zero and the fatigue fracture risk point will be clarified from the viewpoint of rolling

stress.

2. FEM MODELLING WITH FUNDAMENTAL DIMENSIONS

The seven-stand hot strip finishing mill has been commonly used in the steel industry for
more than 50 years. Among them, the most severe usage of the roll at No.4 stand causes a
relatively larger amount of wear and fatigue failure. Therefore, in this paper, the fatigue
failure of the work roll at No.4 stand will be discussed since the fatigue of the backup roll
hardly happens. This is partly because the backup roll material is close to bearing steel and
resistant to wear and fatigue, and also, the backup roll surface is occasionally ground to
remove the surface wear and fatigue layers. Moreover, after the work roll shifting method has
been introduced, the stress concentration at the chamfered edge of the backup roll has been
significantly reduced.

Figure 2 shows a three-dimensional finite element method (FEM) model of a 4-high
rolling mill. Here, the following dimensions are considered; the work roll diameter Dyy, = 660
mm, the backup roll diameter Dg = 1400 mm, and the body length for both rolls L = 1800
mm, and the rolled steel width W = 1200 mm where the inlet thickness is 4.9 mm and the
outlet thickness is 3.3 mm. The width dimension W = 1200 mm is commonly used and is
recognized as a typical condition by many roll makers and steel companies. The work roll as
well as the backup roll is subjected to the total rolling force Pyyt5 Whose standard value

ave

is Pora1 = 16400 KN.#? Then, the work roll is subjected to the average line force p2’® =
Piotal/W from the rolled steel. Also, the work roll is subjected to the average line force
P3¢ = Peotal/(L — £.) from the backup roll. As shown in Figure 2, the backup roll is
chamfered with a length of £, = 60 mm and a depth of 20 mm.!* The effect of the chamfer

geometry on the work roll will be described in Section 4.
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Figure 2 Three-dimensional FEM model of a 4-high rolling mill
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Figure 3 shows the stress-strain diagrams of high-speed steel (HSS) for the outer layer
of the work roll and ductile casting iron (DCI) for the inner layer of the work roll. In this
paper, “the outer layer” is used to represent the whole outer region of the HSS/DCI boundary
r = 270~330 mm and “the inner layer” is used to represent the whole inner region of the
HSS / DCI boundary r = 0~270 mm. Table 1 shows the material properties used in the
analysis.!! As shown in Table 1, high-chrome steel is used for the backup roll. During one roll
rotation, the thermal stress appears due to heating and cooling from the hot-rolled steel.
However, it is known that the thermal stress affects only a few pm to 1 mm depth from the
surface and never affects the inside boundary stress.!>!* After the rolling starts, the roll
temperature increases and becomes stable after 1 hour under an equilibrium temperature of
about 50~80°C.”'* Since the rolling operation is more than 10 hours continuously before
removing the damaged roll surface, the effect of thermal stress at the initial stage of rolling is
relatively smaller and can be ignored when considering fatigue fracture.” Therefore, in this

study, the thermal stress is not considered and the analysis is performed at room temperature.

Table 1. Material properties of the rolls

Property HSS DCI  Backup roll
Tensile strength (MPa) 1575 415 1575
Fatigue strength® (MPa) 630 166 630
Yield strength (MPa) 1270 410 -
Young' s modulus (GPa) 230 174 210
Poisson' s ratio 0.3 0.28 0.3
Density (kg/m3) 7600 7300 7800
*Reference !!
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Figure 3 Stress-strain relation for HSS and DCI of the work roll

The FEM software MSC Marc/Mentat 2012 is used for the three-dimensional
elastoplastic contact analysis although it is not clear whether plastic deformation occurs or not
in the internal region of the work roll. The stress-strain curves of HSS and DCI in Figure 3 are
used for the FEM elastoplastic contact analysis. The multi-linear isotropic hardening curves
starting from the yield stress are applied. Then, Mises yield criterion is formulated in terms of
the equivalent tensile stress. The FEM elements used are 4-node tetrahedral elements and 8-
node hexahedral elements for the stress concentration part. The direct constrain method is
applied for the contact analysis between the work roll and backup roll. The total number of
nodes is 22,320 and the total number of elements is 20,006 with the minimum element
dimensions 30mmXx30mmxX30mm. The accuracy of the stress around the HSS/DCI boundary

can be estimated as less than 1% error from the mesh independence.

3. STRESS VARIATION IN THE WORK ROLL DURING A ROLL ROTATION

With the aid of previous roll failures experienced in industries,®® several critical points can be
identified by applying FEM to the entire three-dimensional space of the work roll. As
mentioned in the previous section, since the crack originates near the HSS/DCI boundary and
propagates along the r =constant surface, the stress amplitude of o, should be focused by
considering the maximum stress amplitude.®!> In Section 3.1, since the stress amplitude is
caused by the roll rotation, the stress variation in the 8-direction will be considered for the
work roll. In Section 3.2 and Section 3.3, the stress variations oy, 0g, 0, with the yielding

condition in the work roll will be discussed on the basis of fundamental roll dimensions where



the backup roll’s crown profile, h, = 0 and the work roll’s wear profile h,, = 0. The effect of

these roll profiles will be discussed later in Section 4.

