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Abstract
The rolls are classified into two types; one is a single-solid type roll, and the other is a shrink-fitted assembled type sleeve 
roll consisting of a sleeve and a shaft. The sleeve roll is successfully used as a large back-up roll used in rolling. However,  
sometimes, the interfacial slip appears although the slippage resistance torque T

r
 is designed to be larger than the motor 

torque. In this paper, the FEM simulation is performed to clarify the phenomena in real rolling. It is found that the interfa-
cial slip is accelerated significantly with increasing the motor torque. The circumferential slippage under zero torque can 
be explained from the non-uniform deformation due to the rolling force P . This is because the displacement increase rate 
increases with increasing the force P . Finally, a novel design concept is proposed for sleeve rolls from the present discussion.

Keywords Bimetallic work roll · Rolling roll · Shrink-fitted · Interfacial slip · Motor torque · Sleeve

1 Introduction

In steel manufacturing industries, rolling processes more 
tonnage than any other metalworking process [1–15]. Four-
high type consisting of a pair of work rolls and a pair of 
back-up rolls are most commonly used as strip mills. The 
technical innovations in the rolling strip mills have been 
conducted on the application and the improvement of large 
sleeved back-up roll [1–3], rolled steel with cross-section 
[4, 5], hot rolling strip mills [6–9], and bimetallic work roll 
[10–15].

Figure 1a illustrates the rolling roll in steel roughing of 
a hot rolling stand mill. The rolls can be classified into two 
types; one is a single-solid type, and the other is a shrink-
fitted assembly type consisting of a sleeve and a shaft as 
shown in Fig. 1b, c. The shrink-fitted assembly type rolls are 
efficiently used as the back-up rolls having large trunk diam-
eter exceeding 1000 mm and used for large H-section steel 
rolling rolls [1–3]. Those sleeve rolls have several advan-
tages; the shaft can be reused by replacing the damaged 
sleeve due to the abrasion and the surface roughening and 

the sleeve wear resistance can be improved independently 
without loosening the shaft ductility.

On the other hand, this shrink-fitted assembly type roll 
has several particular problems such as residual bending of 
the roll, fatigue fracture at the end of the sleeve, and sleeve 
fracture due to the circumferential slippage [5–12]. Among 
them, there is no detailed studies are available for the inter-
facial slippage in a rolling roll. It should also be pointed out 
that the interfacial slippage in shrink-fitted roll sometimes 
occurs even if the resistance torque at the interface is larger 
than the motor torque. Considering no quantitative study 
available for rolling rolls, by focusing on the sleeve displace-
ment, the previous study assumed a rigid shaft modeling to 
simplify the phenomenon and to realize the slippage in the 
numerical simulation [13].

Although few studies are available for this new failure 
in shrink-fitted assembly type rolls, a similar phenomenon 
is known as “interfacial creep” in ball bearing appearing 
between the bearing and the stationary shaft and between the 
bearing and the housing [16–26]. However, even in the ball 
bearing field, few papers discussed the phenomenon quanti-
tatively. In our previous study, therefore, the interfacial slip 
in the shrink-fitted roll under the free rolling condition was 
discussed without considering motor torque [14]. Then, it 
was found that the interfacial slip occurs even under free 
rolling conditions and under no friction and no motor torque. 
However, in the real rolling process, to reduce the thickness 
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of the rolling plate, a pair of sleeve rolls is driven by motor 
torque. Far differently from free rolling, a larger amount of 
slippage may happen due to the motor torque.

To clarify the effect of the motor torque on the interfacial 
slip, in this study, the actual work roll of a hot rolling stand 
mill will be simulated under a similar condition of the real roll. 
Figure 1a illustrates that the motor torque and the balanced 
frictional force from the rolled steel promote the slippage sig-
nificantly. In the actual work, roll of a hot rolling stand, differ-
ently from ball bearings, such promoted slippage may cause 
a serious failure. In this sense, the effects of the shrink-fitting 
ratio and the friction coefficient will be discussed since they 
may contribute to slippage resistance. Finally, the novel design 
concept for the sleeve roll will be proposed from the discussion.

2  Simulation for non‑uniform slip versus  
overall slip considered in conventional 
design

Figure 1 shows a sleeve assembly type roll used in rolling 
roll. Figure 1a shows the central cross-section and Fig. 1b 
shows the axial cross-section. As shown in Fig. 1, the sleeve 

roll consists of a shrink-fitted sleeve and shaft. Figure 1c 
shows an example of a commonly used bimetallic sleeve 
roll made by the centrifugal casting method. Here, the outer 
layer is high-speed steel (HSS) having high abrasion resist-
ance and the inner layer is ductile casting iron (DCI) having 
high ductility. To simplify the analysis and to clarify “the 
interfacial slip,” this present study will focus on a single 
material sleeve roll instead of the bimetallic sleeve roll. In 
the field of ball bearing, the phenomenon of such slip is 
referred to as “interfacial creep.” In this paper, however, the 
phenomenon is named “an interface slip” according to the 
usage of sleeve assembly type rolls in the rolling field.

As shown in Fig. 1a, the roll is subjected to the contact 
force P from the back-up roll, the rolling force Ph , and the 
frictional force S (shear force) from the rolling plate. Since 
two-dimensional modeling is used in this study, the external 
force per unit length, as well as motor torque T  , should be 
considered. In Fig. 1b, 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 reaction force Ph , and the bending force Pb should be 
balanced, but Pb is estimated to be less than 10% of P and Ph 
[5]. Therefore, in this study, by assuming the bending force 

(a) Central cross-section view of
rolling roll.

