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Abstract
Next generation rolls such as super-cermet rolls and all-ceramic rolls can be only manufactured as sleeve rolls, although the 
circumferential slippage appears at the shrink-fit interface. In this study, the fatigue strength of the sleeve roll is evaluated by 
applying the load shifting method on the fixed roll to realize the local slip accumulation during roll rotation. The simulation 
shows that the fatigue-inducing stress amplitude remains constant although the accumulated slip amount increases. Based 
on those results, the fatigue strength of standard rolling rolls is estimated considering the slip defect. The defect dimension 
can be characterized by the root area parameter and the value 

√

area =1254 μm can be estimated from smaller roll experi-
mental results and the previous report for larger diameter sleeve rolls. The results show that in the absence of slip damage, 
the fatigue strength of sleeve rolls is not much lower than that of solid rolls without shrink-fit.

Keywords Sleeve roll · Shrink-fitting · Bimetallic work roll · Local slip accumulation · Load shifting method · Fatigue 
strength evaluation · Residual stress

Nomenclature
B270

0
   Critical point on HSS/DCI boundary 

where (r, z) = (270mm, 0)

B270

750
   Critical point on HSS/DCI boundary 

where (r, z) = (270mm, 750mm)

b
′   Defect depth of the sleeve roll with 

body diameter D = 1150 mm (mm)
C0

0
   Critical point at center point where 

(r, z) = (0, 0)

D   Outer diameter of the sleeve (mm)
DCI  Ductile casting iron
d   Inner diameter of sleeve in Fig. 1A 

(mm)
d1   Inner diameter of sleeve 1 in Fig. 1B 

(mm)
d2   Inner diameter of sleeve 2 in Fig. 1B 

(mm)
E  Rolling stress �Rolling

�
 (MPa)

Esleeve   Young’s modulus of sleeve (GPa)

Eshaf t   Young’s modulus of shaft (GPa)
F  Sum of �Res+Shrink

�
+ �

Rolling

�
 (MPa)

FEM  Finite element method
HSS  High-speed steel
HV   Vickers hardness (kgf/mm2)
P   Load from back-up roll and hot strip 

(N)
P0   Concentrated load per unit 

width = standard compressive force 
(N/mm)

Pb   Bending force from bearing per unit 
width (N/mm)

P∗
b
   Bending force from bearing (N)

Ph   Rolling reaction force (N)
R  Stress ratio is defined as the ratio of 

minimum stress to maximum stress
r   Radius (mm)
S   Frictional force from the rolling plate 

(N)
T    Driving torque (Nm)
Tm   Motor torque per unit width = Stand-

ard drive torque (Nm/mm)
T∗
m
   Rated torque of motor (Nm)

Tr   Resistance torque per unit 
width = 3193 Nm/mm
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T∗
r
   Slippage resistance torque (Nm)

u�(�)   Interfacial displacement (mm)
usleeve
�

   Circumferential displacement of the 
sleeve (mm)

ushaf t
�

   Circumferential displacement of the 
shaft (mm)

u
P(0)∼P(�)

�
(�)   Interfacial slip u� when the pair of 

loads P = P0 are applied at � = 0 
(� = �) to � = � (� = � + �) (mm)

u
P(0)∼P(�)

�,sleeve
(�)   Interfacial slip u� when the pair of 

loads P = P0 are applied at the inner 
surface of the sleeve at � = 0 (� = �) 
to � = � (� = � + �) (mm)

u
P(0)∼P(�)

�,shaft
(�)   Interfacial slip u� when the pair of 

loads P = P0 are applied at the outer 
surface of the shaft at � = 0 (� = �) to 
� = � (� = � + �) (mm)

u
P(0)∼P(�)

�,ave.
   Average displacement due to the pair 

of loads shifting from � = 0 (� = �) 
to � = � (� = � + �) (mm)

u
P(0)∼P(�)

�,T=Tm
(�)   Interfacial slip u� under standard drive 

torque T = Tm when the pair of loads 
P = P0 are applied at � = 0 (� = �) to 
� = � (� = � + �) (mm)

u
P(0)

�,T=Tm
(�)   Interfacial slip u� under standard drive 

torque T = Tm when the pair of loads 
P = P0 are applied at � = 0 (� = �) 
(mm)

u
P(0)∼P(2�)

�,T=Tm
(�)   Interfacial slip u� under standard drive 

torque T = Tm when the pair of loads 
P = P0 moves one rotation at � = 0 
(� = �) to � = 2� (� = � + �) (mm)

u
P(0)∼P(4�)

�,T=Tm
(�)   Interfacial slip u� under standard drive 

torque T = Tm when the pair of loads 
P = P0 move two rotations at � = 0 
(� = �) to � = 4� (� = � + �) (mm)

u
P(0)∼P(�)

�,ave.T=Tm
   Average displacement under standard 

drive torque T = Tm due to the pair of 
loads P = P0 shifting from � = 0 
(� = �) to � = � (� = � + �) (mm)

�   Tightening allowance between sleeve 
inner diameter and shaft outer diam-
eter (mm)

�   Circumferential displacement angle ( ◦

)
�   Friction coefficient between sleeve 

and shaft

Fig. 1  Schematic illustration for 
the standard roll used in real hot 
strip rolling

(A)Single material sleeve roll.

(B) Bimetallic sleeve roll with =700 mm, =540 mm, = 450 mm.
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�sleeve   Poisson’s ratio of sleeve
�shaft   Poisson’s ratio of shaft
�a   Stress amplitude (MPa)
�B   Ultimate tensile strength (MPa)
�m   Mean stress (MPa)
�r   Contact stress at the inner surface of 

the sleeve (MPa)
�r,shrink   Contact stress during shrink-fitting 

(MPa)
�
P(0)∼P(�)

r,T=Tm
(�)   Contact stress �r under standard drive 

torque T = Tm due to the load shifting 
P(0) ∼ P(�) from the angle � = 0 
(� = �) to � = � (� = � + �) (MPa)

�P(0)∼P(4�)
r

(�)   Contact stress �r due to the load 
P = P0 moves two rotations (MPa)

�
P(0)∼P(4�)

r,T=Tm
(�)   Contact stress �r under standard drive 

torque T = Tm due to the load P = P0 
moves two rotations (MPa)

�
1.1P(0)∼1.1P(4�)

r,T=1.1Tm
(�)   Contact stress �r under standard drive 

torque T = 1.1Tm due to the load 
P = 1.1P0 moves two rotations (MPa)