3.1 Surface stress variation in the 0—direction of the work roll

3V¢ commonly used in roll industries and also

Figure 4 illustrates the line forces pg(z) and pg
used in this analysis. Along the line 8 = 90°, the work roll is subjected to the line force pg(z)
from the backup roll. Along the line 8 = —90°, the work roll is subjected to the line force
pg¥® from the rolled steel. The line force p3'® is insensitive to the work roll’s wear profile but
varies in the width direction of the rolled steel due to the temperature. However, since the

analysis method is not generalized, in this paper, p3'® = constant is assumed.
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Figure 4 Definition of line force pg(z) from backup roll where the contact length z; =
L/2 — £, in the z-direction and the contact angle 8, in the 6-direction where 6; = 1°

Figure 5 shows the surface stress variation oy, gg, g, at z = 0 in the 6-direction. The
internal stress varies in a similar way in Figure 5 as described later (see Figure 6 and Figure
7). Figure 5 shows that the target stress o, takes the maximum compressive stress at 6 =
—90° due to the contact of the rolled steel as well as gy, g,. Those stresses take the secondary
maximum compressive stresses at 8 = 90° due to the contact of the backup roll. This is

because the line force pg'® = Piyrar/W from the rolled steel is larger than the line force

p3’¢ = Pyoral/L from the backup roll since W = 1200 mm is shorter than L = 1800 mm.
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Figure 5 Surface stress variation in the 6—direction of the work roll at z = 0 in Figure 3
(A) stress ay., (B) stress agg, (C) stress o, when P/Piyia = 1.0

3.2 Surface and HSS/DCI boundary stress variation in the z-direction of the work roll

Figure 6 compares the stress distributions on the surface r = 330 mm and on the HSS/DCI
boundary r = 270 mm. As illustrated in Figure 6A, the stress along the five lines 6 =
—90°,—45° 0° 45° 90° are focused on the roll surface and the HSS/DCI boundary to

compare their stress distributions.
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Figure 6 (A) Bimetallic work roll surface r = 330 mm and the HSS/DCI boundary r = 270 mm
focusing on the lines 6 = —90°,—45°, 0°, 45°, 90°, (B) stress oy, (C) stress agg, (D) stress o,
when P/Pigia = 1.0

Figure 6B, Figure 6C, Figure 6D show the stress variation o, gy, 0, along the lines

0 = —90°,—45° 0° 45° 90° on the roll surface and HSS/DCI boundary. In the previous

section, Figure 5 showed that the maximum surface compressive stress appears at 6 = —90°

and z = 0. Regarding the inside stress at the HSS/DCI boundary r = 270 mm, Figure 5

indicates that the maximum compressive stress appears at 6 = —90° and the secondary

maximum stress appears at 0 = 90° similar to the surface stress. The maximum compressive

stress o, is larger than og, g,. Furthermore, since the stress g, controls the HSS/DCI

boundary fatigue failure as shown in Figure 1A, in the following discussion, we will focus on

the stress o,. At the roll surface r = 330 mm the compressive stress o, = 817 MPa is lower
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than the yield stress 1270 MPa of HSS; and therefore, the yielding condition is not satisfied
since all stress components o, gg, g, are compressive. Similarly, at the HSS/DCI boundary
r = 270 mm the compressive stress g, = 388 MPa is lower than the yield stress 410 MPa of
DCI; and therefore, the yielding condition is not satisfied since all stress components gy, 0y,
o, are compressive. Therefore, although elastoplastic contact analysis is performed, the plastic
deformation does not appear in this study.

As shown in Figure 6, although the maximum compressive stress g, appearing on the
surface, in this study, the HSS/DCI boundary stress o, is focused because of the following
reason. Compared to the backup roll, the work roll surface is frequently ground with a smaller
wear amount in order to use the surface repeatedly by removing surface roughness caused by
wear during the use. For this reason, surface spalling caused by the crack initiated at the roll
surface hardly occurs in works rolls although often occurs in backup rolls. As a matter of fact,
the authors’ previous investigation revealed that the work roll surface failure is not caused by
normal fatigue but closely related to rolling troubles.®” Instead, the backup rolls’ spalling is
usually caused by the fatigue crack initiated at a few mm depth from the surface under the
repeated shear stress. Since the rolling contact fatigue and the spalling in backup rolls are
controlled by the shear stress, they are totally different from the target of this study, that is, the
HSS/DCI boundary failure controlled by repeated boundary stress o.

3.3 Stress variation o, in the vicinity of the HSS/DCI boundary of the work roll

In this Section 3.3, as shown in Figure 1, since the HSS/DCI boundary failure is mainly
caused by the stress a,., the variation of the stress o, is discussed. The equivalent Mises stress
Ocq is also considered to confirm the plasticity. Figure 7 illustrate o, variations denoted by
the solid line in the range 255 mm < r < 330 mm including the HSS/DCI boundary r =
270 mm where equivalent Mises stress g is also indicated. Figure 7A illustrates the stress in
the longitudinal section 8 = 90° of the work roll due to the contact with the backup roll 0 <
z < L/2 =900 mm. A peak value of g, can be seen near the end of the contact area. Figure
7B illustrates the stress in the longitudinal section 8 = —90° of the work roll due to the
contact with the rolled steel 0 <z < W/2 = 600 mm. Also, a peak value of g, can be seen
near the end of the contact area. From the comparison between Figure 7A and Figure 7B, the
stress o, due to the contact from the rolled steel is larger. This is because the contact length
W/2 = 600 mm is smaller than the one of L /2 =900 mm. The maximum internal

stress g in the section 8 = —90° is the same as the surface stress o, in Figure 6B. The Mises
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stress at the boundary r = 270 mm in Figure 7A and Figure 7B show that the Mises stress
value is much smaller than the yield stress 410 MPa of DCI; and therefore, the yielding
condition is not satisfied and plastic deformation is not activated.

