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Abstract 

Among rolling rolls used in steel industries, instead of a solid roll, sleeve 

assembly types were tried to be used and some of them were practically and 

successfully used by shrink-fitting shafts into a hollow cylinder.  They have some 

advantages for back-up rolls having a large trunk diameter exceeding 1000mm 

and also for large H-section steel rolls. The sleeve assembly type roll has the 

advantage that the shaft can be reused continuously by replacing only the worn 

sleeve due to the rolling. In addition, materials with excellent wear resistance and 

heat resistance, such as super cermet rolls and ceramic rolls, have poor toughness 

and high cost. Since these rolls are impractical, the sleeve assembly type structure 

is essential. On the other hand, this shrink-fitted structure has several peculiar 

problems such as residual roll bending and sleeve cracking due to the 

circumferential sleeve slip. The circumferential slippage sometimes  occurs even 

the resistance torque at the interface is  larger than the motor torque.   

Therefore, it  is important to clarify the cause of the sleeve slip 

phenomenon in a sleeve structure. In this paper, the mechanism of interfacial slip 

in a sleeve assembly type roll constructed by shrink-fitting is verified by FEM 

analysis, and to apply it to the actual machine, the roll material, the fitting 

conditions, and the effect of the rolling load is considered.  Finally, the 

experimental method of a miniature roll is demonstrated to verify the analysis. 

This paper consists of 7 chapters and is organized as follows . 

Chapter 1 introduced the bimetallic work roll  and the problems 

encountered in the sleeve assembly type rolls. Although the shrink-fitting sleeve 

assembly roll has many advantages compared to the solid roll, it  also has unique 

problems such as residual bending and sleeve slip . Therefore, the necessity to 

clarify the sleeve slip in the bimetallic work roll  is described in this paper.   
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In Chapter 2, the mechanism of the sleeve slip formation under free 

rolling for the hot rolling roll is considered. It has been shown that the sleeve 

slippage, known as an interfacial creep in bearings , is formed from the 

accumulations of the relative displacements on the shrink -fitted surface.  In the 

actual roll problem, it is necessary to consider not only the sleeve but also the 

elastic deformation of the shaft, and the relative displacement between sleeve and 

shaft caused the interfacial slip.  Therefore, in this chapter, to get closer to the 

actual rolling conditions, the effect of elastic deformation of the shaft on the 

interfacial slip is investigated under the free rolling state with reference to the 

previous study which the shaft is a rigid body. Furthermore, in addition to the 

steel shaft, other shaft materials are also considered to clarify the effect of elastic 

deformation of the shaft material on the i nterfacial slip.  

In Chapter 3, as in the previous chapter, the effect of rolling torque on the 

interfacial slip is considered for hot rolling rolls.  In this chapter, the motor torque 

with the frictional force from the rolled steel  may promote the slippage in the 

sleeve rolls significantly causing serious failure. Therefore, the motor torque 

effect will be investigated quantitatively. In this sense, the effects of the 

shrink-fitting ratio and the friction coefficient which are the parameters of the 

resistance torque are also considered since they may contribute to slippage 

resistance. Here, the interface slip and the displacement increase rate  are 

analyzed. 

In Chapter 4, the interfacial slip in shrink-fitted roll  is confirmed 

experimentally under free rolling conditions by using a miniature roll . Then, the 

behavior of the sleeve slip obtained in the experiment is considered and is 

compared with the numerical analysis results. The length of the scratch observed 

from the marking line of the miniature roll is equal to the calculated length of the 
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scratch on the sleeve inner surface. This clarified that the relative slippage caused 

scratches on the interface. Also, it  has been observed that the scratch caused by 

the interfacial slip forms a large egg-shaped. In addition, the effect of the sleeve 

inner surface scratches due to the interfacial slip on the sleeve strength is 

considered. In this chapter, the fatigue risk in terms of the stress concentration 

factor, Kt of the defect is evaluated.  

Chapter 5 focuses on the high-speed steel bimetallic sleeve rolls, which 

are made by shrink-fitting the composite sleeve and shaft.  In this chapter, the 

inner surface stress of the sleeve caused by the sleeve slippage under the actual 

rolling conditions is obtained by numerical simulation; then its effect on fatigue 

fracture is clarified.  Here, the damage caused by the sleeve slip is regarded as a 

defect, and the fatigue limit obtained by considering the root area √𝑎𝑟𝑒𝑎 of the 

defect is used in the durability diagram to evaluate the safety side of the damage 

in the sleeve roll.  In this chapter, the maximum stress, minimum stress, and  stress 

amplitude is clarified. It is shown that the stress amplitude under the impact force 

condition is significantly increased about twice from the standard condition.  

In Chapter 6,  the difference of the residual stress generated between the 

bimetallic solid roll and the current study of bimetallic sleeve roll constructed by 

shrink-fitting is studied. Two types of the manufacturing process are considered 

in this chapter. Method 1 is turning inside of the  solid roll after heat treatment. 

Method 2 is heat treatment after turning inside of the solid  roll. The results show 

that Method 2 is better than Method 1 since the tensile residual  stress can be 

reduced at the inside of the sleeve. After shrink-fitting of the shaft, the residual 

stress is compared with one of the solid rolls. Then, the evaluation of the fatigue 

risk in consideration of the residual stress is also studied.  

Chapter 7 summarizes the main conclusions of this study.  
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1  Introduction 

1.1  Research background 

Many metalworking companies use rolling in their production method. 

The demands are not only for the high quality of metal sheets but also high 

productivity, energy-saving, and cost-effective operation.  The rolling process is a 

metal forming process  carried out in a rolling mill  in which metal/steel stock is 

passed through one or more pairs of roll operations  such as transportation of stock 

to rolls, disposal after rolling, cutting, melting, piling or coiling as described in  

Fig. 1-1(a). The most commonly rolling used in metalworking is the hot rolling 

mill. Among the hot strip rolling mill, this study considers 4 -high rolling mill. A 

4-high rolling mill  has four horizontal  rolls is arranged in a single vertical plane 

as shown in Fig. 1-1(b). Two rolls (inner) are the work rolls and two rolls (outer) 

are the back-up rolls. In the 4-high rolling mill processes , the work rolls are 

driven while the back-up rolls are friction driven. 

The important factor where roll life is concerned is the wear properties of 

the roll material. The work roll body is the most important part of the rolling mill  

because it works on the most difficult conditions consisting of high temperatures  

and pressures from the input material and also from the back-up roll.  Under the 

conditions of the continuous  rolling process, the contact area of the roll  

experiences wears. Because of the wear surface on the work roll body for example 

abrasion and the surface roughening, the work roll  tends to consume in a short 

period of time. In addition, to avoid catastrophic wear in the rolling mill , the total  

roll body with wear will be removed from the mill stand and changed with the new 

roll body. For conventional rolls, material consumptions are large and the 

exchange cost is high to change the whole roll.  
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(a) Hot strip layout and working 

 
(b) Four-high rolling mill  

Fig. 1-1 Hot rolling mill  
 

Since rolls are very costly consumables in a rolling mill and to increase 

the practicability of the rolling roll, bimetallic work rolls are tried to be used and 

some of them are practically and successfully used  in the steel industries to 

replace the single conventional roll. Regarding the bimetallic work roll, the 

sleeve assembly types as shown in Fig. 1-2(c)in which the shaft is shrink-fitted 

into the hollow sleeve are considered in this study. Many studies have been 

conducted regarding the manufacturing of the bimetallic work roll [1 -35]. The 

shrink-fitted assembly type has some advantages for back -up rolls having a large 

diameter that exceeded 1000mm [4] and also for large H-section rolling steel [6, 

7]. In addition, in the shrink-fitted assembly type roll, the shaft can be reused  

even the roll body has already reached the threshold minimum diameter. 
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Furthermore, the sleeve wear resistance can be improved independently  without 

loosening the shaft ductility.   

 

1.2  Bimetallic sleeve assembly type roll 

  In the technology of hot rolling, the steel industries have been making 

efforts to improve the product quality and to develop the rolling process with 

many innovations. Since the hot rolling rolls are used under very severe cyclic 

heat shock, heating up with rolled material and cooling down by cooling water,  

various roll wear modes exist for example abrasion and thermal fatigue.  The 

abrasive wear is caused by rubbing contact between the rolls and the metal stock, 

and also from the contact of the back-up roll and work roll.  The thermal fatigue 

cracks are from huge thermal stress due to the large temperature difference.  In 

detail, the alternately deep heating on the roll surface by contacting hot steel and  

deep cooling by water spray will induce large circumferential compressive stress 

and tensile stress. These surface stresses can be severe enough to exceed the yield 

stress of the roll  material and cause the surface layer to deform plastically  [36]. 

Therefore, it is important for the hot rolling roll to have superior performance 

such as excellent  resistance to wear and surface roughening , high toughness and 

strength, and excellent heat crack resistance. 

  Since the work roll life of hot rolling mills is strongly affected by roll 

material, a composite or bimetallic sleeve roll for example the super -cermet roll 

[23] and ceramic roll [24] has been developed to improve further work roll life. 

These rolls are suitable for maintenance and reducing the cost because the roll 

body with wear can exchange the sleeve part only. In additi on, these types of rolls 

have high temperature resistance and high wear and corrosion resistance 
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(a) Super-cermet roll  (b) Ceramic roll 

 

(c) Bimetallic sleeve roll  

Fig. 1-2  Bimetallic hot strip mill work roll  
 

 Fig. 1-2(a) shows a super-cermet roll in which the steel shaft is 

shrink-fitted to the composite sleeve which is composed of cermet as an outer 

layer and steel as an inner layer. In the super-cermet roll , the bonding strength 

between cermet and steel which is the weakest part of the roll has been increased 

over 1000MPa which makes the roll has  high strength and high anti-adhering 

behavior. 

 Fig. 1-2(b) shows a ceramic sleeve roll where two short  steel shafts are 

connected by shrink-fitting to both ends of the ceramic sleeve.  In a previous study 

[37], the steel sleeve and the steel shaft are connected by shrink -fitting, and the 

steel sleeve is coated by ceramic on the surface to improve wear resistance. 
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However, the mismatch of the thermal expansion may induce surface failure such 

as crack, peeling, wearing resulting in short roll life.  If the total structure of the 

sleeve roll is ceramic, it may prevent most of the defects observed at the coated 

ceramic roll, hence extending the roll life significantly. However, these rolls are 

impractical because of their poor toughness and high cost.  

In the work roll structure, fracture toughness is required at the roll center 

while wear resistance and heat resistance are required at the roll surface. 

Therefore, a new composite roll or bimetallic sleeve roll as shown in Fig. 1-2(c) 

in which the steel shaft is shrink-fitted to the composite sleeve which is composed 

of high-speed steel  (HSS) as an outer layer and ductile cast iron (DCI) as an inner 

layer is widely used. This bimetallic sleeve roll or known as the HSS roll has 

excellent hardness, wear resistance, and high temperature properties,  and the core 

layer consisting of cast iron or forged steel has high strength and toughness [38]. 

 

1.3  Sleeve slippage problem on shrink-fitted structure 

Hot rolling is an important steel production process. The conditions of the 

rolls in a hot rolling mill becoming stricter since it cost significantly and 

influences the quality of products.  The rolling process of hot steel is often done 

hot, and an alternate heating and cooling cycle is added to the rolling rolls at each 

roll rotation. In addition, the rolling roll is loaded with hundreds to thousands of 

tons. Thus it must be ensured that the physical dimensions and material of the roll 

are capable of withstanding severe extremes of temperature and load . For this 

reason, the shaft is required to have strength and toughness t o withstand high 

loads, and the body is required to have heat resistance, wear resistance, and high 

hardness against thermal and mechanical loads.  To meet these requirements, 

composite solid rolls with separate outer and inner layers are often used.  In 



14 

 

addition, to achieve a quality target, the outer layer of the rol l can be made from 

high-alloy steel and the inner layer can be made from tough forged steel.   

In order to ensure the process is economical, the sleeve assembly rolls 

have been developed for rolling roll  (Fig. 1-2(c)) [1-10, 23-35]. In the sleeve 

assembly roll, the inner layer or shaft is shrink -fitted to the outer layer  or sleeve 

body. Fundamentally, shrink-fitting is a simple operation involving either 

contraction or expansion of one component on another to cause interference and 

the development of pressure, holding the two components together mechanically. 

Usually, the temperatures involved in heating for expansion are significantly 

lower to avoid changes in metallurgical structure as in tempering or melting. In 

practice, parts assembled by shrink-fitting can be disassembled by selectively 

heating the outside component. The shrink-fitting operation offers advantages to 

the inner part of the roll body to be reused when the outer layer needs to be 

exchanged. 

One of the examples of a sleeve assembly type roll is  a large trunk 

back-up roll of 4- high rolling mill. The sleeve back-up roll consists of a roll core 

made of high ductile steel material, and a roll sleeve made of high hardness and 

high wear resistant steel material. Then, these two parts are assembled together by 

shrink-fit. The application and development of sleeve back-up roll present several 

advantages in preventing roll  break, increasing operating rate , and reducing roll 

consumption and the cost of rolling. However, the residual roll bending occurs 

during the operation in which the roll core remains bent after roll ing [27, 30]. In 

addition, sleeve breakage due to the circumferential sleeve slip  during the rolling 

process has been reported Fig. 1-3 [32-35]. During the rolling, the circumferential 

slip may occur in the shrink-fitting surface and leads to the sleeve slippage.  This 

slippage will cause local swell and it will then become a stress concentration  
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(a) Outer surface 
 

 

 

(b) Inner surface and fracture surface 

Fig. 1-3  Sleeve breakage 
 

source which will increase the rolling stress . Eventually, the crack will initiate 

from the inside and moves to the surface, that leads to the sleeve breakage.  

In the hot rolling sleeve assembly type, besides the compressive stress on 

the outer layer of the sleeve and tensile stress generated in the inner layer, 

shrinkage stress, rolling stress, thermal stress, and rolling torque are added to the 

roll. Therefore, in the sleeve assembly type roll structure, to prevent 

circumferential slippage, the resistance torque is designed to be larger than the 

motor torque. By using this condition, the interfacial slippage on the whole sleeve 

surface is prevented. However, the circumferential slippage in which the sleeve 

moves in the opposite direction of the rolling still occurs even though this 
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condition is applied.   

A similar phenomenon is known as an interfacial creep in ball bearing 

attracts attention. The creep phenomenon in rolling bearings has been known for 

over 60 years. One of the race creeps theories found in the literature justifies the 

creep phenomenon as the local strain in the contact area [ 39, 40]. This literature 

found out that in consequence of the constantly increasing specific loads acting 

on the rolling bearing, the outer ring creeps resulting from the local deformation 

of the outer ring caused by the relative movement of the rolling element.  Besides 

that, it  is known the creep phenomenon can be regarded as relative slippage as a 

common phenomenon in rolling bearing [41]. Mainly, two types of slippage are 

known as the creep phenomenon in the bearing. One is the relative slippage 

appearing in the same circumferential direction as the bearing rotating direction 

[42, 43]. The other is the relative slippage appearing in the opposite 

circumferential direction to the bearing rotating direction [ 44]. It is also known 

that one of the relative slippage appearing in the opposite direction is caused by 

the accumulation of elastic deformation [42]. These movements can lead to 

fretting corrosion, setting free particles that might cause problems in other places 

of a bearing. Also, misalignment and ultimately breaking of components can be 

caused, leading to failures of entire bearing [ 45]. Many studies have been done to 

improve the performances of the rolling bearings [ 43, 46, 47]. However, few 

studies are available to realize the creep phenomenon in the numeri cal simulation 

that is useful for investigating the detail. Although there are some similarities 

such as the sliding direction, no analytical studies were available discussing the 

phenomenon quantitatively in ball bearing and rolling roll.  

 

1.4  Motivation and Objectives 
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Among rolling rolls used in steel industries, instead of a solid roll, sleeve 

assembly types were tried to be used and some of them were practically and 

successfully used by shrink-fitting shafts into a hollow cylinder. However, this 

shrink-fitted structure has several peculiar problems such as residual roll bending 

and sleeve cracking due to the circumferential sle eve slip. Therefore, it is 

important to clarify the cause of the sleeve slip phenomenon in a sleeve structure. 

In this paper, the mechanism of interfacial slip in a sleeve assembly type roll 

constructed by shrink-fitting is verified by FEM analysis, and to apply it to the 

actual machine, the roll material, the fitting conditions, and the effect of the 

rolling load is considered. Finally, the experimental method of a miniature roll is 

demonstrated to verify the analysis. This paper consists of 7 chapters and is 

organized as follows.  

Chapter 1 introduced the bimetallic work roll and the problems 

encountered in the sleeve assembly type  rolls. Although the shrink-fitting sleeve 

assembly roll has many advantages compared to the solid roll, it  also has unique 

problems such as residual bending and sleeve slip. Therefore, the necessity to 

clarify the sleeve slip in the bimetallic work roll i s described in this paper.  

In Chapter 2, the mechanism of the sleeve slip formation under free 

rolling for the hot rolling roll is considered. It has been shown that the sleeve 

slippage, known as an interfacial creep in bearings, is formed from the 

accumulations of the relative displacements on the shrink -fitted surface. In the 

actual roll problem, it is necessary to consider not only the sleeve but also the 

elastic deformation of the shaft, and the relative displacement between sleeve and 

shaft caused the interfacial slip. Therefore, in this chapter, to get closer to the 

actual rolling conditions, the effect of elastic deformation of the shaft on the 

interfacial slip is investigated under the free rolling state with reference to the 
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previous study which the shaft is a rigid body. Furthermore, in addition to the 

steel shaft, other shaft materials are also considered to clarify the effect of elastic 

deformation of the shaft material on the interfacial slip.  

In Chapter 3, as in the previous chapter, the effect  of rolling torque on the 

interfacial slip is considered for hot rolling rolls. In this chapter, t he motor torque 

with the frictional force from the rolled steel  may promote the slippage in the 

sleeve rolls significantly causing serious failure. Therefore,  the motor torque 

effect will be investigated quantitatively. In this sense, the effects of the 

shrink-fitting ratio and the friction coefficient which are the parameters of the 

resistance torque are also considered since they may contribute to slippage 

resistance. Here, the interface slip and the displacement increase rate are 

analyzed. 

In Chapter 4, the interfacial slip in shrink-fitted roll is confirmed 

experimentally under free rolling conditions by using a miniature roll. Then, the 

behavior of the sleeve slip obtained in the experiment is considered and is 

compared with the numerical analysis results. In addition, the effect of the sleeve 

inner surface scratches due to the interfacial slip on the sleeve strength is 

considered. In this chapter, the fatigue risk in terms of the stress concentration 

factor, Kt of the defect is evaluated.  

Chapter 5 focuses on the high-speed steel bimetallic sleeve rolls, which 

are made by shrink-fitting the composite sleeve and shaft. In this chapter, the 

inner surface stress of the sleeve caused by the sleeve slippage under the actual 

rolling conditions is obtained by numerical simulat ion; then its effect on fatigue 

fracture is clarified. Here, the damage caused by the sleeve slip is regarded as a 

defect, and the fatigue limit obtained by considering the root area √𝑎𝑟𝑒𝑎 of the 

defect is used in the durability diagram to evaluate the safety side of the damage 
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in the sleeve roll. In this chapter, the maximum stress, minimum stress, and stress 

amplitude is clarified.  

In Chapter 6, the difference of the residual stress generated between the 

bimetallic solid roll and the current study of bimetallic sleeve roll constructed by 

shrink-fitting is studied. Two types of the manufacturing process are considered 

in this chapter. Method 1 is turning inside of the solid roll after heat treatment. 

Method 2 is heat treatment after turning inside of the solid roll. The results show 

that Method 2 is better than Method 1 since the tensile residual stress can be 

reduced at the inside of the sleeve. After shrink -fitting of the shaft, the residual 

stress is compared with one of the solid rolls. Then, the eva luation of the fatigue 

risk in consideration of the residual stress is also studied.  

Chapter 7 summarizes the main conclusions of this study.  
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2 Interfacial slip in shrink-fitted bimetallic work roll promoted by 

roll deformation 

2.1 Introduction 

In metalworking, rolling processes are more tonnage than any other 

manufacturing process. Rolling technology is developing and advancing further 

although seemingly mature [1-15]. Fig. 2-1 illustrates the rolling roll in roughing 

stands of hot rolling stand mills. The rolls are classified into two types; one is a 

single-solid type, and the other is a shrink-fitted assembled type consisting of a 

sleeve and a shaft.  

Some sleeve rolls are practically and successfully used as the back -up 

rolls having large trunk diameter exceeding 1000mm and also used as the rolling 

rolls for large H-section steel [1-3]. Those sleeve rolls have several advantages. 

The shaft can be reused by replacing the sleeve after consumed due to the 

abrasion or the surface roughening. Furthermore, the sleeve wear resistance can 

be improved independently without loosening the shaft ductility.  

On the other hand, this shrink-fitted sleeve roll has several peculiar 

problems such as residual bend deformation, fretting fatigue cracks at the sleeve 

end and sleeve fracture due to the circumferential sleeve slippage [ 5-13]. Among 

them, no detail studies are available for this circumferential slippage in rolling 

roll. It should be noted that the circumferential slippage sometimes occurs even 

though the resistance torque at the interface is larger than the motor torque. It is 

known that this slippage is irreversible since the slippage does not go back to the 

initial state in a reversible way after removing the load. Since the initial 

conditions cannot be restored exactly [12-15], this phenomenon is hard to be 

proved. Considering no quantitative study available for rolling rolls, our previous 

study assumed a rigid shaft to simplify the phenomenon and to realize the  
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(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. 2-1  Schematic illustration for real hot strip rolling roll. 
 

slippage in the numerical simulation [12-15]. However, similar phenomenon is 

known as “interfacial creep” in ball bearing. In this failure, the bearing gradually  

moves circumferentially to the stationary shaft or housing [16 -26]. To explain this 

failure, Soda [16] explained two factors; one is the clearance between th e ring and 

the shaft or housing, and the other is the elastic deformation which Imai [17] 

proved experimentally. Those studies treated the interface creep in the opposite 

direction to the bearing rotation [17, 18] but another reports treated the creep in 

the same direction [19, 20]. Several other studies are also available for the 

bearing creep phenomenon [21-28]. However, few studies discussed the 

phenomenon quantitatively.  

In this study, to understand the phenomena essentially, the elastic roll 
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deformation effect will be discussed in the simulation under free rolling. 

Furthermore, by using miniature rolling facility, the interfacial slip will be 

verified experimentally. Different from ball bearings, as shown i n Fig. 2-1(a), the 

driving torque and the frictional force may promote the slippage in the sleeve 

rolls causing serious failure. However, before considering additional factors such 

as the motor torque, it is necessary to investigate and verify the essence of the 

phenomena under free rolling like ball bearing creep. By clarifying the 

phenomenon, in this way, such unknown failure can be prevented in the near 

future and the sleeve assembly type roll can be used much more widely.  

 

2.2 Interfacial slip simulation focusing on the relative displacement 

Fig. 2-1 illustrates a sleeve assembly  type roll used in rolling. Fig. 2-1(a) 

illustrates the central cross-section and Fig. 2-1(b) illustrates the axial 

cross-section. As shown in Fig. 2-1, the sleeve roll consists of a sleeve and a shaft  

shrink-fitted. Fig. 2-1(c) shows an example of a commonly used bimetallic sleeve 

roll manufactured by centrifugal casting method. Here, the outer layer is made of 

high-speed steel (HSS) having high abrasion resistance and the inner layer is 

made of ductile casting iron (DCI) having high ductility. In this study a single 

material sleeve roll is considered instead of the bimetallic roll to simplify the 

analysis and to clarify the interfacial slip.  

As shown in Fig. 2-1(a), the roll is subjected to the contact force P from 

the back-up roll, the rolling force Ph and the frictional force S from the rolling 

plate. Since two-dimensional modeling is applied, the external force per unit 

length should be considered as well as motor  torque T.  In Fig. 2-1(b), the back-up 

roll is longer than the width 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  
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(a) Real roll.  (b) Roll model (T,  S ,  Pb = 0). 

Fig. 2-2  Modeling and simulation for interfacial slip.  

Table 2-1  
Mechanical properties, dimensions  and boundary conditions in Fig. 2-2(b) [13-15].  
 
Mechanical 
properties 

Sleeve Young’s modulus of steel 

sleeve 𝐸𝑠𝑙𝑒𝑒𝑣𝑒 

210 GPa 

Poisson’s ratio of steel sleeve ν  0.28 
Shaft Young’s modulus of elastic 

shaft 𝐸𝑠ℎ𝑎𝑓𝑡 
210 GPa 

Poisson’s ratio of steel shaft ν  0.28 
Roll size Outer diameter of sleeve 700 mm 

Inner diameter sleeve d  560 mm 
Shrink fitting Shrink fitting ratio δ/d  0.5 × 10 -3  

Friction coefficient between 
sleeve and shaft μ 

0.3 

External force Concentrated load per unit 
thickness P 
 

13270 N/mm 
Total: 1.327×107 N 
Rolled width: 1000 mm 

Frictional force per unit 
thickness S  

0 N/mm 

Motor torque per unit thickness 
T 

0 N/mm 

Bending force from bearing 𝑃𝑏 0 N/mm 
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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, assume the bending force Pb = 0; then, 

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 case study of the 

loading at the fifth stage of hot finishing roll [5].  

Fig. 2-2 illustrates two-dimensional modeling in numerical simulation. As 

shown in the Appendix A.1 in detail, the roll rotation is expressed by the load 

shifting on the fixed roll surface [12-15]. Fig. 2-2(a) illustrates the real roll 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 = 13270N/mm [4, 5]. In rolling 

the friction  S  is used to compress the rolling plate between the rolls. In this study, 

however, the free rolling with T = 0 and S = 0 will be discussed as shown in Fig. 

2-2(b). This is similar to the ball bearing where the torque is not applied on the  

ball but either on the inner or outer ring and the balls freely rotates to m inimize 

the friction. Fig. 2-2(b) also shows an example of the mesh division for the finite 

element method (FEM). 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 [29-32], the FEM mesh error was discussed 

for bonded problems and mesh-independent technique was proposed confirming 

that the displacement boundary condition applied confirming that the 

displacement boundary condition is relati vely insensitive. Contact status change 

was clarified when the pitch-difference nut is tightened  [33] and dynamic 

deformation was investigated through consecutive quasi-static analyses [34]. 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 [35-38]. In this 

study, the circumferential sleeve slippage will be realized by extending the above 
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technique 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. 2-2(b), a 4-node quadrilateral plane strain is used with the number 

of mesh elements are 309,440 with confirming the mesh independency of the 

results [39].  

Table 2-1 shows mechanical properties, dimensions and boundary 

conditions of the model in Fig. 2-2(b). 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 

the concentrated loading P from the back-up roll and the reaction P from the strip 

with P = 13270N/mm [4, 5]. Small effect can be  confirmed by replacing Hertzian 

contact stress with the concentrated force P. The shrink-fitting ratio is defined as 

δ/d, where δ  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 

δ/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 interface 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, δ/d = 0.5×10 - 3 is focused. 