�
1.2P(0)∼1.2P(4�)

r,T=1.2Tm
(�)   Contact stress �r under standard drive 

torque T = 1.2Tm due to the load 
P = 1.2P0 moves two rotations (MPa)

�
1.3P(0)∼1.3P(4�)

r,T=1.3Tm
(�)   Contact stress �r under standard drive 

torque T = 1.3Tm due to the load 
P = 1.3P0 moves two rotations (MPa)

�
1.4P(0)∼1.4P(4�)

r,T=1.4Tm
(�)   Contact stress �r under standard drive 

torque T = 1.4Tm due to the load 
P = 1.4P0 moves two rotations (MPa)

�
1.5P(0)∼1.5P(4�)

r,T=1.5Tm
(�)  Contact stress �r under impact force 

T = 1.5Tm due to the load P = 1.5P0 
moves two rotations (MPa)

��   Rolling stress at the inner surface of 
the sleeve (MPa)

��max   Maximum stress (MPa)
��min   Minimum stress (MPa)
��,shrink   Interface stress during shrink-fitting 

(MPa)
�
P0

θmax
   Maximum stress under the load 

P = P0 (MPa)
�
P0

θmin
   Minimum stress under the load P = P0 

(MPa)
�
1.5P0

θmax
   Maximum stress under the load 

P = 1.5P0 (MPa)
�
1.5P0

θmin
   Minimum stress under the load 

P = 1.5P0 (MPa)
�
P(0)∼P(�)

�
(�)   Interface stress �� due to the load 

shifting P(0) ∼ P(�) from the angle 
� = 0 (� = �) to � = � (� = � + �) 
(MPa)

�
P(0)∼P(2�)

�,T=Tm
(�)   Interface stress �� under standard 

drive torque T = Tm due to the load 
P = P0 moves one rotation (MPa)

�
P(0)∼P(4�)

�,T=Tm
(�)   Interface stress �� under standard 

drive torque T = Tm due to the load 
P = P0 moves two rotations (MPa)

�
1.5P(0)∼1.5P(4�)

�,T=1.5Tm
(�)   Interface stress �� under impact force 

T = 1.5Tm due to the load P = 1.5P0 
moves two rotations (MPa)

�Res
�

   Residual stress (MPa)
�
Rolling

�
   Rolling stress (MPa)

�Res+Shrink
�

   Sum of residual stress and shrink-
fitting stress (MPa)

�w   Fatigue limit stress (MPa)
�w0   Fatigue limit stress without defect 

(MPa)
�

′

w0
   Fatigue limit stress at the defect size 

√

area = 627μm observed in miniature 
roll (MPa)

�
′′

w0
    Fatigue limit stress by considering real 

roll defect 
√

area = 1254μm (MPa)
�   Load shift angle ( ◦)
�0   Load shift interval ( ◦)
�small   The smaller contact stress region 

(MPa)
√

area   Projected area of the defect onto a 
plane perpendicular to the maximum 
principle stress

Kt   Stress concentration
a, b, c  Dimension of the defect in the minia-

ture roll ( μm)
r, �, z   Polar coordinate system
x, y, x   Cartesian coordinate system

1 Introduction

In steel manufacturing industries, rolling processes more 
tonnage than any other metalworking process [1–22]. 
Among rolling rolls used in steel industries, sleeve assem-
bly types whose shaft is shrink-fitted into a hollow cylinder 
have been tried to be used. Some of them have been suc-
cessfully used as back-up rolls with a large body diameter 
exceeding 1000 mm and also as work rolls for large H-sec-
tion steel. Figure 1 shows an example of the sleeve roll used 
as a real hot strip rolling roll. To express the high-speed 
steel (HSS)/ductile casting iron (DCI) rolls, several techni-
cal words such as bimetallic, composite, and compound are 
commonly used. In this article, “bimetallic” has been used 
similarly to our previous papers [18, 19]. By replacing the 
conventional single-material rolls, bimetallic work rolls are 
developed through improving wear resistance and heat crack 



 The International Journal of Advanced Manufacturing Technology

1 3

resistance [12–14]. Those sleeve rolls have several advan-
tages. The shaft can be reused by replacing the sleeve after 
consumption due to the abrasion or the surface roughening. 
Furthermore, the sleeve wear resistance can be improved 
independently without loosening the shaft ductility. It should 
be noted that next generation rolls such as the super-cermet 
roll [15] and all ceramic roll [16] can be manufactured only 
as a sleeve roll. This is the reason why we have to develop 
sleeve roll technologies.

To develop this shrink-fitted sleeve roll, however, sev-
eral peculiar problems have to be solved. They are known 
as residual bend deformation, fretting fatigue cracks at the 
sleeve end and sleeve fracture due to the circumferential 
sleeve slippage [5–11]. Among them, no detail studies are 
available for this circumferential slippage. Similar slippage 
is known as “interfacial creep” in ball bearing [23–35] 
although quantitative discussions are not available. Con-
sidering those situations, in the authors’ previous studies, 
numerical simulation named load shifting method (see 
Fig. 2) was performed to realize the slippage by assuming 
a single material sleeve roll in Fig. 1A [17–21]. Note that 
the circumferential slippage usually occurs even though 
the resistance torque at the interface is larger than the 
motor torque. This is because non-uniform slip is caused 
by the loading although the conventional design only 
considers overall slip. The non-uniform slip often causes 
the fatal sleeve fracture in the following way [5, 6]. First, 
several scratches and partial seizures happen at the sleeve 

shrink-fitting surface. Second, the seizure growth causes 
surface roughness with a few millimeter depths. Third, due 
to the roughness, fatigue crack initiates and propagates at 
the sleeve inner surface causing the final fracture. In this 
way, the fatigue strength evaluation is necessary for sleeve 
rolls as well as clarifying the mechanism of interface slip.

In this study, the fatigue strength of the sleeve roll in 
Fig. 1 used in hot strip rolling mill will be discussed. 
According to the recent studies [50, 51], the fatigue 
strength of a bimetallic solid roll where no shrink-fitting 
should be investigated focusing on the debonding failures 
at HSS/DCI boundary due to the stress �r [5, 52] (see 
Fig. 15 in Appendix C). In this study, even in the case 
of the bimetallic sleeve roll in Fig. 1B, the interface slip 
at the shrink-fitted interface must be taken into account 
instead of the debonding failures at HSS/DCI boundary. 
Therefore, in this study, the fatigue strength will be ana-
lyzed by expanding the load shifting method, which can 
realize the accumulation of local slip. Instead of the rela-
tive slip displacement in the previous article, the fatigue-
inducing stress amplitude will be focused in this simula-
tion. It should be noted that the damage caused by the 
slip will be also considered as a defect reported in the 
previous studies. Then, the fatigue limit will be evaluated 
by applying the 

√

area parameter model to create a fatigue 
limit diagram and to evaluate the safety zone for the sleeve 
roll defects.