As shown in Figure 7A and Figure 7B, the stress oy is largest at the surface; however, as
mentioned in the introduction and Section 3.2, the surface spalling studied in backup roll does
not happen in work rolls.'®!® Although the crack initiation of the rolling fatigue is mainly
controlled by shear stress at a few mm depth of the surface, the fatigue fracture treated in this
study starts in the vicinity of the HSS/DCI boundary. In this failure, the stress amplitude of o,
near the HSS/DCI boundary controls for the crack initiation and propagation as shown in
Figure 1. In the following Section 4, the rolling condition will be determined to represent real
rolling in the numerical simulation. Then, in Section 5, the internal stress g, at the HSS/DCI
boundary at r = 270 mm will be mainly discussed to evaluate the fatigue failure risk from the

inside roll since no study is available.
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Figure 7 Stress variation o;. (solid line) and g4 (dotted line) in the work roll when

P/Piotal = 1.0; (A) due to the contact with the backup roll (B) due to the contact with the
rolled steel

4. EFFECT OF CHAMFER GEOMETRY IN BACKUP ROLL AND EFFECT OF
WEAR PROFILE IN WORK ROLL

In Section 3, stress variations in work roll were discussed on the basis of fundamental roll
dimensions. In Section 4.1, the effect of chamfer geometry in backup roll will be discussed by
varying the roll chamfer length as £, = 30~120 mm, to obtain the suitable chamfer

geometry. Then in Section 4.2, by using the suitable chamfer length, £, and varying the wear
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depth, h, as h,, = 0~0.3 mm under fixed crown height, h. = 0.5 mm, the typical wear

profile will be discussed.

4.1 Effect of chamfer geometry in backup roll on the surface shear stress

Figure 8A illustrates several chamfer geometries by varying the chamfer length as £, =
30,60,90, and 120 mm. Figure 8B shows the surface shear stress 7., controlling the crack
initiation due to the rolling contact fatigue at the roll end. As mentioned above, in this paper,
fatigue failure from the internal HSS/DCI boundary is focused and the shear stress causing the
crack initiation near the surface is not considered. However, in order to consider the optimum
chamfer geometry, in this section, the shear stress is specially discussed. A certain amount of
chamfer £, is necessary to avoid collision damage during roll handling. The surface shear
stress T, can be smallest when . = 30 mm; however, a larger chamfer length is necessary to
reduce work roll bending by introducing the contact at the central portion of the rolls. In this

sense, the chamfer length is £, = 60 mm is chosen for the following analysis.
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Figure 8 (A) Chamfer geometry at the edge of the backup roll; (B) Surface shear stress to
determine the chamfer geometry on the backup roll in Figure 8 A when the chamfer lengths £, =
30, 60, 90, 120 mm from the edge under P/Piytq = 1.0

4.2 Effect of wear profile in work roll on the line force pg(z)

Next, the crown profile h. in the backup roll diameter Dg(z) in Figure 2 and the wear profile
h,, in the work roll diameter Dy, (z) will be discussed. Thermal crown caused by the thermal
expansion is not considered since thermal deformation is smooth enough compared to the
wear profile having a negligible effect on the line force. In this study, the following Equation

(1) and Equation (2) are applied to express the backup roll diameter Dg(z) with crown height
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h. and the work roll diameter Dy (z) with the wear amount h,, (see Figure 9A).
Dg(z) = 1400 + 2h\/1 - z/¢), (1)
Dw(z) = 660 — 2h,,\/1—z/¢, (2)
Here, €, is the length of the curved part of the work roll, and ¢, is the length of the curved
part of the backup roll. Under the basic conditions, the amount of wear h,, = 0. In Equation
(2), the wear profile changes slightly at the center of the wear z = 0 and changes largely near

the wear end of wear z = £,. The comparison shows that Equation (1) coincides with the

circular arc shaped backup roll diameter expressed in Equation (3) within 0.12 mm.

_ (h)?+(£p)? (ho)2+(85)?\ 2
Dp(z) = 1400 + 2h, — 2 [T - J(T) - zZ| 3)

An appropriate crown height h, in Equation (1) can be determined in the following
way. The bending deformation of the backup roll can be calculated from the deflection §,_qq
at the body end and the deflection §,— at the body center as A§ = §,-999 — 0;,—¢0 = 0.2 mm.
The maximum wear profile of the work roll can be estimated as h,, = 0.3 mm. Therefore, the
crown amount of the backup roll h, should be h,=Ad + h,, = 0.2 mm + 0.3 mm = 0.5 mm.
Here, A§ =6,-990 — ;-0 = 0.2 mm is the backup roll’s bending deformation and h,, =
0.3 mm is the maximum wear appearing in the work roll.

The line force defined in Equation (4) to Equation (7) are commonly used to express
the external force applied to the work roll. In this section, the effect of the wear profile on the
line force is clarified for the roll modelling. As shown in Figure 9A, by varying h,, the effect
of wear profile on the line force pg(z) is discussed by applying the three-dimensional contact
elastoplastic FEM analysis.

Z+0,
pe(z) = f 0.(1,0,2)| =330 cos?0rd0 (4)

776
Here, 0, is the angle of the contact area shown in Figure 4 and o0,|.-33¢ is the contact stress
on the roll surface (r = 330 mm). In Equation (4), 7,¢(1, 6,2)|.=330 is not included since the
effect of shear stress is smaller because of the smaller contact angle 8; = 1° although in the
FEM analysis the effect of shear stress on pg(z) is included. The total rolling force P can be

defined in Equation (5)."