The effect of the shrink-fitting ratio is discussed in Section 3.4.2 . Regarding the 

friction coefficient µ  controlling the slippage resistance on the interface,  µ  = 0.2 

was used in an experimental study and µ = 0.4 was often used for steel surfaces 

previously [1, 40]. In this way, since µ = 0.2~0.4 is usually used for sleeve 

assembly type rolls, in this study, the friction coefficient µ  = 0.3 between the 

sleeve and the shaft is used.  

 

2.3 Irreversible relative displacement causing interfacial slip  
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The relative displacement accumulation between the sleeve and shaft may 

represent the interfacial slip. In Fig. 2-3(a), the relative displacement 

𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) due to the load shifting 𝑃(0)~𝑃(𝜑) is defined between the sleeve 

and shaft when the load moves from the angle 𝜑 = 0 to 𝜑 = 𝜑. Here, notation 𝜑 

denotes the angle where the load is shifting and notation 𝜃 denotes the position  
 

(a) Definition of interfacial displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)(𝜃) due to the load shifting 

𝑃(0)~𝑃(𝜑).  
  

(b) Interfacial displacement 𝑢𝜃
𝑃(0)(𝜃) 

due to the initial load P(0)=P and 

irreversible interfacial displacement 

𝑢𝜃
𝑃(0)→0(𝜃) after removing the initial 

load P(0) as P(0)→0 when 𝐸𝑠ℎ𝑎𝑓𝑡 

=𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210GPa. 

(c) Interfacial displacement 𝑢𝜃
𝑃(0)(𝜃) 

due to the initial load P(0)=1.5P and 

irreversible interfacial displacement 

𝑢𝜃
𝑃(0)→0(𝜃) after removing the initial 

load P(0) =1.5P as P(0)→0 when 𝐸𝑠ℎ𝑎𝑓𝑡 

= 𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210GPa. 
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(d) Interfacial displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(0) due to the load shifting P(0)= P from 

from  𝜑 = 0 to 𝜑 = 𝜑 when 𝐸𝑠ℎ𝑎𝑓𝑡 = 𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210GPa and when 𝐸𝑠ℎ𝑎𝑓𝑡 =∞ and 

𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210GPa. 

Fig. 2-3  Interfacial displacement and irreversible interfacial displacement.  

where the displacement is evaluated. The load 𝑃(𝜑) is defined as the pair of 

forces acting at 𝜑 = 𝜑  and 𝜑 = 𝜑 + 𝜋 .  The notation 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃)  means the 

relative displacement 𝑢𝜃(𝜃) at 𝜃 = 𝜃 when the pair of loads are applied at 𝜑 = 0 

to 𝜑 = 𝜑 and 𝜑 = 𝜋 to 𝜑 = 𝜑 + 𝜋. 

Fig. 2-3(b) illustrates an example of the interfacial displacement 𝑢𝜃
𝑃(0)(𝜃) 

due to an initial load 𝑃(0)  when 𝐸𝑠ℎ𝑎𝑓𝑡 = 𝐸𝑠𝑙𝑒𝑒𝑣𝑒 =210GPa. Fig. 2-3(b) also 

indicates the displacement 𝑢𝜃
𝑃(0)→0(𝜃), which is the residual displacement when 

the initial load 𝑃(0) is removed as 𝑃(0) → 0. As shown in Fig. 2-3, 𝑢𝜃
𝑃(0)→0(𝜃) are 

not zero as well as 𝑢𝜃
𝑃(0)(𝜃). This non-zero 𝑢𝜃

𝑃(0)→0(𝜃) means the displacement 

𝑢𝜃
𝑃(0)(𝜃)  and 𝑢𝜃

𝑃(0)~𝑃(𝜑)
(𝜃)  is irreversible. Fig. 2-3(c) shows 𝑢𝜃

𝑃(0)(𝜃) and 

𝑢𝜃
𝑃(0)→0(𝜃) when the larger load 𝑃(0) = 1.5P is applied and removed as 𝑃(0) → 0.  

The maximum value of the slip 𝑢𝜃
𝑃(0)(𝜃) increases from 0.0329/0.0188≈1.75, 

which is larger than 1.5. This non-linearity is caused by contact status change 
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although the displacement is elastic. The maximum value of the irreversible slip 

 𝑢𝜃
𝑃(0)→0(𝜃) increases from 0.0118/0.0077≈1.53, which is also l arger than 1.5. Fig. 

2-3(b) and 2-3(c) illustrate the irreversible displacement 𝑢𝜃
𝑃(0)→0(𝜃) in a 

fundamental way by removing the initial load completely. During the roll rotation 

that can be expressed as the load shifting, such irreversible displacement is 

accumulated and appears in a complicated way.  

When the load is shifted from  𝜑 = 0 to 𝜑 = 2𝜋, Fig. 2-3(d) illustrates the 

relative displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(0) at 𝜃 = 0. As shown in Fig. 2-3(b), under the 

initial load  𝑢𝜃
𝑃(0)

(0) = 0 . Due to the irreversible slip,  𝑢𝜃
𝑃(0)~𝑃(𝜑)

(0)  becomes 

negative as  𝑢𝜃
𝑃(0)~𝑃(𝜑)

(0) < 0  in the range 0 < 𝜑 ≤  96°  and becomes positive 

𝑢𝜃
𝑃(0)~𝑃(𝜑)

(0) ≥ 0  in the range  𝜑 > 96° when 𝐸𝑠ℎ𝑎𝑓𝑡 = 𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210GPa. Since the 

slip varies depending on 𝜃, the variations are indicated in Appendix A.1 for half 

rotation as 𝑢𝜃
𝑃(0)~𝑃(𝜋)

(𝜃) and for one rotation as 𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃) in the range 𝜃 =

0~2𝜋.  To express the amount of the slip with increasing 𝜑 , the average 

displacement can be defined by the following equation.  

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)

=
1

2𝜋
∫ 𝑢𝜃

𝑃(0)~𝑃(𝜑)
(𝜃) 𝑑𝜃

2𝜋

0

                                  (2 − 1) 

As shown in Fig. 2-3, when the initial load P is applied at 𝜑 = 0, the average 

displacement is zero as 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)

= 0. Also, when the initial load is removed as 

𝑃(0) → 0 the average displacement is zero as 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)→0 = 0.  It should be noted that 

the displacements themselves  𝑢𝜃
𝑃(0)(𝜃)  and 𝑢𝜃

𝑃(0)→0(𝜃) are not zero except at θ= 

0, π, and 2π. This non-zero displacement means once the load is applied, such 

local slippage may appear. Although  𝑢𝜃
𝑃(0)(𝜃) is symmetric as shown in Fig. 

2-3(b), with increasing the load shifting angle 𝜑 , the average displacement 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) increases after losing the symmetry (see Fig. A-2 in Appendix A.1).  

Fig. 2-4 illustrates the average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)  by varying 

Young’s modulus of the shaft, 𝐸𝑠ℎ𝑎𝑓𝑡. As indicated in Fig. 2-4 and Table 2-2,  
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Fig. 2-4  Average displacement 𝑢𝜃, 𝑎𝑣𝑒.

𝑃(0)~𝑃(2𝜋)(𝜃) increases almost linearly with 

increasing load shift angle ϕ.  
 

assumed shaft materials are ductile cast iron (DCI), steel, cermet and rigid. Table 

2-2 also indicates the shrink-fitting stress 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 by varying  𝐸𝑠ℎ𝑎𝑓𝑡 . The 

average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)

 increases with increasing the load shift angle 𝜑. 

With decreasing 𝐸𝑠ℎ𝑎𝑓𝑡, the shrink-fitting stress 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
  decreases slightly as 

shown in Table 2-2. It should be noted that the average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) is 

accelerated more significantly with decreasing 𝐸𝑠ℎ𝑎𝑓𝑡. The interface slip may 

occur as soon as the load shifting starts. It should be noted that the amount of 

interfacial slip 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) increases almost linearly with increasing the l oad shift 

angle 𝜑  as shown in Fig. 2-4. In the following, therefore, the load shift  

𝑃(0)~𝑃(2𝜋) which represents one rotation load will be considered to discuss the 

interfacial slip since the results under many rotations can be linearly estimated.  

Fig. 2-5 illustrates the average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋) due to the load 

shifting 𝑃(0)~𝑃(2𝜋)  versus the shaft Young’s modulus 𝐸𝑠ℎ𝑎𝑓𝑡 . The average 

displacement for ductile iron (DCI) is larger compared to steel, cermet and rigid  

Table 2-2 
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Fig. 2-5  Average displacement 𝑢𝜃,𝑎𝑣𝑒.

𝑃(0)~𝑃(2𝜋)
 versus 𝐸𝑠ℎ𝑎𝑓𝑡 when 𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210 GPa. 

shaft. It may be concluded that the shaft elastic deformation contributes to the 

interfacial slip. In the following section, the effect of the shaft materials to the 

interfacial slip will be discussed in detail. The relation between 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋) and 

𝐸𝑠ℎ𝑎𝑓𝑡  in Fig. 2-5 should be compared with other relations to find out the 

controlling parameter of 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋)  (see Fig. 2-7, Fig. 2-8, Fig. 2-10) .  

 

2.4 Discussion of shaft elastic deformation on interfacial slip  

Fig. 2-6 shows the shear stress distribution 𝜏𝑟𝜃
𝑃(0)~𝑃(2𝜋) in comparison 

with the frictional stress 𝜇𝜎𝑟
𝑃(0)~𝑃(2𝜋) along the shrink-fitting surface. Fig. 2-6(a) 

shows the rigid shaft result under the load shifting 𝑃(0)~𝑃(2𝜋). Fig. 2-6(b) shows 

the elastic shaft result  when 𝐸𝑠ℎ𝑎𝑓𝑡=210GPa under the load shifting 𝑃(0)~𝑃(2𝜋). 

The notation 𝑃(0)~𝑃(2𝜋) denotes one rotation loading from 𝜑 = 0 to 𝜑 = 2𝜋. It 

should be noted that the displacement increases with increasing 𝜑 as shown in 

Fig. 2-4 but the stresses 𝜎𝜃 does not change with increasing 𝜑 [13]. 
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(a) Rigid shaft under the load shifting 

𝑃(0)~𝑃(2𝜋).  
 

(b) Elastic shaft when 𝐸𝑠ℎ𝑎𝑓𝑡= 210 GPa 

under the load shifting 𝑃(0)~𝑃(2𝜋). 

Fig. 2-6 Comparison of slippage zone of rigid shaft and elastic shaft under the 

load shifting  𝑃(0)~𝑃(2𝜋).  

 
 

Fig. 2-7  Slippage range ratio ℓ𝑠𝑙𝑖𝑝/πd versus 𝐸𝑠ℎ𝑎𝑓𝑡 when 𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210 GPa. 
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In this study, the friction coefficient µ  = 0.3 is assumed between the 

sleeve and the shaft. By considering the FEM accuracy, the irreversible relative 

displacement may appear when 𝜏𝑟𝜃 ≅ |𝜇𝜎𝑟| within the error ±1MPa. This region 

can be defined as the slippage region ℓ𝑠𝑙𝑖𝑝. In the previous study by Noda et. al. 

[12], the region was named “quasi -equilibrium stress zone 𝜏𝑟𝜃 ≅ |𝜇𝜎𝑟|” where the 

irreversible displacement occurs. As shown in Figs. 2-6(a) and 2-6(b), the 

slippage region ℓ𝑠𝑙𝑖𝑝 is much larger for the elastic shaft compared to the rigid 

shaft. This behaviour explained the larger irreversible displacement appears as 

shown in Fig. 2-5. 

Fig. 2-7 shows the slippage region ratio that is defined as ℓ𝑠𝑙𝑖𝑝 𝜋𝑑⁄  due to 

the load shifting 𝑃(0)~𝑃(2𝜋) . Here the slippage region ℓ𝑠𝑙𝑖𝑝  is where 

𝜏𝑟𝜃
𝑃(0)~𝑃(2𝜋)

≅ |𝜇𝜎𝑟
𝑃(0)~𝑃(2𝜋)

|.  

     Slippage region ratio = ℓ𝑠𝑙𝑖𝑝 𝜋𝑑⁄  

ℓ𝑠𝑙𝑖𝑝 = Region where 𝜏𝑟𝜃
𝑃(0)~𝑃(2𝜋)

≅ 𝜇𝜎𝑟
𝑃(0)~𝑃(2𝜋)

                        (2 − 2) 

As shown in Fig. 2-7, the slippage region ratio ℓ𝑠𝑙𝑖𝑝 𝜋𝑑⁄  decreases with increasing 

𝐸𝑠ℎ𝑎𝑓𝑡. As shown in Fig. 2-5, the average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋)also decreases 

with increasing 𝐸𝑠ℎ𝑎𝑓𝑡. In this way, the interfacial displacement may be promoted 

by larger elastic deformation due to smaller  𝐸𝑠ℎ𝑎𝑓𝑡.  Therefore, the reason why 

ℓ𝑠𝑙𝑖𝑝 𝜋𝑑⁄  decreases with increasing 𝐸𝑠ℎ𝑎𝑓𝑡 is discussed in this section. 

First, as a typical elastic deformation,  the diameter increase in the lateral 

direction ∆d  is focused. Fig. 2-8 shows  the lateral diameter increment ∆𝑑𝑃(0)~𝑃(2𝜋) 

after the one cycle loading 𝑃(0)~𝑃(2𝜋) when the final loads are applied in the 

vertical direction at 𝜃 = 0° and 𝜃 = 180°. With increasing 𝐸𝑠ℎ𝑎𝑓𝑡 , the lateral 

diameter increment ∆𝑑𝑃(0)~𝑃(2𝜋) decreases and goes to zero. Figs. 2-7 and 2-8 

show the same trend although in Fig. 2-8 ∆𝑑 → 0 when 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞.  It can be 

concluded that the interfacial slip can be accelerated by the larger elastic shaft  
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Fig. 2-8  Shaft diameter increment Δ𝑑𝑃(0)~𝑃(2𝜋) versus 𝐸𝑠ℎ𝑎𝑓𝑡 when 𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210 

GPa. 
 

deformation due to smaller 𝐸𝑠ℎ𝑎𝑓𝑡.  

Next, the contact stress change due to the external loading is focused. 

Fig. 2-9 illustrates the contact stress 𝜎𝑟
𝑃(0)~𝑃(2𝜋) along the interface due to the 

load shifting 𝑃(0)~𝑃(2𝜋). As shown in Fig. 2-9, there is the region ℓ𝑠𝑚𝑎𝑙𝑙 where 

the contact stress 𝜎𝑟
𝑃(0)~𝑃(2𝜋)  becomes smaller than the original shrink -fitted 

stress 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 as 𝜎𝑟

𝑃(0)~𝑃(2𝜋)
≦ 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘

. Here,  𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 denotes the shrink-fitting 

stress without applying the load P when  𝐸𝑠ℎ𝑎𝑓𝑡 =  𝐸𝑠𝑙𝑒𝑒𝑣𝑒 = 210GPa.  The region 

ℓ𝑠𝑚𝑎𝑙𝑙  can be named “the smaller contact stress region” where 𝜎𝑟
𝑃(0)~𝑃(2𝜋)

≦

𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
. In Fig. 2-9, the length of the smaller contact stress region ℓ𝑠𝑚𝑎𝑙𝑙  is 

express as ℓ𝑠𝑚𝑎𝑙𝑙 = 𝜃𝑠𝑚𝑎𝑙𝑙 × 𝑑 2⁄  by using the angle 𝜃𝑠𝑚𝑎𝑙𝑙 as described in Fig. 

2-10. As shown in Fig. 2-9, the DCI shaft has a larger ℓ𝑠𝑚𝑎𝑙𝑙 followed by steel 

and cermet shaft, while rigid shaft has a smallest ℓ𝑠𝑚𝑎𝑙𝑙.   
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Fig. 2-9 Definition of smaller contact stress region ℓ𝑠𝑚𝑎𝑙𝑙 where  𝜎𝑟

𝑃(0)∼𝑃(2𝜋)
≦

𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
.  

 
 

Fig. 2-10 Smaller contact stress region ratio  ℓ𝑠𝑚𝑎𝑙𝑙 𝜋𝑑⁄  versus 𝐸𝑠ℎ𝑎𝑓𝑡 when 

𝐸𝑠𝑙𝑒𝑒𝑣𝑒= 210 GPa.  
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Fig. 2-10 shows the smaller contact stress region ratio ℓ𝑠𝑚𝑎𝑙𝑙 𝜋𝑑⁄  

normalized by the total circumferential length 𝜋𝑑 by varying 𝐸𝑠ℎ𝑎𝑓𝑡. The smaller 

contact stress region ratio is given by the following equation.  

Smaller contact stress region ratio = ℓ𝑠𝑚𝑎𝑙𝑙 𝜋𝑑⁄ ,  

ℓ𝑠𝑚𝑎𝑙𝑙 =Region where 𝜎𝑟
𝑃(0)~𝑃(2𝜋)

≦ 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 when 𝐸𝑠ℎ𝑎𝑓𝑡 = 𝐸𝑠𝑙𝑒𝑒𝑣𝑒 = 210𝐺𝑃𝑎  (2-3) 

The ratio ℓ𝑠𝑚𝑎𝑙𝑙 𝜋𝑑⁄  increases with decreasing 𝐸𝑠ℎ𝑎𝑓𝑡. Similar trend can be seen 

for ℓ𝑠𝑙𝑖𝑝 𝜋𝑑⁄  in Fig. 2-7. With increasing the smaller contact stress region, the 

slippage may happen easily. It can be concluded that the slippage region ℓ𝑠𝑙𝑖𝑝 is  

closely related to the smaller contact stress region ℓ𝑠𝑚𝑎𝑙𝑙.  

     In this paper, under fixed 𝐸𝑠𝑙𝑒𝑒𝑣𝑒 =210GPa, the interfacial slip is 

discussed by varying 𝐸𝑠ℎ𝑎𝑓𝑡 as shown in Table 2-2. One may think that 𝐸𝑠ℎ𝑎𝑓𝑡 

assumed in Figs. 2-4 – 2-10 is not very realistic; and instead, larger 𝐸𝑠𝑙𝑒𝑒𝑣𝑒 such as 

ceramics sleeve should be discussed to reduce the surface wear. In this paper, 

however, to develop the bimetallic sleeve roll in Fig. 2-1(c), the effect of the 

shaft elastic deformation on the interface slippage is focused to clarify the 

phenomena. After understanding the essential phenomena in this way, the 

interface slippage will be prevented.  

 

2.5  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. 2-11 illustrates the miniature roll specimen whose diameter 

is 60 mm used to confirm the interfacial slip [14]. Table 2-3 shows the 

experimental conditions with no motor torque because a similar phenomenon 

known as “interfacial creep” in ball bearing was under free r olling. The work roll  
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Fig. 2-11 FEM mesh for test specimen used in a miniature roll . 

 

Table 2-3 

Experimental conditions by using a miniature roll in Fig. 2-11. 

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  

 

consists of two sleeves and a shaft. To realize the slip between sleeve 1 and 

sleeve 2 in Fig. 2-11, 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   
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Table 2-4   
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. 2-11 

Simulation results 

for miniature roll 

in Fig. 2-11 

Simulation results 

for real roll in Fig. 

2-1 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋) 0.108×10 -2  mm 0.384×10 -2  mm 2.92×10 -2  mm 

temperature change was within 5 ° C or less during the experiment by a contact 

thermometer.   

The FEM simulation is also performed by using the mesh in Fig. 2-11. 

Four-node quadrilateral plane strain elements are used, and the total number of 

mesh elements is 7408. 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 simulation is newly performed for the miniature roll. 

Similar to Fig. 2-3, 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) is defined as the relative displacement between 

sleeve 1 and sleeve 2.  

Table 2-4 summarizes the average 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 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋)  during one roll 

rotation that can be calculated in the following way.  

           𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋)

=
𝜃𝑠𝑙𝑖𝑝×𝜋𝑑

360°×𝑛
 

   =
77° × 𝜋 × 48 𝑚𝑚

360° × 3 × 104
                                          (2 − 4) 

 =
32 𝑚𝑚

3 × 104
 

                   = 0.108 × 10−2𝑚𝑚 
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In Eq. (2-4), 𝜃𝑠𝑙𝑖𝑝 is the slip angle observed in the experiment, d  is the inner 

diameter of sleeve 1 and n  is the number of the roll rotation.  

 As shown in Table 2-4, 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 cohesive  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 μ =0.3~∞, but actually the 

change reflecting the real defect evolution is almost impossible in practice. This 

is the reason why 3.56 times difference 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. 

 

2.6    Conclusions for Chapter 2 

Shrink-fitted sleeve rolls have several advantages in rolling although interfacial 

slip sometimes appears and causes the roll damage. Since the re were no detail 

studies are available, in this study, numerical and experimental simulations were 

performed to clarify the phenomenon of the irreversible relative displacement. 

Under free rolling condition that is similar to ball bearing, the effect of r oll 

deformation on the circumferential slippage was discussed. The irreversible 

relative displacement was focused, which is corresponding to the interfacial slip 

in ball bearing. The conclusions can be summarized as follows:  
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1.  In the numerical simulation, the irreversible relative displacement was 

confirmed by removing the external load. The accumulation of the 

irreversible relative displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋) due to the rotation force can 

be regarded as the slip per rotation since the order of the experiment agrees 

with the simulation results.  

2.  The interfacial displacement is promoted by the roll deformation since 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) increases with decreasing the shaft Young’s modulus 𝐸𝑠ℎ𝑎𝑓𝑡 as 

shown in Fig. 2-5. The effect of 𝐸𝑠ℎ𝑎𝑓𝑡 on the irreversible relative 

displacement is related to the interface slippage region size ℓ𝑠𝑙𝑖𝑝 as shown 

in Fig. 2-7. 

3.  The interface slippage region ℓ𝑠𝑙𝑖𝑝 can be explained from the smaller 

contact stress region ℓ𝑠𝑚𝑎𝑙𝑙 as shown in Fig. 2-9. This is because as the 

smaller contact stress region size ℓ𝑠𝑚𝑎𝑙𝑙 becomes larger, the slippage may 

occur easily. The smaller stress region increases with decreasing sha ft 

Young’s modulus 𝐸𝑠ℎ𝑎𝑓𝑡 as shown in Fig. 2-10. 

In this study, the interfacial slip was confirmed under free rolling condition. It is 

crucial to understand that the interfacial slip appears due to the elastic roll 

deformation even under no driving to rque. By clarifying the phenomenon in this 

way, such unknown failure can be prevented, and the sleeve assembly type roll 

can be use much more widely, the authors believe.  

 
References for Chapter 2 
 
[1] H. Shimoda, S. Onodera, K. Hori : Trans. Jpn. Soc. Mech. Eng., Vol. 32, pp. 

689-694 (1966).  
[2] T. Irie, K. Takaki, I. Tsutsunaga, Y. Sano : Tetsu-to-Hagane, Vol. 65, 293 (1979). 
[3] H. Takigawa, K. Hashimoto, G. Konno, S. Uchida : CAMP-ISIJ, Vol. 16 

1150-1153 (2003). 
[4] Y. Sano, Recent advances in rolling rolls. Proc of the  No. 148-149 Nishiyama 

Memorial Technology Course, Tokyo, Japan , 193-226 (1993). 
[5] Y. Sano: The 245th JSMS Committee on Fatigue of Materials and The 36th JSMS 

Committee on Strength Design, Safety Evaluation , 40 (1999). 



42 

 

[6] E. Matsunaga, T. Tsuyuki, Y. Sano: CAMP-ISIJ, Vol. 11, 362 (1998). 
[7] S. Tutumi, S. Hara, S. Yoshi : Tetsu-to-Hagane, Vol. 57, No. 5, pp. 818-822 

(1971). 
[8] S. Spuzic, K.N. Strafford, C. Subramanian, G. Savage: Wear, Vol. 176, No. 2, 

pp. 261-271 (1994).  
[9] N. A. Noda, K. Hu, Y. Sano, K. Ono, Y. Hosokawa: Steel Res. Int. ,  Vol. 87, No. 

11, pp. 1478-1488 (2016).  
[10] N. A. Noda, Y. Sano, Y. Takase, Y. Shimoda, G. Zhang: J. JSTP, Vol. 58, 66 

(2017).  
[11] K. Hu, Y. Xia, F. Zhu, N. A. Noda: Steel Res. Int.,  Vol. 89, No. 4, 1700368 

(2017).  
[12] N.A. Noda, H. Sakai,  Y. Sano, Y. Takase, Y. Shimoda: Metals, Vol. 8, No.12, 

998 (2018). 
[13] H. Sakai, N.A. Noda, Y. Sano, G. Zhang, Y. Takase: Tetsu -to-Hagane, Vol. 105, 

No. 12, pp. 1126-1134 (2019).  
[14] H. Sakai, N.A. Noda, Y. Sano, G. Zhang, Y. Takase: Tetsu -to-Hagane, Vol. 105, 

pp. 411-417 (2019).  
[15] H. Sakai, N.A. Noda, Y. Sano, G. Zhang, Y. Takase: ISIJ Int.,  Vol. 59, No. 5, pp. 

889-894 (2019).  
[16] N. Soda: Bearing. Iwanami Shoten, Tokyo, pp. 196 -203 (1964).  
[17] Imai: Lubrication, Vol. 4, pp. 307 (1959).  
[18] J. Murata, T. Onizuka: Koyo Eng. J.,  Vol. 166, pp. 41-47 (2005).  
[19] T. Niwa: NTN Tech. Rev., Vol. 81, pp. 100-103 (2013). 
[20] Ten, Sakajiri,  Takemura, Yukawa: NSK Tech. J., Vol. 680, pp.13 (2006).  
[21] New Bearing Doctor: Diagnosis of bearing problems. Objective: Smooth & 

reliable operation. NSK (1997). 
[22] J. Zhan, H. Takemura, K. Yukawa: A study on bearing creep mechanism with 

FEM simulation. Proceedings of IMECE2007, 2007 Seattle, Washington, USA.  
[23] J. Zhan, K. Yukawa, H. Takemura: Analysis of bearing outer ring creep with 

FEM. Advanced Tribology, 2009, Springer, Berlin, Heidelberg.  
[24] S. Noguchi, K. Ichikawa, A study about creep between inner ring of ball bearing 

and shaft. Proceeding of Academic Lectures of the Japan Society for Precision 
Engineering, 2010, Japan.  

[25] T. Teramoto, Y. Sato: Trans. Of Society of Automotive Eng. of Japan, Vol. 46, 
pp. 355-360 (2015).  