Fig. 2  Modelling for bimetallic 
sleeve roll
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2  Interfacial slip simulation focusing 
on the interface stress ��

In the previous studies [17–21], numerical simulations 
were performed to clarify the slippage by using a sim-
plified rigid/elastic shaft in a single material sleeve roll 
as shown in Fig. 1A. Then, the amount of the slip was 
investigated by varying several design factors such as shaft 
deformation, motor torque, and shrink-fitting ratio. The 
outline of the load shifting method [17–21] is indicated in 
Appendix A where the roll rotation is replaced by the load 
shifting on the fixed roll.

Figure  1 illustrates a sleeve roll considered for the 
fatigue risk evaluation when it is used in the 4-stage roll-
ing mill. In the sleeve roll shown in Fig. 1A, a steel shaft is 
shrink-fitted to a steel sleeve. Since the sleeve is required 
to have different properties, the bimetallic sleeve is used 
as the outer and inner layers. Figure 1B shows an example 
of a commonly used bimetallic sleeve roll manufactured 
by the centrifugal casting method. In Fig. 1B, a steel shaft 
is shrink-fitted to a sleeve roll consisting of a bimetallic 
sleeve. Here, a two-layer sleeve consists of the outer layer 
which is made of high-speed steel (HSS) having both wear 
resistance and toughness, and the inner layer is made of 
ductile casting iron (DCI) having high ductility.

As shown in Fig. 2, the roll is subjected to the contact 
force P from the back-up roll, the rolling reaction force Ph , 
and the frictional force S from the rolling plate. Since two-
dimensional modelling is applied, the external force per 
unit length should be considered as well as motor torque 
T  . In Fig. 1, the back-up roll is longer than the width of the 
rolling plate; and therefore, the bending force Pb is acting 
at the bearing. Here, the rolling force P , the rolling reac-
tion force Ph , and the bending force Pb should be balanced, 
but Pb is estimated to be < 10% of P and Ph [5]. Therefore, 
in this study, assume the bending force Pb = 0 ; then, the 
rolling force ( =∼ P× back-up roll body length) is equal to 
the rolling reaction force ( =∼ Ph× strip width) as P ≃ Ph . 
This modelling refers to the case study of the loading at 
the fifth stage of hot finishing roll [5].

Figure  2 illustrates two-dimensional modelling in 
numerical simulation. Similar to Fig. 1, in Fig. 2, the 
two-layer sleeve and the steel shaft are shrink-fitted and 
the two-layer sleeve consists of HSS ans DCI. By apply-
ing the load shifting method [17–22], the roll rotation is 
expressed by the load shifting on the fixed roll surface. 
Figure 2A illustrates the real roll expressed by shifting the 
load on the roll surface with the roll center fixed. The roll 
is assumed to be subjected to the concentrated rolling load 
P. In the rolling process, the friction S is used to compress 
the rolling plate between the rolls as well as the driving 
torque T  from the motor to the shaft. Figure 2B is the 

model used in this study when the bending force Pb = 0 is 
assumed. A rigid body is introduced at the center of the 
shaft to restrain the displacement and rotation of the center 
of the roll. It is confirmed that the rigid body size at the 
center does not affect the result, and the diameter 8 mm is 
used. Figure 2B also shows an example of the mesh divi-
sion for the finite element method (FEM).

Heating and cooling from the hot-rolled steel sheet gen-
erate thermal stress during one rotation of the roll. How-
ever, thermal stress affects only a few μm to 1 mm depth 
from the surface, and does not affect internal stress at all 
[30, 54–58]. After the start of rolling, the roll tempera-
ture rises and stabilizes at the equilibrium temperature of 
50–80 °C after 1 h [5, 30, 54–58]. Rolling is continued 
for more than 10 h until the damaged roll surface needs 
to be removed, so the effects of thermal stress in the early 
stages of rolling are relatively small and can be ignored 
when considering fatigue strength.

Recently, the fatigue strength of a bimetallic solid roll was 
estimated whose fatigue risk was considered in the previous 
paper [50, 51]. In the solid bimetallic roll, it was reported that 
the failures happened as the debonding at HSS/DCI bound-
ary due to the stress �r as well as the roll center facture [5, 
52]. Figure 15 in Appendix C shows a bimetallic solid roll 
whose fatigue risk was considered in the previous paper [50, 
51]. In the solid bimetallic roll, it was reported that the fail-
ures happened as the debonding at HSS/DCI boundary due 
to the stress �r as well as the roll center facture [5, 52]. The 
finite element method (hereinafter abbreviated as FEM) is used 
for the numerical analysis of the sleeve assembly type roll in 
Fig. 2. To realize the interface slippage, the FEM simulation 
should be well conducted on basis of the experience and skills 
for engineering applications. In the previous studies [36–39], 
the FEM mesh error was discussed for bonded problems and 
the mesh-independent technique was proposed confirming 
that the displacement boundary condition applied is relatively 
insensitive. Contact status change was clarified when the pitch-
difference nut is tightened [40] and dynamic deformation was 
investigated through consecutive quasi-static analyses [41]. On 
the basis of those skills, during the ceramic roll rotation, the 
axial movement of the shaft was analyzed by shifting the load 
on the fixed shaft [42–45]. In this study, the circumferential 
sleeve slippage will be realized by extending the above tech-
nique and applying FEM code Marc/Mentat 2012 to the elastic 
contact quasi-static analysis for rolling rolls. In this code, the 
complete Newton–Raphson method and the direct constraint 
method for the contact analysis are used. As shown in Fig. 2B, 
a 4-node quadrilateral plane strain is used with the number of 
mesh elements are 3. ×  105 with confirming the mesh inde-
pendency of the results [46].

Table 1 shows the roll dimensions considered in this 
paper as a standard roll. Table 1 also indicates mechanical 
properties, and boundary conditions used in the analysis. In 
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this study, the standard compressive force P is P = P0 and 
the standard drive torque is T = Tm . The loading condition 
used in this study is based on the data at No. 5 stand for 
roll hot strip finishing roll mill [4, 5]. Assume conditions 
equivalent to hot rolling of ordinary steel sheets, a standard 
load P = P0 = 13270 N/mm per 1 mm of roll is used. Small 
effect can be confirmed by replacing Hertzian contact stress 
with the concentrated force P . Instead of the standard force 
P = P0 with the standard drive torque T = Tm , this study 
focuses on the rolling load P = 1.5P0 with the drive torque 
T = 1.5Tm , which is corresponding to the impact load when 
the rolled plate biting trouble occurs.