(b)Axial section view of rolling roll.

(c) A target of this study: HSS bimetallic roll in central cross-section.
Fig. 1  Schematic illustration for real hot strip rolling roll
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Pb = 0 , the rolling force ( =∼ P× back-up roll body length) 
is equal to the rolling force ( =∼ Ph× strip width) as P ≃ Ph . 
This modeling refers to the loading at the fifth stage of the 
hot finishing roll [5].

Figure 2 indicates the numerical simulation model used 
in this study concerning the actual roll approach. The rota-
tion of the roll is expressed by the circumferential load 
transfer on the roll surface without rotating the roll [13, 14].  
Figure  2a shows two-dimensional real roll conditions.  
Figure 2b shows a roll model in which the entire shaft is rigid  
assumed in the previous paper to simplify the phenomenon 
and to realize the slippage in the numerical simulation [13]. 
This is because this phenomenon is hard to be proved and 
considering no quantitative study available for rolling rolls. 
Based on the analysis of the rigid shaft, the analysis method 
can be confirmed and clarified for the elastic shaft, which 
is closer to the real roll conditions. As shown in Fig. 2c, to 
restrain the displacement and rotation of the center of the 
roll in order to justify the elastic deformation of the sleeve 
and shaft, a small rigid body at the center of the shaft is 

introduced. In this analysis, the rigid body size at the center 
has been confirmed does not affect the result and the diam-
eter is set to be 8 mm. The load transfer interval is set to 
be � = 4o in consideration of computational time without 
loosening the analysis accuracy.

The roll is subjected to the force P from the back-up roll, 
the rolling reaction force P , and the frictional force S from 
the roll material, and the driving torque T  from the motor. In 
the previous paper, the interface slip was discussed under the 
motor torque T = 0 and the friction force S = 0 [14]. In this 
paper, the interfacial slip will be considered under driving 
torque T ≠ 0 and the friction force S ≠ 0.

To distinguish from “an overall slip” considered in the 
conventional design, the slip considered in this study can 
be named as “a non-uniform slip.” This is because due to 
the applied force P , a non-uniform deformation appears at 
the interface. Instead, the conventional machine design has 
considered the following condition conventionally stating 
that the motor torque should be smaller than the slippage 
resistance torque Tr as defined in Eq. (1).

: Load form back-up roll and hot
strip (N)

: Frictional force (N)
: Bending force from bearing (N)

: Driving torque (Nm), = 2⁄

: Rated torque of motor (Nm)
: Slippage resistance torque (Nm)

= 0 ~ 10

10 > = 3193 Nm /mm
= 471 Nm /mm
= 0

: Circumferential angle of sleeve
0: Load shift interval

: Load shift angle

(a) Real roll (b) Rigid shaft when 
ℎ → ∞

(c)  Elastic shaft when ℎ =

210 GPa

Fig. 2  Modeling for “non-uniform interfacial slip” different from “overall slip” considered in the conventional design
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Here, d is the shaft outer diameter, which is equal to the 
sleeve inner diameter, lb is the roll barrel length, � is the fric-
tion coefficient between the shaft and the sleeve, and �rshrink 
is the shrink-fitting stress. The notation ξ denotes the effec-
tive shrink-fitting ratio considering manufacturing error. 
Although under T < Tr the overall slip can be prevented, 
the non-uniform slip may happen.

The sleeve resistance torque Tr can be calculated as 
Tr = 3193 Nm/mm under the standard conditions when 
� = 1 , lb = 1 mm, � = 0.3 , �rshrink = −21.6 MPa, and 
�∕d = 0.5 × 10

−3 . The real torque can be expressed as 
Tm = �471 Nm/mm by using the reduction ratio � = 1.882 
[39]. In this study, � = 1 is used to express the rated motor 
torque as Tm = 471 Nm/mm to confirm that the smaller rated 
torque may cause the interfacial slip.

In the shrink-fitting type roll, the slippage resistance 
torque Tr on the roll side has to be larger than the shaft driv-
ing torque T  as shown in Eq. (2) by using � denoting the 
slippage safety factor.

Under the rated motor torque as T = Tm = 471 Nm/mm, 
the safety factor � = 6.77 from Eq. (2). The shear force S can 
be obtained from Eq. (3).

When the rated motor torque is Tm = 471 Nm/mm, the 
friction force (= shearing force) is obtained as S = 1346 Nm/
mm from Eq. (3).