Z1

szpB(z) dz (5)

Here, z; is the contact length where z; = L/2 — £, indicated in Figure 4. The average line
13
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forces pg’® and pg"® is defined in Equation (6) and Equation (7).

pg - =P/L (6)

ps’® = P/W (7
Figure 9B shows the line force pg(z) along the contact area for different wear amounts h,,,.
The backup roll’s crown height is fixed as h, = 0.5 mm and the work roll’s wear depth is
changed as h, =0,0.1,0.2,0.3 mm . When the wear profile h, =0, the line force
distribution pg(z) is the largest. With increasing h,,, the line force pg(z) decreases and the
largest position moves to the roll end. Figure 9C shows the maximum value of the line force
pg(z) and the position when the rolling force ratio P/P,y5 = 0.5, 1.0, 1.5. Here, the rolling
force ratio is set as P/Piyta) = 0.5~1.5. This is because the standard force P/Pory = 1 may
vary depending on the setting error regarding the rolling material temperature, rolling force,
and the impact force at the rolling trouble. As shown in Figure 9C, with increasing h,, the
maximum line force pg(z) decreases. As an example, the position of the peak line force is
width z = 630 mm when h,, = 0. The peak position moves to the roll end. This is because
the crown highest is largest at the roll center and gradually decreases toward the end roll.
From the above discussion, for the analysis model, a relatively large amount of wear amount

h,, = 0.2 mm is chosen to provide a relatively high maximum line force pg(z).

. = 60
Backup roll ¢y = 840 | ‘ )
h =0 5)|.L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _J/ 20
c=0. T
T Curve crown
By = 00,3 Yoo
HWork roll Curve wear
£, = 690 210
} Z
0
(A)
16 T T T T T T T T 30 T T — T T
(12.6kN/mm) N
14 atz=750 ; 'E 690 mm 210 mm
] 2=900mm
T 12 h, = 0 mm > 25 | T
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= —___01 ___— =
= . i
= 10 \02-7\ /‘ &20
N o
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Figure 9 (A) Roll proﬁles(]igl%ustration; (B) Line %(é)‘rce pg(z) from backup rg?l)when h, = 0.5 mm,

P/Piota1 = 1.0 and h,, = 0,0.1,0.2, 0.3 mm; (C) Maximum line force pg(z) applied from backup

roll vs. the position of the maximum line force when P/Pqa = 0.5, 1.0, 1.5 and wear depth h,, =
0, 0.1, 0.2, 0.3 mm.



5. FATIGUE RISK EVALUATION OF ROLLS UNDER STANDARD ROLLING
PROFILE

As discussed in the previous section, the following profiles are assumed for typical roll
modelling. Regarding the backup roll, the chamfer length is set to £, = 60 mm, the crown
amount is set to h, = 0.5 mm. Also, the work roll’s wear amount is set to h,, = 0.2 mm. For
this section, even though the standard rolling force ratio is P/P;ota) = 1.0, a more severe ratio
P/Piora = 1.5 is assumed to evaluate the fatigue failure risk when the rolling trouble happens
such as the impact force due to the rolling plate biting and the temperature drop of the rolled

material.

5.1 Analysis for internal stress of work roll

With the aid of previous roll failures experienced in industries,’® the fatigue failure risk will
be evaluated at the critical region. The maximum and minimum values of o, during a roll
rotation can be the driving force causing the internal fatigue. Figure 10 illustrates critical
positions denoted by B3Z500lo=—00= » B§Z800le=00° » B§Z00le=0= » C~000le=00> » and
C3_900le=0°, Which are based on the previous roll failure experience. Taking B37%,0lg=—o¢-as

an example, superscript 270 represents the HSS/DCI boundary r = 270 mm and subscript
0~900 represents z = 0~900 mm. At those critical positions, consider the effects of the
ave

line force p2'® from the rolled steel (8 = —90°) and the line force pg’® from the backup roll

(6 =90°). The o, variation during a roll rotation can be evaluated from the results at

270 270 270 0 0
B0~900|e=—90°’ B0~900|e=90°, B0~900|e=0°, C0~900|9=900, and C0~900|e=0°-

ps(z)

mm 6 = 90°

ave Boundary 0 = (
Ps Cross section

Figure 10 Critical position caused by the variation of o, in the work roll

Figure 11 shows the variation of o, in the z-direction on the HSS/DCI boundary.
Along the line 8 = 0°, the stress g, is almost constant and close to zero during z =
0~900 mm. The maximum stress is o050 = 4 MPa at z=0. In Figure 11, the stress

amplitude o, controlling the fatigue fracture during a rotation can be discussed by comparing
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the results at @ = —90°, 0°,and 90°. A larger stress amplitude g, can be provided from the
rolled steel side line 8 = —90° in the range 0 < z < 600 mm. Another larger stress amplitude
o, the backup roll side line 8 = 90° in the range 600 mm < z < 900 mm . Here, z =

600 mm is the intersection of the two stress distributions. The minimum stress from the rolled

steel side (0 = —90°) is ar?li:n_ 90" = _602 MPa at z = 0; and therefore, the maximum stress
amplitude is o3 = ¢f=9° — 58=-90" = 606 MPa. This position (r,z) = (270 mm,0) is

represented by B57%. Mean stress, 0, = —299 MPa and stress amplitude, o, = 303 MPa at

this point B27°. On the other hand, the minimum stress from the backup roll side (8 = 90°) is

