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Abstract

In hot rolling of steel, high-speed bimetallic work rolls consisting of high-carbon high-

speed steel (HSS) for the outer layer and ductile casting iron (DCI) for the inner layer

are widely used. To extend the life of the roll, as the roll usage conditions become

stricter, such as high-load rolling due to the increased strength of the rolled material,

measures against fatigue fracture starting from the inside of the roll such as the HSS/DCI

boundary and inner layer are becoming important. Therefore, in this study, the rolling

stress during the use of the bimetallic work roll in a 4-high rolling mill is clarified. In

particular, based on the fatigue fracture cases that occurred inside the work roll, the risk

of fatigue fracture is considered by focusing on some dangerous areas. The risk of fatigue

failure in consideration of the residual stress introduced into the rolls is also considered.

This paper consists of 6 chapters and is organized as follows.

Chapter 1 introduced the bimetallic work roll used in the 4-high rolling mill. Previous

research on the development of HSS bimetallic work rolls by improving wear and surface

resistance is explained. The manufacturing method, residual stress, and past roll breakage

accidents are also summarized. Then, the necessity to clarify the rolling stress when this

roll is used in a 4-high rolling mill is explained and the evaluation of the fatigue risk in

consideration of the residual stress is also studied.

In Chapter 2, an appropriate quenching process is discussed to improve the bimetallic

roll quality and increase their strength reliability since the heat treatment can control the

residual stress. The data of material properties required for the analysis are clarified, and

it is shown that the compressive stress is generated on the roll surface and tensile stress

is generated on the roll center after quenching. On the other hand, the residual stress of

non-uniform heating quenching is also discussed, in which the rolls are heated uniformly

and then rapidly cooled. As a result, the maximum tensile stress of non-uniform heat

quenching can be reduced by 20% to 30% from the maximum tensile stress of uniform

heat quenching. In addition, the effects of roll diameter and area ratio on residual stress
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have been clarified.

In Chapter 3, the effect of additional heat treatment called tempering after quenching is

explained to reduce internal stress. Similar thermo-elasto-plastic finite element simulation

is performed in consideration of creep, and the residual stress distribution after the two

tempering processes is compared for both uniform heating quenching and non-uniform

heating quenching. Reduction of tensile residual stress at the center of the inner layer

can be clarified by tempering after uniform heating quenching and non-uniform heating

quenching. In this tempering process, the residual stress inside the roll is reduced by

stress relaxation due to the creep effect.

Chapter 4 focuses on clarifying the rolling stress distribution that fluctuates in response

to roll rotation inside the bimetallic work rolls, which has not been studied so far. Nor-

mally, bimetallic work rolls are used for rolling by introducing appropriate residual stress

by pre-heating, quenching, and tempering heat treatment, but it is considered that the

heat treatment conditions differ depending on each roll manufacturer. Therefore, in this

chapter, rolling analysis with no residual stress is considered to clarify the mechanical

stress. The relationship between the stress amplitude and the fatigue limit under the

compressive mean stress, which has not been studied in fatigue so far, is studied and a

new fatigue limit line for the compressive stress field as a durability diagram is proposed.

Then, concerning past roll fatigue damage cases, fatigue fracture is discussed focusing on

three dangerous points in the work roll. Since the maximum stress amplitude is caused

by the rolled steel, it can be concluded that the most dangerous point is at the center of

the roll axis inside the HSS / DCI boundary.

In Chapter 5, in order to evaluate the fatigue fracture risk according to the actual roll,

the rolling analysis is generated under the initial condition of having roll residual stress.

The risk of internal fatigue fracture is discussed using a similar approach in Chapter 4. In

addition, since the consecutive FEM analysis for each roll rotation requires a great deal

of time and effort, it is clarified that the accuracy when the residual stress and rolling

stress are simply superposed as a simple evaluation method. As a result, it is shown that
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the superposition method can evaluate the risk of fatigue fracture more safely than the

consecutive FEM analysis. It is also shown that when the defect size at the center point

of the roll is 5 mm or more, there is a risk of fatigue fracture at the center.