On the basis of the experience and skills for engineering 
applications, the finite element method (FEM) should be 
well conducted to realize the interface slippage. Therefore, 
Fig. 2c also shows the mesh division for the finite element 
simulation model. In the previous studies, the FEM mesh 
error was discussed for bonded problems and the mesh-
independent technique was proposed confirming that the 
provided displacement boundary condition is relatively 
insensitive to mesh division [27–30]. The tightening process 
of the pitch-difference nut with the dynamic deformation 
was investigated through consecutive quasi-static analyses to 
clarify the contact status change in the bolt and nuts threads 
[31, 32]. On the basis of those skills, the axial movement 
of the shaft during the ceramic roll rotation was analyzed 
by shifting the load on the fixed shaft [33–36]. The circum-
ferential sleeve slippage will be realized in this study by 
extending the above technique to the elastic contact quasi-
static analysis for rolling rolls and applying FEM code Marc/
Mentat 2012. In this code, the complete Newton–Raphson 

(1)T < Tr, Tr = 𝜉
d

2
𝜋dlb𝜇𝜎rshrink (Nm∕mm)

(2)Tr = �T(Nm∕mm)

(3)Tm = S
D

2
(Nm∕mm)

method and the direct constraint method for the contact 
analysis are used. As shown in Fig. 2c, 4-node quadrilateral 
plane strain elements are used with the number of mesh ele-
ments are 309,440 with confirming the mesh independence 
of the results [37].

Table 1 shows the mechanical properties, dimensions, 
and boundary conditions of the model in Fig. 2c. In this 
study, the loading condition used is based on the data at no. 
5 stand for roll hot strip finishing roll mill [4, 5]. Assume 
the concentrated load P = P0 = 13270 N/mm from the 
back-up roll, which is equal to the reaction from the strip 
[4, 5]. By replacing Hertzian contact stress with the con-
centrated force P , the small effect on the analysis can be 
confirmed. The shrink-fitting ratio is defined as �∕d , where 
� is the diameter difference between sleeve inner diameter 
and shaft outer diameter. Usually, the shrink-fitting ratio in 
the range �∕d = 0.4 × 10

−3 ∼ 1.0 × 10
−3 is applied to sleeve 

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

−3 may cause an interface to 
slip easily and a larger value 𝛿∕d < 0.4 × 10

−3 may increase 
the risk of sleeve fracture [6]. In this paper, �∕d = 0.5 × 10

−3 
is focused to study the irreversible interfacial slip. The effect 
of the shrink-fitting ratio is discussed in Sect. 4.2. Previ-
ously, regarding the friction coefficient � which controls the 
slippage resistance on the interface, � = 0.2 was used in an 
experimental study, and � = 0.4 was often used for steel 
surfaces [1, 38]. Therefore, since � = 0.2 ∼ 0.4 is usually 
used for sleeve assembly type rolls, the friction coefficient 
� = 0.3 between the sleeve and the shaft is used in this study.

The relative displacement accumulation between the sleeve 
and shaft may represent the interfacial slip. In Fig. 3a, the 
relative displacement between the sleeve and shaft due to the 
load shifting P(0) ∼ P(�) when the load moves from the angle 
� = 0 to � = � is defined as uP(0)∼P(�)

�
(�,�) . The relative dis-

placement u� between the elastic shaft and elastic sleeve on 
the shrink-fitted surface can be expressed as in Eq. (4) which 
is defined as the interfacial slip on the shrink-fitted surface.

Here, notation � denotes the angle where the load is shift-
ing and notation � denotes the position where the displace-
ment is evaluated. The load P(�) used in this study is defined 
as the symmetry forces acting at � = � and � = � + � . The 
relative displacement u�(�,�) at � = � when the pair of loads 
are applied at � = 0 to � = � and � = � to � = � + � is 
denoted as uP(0)∼P(�)

�
(�,�) . To express the amount of the slip 

with increasing � , the average displacement can be defined 
in the following equation:

(4)u
P(0)∼P(�)

�
(�,�) = u

P(0)∼P(�)

�,Sleeve
(�,�) − u

P(0)∼P(�)

�,Shaft
(�,�)

(5)u
P(0)∼P(�)

�,ave.,T=Tm
(�) =

1

2�∫
2�

0

u
P(0)∼P(�)

�
(�,�)d�
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Figure 3b shows the effect of no torque condition T = 0 on 
the displacement distribution uP(0)∼P(�)

�
(�,�) and Fig.  3c 

shows the effect of the rated motor torque T = Tm on the dis-
placement distribution uP(0)∼P(�)

�
(�,�) when the load is mov-

ing to � = 0 , � = � and � = 2� . As shown in Fig. 3b, the 
average displacement is zero as uP(0)

�,ave.
(�) = 0 when the initial 

load P is applied at � = 0 . It is important to note that the 
distribution of the displacements uP(0)

�
(�) is non-zero except 

at � = 0 , � , and 2� . This non-zero displacement means such 
local slippage may appear once the load is applied. Although 
u
P(0)

�
(�) is symmetric as shown in Fig. 3b, with increasing the 

load shifting angle � , the average displacement uP(0)∼P(�)
�,ave.

(�) 
increases after losing the symmetry. On the other hand, as 
shown in Fig. 3c, at the initial load � = 0o , the magnitude of 
the displacement is different near both sides of the load posi-
tion (at 𝜃 < 0 and 𝜃 > 0 ) on which the shear forces are applied 

(a) Definition of interfacial displacement (0)~ ( )
( , ) due to the load shifting

(0)~ ( ).