The shrink-fitting ratio is defined as �∕d, where � is the 
diameter difference between the inner diameter of the sleeve 
and the outer diameter of the shaft. Usually, the shrink-fitting 
ratio in the range �∕d = 0.4 × 10

−3 ∼ 1.0 × 10
−3 is applied 

to sleeve rolls on the basis of long year experience. This 
is because a smaller value 𝛿∕d < 0.4 × 10

−3 may cause the 
interface to slip easily and a larger value 𝛿∕d > 1.0 × 10

−3 
may increase the risk of sleeve fracture [6]. To study the 
irreversible interfacial slip, in this paper, �∕d = 0.5 × 10

−3 
is focused. The effect of the shrink-fitting ratio has been dis-
cussed [18]. Regarding the friction coefficient � controlling 
the slippage resistance at the interface, � = 0.2 was used in 
an experimental study and � = 0.4 was often used for steel 
surfaces previously [1, 47]. In this way, since � = 0.2 ∼ 0.4 
is usually used for sleeve assembly type rolls, in this study, 
the friction coefficient � = 0.3 between the sleeve and the 
shaft is used.

In the following sections, first, the displacement 
u
P(0)∼P(�)

�
(�) at the shrink-fitted interface obtained by the 

load shifting method will be shown (see Appendix A). 
This is the relative displacement between the sleeve and 

the shaft ( = u
P(0)∼P(�)

�,sleeve
(�) − u

P(0)∼P(�)

�,shaf t
(�) ) due to the load 

shifting P(0) ∼ P(�) . The interface slip can be regarded as 
the accumulation of uP(0)∼P(�)

�
(�) . If such accumulated slip 

occurs in a real rolling roll, several scratches and partial 
seizures happen at the shrink-fitted surface may cause crack 
initiation, crack propagation, and final sleeve fracture [6]. 
Considering such failure, the stress �� causing such dam-
age at the shrink-fitted surface will be focused instead of 
the debonding stress �r at HSS/DCI boundary regarding the 
solid bimetallic roll. Therefore, the stress �P(0)∼P(�)

�
(�) at the 

shrink-fitted interface will be focused in the following sec-
tions in a similar way of the displacement uP(0)∼P(�)

�
(�) in the 

previous papers.

3  Simulation results of rolling stress 
generated on the inner surface 
of the sleeve

3.1  Rolling stress �� at the inner surface of the sleeve

In the sleeve roll, the circumferential slippage sometimes 
occurs even though the resistance torque at the interface is 
larger than the motor torque. In the previous studies, the 
interfacial slip was realized by the load shifting method 
described in Appendix A.

Figure 3A shows the interfacial slip uP(0)
�,T=Tm

(�) , which is 
the relative displacement u� at � = � when the standard drive 
torque is T = Tm and the initial load P = P0 is applied at 
� = 0 as P(0). Fig. 3A also shows uP(0)∼P(2�)

�,T=Tm
(�) , which is the 

circumferential displacement u� when the standard rolling 
condition P = P0, T = Tm moves from � = 0 to � = 2� as 

Table 1  Dimensions, 
mechanical properties, and 
boundary conditions in Fig. 1B 
considered as a standard roll in 
this study

Mechanical properties Sleeve Shell E
sleeve

 
�sleeve 
Core Esleeve

�sleeve

233 GPa 
0.3 
173 GPa
0.3

Shaft Eshaf t

�shaf t

210 GPa
0.28

Roll size Outer diameter of sleeve D
Inner diameter sleeve d1
Inner diameter sleeve d2

700 mm
540 mm
450 mm

Shrink-fitting Shrink-fitting ratio �∕d
Friction coefficient between sleeve and shaft �

0.5 × 10
−3

0.3
External force Concentrated load per unit width P = P0

Frictional force per unit width S
Motor torque per unit width T

m

Resistance torque per unit width T
r

Bending force from bearing P
b

13,270 N/mm (Total: 
1.327 × 107 N; Rolled 
width: 1000 mm)

 1346 N/mm
 471 Nm/mm
 3193 Nm/mm
 0 N/mm
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P(0) ∼ P(2�). Fig. 3A also shows uP(0)∼P(4�)
�,T=Tm

(�) when the 
standard rolling condition P = P0, T = Tm moves two rota-
tions as P(0) ∼ P(4�) . As shown in Fig. 3A, the displace-
ment uP(0)∼P(�)

�,T=Tm
(�) increases with increasing � . Since the 

displacement uP(0)∼P(�)
�,T=Tm

(�) varies depending on � , the average 
displacement can be defined in Eq. (1).

As shown in Fig. 3A, more clearly, the average displace-
ment uP(0)∼P(�)

�,ave.,T=Tm
 increases due to the load shifting from � = 0 

to � = 4�.
If such circumferential slip uP(0)∼P(�)

�,T=Tm
(�) occurs in a real 

rolling roll, several scratches and partial seizures happen at 
the sleeve shrink-fitting surface. Then, the seizure growth 
with the roll rotation causes the surface roughness with a few 
millmeter depths. Due to the roughness, fatigue crack initi-
ates and propagates at the sleeve inner surface causing the 
final fracture [6]. Considering such failure, the stress �� at 
the shrink-fitted surface is focused in this paper since �� is 
the largest stress component and causes such damage. The 
stress �P(0)∼P(�)

�
(�) is defined as the interface stress �� due to 

the load shifting P(0) ∼ P(�) from the angle � = 0 (� = �) 
to = � (� = � + �) . Here, notation � denotes the angle 
where the load is shifting and notation � denotes the position 
where the stress is considered.

Figure 3B shows the stress distribution, �P(0)∼P(2�)

�,T=Tm
(�) , 

which is the stress �� when the load P = P0 moves one 
rotation as P(0) ∼ P(2�) .  Figure  3B also shows 
�
P(0)∼P(4�)

�,T=Tm
(�) when the load P = P0 moves two rotations as 

(1)u
P(0)∼P(�)

�,ave.,T=Tm
=

1

2�∫
2�

0

u
P(0)∼P(�)

�,T=Tm
(�)d�

P(0) ∼ P(4�) . As shown in Fig. 3B, no large difference 
between �� after one rotation and �� after two rotations of 
the load P. In other words, the accumulation phenomenon 
observed in the displacement is not seen in the stress. For 
the fatigue risk evaluation, therefore, the stress obtained 
after two rotations can be always used irrespective of the 
number of the roll rotation.