Chapter 6 summarizes the main conclusions of this study.
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1. Introduction

1 Introduction

1.1 Work roll development

Hot rolling processes are more tonnage than any other manufacturing process in met-

alworking. The demands are not only for the high quality of metal sheet but also high

productivity, energy-saving, and cost-effective operation. Hot strip mill finishing train for

the metal forming process can be described in Figure (1−1)a [1]. The metal/steel stock

is passed through the roughing stand to reduced the desired thickness. Among a typical

seven-stand hot strip finishing mill in steel industry, this study considers No.4 finishing

stand where the roll is used under the most severe conditions causing relatively larger

wear appears and fatigue failure may happen. Figure (1−1)b shows the layout of a 4-high

rolling mill for the rolling process. The work roll is subjected to the contact between the

backup roll and the rolled steel. Therefore, such kind of severe condition of the cyclic

sequence of heating and cooling occurs during the rolling process [2].

Figure (1−1): (a) Hot strip mill finishing train; (b) Four-High rolling mill model

Requirement for higher wear resistance and lower damage of rolls in the roll accident

have been increasing more and more. Many studies have been conducted to improve

wear resistance, surface resistance, and heat crack resistance of the work rolls [3] [4] [5].

Fracture toughness is required at the roll center of the work roll while wear resistance and
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1. Introduction

heat resistance are required at the roll surface [6]. Since the conventional single material

roll do not seem satisfy many properties at the same time, it is necessary to develop a

new type composite roll [7] [8].

To replace the single conventional roll, a new composite or bimetallic work roll consists

of high speed steel at the outer layer and cast iron at the inner layer is manufactured

[9]. The manufacturing process will be discussed in the next section. Compared with

conventional rolls, HSS roll has a high wear resistance and surface roughening resistance,

and the core layer consisted of cast iron or forged steel with a high hard toughness [10].

1.2 Bimetallic work roll manufacturing process

The conventional manufacturing method of the bimetallic roll is the centrifugal casting

method [11] shown in Figure (1−2). For the work roll, indefinite chilled iron roll or high

chromium iron roll are used for the material. However, when indefinite chilled iron roll

and high chromium iron roll are used as hot strip mill finishing train work roll, rolls are

changed due to the increasing of wear and roughness of roll surface with short hours

frequently. Therefore, the new bimetallic roll is composed of high-carbon speed steel

outer shell and forged steel core. This new bimetallic roll is produced with the continuous

casting for cladding method, pouring the molten metal of outer shell around the strong

forged steel core continuously as shown in Figure (1−3).

Figure (1−2): Conventional centrifugal casting method
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Figure (1−3): New continuous pouring method [1]

Table (1-1) shows the chemical composition of the high-carbon speed steel roll, com-

pared with the indefinite chilled iron roll and high chromium iron roll [1].

Table (1-1): Chemical composition of new bimetallic roll and conventional roll (mass,%)

Composition C Cr Mo W V

High-carbon speed steel roll 1.5/3.5 2∼7 ≤9 ≤20 3∼15

Indefinite chilled iron roll 2.5/3.5 ≤2.5 ≤1 - -

High chromium iron roll 1.0/3.0 8/25 ≤3 - ≤3

On the other hand, a rotational electroslag remelting (ESR) bimetallic method is also

developed to achieve remarkable high roll performance [7]. Figure (1−4) shows the ESR

method where it has high potential to process high alloy steel with good metallurgical

quality.
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Figure (1−4): A rotational ESR bimetallic method [6]

1.3 Roll failures in previous study

1.3.1 Roll failures pattern

Figure (1−5) shows the failure illustration in a roll [12]. Various accident patterns

that occur in a roll body are shown in this figure. Figure (1−6) shows the relationship

between each fracture accident, roll properties, and rolling conditions [13]. Of the fracture

accidents shown in Figure (1−5), the fracture accident starting from the inside of the roll

has operational abnormalities such as insufficient roll cooling. Except in some cases, the

cause is often a casting defect of the roll, insufficient strength, and excessive residual

stress [14].
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Figure (1−5): Schematic pattern of failure in a roll

Figure (1−6): Relation between breakage pattern and its source
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1.3.2 Residual stress inside the work roll

During hot rolling process, the cyclic sequence of heating and cooling caused the thermal

stresses to initiate firecracks at the roll surface [15]. Then, the combined action of thermal

stress and residual stress may breakage the roll since the thermal breakage originates near

the roll center and breaks out to the barrel surface [16] [2].

Since the residual stress after heating treatment has significant effect to improve the

roll performance, it is necessary to control the residual stress inside the roll. Based on the

efficient heating treatment technology, the continuous progressive heating with subsequent

tempering after quenching is greatly suggested [17].

The heating treatment is a continuous process of pre-heating, quenching, and tempering.