(b) Non-uniform interfacial slip for T = 0. (c) Non-uniform interfacial slip for T = T   .m

Fig. 3  (a) Definition of uP(0)∼P(�)
�

 , (b) uP(0)∼P(�)
�

 when T = 0 and Eshaf t = 210 GPa, and (c) uP(0)∼P(�)
�

 when T = T
m
 and Eshaf t = 210 GPa
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( � = 0o ). Due to the shear force, the magnitude of the dis-
placement is larger on the positive direction of the shear force 
( 𝜃 > 0o ) and ||

|
u
P(𝜑)

𝜃,T=Tm
(−𝜃)

|
|
|
<
|
|
|
u
P(𝜑)

𝜃,T=Tm
(+𝜃)

|
|
|
 . Moreover, the 

displacement distributions are not symmetric anymore due to 
the effect of the rated motor torque Tm as given in the follow-
ing equation:

As shown in Fig. 3b, c, the average displacement of half 
roll rotation uP(0)∼P(�)

�,ave.
(�) when T = Tm is about 4 times larger 

than that under no torque condition T = 0 . In addition, the 
average displacement of one roll rotation uP(0)∼P(2�)

�,ave.
(�) 

when T = Tm is about 5 times larger than no torque condi-
tion T = 0 . This result shows that the presence of the motor 
torque significantly accelerates the interfacial slip.

3  Interfacial slip under rated motor torque 
T = T

m

3.1  Interfacial displacement and increase rate 
of interfacial displacement

Figure 4a shows the relationship between the average dis-
placement uP(0)∼P(�)

�,ave.
(�) and the load rotation angle � for 

the elastic shaft under no toque T = 0 and under the rated 
motor torque T = Tm . In Fig. 4a, regardless of the motor 
torque condition, the average value increases almost lin-
early during the initial roll rotation. The average displace-
ment of one roll rotation uP(0)∼P(2�)

�,ave.
(�) when T = Tm is about 

5 times larger than that under no torque condition T = 0 . 
From Fig. 4a, it should be noted that the average displace-
ment uP(0)∼P(�)

�,ave.
(�) at � = 2� × 2 , that is, 2 roll rotations, is 

(6)
|
|
|
u
P(𝜑)

𝜃,T=Tm
(−𝜃)

|
|
|
<
|
|
|
u
P(𝜑)

𝜃,T=Tm
(+𝜃)

|
|
|

about 2 times larger than uP(0)∼P(�)
�,ave.

(�) at � = 2� . Therefore, 
the slippage increases linearly after the initial roll rotation 
� ≥ 2�.

Therefore, as shown in Fig. 4b, the interfacial slip is 
quantitatively evaluated by focusing on the increase rate of 
interfacial displacement duP(0)∼P(2�)

�
(�,φ)∕dφ . In Fig. 4b, the 

displacement increase rate duP(0)∼P(2�)
�

(�,φ)∕dφ under the 
rated motor torque T = Tm is nearly 5 times larger than under 
no toque condition T = 0 . In addition, regardless of the 
motor torque condition, before the initial one roll rotation, 
the interfacial slip is unstable since the displacement 
increase rate duP(0)∼P(𝜑)

𝜃
(𝜃,φ)∕dφ

|
|
|𝜑<360

◦
 increases gradually. 

After the initial one roll rotation, however, the interfacial slip 
becomes stable since duP(0)∼P(�)

�
(�,φ)∕dφ

|
|
|�≥360◦ is constant. 

The displacement increase rate duP(0)∼P(�)
�

(�,φ)∕dφ for more 
than one roll rotation can be evaluated accurately from the 
displacement increase rate duP(0)∼P(�)

�
(�,φ)∕dφ

|
|
|�=360

◦
 at the 

initial one roll rotation.

3.2  Slippage zone affected by the motor torque

Figure  5 shows the shear stress distribution �P(0)∼P(2�)
r�

 
in comparison with the frictional stress ��P(0)∼P(2�)

r
 

along the shrink-fitting surface. Figure  5a shows the 
result of Eshaft = 210 GPa after the initial one roll rota-
tion P(0) ∼ P(2�) under free rolling roll condition T = 0 . 
Figure 5b shows the result of Eshaft = 210 GPa after the 
initial one roll rotation P(0) ∼ P(2�) under rated motor 
torque T = Tm . The notation P(0) ∼ P(2�) denotes the ini-
tial one roll rotation expressed by the load shifting on the 
fixed roll from � = 0 to � = 2� . Although the displace-
ment increases with increasing � as shown in Fig. 4a, 
the preceding paper confirmed that the stress �� change 
slightly with less than 8% by increasing � [15]. It has been 

Table 1  Mechanical properties, 
dimensions, and boundary 
conditions in Fig. 2c [13, 14]

Mechanical properties Sleeve Young’s modulus of steel sleeve Esleeve 210 GPa
Poisson’s ratio of steel sleeve � 0.28

Shaft Young’s modulus of elastic shaft Eshaf t 210 GPa
Poisson’s ratio of steel shaft � 0.28

Roll size Outer diameter of sleeve 700 mm
Inner diameter sleeve d 560 mm

Shrink fitting Shrink fitting ratio �∕d 0.5 × 10
−3

Friction coefficient between sleeve and shaft � 0.3
External force Concentrated load per unit thickness P = P0 13,270 N/mm

Total: 1.327 ×  107 N
Rolled width: 1000 mm

Frictional force per unit thickness S 1346 N/mm
Rated torque of motor per unit thickness T

m
471 Nm/mm

Resistance torque per unit thickness T
r

3193 Nm/mm
Bending force from bearing P

b
0 N/mm
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confirmed that the slippage zone does not change after one 
rotation of the load.