[26] C. Bovet, L. Zamponi: Mech. Mach. Theory, Vol. 101, pp. 1 -22 (2016).  
[27] A. Maiwald, E. Leidich, FE simulations of irreversible relative movements 

(creeping) in rolling bearing seats –Influential parameters and remedies. World 
Congress on Engineering and Computer Science 2013 Vol II, San Francisco, 
USA.  

[28] T. Schiemann, S. Porsch, E. Leidich, B. Sauer: Wind Energy, Vol. 21, pp. 
426-440 (2018).  

[29] T. Miyazaki, N.A. Noda, F. Ren, Z. Wang, Y. Sano, K. Iida : Int. J. Adhes. 
Adhes., Vol. 77, pp. 118-137 (2017).  

[30] N.A. Noda, T. Miyazaki, R. Li, T. Uchikoba, Y. Sano, Y. Takase : Int. J. Adhes. 
Adhes., Vol. 61, pp. 46-64 (2015). 

[31] N.A. Noda, T. Uchikoba, M. Ueno, Y. Sano, K. Iida, Z. Wang, G. Wang: ISIJ 
Int.,  Vol. 55, No. 12, pp. 2624-2630 (2015).  

[32] Z. Wang, N.A. Noda, M. Ueno, Y. Sano: Steel Res. Int. , Vol. 88, pp. 1-9 (2016).  
[33] N.A. Noda, X. Chen, Y. Sano, M.A. Wahab, H. Maruyama, R. Fujisawa, Y. 

Takase: Mater. Des. , Vol. 96, pp. 476-489 (2016). 
[34] N.A. Noda, R. Takaki, Y. Shen, A. Inoue, Y. Sano, D. Akagi, Y. Takase, P. 

Galvez: Mech. Mater. , Vol. 131, pp. 141-157 (2019).  



43 

 

[35] S. Matsuda, D. Suryadi, N. A. Noda,  Y. Sano, Y. Takase, S. Harada: Trans. 
JSME Ser. A, Vol. 79, No. 803, pp. 989-999 (2013). 

[36] N.A. Noda, D. Suryadi, S. Kumasaki, Y. Sano, Y. Takase: Eng. Fail. Anal. , Vol. 
57, pp. 219-235 (2015).  

[37] N.A. Noda, Y. Xu, D. Suryadi, Y. Sano, Y. Takase: ISIJ Int. ,  Vol. 56, No. 2, pp. 
303-310 (2016).  

[38] G. Zhang, H. Sakai,  N.A. Noda, Y. Sano, S. Oshiro: ISIJ Int.,  Vol. 59, No. 2, pp. 
293-299 (2019).  

[39] Marc Mentat team: Theory and User Information, Vol. A, MSC, Software, 
Tokyo, 713 (2008).  

[40] Misumi-vona Top, Technical information, Dry coefficient of friction. 
https://jp.misumi-ec.com/tech-info/categories/plastic_mold_design/pl07/c0874.h
tml.   



44 

 

3 Interfacial slip in shrink-fitted bimetallic work roll promoted by 

motor torque 

3.1  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].  

Fig. 3-1(a) 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. 3-1(b) and Fig. 3-1(c). The shrink-fitted assembly type rolls are 

efficiently used as the back-up rolls having large trunk diameter exceeding 1000 

mm and used for large H-section steel rolling rolls [1-3]. Those sleeve rolls have 

several advantages; 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 interfacial 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  
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rolling rolls, by focusing on the sleeve displacement, 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 quantitatively. 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 of 

  

(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. 3-1  Schematic illustration for real hot strip rolling roll.  
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the rolling plate, pair of sleeve rolls are 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. Fig. 3-1(a) illustrates that the motor torque and 

the balanced frictional force from the rolled steel  promote the slippage 

significantly. In the actual work roll of a hot rolling stand, differently 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.  

 

3.2  Simulation for non-uniform slip versus overall slip considered in 

conventional design 

Fig. 3-1 shows a sleeve assembly type roll used in rolling roll. Fig. 3-1(a) 

shows the central cross-section and Fig. 3-1(b) shows the axial cross-section. As 

shown in Fig. 3-1, the sleeve roll consists of a shrink-fitted sleeve and shaft. Fig. 

3-1(c) 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 resistance 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  



47 

 

interface slip” according to the usage of sleeve assembly type rolls in the rolling 

field. 

As shown in Fig. 3-1(a), 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. 3-1(b), 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 𝑃𝑏 = 0, the rolling force (= ~𝑃 × back-up roll body 

 

 

 

𝑃:  Load form back-up roll  and hot  
strip (N)  
𝑆:  Frict ional force (N)  
𝑃𝑏:  Bending force from bearing (N)  
𝑇:  Driving torque (Nm),  𝑇 = 𝑆𝐷 2⁄  
𝑇𝑚:  Rated torque of motor (Nm)  
𝑇𝑟:  Slippage resistance torque (Nm)  

𝑇= 0 ~ 10𝑇𝑚 
10𝑇𝑚 > 𝑇𝑟 = 3193 Nm /mm 
𝑇𝑚 = 471 Nm /mm 
𝑃𝑏 = 0 

 

𝜃:  Circumferential  angle of sleeve  
𝜑0:  Load shift  interval  
𝜑 :  Load shift angle  

 

(a) Real roll  
 

(b) Rigid shaft when 
𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ 

 

(c) Elastic shaft when 
𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa 

 

Fig. 3-2  Modeling for “non-uniform interfacial slip” different from “overall slip” 

considered in the conventional design.  
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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].  

Fig. 3-2 indicates the numerical simulation model used in this study 

concerning the actual roll approach. The rotation of the roll is expressed by the 

circumferential load transfer on the roll surface without rotating the roll [13, 14]. 

Fig. 3-2(a) shows two-dimensional real roll conditions. Fig. 3-2(b) 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. 3-2(c), 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 cen ter has been confirmed 

does not affect the result and the diameter is set to be 8 mm. The load transfer 

interval is set to be 𝜑 = 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”. 
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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. (3-1). 

𝑇 < 𝑇𝑟 ,        𝑇𝑟 = 𝜉
𝑑

2
𝜋𝑑𝑙𝑏𝜇𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘

(𝑁𝑚 𝑚𝑚⁄ )                         (3 − 1) 

Here, 𝑑 is the shaft outer diameter, which is equal to the sleeve inner diameter, 

𝑙𝑏 is the roll barrel length, 𝜇 is the friction coefficient between the shaft and the 

sleeve, and 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
is the shrink-fitting stress. The notation ξ  denotes the 

effective 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 𝜉 = 1, 𝑙𝑏 = 1 mm, 𝜇 = 0.3,  𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
= −21.6 

MPa and 𝛿 𝑑⁄ = 0.5 × 10−3 . The real torque can be expressed as 𝑇𝑚 = 𝜂471 

Nm/mm by using the reduction ratio 𝜂 = 1.882 [39]. In this study, 𝜂 = 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 driving torque 𝑇 as shown in Eq. (3-2) by 

using 𝛼 denoting the slippage safety factor.  

𝑇𝑟 = 𝛼𝑇 (𝑁𝑚 𝑚𝑚⁄ )                                               (3 − 2) 

Under the rated motor torque as 𝑇 = 𝑇𝑚 = 471 Nm/mm, the safety factor 𝛼 = 6.77 

from Eq. (3-2). The shear force 𝑆 can be obtained from Eq. (3-3). 

𝑇𝑚 = 𝑆
𝐷

2
(𝑁𝑚 𝑚𝑚⁄ )                                               (3 − 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. (3-3). 
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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. 3-2(c) 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 

Table 3-1  
Mechanical properties, dimensions and boundary conditions in Fig. 3-2(c) [13, 
14]. 
 
Mechanical 
properties 

Sleeve Young’s modulus of steel sleeve 
𝐸𝑠𝑙𝑒𝑒𝑣𝑒 

210 GPa 

Poisson’s ratio of steel sleeve 𝜐 0.28 
Shaft Young’s modulus of elastic shaft 

𝐸𝑠ℎ𝑎𝑓𝑡 
210 GPa 

  Poisson’s ratio of steel shaft 𝜐 0.28 
Roll size Outer diameter of sleeve 700 mm 

Inner diameter sleeve 𝑑 560 mm 
Shrink fitting Shrink fitting ratio 𝛿 𝑑⁄  0.5 × 10−3 

Friction coefficient between sleeve 
and shaft 𝜇 
 

0.3 

External force Concentrated load per unit thickness 
𝑃 = 𝑃0 

13270 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 𝑇𝑚 

471 Nm/mm 

Resistance torque per unit thickness 
𝑇𝑟 

3193 Nm/mm 

Bending force from bearing 𝑃𝑏 0 N/mm 
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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 circumferential 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 method and the direct constraint method for the 

contact analysis are used. As shown in Fig. 3-2(c), 4-node quadrilateral plane 

strain elements are used with the number  of mesh elements are 309440 with 

confirming the mesh independence of the results [37].  

Table 3-1 shows the mechanical properties, dimensions and boundary 

conditions of the model in Fig. 3-2(c). 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 concentrated force 𝑃, the small effect on the analysis can be confirmed. 

The shrink-fitting ratio is defined as 𝛿 𝑑⁄ , where 𝛿 is the diameter difference 

between sleeve inner diameter and shaft outer diameter. Usually, the 

shrink-fitting ratio in the range 𝛿 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 valu e 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, 𝛿 𝑑⁄ =

0.5 × 10−3 is focused to study the irreversible interfacial slip. The effect of the 

shrink-fitting ratio is discussed in Section 3.4.2. Previously, regarding the 

friction coefficient 𝜇 which controls the slippage resistance on the interface, 𝜇 = 
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0.2 was used in an experimental study, and 𝜇 = 0.4 was often used for steel  

surfaces [1, 38]. Therefore, since 𝜇 = 0.2~0.4 is usually used for sleeve assembly 

type rolls, the friction coefficient 𝜇 = 0.3 between the sleeve and the shaft is 

used in this study.  

 

(a) Definition of interfacial displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, 𝜑) due to the load 

shifting 𝑃(0)~𝑃(𝜑).  

  

(b) Non-uniform interfacial slip for 

𝑇 = 0 

(c) Non-uniform interfacial slip 

for 𝑇 = 𝑇𝑚 

Fig. 3-3 (a) Definition of 𝑢𝜃
𝑃(0)~𝑃(𝜑), (b) 𝑢𝜃

𝑃(0)~𝑃(𝜑) when 𝑇 = 0 and 𝐸𝑠ℎ𝑎𝑓𝑡 =

210 GPa, and (c) 𝑢𝜃
𝑃(0)~𝑃(𝜑) when 𝑇 = 𝑇𝑚 and 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa. 
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The relative displacement accumulation between the sleeve and shaft may 

represent the interfacial slip. In Fig. 3-3(a), the relative displacement between the 

sleeve and shaft due to the load shifting 𝑃(0)~𝑃(𝜑) when the load moves from 

the angle 𝜑 = 0  to 𝜑 = 𝜑  is defined as 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, 𝜑) . The relative 

displacement 𝑢𝜃 between the elastic shaft and elastic sleeve on the shrink-fitted 

surface can be expressed as in Eq. (3-4) which is defined as the interfacial slip on 

the shrink-fitted surface.  

𝑢𝜃
𝑃(0)∼𝑃(𝜑)

(𝜃, 𝜑) = 𝑢𝜃,𝑆𝑙𝑒𝑒𝑣𝑒
𝑃(0)∼𝑃(𝜑)

(𝜃, 𝜑) − 𝑢𝜃,𝑆ℎ𝑎𝑓𝑡
𝑃(0)∼𝑃(𝜑)

(𝜃, 𝜑)                  (3 − 4) 

Here, notation 𝜑 denotes the angle where the load is shifting and notation 𝜃 

denotes the position where the displacement is evaluated. The load 𝑃(𝜑) used in 

this study is defined as the symmetry forces acting at 𝜑 = 𝜑 and 𝜑 = 𝜑 + 𝜋. The 

relative displacement 𝑢𝜃(𝜃, 𝜑) at 𝜃 = 𝜃 when the pair of loads are applied at 𝜑 =

0 to 𝜑 = 𝜑 and 𝜑 = 𝜋 to 𝜑 = 𝜑 + 𝜋 is denoted as 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, 𝜑). To express 

the amount of the slip with increasing φ, the average displacement can be defined 

in the following equation. 

𝑢𝜃,𝑎𝑣𝑒.,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)
(𝜑) =

1

2𝜋
∫ 𝑢𝜃

𝑃(0)~𝑃(𝜑)
(𝜃, 𝜑) 𝑑𝜃

2𝜋

0

                          (3 − 5) 

Fig. 3-3(b) shows the effect of no torque condition 𝑇 = 0  on the 

displacement distribution 𝑢𝜃
𝑃(0)~𝑃(𝜑)(𝜃, 𝜑) and Fig. 3-3(c) shows the effect of the 

rated motor torque 𝑇 = 𝑇𝑚 on the  displacement distribution 𝑢𝜃
𝑃(0)~𝑃(𝜑)(𝜃, 𝜑) when 

the load is moving to 𝜑 = 0, 𝜑 = 𝜋 and 𝜑 = 2𝜋. As shown in Fig. 3-3(b), the 

average displacement is zero as 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0) (𝜑) = 0 when the initial load 𝑃 is applied 

at 𝜑 = 0. It is important to note that the distribution of the displacements 𝑢𝜃
𝑃(0)(𝜃) 

is non-zero except at 𝜃 = 0,  𝜋 and 2𝜋. This non-zero displacement means such 

local slippage may appear once the load is applied.  Although 𝑢𝜃
𝑃(0)(𝜃)  is 

symmetric as shown in Fig. 3-3(b), with increasing the load shifting angle 𝜑, the 
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average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)

(𝜑) increases after losing the symmetry. On the 

other hand, as shown in Fig. 3-3(c), at the initial load 𝜑 = 0𝑜, the magnitude of 

the displacement is different near both sides of the load position ( at 𝜃 < 0 and 

𝜃 > 0) on which the shear forces are applied ( 𝜃 = 0𝑜). Due to the shear force, the 

magnitude of the displacement is larger on the positive direction of the shear 

force ( 𝜃 > 0𝑜 ), |𝑢𝜃,𝑇=𝑇𝑚

𝑃(𝜑)
(−𝜃)| < |𝑢𝜃,𝑇=𝑇𝑚

𝑃(𝜑)
(+𝜃)| . Moreover, the displacement 

distributions are not symmetric anymore due to the effect of the rated motor 

torque Tm as given in the following equation: 

|𝑢𝜃,𝑇=𝑇𝑚

𝑃(𝜑)
(−𝜃)| < |𝑢𝜃,𝑇=𝑇𝑚

𝑃(𝜑)
(+𝜃)|                                        (3 − 6) 

As shown in Fig. 3-3(b) and Fig. 3-3(c), the average displacement of half 

roll rotation 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜋)(𝜑) 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 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋)(𝜑) when 𝑇 = 𝑇𝑚 is about 5 times larger than no torque condition 𝑇 =

0 . This result shows that the presence of  the motor torque significantly 

accelerates the interfacial slip.  

 

3.3  Interfacial slip under rated motor torque 𝑻 = 𝑻𝒎 

3.3.1  Interfacial displacement and increase rate of interfacial 

displacement 

Fig. 3-4(a) shows the relationship between the average displacement 

𝑢𝜃,ave.
𝑃(0)∼𝑃(𝜑)

(𝜑) and the load rotation angle 𝜑 for the elastic shaft under no toque 

𝑇 = 0 and under the rated motor torque 𝑇 = 𝑇𝑚. In Fig. 3-4(a), regardless of the 

motor torque condition, the average value increases almost linearly during the 

initial roll rotation. The average displacement of one roll rotation 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋)(𝜑) 

when 𝑇 = 𝑇𝑚 is about 5 times larger than that under no torque condition 𝑇 = 0. 

From Fig. 3-4(a), it  should be noted that the average displacement 𝑢𝜃,ave.
𝑃(0)∼𝑃(𝜑)

(𝜑)  
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at 𝜑 = 2𝜋 × 2, that is, 2 roll rotations, is about 2 times larger than 𝑢𝜃,ave.
𝑃(0)∼𝑃(𝜑)

(𝜑) 

at 𝜑 = 2𝜋. Therefore, the slippage increases linearly after the initial roll rotation 

𝜑 ≥ 2𝜋.  

Therefore, as shown in Fig. 3-4(b), the interfacial slip is quantitatively 

evaluated by focusing on the increase rat e of interfacial displacement 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ . In Fig. 3-4(b), the displacement increase rate 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 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 d𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, φ)/dφ| 𝜑<360° increases gradually. 

After the init ial one roll rotation, however, the interfacial slip becomes stable 

since d𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, φ)/dφ| 𝜑≥360°  is constant. The displacement increase rate 

  

(a) Interfacial displacement 

 

(b) Increase rate of interfacial 

displacement 

Fig. 3-4  Interfacial displacement and increase rate of interfacial displacement 

for elastic shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa when 𝑇 = 0 and 𝑇 = 𝑇𝑚.  
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d𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, φ)/dφ for more than one roll rotation can be evaluated accurately  

from the displacement  increase rate d𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃, φ)/dφ| 𝜑≥360° at the initial one 

roll rotation. 

 

3.3.2 Slippage zone affected by the motor torque  

Fig. 3-5 shows the shear stress distribution 𝜏𝑟𝜃
𝑃(0)~𝑃(2𝜋) in comparison 

with the frictional stress 𝜇𝜎𝑟
𝑃(0)~𝑃(2𝜋) along the shrink-fitting surface. Fig. 3-5(a) 

shows the result of 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa after the initial one roll rotation  𝑃(0)~𝑃(2𝜋) 

under free rolling roll condition 𝑇 = 0. Fig. 3-5(b) shows the result of  𝐸𝑠ℎ𝑎𝑓𝑡 =

210 GPa after the initial one roll rotation 𝑃(0)~𝑃(2𝜋) under rated motor torque 

𝑇 = 𝑇𝑚. The notation 𝑃(0)~𝑃(2𝜋) denotes the initial one roll rotation expressed 

by the load shifting on the fixed roll from 𝜑 = 0 to 𝜑 = 2𝜋 . Although the 

displacement increases with increasing 𝜑 as shown in Fig. 3-4(a), the preceding 

paper confirmed that the stress 𝜎𝜃  change slightly with less than 8% by 

increasing 𝜑 [15]. It has been 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 𝜇 = 0.2 was used in an experimental study to discuss the slippage 

resistance on the interface. For the steel surfaces in general, and 𝜇 = 0.4 was 

often used [38]. Therefore, in this study, the friction coefficient 𝜇 = 0.3  is 

assumed between the sleeve and the shaft . By considering the FEM accuracy, the 

irreversible relative displacement may appear when 𝜏𝑟𝜃 ≅ |𝜇𝜎𝑟| within the error 

±1 MPa. This region is defined as the slippage zone ℓ𝑠𝑙𝑖𝑝. In the previous paper 

[12], the slippage zone ℓ𝑠𝑙𝑖𝑝 was named “quasi-equilibrium stress zone 𝜏𝑟𝜃 ≅

|𝜇𝜎𝑟|”. As shown in Fig. 3-5, the slippage zone ℓ𝑠𝑙𝑖𝑝 is much larger under rated 

motor torque 𝑇 = 𝑇𝑚 (Fig. 3-5(b)) compared with under the free rolling 𝑇 = 0  
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(Fig. 3-5(a)). This is the reason why the interfacial displacement increases in Fig. 

3-4(a) due to the rated motor torque 𝑇 = 𝑇𝑚.  

 

3.4 Effect of design factors and new design concept based on 

non-uniform slip 

3.4.1 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 𝜂, upper and lower roll distribution ratio, over t orque, and impact  

  

(a) Elastic shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa 

after the initial one roll rotation 

𝑃(0)~𝑃(2𝜋) with 𝑇 = 0.  

(b)Elastic shaft  𝐸𝑠ℎ𝑎𝑓𝑡=210 GPa after the 

initial one roll rotation  𝑃(0)~𝑃(2𝜋) with 

𝑇 = 𝑇𝑚.  

Fig. 3-5  Comparison of the slippage zone where 𝜏𝑟𝜃 ≅ |𝜇𝜎𝑟|  for (a) the elastic 

shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa with 𝑇 = 0 and (b) the elastic shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa 

with 𝑇 = 𝑇𝑚, both under the loading shift 𝑃(0)~𝑃(2𝜋) and 𝜇 = 0.3.  
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(a) Average displacement vs. 

𝑇 𝑇𝑚⁄ when  𝑃 = 𝑃0 and  𝐸𝑠ℎ𝑎𝑓𝑡 = 210 

GPa. 

  (b) Increase rate of interfacial 

displacement vs. 𝑇 𝑇𝑚⁄ when  𝑃 = 𝑃0 

and  𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa. 
  

(c) Average displacement vs. 𝑇 𝑇𝑚⁄  

for 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa when 𝑃 = 𝑃0, 

𝑃 = 2𝑃0 and 𝑃 = 3𝑃0.  

(d) Increase rate of interfacial 

displacement vs. 𝑇 𝑇𝑚⁄  for 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 

GPa when 𝑃 = 𝑃0,  𝑃 = 2𝑃0 and 𝑃 =

3𝑃0.  

Fig. 3-6 Average displacement and increase rate of displacement vs. 𝑇 𝑇𝑚⁄ when 

𝜑 = 2𝜋.  
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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.  

Fig. 3-6(a) shows the effect of torque 𝑇 normalized by the reference 

value 𝑇 𝑇𝑚⁄  on the average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) under one roll rotation 

φ = 2𝜋 when the load 𝑃 = 𝑃0 for the elastic shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa as well as 

rigid shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = ∞ .  With increasing 𝑇 𝑇𝑚⁄ ,  𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑)  increases 

significantly. The average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)

(𝜑)  under the rated motor 

torque  𝑇 = 𝑇𝑚 for the elastic shaft is 4 times larger than that of the rigid shaft, 

and 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) under  𝑇 = 3𝑇𝑚 for the elastic shaft is 9 times larger than the 

rigid shaft. As shown in Fig. 3-6(a), at  𝑇 = 0 , the average displacement 

𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) ≠0, which means under free rolling, the slippage may happen as 

discussed in the previous paper [14].  

Fig. 3-6(b) shows the effect of 𝑇 𝑇𝑚⁄  on the displacement increase rate 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 𝜑)/dφ at the initial one roll rotation φ = 2𝜋 when the load 𝑃 = 𝑃0 

for the elastic shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = 210 GPa as well as rigid shaft 𝐸𝑠ℎ𝑎𝑓𝑡 = ∞. With 

increasing 𝑇 𝑇𝑚⁄ ,  d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ increases significantly. The displacement 

increase rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 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 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 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. 3-6(a) and 

Fig. 3-6(b) show the elastic shaft modeling is necessary. In Fig. 3-4(b) and Fig. 

3-6(b), at 𝑇 = 0, the displacement increase rate  d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 𝜑)/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 
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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 rolling trouble. 

In Fig. 3-6(c), the solid line shows the effect of 𝑇 𝑇𝑚⁄  on the average 

displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)

(𝜑)  when both 𝑃  and 𝑇 increase proportionally . The 

average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) 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,  𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) for the elastic shaft is 8 

times larger than that of the rigid shaft. In Fig. 3-6(c), the dotted line shows the 

average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)

(𝜑) when the load P is fixed as 𝑃 = 𝑃0, 𝑃 = 2𝑃0, 

𝑃 = 3𝑃0 by varying the motor torque 𝑇 . Under fixed 𝑃 = 𝑃0,  the average 

displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)

(𝜑)  at 𝑇 = 3𝑇𝑚  is 5 times larger than 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)

(𝜑) 

at  𝑇 = 𝑇𝑚. However, under fixed  𝑇 = 𝑇𝑚, the average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) 

at 𝑃 = 3𝑃0  is 10 times larger than that at 𝑃 = 𝑃0. This observation explained that 

the effect 𝑃 on the average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) is larger than the effect 

𝑇.  

In Fig. 3-6(d), the solid line shows the effect of 𝑇 𝑇𝑚⁄  on the increase 

rate of interfacial displacement d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ  when 𝑃  and 𝑇  increase 

proportionally.  The displacement increase rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 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 , 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ for the elastic shaft is 31 times larger than that of the rigid 

shaft. In Fig. 3-6(d), the dotted line shows the displacement increase rate 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ  when the load 𝑃  is fixed as 𝑃 = 𝑃0, 𝑃 = 2𝑃0 ,  𝑃 = 3𝑃0 by 

varying the motor torque 𝑇. Under fixed 𝑃 = 𝑃0, the displacement increase rate 

d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ  at 𝑇 = 3𝑇𝑚  is 10 times larger than d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ 

at  𝑇 = 𝑇𝑚 . However, under fixed 𝑇 = 𝑇𝑚 , the displacement increase rate 
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d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ at 𝑃 = 3𝑃0  is 16 times larger than that at 𝑃 = 𝑃0. The larger 

change can be seen in the displacement increase rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ 

compared to the average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)

(𝜑) . If the rolling trouble 

happens, care should be taken for d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ increases abruptly.  

As shown in Fig. 3-6(c) and 3-6(d), under zero torque 𝑇 = 0, the 

average displacement 𝑢𝜃,𝑎𝑣𝑒.𝑇
𝑃(0)∼𝑃(2𝜋)(𝜑) as well as the displacement increase 

rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 𝜑)/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 reason why there is still resultant circumferential s lip in the case of zero 

torque [14] becomes clearer in this paper.  

 

3.4.2 Effect of shrink-fit ratio 𝜹 𝒅⁄  on non-uniform slip 

To prevent the overall sleeve slippage in shrink -fitted rolling roll, the slip 

resistance torque 𝑇𝑟 in Eq. (3-1) 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 pressure 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 in Eq. (3-1) 

is focused. In the above discussion, the shrink-fitting ratio 𝛿 𝑑⁄ = 0.5 × 10−3 is 

fixed to clarify the effect of the motor torque 𝑇 on the interface slippage. When 

𝛿 𝑑⁄ = 0.5 × 10−3, the slip resistance torque 𝑇𝑟 is larger than the rated motor toque 

𝑇𝑚 as 𝑇𝑟 = 6.77 𝑇𝑚. Generally, in the sleeve assembly type roll, the shrink -fitting 

ratio is applied in the range 𝛿 𝑑⁄ = 0.4 × 10−3~1.0 × 10−3. The limitation of 𝛿 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].  

Fig. 3-7 indicates the increase rate of interfacial displacement 
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d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ by varying the shrink-fitting ratio 𝛿 𝑑⁄  in the range 𝛿 𝑑⁄ =  

0~1.0 × 10−3.  The displacement increase rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ decreases with 

increasing shrink-fitting ratio 𝛿 𝑑⁄  regardless of the torque condition. This is 

because with increasing 𝛿 𝑑⁄ , the fitting pressure 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 increases. Then the slip 

resistance increases and the displacement increasing rate 𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ 

decrease.  