0=90° _

Omin . = —481 MPa at z=750 mm; and therefore, the maximum stress amplitude is
olax = gO=0° _ 50=90° — 483 MPa . This position (r,z) = (270 mm,750 mm) is
represented by BZZ) where the mean stress, g, = —240 MPa and stress amplitude, o, =
242 MPa.
300 P/Pyat = 1.5 ' ' Stress due to
total backup
200 | Stress due to rolled roll is more
steel is more dangerous dangerous
100 [o7e = 4 MPa 270 1
0 0~900|g_g=
= onaX = 606 MPa
g -100 | 1
g 300 | | |MPa
2
“ 400 | Bgzgoo omo0r Backup roll side i
-500 | 1
Bgzgm B0t Rolled steelside 1@:_90/.
-600 e :
02=-9%" = _602 MPa (~481 MPa)
_700 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900
Distance from center, z (mm)

Figure 11 Rolling stress o, at 6 = 0°,8 = 90° and 8 = —90° along z-direction on the boundary
r = 270 mm of the work roll when P/Piytq = 1.5

Figure 12 shows the stress distribution g, over the circumference of the work roll on
the HSS/DCI boundary r = 270 mm. At z = 0 denoted by the solid line, the maximum
compressive stress o, is generated on the rolled steel side and the second maximum
compressive stress o is generated on the backup roll side. When z = 750 mm denoted by the

dotted line, the maximum compressive stress g, is generated only on the backup roll side.

16
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Figure 12 Stress distribution o, at the boundary along 6—direction atz = 0 and z =
750 mm when P/Piy1q = 1.5

Next, considering failure from the roll central portion experienced previously, the

stress amplitude at the work roll center (r,z) = (0,0) is considered in Figure 13. At the center

(r,z) = (0,0), maximum tensile stress 0232°° = 46 MPa, maximum compressive stress
099" = —85 MPa(6 = 0°), and maximum stress amplitude 0% = 131 MPa. The center

(r,z) = (0,0) is denoted by CJ. Mean stress, o, = —20 MPa and stress amplitude, g, =

67 MPa at this point CJ.
300 ———

200 1
079" — 46 MPa

100 [ /at(r,z)=(0,0)

0B =131 MPa /
' Co-s00lggr ]

a?2=0" = _g5 MPa o900l
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Figure 13 Rolling stress o, at 6 = 0° and 6 = 90° along z-direction at the work roll center
r = 0 when P/Piota = 1.5
Results from Figure 11 to Figure 13 reveal that the three points inside the roll are
under the compressive stress field. Therefore, the fatigue limit lines under compressive stress

will be considered in the next section to evaluate the fatigue failure risk.
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5.2 Previous fatigue study under repeated compressive stress

Fatigue failure under large compressive stress was treated by several previous papers, but
usually they considered rolling contact fatigue in ball/roller bearings and backup roll surface
spalling.?%?! In other words, few data are available for ordinary fatigue strength under large
compressive stress fields.?? The fatigue life consists of 1) a crack initiation period, 2) crack
growth period and 3) finally ultimate failure. Then, the following information are known
regarding such fatigue life under the compressive mean stress.”>>* Figure 14 illustrates three
types of compressive alternative loading under the mean stress g, < 0 when (A) g, + oy, =
Omax > 0), (B) 0, + 0y = 0pnax = 0 and (C) g, + 0y = Oppax < 0.

1) During the crack initiation stage, the fatigue life is controlled by the stress amplitude
irrespective of the mean stress, positive or negative. Under the fixed stress amplitude
as shown in Figure 14A- Figure 14C, the crack initiates at the same time.?’

2) Instead, during the crack growth stage, with decreasing the mean stress, the crack
growth rate decreases sensitively and the fatigue life increases significantly. It is
known that under 0y,,,=0 in Figure 14B and 0,,,4x<0 in Figure 14C, the crack does not
propagate and no final failure.?***

3) However, under 0y,,,>0 in Figure 14A, the amount of tensile stress o,,,x = 04 + 0y >

0 necessary for the final failure is not known. It has not been discussed yet until now

and it must vary depending on the magnitude of ¢,,<0.

Stress, o
—————————— Mean stress

+ (Stress amplitude)

>
>

\J/ Time

,[O'm (Mean stress)

(A) 03+ O = Opax > 0 (B) oy +0m = 0max =0 (C)oa+ 0y =0max <0

Figure 14 Three types of compressive alternative loading where the mean stress o,,, < 0 when
(A) 03+ O = Omax > 0,(B) 0, + 01y = Omax = 0,(C) 05 + 0y = Omax < 0

5.3 Stress amplitude vs mean stress diagram (0,-0,, diagram) for compressive mean
stress

In this study, the fatigue limit lines are newly prescribed under large compressive stress since
no study is available. During the real use of work roll, thermal crack initiations are commonly

observed at the roll surface, usually they do not propagate due to the compressive residual
18



stress introduced at the roll surface. In this way, the previous studies for compressive fatigue
described in Section 5.2 can be applied to the real rolls. Figure 15 shows a stress amplitude
versus mean stress diagram (o, -0y, diagram) to discuss the fatigue limit under large
compressive alternative loading ¢,,<0. First of all, assume the ultimate tensile strength og can
be applied to the compressive stress o, < 0 and alternative stress g, > 0 as express in
Equation (8).

|om| < 0B, |oal <o (8)
The so-called modified Goodman law can be expressed in Equation (9) for o,,, = 0.