Figure 4 shows the stress distribution along the inter-
face �P(0)∼P(4�)

�,T=Tm
(�) when the load P = P0 moves two rota-

tions as P(0) ∼ P(4�) in comparison with the stress distri-
bution �1.5P(0)∼1.5P(4�)

�,T=1.5Tm,
(�) when the load P = 1.5P0 moves as 

P(0) ∼ P(4�) . Under the load P = P0 , the maximum stress 
is �P0

�max
= 79.4 MPa and the minimum stress is �P0

�,min
= 24.6 

MPa. On the other hand, under the load P = 1.5P0 , which 
is corresponding to the impact load when the rolled plate 
biting trouble occurs, the maximum stress is �1.5P0

�,max
= 91.3 

MPa and the minimum stress is �1.5P0

�min
= −24.7 MPa. Here, 

the stress amplitude �a and the mean stress �m are 
expressed in Eqs. (2) and (3).

For the stress �� under the load P = P0 , the stress ampli-
tude is �a = 27.4 MPa and mean stress is �m = 52.0 MPa. 
On the other hand, under the load P = 1.5P0 , the stress 
amplitude is �a = 58.0 MPa and mean stress is �m = 33.3 
MPa. This observation shows that by considering the 
impact force P = 1.5P0 , the stress amplitude �a is about 
2.1 times, and the mean stress �m is about 0.6 times from 
the stress under the standard condition P = P0.

(2)�a =
(

��max − ��min

)

∕2

(3)�m =
(

��max + ��min

)

∕2

Fig. 3  Interface displace-
ment uP(0)

�,T=Tm
 in Fig. 1B due 

to the initial load P = P0 
increases as can be expressed 
u
P(0)

𝜃,T=Tm
< uP(0)∼P(2�)

�,T=Tm
 < uP(0)∼P(4�)

�,T=Tm
 

by shifting the load as 
P(0) ∼ P(2�) ∼ P(4�) but inter-
face stress distributions remains 
the same as can be expressed by 
�
P(0)∼P(2�)

�,T=Tm
(�) ≈ �

P(0)∼P(4�)

�,T=Tm
(�)
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3.2  Contact stress �
r
 at the inner surface of the sleeve

Previously the authors found the smaller contact stress 
region where the slip is promoted [19]. The smaller contact 
stress region �small is a region where the contact stress 
�
P(0)∼P(�)

r,T=Tm
 becomes smaller than the original shrink-fitted 

stress �rshrink as �P(0)∼P(4�)
r

≦ �rshrink . Here, �rshrink denotes the 
shrink-fitting stress without applying the load P.

Figure 5 shows the stress distribution �P(0)∼P(4�)

r,T=Tm
(�) when the 

load P = P0 moves as P(0) ∼ P(4�) in comparison with the 

stress distribution �1.5P(0)∼1.5P(4�)

r,T=1.5Tm
(�) when the load P = 1.5P0 

moves as P(0) ∼ P(4�) . As shown in Fig. 5, the smaller contact 
stress region �small can be confirmed under the standard condition 
P = P0, T = Tm and also under the impact force condition 
P = 1.5P0, T = 1.5Tm . In addition, with increasing the load from 
P = P0, T = Tm to P = 1.5P0, T = 1.5Tm , the smaller contact 
stress region �small increases. It should be noted that under the con-
dition of P = 1.5P0, T = 1.5Tm , the zero contact stress region 
appears as �1.5P(0)∼1.5P(4�)

r,T=1.5Tm
≅ 0 around θ = 90

o where the sleeve 
and the shaft is separated. This region can be named the non-con-
tact region. It may be concluded that under high load conditions, 
the non-contact region appears and accelerates the slippage.

To clarify the separation condition, Fig. 6 shows �P(0)∼P(4�)

r,T=Tm
(�) 

by varying the load from the standard condition P = P0, T = Tm 
to the impact force condition P = 1.5P0, T = 1.5Tm . It was 
found that the separation occurs when P∕P0 ≥ 1.5 and 
T∕Tm ≥ 1.5 . Under the larger load P∕P0 ≥ 1.5 and T∕Tm ≥ 1.5 , 
the stress amplitude becomes much larger.

3.3  Residual stress and shrink‑fitting stress

Based on the rolling stress �Rolling

�
 obtained in the above dis-

cussion, the fatigue failure risk can be evaluated considering 
the crack initiation from the inner surface of the sleeve. In 
the real roll, however, when the sleeve roll is manufactured, 
the residual stress due to heat treatment is introduced. In the 
previous study [22], the residual simulation was performed 
during quenching and tempering for the conventional bime-
tallic solid rolls. In a similar way, the residual simulation is 
performed for the bimetallic sleeve roll in Fig. 1B to obtain 
the residual stress in Fig. 7B.

Figure 7A shows the residual stress distribution �Res
�

 
at the central cross section z = 0 after the quenching and 

Fig. 4  Circumferential interface 
stress distribution �P(0)∼P(4�)

�,T=Tm
(�) 

in Fig. 1B under standard 
loading condition P = P0 
and T = Tm in comparison 
with σ1.5P(0)∼1.5P(4�)

�,T=1.5T
m

(�) under 
impact loading condition 
P = 1.5P0 and T = 1.5Tm. Under 
the impact force P = 1.5P0 , 
the stress amplitude �a is about 
2.1 times larger than the stress 
under the standard load P = P0

P =13270 N/mm

45
0 

m
m

54
0 

m
m

70
0 

m
m

Fig. 5  Radial interface stress distribution �P(0)∼P(4�)

r,T=Tm
(�) in Fig.  1B 

under standard loading condition P = P0 and T = Tm in comparison 
with  σ1.5P(0)∼1.5P(4�)

r,T=1.5T
m

(�) under impact loading condition P = 1.5P0 
and T = 1.5Tm. The smaller contact stress region �small satisfying 
�P(0)∼P(4�)
r

≦ �rshrink is larger under impact loading condition
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tempering before the shrink-fitting. This is the results 
obtained from heat treatment analysis as shown in the pre-
vious study [22]. Figure 7B shows the stress distribution 
obtained by superposing the residual stress and the shrink-
fitting stress as �Res+Shrink

�
 at z = 0 after the shrink-fitting.