When the shrink-fitting ratio 𝛿 𝑑⁄ = 0, the displacement increase rate 

𝑑𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 𝜑)/𝑑𝜑 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 𝛿 𝑑⁄ → ∞, the sleeve 

and the shaft are integrated together  without slippage and therefore 

𝑑𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, 𝜑)/𝑑𝜑 → 0.  

In addition, under the reference value 𝛿 𝑑⁄ = 0.5 × 10−3, the displacement 

increasing rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ = 7.0 × 10−2 mm/deg when 𝑇 = 3𝑇𝑚, 𝑃 = 3𝑃0 

 

Fig. 3-7  Increase rate of interfacial displacement vs. 𝛿 𝑑⁄  when 𝜑 = 2𝜋,  𝑇 =

0, 𝑃 = 𝑃0,  𝑇 = 𝑇𝑚, 𝑃 = 𝑃0 and  𝑇 = 3𝑇𝑚, 𝑃 = 3𝑃0.  
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which is about 70 times larger than d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ = 0.1 × 10−2 mm/deg 

when 𝑇 = 𝑇𝑚, 𝑃 = 𝑃0. To prevent inner fracture of the sleeve, by using large 𝛿 𝑑⁄  

care should be taken for the large circumferential stress 𝜎𝜃 appearing at the inner 

surface causing the fracture.  

 

3.4.3 Effect of friction coefficient  𝝁 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 𝜇 = 0.1~1.0 including the reference value 𝜇 = 0.3. In the 

expimental study, 𝜇 = 0.2 was used between the sleeve inner surface and the shaft 

outer surface [1]. In addition, 𝜇 = 0.4 was reported as a friction coefficient 

between steels [38]. In this way, the values around 𝜇 = 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 𝜇 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 𝜇 = 0.82  for Armco iron/aluminum 

combination, 𝜇 = 0.58 for Armco iron/nickel, and 𝜇 = 0.52 for Armco iron/iron. 

Therefore, in this study, 𝜇 = 1.0  is used as the upper limit of the friction 

coefficient in a practical sense.  

Fig. 3-8 shows the displacement increase rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ by 

varying the friction coefficient 𝜇.  It can be seen that the displacement increase  

rate d𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ  decreases with increasing friction coefficient 𝜇 

regardless of the torque condit ion. Large shrink-fitting ratio 𝛿 𝑑⁄  and large 

friction coefficient 𝜇 can be used to prevent interfacial slippage, although there 

is a restriction on the range of use. Although large 𝛿 𝑑⁄  and large 𝜇 may prevent  



64 

 

  

(a) Conventional design concept based on 

overall slip in sleeve roll.  

(b) New design concept based on 

non-uniform slip in sleeve roll.  

Fig. 3-9.  Conventional design concept versus new design concept for sleeve 

roll. 

 

Fig. 3-8 Increase rate of interfacial displacement vs friction coefficient 𝜇 

when 𝜑 = 2𝜋,  𝑇 = 0, 𝑃 = 𝑃0,   𝑇 = 𝑇𝑚, 𝑃 = 𝑃0 and  𝑇 = 3𝑇𝑚, 𝑃 = 3𝑃0.  
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the interfacial slippage, it is difficult to use such 𝛿 𝑑⁄  and 𝜇 under the rolling  

trouble 𝑇 = 3𝑇𝑚, 𝑃 = 3𝑃0.   

 

3.4.4  Conventional design concept versus new design concept for 

sleeve roll 

Finally, Fig. 3-9 summarizes the difference between the conventional 

design concept and the new design concept obtained from the discussion of this 

paper. As shown in Fig. 3-9(a), the conventional method prescribes 𝑇 < 𝑇𝑟 from 

Eq. (3-1). Instead, the new method prescribes that the small amount of the 

interfacial slip may occur even under 𝑇 < 𝑇𝑚. Therefore, based on Fig. 3-9(b), a 

proper key should be designed to prevent interfacial slip.  

 

3.5  Conclusion for Chapter 3 

The shrink-fitted sleeve roll has several advantages. For example, the sleeve wear 

resistance can be improved independently 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 coefficient were also considered. The 

conclusions can be summarized in the following way.  

1 )  The displacement increase rate gradually increases during 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 
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rate because the phenomenon becomes stable after one rotation (see Fig. 3-4).  

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. 3-4). The 

acceleration effect of the motor torque 𝑇 can be explained by the "slippage 

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. 3-5). 

3 )  With increasing the motor torque 𝑇 as well as the loading force as 𝑃 ∝ 𝑇, the 

displacement increase rate  increases significantly (see Fig. 3-6). 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. 3-6).   

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. 3-6(c)).  

5 )  With increasing the shrink fit rate 𝛿 𝑑⁄ , the displacement increase rate 

decreases significantly (see Fig. 3-7). With increasing the friction coefficient 

𝜇, the displacement increase rate decreases significantly (see Fig. 3-8). The 

effect of the motor torque on the elastic shaft is much larger compared to the 

rigid shaft (see Fig. 3-6(a) and Fig. 3-6(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. 3-9(a) 

and Fig. 3-9(b)).  
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4  Experimental study to verify the interfacial slip  

4.1  Introduction  

In steel manufacturing industries, rolling process produces more tonnage 

than any other metalworking processes [1-20]. Among the rolls used in steel 

rolling, instead of a solid roll, is a sleeve assembly type roll which was developed 

by shrink-fitting the shaft into the sleeve. Some of them are successfully and 

practically used as a back-up rolls with a large body diameter exceeding 1000 mm 

and large H-shaped steel rolling rolls [1-3]. The sleeve assembly roll has several 

advantages, where the shaft can be reused by replacing the worn sleeve and; next 

generation rolls such as a super cermet roll can be manufactured only as a sle eve 

roll. Several peculiar problems have been solved through previous studies such as 

residual roll bending and sleeve cracking due to the circumferential sleeve slip 

[4-8]. Among them, the circumferential sleeve slip is a very severe one. This is 

because a “non-uniform sleeve slip” still  occurs even when the rolling is designed 

in a condition that “the overall slip” does not happen as the motor torque is 

applied to the roll [7, 8]. There are only a few studies that treated the interfacial 

slip quantitatively for the non-uniform slip behavior in the sleeve roll. This 

research highlights a similar slip phenomenon which is known to exist  in 

ball/roller bearing named “an interface creep phenomenon”, where the slip occurs 

between the shaft and the inner race as well as between the housing and the outer 

race [21-33]. 

In a previous study, a numerical simulation was performed for the 

interfacial slip under free rolling conditions while considering the work roll of 

4-high rolling mill (see Fig.  4-1(a)) [16]. Consequently, it was found that an 

interfacial slip can be expressed from the accumulation of a non -uniform slip in 

the circumferential direction. After confirming the interfacial slip under free  
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Fig. 4-1  Miniature rolling mill whose size is about 1/10 of the real rolling mill.  

 

rolling, the effect of the motor torque on the slip was investigated. I t was found 

that the slip was accelerated largely by the motor  torque [17]. On top of this, the 

effects of elastic shaft deformation, shrink-fitting ratio and friction coefficient 

were also studied [18, 19]. In those studies, the slip acceleration was explained 

from the slip region and the low stress region at the inter face although a detailed 

experimental verification has not been performed yet for the interfacial slip in 

rolling roll  [16-19]. 

In this paper, a rolling experiment was conducted to confirm the 

circumferential slip experimentally. Fig. 4-1 illustrates a miniature rolling mill 

with a size of approximately 1/10 from the real rolling mill. Since  a similar 

phenomenon is known as an interface creep in ball/roller bearing, the slip will be 

verified under free rolling. Note that, even when there is no shrink -fitting of 

𝛿 𝑑⁄ =0, the sleeve and the shaft managed to be in contact with each other due to 

the load 𝑃 in Fig. 4-1. Hence, the shrink-fitting ratios of 𝛿 𝑑 = 0⁄  and 
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𝛿 𝑑 = 0.21 × 10−3⁄  are considered in this study.  

  

4.2  Experimental verification of interface slips by using a miniature 

rolling mill  

4.2.1  Experimental conditions and methods 
Table 4-1  
Specifications of the miniature roll testing machine.  

Roll size 
Buck-up roll size (Body diameter 𝐷𝐵 × Body 
length) (mm) 
Buck-up roll material  

120 × 40 
 
SCM440 Quenched and 
tempered 

Work roll size (Body diameter 𝐷𝐵 × Body 
length) (mm) 

60 × 40 

Specification 
Load P (ton) 
Rotating speed (rpm)  

~10 
1150 

Driving system Work roll drive (Two rolls / 
One motor)  

Driving motor 
 

Power (kW), Pulse speed (Hz)  
Voltage (V), Current (A)  

Speed 3-phase induction 
motor 

55, 59.2 
180, 225 

Coil tension force (MPa)  100~1000 
Coolant: Front (L/min), Back  ~1.0, ~4.5 
Rolled coil size (mm), Material  1 × 15 × (250 × 103) 

(Thickness×Width×Length), 
Steel 

Fig. 4-1(a) shows a hot rolling mill testing machine that was developed by Hitachi 

Metals. Table 4-1 shows the specifications of the miniature roll testing machine 

[34]. This testing machine is used to evaluate surface roughness and weariness of 

the work roll by passing the hot coil between the upper and lower work rolls. 

However, in this research, a pair of the work rolls are driven by a direct contact 

without the passing of hot coil to realize the slip under free rolling. Fig. 4-1(b)  
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Table 4-2 
Test work roll specifications (see Fig. 4-3(b)). 

Specifications 
Size 𝐷,  𝑑, 𝑑1  (mm) 
Material 
Tensile strength 𝜎𝐵 (N mm2⁄ ) 
Hardness HB 

60, 48, 35 
SCM440 Quenched and tempered  
980 
Sleeve: 280~300 
Shaft: 305~330 

 
Table 4-3  
Experimental conditions.  

Test roll  
Shrink fitting ratio 𝛿 𝑑⁄  Roll A 0 

Roll B 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 457 Nm. 
1.0 
106~212 
Water 0.25, 2.0 
16.0~21.0 
Rotations until sleeve slip  

 

illustrates the roll configuration and the position of the  test roll in the rolling 

stand from the driving side. In this experiment, the upper work roll is the target 

roll without any driven state. The target work roll is driven by the contact force 

from the lower pair roll and also in touch with the upper back-up roll, which is 

supported by a roller bearing. Note that, the contact effect of the back -up roll is 

small and negligible. The target roll has a double shaft structure whereby the 

inner and the outer shafts are fixed wi th a key to realize the circumferential slip at 

the shrink-fitting interface between the sleeve and the outer shaft (see Fig. 4-3(c)). 

SCM440 material was used for both the sleeve as well as the shaft.  

 Table 4-2 shows the specifications of the test work r oll. The diameter of  
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(a) Roll A of 𝛿 𝑑⁄ = 0 at n = 1 × 104.  (b) Roll B of 𝛿 𝑑⁄ = 0.21 × 10−3 at n =

3 × 104.  

Fig. 4-2  Slipped target roll in miniature rolling mill in Fig. 4-1 observed from 

driving side (𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

(𝜃) = 𝑢𝜃,𝑆𝑙𝑒𝑒𝑣𝑒
𝑃(0)~𝑃(2𝑛𝜋)

(𝜃) − 𝑢𝜃,𝑆ℎ𝑎𝑓𝑡
𝑃(0)~𝑃(2𝑛𝜋)

(𝜃),  𝑛 = number of 

rotation). 

 

the test roll is about 1/10 of the diameter of the real roll. Table 4-3 displays the 

experimental conditions. Roll A denotes the roll without the shrink -fitting ratio of 

𝛿 𝑑⁄ = 0  and roll B denotes the roll with the shrink-fitting ratio of 𝛿 𝑑⁄ =

0.21 × 10−3. In the experiment, the work roll was cooled down by water at room 

temperature to prevent the changing of the shrink -fitting ratio due to a rising 

temperature. When the steady rotation speed reached 106 rpm or 212 rpm, a load 

of 1 ton was applied to ensure that the temperature change of the roll surface was 

within 5℃ or less during the experiment by a contact thermometer.  

 

4.2.2 Experimental results for interface slip 

Fig. 4-2(a) illustrates the slip status of roll A specimen with no 

shrink-fitting of 𝛿 𝑑⁄ = 0. The slip distance  ℓ𝑠 = 𝜋𝑑𝜃𝑠𝑙𝑖𝑝/360 can be obtained as  
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Table 4-4  
Experimental results of relative slip distance.  
Shrink-fitting 
ratio 𝛿 𝑑⁄  

Relative slip 
distance 

ℓ𝑠

=
𝜋𝑑𝜃𝑠𝑙𝑖𝑝

360
 (mm) 

Number 
of 
rotation 
𝑛𝑡 − 𝑛0 

Relative 
displacement 

 𝜋𝑑𝜃𝑠𝑙𝑖𝑝

360(𝑛𝑡−𝑛0)
 

(mm rev.⁄ ) 

Displacement 
increase rate 

 𝜋𝑑𝜃𝑠𝑙𝑖𝑝

3602(𝑛𝑡−𝑛0)
 

(mm deg.⁄ ) 

Roll A  
𝛿 𝑑⁄ = 0 

31.8 1 × 104 3.18 × 10−3 8.84 × 10−6 

Roll B 
𝛿 𝑑⁄

= 0.21 × 10−3 
32.3 3 × 104 1.08 × 10−3 2.99 × 10−6 

 

relative circumferential movement from the scribed lines as shown in Fig. 4-2(a), 

before and after the experiment. The slip angle 𝜃𝑠𝑙𝑖𝑝 = 76° specifying the slip 

distance  ℓ𝑠 = 𝜋𝑑𝜃𝑠𝑙𝑖𝑝 360⁄ = 31.8 mm which occurs after the number of the roll 

rotation n = 1 × 104.  Fig. 4-2(b) illustrates the slip status of roll B specimen of 

𝛿 𝑑⁄ = 0.21 × 10−3.  Fig. 4-2(b) shows the slip angle 𝜃𝑠𝑙𝑖𝑝 = 77° specifying the slip 

distance  ℓ𝑠 = 𝜋𝑑𝜃𝑠𝑙𝑖𝑝 360⁄ = 32.3 mm which occurs after the number of the roll 

rotation n = 3 × 104.  

In the previous study, the numerical simulation was performed to realize 

the circumferential slip in shrink-fitting sleeve roll (see Appendix A.1). The 

rotation of the roll was replaced by load shifting 𝑃(0)~𝑃(𝜑) with load shift angle 

𝜑 on a fixed roll surface. Afterwards, the interfacial displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) 

in the 𝜃 -direction was obtained [16-19]. In the next section, the notation 

𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) is illustrated as shown in Fig. 4-4. For instance, when the number of 

roll rotation is 𝑛, the non-uniform slip can be expressed as 𝑢𝜃
𝑃(0)~𝑃(2𝑛𝜋)(𝜃) by 

putting 𝜑 = 2𝑛𝜋. Since 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) slightly varies depending on 𝜃, the average 

value 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋) was defined in the previous paper as shown in Eq. (4-1) (see  
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(a) Real roll at the central 
cross-section 

(b) Miniature roll  (c) Work roll 
modeling 

Fig. 4-3  Schematic illustration for (a)  Real roll at the central cross-section, (b) 

Miniature roll and (c) Work roll modeling.  
 

Fig. A-2). 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)

=
1

2𝜋
∫ 𝑢𝜃

𝑃(0)~𝑃(𝜑)
(𝜃)𝑑𝜃

2𝜋

0
               (4-1) 

This average displacement is corresponding to the slip distance per rotation 

𝜋𝑑𝜃𝑠𝑙𝑖𝑝 (360 ∙ 𝑛)⁄  as shown in Eq. (4-2). The average displacement per rotation 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

𝑛⁄  is corresponding to the experimental value 𝜋𝑑𝜃𝑠𝑙𝑖𝑝 (360 ∙ 𝑛)⁄  as 

shown in Eq. (4-2). 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

𝑛⁄ =
𝜃𝑠𝑙𝑖𝑝𝜋𝑑

360∙𝑛
                     (4-2) 

In the numerical simulation, the displacement increase rate  𝑑𝑢𝜃,𝑎𝑣𝑒
𝑃(0)~𝑃(2𝑛𝜋)

𝑑𝜑⁄  was 

highlighted as well. In particular,  it  was found that 𝑑𝑢𝜃,𝑎𝑣𝑒
𝑃(0)~𝑃(2𝑛𝜋)

𝑑𝜑⁄  becomes 

almost constant after one rotation of the roll. The displacement increase rate 

𝑑𝑢𝜃,𝑎𝑣𝑒
𝑃(0)~𝑃(2𝑛𝜋)

𝑑𝜑⁄  can be expressed experimentally as similar as the slip distance  

 

𝜃  :  Circumferential  angle of sleeve  

𝜑0:  Load shift  interval  

𝜑  :  Load shift  angle  
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Table 4-5  
Analytical condition in the miniature roll  

Property 
Sleeve Young's modulus of steel sleeve E (GPa) 

Poisson's ratio of steel sleeve ν  
210 
0.28 

Shaft Young's modulus of shaft 𝐸𝑠 (GPa) 210 
Roll size 

Outer diameter of sleeve D (mm) 
Inner diameter sleeve d  (mm) 

60 
48 

Shrink-fitting 
Shrink-fitting ratio 𝛿 𝑑⁄  
Friction coefficient between sleeve and outer shaft 𝜇 

0.21 × 10−3 
0.3 

External force 
Concentrated load per unit width P (N/mm)  
 
 
Frictional force per unit width S  (N/mm) 
Bending force from bearing 𝑃𝑏  (Nm/mm) 

245 
(Total: 1 ton, Rolled 
width: 40 mm) 
0 
0 

 
 

(a) Define the pair of the loads 

shift from 𝜑 =  0 to 𝜑, and 𝜑 =

 𝜋 to (𝜋 +  𝜑) as 𝑃(0)～𝑃(𝜑).  

(b) Define the displacement 𝑢𝜃(𝜃) due to  

𝑃(0)～𝑃(𝜑) as 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃).  

 

Fig. 4-4  Definition of the relative displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) due to the shifted 

load 𝑃(0)~𝑃(𝜑) for the miniature roll specimen in Fig. 3.  

 

𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) 

= 𝑢𝜃,𝑆𝑙𝑒𝑒𝑣𝑒
𝑃(0)~𝑃(𝜑)

(𝜃) − 𝑢𝜃,𝑆ℎ𝑎𝑓𝑡
𝑃(0)~𝑃(𝜑)

(𝜃) 

𝜑 

𝜑 

𝑃 

𝑃 
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per degree shown in Eq. (4-3). 

𝑑𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

𝑑𝜑⁄ =
𝜃𝑠𝑙𝑖𝑝𝜋𝑑

360∙360𝑛
                     (4-3) 

Note that Eqs. (4-2) and (4-3) are assumed under the condition where the slip 

occurs consistently during the roll rotation. Table 4-4 shows the slip distance per 

rotation 𝜋𝑑𝜃𝑠𝑙𝑖𝑝/(360 ⋅ (𝑛𝑡 − 𝑛0) ) (mm/rev.) and the slip distance per degree 

𝜋𝑑𝜃𝑠𝑙𝑖𝑝/(3602 ⋅ (𝑛𝑡 − 𝑛0)) (mm/deg.). Here, the slip angle after the experiment is 

represented by 𝜃𝑠𝑙𝑖𝑝, the roll diameter is represented by 𝑑, and the number of 

rotations is represented by 𝑛. From Table 4-4, it  is found that both of the slip 

distance 𝜋𝑑𝜃𝑠𝑙𝑖𝑝/(360 ⋅ (𝑛𝑡 − 𝑛0)) and 𝜋𝑑𝜃𝑠𝑙𝑖𝑝/(3602 ⋅ (𝑛𝑡 − 𝑛0)) of roll A are nearly 

three times larger than the ones of roll B.   

 

4.3  Numerical simulation for an interfacial slip in the miniature roll  

4.3.1  Outline of numerical simulation of numerical simulations 

Figs. 4-3(a) and 4-3(b) illustrate the central cross-section of the real roll 

in comparison with the central cross -section of the miniature roll. Fig. 4-3(c) 

shows the load shifting method to realize the slip. In the miniature sleeve roll in 

Fig. 4-3(b), the inner shaft and the outer shaft are fixed by using a key so that the 

slip does not occur at the interface. Instead, the outer shaft and the sleeve are 

assembled by shrink-fitting so that the interfacial slip may be realized. In a real 

roll, in order to meet the demand for the high wear resistance and high toughness, 

bimetallic sleeve is commonly used for the rolling roll. Therefore, wear -resistant 

material such as high-speed steel or high-chrome steel is used for the outer layer, 

and alloy steel is used for the inner layer. In the miniature roll experiment, 

however, a steel sleeve and a steel shaft are used. Table 4-5 shows the detail of 

the sleeve properties, inner and outer shafts, as well as  the keys. As shown in Fig.  
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(a)  Sleeve (b) Shaft 

Fig. 4-5  Test specimen when 𝛿 𝑑⁄ = 0.21 × 10−3. 

 

4-3(c), the roll rotation is fixed by introducing a rigid body at the roll center.  

Fig. 4-4  illustrates the relative displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃) due to the 

shifted load  𝑃(0)~𝑃(𝜑) in Fig. 4-3. As shown in Appendix A.1 [16-19], the load 

shifting method is applied to investigate the non -uniform slip for the miniature 

roll specimen. In this study, to clarify the interfacial slip generation, free rolling 

is applied to both work roll and back-up roll. Presumably, the shaft rotation 

torque 𝑇 = 0 and the frictional force which is due to the rolled material 𝑆 = 0. 

Fig. 4-5 shows the FEM mesh with the dimension for the target roll having a 

double shaft structure whereby the inner shaft and the outer shafts are fixed with a 

key so that the slip may appear only at the shrink -fitted interface between the 

sleeve and the outer shaft. SCM440 materia l is used for both of the sleeve and the 

shaft. In this analysis, similar to the miniature roll experiment, the load 𝑃 =

245 N mm⁄  is applied from the back-up roll to the sleeve as well as the reaction 

force from the rolled plate to the sleeve [18]. The shrin k-fitting ratio is defined as 

δ/d which is composed from the shrink-fitting allowance δ  and the inner 
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diameter 𝑑. Here, 𝛿 𝑑⁄ = 0.21 × 10−3 is used in the miniature roll analysis. The 

friction coefficient between the sleeve and the outer shaft is 𝜇 = 0.3.  In the 

manufacturing procedure, firstly, the inner diameter of the sleeve is machined, 

and the shaft is shrink-fitted into the sleeve. Secondly, the inner diameter of the 

shaft is machined including the keyway. Finally, the inner shaft is fixed into the 

inner diameter by the key. The tightening allowance is 𝛿 = 0 mm for roll A and 

𝛿 = 0.01 mm  for roll B. The shrink-fitting ratios are 𝛿 𝑑⁄ = 0  and 𝛿 𝑑⁄ =

0.21 × 10−3 for roll A and roll B respectively.  

 

4.3.2 Comparison of slip distance obtained by the analysis and the 

experiment 

Table 4-6 summarizes the average value of the displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋) 

which is the slip distance in the experiment, as well as the displacement increase 

rate 𝑑𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

𝑑𝜑⁄  that was obtained by several simulations and  experiments. 

The simulation results in Table 4-6 are based on the results where the slip appears 

at the same time when the roll rotation starts, and consistently appears throughout 

the roll rotation without causing the slip defect. From Table 4-6, it  is seen that the 

simulation results are 3.6~4.3 times larger than the experimental results. This 

gap is due to a constant friction coefficient 𝜇 = 0.3 that was assumed in the 

simulation, even though the friction coefficient is kept changing with 𝜇 = 0.3~∞ 

throughout the experiment because of the growth of the slip defect. Although the 

results are comparatively larger, the current simulation can still be used for 

comparative purposes. For example, both experiment and numerical simulation 

showed that the results under no shrink-fitting of 𝛿 𝑑⁄ = 0 is 2.79~3.53 times 

larger than the results of 𝛿 𝑑⁄ = 0.21 × 10−3.  The following section explains the 

slip defect observed in the sleeve and shaft surfaces that are studied  
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Table 4-6  
Comparison of displacement increase rate and relative displacement between 
experiment and simulation.  
 
 
Shrink-fitting 
ratio 𝛿 𝑑⁄  

Displacement increase rate  Relative displacement  

𝑑𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

𝑑𝜑
=

𝜋𝑑𝜃𝑠𝑙𝑖𝑝

3602(𝑛𝑡 − 𝑛0)
 

(mm deg.⁄ ) 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝑛𝜋)

=
𝜋𝑑𝜃𝑠𝑙𝑖𝑝

360(𝑛𝑡 − 𝑛0)
 

(mm rev.⁄ ) 

Experiment 
(mm/deg.) 

Simulation 
(mm/deg.) 

Experiment 
(mm) 

Simulation 
(mm) 

Roll A  
𝛿 𝑑⁄ = 0 

0.884 × 10−5 3.074 × 10−5 0.318 × 10−2 1.356 × 10−2 

Roll B 
𝛿 𝑑⁄

= 0.21 × 10−3 
0.299 × 10−5 1.103 × 10−5 0.108 × 10−2 0.384 × 10−2 

 

 
(a) Sleeve surface of roll B, 𝛿 𝑑⁄ = 0.21 × 10−3.  

(b) Shaft surface of roll B,  𝛿 𝑑⁄ = 0.21 × 10−3.  

Fig. 4-6  Slip defects denoted by ① ,  ② ,  ③ ,  ④  observed on the (a) sleeve 

surface and (b) shaft surface.  
 



82 

 

comprehensively.  

 

4.4 Slip defects caused by an interfacial slip in miniature roll  

4.4.1  Observation on the sleeve surface 

A detailed observation was performed for the damaged surface of roll B 

with 𝛿 𝑑⁄ = 0.21 × 10−3 since the real sleeve roll is shrink-fitted. Fig. 4-6 shows 

the entire circumferential surfaces of (a) the inner surface of the sleeve and (b) 

the outer surface of the outer shaft (hereinafter referred to as the shaft). Four slip 

defects are denoted by ① ,  ② ,  ③ , ④ .  Here, the slip defect ②  is focused since 

the defect size ②  is relatively larger.  

Fig. 4-7 illustrates the enlarged views of the slip defect ② in Fig. 4-6(a). 

As indicated in Fig. 4-7(a), the entire defect can be classified into several regions. 

To express the characteristic of those regions, the term “slip  defect” is used for 

the entire region. On the other hand, the term “scratch” is used only at the earliest 

region. Moreover, the term “an ellipsoidal defect” is used at the end of the region. 

At the starting point of the defect in Fig. 4-7(a), some scratches with intermittent 

white lines are seen along with a pitch corresponding to the feed amount of the 

tool. Then, the slip defect is developed by erosion wear and cohesive wear during 

the rolling. Finally, the slip defect forms a comparatively larger ellipsoidal defect 

at the end of the defect since the slip is stopped.   