Zayim< 9)

ow OB
Assume this limit line 0,/0,, + 0,y /0g = 1 can be extended to the negative region g, < 0.2
Consider pulsating compressive loading 0, + 0y, = 0ax = 0 as illustrated in Figure 15C. In
Figure 15A, the line is indicated as g,,, = —a, denoted by a dotted line with an angle of 45°
from the ordinate from the origin. As described in Section 5.2, no final failure happens in the
region described by Equation (10).
O3 +0m = Opax <0 (10)

Denote the intersection g,/0,, + 0,/og = 1 and g, + g, = 0 as point E as shown in Figure
15A. Since point E satisfies Equation (10), there is no final failure. Therefore, by adding a
certain amount of positive tensile stress, point F and point F’ are newly considered.?’
Regarding the fully reversed loading, the fatigue limit is known as point D as shown in Figure
15B. Point D can be the fatigue limit under the maximum tensile stress 0,35 = Oy + 04 =
166 MPa and the maximum compressive stress Opyin = 0y — 0, = —166 MPa. Instead, at
point E, as shown in Figure 15C, the maximum tensile stress gy,,x = 0 + 05 = 0 but the
maximum compressive Stress Opin = Om — 04 = —554 MPa is more than three times larger
than the compressive stress of point D, o, = —166 MPa since 0,;, = —554 MPa =
—277 MPa X 2 < —166 MPa x 3 = —498 MPa. Therefore, at point E, even with no crack
propagation and no final failure, more severe damage is accumulated regarding crack
initiation compared to point D. Since it is known that 0,,,, = 0 at Point E, a certain amount of
tensile stress 0y, = 04 + 0, > 0 1s necessary for the final failure. In other words, Point E
cannot be the fatigue limit since o,,x = 0 and requires a certain amount of the tensile
Stress Opmax = 0, + 0, > 0 to be the fatigue limit.

Consider F’ whose maximum tensile stress oy,,x = 166 MPa is the same as point D as
shown in Figure 15E. Due to the larger compressive stress Opip =

—554 MPa at point E compared to the one o,,;,, = —166 MPa at point D, the tensile stress
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necessary for the fatigue limit can be smaller than a,,,x = 166 MPa. Instead, at point E, there
is no tensile stress, therefore there is no crack propagation and no final failure as the previous
studies indicated.?*>> In this way, it is found that the fatigue limit point F should be between
point D and point F’. In this study, therefore, half value g,,/2 = 83 MPa is assumed for this
tensile stress at point F as shown in Figure 15D. By drawing the line through point D and
point F in Figure 15A, the fatigue limit can be estimated. The range can be expressed by the
following equation.

og+tow

0, < Om + Ow (11)

20
For large compressive alternative loading, the fatigue limit is determined by Equation (8) to
Equation (11), which is expressed by the thick solid lines passing through points A, D, F, G, H
in Figure 15A.
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Figure 15 (A) Fatigue limit lines to evaluate three critical points B37%, B2Z9, and C when

P/Piotal = 1.5; (B) Stress at point D; (C) Stress at point E; (D) Stress at point F;
(E) Stress at point F’; (F) Safety factor definition
5.4 Fatigue risk evaluation based on stress amplitude vs mean stress diagram
Based on the fatigue limit lines determined from Equation (8) to Equation (11), the fatigue
failure risk can be evaluated. As shown in Figure 15A, three critical points described in

Section 5.1 are plotted as B§°|Rolied steel> B720 |Backup ron» @nd Cg. The results show that

fatigue risk at the point CJ is comparatively smaller although some roll failures were reported

at this roll center. This is because some defects tend to appear at the roll center. During casting
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process, the central portion of the roll is the last portion to solidify. Therefore, impurities and
gases are more likely to remain and defects are more likely to occur at the roll center
compared to any other portions. In Appendix C, the risk of fatigue failure at C is discussed
by considering the residual stress and assuming the defect dimension.

The safety factor is defined as SF = OB’/0B in Figure 15F. The safety factor evaluation
for the critical point B3’ is 1.77, point B2Z) is 2.24, and point CJ is 3.14. A larger SF value
means the point is relatively safer than another point having a smaller SF value. Therefore, the

safety factor SF can be used to evaluate the risk of fatigue failure relatively. Although the

safety factor SF> 1, B§7°|rolted steelis relatively more dangerous than B7Z0|gaciup ron and Cg.

The results showed that the fatigue crack initiation around points B’® on the HSS/DCI

boundary may explain several roll failures that previously occurred.

5.5 Fatigue risk evaluation based on stress amplitude vs mean stress diagram
superposing roll residual stress

In Section 5.4, the fatigue risk was evaluated by clarifying the rolling stress appearing inside
of the bimetallic work rolls with no residual stress when the work roll is used in a 4-high
rolling mill. In this section, by superposing the residual stress,”®*’ the final fracture risk is

discussed at the same critical points B§”°|roned steel and B2Z0|Backup ronn- In Appendix A, the

residual stress simulation is briefly introduced since the detail was reported in the previous
papers.>?30 Table 2 shows the superposed mean stress gy, + 0ys from the rolling stress
0, obtained in this study and the residual stress o, in Appendix A 2%%. In Table 2, the
residual stresses are considered after quenching, after first tempering, and after second
tempering when P/Pya = 1.5. Table 2 shows that the tensile residual stress can be reduced by
33% from quenching to first tempering and 54% from quenching to second tempering. The
small SF values suggest that those critical points on the HSS/DCI boundary may contribute to
several previous roll failures.