During pre-heating, some studies showed that by using non-uniform heating treatment,

the different temperatures between the roll surface and roll center can be expected. There-

fore, the failure risk from the roll center can be reduced since the roll center temperature

can be greatly reduced. [18]. This non-uniform heating treatment type is also applied to

the other steel material study [19].

Quenching heat treatment produces compressive residual stress to prevent fatigue crack

at the roll outer layer [20] [21] [22]. However, to balance the compressive stress, tensile

residual stress always appears at the roll center, which may cause the roll fracture. De-

creasing the center tensile stress is therefore desirable to reduce the risk of fracture from

the roll center. Since the residual stress can be controlled by the heat treatment, an

appropriate quenching and tempering processes are required to improve bimetallic roll

quality [23] [24].

Previous study investigated quenching and tempering treatment on the microstructure,

mechanical properties, and abrasion resistance [25]. As the result, the optimum heat

treatment methods are determined for the high-carbon HSS roll.
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1.4 Motivation and Objectives

The work roll surface layer is frequently ground with a smaller rolling amount than

the backup roll in order to remove surface roughness and wear due to surface roughness.

For this reason, surface spalling where the rolling fatigue cracks generated from the roll

surface are generated usually at the backup rolls. Unlike the outer layer of the work roll,

which is grinding during use, the inner boundary and inner layer of the roll are subject

to repeated loads exceeding 107 times, which corresponds to the total life of the roll.

Small defects and abnormal micro-structures appearing during the casting process may

cause delamination of the boundary layer due to the repeated rolling loads. In this way,

in addition to extend the life of the roll, the conditions for using the roll are becoming

stricter, such as high-load rolling due to the increased strength of the rolled material, and

there is insufficient knowledge about fatigue fracture starting from the inside of the roll.

Figure (1−7) illustrates a proof of internal fatigue failure considered in this thesis [12].

In this high alloy grain roll, as shown in Figure (1−7), a semi-elliptical beach mark can be

clearly seen near the HSS/DCI boundary at point B proving that the fatigue crack initiates

at the inner boundary point A and propagates to the surface. Roll maker companies also

identified that sometimes similar failure can be seen near the end of the roll body. Such

peeling shown in Figure (1−7) is caused by the variation of radial stress σr during the roll

rotation. In this way, the internal failure focused in this study is totally different from

the surface spalling causing surface layer peeling observed in the backup rolls [26]. This is

because the spalling is mainly controlled by the shear stress amplitude due to the rolling

contact fatigue at several mm depth from the roll surface. Considering those situations,

the authors have been keenly aware of the necessity for fatigue failure analysis. In other

words, it is important to evaluate and clarify the fatigue risk over the entire roll based on

the factors related to the strength of the roll itself and the stress caused by the rolling.

Therefore, in this study, a three-dimensional finite element method is applied to inves-

tigate the residual stress and the rolling stress of the bimetallic work roll in the four-high
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Figure (1−7): Failure at HSS/DCI boundary in bimetallic work roll (a) Fractured surface; A: Near

boundary, B: Beach mark in shell, C: Roll surface, (b) Cross-section view of spalling crack

rolling mill. The residual stress is analyzed by considering pre-heating, quenching, and

tempering. By using the results as an initial condition, the rolling stress analysis is per-

formed consecutively. Then, the fatigue failure risk is discussed focusing on several critical

points subjected to the largest stress amplitude inside of the work roll. The accuracy of

the simple superposition method is also discussed to evaluate the risk conveniently. The

thesis outline is composed of 6 chapters as following:

Chapter 1 gives a brief introduction of the bimetallic work roll used in 4-high rolling mill

including the previous studies on the development of the bimetallic work roll to replace

the single material roll. The characteristics of the bimetallic work roll are also discussed

to improve the wear resistance, surface resistance, and heat-crack resistance. Then, the

research problem, focusing on the failure of the HSS/DCI boundary due to the residual

stress and the rolling stress are also explained.

Chapter 2 analyzes the residual stress distribution of the bimetallic work roll after com-

pleting heating and quenching treatment. A thermo-elastic-plastic finite element simula-

tion is performed by using MSC Marc 2012 to investigate the residual stress during the

quenching process. Uniform and non-uniform heating methods are considered to study

the difference to the residual stress distibution.

In Chapter 3, by using similar simulation approach in previous chapter, the heating

treatment is continued for tempering process. Residual stress distribution after two tem-
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pering process is investigated for both uniform and non-uniform heating methods. Then,

the usefulness of non-uniform heating method decreasing the center tensile stress is dis-

cussed.