(a) Slip defect  ②  which can be classified into Region 1~Region 5 on the 

sleeve surface.  

4-7 
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(b) Enlarged view of Region 2 of slip defect ②  on the sleeve surface.  

 

In this way, the defect growing process can be classified into Region 1 ~ 

Region 5. Firstly, as shown in Fig. 4-7(b), Region 1 includes intermittent white 

lines caused by scratch wear. Due to the high -pressure contact at the top of the 

machined surface, the slip defect starts with the scratch at the top of roughness as 

arcuate protrusions. Secondly, in Region 2 in Fig. 4-7(b), those grooves between 

the white lines merge into a thick linear defect repetitively and gradually become 

thicker and glossy blackish grooves. From the analysis, this linear groove is 

formed due to the combined actions of the scratch wear, the adhesive wear, and 

the erosive wear.  As shown in the enlarged view in Fig. 4-7(b), spheroidal  
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(c) Enlarged view of Region 3 of slip defect ② on the sleeve surface.  

(Another slip defect to be united can be seen in Region 2.)  
 

 (d) Enlarged view of  Region 4 of slip defect ②  on the sleeve surface.  

particles can be seen in the grooves. This is a characteristic phenomenon that 

occurs when a slip is repeatedly applied under high -pressure, and is also a  
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(e) Enlarged view of Region 5 of slip defect ②  with the maximum depth 

250 μm on the sleeve surface. (The semicircular region at the left front 

of Region 5 was originally a normal wear surface and changed to the slip 

defect like surface after a certain period of non -slip). 

Fig. 4-7  Slip defect ②  whose whole region can be classified into Region 

1~Region 5 on the sleeve surface.  
 

characteristic of the adhesion wear phenomenon [37]. The spherical particles are 

in a strong bonded state because the wear debris sticks and adheres to each other 

by reciprocating motion under high-pressure. In the middle of Region 2, an 

elliptical shaped defect with black fragmentary grooves surrounded by  white 

dashed line frame can be seen in Fig. 4-7(b). This is a trace formed during the 

period when the slip was stopped for a relatively long time. More details will be 

shown in the upcoming Region 5 since a similar elliptical defect is seen in Region 

5. In Region 3, Fig. 4-7(c) portrays the width of the defect that becomes larger. 

This width extension is caused by the coalescence of another slip defects as 

shown in Fig. 4-7(c). Fig. 4-7(d) shows that, Region 4 includes irregular shaped 

4-12).  
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grooves during the defect’s width growth, unlike from other regions pre viously 

described. It may be conjectured that those irregular shaped grooves were caused 

by an erosive wear affected by the loss of the slip direction as the slip speed 

becomes slower. Note that there are signs of erosive wear existed even before 

Region 3. 

Fig. 4-7(e) shows the Region 5 part where the slip eventually remained. It 

is seen that the defect has reached the maximum depth, which will be further 

described later in Fig. 4-12. This state including the maximum depth can be 

regarded as the final point  of the defect. At this position, due to the stopping of 

the slip, cohesive wear occurs throughout the entire Region 5. Therefore, in 

Region 5, the cohesive particles are less likely to be discharged. Furthermore, due 

to the repetition of the compressive force acting at each rotation, the adhesion of 

wear products progresses mainly inside the groove. At the same time, the slippage 

stops due to an increase in slip resistance which is caused by the widening of the 

groove. A slope is observed at the final posi tion of Region 5. After a certain 

period of non-slip phenomenon, an elliptical trace of the entire Region 5 is 

formed in a similar way as the ellipse generation in Region 2. The reason behind 

the forming of this trace can be explained in the following way.  The cooling water 

drawn into the widened black groove is diffused to the surroundings during 

compression, and the cooling water is drawn in after decompression. This action 

is repeated for each roll rotation. Due to the repeated compressive force, the 

inside surface of the black groove began to crush. On top of that, the cohesive 

wear of the crushed particles inside of the black groove occurs in the depth 

direction and progresses to the deepest direction. Several irregular shapes which 

were formed due to the crush led to the increase in generating a gap between the 

sleeve and shaft, and preventing the contact by the apparent volume of the 
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cohesive particles. With the increase in the distance from the groove, the gap 

becomes smaller, and a contact condition is formed where the short radius is 1.7 

mm from the elliptical trace (on the outer circumference of the elliptical trace). 

Eventually, the elliptical erosive groove is formed at the contact portion due to 

the inflow and outflow of high-pressure and high-speed water.  

In Fig. 4-7(e), the semicircular area at the left front of Region 5 was 

originally a normal wear surface with no defect when the slippage stopped . 

However, it  was then changed to the slip defect like surface after a certain period 

of non-slip. The surface change is caused by an accumulation of the erosive wear 

and adhesion wear due to the drawing in and out of the cooling water under 

repeated compressive force. A similar pattern can be seen in Region 5  on the shaft 

surface. 

 

4.4.2  Observation on the shaft surface 

Fig. 4-8(a) illustrates the enlarged views of slip defect ②  in Fig. 4-6(b) 

on the shaft surface.  As indicated in Fig. 4-8(a), the entire defect on the shaft is 

classified into Region 1 ~ Region 5, which is similar to Fig. 4-7(a) on the sleeve. 

From Fig. 4-8(a), it  can be seen that Region 1 contains worm-eaten like erosive 

wear and intermittent white lines indicating scratch wea r. In addition, the 

discoloration range that looks like an oxide film is partially widened. In Region 2, 

although it is quite unclear, a series of continuous grooves can be seen and the 

width is gradually increasing. The groove is shallow, and white flakes  are 

scattered on the bottom of the groove, and the boundary of the grooves is also 

unclear. In Region 3, the groove width is further widened, and no difference can 

be seen between the state where white flakes are scattered and its surroundings. In 

Region 4, as shown in Fig. 4-8(b), the groove width suddenly expands. The inner  
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(a) Slip defect  ②  on the shaft surface consisting of Region 1~Region 5.  
 

(b) Erosive wear in Area A in Region 1 of slip defect ② .  

surface is blackish and glossy, and the partial boundary becomes clear. 

Nonetheless, glossy grooves with worm-eaten like erosive wear can also be seen 

irregularly, and the partial groove boundary  is unclear.  Region 5 is where the slip 

eventually stopped, and the position of the stop end coincides with the sleeve. 

Similar to the sleeve, an elliptical shape trace can be seen around the boundary 

(see Figs. 4-8(a) and 4-8(b)). During non-slip, due to the repeated contact, 

worm-eaten like erosive wear spreads further as shown in Fig. 4-8(c). Compared 

to Region 3, white flakes in Region 5 are also observed. Although they are not  

4-8(b)) 
4-8(c) 

4-7 
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(c) Erosive wear in Area B in Region 5 of slip defect ②.  
 

(d) Maximum height  170 μm in Area C in the right front of Region 5 of slip 

defect ② .  

Fig. 4-8  Slip defect ② whose whole region can be classified into  Region 

1~Region 5 on the shaft surface.  
 

uniformly dispersed as in Region 3 but are unevenly distributed under the 

influence of adhesive wear. In the semicircular region situated at the right front of  
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(a) 4-rolls rolling mill  
   

(i) Contact (ii) Generation of transfer 

element 

(iii)  Accumulation of 

transfer element 

 

  

 (iv) Formation of 
accumulated small lump 

(v) Growth of transfer 
cohesive ball  

(b) Detail of transfer particles formation process of Area C from Fig. 4-8(a). 

Fig. 4-9  Sasada's model of transfer particles and growth during sliding to 

explain the change from Region 1 to Region 2.  
 

Region 5 in Fig. 4-8(a), the maximum height of 170 μm can be seen as shown in 

Fig. 4-8(d). It should be noted, the maximum depth of the defect on the sleeve 

discovered is 170 μm, which later becomes 250 μm around the same area (see Fig. 

4-7(e) and Fig. 4-12). The cohesive mass is generated on the sleeve side, which 

has lower hardness, sticks to the shaft side, and swells to reach the maximum  

Drop off  
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height. It is conjectured that the cohesive mass is formed by applying a repeated 

compression load to the wear debris which was generated on  the sleeve side after 

the slip stops.  

In Sections 4.4.1 and 4.4.2, the slip defect ②  was observed on the sleeve 

and the shaft were classified into Region 1 ~ Region 5. From there, the 

characteristics and changes of those regions were described, leading to  the 

clarification of the defect formation and growth.  Similarly, slip defect ④  can be 

classified into Region 1 ~ Region 5 and its growth process can be traced as 

discussed for Figs. 4-7 and 4-8. 

 

4.4.3 Adhesive wear model for Region 1 and Region 2 

The adhesion wear generation for Region 1 and Region 2 can be explained 

by using a model proposed by Sasada as shown in Fig. 4-9 [35]. Fig. 4-9 

illustrates the growth and detachment process of the transferred particles when 

two opposite surfaces move relatively. In Fig. 4-10, the particles before falling 

off are illustrated as the wear particles at friction interface. The process can be 

summarized in the following way.  

(1) The real contact portions, which are the protrusions on the surface, 

come into contact and deform to form junctions.  

(2) The formed junctions are sheared and broke out from the inside of the 

material.  

(3) The broken part adheres to the contact surface and generates a transfer 

element, which is an elementary particle that forms a wear particle.  

(4) Adhesive particles which are generated on a mutual friction surface 

aggregate, merge at the friction interface, and grow to form transferred 

particles.  
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(5) Finally, wear occurs when the transferred particles are fallen off and 

released from the friction surface as wear particles.  

According to this model, the transferred particles are crushed and spread by 

frictional force while supporting the load at t he friction interface. In this way, the 

defect caused by interfacial slip begins with a scratch wear at the top of the 

finishing process. In regard to this, the starting point of the adhesive defect of the 

sleeve shown will be identified accurately to dete rmine the defect length in the 

next Section 4.4.4. 

 

4.4.4  Defect length in relation to the slip distance 

In this section, the defect length on the sleeve and shaft surface are 

considered. The slip starts with the roll rotation, and the starting point 

corresponds to the scribe line on the miniature roll specimen in Fig. 4-2. Due to 

the relative slip between the sleeve and shaft, the sleeve slip of the length ℓ𝑡𝑜𝑡𝑎𝑙
𝑠𝑙𝑒𝑒𝑣𝑒 

occurs in the direction which is opposite to the rotation with respect to the shaft. 

Instead, the shaft slip of the length ℓ𝑡𝑜𝑡𝑎𝑙
𝑠ℎ𝑎𝑓𝑡 occurs in the same direction as the 

rotation direction. The sum ℓ𝑡𝑜𝑡𝑎𝑙
𝑠𝑙𝑒𝑒𝑣𝑒+ℓ𝑡𝑜𝑡𝑎𝑙

𝑠ℎ𝑎𝑓𝑡 is compared with the slip amount  ℓ𝑠 = 

𝜋𝑑𝜃𝑠𝑙𝑖𝑝/360 in Fig. 4-2 that is obtained from the scribe line in the miniature roll 

specimen. The relationship between the slip distance ℓ𝑠 and the slip defect length 

in Fig. 4-6 is discussed by observing the slip defects ②  and ④  in detail since 

the defect size ②  and ④  are relatively largest.  

Fig. 4-10 shows the slip defects ②  and ④  on the sleeve and shaft were 

observed at 50× magnification. As shown in Figs. 4-10(a) and 4-10(b), the slip 

defect ②  has ℓ𝑡𝑜𝑡𝑎𝑙
𝑠𝑙𝑒𝑒𝑣𝑒 = 13.9 mm on the sleeve, ℓ𝑡𝑜𝑡𝑎𝑙

𝑠ℎ𝑎𝑓𝑡
 = 19.3 mm on the shaft and 

the total length is 13.9 + 19.3 = 33.2 mm. As shown in Figs. 4-10(c) and 4-10(d), 

the slip defect ④  has ℓ𝑡𝑜𝑡𝑎𝑙
𝑠𝑙𝑒𝑒𝑣𝑒 = 14.3 mm on the sleeve, ℓ𝑡𝑜𝑡𝑎𝑙

𝑠ℎ𝑎𝑓𝑡 = 18.4  
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(a) Slip defect ②  on the sleeve.  
 

(b) Slip defect ②  on the shaft.  
 

(c) Slip defect ④  on the sleeve. 
 

(d) Slip defect ④  on the shaft.  

Fig. 4-10  Slip defects ②  and ④  on the sleeve and shaft.  
 

mm on the shaft and the total length is 14.3 + 18.4 = 32.7 mm. Table 4-7 

summarizes those values. In Table 4-7, the total length for the defect ②  and ④  

are almost the same as the relative slip length of ℓ𝑠 = 32.3 mm that is obtained 

from the slip specimen in Fig. 4-2. That being the case, it  can be concluded that 

the starting point, as well as the ending point of  the defects, can be evaluated  

4-7 

4-7 

4-7  

4-7 
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Table 4-7  
Slip defect length observed on roll B in comparison with the slip length  ℓ𝑠 = 
𝜋𝑑𝜃𝑠𝑙𝑖𝑝 360⁄ = 32.3 mm in miniature roll specimen in Fig. 4-2. 
 ℓ𝑡𝑜𝑡𝑎𝑙

𝑠𝑙𝑒𝑒𝑣𝑒: Slip defect 
length on the 
sleeve (mm) 

ℓ𝑡𝑜𝑡𝑎𝑙
𝑠ℎ𝑎𝑓𝑡: Slip defect 

length on the shaft 
(mm) 

ℓ𝑡𝑜𝑡𝑎𝑙
𝑠𝑙𝑒𝑒𝑣𝑒+ℓ𝑡𝑜𝑡𝑎𝑙

𝑠ℎ𝑎𝑓𝑡: 
Total length 

(mm) 
Slip defect  ②  
Slip defect ④  

13.9 
14.3 

19.3 
18.4 

33.2 
32.7 

 
 

 
(a) Sleeve before cutting.  (b) Sleeve after cutting.  

 

(c) Slip defect  ②  on the sleeve. 

Fig. 4-11  Slip defect ②  on the sleeve to identify defect dimension.  

 

accurately reflecting the real slip.  

 

4.5  Fatigue strength evaluation of the real roll considering the slip 

and the defect 

4-2 

4-2  
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Fig. 4-12  Cross sectional observation of adhesive defect ②  at the 𝜃 =const. 

surface of the sleeve in Fig. 4-11. 

 
 

Fig. 4-13 Cross sectional observation of adhesive defect ②  at the z = const. 

surface of the sleeve in Fig. 4-11.  
 

Fig. 4-14  Ellipsoidal plow defect ②  geometry on the sleeve approximated by 

(𝑥/𝑎)2 + (𝑦/𝑏)2 + (𝑧/𝑐)2 = 1, 𝑎 = 1,  𝑏 = 0.25,  𝑐 = 4.0, 𝐾𝑡  ≅ 1.14 .  

 

4.5.1 Three-dimensional defect geometry in miniature roll specimen 

In this section, the geometry of the slip defect ②  is identified. Then, the 

stress concentration factor of the ellipsoidal part is estimated, and finally, fatigue 

strength of the real roll is investigated considering the slip as well as the slip 

defect. For roll B, the geometry of the slip defect ②  on the sleeve surface is 

identified by cutting the sleeve. Fig. 4-11 illustrates (a) the sleeve before cutting, 

4-7(e) 
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(b) the sleeve after cutting, and (c) the enlarged view of the defect ②  on the 

sleeve before cutting. A detailed identification of the defect depth ge ometry is 

carried out by observing the cross sections of AO and OB'.  

Fig. 4-12 shows the AO cross section in Fig. 4-11. On the other hand, Fig. 

4-13 shows the OB' cross section in Fig. 4-11. Fig. 4-12 and Fig. 4-13 portray the 

depth of 0.25 mm on AO cross section side and the depth of 0.17 mm on OB' cross 

section.  Fig. 4-14 illustrates a three-dimensional shape of the defect. This 

elliptical part can be approximately assessed as (𝑥/𝑎)2 + (𝑦/𝑏)2 + (𝑧/𝑐)2 = 1, (𝑎 =

1,  𝑏 = 0.25,  𝑐 = 4.0). Henceforth, the stress concentration factor of 𝐾𝑡 ≅1.14 can 

be estimated [36].  

 

4.5.2  Stress amplitude and mean stress in real roll  

In the previous paper as well as in Section 4-3, the interfacial slip was 

realized in the numerical simulation by applying the load shifting on the fixed roll 

surface to express the roll rotation [16-19]. In this section, the simulation can be 

applied to the real roll to evaluate the interfacial stress.  Fig. 4- 15 shows the 

dimensions of the real roll where fatigue strength should be evaluated. A standard 

load of 𝑃 = 𝑃0 = 13270 N/mm was applied to the real rolls that was used in the 

hot rolling [10, 11]. In this section, fatigue strength is evaluated under a severe 

load of 𝑃 = 1.5𝑃0, which considers the impact force during the plate biting as well 

as load variations due to the roll temperature change and setting error. Here, it  is 

assumed that the shrink-fitting ratio is 𝛿 𝑑 = 0.5 × 10−3⁄ and the friction 

coefficient between the sleeve and the shaft  is 𝜇 = 0.3 (see Sections 3.4.2 and 

3.4.3) [16-19]. 

Fig. 4-16 shows an interface stress variation in the 𝜃-direction due to two 

rotations of the load  shifting on a fixed roll. It is confirmed that one rotation and  
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two rotations create almost the same stress variation in the 𝜃-direction. Therefore, 

this section highlights the use of the stress obtained after two rotations to 

evaluate fatigue strength because of the high stability of the variation. In Fig. 

4-16, the interface stress variation 𝜎𝜃
𝑃(0)~𝑃(4𝜋)(𝜃) due to the two rotations of the 

standard load of 𝑃 = 𝑃0 shifting is compared with the 𝜎𝜃
1.5𝑃(0)∼1.5𝑃(4𝜋)(𝜃) due to 

 

Fig. 4-15  Real sleeve roll geometry used in hot strip rolling to evaluate fatigue 

strength assuming the shrink-fitting ratio of 𝛿 𝑑⁄ = 0.5 × 10−3 and the friction 

coefficient of μ = 0.3 between the sleeve and the shaft.  
 

Fig. 4-16  Interface stress variation 𝜎𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)
(𝜃)  due to the standard load of 

𝑃 = 𝑃0 shifting in comparison with 𝜎𝜃,𝑇=1.5𝑇𝑚

1.5𝑃(0)~1.5𝑃(4𝜋)(𝜃)  due to the severe load of 

𝑃 = 1.5𝑃0 shifting in Fig. 4-15. 
 

=13270 N/mm 
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the two rotations of the severe load of 𝑃 = 1.5𝑃0 shifting. The stress 𝜎𝜃
𝑃(0)~𝑃(4𝜋)

(𝜃) 

due to 𝑃 = 𝑃0 has maximum stress of 𝜎𝜃𝑚𝑎𝑥 = 79.4 MPa and the minimum stress 

of 𝜎𝜃𝑚𝑖𝑛 = 24.6MPa. Instead, the stress 𝜎𝜃
1.5𝑃(0)~1.5𝑃(4𝜋)

(𝜃) due to 𝑃 = 1.5𝑃0 has 

the maximum stress of 𝜎𝜃𝑚𝑎𝑥 = 91.3 MPa and minimum stress of 𝜎𝜃𝑚𝑖𝑛 = −24.7 

MPa. Here, 𝜎𝑎 which denotes the stress amplitude and 𝜎𝑚 which denotes the 

average stress are expressed in Eq. (4-4) and Eq. (4-5). 

𝜎𝑎 = (𝜎𝜃𝑚𝑎𝑥 − 𝜎𝜃𝑚𝑖𝑛) 2⁄                     (4-4) 

𝜎𝑚 = (𝜎𝜃𝑚𝑎𝑥 + 𝜎𝜃𝑚𝑖𝑛) 2⁄                     (4-5) 

Under the standard loading of 𝑃 = 𝑃0, the stress amplitude of 𝜎𝑎 = 27.4 MPa and 

the average stress of 𝜎𝑚 = 51.9 MPa are obtained. Instead, under the severe 

loading of 𝑃 = 1.5𝑃0, the stress amplitude of 𝜎𝑎 = 58.1 MPa and the average 

stress of 𝜎𝑚 = 33.3 MPa are obtained. With an increasing the load of 1.5 times 

larger, the stress amplitude 𝜎𝑎  increases by about 2.1 times larger and the 

average stress 𝜎𝑚 increases by about 0.6 times larger.  

 

4.5.3 Fatigue strength evaluation of the real sleeve roll on the stress 

amplitude versus mean stress diagram 

In this section, the fatigue strength of the real sleeve roll is evaluated by 

considering the circumferential slip. A similar defect identified in Section 4.5.1 

that occurs in the real roll due to the slip is assumed. If the defect geometry is 

similar to the one observed in the miniature roll, the fatigue strength of the sleeve 

can be examined by using a stress concentration factor of 𝐾𝑡   ≅1.14 which was 

obtained for the slip defect ②  in Fig. 4-14. Fig. 4-17 shows the stress amplitude 

versus the mean stress diagram ( 𝜎𝑎  - 𝜎𝑚  diagram) for the stress 𝜎𝜃  which 

appears at the inside of the sleeve. In this diagram, a tensile strength of 𝜎𝐵 = 415 

MPa for the inner layer material DCI is applied and a fatigue limit of 𝜎𝑤 = 166  
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Fig. 4-17  Stress amplitude versus mean stress diagram ( 𝜎𝑎 − 𝜎𝑚 diagram) to 

evaluate the real sleeve roll fatigue strength based on the DCI tensile strength of 

𝜎𝐵 = 415 MPa and DCI alternate fatigue strength of 𝜎𝑤0 = 166 MPa. 
 

MPa with the durability ratio of 0.4 is used. Point A in Fig. 4-17 shows the results 

𝜎𝑎 = 58.1 MPa and 𝜎𝑚 = 33.3 MPa under a load of P= 1.5𝑃0, while considering 

the impact force explained in Section 4.5.2 as well as superposing the residual 

stress of 156 MPa as the mean stress. To evaluate the fatigue risk on the safe side, 

the stress concentration factor of 𝐾𝑡 ≅1.14 is multiplies to the results of Point A, 

thus, Point A' is shown. As shown in Fig. 4-17, even by using a severe loading of 

𝑃 = 1.5𝑃0, Point A is still  located inside the endurance limit line. In addition, by 

considering the stress concentration of the defect, Point A' is also located inside 

the endurance line.  

 

4.6  Conclusion for Chapter 4 

Shrink-fitted sleeve rolls have several advantages and one of them is the 

possibility of reusing shaft by replacing the sleeve after consumed due to the 

=13270 N/mm 
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abrasion or the surface roughening. In the sleeve roll, however, an interfacial slip 

may occur between the shaft and the shrink-fitting sleeve which sometimes causes 

a sleeve fracture. In this paper, the interfacial slip was experimentally verified by 

using a miniature rolling mill through numerical simulation that have been 

discussed in previous studies. Consequently, the slip was confirmed, and the slip 

damage was identified. The conclusions can be summarized as follows:  

1) Regarding the relative slip distance, the numerical simulation results are 

approximately 3.6~4.3 times larger than the experimental results for both 

shrink-fitting ratio of 𝛿 𝑑 = 0⁄  and 𝛿 𝑑⁄ = 0.21 × 10−3. The comparison of the 

experimental results with the numerical simulation confirms the usefulness of 

the previous numerical simulation by Noda et al. [18, 19].  

2) The experiment and numerical simulation showed that under no shrink -fitting 

of 𝛿 𝑑 = 0⁄ ,  the slip distance becomes 2.79~3.53 times larger than the slip 

distance for 𝛿 𝑑⁄ = 0.21 × 10−3.  

3) The slip defect can be formed in the following way. Firstly, the slip defect sta rts 

with the contact of the surface roughness where the width is about to coincide with 

the pitch of the machining feed. Secondly, the slip defect is developed by the 

erosion and cohesive wear during the rolling. Finally, the slip defect forms a large 

oval-shaped erosion groove at the end of the scratch.  

4) The defects observed on the sleeve and the shaft can be classified into Region 1 ~ 

Region 5. The characteristics along with the changes of the regions are described, 

and the defect formation as well as growth were clarified.  

5) For the shrink-fitting ratio of 𝛿 𝑑⁄ = 0.21 × 10−3  from the miniature roll  

experiment, the slip distance of 𝜋𝑑𝜃𝑠𝑙𝑖𝑝 = 32.3 mm which is obtained from the 

marked line coincides with the sum of defect that is observed on the sleeve and the 

shaft, for defect ② : 33.2 mm and for defect ④ : 32.7 mm. This coincidence 
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showed that the start and the end points of the defects were clearly identified.  

6) The three-dimensional defect geometry was identified. The total length of the slip 

defect is 13.9 mm, and the maximum depth is 0.25 mm. The stress concentration 

factor can be estimated as 𝐾𝑡≅1.14 by using the assumption of ellipsoidal shape 

approximation. The fatigue risk of the sleeve roll was estimated by using the 

dimensions and results obtained by numerical simulation while considering the 

slip.  
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5  The inner surface stress and fatigue fracture analysis of 

shrink-fitted bimetallic sleeve roll  

5.1 Bimetallic work roll  

5.1.1 Introduction 

Rolling rolls are essential to the iron and steel industries, and therefore 

lots of efforts have been done to improve their mechanical properties. Fig. 5-1 

illustrates the rolling roll in roughing stands of hot rolling stand mills. The rolls 

are classified into two types; one is a single -solid type, and the other is a 

shrink-fitted assembled type consisting of a sleeve and a shaft. In shrink -fitted 

sleeve roll, although the wear and surface  roughness soon appear on the roll body, 

the shaft can be reused. However, it  is clarified in the previous study that this 

shrink-fitted structure has generated the interfacial slip between the sleeve  and 

the shaft [18, 49, 50]. Furthermore, in order to consider the roll breakage caused 

by the stress due to the interfacial slip, the stress state in the shrink -fitted surface 

will be focused in this paper.  

 

5.1.2 Numerical simulation method on interface slip under the action 

of shaft drive torque 

Fig. 5-1 illustrates two-dimensional modeling in numerical simulation. 

Fig. 5-1(a) illustrates the central cross-section of real roll and Fig. 5-1(b) 

illustrates the real roll by shifting the load on the roll surface with the roll center 

fixed. Here, the motor torque T is balanced with the frictional moment S as T = 

SD/2 where D is the sleeve outer diameter. Fig. 5-1(c) shows the analysis roll 

model that is used in the study. In Fig. 5-1, the roll is subjected to compressive 

force P from the back-up roll, the rolling reaction force Ph , the frictional force S 

from the strip, the bending force  Pb  from the bearing and torque T from the motor.   
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(a) Central cross-section 

view of real roll.  

(b) Real roll.  

 

(c) Analysis roll model.  

Fig. 5-1  Modeling and simulation for interfacial slip when P is the load from 

back-up roll and hot-strip, S is the frictional force, Pb is the bending force from 

bearing, T is the driving torque.  