As shown in Fig. 7B, the residual stress distribution after 
shrink-fitting the shaft has the maximum tensile stress 
�Res+Shrink
�

= 156 MPa at r = 225 mm of the sleeve. In the next 
section, the fatigue strength will be discussed by considering 
the superposition of residual stress and the shrink-fitting stress 
a s  �Res+Shrink

�
 [ 2 2 ]  a n d  t h e  ro l l i n g  s t r e s s 

�
Rolling

�
= �

1.5P(0)∼1.5P(4�)

�,T=1.5Tm
(�) at the inner surface of the sleeve in 

Fig. 4. In this evaluation, the stress �� at the sleeve interface is 
focused since the stress �� mainly controls the crack initiation.

4  Fatigue strength evaluation for the sleeve 
roll considering slip defect by using 
the stress amplitude versus mean stress 
diagram ( �� − ���������)

In this section, the fatigue strength of the sleeve roll in 
Fig. 1B is evaluated on the basis of the rolling stress �Rolling

�
 

in Section 3.1 obtained by the load shifting method. In 

Fig. 6  Radial interface stress 
distribution �P(0)∼P(4�)

r,T=Tm
(�) in 

Fig. 1B when the rolling load 
P and the driving torque T are 
changed at the same time in 
the range P = P0 ~ 1.5 P0 and 
T = Tm ~ 1.5Tm. The separation 
zone where �P(0)∼P(4�)

r,T=Tm
(�) =0 

appears at the shrink-fitted 
surface when P∕P0 ≥ 1.5 and 
T∕Tm ≥ 1.5

Fig. 7  Circumferential residual 
stress distribution σθ at the 
central cross section z = 0 in 
Fig. 1B obtained through sleeve 
heat treatment

(A)Residual stress distribution before 

shrink-fitting.

(B) Residual and shrink-fitting stress 

after shrink-fitting.
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the authors’ recent study, the validity of this simulation 
was confirmed through the experiment by using a minia-
ture roll [48, 59]. Then, the slippage and the defect were 
experimentally identified at the sleeve/shaft surfaces as 
shown in Appendix B. Therefore, in the present study, the 
fatigue strength should be analyzed considering the defect 
geometries identified as well as �Rolling

�
 . The rolling stress 

�
Rolling

�
 can be clasified into the stress amplitude and the 

mean stress. The stress amplitude-mean stress diagram is 
used to characterize the effect of mean stress to assess the 
fatigue strength of metals. Mean stress is known to greatly 
affect fatigue strength.

During rotation, the bimetallic solid rolls are also cycli-
cally loaded with compressive mean stress (see Appendix 
C). In this case, since there is no shrink-fit or slip damage, 
the fatigue strength was analyzed focusing on the debonding 
commonly observed at the HSS/DCI interface [5, 51–53]. 
Then, stress amplitude versus mean stress diagrams ( �a-�m 
diagram) were considered under large compressive alterna-
tive loads �m≤0[50]. Unlike solid rolls, the �a-�m diagram of 
sleeve rolls must consider the reduction in fatigue strength 
due to slip defects. Regarding the fatigue limit for the engi-
neering material having some defects, Eq. (4) is proposed 
for the stress ratio range −1 ≤ R ≤ 0 [49],

where  HV (kgf/mm2) is the Vickers hardness of DCI and 
area is the projected area of the defect.

In the previous study, the slip defect geometry was identi-
fied by using a miniature rolling mill whose dimension about 
1/10 of standard sleeve roll in Fig. 1B. Based on the minia-
ture roll experiment (see Appendix B), the slip defect size 
can be characterized by 

√

area = 627μm [48, 59]. Figure 8A 

(4)�w =
1.43(HV+120)
�

√

area
�1∕6

�

1−R

2

��

, R =
��min

��max

illustrates the DCI inner layer fatigue limit obtained from 
Eq. (4) as curve AB when 

√

area = 627μm . Since Eq. (4) is 
proposed based on data in the range −1 ≤ R ≤ 0 , the curve 
AB is indicted for R = −1 ∼ 0 in Fig. 8A where point A cor-
responds to the fatigue limit of fully reversed loading R = −1 
with defect size 

√

area=627 μm . Point B can be determined 
as the intersection of the curve obtained from Eq. (4) and 
the straight line R =

(

�m∕�a − 1
)

∕
(

�m∕�a + 1
)

= −1 . Point 
B corresponds to the fatigue limit of pulsating tensile load 
R = 0 with defect size 

√

area=627 μm.
Figure 8B illustrates the DCI inner layer fatigue limit as 

a straight line BC when the defect size is characterized by 
√

area = 627μm . Point C corresponds to the tensile strength of 
the DCI �B = 415 MPa, which is independent of the slip defect 
dimension. Recently, Ikeda et al. clarified that the strength of 
the circumferential notched specimen is larger than the strength 
of the plain specimen for the wide range of tensile speed and 
temperature [53]. Therefore, the static strength of DCI includ-
ing some defects can be the same as the tensile strength of the 
DCI without defects �B = 415 MPa. In this way, in the range 
R ≥ 0 , the straight line BC can be used as the fatigue limit line.

Figure 9A shows the fatigue limit ABC explained above 
where the defect size 

√

area = 627μm in comparison with the 
common fatigue limit line DC for DCI with no defect. Point 
D corresponds to the fatigue limit of fully reversed loading 
R = −1 when DCI has no slip defect. Then, the rolling stress 
�
Rolling

�
 under the impact force condition P = 1.5P0, T = 1.5Tm 

are considered. In Fig. 9A, point E shows stress amplitude 
and mean stress ( �a , �m ) due to the rolling stress �Rolling

�
 and 

shrink-fitting stress �Shrink
�

 . Point F shows stress amplitude 
and mean stress ( �a , �m ) due to the rolling stress �Rolling

�
 , 

shrink-fitting stress �Shrink
�

 , and residual stresses �Res
�

 . Here, 
the mean stress is obtained by superposing those stresses as 
�Res+Shrink
�

+ �
Rolling

�
= 189.3 MPa.

Fig. 8  Estimation of the fatigue 
limit of DCI with defect size 
√

area = 627μm . Point A: 
Fatigue limit of fully reversed 
loading R = −1 with defect 
size 

√

area=627 μm ; Point B: 
Fatigue limit of pulsating tensile 
loading R = 0 with defect size 
√

area=627 μm; Point C: Ulti-
mate tensile strength independ-
ent of the defect size
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In Appendix B, as well as the previous miniature roll 
experiment, the slip defect dimensions in the standard sleeve 
roll in Fig. 1B is estimated. The standard roll diameter in 
Fig. 1B is about 10 times larger than the miniature roll. The 
defect size found in the experimental study 

√

area = 627μm 
may be smaller for the standard roll in Fig. 1B. Therefore, 
the double sizes of the defect with 

√

area =
√

�(2a)(2b)∕2

=627 × 2 = 1254 μm may be suitable. Here, the previous 
report for the roll much larger than Fig. 1B was also consid-
ered [5, 6]. In Fig. 9B, point A′ corresponds to the fatigue 
limit of fully reversed loading R = −1 with defect size 

√

area

=1254 μm . Point B′ corresponds to the fatigue limit of pul-
sating tensile load R = 0 with defect size 

√

area=1254 μm . 
If the fatigue limit A′B′C is used, point F is located on the 
slightly dangerous side.