The method of superposition may have some errors because of the non-linearity caused by
the rolling contact analysis. As shown in Appendix B, therefore, a consecutive FEM analysis
for the rolling stress is also performed after the roll residual stress analysis. Figure B1 in
Appendix B shows that the SF obtained by the superposition coincides with the SF obtained
by the consecutive analysis with less than 13%. It should be noted that the SF values obtained
by the consecutive analysis are larger than the superposition SF values. Therefore, the method

of superposition can be used conveniently to evaluate the risk a bit more severely.
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Table 2. Safety factor SF obtained by superposing the residual stress in previous study?®%

upon the rolling stress in this study when P/Pygq = 1.5

Mean stress oy,

. o Residual stress oyeg in Om + 0 Safety factor.
P t res m res >
om n t?;;;:;dy previous study 2*2° (MPa) (MPa) SF
(After Quenching) -167 0.89
132
270 (After Tempering 1) -173 0.91
BO Rolled steel -299 126
(After Tempering 2) -186 0.96
113
(After Quenching) -105 0.98
137
270 (After Tempering 1) -119 1.04
7501Backup roll -240 123
(After Tempering 2) -157 1.24
85

5. CONCLUSION
In this study, to clarify the rolling stress, a three-dimensional finite element elastoplastic

contact analysis was applied to the work roll in the 4-high rolling mill. Then, the risk of

internal fatigue failure was newly studied based on the stress during the rolling. To clarify the
rolling stress near the HSS/DCI boundary, no residual stress was assumed in this study.

Assume the following rolling conditions that can be regarded as the average values in present

steelworks;® the work roll diameter Dyy = 660 mm with the length L = 1800 mm, the high

chrome steel backup roll diameter of Dg = 1400 mm with the length L = 1800 mm, the
width of the rolled steel W = 1200 mm and the standard rolling force Pyor = 16400 kN.%°

Then, the conclusions obtained can be summarized in the following way.

1. The fatigue strength under compressive mean stress region was newly considered on the
stress amplitude versus mean stress diagram. Then, the fatigue limit lines were proposed
based on the fact that the final failure never occurs at the pulsating compressive loading
state.

2. With the aid of the previous roll failures experienced in industries, three critical points
were chosen on the basis of the analysis and experience over the whole roll geometry. It

may be concluded that the most critical point is located at the HSS/DCI boundary point
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B279 where (r,z) = (270 mm, 0) because the largest stress amplitude is caused by the
rolling steel. Another critical point is located at B2Z0 where (r,z) = (270 mm, 750 mm)
due to the contact of the backup roll.

3. The fatigue failure risk was discussed through the relative safety factor SF defined on the
stress amplitude versus mean stress diagram. The results showed that the fatigue crack
initiation around points B5’® and B2Z9 on the HSS/DCI boundary may cause several roll
failures previously occurred in industries.

4. The result showed that fatigue risk at the point CJ was comparatively smaller although
some roll failures were reported at this roll center. The result of CJ indicated in this paper
can be used conveniently by taking into account the residual stress and the material defect

at this point.
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APPENDIX A: RESIDUAL STRESS ANALYSIS OF THE BIMETALLIC WORK
ROLL

This study focuses on clarifying the rolling stress assuming the zero residual stress. As the
final risk evaluation, however, the residual stress of the work roll should be considered. In this
Appendix A, the outline of residual stress simulation is briefly introduced since the detail was

reported in the previous papers.?®3° The internal stress cannot be obtained by the non-
25



destructive methods such as the X-ray diffraction method and ultrasonic method. Therefore,
destructive inspections such as Sachs boring method and disk cut method are sometimes
applied spending high cost and time-consuming effort.>!*? In this sense, the residual stress
simulation has been requested to obtain the residual stress distribution from the surface to the
inside of the roll under various different heat treatments.

Figure A1 illustrates the surface temperature history of the bimetallic work roll during
heat treatment consisting of the pre-heating, quenching, and tempering. In the pre-heating
process, the whole roll is heated up to the uniform temperature of Tsi, = 1050°C and kept
for several hours. Then, the roll temperature drops rapidly through air cooling. After that, the
roll is put into the furnace again and maintained at Tqkeep tO prevent excessive thermal
stresses caused by rapid cooling. After this temperature keeping period, the roll is cooled
down slowly until to the temperature of Tr ginisn Where the quenching is finished. After the
quenching process, the tempering process is performed 2 times to release the residual stress
and obtained the stable microstructure. After this process, the generated residual stress is used

as an initial condition for the consecutive FEM analysis of the rolling analysis.
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Figure A1 Heating, quenching, and tempering treatment of the bimetallic work roll
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Figure A2 Axisymmetric FEM model of the bimetallic work roll to simulate the heating
treatment
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Predicting the residual stress of the bimetallic roll during pre-heating, quenching, and
tempering can be realized by FEM simulation efficiently with lower cost and higher accuracy
compared with experimental measurement. In the previous studies, >?*-° axisymmetric FEM
model of a half-length of the roll was considered as shown in Figure A2. Figure A3 shows
Young’s modulus, thermal expansion coefficient, Poisson’s ratio, stress-strain characteristic
for both DCI and HSS, thermal conductivity, and specific heat during the quenching process.
In Figure A4, the stress distributions are shown after quenching, after first tempering, and
after second tempering based on the material data in Figure A3. After the first tempering, the
maximum tensile stress decreased by 35% and after the second tempering, the maximum

tensile stress decreased by 54%.
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(d) stress-strain for DCI and HSS; (e) thermal conductivity; (f) specific heat
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APPENDIX B: CONSECUTIVE ROLLING STRESS ANALYSIS
OF THE BIMETALLIC WORK ROLL AFTER ANALYZING RESIDUAL STRESS