 

 

Fig. 5-2 Interfacial displacement for shaft Young’s modulus  𝐸𝑠ℎ𝑎𝑓𝑡= 210 GPa in 

comparison with 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ .  
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Since two-dimensional model is applied, the external force per unit length 

should be considered. The loading condition used in this study is the concentrated 

loading P from the back-up roll and the reaction P from the strip with P=13270 

N/mm. Here, when the rated torque of the motor is  Tm = 471Nm/mm, the frictional 

force can be calculated as S=1346Nm/mm. The shrink-fitting ratio is defined as 

δ/d, where δ  is the diameter difference between the inner diameter of the sleeve 

and d  is the sleeve inner diameter. In this study, δ/d = 0.5×10 -3  is used with the 

friction coefficient µ = 0.3 between the sleeve and the shaft.  

In this analysis, the circumferential relative displacement at the interface 

between the sleeve and shaft when load move from the angle 𝜑 = 0𝑜 to 𝜑 = 𝜑 is 

defined as 𝑢𝜃
𝑃(0)~𝑃(𝜑).  Here, notation φ denotes the load shifting angle and θ 

denotes the position where the displacement is evaluated. Thus, the accumulation 

of the displacement is given by the Eq. (5-1). 

  
(a) 𝜎𝜃,𝑇

𝑃(0)~𝑃(2𝜋)
, 𝜎𝜃,𝑇

𝑃(0)~𝑃(4𝜋) and 

𝜎𝜃,𝑇
𝑃(0)~𝑃(6𝜋) for 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞.  

 

(b) 𝜎𝜃,𝑇
𝑃(0)~𝑃(2𝜋)

, 𝜎𝜃,𝑇
𝑃(0)~𝑃(4𝜋) and 

𝜎𝜃,𝑇
𝑃(0)~𝑃(6𝜋) for 𝐸𝑠ℎ𝑎𝑓𝑡= 210 GPa. 

Fig. 5-3  𝜎𝜃,𝑇
𝑃(0)~𝑃(2𝜋)

, 𝜎𝜃,𝑇
𝑃(0)~𝑃(4𝜋) and 𝜎𝜃,𝑇

𝑃(0)~𝑃(6𝜋) when number of rotations n  = 1, 2 

and 3 of 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ and 𝐸𝑠ℎ𝑎𝑓𝑡=210 GPa. 
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Fig. 5-4  Stress amplitude 𝜎𝑎 and mean stress 𝜎𝑚 for 𝐸𝑠ℎ𝑎𝑓𝑡=210 GPa in 
comparison with 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞.  

 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)

=
1

2𝜋
∫ 𝑢𝜃

𝑃(0)~𝑃(𝜑)
(𝜃)𝑑𝜃

2𝜋

0
                (5-1) 

Fig. 5-2 shows the interfacial displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) by rotating the load twice 

for shaft Young’s modulus 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ and 𝐸𝑠ℎ𝑎𝑓𝑡= 210GPa. From the figure, the 

amount of interfacial slip 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) increases almost linearly with increasing the 

load shift angle 𝜑. The interface slip may occur as soon as the load shifting 

starts. 

 

5.1.3  Stress on the inner surface of the sleeve 

In the sleeve assembly type roll, it  should be noted that the 

circumferential slippage sometimes occurs even though the resistance torque at 

the interface is larger than the  motor torque. Due to this slip, a localized adhesion 

occurs and causes a crack initiation. Then, the crack propagates and form a 

groove-like flaw. The repeated stress concentration at this flaw increases the flaw 
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dimension and finally cause sleeve fracture  [6].  In this way, the stress  𝜎𝜃 

appearing at the shrink-fitted surface should be estimated since 𝜎𝜃 is the largest 

stress component and causes such damage . 

Fig. 5-3 shows the stress distribution 𝜎𝜃,𝑇
𝑃(0)~𝑃(2𝜋) , 𝜎𝜃,𝑇

𝑃(0)~𝑃(4𝜋) and 

𝜎𝜃,𝑇
𝑃(0)~𝑃(6𝜋) when the number of rotations n= 1, 2 and 3, respectively, for (a) 

𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ and (b) 𝐸𝑠ℎ𝑎𝑓𝑡= 210GPa. In Fig. 5-3(a), there is almost no difference 

in the stress distribution 𝜎𝜃 when n= 1, 2 and 3. From Fig. 5-3(a), the maximum 

stress is 𝜎𝜃,𝑚𝑎𝑥= 121MPa and the minimum stress is  𝜎𝜃,𝑚𝑖𝑛= 72MPa. In Fig. 5-3(b), 

the interfacial stress obtained shows differences in the stress distribution when n= 

1, 2 and 3. From Fig. 5-3(b), the maximum stress is  𝜎𝜃,𝑚𝑎𝑥= 171MPa and the 

minimum stress is  𝜎𝜃,𝑚𝑖𝑛= 16MPa. Regarding the possibility of fatigue fracture 

from the inner surface of the sleeve due to these stresses, it  is known that the 

inevitable tensile residual s tress has a large effect on the inner surface of the 

sleeve. 

The stress amplitude at which failure occurs for a given number of 

rotations is simplified in Fig. 5-4. In Fig. 5-4, stress amplitude 𝜎𝑎 and mean 

stress 𝜎𝑚 for 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ shows almost constant values as n  increases. As for 

𝐸𝑠ℎ𝑎𝑓𝑡= 210GPa, the fatigue strength shows the safety variation because stress 

amplitude 𝜎𝑎  and mean stress 𝜎𝑚  decreasing as the number of rotations 

increases.  

 

5.1.4  Conclusion 

In this paper, the stress due to the interfacial slip is studied because the 

stress may cause the sleeve fracture. In this study, the circumferential stress 𝜎𝜃 

should be estimated since 𝜎𝜃 is the largest stress component and may cause 

sleeve damage. From the analysis, it was found that the stress in the shrink -fitted 

https://www.jstage.jst.go.jp/article/tetsutohagane/105/12/105_TETSU-2019-048/_html/-char/en#f14
https://www.jstage.jst.go.jp/article/tetsutohagane/105/12/105_TETSU-2019-048/_html/-char/en#f14
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surface for 𝐸𝑠ℎ𝑎𝑓𝑡 → ∞ shows almost constant values as the number of rotations n  

increases. As for 𝐸𝑠ℎ𝑎𝑓𝑡= 210GPa, the stress in the shrink-fitted surface is slightly 

decreased with increasing n . Therefore, the stress obtained by simulation at n= 2 

can be used to estimate the fatigue strength.  

 

5.2  Bimetallic sleeve roll  

5.2.1  Introduction 

The rolling process is the most common metalworking process in the steel 

industries [1-22]. In steel industries, sleeve assembly types of rolling roll whose 

shaft is shrink-fitted into a hollow cylinder have been tried to be used. There have 

been successful applications of those sleeve rolls as work rolls for large steel 

H-sections and also as back-up rolls having large body diameters of more than 

1000 mm. Fig. 5-5 shows an example of the sleeve roll used as a real hot strip 

rolling roll. Many technical terms including composite, com pound and bimetallic 

are often used to describe the  ductile casting iron (DCI) and high-speed steel 

(HSS) rolls. Similar to our previous papers, the term "bimetallic" is used in this 

article [18-19]. With improved heat crack as well as wear resistance, bim etallic 

work rolls are developed as an alternative to the conventional single -material 

rolls [12–14]. These sleeve rolls have some advantages such as after consumption, 

by replacing only a worn-out and abraded sleeve, the shaft can be reused. 

Moreover, the wear resistance of the sleeve can be improved separately while 

maintaining 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.  

Several particular problems must be resolved to develop this shrink -fitted 

sleeve roll. They are referred to as residual roll deflection, fretting fatigue cracks  
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(a) Single material sleeve roll.   

(b) Bimetallic sleeve roll.  

Fig. 5-5  Schematic illustration for real hot strip rolling roll.  
 

that grow at the endmost of the sleeve, and sleeve breakage that results from 

circumferential sleeve slippage [5–11]. From those problems, zero detailed 

studies have been carried out on circumferential slippage in the rolling roll. The 

same slippage that occurs in ball bearing as well is known as “interfacial creep” 

has been reported although no quantitative analysis can be found [23-35]. 

Considering those situations, in the authors’ previous studies, numerical 

simulation was carried out to clarify the slippage by assuming a single material 

sleeve roll  in Fig. 5-5(a) [17-21]. It is noteworthy that although the resistance 

torque near the interface is set to be greater than the motor torque, the 

circumferential slippage still occurs oftentimes. This is because non -uniform slip 

is caused by the loading although the conventional design only considers overall 
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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.   

Hence, this paper highlights the fatigue risk evaluation for the HSS 

bimetallic sleeve roll which is an extension of the numerical simulation for 

interfacial slip. Then, the stress variation due to the interfacial slip will be 

focused on instead of the relative slip displacement in the previous paper. The 

damage which is created by the slip will be considered as a defect reported in the 

previous studies. 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.  

 

5.2.2  Interfacial slip simulation on the interface stress 𝝈𝜽 

In the previous studies [17-21], numerical simulations were 

performed to clarify the slippage by using a simplified rigid/elastic shaft in 

a single material sleeve roll as shown in Fig. 5-5(a). Then, the amount of 

the slip was investigated by varying  several design factors such as shaft 

deformation, shrink-fitting ratio and motor torque condition. The  outline for 

the load shifting method [17-21] is indicated in Appendix A.1, replacing the 

real roll rotation by the load shifting on the fixed roll.  

Fig. 5-5 illustrates a sleeve roll considered for the fatigue risk 

evaluation when it is used in the 4-stage rolling mill. In the sleeve roll  
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shown in Fig. 5-5(a), a steel shaft is shrink-fitted to a steel sleeve. Since it is 

necessary to have different properties of the sleeve, the bimetallic sleeve is used 

as the outer and inner layers. Fig. 5-5(b) shows an example of the bimetallic 

sleeve roll commonly used in metalworking which is built by the centrifugal 

casting process. In Fig. 5-5(b), a steel shaft is shrink-fitted to a sleeve roll that 

consists of a bimetallic sleeve. Here, there is a two-layer sleeve, which is an inner 

layer that is made of high ductility material known as ductile casting iron (DCI), 

and an outer layer that is made of high wear resistance and toughness material 

known as high-speed steel (HSS).  

 As shown in Fig. 5-5, the frictional force 𝑆 from the hot strip, the rolling 

force 𝑃ℎ, as well as compressive force 𝑃 from the back-up roll are applied on the 

roll. The two-dimensional modelling is used to simulate the interfacial slippage in 

rolling roll; and thus the external force per unit length and the motor torque 𝑇 

must be taken into consideration. From Fig . 5-5, it  is known that length difference 

between the width of the hot strip and the back -up roll leads to the acting bending 

force 𝑃𝑏 near the bearing. In the rol ling process, these three forces which are the 

bending force 𝑃𝑏, the rolling reaction force 𝑃ℎ, as well as the rolling force  𝑃 

must be approximately the same. However, the bending force 𝑃𝑏 = 0 is assumed 

in this study since 𝑃𝑏  is evaluated to be <10% of 𝑃 and 𝑃ℎ  [5]. Therefore, 

equivalent forces of the rolling force from the back -up roll (= ~𝑃 × length of 

back-up roll) and the rolling reaction force from the strip ( = ~𝑃ℎ × width of the 

hot strip) can be achieved as P ≃ 𝑃ℎ. The condition P ≃ 𝑃ℎ as considered in this 

study is referred to the loading conditions at the fifth stage of hot strip mill 

finishing train [5].  

Fig. 5-6 shows the implementation of the two-dimensional modelling that 

is used in the numerical simulation. In Fig. 5-6(a), the real roll rotation is defined  
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by the load shifting method where the load is shifted on the fixed roll surface [17 –

22]. In this study, the concentrated rolling load P is applied on the roll. During 

the rolling process, friction S  and the driving torque T from the motor to the shaft 

are used to compress the hot strip between the rolls. Fig. 5-6(b) is a model in 

which the sleeve is a two-layer sleeve made of high-speed material and ductile 

material, and steel shaft is used in this study. In the simulation,  it is necessary to 

introduce a rigid body at the center of the shaft in order to prevent the roll 's 

center from rotating and to restrain the displacement. It is confirmed that the rigid 

body size at the center does not affect the result, and a diameter of 8 mm is used. 

The divided mesh for the finite element method (FEM) analysis is also shown in 

Fig. 5-6(b).  

 

 

𝑃: Load form back-up roll and hot strip 
(N) 
𝑆: Frictional force (N) 
𝑃𝑏: Bending force from bearing (N)  
𝑇: Driving torque (N m), T = SD/2  
𝑇𝑚: Rated torque of motor (N m)  
𝑇𝑟: Slippage resistance torque (N m)  

𝜃: Circumferential angle of sleeve  
𝜑0: Load shift interval  
φ: Load shift angle 

 

(a) Real roll.  (b) Analysis roll model.  

Fig. 5-6  Modeling for bimetallic sleeve roll.  
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 In Fig. 5-6, a numerical analysis of the sleeve assembly type roll is 

conducted using the finite element method (hereafter referred to as FEM).  FEM 

simulation must be well performed to realize the interface slippage according to 

experience and skills offered for engineering applications. A mesh -independent 

technique was presented in the previous studies for bonded problems which 

demonstrated the insensitivity of the displacement boundary condition to the FEM 

mesh error [36-39]. The contact status changes when tightened the 

pitch-difference nut was clarified [40] and by using consecutive quasi-static 

analyses, dynamic deformation was investigated [41]. Based on t hese skills, the 

axial movement of the shaft during rotation of a ceramic roll was studied by 

transferring the load on the fixed shaft [42 -45]. This paper emphasizes that by 

using the above technique for the elastic contact quasi -static study of rolling 

rolls, the circumferential sleeve slippage is analyzed with the use of FEM code 

Marc/Mentat 2012. Direct constraint method and complete Newton-Raphson 

method are applied for the contact study. Figure 2B illustrates a 4 -node 

quadrilateral plane stra in, with a mesh of 3. × 105  elements, which indicates that 

the mesh does not affect the results [46].  

 Table 5-1 portrays the boundary conditions, roll model dimensions, as 

well as mechanical properties which are used in the analysis.  This section 

highlights the standard compressive force 𝑃 is 𝑃 = 𝑃0 and the standard drive 

torque is 𝑇 = 𝑇𝑚.  In this study, the loading condition corresponds to the data 

obtained from the No. 5 stand of a hot strip finishing rolling mill [4, 5]. The 

conditions are assumed to be equivalent to hot rolling of ordinary steel sheets 

when a standard load 𝑃 = 𝑃0 = 13270 N/mm per 1 mm of the roll is applied. By 

applying the concentrated force  𝑃 on the roll surface to replace the Hertzian 

contact stress, a small effect regarding the interfacial slippage can be confirmed.  
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Table 5-1   

Dimensions, mechanical properties and boundary conditions of roll model  

Mechanical 

properties 

Sleeve Shell        𝐸𝑠𝑙𝑒𝑒𝑣𝑒 

       𝜐𝑠𝑙𝑒𝑒𝑣𝑒 

Core     𝐸𝑠𝑙𝑒𝑒𝑣𝑒 

        𝜐𝑠𝑙𝑒𝑒𝑣𝑒 

233 GPa 

0.3 

173 GPa 

0.3 

Shaft         𝐸𝑠ℎ𝑎𝑓𝑡 

 𝜐𝑠ℎ𝑎𝑓𝑡 

210 GPa 

0.28   

Roll size Outer diameter of sleeve 

Inner diameter sleeve 𝑑1 

Inner diameter sleeve 𝑑2 

700 mm 

540 mm 

450 mm 

Shrink fitting Shrink fitting ratio 𝛿 𝑑⁄  

Friction coefficient between sleeve 

and shaft 𝜇 

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 𝑇𝑚
∗ 

Resistance torque per unit width 𝑇𝑟
∗ 

Bending force from bearing 𝑃𝑏 

13270 N/mm 

Total: 1.327×107 N 

Rolled width: 

1000mm 

1346 N/mm 

471 N/mm 

3193 N m/mm 

0 N/mm 

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. 

 Here, 𝛿 𝑑⁄  is the shrink-fitting ratio, in which 𝛿 represents the diameter 

difference of the shaft outer diameter and the sleeve inner diameter. In 

accordance with many years of experience, sleeve rolls usually have a 

shrink-fitting ratio 𝛿 𝑑⁄ = 0.4 × 10−3~1.0 × 10−3.  This phenomenon, which is due 
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to small value of approximately 𝛿 𝑑⁄ < 0.4 × 10−3 could make the interface prone 

to slippage, while large value of approximately 𝛿 𝑑⁄ > 1.0 × 10−3 could lead to 

the sleeve fracture [6]. In this paper, 𝛿 𝑑⁄ = 0.5 × 10−3  is used to study the 

interfacial slippage between sleeve and shaft. A study has been conducted by 

considering the shrink-fitting ratio effect on the interfacial slippage [18]. Friction 

coefficient 𝜇 controls the slippage resistance at the interface, whereby 𝜇 = 0.2 

was applied in experimental study and 𝜇 = 0.4  was applied previously for 

surfaces of steel [1, 47]. This research uses a friction coefficient of  𝜇 = 0.3 

since a friction coefficient in the range of 𝜇 = 0.2~0.4 are commonly used for the 

sleeve assembly type rolls.  

 

5.2.3  Simulation results of rolling stress generated on the inner 

surface of the sleeve 

5.2.3.1 Rolling stress 𝝈𝜽 on the inner surface of the sleeve 

The circumferential slippage sometimes occurs  in the sleeve roll even 

though the resistance torque at the interface is set to be larger than the motor 

torque. In the previous studies, the interfacial slip was realized by the load 

shifting method described in Appendix A.1. 

Fig. 5-7(a) shows the interfacial slip 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0) (𝜃), which is the relative 

displacement 𝑢𝜃  at 𝜃 =  𝜃 when the standard drive torque is 𝑇 = 𝑇𝑚  and the 

initial load 𝑃 = 𝑃0  is applied at 𝜑 = 0  as 𝑃(0).  Fig. 5-7(a) also shows 

𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(2𝜋)(𝜃), which is the circumferential displacement 𝑢𝜃 when the standard 

rolling condition 𝑃 = 𝑃0, 𝑇 = 𝑇𝑚  moves from 𝜑 = 0 to 𝜑 = 2𝜋  as P(0)~P(2𝜋). 

Fig. 5-‘(a) also shows 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)(𝜃) when the standard rolling condition 𝑃 =

𝑃0, 𝑇 = 𝑇𝑚  moves two rotations as P(0)~P(4𝜋).  As shown in Fig. 5-7(a), the 

displacement 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)
(𝜃) increases with increasing  𝜑. Since the displacement  
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𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)
(𝜃) varies depending on 𝜃, the average displacement is defined as in Eq. 

(5-2). 

𝑢𝜃,𝑎𝑣𝑒.,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)
=

1

2𝜋
∫ 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)
(𝜃)𝑑𝜃

2𝜋

0

                             (5 − 2) 

As shown in Fig. 5-7(a), more clearly, the average displacement 𝑢𝜃,𝑎𝑣𝑒.,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)  

increases due to the load shifting from 𝜑 = 0 to  𝜑 = 4𝜋.  

 If such circumferential slip 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑)
(𝜃) 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 initiates and 

propagates at the sleeve inner surface causing the final fracture  [6]. 

 Since 𝜎𝜃 is the dominant stress component and leads to such failure, the 

shrink-fitted surface stress 𝜎𝜃  is emphasized in this paper. The stress  

  

(a) Displacement distribution 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0) ,  

𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜋) and 𝑢𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(2𝜋).  
 

(b) Comparison of 𝜎𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃) and 

𝜎𝜃
𝑃(0)~𝑃(4𝜋)

(𝜃).  

Fig. 5-7  Comparison of the displacement and stress distribution.  
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𝜎𝜃
𝑃(0)~𝑃(𝜑)

(𝜃)  is defined as the interface stress 𝜎𝜃  due to the load shifting 

𝑃(0)~𝑃(𝜑) from the angle 𝜑 = 0 (𝜑 = 𝜋) to 𝜑 = 𝜑 (𝜑 = 𝜑 + 𝜋). As shown here, 

notation 𝜑 indicates the angle at which the load is shifting, and notation 𝜃 

represents the position where the stress is evaluated.  

 Fig. 5-7(b) shows the stress distribution, 𝜎𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(2𝜋)(𝜃),  which is the 

stress  𝜎𝜃 when the load 𝑃 = 𝑃0 moves one rotation as P(0)~P(2𝜋).  Fig. 5-7(b) 

also shows 𝜎𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)(𝜃)  when the load 𝑃 = 𝑃0  moves two rotations as 

P(0)~P(4𝜋). As shown in Fig. 5-7(b), no large difference between 𝜎𝜃 after one 

rotation and 𝜎𝜃  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 obt ained after two rotations 

can be always used irrespective of the number of the roll rotation.  

 Fig. 5-8 shows the stress distribution along the interface 𝜎𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)
(𝜃) 

when the load 𝑃 = 𝑃0 moves two rotations as P(0)~P(4𝜋) in comparison with the 

stress distribution 𝜎𝜃,𝑇=1.5𝑇𝑚,
1.5𝑃(0)~1.5𝑃(4𝜋)

(𝜃)  when the load 𝑃 = 1.5𝑃0  moves as 

P(0)~P(4𝜋). Under the load 𝑃 = 𝑃0, the maximum stress is 𝜎𝜃𝑚𝑎𝑥
𝑃0 = 79.4 MPa and 

the minimum stress is 𝜎𝜃,𝑚𝑖𝑛
𝑃0 = 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 𝜎𝜃,𝑚𝑎𝑥
1.5𝑃0 = 91.3 MPa and the minimum stress 

is 𝜎𝜃 𝑚𝑖𝑛
1.5𝑃0 = −24.7 MPa. Here, the stress amplitude 𝜎𝑎 and the mean stress 𝜎𝑚 are 

expressed in Eq. (5-3) and Eq. (5-4). 

𝜎𝑎 = (𝜎𝜃𝑚𝑎𝑥 − 𝜎𝜃𝑚𝑖𝑛) 2⁄                  (5-3) 

𝜎𝑚 = (𝜎𝜃𝑚𝑎𝑥 + 𝜎𝜃𝑚𝑖𝑛) 2⁄                  (5-4) 

For the stress 𝜎𝜃 under the load 𝑃 = 𝑃0, the stress amplitude is 𝜎𝑎 = 27.4 MPa 

and mean stress is 𝜎𝑚 = 52.0 MPa. On the other hand, under the load  𝑃 = 1.5𝑃0,  

the stress amplitude is 𝜎𝑎 = 58.0 MPa and mean stress is 𝜎𝑚 = 33.3 MPa. This  
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observation shows that by considering the impact force  𝑃 = 1.5𝑃0,   the stress 

amplitude 𝜎𝑎 is about 2.1 times and the mean stress 𝜎𝑚 is about 0.6 times from 

the stress under the standard condition 𝑃 = 𝑃0. 

 

5.2.3.2 Contact stress 𝝈𝒓 on the inner surface of the sleeve  

 Previously the authors found the smaller contact stress region where the 

slip is promoted [19]. The region where the contact stress 𝜎𝑟,𝑇=𝑇𝑚

𝑃(0)~𝑃(𝜑) becomes 

smaller than the original shrink-fitted stress 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
 as 𝜎𝑟

𝑃(0)~𝑃(4𝜋)
≦ 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘

is 

characterized by a smaller contact stress region ℓ𝑠𝑚𝑎𝑙𝑙 . Here, the shrink-fitting 

stress is the stress at the shrink-fitted surface without applying the load 𝑃 which 

denotes as 𝜎𝑟𝑠ℎ𝑟𝑖𝑛𝑘
.  

 Fig. 5-9 shows the stress distribution 𝜎𝑟,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)(𝜃) when the load 𝑃 = 𝑃0 

moves as P(0)~P(4𝜋)  in comparison with the stress distribution 

𝜎𝑟,𝑇=1.5𝑇𝑚

1.5𝑃(0)~1.5𝑃(4𝜋)(𝜃) when the load 𝑃 = 1.5𝑃0 moves as P(0)~P(4𝜋). As shown in 

Fig. 5-9, the smaller contact stress region ℓ𝑠𝑚𝑎𝑙𝑙 can be confirmed under the 

standard condition 𝑃 = 𝑃0, 𝑇 = 𝑇𝑚 and also under the impact force condition 𝑃 = 

 

Fig. 5-8 Comparison of 𝜎𝜃,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)(𝜃) and 𝜎𝜃,𝑇=1.5𝑇𝑚

1.5𝑃(0)~1.5𝑃(4𝜋)(𝜃).  
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Fig. 5-9  Comparison of 𝜎𝑟,𝑇=𝑇𝑚

𝑃(0)~𝑃(4𝜋)(𝜃) and 𝜎𝑟,𝑇=1.5𝑇𝑚

1.5𝑃(0)~1.5𝑃(4𝜋)(𝜃). 

 

 

Fig. 5-10 Comparison of 𝜎𝑟,𝑇=𝑇m

𝑃(0)~𝑃(4𝜋)
(𝜃) when P, T=P0 , Tm ~ 1.5P0 , 1.5Tm. 

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 ℓ𝑠𝑚𝑎𝑙𝑙 increases. It should be 

noted that under the condition of  𝑃 = 1.5𝑃0, 𝑇 = 1.5𝑇𝑚 , the zero contact stress 

region appears as  𝜎𝑟,𝑇=1.5𝑇𝑚

1.5𝑃(0)~1.5𝑃(4𝜋)
≅ 0 around θ = 90𝑜where the sleeve and the 
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shaft is separated. This region can be named the non-contact 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. 5-10 shows 𝜎𝑟,𝑇=𝑇m

𝑃(0)~𝑃(4𝜋)
(𝜃) 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.  

 

5.2.3.3 Residual stress and shrink-fitting stress 

Based on the rolling stress 𝜎𝜃
𝑅𝑜𝑙𝑙𝑖𝑛𝑔 obtained in the above discussion, 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 bimetallic solid rolls. In a similar way, the 

residual simulation is performed for the sleeve roll to obtain t he residual stress in 

Fig. 5-5(b). 

Fig. 5-11(a) shows the residual stress distribution 𝜎𝜃
𝑅𝑒𝑠 at the central 

cross section z=0 after the quenching and tempering before the shrink -fitting. 

This is the results obtained from heat treatment analysis as sho wn in the previous 

study [22]. Fig.5-11(b) shows the stress distribution obtained by superposing the 

residual stress and the shrink-fitting stress as 𝜎𝜃
𝑅𝑒𝑠+𝑆ℎ𝑟𝑖𝑛𝑘  at z=0 after the 

shrink-fitting. 