After complete the pre-heating quenching and tempering treatment, the residual stress

distribution will be used as the initial condition for the rolling analysis in the next chapter.

However, since the heat treatment conditions may differ depending on each roll manu-

facturer, Chapter 4 considers zero residual stress in order to clarify only the mechanical

stress. This assumed actual rolling analysis considers elastoplastic contact analysis of the

half model of the 4-high rolling mill. The safety risk evaluation under compressive mean

stress is newly prescribed under large compressive stress, evaluates the fatigue failure risk

at the certain positions inside the bimetallic work roll.

Chapter 5 uses the residual stress distibution as the initial condition in the consecutive

FEM analysis. The safety risk evaluation under compressive mean stress is also evaluated

at the certain positions inside the bimetallic work roll. Since the consecutive FEM analysis

considering each roll rotation is time-consuming, the simple evaluation method will be

discussed by superposing the residual stress and the rolling stress.

Chapter 6 provides the main conclusions for the fatigue failure risk inside the bimetallic

work roll during the rolling process of 4-high rolling mill.
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2 Residual stress after the heating quenching treat-

ment of the bimetallic work roll

2.1 Introduction

Previous study shows that the heat treatment produces compressive residual stress to

prevent fatigue crack at the roll outer layer [27]. However, to balance the compressive

stress, tensile residual stress always appears at the roll center, which may cause roll

fracture. Decreasing the center tensile stress is therefore desirable to reduce the risk of

fracture from the roll center. Since the residual stress can be controlled by the heat

treatment, an appropriate quenching process is required to improve bimetallic roll quality

[17].

In other studies [28] [29], the heating quenching treatments was discussed, although the

material data were not indicated at the request of the company with which we collabo-

rated. Since the material data could not be indicated, the detailed effect of the material

on the residual stress has not yet been clarified.

Therefore, in this chapter, the simulation will be performed under specific provided

material data where the new materials and new roll are considered. Then, the effect of

the heat treatment will be discussed clearly by applying the finite element method (FEM)

to the quenching process after uniform heating and non-uniform heating. Moreover, the

effects of the roll diameter and the area ratio on the residual stresses will be discussed.

2.2 Mechanical properties of the bimetallic work roll

Figure (2−1) shows the bimetallic rolls model used in this heating quenching analysis.

This work roll is manufactured by the centrifugal casting method, in which high-speed

steel (HSS) is used as the shell and ductile casting iron (DCI) is used as the core (see

Figure (2−1)) [6–8].
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As shown in Figure (2−1), the roll diameter D is 660 mm, HSS outer layer thickness is

60 mm, and the body length is 1800 mm. In order to remove the internal stress caused by

the transformation in the cooling process after casting, the roll is annealed and gradually

cooled to room temperature. As a result, the residual stress is considered negligible before

the heating treatment, which is held at a temperature exceeding 1000◦C. Even in the case

of non-uniform heating, since the whole work roll is heated and then maintained at 600◦C

or higher, stress-free conditions were set as the initial conditions of the analysis.

Figure (2−2) shows the microstructure of the outer and inner layers around the bound-

ary layer. In the outer layer of HSS, the carbides are fine and homogeneously distributed

but coarsened at the boundary. In the inner layer of DCI, the spherical graphite is sur-

rounded by ferrite. In Figure (2−2), a good diffusion state is maintained at the boundary

and good composite structures are seen. Table (2-1) shows the chemical compositions and

Table (2-2) shows the material properties for the outer layer of HSS and the inner layer

of DCI.

Table (2-1): Chemical composition of the work roll(mass,%)

Element C Si Mn P S Ni

HSS 1∼3 <2 <1.5 <1 <1 <5

DCI 2.5∼4 1.5∼3.1 <1 <0.1 <0.1 0.4∼5

In our previous study [28], the material data were not indicated in detail since they

Figure (2−1): Model of the bimetallic roll (mm)
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Table (2-1): cont.