In the previous experimental studies for sleeve roll [1], 
the friction coefficient � = 0.2 was used in an experimental 
study to discuss the slippage resistance on the interface. For 
the steel surfaces in general, � = 0.4 was often used [38]. 
Therefore, in this study, the friction coefficient � = 0.3 is 
assumed between the sleeve and the shaft. By considering 
the FEM accuracy, the irreversible relative displacement 
may appear when �r� ≅ |

|��r
|
| within the error ± 1 MPa. This 

region is defined as the slippage zone �slip . In the previ-
ous paper [12], the slippage zone �slip was named “quasi-
equilibrium stress zone �r� ≅ |

|��r
|
| .” As shown in Fig. 5, the 

slippage zone �slip is much larger under rated motor torque 
T = Tm (Fig. 5b) compared with under the free rolling T = 0 
(Fig. 5a). This is the reason why the interfacial displacement 
increases in Fig. 4a due to the rated motor torque T = Tm.

4  Effects of design factors and new design 
concept based on non‑uniform slip

4.1  Effect of motor torque T  on non‑uniform slip

In the above discussion, the rated motor torque Tm has been 
applied to the roll. In addition to the rated motor torque Tm , 

sometimes, excessively large torque is applied to the shaft 
of the real roll. This is because even though the roll is driven 
by a rated motor, several factors affect larger torque such as 
reduction ratio � , upper and lower roll distribution ratio, over 
torque, and impact coefficient when the rolled material is 
caught. Therefore, in this study, in addition to the no torque 
condition T = 0 and the rated motor torque T = Tm , other 
torque conditions T = 2Tm , T = 3Tm are also applied.

Figure  6a shows the effect of torque T  normalized 
by the reference value T∕Tm on the average displace-
ment uP(0)∼P(2�)

�,ave.T
(�) under one roll rotation φ = 2� when 

the load P = P0 for the elastic shaft Eshaft = 210 GPa as 
well as rigid shaft Eshaft = ∞ . With increasing T∕Tm and 
u
P(0)∼P(2�)

�,ave.T
(�) increases significantly. The average displace-

ment uP(0)∼P(2�)
�,ave.T

(�) under the rated motor torque T = Tm for 
the elastic shaft is 4 times larger than that of the rigid shaft, 
and uP(0)∼P(2�)

�,ave.T
(�) under T = 3Tm for the elastic shaft is 9 

times larger than the rigid shaft. As shown in Fig. 6a, at 
T = 0 , the average displacement uP(0)∼P(2�)

�,ave.T
(�) ≠ 0, which 

means under free rolling, the slippage may happen as dis-
cussed in the previous paper [14].

Figure 6b shows the effect of T∕Tm on the displace-
ment increase rate duP(0)∼P(2�)

�
(�,�)∕dφ at the ini-

tial one roll rotation φ = 2� when the load P = P0 for 
the elastic shaft Eshaft = 210 GPa as well as rigid shaft 
Eshaft = ∞ . With increasing T∕Tm , duP(0)∼P(2�)

�
(�,φ)∕dφ 

(a) Interfacial displacement (b) Increase rate of interfacial displacement

Fig. 4  Interfacial displacement and increase rate of interfacial displacement for elastic shaft Eshaf t = 210 GPa when T = 0 and T = T
m
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increases significantly. The displacement increase rate 
du

P(0)∼P(2�)

�
(�,φ)∕dφ under the rated motor torque T = Tm 

for the elastic shaft is 5 times larger than the one of the 
rigid shaft, and duP(0)∼P(2�)

�
(�,φ)∕dφ under T = 3Tm for the 

elastic shaft is 19 times larger than the one of the rigid shaft. 
In the early stage of our study, we assumed the rigid shaft 
modeling by focusing on the sleeve displacement. However, 
Fig. 6a, b show the elastic shaft modeling is necessary. In 
Figs. 4b and 6b, at T = 0 , the displacement increase rate 
du

P(0)∼P(2�)

�
(�,�)∕dφ ≠ 0, which may cause the slippage 

under free rolling T = 0 [14].
Next, in addition to the no torque condition T = 0 

and the standard rolling conditions P = P0, T = Tm , the 
extreme condition P = 3P0, T = 3Tm is considered. Here 
P = 3P0, T = 3Tm is assumed to be in the state of roll-
ing trouble. In Fig. 6c, the solid line shows the effect of 
T∕Tm on the average displacement uP(0)∼P(2�)

�,ave.T
(�) when both 

P and T  increase proportionally. The average displace-
ment uP(0)∼P(2�)

�,ave.T
(�) for the elastic shaft Eshaft = 210 GPa 

under P = 3P0, T = 3Tm is 20 times larger than that of 
P = P0,T = Tm . In addition, under the rolling trouble state 
P = 3P0, T = 3Tm and uP(0)∼P(2�)

�,ave.T
(�) for the elastic shaft is 8 

times larger than that of the rigid shaft. In Fig. 6c, the dotted 
line shows the average displacement uP(0)∼P(2�)

�,ave.T
(�) when the 

load P is fixed as P = P0,P = 2P0 and P = 3P0 by varying 
the motor torque T  . Under fixed P = P0 , the average dis-
placement uP(0)∼P(2�)

�,ave.T
(�) at T = 3Tm is 5 times larger than 

u
P(0)∼P(2�)