As shown in Fig.5-11(b), the residual stress distr ibution after 

shrink-fitting the shaft has the maximum tensile stress 𝜎𝜃
𝑅𝑒𝑠+𝑆ℎ𝑟𝑖𝑛𝑘 = 156 MPa at  
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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 as 𝜎𝜃
𝑅𝑒𝑠+𝑆ℎ𝑟𝑖𝑛𝑘  [22] and the rolling stress 𝜎𝜃

𝑅𝑜𝑙𝑙𝑖𝑛𝑔
=

𝜎𝜃,𝑇=1.5𝑇𝑚

1.5𝑃(0)~1.5𝑃(4𝜋)(𝜃) at the inner surface of the sleeve in Fig. 5 -8. In this evaluation, 

the stress 𝜎𝜃  at the sleeve interface is focused since the stress 𝜎𝜃  mainly 

controls the crack initiation.  

 

5.2.4  Fatigue risk evaluation of the sleeve roll on the stress amplitude 

versus mean stress diagram (𝝈𝒂 − 𝝈𝒎 𝐝𝐢𝐚𝐠𝐫𝐚𝐦) for the material 

having defect 

In this section, the fatigue strength at the sleeve inner surface is 

evaluated in terms of the numerical simulation for the rolling stress 𝜎𝜃
𝑅𝑜𝑙𝑙𝑖𝑛𝑔 in 

Section 5.2.3.1. In the authors’ previous study, the numerical simulation of the  

   

(a) Residual stress σθ distribution 

before shrink-fitting. 

(b) Residual and shrink-fitting stress 

σθ after shrink-fitting. 

Fig. 5-11  Stress distribution σθ obtained through sleeve heat treatment 

at z = 0; (a) Residual stress σθ before shrink-fitting, (b) Residual and 

shrink-fitting stress σθ after shrink-fitting. 
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slippage was verified through the experiment by using a miniature roll. In this 

experiment [48], due to the slippage, the defect was observed and the dimensions 

are identified as shown in Fig. 4-14. Therefore, the fatigue risk should be 

evaluated by considering the rolling stress 𝜎𝜃
𝑅𝑜𝑙𝑙𝑖𝑛𝑔  as well as the defect 

observed. 

Regarding the fatigue limit for the engineering material having some 

defects, Equation (4) was proposed for the stress ratio range −1 ≤ R ≤ 0 [49].  

𝜎𝑤 =
1.43(𝐻𝑉+120)

(√𝑎𝑟𝑒𝑎)
1 6⁄ [

1−𝑅

2
]

𝛼
 ,  𝑅 =

𝜎𝜃𝑚𝑖𝑛

𝜎𝜃𝑚𝑎𝑥
             (5-5) 

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

area of the defect.  

 Fig. 5-12(a) illustrates the fatigue limit curve for the DCI in ner layer 

obtained from Eq. (5-5) as curve AB considering the defect whose defect size is 

  

(a) Fatigue limit prediction at the defect 

size √𝑎𝑟𝑒𝑎=627 μm. 

 

Fig. 5-12  Estimation of the fatigue limit of DCI including defects by using 

√𝑎𝑟𝑒𝑎 = 627 𝜇m 
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characterized by √𝑎𝑟𝑒𝑎 = 627 μm (see Fig. 4-14). Since Eq. (5-5) is proposed in 

the range −1 ≤ R ≤ 0, the curve AB is indicated in Fig. 5-12(a). Here, point B is 

the intersection of the curve obtained from Eq . (5-5) and the line R =

(𝜎𝑚 𝜎𝑎 − 1⁄ ) (𝜎𝑚 𝜎𝑎 + 1⁄ ) = −1⁄ .  

 In Fig. 5-12(b), point C denotes the tensile strength of the DCI 𝜎𝐵 = 415 

MPa. 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 

including some defects can be the same as the tensile strength of the DCI without 

defects  𝜎𝐵 = 415 MPa. In this way, in the range R ≥ 0, the straight line BC can be 

used as the fatigue limit line.  

 By considering the defect size  √𝑎𝑟𝑒𝑎 = 627 μm observed in the miniature 

roll of the experimental study, Fig. 5-13(a) illustrates the fatige failure risk due to 

rolling stress 𝜎𝜃
𝑅𝑜𝑙𝑙𝑖𝑛𝑔 as point E under the load P = 1.5𝑃0 corresponding to the 

impact force during rolling. Point F in Fig. 5-13(a) also illustrates the fatige 

failure risk evaluated by superposing the shrink -fitting stress 𝜎𝜃
𝑆ℎ𝑟𝑖𝑛𝑘 and the 

residual stress 𝜎𝜃
𝑅𝑒𝑠 to the rolling stress 𝜎𝜃

𝑅𝑜𝑙𝑙𝑖𝑛𝑔 as 𝜎𝜃
𝑅𝑒𝑠+𝑆ℎ𝑟𝑖𝑛𝑘 + 𝜎𝜃

𝑅𝑜𝑙𝑙𝑖𝑛𝑔
= 189.3 

MPa. 

 Since the real roll diameter is about 10 times larger than the miniature 

roll, instead of the defect size  √𝑎𝑟𝑒𝑎 = 627 μm, the double sizes of the defect 

with √𝑎𝑟𝑒𝑎 = √𝜋(2𝑎)(2𝑏) 2⁄ =627 × 2 = 1254 μm is considered and points 𝐴′ and 

𝐵′ are plotted. Fig. 5-13(b) illustrates the fatigue failure risk due to rolling stress 

𝜎𝜃
𝑅𝑜𝑙𝑙𝑖𝑛𝑔 as point E under the load P = 1.5𝑃0 corresponding to the impact force 

during rolling. Point F in Fig. 5-13(b) also illustrates the fatigue failure risk  

evaluated by superposing the shrink-fitting stress 𝜎𝜃
𝑆ℎ𝑟𝑖𝑛𝑘 and the residual stress  
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(a) Fatigue limit diagram to evaluate 

two critical points.  
 

(b) Fatigue limit diagram by 

considering real roll defect.  

Fig. 5-13  Stress amplitude 𝜎𝑎 vs. mean stress 𝜎𝑚 diagram for σB  = 415 MPa, 

𝜎𝑤0
′ =110 MPa when √𝑎𝑟𝑒𝑎=627  𝜇𝑚 and  𝜎𝑤0

′′ =98 MPa when √𝑎𝑟𝑒𝑎=1254  𝜇𝑚. 

 

𝜎𝜃
𝑅𝑒𝑠 to the rolling stress 𝜎𝜃

𝑅𝑜𝑙𝑙𝑖𝑛𝑔 as 𝜎𝜃
𝑅𝑒𝑠+𝑆ℎ𝑟𝑖𝑛𝑘 + 𝜎𝜃

𝑅𝑜𝑙𝑙𝑖𝑛𝑔
= 189.3 MPa. Point F is 

located on the slightly dangerous side.  

 The fatigue failure risk of the bimetallic solid roll studied in the recent 

paper is indicated in Appendix A.3  [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  𝜎r. 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. 5-13). 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.  
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5.2.5 Conclusion 

To develop next generation rolls, the fatigue strength of the sleeve roll is 

considered in this paper. The stress variation is focused during the roll rotation 

considering the sleeve slippage. The effect of the slip damage on the fatigue 

strength is discussed by considering the defect dimensions observed at the 

shrink-fitted surface previously reported. Then, the fatigue risk of the sleeve roll 

is evaluated by applying the projected area √𝑎𝑟𝑒𝑎 of the defect. The conclusions 

can be summarized in the following way. 

1. During the roll rotation, the maximum stress, the minimum stress, and stress 

amplitude at the interface were clarified when the slip occurs at the 

shrink-fitted interface (see Figure 5-7). No large difference can be seen 

between the stress after one rotation and the stress after two rotations. 

Although the interfacial displacement expressing the slippage increases with 

increasing the roll rotation, such an accumulation phenomenon cannot be seen 

in the stress.   

2. Under the impact loading conditions when the rolled plate biting trouble 

occurs, the stress amplitude becomes about twice of the stress under the 

standard loading conditions (see Figure 5-8).   

3. The fatigue failure risk of the bimetalli c sleeve assembly type roll was 

evaluated considering the defect dimensions observed in the previous studies 

under impact loading condition. The results show that if there is no slip 

damage, the fatigue strength of the sleeve roll is not very smaller compa red to 

the fatigue strength of the solid roll with no shrink -fitting (see Figure 

5-13(a)). 
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6 Residual stress simulation for bimetallic sleeve roll  

6.1  Introduction 

Fig. 6-1 compares a bimetallic solid roll and bimetallic sleeve roll where 

the shaft is shrink-fitted into a hollow cylinder. The sleeve rolls are practically 

and successfully used as the backup rolls  with a diameter exceeding 1000mm and 

the large rolls for H-shaped steel rolling [1-13].  Although in Fig. 6-1(a) the shell 

cannot be replaced, in Fig.  6-1(b) the sleeve can be replaced after the sleeve wear 

exceeds the threshold amount. Recently, the authors investigated several peculiar 

problems such as residual roll bending  [4-7] and the sleeve cracking caused by the 

sleeve circumferential slippage  [8-13].  

The sleeve rolls are also practically used as  hot finishing rolling rolls 

having a smaller diameter than large H-shaped steel rolling. In this case, HSS 

bimetallic rolls are widely used as shown in Fig. 6-1(b) since they have excellent 

wear resistance, rough skin resistance, and thermal crack resistance  [5]. Several 

efforts have be done to develop those hot finishing sleeve rolls since they are 

difficult to be manufactured due to the smaller sleeve thickness (D-d') / 2 where 

D=the body diameter and d'=the shaft diameter as shown in Fig.  6-1(b). Since the 

irreversible slip of the sleeve is the problem that has to be solved, the effect of 

rolling load and the effect of shrink-fitting conditions on the sleeve slip were 

investigated in the numerical simulation [9-13]. Since the sleeve slip may cause 

cracking and failure at the inner surface of the sleeve, it is necessary to reduce the 

residual stress at the inner surface.  

Regarding HSS/DCI bimetallic solid rolls (HSS: high-speed steel, DCI: 

ductile casting iron)  in Fig. 6-1(a), the residual stress was clarified during 

quenching and tempering through FEM simulations in the previous studies [3-8, 

14-17]. However, regarding HSS/DCI bimetallic sleeve roll in Fig. 6-1(b), no  
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(a) Bimetallic solid roll  

 

b) Bimetallic sleeve roll having shrink-fitted shaft  

Fig. 6-1  Solid roll and sleeve roll dimensions (mm)  

 

study is available for the residual stress. The target compressive residual stress at  

the outer surface can be in the range σθ=200～400MPa and the target tensile 

residual stress at the inner surface can be in the range σθ ≤200MPa. In this study, 

therefore, two different manufacturing methods will be considered for the sleeve 

roll to satisfy the suitable residual stress in Fig. 6-2; one is turning inside of the 

solid roll after heat treatment and the other is heat treatment after turning inside 

of the solid roll. After a suitable manufacturing method is found, the fatigue risk 

of the sleeve will be discussed on the basis of the residual stress and rolling stress 

by comparing the sleeve bimetallic roll and the solid bimetallic roll.  

 

6.2  Analysis method 

6.2.1  Sleeve roll manufacturing process  
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(a) Bimetallic roll annealed before quenching  

  

  

(b1) Quenching and tempering of solid 

roll 
(c1) Turning inside 

  

  

(b2) Turning inside (c2) Quenching and tempering of 

hollow roll  

 

 

(d) Bimetallic sleeve roll having shrink-fitted shaft manufactured by (b) solid 

heat treatment and (c) sleeve heat treatment 

 

Fig. 6-2 Two types of manufacturing methods for bimetallic sleeve roll  

(b) Solid heat treatment  (c) Sleeve heat treatment  
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Fig. 6-2 illustrates the manufacturing method of the sleeve roll. Here, we 

consider the two different manufacturing processe s from the solid roll in Fig. 

6-2(a) to the sleeve roll in Fig. 6-2(e). As shown in Fig. 6-2(b), one is named 

“solid heat treatment” where turning the inner sleeve after the heat treatment of 

the solid roll. In this method, first, quenching and tempering as shown in Fig . 

6-2(b1); second, turning inside as shown in Fig. 6-2(b2); then, shrink-fitting the 

shaft as shown in Fig. 6-2(e). On the other hand, as shown in Fig.  6-2(c), the other 

is named “sleeve heat treatment” where turning the inner sleeve before the heat 

treatment. In this method, first , turning inside as shown in Fig.  6-2(c1); second, 

quenching and tempering as shown in Fig.  6-2(c2); then, shrink-fitting the shaft 

as shown in Fig.  6-2(e). 

Instead of starting from the solid roll in Fig. 6 -2(a), the actual 

manufacturing often starts from an intermediate shape between Fig.  6-2(b1) and 

Fig. 6-2(c1) where small removable allowance remains at the inside of the sleeve. 

Specifically, by using centrifugal casting, a similar shape of Fig. 6-2(c1) with a 

small allowance at the inner surface is produced, and then turning is processed 

into an inner diameter. In this study, the residual stress of the solid roll in Fig . 

6-2(b1) analyzed in the previous paper  [14-17] is used to clarify the suitable 

manufacturing process. The  target compressive residual s tress at the outer surface 

can be in the range σθ=200～400MPa and the target tensile residual stress at the 

inner surface can be σθ ≤200MPa. The residual stress simula tion of the solid roll 

in Fig. 6-2(b1) is indicated in Appendix A.2. The residual stress distributions are 

shown in Fig. A-6. Instead, the residual stress simulat ion of the sleeve roll in Fig. 

6-2(c2) will be indicated in Section 6-4. The residual stress distributions of the 

sleeve will be shown in Figure 10, Fig. 6-11 and Fig. 6-12. 

 



135 

 

 

Fig. 6-3  Boundary condition for the solid roll  
 

 

Fig. 6-4 Boundary condition for bimetallic sleeve roll  

6.2.2  Analytical model and boundary conditions  

Fig. 6-1(a) shows the HSS/DCI solid roll analyzed in the previous paper 

whose body diameter D = 700mm with a 60mm outer layer thickness and  1800mm 

length [14,15]. The outer layer is made of HSS and the inner layer including the 

shaft is made of DCI manufactured by centrifugal casting. Fig. 6-2 shows the 

detail dimensions of the bimetallic sleeve roll treated in this paper. The external 

shape and dimensions are the same as those of the solid roll in Fig. 6 -1(a). The 

sleeve has a 125mm thickness and a 450mm inner diameter shrink-fitted with a 

shrink-fitting allowance δ. Figs. 6-3 and 6-4 show the axisymmetric analysis 

model applying 5mm × 5mm mesh for the thermal elastic-plastic finite element 

method using software MSC.Marc/Mentat 2012. During qu enching the solid rol l 

in Fig. 6-3 and the sleeve roll in Fig.  6-4, the quenching temperature at the 

surface is mainly provided in the simulation. Another simulation based on the 

ambient temperature and the heat transfer coefficient α as well as the radiation  
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Fig. 6-5  Microstructure around HSS/DCI boundary [16-18]. 
 

effect is also used to express the measured sleeve temperature. Several physical 

properties such as elastic modulus, thermal expansion coefficient, specific heat, 

density, stress-strain characteristics, thermal conductivity, Poisson's ratio are 

used with certain temperature intervals from 23ºC to 1000ºC at the outer and inner 

layers. Then, the boundary condi tions are set as shown in Fig.  6-3 and Fig. 6-4 to 

perform the elastic-plastic finite element method s imulation. 

 

6.2.3  Mechanical properties of outer and inner layer materials  

Fig. 6-5 shows the microstructure around the HSS/DCI boundary  [16-18]. 

The fine carbides with white color are uniformly distributed in the outer HSS 

layer side; however, toward the internal DCI layer side, coarse carbides can be 

seen. In the inner layer DCI, the spherical graphite surrounded by the ferrite is  

distributed uniformly around the boundary showing a healthy composite structure. 

Table 6-1 shows the material properties of the outer HSS layer and the inner DCI 

layer at room temperature including the effects of phase transformation. The 

properties at high temperatures used in this simulation are obtained 

experimentally by using the specimen cut -out from the roll manufactured in the 

same way. Fig. 6-6 shows the stress-strain diagram of HSS and DCI at high 

temperature. 
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6.3 Residual stress analysis of bimetallic roll  

6.3.1 Solid heat treatment type 

Fig. 6-7(a) shows the residual stress distribution σθ of the solid heat treatment type in 

Fig. 6-2(b2) after turning the inner portion of the bimetallic roll just after the quenching and 

tempering the solid roll.  

The result in Fig. 6-7(a) is obtained by using the residual stress of the solid roll in Fig. 

6-2(b1) studied previously [14-17] by adding turning process analysis in Fig. 6-2(b2). Fig. 

6-7(a) shows the σθ distribution at z = 0 including the maximum tensile stress σθ = 463MPa 

at r = 270mm. The residual stress in the inner layer at z = 0 is in the range σθ = 453MPa 

~463MPa  exceeding the tensile strength σθ = 415MPa. Fig. 6-7(b) shows the residual stress 

distribution after shrink-fitting the shaft where the maximum tensile stress increases to σθ =

514MPa at r = 225mm.  

 

6.3.2  Sleeve heat treatment type 

Fig. 6-8(a) shows the residual stress distribution σθ at the cross-section z = 0 of the 

sleeve heat treatment type in Fig. 6-2(c2) after quenching and tempering the sleeve roll. Fig. 

6-8(a) shows the distribution σθ at the cross-section z = 0, and Fig. 6-8(a) shows the stress  

distribution after shrink fitting including the maximum stress σθ = 95MPa at (r,z)=(225mm, 0). 

Table 6-1 Mechanical properties for the shell and the core at room temperature 

Property Shell (HSS) Core (DCI) 

0.2 % proof stress (MPa) 1282 415 

Young’s modulus (GPa) 233 173 

Poisson’s ratio  0.3 0.3 

Density (kg･m-3) 7.6 7.3 

Thermal expansion coefficient (K -1) 12.6×10-6 13.0×10-6 

Thermal conductivity (W/mK) 20.2 23.4 

Specific heat (J/kgK) 0.46 0.46 
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After considering the whole longitudinal section, it is confirmed that σθ = 95MPa in Fig. 

6-8(a) is the maximum tensile stress of the whole region. Therefore, the residual stress 

distribution σθ at z=0 can be used to discuss the validity of sleeve heat treatment. The 

maximum residual stress σθ = 95MPa which is much smaller than the maximum stress in Fig. 

6-7(a) and the tensile strength σθ = 415MPa. However, it should be noted that the compressive 

residual stress σθ = 333MPa at the outer surface is large enough to prevent the fatigue crack 

extension. It can be concluded that the sleeve heat treatment type as shown in Fig. 6-2(c) is 

useful for manufacturing the sleeve roll. Fig. 6-8(b) shows the residual stress distribution after 

shrink-fitting the shaft where the maximum tensile stress σθ = 156MPa at r = 225mm is small 

enough and the maximum compressive stress σθ = 297MPa is still large enough. 

 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

 

(g) 

F i g .  6 - 6  (a) Stress-strain for HSS; (b) Stress-strain for DCI; (c) Poisson’s ratio; (d) 

Young’s modulus; (e) Specific heat; (f) Thermal expansion coefficient; (g) Thermal 

conductivity.  

6.3.3  Comparison of the residual stress of bimetallic roll for both manufacturing 

methods  

The above discussion clarified that the tensile residual stress of Fig. 

6-8(a) is smaller than the tensile residual stress in Fi g. 6-7(a). In the solid heat 

treatment method, when turning the inside of the sleeve, the tensile stress of the 

inner layer increases due to the reduction of the cross-sectional area. Instead, in sleeve heat 

treatment method, due to the heat treatment performed after the turning inside , the 

tensile residual stress at the inner sleeve surface is largely reduced. It can be concluded that the 

sleeve heat treatment is suitable for manufacturing sleeve rolls since the smaller tensile residual 

stress smaller and the compressive stress at the outer surface is large enough. 
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6.4  Residual stress simulation for the bimetallic sleeve roll  

As shown in Appendix A.2, the quenching and tempering simulation was 

performed for the solid roll in Fig.  6-2(b1) in the previous papers  [14-17]. In this 

paper, the quenching and tempering simulation is performed for  the bimetallic 

sleeve in Fig. 6-2(c2) to compare the residual stress.  

 

6.4.1  Temperature and stress change during the quenching  

In this Section, the residual stress during quenching is analyzed and the 

residual stress generation mechanism is discussed. Fig. 6-9(a) illustrates the 

quenching history including the heating process in Region I and the quenching 

process in Region II and Region III . Fig. 6-9(b) illustrates corresponding stress,  

  

(a) Residual stress σθ distribution 

before shrink-fitting in Fig. 6-2(b2). 

(b) Residual stress σθ distribution 

after shrink-fitting in Fig. 6-2(e). 

Fig. 6-7 Residual stress σθ distribution obtained through solid heat treatment;  

(a) Residual stress σθ distribution at z = 0 before shrink-fitting, (b) Residual 

stress σθ distribution at z = 0 after shrink-fitting. 
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(a) Residual stress σθ distribution 
before shrink-fitting in Fig. 6-2(c2). 

(b) Residual stress σθ distribution 
after shrink-fitting in Fig. 6-2(e). 

Fig. 6-8 Residual stress σθ distribution obtained through sleeve heat 
treatment;  (a) Residual stress σθ distribution at z = 0 before shrink-fitting, (b) 

Residual stress σθ distribution at z = 0 after shrink-fitting. 

that is, the stress in heating process in Region I and the stress in quenching 

process in Region II and Region III. The temperature and the stress during the 

process in Region 1 to Region III  can be explained in the following way.  

In Region I: The temperatute is almost the same as the quenching 

temperature TSta r t  in whole sleeve with a small temperature difference maintained. 

The stress during pre-heating before quenching can be ignored.  

In Region II : Due to quenching, the outer sleeve surface is cooled down 

from the temperature TSta r t . Then, initially the tensile stress at the surface appears 

and increases due to the shrinkage of the outer layer, but this tensile stress 

immediately changes to the compressive stress. This is because the thermal 

shrinkage at the inner sleeve portion becomes larger than the thermal shrinkage at 

the outer sleeve surface and therefore the plastically elongated outer sleeve  
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(a) Temperature at inner and outer surfaces provided along  |z| ≤ 900mm in Fig. 

6-2(c2) 

 

(b) Stress σθ at inner and outer surfaces when z = 0 in Fig. 6-2(c2) 

 

Fig. 6-9 Temperature and σθ histories in sleeve heat treatment during quenching in Fig. 

6-2(c2) 
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surface needs compression. Next, at temperature T Pea r l i t e , the pearlite expansion  

transformation  appears at the inner layer, and during this process starting from 

the HSS/DCI boundary toward the inside surface, the compressive stress at the 

 

(a) Temperature at inner and outer surfaces provided along |z| ≤ 900mm in Fig. 6-2(c2) 

 

(b) Stress σθ at inner and outer surfaces in Fig. 6-2(c2). 

Fig6-10 Temperature and σθ histories in sleeve heat treatment in Fig. 6-2(c2) 
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inner surface decreases until T Pea r l i t e  occurs. Then the stress at the inner surface 

center and the stres at the outer surface intersect.  

In Region III: The residual stress of outer layer rapidly changes to the 

compression due to the pearlite transformation expansion at the inside sleeve 

portion. Then, the tensile stress at the center increases due t o higher cooling rate.  

The stress at the inner layer becomes tensile, and the stress at the outer layer 

stress becomes compressive. When the temperature becomes T Keep , the 

temperature is maintained by heating up the outer surface to adjust the initial 

excessive cooling. During this T Keep keeping period, the compressive and tensile 

stresses increase slightly, and after that, the temperature difference disappears 

and the internal and external stresses decrease slightly. When the surface cooling 

starts again after TKeep keeping, the bainite transformation expansion occurs in the 

outer layer at the temperature T Bain i t e , and the compressive stress increases. The 

tensile stress at the inner surface also increases to balance the outer layer’s 

compressive stress. In  the cooling process after bainite transformation, the tensile 

stress increases due to the shrinkage at the inner layer, and to balance this the 

compressive stress at the outer layer increases. At the end of quenching, the 

residual stress at the inner surface becomes 418MPa. 

 

6.4.2 Temperature and stress change during the tempering  

Tempering treatment reduces the excessive residual stress due to 

quenching. Tempering also promotes martensitic transformation of retained 

austenite in microstructure. The previous studies indicated that the stress 

reduction due to tempering is mainly caused by the creep effect  [17,25]. In this 

study, therefore, the time hardening law called power law, is used to express the 

creep behavior of the inner material DCI having lower strength under high 
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temperature [14]. Eq. (6-1) is the creep constitutive equation of the inner layer 

DCI at the time 𝑡 [19]. 

 εc = Aσmtn                        (6-1) 

The creep experimental was conducted under the constant stress σ=130MPa and 

σ =160MPa at TKeep . Then, the constants A, m and n in Eq. (6-1) are determined 

and the following Eq. (6-2) is obtained [20-23]. 

 εc = 8.43 × 10−16𝜎5.003t0.4919                  (2) 

  Fig. 6-10 shows the temperature history after tempering at the outer and 

inner surfaces in Fig. 6-2(c2) and the corresponding stress change σθ. As a result 

of twice tempering, the residual stress at the inner surface is significantly reduced 

to σθ = 94MPa, which is 22% of the stress at the end of quenching.  

 

6.4.3 Stress reduction due to tempering expressed in terms of 𝛔𝛉 and 

Mises stress 𝛔𝐞𝐪 

The reason why the residual stress reduction is larger in the sleeve heat 

treatment will be discussed in comparison with the stress reduction in t he solid 

heat treatment. Figs. 6-11(a) and 6-11(b) shows the residual stress distributions 

σθ in the sleeve heat treatment type in Fig. 6 -2(c2) and in the solid heat treatment 

type in Fig. 6-2(b1). Here, the results are indicated at the beginning of the first 

tempering, at the beginning of the second tempering, and at the end of the second 

tempering. The sleeve roll result focuses on the stress at the inner surface r = 

225mm, while the solid roll result focuses on the stress at the center r = 0 as a 

representative point of the inner layer. Then, the la rger stress reduction effect in 

the first tempering process is discussed.  

By comparing Fig. 6-11(a) and Fig. 6-11(b), the inner surface stress at the  

beginning of the tempering 418MPa in the sleeve heat treatment (Fig. 6-2(c2)) is  
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(a) Residual stress σθ at z = 0 in Fig. 6-2(c2) 

 

(b) Residual stress σθ at z = 0 in Fig. 6-2(b1) 

 

Fig. 6-11  Comparison of stress distribution at z=0 between Fig . 6-2(c2) and Fig. 

6-2(b1) 

about twice larger than the stress in the solid heat treatment (Fig. 6-2(b1)). 