The fatigue failure risk of the bimetallic solid roll stud-
ied in the recent paper is indicated in Appendix C [50, 51]. 
In the solid bimetallic roll, since the failures happened as 
the debonding at HSS/DCI boundary [5, 52], the risk of 
fatigue failure was evaluated focusing on the stress �r . The 
results show that if there is no slip damage, the fatigue 
strength of the sleeve roll is not very smaller compared 
to the fatigue strength of the solid roll with no shrink-
fitting (see Fig. 9A, Fig. 7A). If the interfacial slip can be 
prevented by providing a key between the sleeve and the 
shaft for example, the risk of fatigue can be the same of 
the solid bimetallic roll.

In this paper, the fatigue strength of the standard sleeve 
roll in Fig. 1B was evaluated. The detail of the sleeve roll 

in Fig. 1B was indicated in Table 1. First, the slip defect 
geometry observed in the miniature roll experiment was 
considered. The detail of the miniature roll experiment 
was indicated in Fig. 12 and Table 2. The detail of the slip 
geometry was indicated in Fig. 13 and Fig. 14, which can 
be characterized by the root area parameter 

√

area = 627 
μm . Then, the fatigue limit in the stress amplitude-mean 
stress diagram is indicated in Fig. 9A. The plot in Fig. 5 
is obtained by applying the load shifting method realizing 
the local slip accumulation during roll rotation. Next, the 
slip defect geometry in the real roll in Fig. 1B was esti-
mated as shown in Appendix B obtained as 

√

area = 1254 
μm . Then, the fatigue limit is indicated in Fig. 9B. The 
fatigue risk is discussed comparing to the solid roll where 
there is no shrink-fit as in Fig. 16 of Appendix C.

5  Conclusions

Toward developing next generation rolls such as super-
cermet rolls, the fatigue strength of the sleeve roll was 
considered in this paper. Considering the circumferen-
tial slippage appearing at the shrink-fit interface, the load 
shifting method was applied on the fixed roll to clarify the 
stress variation during roll rotation. Based on this simula-
tion results, the fatigue strength of standard rolling rolls is 
estimated considering the slip defect. The defect dimension 
was characterized by the root area parameter 

√

area . The 
conclusions can be summarized in the following way:

Fig. 9  Stress amplitude �a versus mean stress �m diagram for ��

w0
= 

110  MPa when 
√

area=627 μm , ���

w0
= 98  MPa when 

√

area=1254 
μm and �B = 415 MPa. Point A: Fatigue limit of fully reversed load-
ing R = −1 with defect size 

√

area=627 μm ; Point B: Fatigue limit 
of pulsating tensile loading R = 0 with defect size 

√

area=627 μm ; 
Point C: Tensile strength independent of the defect size; Point D: 

Fatigue limit of fully reversed loading without defect; Point A′: 
Fatigue limit of fully reversed loading R = −1 with defect size 

√

area

=1254 μm ; Point B′: Fatigue limit of pulsating tensile loading R = 0 
with defect size 

√

area=1254 μm ; Point E: Plot ( �a , �m ) due to the 
rolling and shrink-fitting stresses; Point F: Plot ( �a , �m ) due to the 
rolling, shrink-fitting, and residual stresses
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• By applying the load shifting method, the roll rotation and 
the interface slip were realized. Then, the maximum stress, 
the minimum stress, and stress amplitude at the interface 
were clarified when the slip occurs at the shrink-fitted inter-
face. It was found that the stress variation remains stable 
after one rotation (see Fig. 3) although the interfacial dis-
placement increases with increasing the roll rotation.

• Under the impact loading conditions P = 1.5P0 when the 
rolled plate biting trouble occurs, the stress amplitude 
becomes about twice larger than the stress under the standard 
loading conditions P = P0 (see Fig. 4). This is because with 
increasing the load P , the smaller contact stress region where 
�P(0)∼P(4�)
r

≦ �rshrink increases (see Fig. 5) and the separation 
zone where �1.5P(0)∼1.5P(4�)

r,T=1.5Tm
≅ 0 appears (see Fig. 6).

• On the stress amplitude—mean stress diagram, the 
fatigue limit was expressed by considering the slip defect. 
From the miniature roll experiment and the previous 
report, the defect dimension was characterized by the 
root area parameter 

√

area = 1254 μm . Then, the fatigue 
failure risk of the bimetallic sleeve assembly type roll 
was evaluated on the basis of the stress variation obtained 
by the load shifting simulation under impact loading con-
dition. It may be concluded that if there is no slip dam-
age, the fatigue strength of the sleeve roll is not very 
smaller compared to the fatigue strength of the solid roll 
with no shrink-fitting (see Fig. 9A, Fig. 7A).

Appendix A: Load shifting method to realize 
the relative interfacial displacement 
u
P(0)∼P(')

�
(�) and average interfacial 

displacement uP(0)∼P(')

�,ave.
(�)

Figure 10 illustrates the load shifting method where the roll 
rotation is expressed by the load shifting on the fixed roll 
surface [17–21]. Assume the roll subjected to the concen-
trated rolling load P. As shown in Fig. 10, the continuous 
roll rotation can be expressed by the discrete load shifting 
with a constant interval �0 . The most suitable value of �0 
can be chosen to reduce the computational time without 
loosening the accuracy. From the comparison among the 

results �0 = 0.25◦ ∼ 12◦ , the load shift angle �0 = 4◦ is 
adopted in the following discussion since the relative error 
between �0 = 0.25◦ and �0 = 4◦ is less than a few percent. 
In the following, both forces are denoted by P.

The relative displacement accumulation between the 
sleeve and shaft may represent the interfacial slip. In Fig. 11, 
the relative displacement uP(0)∼P(�)

�
(�) due to the load shifting 

P(0) ∼ P(�) is defined between the sleeve and shaft when 
the load moves from the angle � = 0 to � = � . Here, nota-
tion � denotes the angle where the load is shifting and nota-
tion � denotes the position where the displacement is evalu-
ated. The load P(�) is defined as the pair of forces acting at 
� = � and � = � + � . The notation uP(0)∼P(�)

�
(�) means the 

relative displacement u�(�) at � = � when the pair of loads 
are applied at � = 0 to � = � and � = � to � = � + � . Since 
the relative displacement u�(�) varies depending on � , the 
average displacement uP(0)∼P(�)

�,ave.
 can be defined in Equation 

(A1).