�,ave.T
(�) at T = Tm . However, under fixed T = Tm , the 

average displacement uP(0)∼P(2�)
�,ave.T

(�) at P = 3P0 is 10 times 
larger than that at P = P0 . This observation explained that 
the effect P on the average displacement uP(0)∼P(2�)

�,ave.T
(�) is 

larger than the effect T .
In Fig. 5d, the solid line shows the effect of T∕Tm on the 

increase rate of interfacial displacement duP(0)∼P(2�)
�

(�,φ)∕dφ 
when P and T  increase proportionally. The displacement  
increase rate duP(0)∼P(2�)

�
(�,φ)∕dφ for elastic shaft 

Eshaft = 210 GPa under P = 3P0, T = 3Tm is 70 times larger 
than that of P = P0,T = Tm . In addition, under the rolling 
trouble state P = 3P0, T = 3Tm and duP(0)∼P(2�)

�
(�,φ)∕dφ for  

the elastic shaft is 31 times larger than that of the rigid shaft.  
In Fig. 5d, the dotted line shows the displacement increase 
rate duP(0)∼P(2�)

�
(�,φ)∕dφ when the load P is fixed as  

P = P0,P = 2P0 and P = 3P0 by varying the motor torque  
T  . Under fixed P = P0 , the displacement increase rate 
du

P(0)∼P(2�)

�
(�,φ)∕dφ at T = 3Tm is 10 times larger than  

du
P(0)∼P(2�)

�
(�,φ)∕dφ at T = Tm . However, under fixed 

T = Tm , the displacement increase rate duP(0)∼P(2�)
�

(�,φ)∕dφ 

(a) Elastic shaft ℎ = 210 GPa after the
initial one roll rotation with 

= 0.

(b) Elastic shaft ℎ =210 GPa after the
initial one roll rotation (0)~ (2 ) with 

.

Fig. 5  Comparison of the slippage zone where �
r� ≅

|
|��r

|
|
 for a the elastic shaft Eshaf t = 210 GPa with T = 0 and b the elastic shaft Eshaf t = 210 

GPa with T = T
m
 , both under the loading shift P(0) ∼ P(2�) and � = 0.3



The International Journal of Advanced Manufacturing Technology 

1 3

at P = 3P0 is 16 times larger than that at P = P0 . The larger  
change can be seen in the displacement increase rate 
du

P(0)∼P(2�)

�
(�,φ)∕dφ compared to the average displacement 

u
P(0)∼P(2�)

�,ave.T
(�) . If the rolling trouble happens, care should be 

taken for duP(0)∼P(2�)
�

(�,φ)∕dφ increases abruptly.
As shown in Fig. 6c, d, under zero torque T = 0 , the aver-

age displacement uP(0)∼P(2�)
�,ave.T

(�) as well as the displacement 

(a) Average displacement vs. ⁄ when =

0 and ℎ = 210 GPa.
(b) Increase rate of interfacial displacement vs. 
⁄ when = 0 and ℎ = 210 GPa.

(c) Average displacement vs. ⁄ for
ℎ = 210 GPa when = 0, = 2 0 and 

= 3 0.

(d) Increase rate of interfacial displacement vs. 
⁄ for ℎ = 210 GPa when = 0, =

2 0 and = 3 0.

Fig. 6  Average displacement and increase rate of displacement vs. T∕T
m
 when � = 2�
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increase rate duP(0)∼P(2�)
�

(�,�)∕dφ increases with increasing 
the loading force P . Therefore, the circumferential slippage 
under free rolling can be explained from the non-uniform 
deformation due to the rolling force P . In this way, the rea-
son why there is still resultant circumferential slip in the case 
of zero torque [14] becomes clearer in this paper.

4.2  Effect of shrink fit ratio ı∕d on non‑uniform slip

To prevent the overall sleeve slippage in shrink-fitted rolling 
roll, the slip resistance torque Tr in Eq. 1 should be larger 
than the motor torque as Tr > T  , but also the non-uniform 
slip considered in this study may happen. In this section, 
the shrink-fitting ratio controlling the shrink-fitting pres-
sure �rshrink in Eq. (1) is focused. In the above discussion, the 
shrink-fitting ratio �∕d = 0.5 × 10

−3 is fixed to clarify the 
effect of the motor torque T  on the interface slippage. When 
�∕d = 0.5 × 10

−3 , the slip resistance torque Tr is larger than 
the rated motor toque Tm as Tr = 6.77Tm . Generally, in the 
sleeve assembly type roll, the shrink-fitting ratio is applied 
in the range �∕d = 0.4 × 10

−3 ∼ 1.0 × 10
−3 . The limitation 

of �∕d range is based on many years of experience. This 
is because a smaller value 𝛿∕d < 0.4 × 10

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

−3 
may increase the risk of sleeve fracture [6].

Figure 7 indicates the increase rate of interfacial displace-
ment duP(0)∼P(2�)

�
(�,φ)∕dφ by varying the shrink-fitting ratio 

�∕d in the range �∕d = 0 ∼ 1.0 × 10
−3 . The displacement 

increase rate duP(0)∼P(2�)
�

(�,φ)∕dφ decreases with increas-
ing shrink-fitting ratio �∕d regardless of the torque condi-
tion. This is because with increasing �∕d , the fitting pressure 
�rshrink

 increases. Then the slip resistance increases and the 
displacement increasing rate uP(0)∼P(2�)

�
(�,φ)∕dφ decrease.