Element Cr Mo Co V W Ag

HSS 2∼7 <10 <10 3∼10 <20 <10

DCI 0.01∼1.5 0.1∼1 <1 <1 <1 0.02∼0.08

Figure (2−2): View of microstructure for a HSS roll with a DCI core

Table (2-2): Mechanical properties of the shell and core at room temperature

Property Shell Core

0.2% proof stress (MPa) 1270 410

Young’s modulus (GPa) 228 168

Poisson’s ratio 0.3 0.28

Density (kg/m3) 7600 7300

Thermal expansion coefficient (K−1) 12.6× 10−6 13× 10−6

Thermal conductivity (W/m·K) 20.2 23.4 kcal

Specific heat (J/(kg·K) 0.46 0.42

Shore hardness (Hs) 85 50

constituted confidential information of the roll manufacturing company. Since the purpose

of this study is to clarify the residual stress during the quenching process, all material

data are provided, as shown in Figure (2−3). This figure shows the Young’s modulus,
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specific heat, thermal conductivity, thermal expansion coefficient, Poisson’s ratio, and

stress-strain characteristic for both HSS and DCI during the quenching process.

2.3 Analysis method

For the FEM analysis, the software MSC Software’s Marc and Mentat 2012 is used to

perform the simulation of the quenching process of the bimetallic roll, while the Newton-

Figure (2−3): (a) Young’s modulus; (b) specific heat; (c) thermal conductivity; (d) thermal expansion

coefficient during quenching; (e) Poisson’s ratio; (f) stress-strain for HSS; (g) stress-strain for DCI
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Raphson strategy is used to solve non-linear equations in an implicit scheme. Figure (2−4)

shows the transient-static simulation model of a half-length of the roll by using a four-node

linear axisymmetric quad element with a mesh size of 5 × 5 mm. Due to the symmetry,

the thermal isolation conditions and displacement boundary conditions are applied as

z = 0. This thermo-elastic plastic material model consists of 17,785 elements with 18,150

nodes and considered the Von Mises yield criterion and isotropic strain hardening rule.

Figure (2−4): Finite element model for bimetallic roll

Figure (2−5) shows the temperature of the roll surface for (a) uniform heating; (b)

non-uniform heating. All the material properties were measured experimentally from the

initial quenching temperature, TStart, to the end hardening temperature, TFinish. These

temperature histories are used as the thermal loading to create the residual stress field.

Therefore, the thermal strains and stresses for each increment can be calculated.

For uniform heating in Figure (2−5)a, the entire work roll was heated up to the quench-

ing start temperature, TStart. Due to the uniform heating treatment, no residual stress

appeared before the quenching process. For non-uniform heating in Figure (2−5)b, the

entire roll was heated up initially to the pre-quenching temperature, THeat. After main-

taining this temperature, THeat, for a certain time, the roll was rapidly heated up to a

higher temperature. Due to this kind of treatment, small residual stress that is less than

30 MPa was found at the early stage of the quenching process. When the surface temper-

ature reached the starting temperature TStart, a mixed of water and air was discharged

from the furnace to start the cooling process. During the cooling, the surface tempera-
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Figure (2−5): Work roll surface temperature during pre-heating and quenching (a) Uniform heating

quenching; (b) Non-uniform heating quenching

ture of the roll was maintained at the keep temperature, TQ,Keep, to alleviate the thermal

stress accompanying the rapid decrease of the surface temperature. Then, the roll was

cooled down slowly to the end temperature, TFinish. The stress at this point was treated

as the residual stress in this study, although the tempering was not completed. In the

tempering treatment, the roll was tempered in the furnace after being heated up to the

keeping temperature, TT,Keep, and maintained for a certain time. Then, it was gradually

cooled in the furnace to complete the heat treatment.

In the creep analysis, the transient creep strain was considered where the time hardening

law was used to express the core material due to its low strength under high temperature.

The core creep equation is given as:

εc = Aσmtn (2−1)

where εc is the transient strain, σ is the stress, t is the time, and A, m, and n are

temperature-dependent material constants. All these unknown constants are determined

by performing experimental creep tests [30]. Details on this creep analysis will be discussed

in Chapter 3.
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2.4 Influence on Residual Stress by Non-Uniform Heating

By performing non-uniform heating, the surface and center temperatures will be dif-

ferent. As a result, the risk of roll failure can be reduced by decreasing the center tensile

residual stress. The other advantages of non-uniform heating quenching are listed as

follows:

1. The internal temperature is lower than 900◦C, which contributes to the avoidance of

overheating and prevents material deterioration.

2. Due to the rapid cooling of the quenching, a hard shell is obtained, improving the

impact strength of the roll. Energy consumption can be reduced because the heating

time is shortened.

3. The time and cost of the operation can be also reduced since the time required for

heating is shortened.

Figure (2−6) shows the distribution of the residual stress σz in the central cross-section

of the roll. In this thermal analysis, a total of 905 load steps, corresponding to t = 1140s,

were required to complete the heating cycles.