However, at the end of tempering, the sl eeve heat treatment type (Fig.  6-2(c2))  
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(a) Equivalent von Mises s tress σeq at z = 0 in Fig. 6-2(c2) 

  

(b) Equivalent von Mises stress σeq at z=0 in Fig. 6-2(b1) 

Fig. 6-12  Equivalent von Mises stress σeq at z=0 in Fig. 6-2(c2) and in Fig. 

6-2(b1). 

has a smaller residual stress at the inner surface.  

As shown in Fig.  6-11(a), σθ at the inner surface (r=225 mm) of the 
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sleeve roll is reduced by 71% after the first tempering process. However, σθ at 

the center (r = 0) of the solid roll (Fig. 6 -11(b)) is reduced about 2% after the first 

tempering process. In this way, the sleeve heat treatment has a remarkable stress 

reduction at the inner surface residual stress σθ  by the tempering process 

compared to the solid heat treatment type.  

Next, the equivalent von Mises stress σeq is considered to discuss the 

stress reduction effect. Under multiaxial stress, the equivalent von Mise s stress 

σeq can be regarded as the driving stress of creep deformation  instead of the 

uniaxial stress σ in the creep constitutive Eq. (6-2)  [23,24]. Here, the inner layer 

stress at r = 225 mm in the solid roll is compared with the inner surface stress at r 

= 225 mm in the the sleeve roll. In other words, the creep effect is discussed by 

substituting the equivalent von Mises stress σeq to the stress σ in Eq. (6-2). 

Fig. 6-12(a) shows the residual distributions of von Mises stress 

σeq controlling the creep in the sleeve heat treatment af ter each heat treatment.  

Fig. 6-12(b) shows the results in the solid heat treatment type. From Fig. 6-12, the 

larger stress reduction of σeq is seen in the sleeve heat  treatment compared to the 

solid heat treatment type. This is similar to the stress reduction of σθ in Fig. 6-11. The von 

Mises stress at the inner surface r = 225 mm in the sleeve roll at the initial stage of tempering 

σeq = 407MPa is more than twice larger than the one of the solid heat treatment σeq = 

163MPa. This is because in the sleeve heat treatment the inner surface is stress free, while in the 

solid heat treatment type the stress state is triaxial. 

 

6.5  Fatigue risk evaluation for bimetallic solid roll and bimetallic 

sleeve roll constructed by shrink-fitting 

Table 6-2 and Table 6-3 show the maximum stress, minimum stress, mean 

stress, and stress amplitude at r=225mm and at r=270mm. The critical region 
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r=225mm and 270mm are considered based on the previous roll failures 

experienced in industries  [1], where the critical region for the bimetallic solid roll 

is near the HSS/DCI boundary (r=270mm in this study) and the critical r egion for 

the bimetallic sleeve roll is at the shrink-fitted region (r=225mm in this study). 

Also, previous studies explained the roll failure near the boundary HSS/DCI 

inside of the bimetallic solid roll is caused by the variation of σr during the roll 

rotation. And the slip failure at the shrink-fitted region inside of the bimetallic 

sleeve roll is caused by the variation of σθ . Therefore, the maximum and 

minimum values of σθ and σr  at r=225mm and 270mm during a roll rotation 

can be the driving force causing the internal failure for both bimetallic solid roll 

and bimetallic sleeve roll.  

In this section, although the standard rolling force ratio is P/Ptotal = 1.0, a 

more severe rolling force ratio P/Ptotal = 1.5 is considered to evaluate fatigue 

failure risk because the rolling trouble may cause such impact force due to the 

rolling plate biting and the temperature drop of the rolled material. In Table 6-2 

and Table 6-3, the superscript “solid” represents the bimetallic solid roll while the 

superscript “sleeve” represents the bimetallic sleeve roll. Table 6-2 and Table 6-3 

also show the mean stress σm + σres which represents the superposing of the 

mean stress σm  with the residual stress σres. Residual stress for the bimetallic  

Table 6-2 Maximum stress, minimum stress, mean stress, stress amplitude at  

r=225 mm  

Stress 
σmax 

(MPa) 

σmin 

(MPa) 

σm 

(MPa) 

σa 

(MPa) 

σm + σres 

(MPa) 

σθ
solid 8 -56 -24 32 130 

σr
solid 10 -299 -145 155 14 

σθ
sleeve 91 -25 33 58 189 

σr
sleeve 2 -140 -69 71 -94 
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solid roll is taken from the previous study [25]. Meanwhile, for the bimetallic 

sleeve roll, the residual stress is considered from the Fig. 6-8(b). 

Since the mean stress in Table 6-2 and Table 6-3 for the bimetallic solid 

roll are large compressive stress, the fatigue limit lines should be newly 

prescribed under large compressive stress since no study is available. 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 [26,27]. Only few data are available for ordinary fatigue 

strength under large compressive stress fields [28]. Fig. 6-13 shows a stress 

amplitude versus mean stress diagram ( σa-σm diagram) to discuss the fatigue 

limit for the stresses in Table 6-2 and Table 6-3. The thick solid lines passing 

through points A, D, F, G, H in Fig. 6 -13 determines the fatigue limit line.  Details 

of this fatigue limit line A, D, F, G, H is included in Appendix A.3 [29]. 

Fig. 6-13(a) shows the fatigue limit diagram at r=225mm and Fig. 6-13(b) 

shows the fatigue limit diagram at r=270mm. Fig. 6-13(a) and Fig. 6-13(b) show 

the change of the mean stress σm after superposing the residual stress σres. All 

stresses move closer to the fatigue limit line due to the tensile residual stress 

except σr
sleeve  for the bimetallic sleeve roll due to the compressive residual 

stress. 

Table 6-3 Maximum stress, minimum stress, mean stress, stress amplitude at  r=270 mm 

Stress 
σmax 

(MPa) 

σmin 

(MPa) 

σm 

(MPa) 

σa 

(MPa) 

σm + σres 

(MPa) 

σθ
solid 9 -133 -62 71 74 

σr
solid 7 -453 -223 230 -77 

σθ
sleeve 105 -9 48 57 176 

σr
sleeve -1 -167 -84 83 -96 
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Table 6-4 shows the safety factor evaluation for the stresses in Fig. 6-13. The safety 

factor is defined as SF = OB′̅̅ ̅̅ ̅/OB̅̅ ̅̅  where O is the origin point, B is the stress point, and B′ is 

the intersection point of line OB to the fatigue limit line (see Fig. A.4.1(a)). A larger SF value 

means the point is relatively safer than another point having a smaller SF value. Therefore, the 

relative safety factor SF can be used to compare the risk of fatigue failure. At r=270 mm, the 

most dangerous stress for the bimetallic solid roll can be found as σr
solid with SF=0.94 and the 

most dangerous stress for the bimetallic sleeve roll can be found as σθ
sleeve with SF=1.30. 

Similar results are obtained at r=225mm as can be expressed as σr
solid with SF=1.03 and 

σθ
sleeve with SF=1.24. It is found that the stress appearing at the inside of the bimetallic sleeve 

roll is safer than the stress appearing at the solid bimetallic roll although the damage and defects 

when the slippage occur are not taken into consideration yet in this analysis. 

 

6.6  Conclusion 

The sleeve rolls are successfully used as the backup rolls  with a diameter 

exceeding 1000mm  and the large rolls for H-shaped steel rolling. Although the 

sleeve rolls have some peculiar problems, they have some advantages such as that 

the shaft can be reused. In this paper, therefore, the residual stress of the sleeve 

roll was considered by compar ing two manufacturing methods;  one is turning 

inside of the solid roll after heat treatment and the other is heat treatment after  

Table 6-4 Safety factor defined as  SF = OB′̅̅ ̅̅ ̅/OB̅̅ ̅̅  to evaluate the 

stresses in Fig. 6-13 

At r=225 mm At r=270 mm 

Stress Safety 
factor Stress Safety 

factor 
σθ

solid 1.98 σθ
solid 1.65 

σr
solid 1.03 σr

solid 0.94 

σθ
sleeve 1.24 σθ

sleeve 1.30 

σr
sleeve 4.41 σr

sleeve 4.32 
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 (a) Fatigue 

limit diagram evaluation at r=225 mm  

 (b) Fatigue 

limit diagram evaluation at r=270 mm  

Fig. 6-13 Fatigue limit diagram at r=225 mm and r=270 mm 

turning inside of the solid roll. After a suitable manufacturing method is found, 

the fatigue risk of the sleeve was discussed on the basis of the residual stress and 

rolling stress by comparing the sleeve bimetalic roll and the solid bimetalic roll. 

The conclusions can be summarized as follows.  
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1. The tensile residual stress at the inner surface of th e sleeve heat treatment 

(Fig. 6-2(c2)) is much smaller than the tensile residual stress at the inner 

layer of the solid heat treatment (see Fig. 6-2(b2)). It may be concluded 

that the sleeve heat treatment is suitable for manufacturing the sleeve roll 

since the inner layer of the fracture hardly occurs (see Fig.  6-7, Fig. 6-8). 

2. The tensile residual stress of the sleeve heat treatment can be reduced 

significantly by the tempering. This is because the inner surface is free of 

stress in the sleeve heat treatment although the center of the solid heat 

treatment  has triaxiality of stress (see Fig. 6-12). 

3. The fatigue failure risk was investigated by using the fatigue limit diagram 

with the safety factor SF (see Fig. 6 -13). At r=270 mm, the most dangerous 

stress for the bimetallic solid roll appears as σr
solid whose relative safety 

factor SF=0.94. On the other hand, and the most dangerous stress for the 

bimetallic sleeve roll is σθ
sleeve  whose relative safety factor SF=1.30. 

Similar results are obtained at r=225 mm as σr
solid  with SF=1.03 and 

σθ
sleeve with SF=1.24. It may be concluded that the s tress at the inside of 

the bimetallic sleeve roll is safer than the solid bimetallic roll altho ugh the 

damage and the defect appearing at the slipped surface have to be 

considered in the future studies.   
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7 Main conclusion 

In this paper, the mechanism of interfacial slip in a sleeve assembly type 

roll constructed by shrink-fitting is verified by FEM analysis, and to apply it to 

the actual machine, the roll material, the fitting conditions, and the effect of the 

rolling load is considered. Finally, the experimental method of a miniature roll is 

demonstrated to verify the analysis.  Then, the fatigue failure risk is discussed 

focusing on several critical points on the ac tual roll by assuming similar defects 

in an experimental roll. The following conclusions based on each chapter can be 

summarized as follow. 

Chapter 1 provided a brief introduction of the bimetallic work roll and the 

problems encountered in the sleeve assembly type rolls. Although the 

shrink-fitting sleeve assembly roll has many advantages compared to the solid roll, 

it  also has unique problems such as residual bending and sleeve slip. Therefore, 

this study was focused on clarification of the sleeve slip in the bimetallic work 

roll.  

In Chapter 2, the mechanism of the sleeve slip formation under free 

rolling for the hot rolling roll was considered. In addit ion, in this chapter, to get 

closer to the actual rolling conditions, the effect of elastic deformation of the 

shaft on the interfacial slip was investigated under the free rolling state with 

reference to the previous study which the shaft is a  rigid body. Furthermore, in 

addition to the steel shaft, other shaft materials were considered to clarify the 

effect of elastic deformation of the shaft material on the interfacial slip. The 

irreversible relative displacement was focused, which is corresp onding to the 

interfacial slip in ball bearing. The conclusions can be summarized as follows:  
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1. The accumulation of the irreversible relative displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(2𝜋) due to 

the rotation force can be regarded as the slip per rotation since the orde r of the 

experiment agrees with the simulation results.  

2. The interfacial displacement is promoted by the roll deformation since 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) increases with decreasing the shaft Young’s modulus 𝐸𝑠ℎ𝑎𝑓𝑡 as 

shown in Fig. 2-5. The effect of 𝐸𝑠ℎ𝑎𝑓𝑡 on the irreversible relative 

displacement is related to the interface slippage region size ℓ𝑠𝑙𝑖𝑝 as shown in 

Fig. 2-7. 

3. The interface slippage region ℓ𝑠𝑙𝑖𝑝 can be explained from the smaller contact 

stress region ℓ𝑠𝑚𝑎𝑙𝑙 as shown in Fig. 2-9. 

In Chapter 3, the effect of rolling torque on the interfacial slip was 

considered for hot rolling rolls. In addition , the effects of the shrink-fitting ratio 

and the friction coefficient which are the parameters of the resistance torque  are 

also considered since they may contribute to slippage resistance. Here, the 

interface slip and the displacement increase rate were analyzed. The discussion on 

the interfacial slip and the displacement increasing rate are summarized as 

follows:  

1. Under the conditions of T=Tm~3Tm and P=P0~3P0 , the effect on the 

displacement increasing rate is larger, and the slip increases as the load 

condition increases.  

2. When the shrink fit rate 𝛿 𝑑⁄  increases, the displacement increase rate 

𝑑𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ decreases significantly because of the increase of the 

slip resistance torque on the shrink fit surface (see Fig. 3 -7). 

3. With increasing the friction coefficient 𝜇, the displacement increase rate 

𝑑𝑢𝜃
𝑃(0)~𝑃(2𝜋)

(𝜃, φ)/dφ decreases exponentially (see Fig. 3 -8). 

In Chapter 4, the interfacial slip in shrink -fitted roll was confirmed 
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experimentally under free rolling conditions by usi ng a miniature roll. The 

behavior of the sleeve slip obtained in the experiment was considered and 

compared with the numerical analysis results. In addition, the effect of the sleeve 

inner surface defects due to the interfacial slip on the sleeve strength is 

considered. In this chapter, the fatigue risk in terms of the stress concentration 

factor, Kt of the defect is evaluated. The following conclusions are obtained.  

1. The numerical analysis values for both rolls A and B are 3.6~4.3 times the 

experimental values, and the orders a re almost the same, confirming the 

usefulness of the numerical simulation.  

2. The slip defects caused by the interfacial slip begin with scratch wear on the 

top of the finishing process. Under the influence of erosive wear and adhesive 

wear, the width and size of scratch wear increase, and eventually, large 

adhesion lumps are generated. Then it stops as an ellipsoidal defect.  

3. The characteristics of each defect region was described and the defect 

formation was clarified.  

4. For roll B (shrink-fit ratio δ/d=0.21×10 -3), the slip amount (32.3 mm) obtained 

from the movement of the marking line of the roll used in the experiment is the 

length of the defect on the sleeve and shaft. It is almost the same as the sum of 

(defect ② : 33.2 mm, defect ④ : 32.7 mm). Thus the starting point and end 

point of the scratch can accurately evaluate the actual condition of slip.  

5. The fatigue limit for the actual roll  was evaluated by considering the stress 

concentration coefficient of an ellipsoidal defect, Kt ≅1.14. The point was 

situated inside the fatigue endurance line and it is on the safe side regardless of 

the impact force conditions and the stress concentration of the defect. 

Chapter 5 was focused on the high-speed steel bimetallic sleeve rolls, 

which are made by shrink-fitting the composite sleeve and shaft. In this study, in 
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addition to the residual stress, the stress concentration on the inner surface of the 

sleeve caused by the interfacial slip under the actual rolling conditions and the 

defects caused by the slip were considered for the sleeve assembly type composite 

roll. Then, the effect on safety against sleeve cracking due to fatigue was 

evaluated by considering the root area √𝑎𝑟𝑒𝑎 of the defect . The conclusions are 

as follows: 

1. The maximum stress 𝜎𝜃𝑚𝑎𝑥, minimum stress 𝜎𝜃𝑚𝑖𝑛, and stress amplitude 𝜎𝜃𝑎 

at the interface where slip occurs with roll rotation is clarified (see Fig. 5 -7).  

These act as fluctuating stresses.  

2. Under the conditions 𝑃 = 1.5𝑃0, 𝑇 = 1.5𝑇𝑚, which take into account the impact 

force, the stress amplitude 𝜎𝑎 is about twice of the standard conditions 𝑃 =

𝑃0, 𝑇 = 𝑇𝑚.  

3. The safety of the bimetallic sleeve assembly type roll (real roll) is evaluated 

with reference to the defect dimensions due to slippage observed in the 

miniature roll and the hot rough rolling roll.  

In Chapter 6, the difference of the residual stress generated between the 

bimetallic solid roll and the current study of bimetallic sleeve roll constructed by 

shrink-fitting was studied. After shrink-fitting of the shaft, the residual stress was 

compared with one of the solid rolls. The conclusions are as follows:  

1. The tensile residual stress at the inner surface of the sleeve heat treatment 

(Fig. 6-2(c2)) is much smaller than the tensile residual stress at the inner 

layer of the solid heat treatment (see Fig. 6-2(b2)). It may be concluded that 

the sleeve heat treatment is suitable for manufacturing the sleeve roll since 

the inner layer of the fracture hardly occurs (see Fig. 6 -7, Fig. 6-8). 

2. The tensile residual stress of the sleeve heat treatment can be reduced 

significantly by the tempering.  
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3. The fatigue failure risk was investigated by using the fatigue limit diagram 

with the safety factor SF (see Fig. 6 -13).  It may be concluded that the stress 

at the inside of the bimetallic sleeve roll is safer than the solid bimetallic roll.  
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A  Appendix 

A.1 Interfacial displacement 𝒖𝜽
𝑷(𝟎)~𝑷(𝝋)(𝜽)  and average interfacial 

displacement 𝒖𝜽,𝒂𝒗𝒆.
𝑷(𝟎)~𝑷(𝝋)(𝜽)  

Fig. A-1 illustrates two-dimensional modeling where the roll rotation is 

expressed by the load shifting on the fixed roll surface [12 -15]. The roll is 

assumed to be subjected to the concent rated rolling load P = 13270 N/mm [4, 5]. 

As shown in Fig. A-1, the continuous roll rotation can be expressed by the 

discrete load shifting with a constant interval 𝜑0. The most suitable value of 𝜑0 

can be chosen to reduce the computational time without loosening the accuracy. 

From the comparison among the results 𝜑0 = 0.25°~12°, the load shift angle 𝜑0 =

4° is adopted in the following discussion since the relative error between 𝜑0 =

0.25° and 𝜑0 = 4° is less than a few percent. In the following, both forces are 

denoted by P. 

Fig. A-2 shows the variation of 𝑢𝜃
𝑃(0)(𝜃) due to the initial load 𝑃(0) by 

comparing the elastic and rigid shaft. As shown in Fig. A -2(a), the displacement 

is symmetric with respect to 𝜃 = 0 as can be expressed in the following equation:  

−𝑢𝜃
𝑃(0)(−𝜃) = 𝑢𝜃

𝑃(0)(𝜃)                                                       (A − 1)  

Fig. A-2(b) shows the displacement 𝑢𝜃
𝑃(0)~𝑃(𝜋)(𝜃) for the elastic shaft due to the 

load shifting 𝑃(0)~𝑃(𝜋)  and the displacement 𝑢𝜃
𝑃(0)~𝑃(2𝜋)(𝜃)  due to the load 

shifting 𝑃(0)~𝑃(2𝜋) in comparison with 𝑢𝜃
𝑃(0)(𝜃) . As shown in Fig. A-2(b), 

𝑢𝜃
𝑃(0)~𝑃(𝜋)(𝜃) and 𝑢𝜃

𝑃(0)~𝑃(2𝜋)(𝜃) are not symmetric anymore with respect to 𝜃 = 0 

due to the load shifting as given in the following equation:  

−𝑢𝜃
𝑃(0)~𝑃(2𝜋)(−𝜃) ≠ 𝑢𝜃

𝑃(0)~𝑃(2𝜋)(𝜃)                                        (A − 2) 

In Figs. A-2(a) and A-2(b), the average values of the displacements are also 

indicated by 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)  and 𝑢𝜃,𝑎𝑣𝑒.

𝑃(0)~𝑃(𝜑). Since those displacement varies depending on  
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Fig. A-1 The roll rotation can be replaced by discrete load shifting by the angle 

𝜑0 on the fixed roll.  

 

  
(a) Displacement 𝑢𝜃

𝑃(0)(𝜃) due to the 

initial loading P(0). 
 

(a) Displacement 𝑢𝜃
𝑃(0)~𝑃(𝜑)

(𝜃)  due to 

loading shift 𝑃(0)~𝑃(𝜋) and 

𝑃(0)~𝑃(2𝜋).  
 

Fig. A-2 Variations of the interfacial displacement.  

 

𝜃, the average displacement can be defined as follows:  

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑)

=
1

2𝜋
∫ 𝑢𝜃

𝑃(0)~𝑃(𝜑)
(𝜃)𝑑𝜃

2𝜋

0

                                    (A − 3) 

When the initial load P is applied at 𝜑 = 0, the average displacement is zero as 

𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)

= 0 and 𝑢𝜃
𝑃(0)(𝜃) is symmetric. Due to the load shifting from 𝜑 = 0 to 

𝜑 = 𝜑, the average displacement 𝑢𝜃,𝑎𝑣𝑒.
𝑃(0)~𝑃(𝜑) increases losing the symmetry. This is 

because 𝑢𝜃
𝑃(0)(𝜃) is irreversible as shown in Fig. 2 -3.  
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A.2 Residual stress simulation of the bimetallic solid roll  

In this paper, as shown in Fig. 6 -11(b), the residual stress distributions 

are obtained by using the quenching and tempering simulation met hod in the 

previous paper [14-17]. In roll companies, the surface residual stress of the roll is 

always confirmed after tempering the roll by using the non -destructive 

inspections such as X-ray diffraction method and ultrasonic method. The authors’ 

previous simulation may provide the residual stress distribution from the surface 

to the inside of the roll under various different heat treatments. Since the internal 

stress cannot be obtained by using these non -destructive method, the destructive 

inspections such as Sachs boring method and disk cut method were sometimes 

applied spending high cost and time-consuming effort  [30,31]. 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. 

Fig. A-3 illustrates the surface temperature history of the bimetallic solid 

roll (see Fig. 6-2(b1)) during heat treatment consisting of the pre -heating,  

 

Fig. A-3 Heating, quenching, and tempering treatment of the bimetallic 

work roll 
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(a) (b) 

Fig. A-4 (a) Temperature at inner and outer surfaces provided along  |z| ≤ 900mm in 

Fig. 6-2(b1);  (b) Stress σr at inner and outer surfaces when z = 0 in Fig. 6-2(b1). 

 

  

(a) (b) 

Fig. A-5 Residual stress distributions at z=0 in Fig. 6-2(b1) for all stress 

components. (a) At the beginning of tempering and (b) At the end of second 

tempering (see Fig. 6-2(b1)) 
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quenching, and tempering. In pre -heating process, the whole roll is heated up to 

the uniform temperature of TStart = 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 TQ,Keep to prevent excessive thermal stresses 

caused by rapid cooling. After keeping period, the  roll is cooled down slowly 

until to the temperature of TT,Finish. After the quenching process, the tempering  

process will be performed 2 times to release the residual stress and obtained the 

stable microstructure.   

Fig. A-4 shows the histories of (a) temperature and (b) stress 𝜎z for the 

bimetallic solid roll during quenching process. The temperature and the stress in 

Region 1 to Region III have beed explained in the Section 6.4.1 in this paper.  

Fig. A-5(a) and Fig. A-5(b) shows the obtained stress dist ributions 

σθ,  σz,  σr,τrz,  σeq at z=0. Fig. A-5(a) shows the ones before the first tempering and 

Fig. A-5(b) shows the ones after the second tempering. From these figures, it is 

seen that tempering does not affect σr , τrz very much. Instead, tempering 

reduces σz largely at both inner and outer layers. And tempering reduces σθ only 

at the outer layer.  

 

A.3 Fatigue limit line under large compressive stress  

In the previous study [29], the fatigue limit lines are newly prescribed 

under large compressive stress since no study is available. Fig . A-6 shows a stress 

amplitude versus mean stress diagram ( σa-σm diagram) to discuss the fatigue 

limit under large compressive alternative loading σm≤0. First of all, assume the 

ultimate tensile strength σB can be applied to the compressive stress σm < 0 and 

alternative stress σa > 0 as express in Eq. (A-4).  

|σm| < σB, |σa| < σB                      (A-4) 
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The so-called modified Goodman law can be expressed in Eq. (A-5) for σm ≥ 0.   

σa

σw0
+

σm

σB
≤ 1                                                     (A-5) 

Assume this limit line σa/σw0 + σm/σB = 1 can be extended to the negative region 

σm < 0 [32]. Consider pulsating compressive loading σa + σm = σmax = 0  as 

illustrated in Fig. A-6(c). In Fig. A-6(a), the line is indicated as σm = −σa  

denoted by a dotted line with an angle of 45° from the ordinate from the origin . 

In the region described by Eq. (A-6), the crack does not propagate and no final 

failure happens.  

σa + σm = σmax ≤ 0                                               (A-6) 

Denote the intersection σa/σw0 + σm/σB = 1 and σa + σm = 0 as point E 

as shown in Fig. A-6(a). Since point E satisfies Eq. (A-6), there is no final failure. 

Therefore, by adding a certain amount of positive tensile stress, point F and point 

F’ are newly considered [33]. Regarding the fully reversed loading, the fatigue 

limit is known as point D as shown in Fig. A-6(b). Point D can be the fatigue 

limit under the maximum tensile stress σmax = σm + σa = 166 MPa  and the 

maximum compressive stress σmin = σm − σa = −166 MPa. Instead, at point E, as 

shown in Fig. A-6(c), the maximum tensile stress σmax = σm + σa = 0 but the 

maximum compressive stress σmin = σm − σa = −554 MPa is more than three times 

larger than the compressive stress of point D, σmin = −166 MPa since σmin =

−554 MPa = −277 MPa × 2 < −166 MPa × 3 = −498 MPa. Therefore, at point E, even 

with no crack propagation and no final fail ure, more severe damage is 

accumulated regarding crack initiation compared to point D.  

Consider F’ whose maximum tensile stress σmax = 166 MPa is the same as 

point D as shown in Fig. A-6(e). Due to the larger compressive stress σmin =

−554 MPa  at point E compared to the one σmin = −166 MPa at point D, the tensile 

stress necessary for the fatigue limit can be smaller than σmax = 166 MPa.  
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Fig. A-6 (a) Fatigue limit lines under large compressive stress; (b) Stress at point D;  

(b) Stress at point E; (d) Stress at point F; (e) Stress at point F’ 

 

Instead, at point E, there is no tensile stress, therefore there is no crack 

propagation and no final failure as the previous studies indicated  [34-36]. 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 σw0/2 = 83 MPa is assumed for this tensile 

stress at point F as shown in Fig. A-6(d). By drawing the line through point D and 

point F in Fig. A-6(a), the fatigue limit can be estimated. The range can be 

expressed by the following equation.  

σa ≤ −
σB+σw0

2σB
σm + σw0                                            (A-7) 

(b) Stress at point D    (c) Stress at point E        (d) Stress at point F       (e) Stress at point F’    

(a) Fatigue limit line A-D-F-G-H 
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For large compressive alternative loading, the fatigue limit is determined by Eq . 

(A-4) to Eq. (A-7), which is expressed by the thick solid lines passing through 

points A, D, F, G, H in Fig. A-3(a). 
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