When the shrink-fitting ratio �∕d = 0 , the displacement 
increase rate duP(0)∼P(2�)

�
(�,�)∕d� is not infinite because the 

roll is pressed by a pair of loads P which generate the contact 
pressure at the interface and causing the slip resistance at 
the contact portion. On the other hand, when �∕d → ∞ , the 
sleeve and the shaft are integrated together without slippage 
and therefore duP(0)∼P(2�)

�
(�,�)∕d� → 0.

In addition, under the reference value �∕d = 0.5 × 10
−3 , the 

displacement increasing rate duP(0)∼P(2�)
�

(�,φ)∕dφ = 7.0 × 10
−2 

mm/deg when T = 3Tm,P = 3P0 which is about 70 times 
larger than duP(0)∼P(2�)

�
(�,φ)∕dφ = 0.1 × 10

−2 mm/deg when 
T = Tm,P = P0 . To prevent inner fracture of the sleeve, by 
using large �∕d , care should be taken for the large circumferen-
tial stress �� appearing at the inner surface causing the fracture.

4.3  Effect of friction coefficient � on non‑uniform slip

The friction coefficient is the main factor as well as the 
shrink-fitting ratio to prevent interfacial slip. Therefore, in 

this section, the friction coefficient is changed in the range 
� = 0.1 ∼ 1.0 including the reference value � = 0.3 . In the 
expimental study, � = 0.2 was used between the sleeve 
inner surface and the shaft outer surface [1]. In addition, 
� = 0.4 was reported as a friction coefficient between steels 
[38]. In this way, the values around � = 0.2 ∼ 0.4 are often 
used on the sleeve roll joint surface. It is known that among 
many metals used in steel industries, pure metals have a 
higher friction coefficient than other alloys. Therefore, the 
friction coefficient � should be considered in combination 
with Armco iron, which can be regarded to be very close to 
pure iron [40]. Then, the highest friction coefficient can be 
� = 0.82 for Armco iron/aluminum combination, � = 0.58 
for Armco iron/nickel, and � = 0.52 for Armco iron/iron. 
Therefore, in this study, � = 1.0 is used as the upper limit 
of the friction coefficient in a practical sense.

Figure  8 shows the displacement increase rate 
du

P(0)∼P(2�)

�
(�,φ)∕dφ by varying the friction coefficient 

� . It can be seen that the displacement increase rate 
du

P(0)∼P(2�)

�
(�,φ)∕dφ decreases with increasing friction coef-

ficient � regardless of the torque condition. Large shrink-
fitting ratio �∕d and large friction coefficient � can be used to 
prevent interfacial slippage, although there is a restriction on 
the range of use. Although large �∕d and large � may prevent 
the interfacial slippage, it is difficult to use such �∕d and � 
under the rolling trouble T = 3Tm,P = 3P0.

4.4  Conventional design concept versus new design 
concept for sleeve roll

Finally, Fig.  9 summarizes the difference between the 
conventional design concept and the new design concept 

Fig. 7  Increase rate of interfacial displacement vs. �∕d when � = 2� , 
T = 0,P = P0 , T = T

m
,P = P0 , and T = 3T

m
,P = 3P0
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obtained from the discussion of this paper. As shown in 
Fig. 9a, the conventional method prescribes T < Tr from 
Eq. (1). Instead, the new method prescribes that the small 
amount of the interfacial slip may occur even under T < Tm . 
Therefore, based on Fig. 9b, a proper key should be designed 
to prevent interfacial slip.

5  Conclusions

The shrink-fitted sleeve roll has several advantages. For 
example, the sleeve wear resistance can be improved inde-
pendently without loosening the shaft ductility. In addition, 
the shaft can be reused by replacing the damaged sleeve. In 
this paper, the FEM simulation was performed to clarify the 
interfacial slip in real rolling by varying the motor driving 
torque. To clarify the phenomena, the increase rate of the 
interfacial displacement was mainly focused. The effects of 
the shrink-fitting ratio and the effect of the friction coef-
ficient were also considered. The conclusions can be sum-
marized in the following way:

1. The displacement increase rate gradually increases dur-
ing the initial one rotation and becomes constant after 
the initial rotation regardless of the amount of motor 
torque T  . In other words, the interfacial slip is unstable 
during the initial one rotation but becomes stable after 
that. Therefore, the amount of the interfacial slip can be 
predicted from the displacement increase rate because 
the phenomenon becomes stable after one rotation (see 
Fig. 4).

2. Under the rated motor torque T = Tm , the displacement 
increase rate is about five times larger than the rate under 
free rolling T = 0 (see Fig. 4). The acceleration effect 
of the motor torque T  can be explained by the “slip-
page zone” where the frictional stress and shear stress 
are equal. The slip zone becomes larger under the rated 
motor torque T = Tm compared to the one under free 
rolling T = 0 (see Fig. 5).

3. With increasing the motor torque T as well as the loading 
force as P ∝ T  , the displacement increase rate increases 
significantly (see Fig. 6). Under the load conditions T = 
3Tm and P = 3P0 corresponding to the rolling trouble, the 
increase rate is 70 times larger than under the standard 
rolling condition T = Tm and P = P0 (see Fig. 6).

4. The circumferential slippage under free rolling can be 
explained from the non-uniform deformation due to 
the loading force P . This is because the displacement 
increase rate under zero torque increases with increasing 
the loading force P (see Fig. 6c).