As shown in Figure (2−6), the maximum tensile stress for non-uniform heating ap-

pearing at the roll center decreased to 141 MPa. The compressive residual stress at the

surface decreased, but remained sufficiently large enough to guard against thermal crack.

Meanwhile, the maximum tensile stress for non-uniform heating was 24% less than that

for uniform heating. From Figure (2−6), it may be considered that non-uniform heating is

efficient in reducing the fracture risk at the roll center without losing the crack prevention

ability of the roll surface.
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Figure (2−6): Comparison of residual stress distribution, σz for both heating treatments.

2.5 Comparison between uniform and non-uniform heating quench-

ing treatment

2.5.1 Stress generation mechanism of uniform and non-uniform heating quench-

ing

Figure (2−7) and Figure (2−8) show the results for (a) temperature versus time and

(b) corresponding stress, σz versus time for uniform and non-uniform heating processes.

As shown in Figure (2−7), the period A is a heating process while the periods B, C, D,

and E are the quenching processes. During process A, no difference can be seen between

the center and surface since the roll is heated up uniformly and no stress occurs. During

the rapid surface cooling process B the tensile stress of the outer layer increases initially

due to the cooling shrinkage of the outer layer. However, the tensile stress suddenly

changes to compressive stress because the thermal shrinkage at the central part becomes

larger. Pearlite transformation appears at the inner layer at the pearlitization tempera-
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ture, TPearlite, which expands from the inner layer boundary toward the roll center. During

this process, B, the center compressive stress decreases until reaching TPearlite. During

process C, the pearlite transformation causes the formation of compressive stress at the

roll center. Then, the tensile stress at the center with a high cooling rate increases and

eventually the stress at the center and the stress at the surface intersect. The compressive

stress at the surface and the tensile stress at the center maintain until the temperature

TQ,Keep is reached. During the initial temperature keeping period, D, since the heating is

applied to adjust the overcooling at the roll surface, both the surface compressive stress

and the center tensile stress increase slightly. After heating, the temperature difference

becomes smaller between the surface and the center. During period E, the surface cooling

starts outside the furnace, and the surface temperature decreases. Then, the center tensile

stress and the surface compressive stress both increase. During period E, Bainite expan-

sion transformation occurs at the inner layer at the bainitization temperature, TBainite,

promoting the surface compressive stress and the center tensile stress.

Figure (2−7): Uniform heating process and corresponding stress σz: (a) temperature versus time and

(b) stress σz versus time
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Figure (2−8): Non-Uniform heating process and corresponding stress σz: (a) temperature versus time

and (b) stress σz versus time

As shown in Figure (2−8), during the non-uniform heating process A, the entire roll is

heated up initially to the pre-quenching temperature, THeat. After that, the roll surface

is rapidly heated up to the roll surface temperature, TStart, while the roll center is heated

at a lower temperature in a non-uniform manner. At the early stage of this heating

process, tension is generated at the center due to the surface thermal expansion. The

surface compressive stress turns into tensile stress due to transformation contraction at the

austenitization temperature, TAustenite. After that, the temperature difference becomes

smaller between the surface and the center and both stresses decrease. At the initial

stage of quenching B, a large tensile stress forms at the surface because of the high

cooling speed. The pearlite transformation occurs at the initial stage of C, and the center

compressive stress is maintained. At the initial stage of D, due to the roll surface heating

process, the surface tensile stress turns into compressive stress. During the temperature

keeping period, TQ,Keep, the temperature difference becomes smaller between the surface

and the center. Then, the stress change is small. During the air-cooling period E, Bainite
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expansion transformation occurs. In the outer layer―similar to the uniform heating case

in Figure (2−7)―both the surface compressive stress and the center tensile stress increase.

As shown in Figure 2-6, the central compressive stress under uniform heating becomes

smaller than that under non-uniform heating. This can be explained by the following.

During pearlite transformation P⃝, in Figure 2-7 and Figure 2-8, the stress change under

non-uniform heating (indicated as P⃝ in Figure 2-8) is smaller than the stress change

under uniform heating (indicated as P⃝ in Figure 2-7). In a similar way, the central stress

increase (indicated as t⃝ in Figure 2-8) under non-uniform heating is also smaller than

the central stress increase (indicated as t⃝ in Figure 2-7) under uniform heating after the

pearlite transformation. The effects of the temperature keeping period D, and air-cooling

period E, are nearly the same in Figure (2−7)b and Figure (2−8)b. In the non-uniform

heating process, the smaller stress increase after the central pearlite transformation results

in the reduction of the center tensile stress.