Appendix B: Estimation of slip defect 
dimension in standard sleeve roll in Fig. 1B

Figure 12(a) illustrates the real roll at the central cross 
section in Fig. 1B in comparison with Fig. 12(b) the min-
iature roll to verify the slippage experimentally [20, 48]. 
The miniature roll’s diameter is about 1/10 of the real roll. 
As shown in Fig. 12(b), the miniature roll consists of the 
sleeve, the outer shaft and the inner shaft. The inner and 
outer shafts are fixed by key so that the interfacial slippage 
between the outer shaft and the sleeve shrink-fitted can be 
prevented.

Figure  13  shows an example of the defect 
observed on the sleeve surface after slippage. The 
sleeve is cut along the cross section at the AA′ and 
BB ′ to identify the defect dimensions. Figure  14 
illustrates the three dimensional shape of the defect 
approximated by an ellipsoid. As can be expressed 

(A1)u
P(0)∼P(�)

�,ave.
=

1

2�∫
2�

0

u
P(0)∼P(�)

�
(�)d�

Fig. 10  The roll rotation can 
be replaced by discrete load 
shifting by the angle �0 on the 
fixed roll
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(x∕a)2 + (y∕b)2 + (z∕c)2 = 1, a = 1000�m, b = 250�m, c = 4000μm  the  s t ress 
concentration can be Kt = 1.14 [48]. In this study, 
the fatigue strength reduction is evaluated by using 
the parameter 

√

area , which is the square root of the 
projected area of the defect onto a plane perpen-
dicular to the maximum principal stress [49]. Then, 
the miniature roll’s defect can be characterized by 
√

area =
√

(�ab)∕2 = 627μm from the defect geometry 
a = 1000μm, b = 250μm in Fig. 14.

 

On the other hand, the defect depth b�

= 1 mm was 
reported after slip in the hot rough rolling sleeve roll whose 
body diameter D = 1150 mm although the detail geom-
etry is unknown [5, 6]. As shown in Fig. 3A, in this study, 
the real roll diameter D = 700 mm is considered, and the 
depth of the defect can be a bit smaller than b�

= 1 mm 
although it can be larger than the defect depth b = 0.25mm 
of the miniature roll. Assume that the similar shape of the 
defect in Fig. 13 and Fig. 14 is formed due to the sllipage 

Fig. 11  Definition of interfacial 
displacement uP(0)∼P(�)

�
(�) due to 

the load shifting P(0) ∼ P(�)

Fig. 12  Schematic illustration 
for (a) Real roll and (b) Minia-
ture roll

(a) Real roll at the central cross section (b) Miniature roll at the central cross section

Fig. 13  Example of defect 
formed by the slippage on the 
sleeve surface to identify defect 
dimension observed in the 
miniature roll in Fig. 12  when 
the shrink-fitting ratio 
�∕d = 0.21 × 10

−3
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in the real roll. By assuming double sizes of the defect of 
the miniature roll, 

√

area dimension in the real roll can 
be 

√

area =
√

�(2a)(2b)∕2=627 × 2 = 1254 μm . Here a = 
1000 μm and b = 250 μm is the defect dimension of the 
miniature roll.

Table 2 shows the specifications of the test work roll. 
The diameter of the test roll is about 1/10 of the diameter 
of the real roll. Table 3 shows the experimental condi-
tions. Roll A denotes the roll without the shrink-fitting 
ratio of �∕d = 0 and roll B denotes the roll with the 
shrink-fitting ratio of �∕d = 0.21 × 10

−3 . In the experi-
ment, the work roll is cooled with water at room tempera-
ture to prevent the change in shrink-fitting rate due to the 
temperature rise caused by friction due to the load. When 

the steady rotation speed reached 106 rpm or 212 rpm, 
a load of 1 ton is applied to ensure that the temperature 
change of the roll surface is within 5◦C or less during the 
experiment by a contact thermometer.

Appendix C: Fatigue strength analysis 
results of bimetallic solid roll by simulation 
of cyclic loading caused by roll rotation

 
Figure 15 shows a bimetallic solid roll whose fatigue 

strength was considered in the previous paper [50, 51]. In 
the solid bimetallic roll, it was reported that the failures 
happened as the debonding at HSS/DCI boundary due to 
the stress �r as well as the roll center facture [5, 52]. 
Therefore, the risk of fatigue failure was evaluated at 
those critical points focusing on the stress �r . Figure 16 
illustrates the stress amplitude versus mean stress diagram 
( �a-�m diagram) focusing on the fatigue limit under large 
compressive alternative loading �m≤0[50]. In this evalu-
ation, the repeated maximum and minimum stress �r was 
considered during the roll rotation as the driving force 
causing the internal fatigue failure. Figure 17 illustrates 
those three critical points denoted by B270

0

|

|

|Rolledsteel
 , 

B270

750

|

|

|Backuproll
 , and C0

0
.

 

Fig. 14  Ellipsoidal plow defect 
geometry in Fig. 12 approxi-
mated by the equation 
(x∕a)2 + (y∕b)2 + (z∕c)2 = 1, a = 1, b = 0.25, c = 8.0 
with the stress concentration 
factor Kt = 1.14 2a=2.0, 

2b=0.5, 
2c=8.0

Table 2  Test work roll specifications used in the miniature roll exper-
iment in Fig. 12(b)

Specifications

Size D , d , d1   (mm)
Material
Tensile strength �

B
  
(

N∕mm2
)

Hardness HB

60, 48, 35
SCM440 quenched and tempered
980
Sleeve: 280 ∼ 300

Shaft:305 ∼ 330

Table 3  Conditions of the miniature roll experiment in Fig. 12(b)

Test roll

Shrink-fitting ratio 
�∕d

Roll A 0

Roll B 0.21 × 10
−3

Driving condition

Test roll Free rolling
Pair roll Driven by the torque 

457 Nm
Load P (ton) 1.0
Rotating speed (rpm) 106 ∼ 212

Roll cooling: front side (L/min), back side Water 0.25, 2.0
Roll temperature (◦C) : �∕d = 0.21 × 10

−3 , 0 16.0 ∼ 21.0

Number of rotations, n Rotations until sleeve 
slip

D
=6

60

Fig. 15  Conventional bimetallic solid roll considered previously 
(mm)
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