5. With increasing the shrink fit rate �∕d , the displacement 
increase rate decreases significantly (see Fig. 7). With 
increasing the friction coefficient � , the displacement 
increase rate decreases significantly (see Fig. 8). The 
effect of the motor torque on the elastic shaft is much 
larger compared to the rigid shaft (see Fig. 6a, b).

6. Since the conventional design concept is based on the 
total slip, a novel design concept based on the non- 
uniform slip was proposed (see Fig. 9a, b).

Appendix. Experimental confirmation 
for interfacial slip by using miniature roll 
under free rolling

In this paper, the effect of the motor torque on the interfacial 
slip is mainly investigated through numerical simulation. To 
verify the simulation experimentally, Fig. 10 illustrates the 
miniature roll specimen whose diameter is 60 mm used to 
confirm the interfacial slip [14]. Table 2 shows the experi-
mental conditions with no motor torque because a similar 
phenomenon known as “interfacial creep” in ball bearing 
was under free rolling. The work roll consists of two sleeves 
and a shaft. To realize the slip between sleeve 1 and sleeve 2 
in Fig. 10 sleeve 2 and the inserted shaft are fixed by the key. 
In the experiment, the work roll was cooled down by water at 
room temperature to prevent the change of the shrink-fitting 
ratio due to rising temperature. Under the steady rotation, 
the load of 1 ton was applied confirming the roll surface 
temperature change was within 5 °C or less during the exper-
iment by a contact thermometer.

The FEM simulation is also performed by using the mesh 
in Fig. 10. Four-node quadrilateral plane strain elements  
are used, and the total number of mesh elements is 7408.  

Fig. 8  Increase rate of interfacial displacement vs friction coef-
ficient � when � = 2� , T = 0,P = P0 , T = T

m
,P = P0 , and 

T = 3T
m
,P = 3P0
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(a) Conventional design concept based on
overall slip in sleeve roll.

(b) New design concept based on non-uniform
slip in sleeve roll.

Fig. 9  Conventional design concept versus new design concept for sleeve roll

Table 2  Experimental conditions by using a miniature roll in Fig. 10

Test roll

Shrink-fitting ratio δ/d = 0.21 ×  10−3

Driving condition

Test roll
Pair roll
Load P (ton)
Rotating speed (rpm)
Roll cooling: front side (L/min), back 

side
Roll temperature (℃): 

δ/d = 0.21 ×  10−3, 0
Number of rotation n

Free rolling
Driven by the torque 457Nm
1.0
106 ~ 212
Water 0.25, 2.0
16.0 ~ 21.0
Rotations until sleeve slip

Fig. 10  FEM mesh for test 
specimen used in a miniature 
roll

4
7
.9
9
−
0
.0
0
8

+
0
.0
0
8

6
0
0+
0
.5

350
+0.025

48−0.008
+0.008

3
6
.9

20
+0.2

12.066−0.0180
+0.0180

(a) Sleeve 1 (b) Sleeve 2

Table 3  Comparison of experimental data and simulation results for 
average displacement during one roll rotation

Shrink-fitting ratio δ/d = 0.21 ×  10−3

Experimental  
results for 
miniature roll in 
Fig. 10

Simulation 
results for 
miniature roll in 
Fig. 10

Simulation results 
for real roll in 
Fig. 1

u
P(0)∼P(2�)

�,ave.
0.108 ×  10−2 mm 0.384 ×  10−2 mm 2.92 ×  10−2 mm
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By assuming the loading P = 245 N/mm, the shrink-fitting 
ratio δ/d = 0.21 ×  10−3 and the constant friction coefficient 
µ = 0.3 between sleeve 1 and sleeve 2, the numerical simu-
lation is newly performed for the miniature roll. Similar to 
Fig. 3b, uP(0)∼P(�)

�
(�) is defined as the relative displacement 

between sleeve 1 and sleeve 2. Table 3 summarizes the aver-
age values of the displacement obtained by the simulation in 
comparison with the slip distance in the experiment when 
δ/d = 0.21 ×  10−3. The experimental value corresponds to 
u
P(0)∼P(2�)

�,ave.
 during one roll rotation that can be calculated in 

the following way:

In Eq. (7), �slip is the slip angle observed in the experi-
ment, d is the inner diameter of sleeve 1 and n is the number 
of the roll rotation.

As shown in Table 3, although the numerical simulation 
result is 3.56 times larger than the experimental result, their 
orders are in agreement. The difference can be explained 
by the experimental observation. Due to the circumferential 
slip, slip defects start with thin and shallow scratches, then, 
it becomes thicker and deeper with erosive wear and cohe-
sive wear, and eventually form large defects that completely 
stop the slip. In the simulation, a constant friction coefficient 
µ = 0.3 should be changed to � = 0.3 ∼ ∞ , but actually the 
change reflecting the real defect evolution is almost impos-
sible in practice. This is the reason why 3.56 times differ-
ence appears between the experiment and the simulation. 
Although the experimental and simulation results are not 
in good agreement, the model is useful for understanding 
the phenomenon especially when this is no slip defect, and 
the model can be used for comparative purposes or similar 
claims.
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u
P(0)∼P(2�)

�,ave.
=

�slip × �d

360◦ × n

=
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4
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3 × 10
4
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