2.5.2 Effect of diameter on uniform and non-uniform heating quenching

Figure (2−9)a shows the residual stress distribution for uniform heating obtained by

varying the diameter from 500 mm to 1000 mm in increments of 100 mm with an area

ratio of 0.4. Since the area ratio is fixed, the residual stress of the inner layer can be

represented by the stress at the center. At the center, the tensile stress increases by 53

MPa as the diameter changes from 500 mm to 1000 mm. Meanwhile, Figure 2-9b shows

the diameter effect result of non-uniform heating. The result is significant as the real roll

diameter used is between 600 mm to 800 mm. The maximum tensile stress at the inner

layer is 261 MPa when the roll diameter is 900 mm. The surface compressive stress varies

significantly as the roll diameter changes from 500 mm to 600 mm.
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Figure (2−9): Residual stress distribution σz for different diameters: (a) Uniform heating; (b) Non-

uniform heating

2.5.3 Effect of area ratio on uniform and non-uniform heating quenching

Figure (2−10) shows the residual stress distribution for different area ratios for uniform

and non-uniform heating processes. The outer roll diameter is fixed as 660 mm. For

uniform heating, the center tensile stress increases by 120 MPa as the area ratio changes

from 0.2 to 0.8. Meanwhile, for non-uniform heating, the tensile stress increases by 127

MPa for the same ratios. The compressive stresses at the surface are almost unchanged

for both results. The results show that the area ratio only exerts a small influence on the

residual stress of the bimetallic roll.

2.6 Conclusion for Chapter 2

In this chapter, residual stress was discussed under uniform and non-uniform heating

treatments by considering creep behavior. The bimetallic roll tested consisted of high-

speed steel at the shell and ductile cast iron at the core. Although a similar study can

be found in previous work, no material data was indicated. In the current work, all the

material data were indicated to provide a detailed view of the effects of material properties
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Figure (2−10): Residual stress distribution σz for different area ratios: (a) Uniform heating; (b)

Non-uniform heating

on residual stress.

After uniform and non-uniform heating treatments, the quenching process was simu-

lated by applying thermo-elastic plastic finite element method analysis. The conclusions

are summarized as follows:

1. The tensile stress of the inner layer after non-uniform heating and quenching was

less than that obtained after uniform heating and quenching by 24%, while the com-

pressive stress on the surface for both heating treatments did not differ greatly. As

a result, the effect of preventing surface cracking can be expected to reduce damage

originating from the center.

2. Based on the stress generation mechanisms, it was found that the stress in the central

part decreased by non-uniform heating because during pearlite transformation B, the

increase in the central stress in non-uniform heating p⃝ was small. Similarly, the

increase in the central stress t⃝ in non-uniform heating is also small in region C after

the pearlite transformation.

3. Based on the diameter effect result, the center tensile stress for non-uniform heating
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was smaller compared to that for uniform heating. Furthermore, the surface com-

pressive stress varied significantly as the diameter changes from 500 mm to 1000

mm.

4. The results of the area ratio effect showed that the center tensile stress almost un-

changed as the diameter changes from 500 mm to 1000 mm for uniform heating. For

non-uniform heating, the center tensile stress changed when the area ratio changed.

The surface compressive stress varies significantly as the roll diameter changes from

500 mm to 600 mm.
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3 Residual stress after the heating, quenching, and

tempering treatment of the bimetallic work roll

3.1 Introduction

In previous chapter, the residual stress after quenching of the bimetallic work roll was

discussed by varying the thermal conditions as well as the roll dimensions since the residual

stress is mainly controlled by the heat treatment of the roll.

For this chapter, to reduce the internal stress, the additional heat treatment called

tempering is done after quenching.

3.2 Analysis method

Thermo-elastic-plastic finite simulation is performed by using similar analytical model

with the previous quenching analysis in Chapter 2 by using the similar material properties,

mechanical properties and chemical compositions for HSS and DCI.

The residual stress distribution after two tempering process is investigated for both

uniform and non-uniform heating methods. Figure (3−1) shows the temperature of the

roll surface for both uniform heating and non-uniform heating. Quenching simulation has

been discussed in previous chapter and for this chapter, the tempering simulation will

be continued after the quenching end point TQ,F inish. The temperature is raised again

to TT,Keep and after a certain time, it is slowly cooled until TT,F inish to complete one

tempering cycle.