This study focuses on clarifying the rolling stress assuming the zero residual stress. In Section
5.5, the final fatigue risk is evaluated by superposing the residual stress in Appendix A upon
the rolling stress in Section 5.4. The method of superposition in Section 5.5 may have some
errors because of the non-linearity caused by the rolling contact analysis. In this Appendix B,
therefore, another analysis results are indicated by performing the consecutive rolling stress
analysis after the residual stress simulation. They can be obtained in the following way.*® First,
the residual simulation is performed by using 3D modeling instead of the axisymmetric FEM
modeling. Then, after the residual stress is obtained, the consecutive rolling stress starts by
using the residual stress as an initial condition. The obtained results are reflecting both
residual stress and rolling stress. Figure Bl shows the three critical points’ results

BZ7°|rolled steel » B22o |Backup ron » and CY after considering the consecutive FEM rolling

analysis. In Figure B1, the safety factor SF for each critical point is also indicated. The SF
values obtained by the consecutive analysis are larger than the superposition SF values.
Therefore, the method of superposition can be used conveniently to evaluate the risk a bit

more severely.
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Stress amplitude, o, (MPa)

As shown in Figure 15A and Figure B1, although the roll center CJ is relatively safer,
several previous roll failures were reported at the roll center. This is because some defects
tend to appear often at the roll center. Therefore, the fatigue risk is discussed by considering

the defect appearing at the roll center in Appendix C.
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Figure B1 (a) Fatigue limit diagram of the critical points by considering consecutive FEM
rolling analysis (b) Safety factor SF for the critical points when P/Pioiq = 1.5

APPENDIX C: FATIGUE RISK EVALUATION AT THE ROLL CENTER OF THE
BIMETALLIC WORK ROLL ASSUMING DEFECT DIMENSION

As shown in Figure 15 in Section 5.3 and Figure B1 in Appendix B, the point CJ is
comparatively safer than the points B5’® and B2Z). During the casting process, however, the
central portion of the roll is the last portion to solidify. Therefore, impurities and gases are
more likely to remain and defects are more likely to occur at the roll center compared to any
other portions. In this Appendix C, the fatigue risk at the roll center is discussed by
considering such defects. Recently, Hidaka et al. estimated the lowest fatigue limit of DCI
joint structures toward replacing welded joints. *** In their studies, the effect of the defect on
the fatigue limit was considered on three different regions for the pulsating loading with the
stress ratio R = 0. In a similar way, for cycling loading R = —1, the following Equation (C1)
to Equation (C3) can be obtained. Here, in Region I, the fatigue limit is determined from the
tensile strength og. In Region II, the fatigue limit is controlled by Vickers hardness Hy. In
Region III, since the defect size is larger, the fatigue limit is proportional to the threshold

stress intensity factor AK,y, 3638
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Region [: oy, = 0.403 (C1)

RegionII: o, = 1'(%:1—‘:)1/2()@, Hy = 106 kgf/mm? (C2)
AKp

1.3( n\/ﬁm%)

Region III: o, = ,AK,;, = 19 MPavm (C3)

In Equation (C1) to Equation (C3), gy, is in MPa and is the fatigue limit under cycling loading
R = —1 of a material containing a defect; HV is in kgf/mm? and is the Vickers hardness
number; varea is in um and is the square root of defect/crack area projected normal to the
maximum principal stress. Figure CI1 illustrates the fatigue limit lines expressed by those

equations. As shown in Figure C1, the boundary of Regions II and Il is varea = 12800 pm.
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Figure C1 The fatigue limit o, at point CJ when consider defect size varea

Figure C2 illustrates the fatigue limit g,, when the spheroidal defect diameter 2a = 0,5000,
10000 pm is assumed.>*** The defect size 5 mm (= 5000 um) is empirically known as a

typical defect size for roll maker companies, and for the safety reason, 10 mm (= 10000 um)

defect size is also considered. Since the considered varea is Varea = Vra? =0, 4431 pm,
8862 um < 12800 pm in Figure C1, Equation (C2) in Region II can be applied to evaluate
ow. Figure C2 shows that the fatigue limit oy, decreases from a,, = 166 MPa to o, =
87 MPa by considering Equation C2 when the defect diameter is changed from 2a = 0 to
2a = 5000 um. When 2a = 10000 pm, the fatigue limit o, decreases to o,, = 78 MPa.

Table C1 shows that the safety factor SF decreases with increasing the defect size. Figure C2
IV



shows that the point CJ becomes dangerous depending on the defect dimensions. If the defect
with 5 mm size exists, the risk of fatigue failure at the point CJ becomes larger than other

dangerous points B37°|rolled steel, B%gngackup ronl from Figure C2 and Table C1.
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Figure C2 Stress amplitude versus mean stress diagram to evaluate the fatigue failure at point
CJ when the spheroidal defect diameter 2a = 0,5000, 10000 pm is assumed through varea

=V T[az When P/Ptotal = 1.5

Table C1. Safety factor SF for the critical point CJ when the spheroidal defect diameter 2a =
0,5000, 10000 um is assumed through varea = Vvma? whenP/Pyy = 1.5

Diameter change (um)  Safety factor, SF

2a=0 1.55
2a = 5000 0.98
2a = 10000 0.91
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