3.3 Effect of creep behaviour on residual stress

In the creep analysis, the transient creep strain also should be considered as well as

the steady creep strain. Among several equations available for creep analysis, the time
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Figure (3−1): Work roll surface temperature during pre-heating, quenching and tempering; (a) Uni-

form heating quenching; (b) Non-uniform heating quenching

hardening law, sometimes called power law, is used to express the core material which

has low strength under high temperature. It should be noted that the creep should be

considered in a short hours for the roll quenching compared to the common creep analysis.

The creep equation can be given as the following Eq (3−1). [31]

εc = Aσmtn (3−1)

where εc is the transient strain, σ is the stress, t is the time, and A, m, and n are

temperature-dependent material constants.

In order to examine the validity of Eq. (3−2) and Eq. (3−3), the stress relaxation

effect obtained by the stress relaxation test was compared with the stress reduction effect

by creep. This creep testing was conducted by using a miniature creep rupture testing

machine based on JIZ2271 [32]. The specimen were prepared from the core material DCI

due to its low-temperature strength.

Those specimens were, respectively, heated up to the testing temperatures, TQ,Keep and

TT,Keep, and kept at theses temperatures during the testing process. Then, the creep tests

were carried out by applying constant loads 130 and 160 MPa. The strain changes were
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recorded with time. From the strain–time curves obtained, the creep equations can be

written as shown in Eq. (3−2) and Eq. (3−3).

εc = 2.23× 10−13σ3.442t0.6724atTQ,Keep = 500◦C (3−2)

εc = 8.43× 10−16σ5.003t0.4919atTT,Keep = 525◦C (3−3)

As shown in Figure (3−2), the creep test is the strain of the test piece pulled at a

constant stress in a high temperature atmosphere. In contrast to the time change of the

initial stress, the stress relaxation test looks at the time change of the initial stress with

a constant displacement, and both evaluate the properties of the same roll material.

Figure (3−2): Specimen of creep test and stress relaxation test; (a) Specimen of creep test (mm); (b)

Specimen of stress relaxation test (mm)

It is confirmed that the results of the stress relaxation test performed using the initial

stress of 130 MPa and 160 MPa on the inner layer material at both TQ,Keep and TT,Keep have

similar results with the same simulation using Eq. (3−2) and Eq. (3−3) [29]. It has been

used for the analysis of creep effect [30]. The creep effect during the raising temperature
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and cooling temperature is small. Therefore, the creep effect is only considered during the

temperature holding process, which has a large creep effect. During TQ,Keep and TT,Keep,

the creep behavior is considered at the roll’s core layer due to its low-temperature

strength.

3.4 Residual stress distribution

Stress distribution of the axial residual stress σz from the roll center to the roll sur-

face will be considered for this study. Figure (3−3) shows the stress distribution after

quenching, after first tempering, and after second tempering for uniform heating quench-

ing. After the first tempering, the maximum tensile stress decreased by 35% from 397

MPa to 257 MPa. Meanwhile, after the second tempering, it decreased by 54% from 397

MPa to 183 MPa.

Figure (3−3): Effect of tempering after uniform heating, quenching and tempering; (a) Tempering

after uniform heating quenching; (b) Details of maximum stress range

Figure (3−4) shows the stress distribution after quenching, after first tempering, and

after second tempering for non-uniform heating quenching. After the first tempering, the

maximum stress reduced by 25% from 286 MPa to 214 MPa. After the second tempering,
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it decreased by 46% from 286 MPa to 183 MPa.

Figure (3−4): Effect of tempering after non-uniform heating, quenching and tempering; (a) Tempering

after non-uniform heating quenching; (b) Details of maximum stress range

From Figure (3−3) and Figure (3−4), it may be concluded that nonuniform heating

quenching is useful in reducing the risk of roll failure by decreasing the center tensile

stress without decreasing the surface compressive stress.

3.5 Stress generation mechanism during tempering

Figure (3−5) and Figure (3−6) show the time course of the surface and center temper-

ature from the start of tempering to the end of the second tempering, and the time course

of the surface and center stress. In the tempering performed after uniform heat quench-

ing, as shown in Figure (3−3)a, The maximum stress point occurs in the center. On the

other hand, the maximum stress point of the inner layer after non-uniform heat quenching

appears near the boundary between the inner and outer layers, so the stress history of

the maximum stress point is added. Since the formation mechanism is described, in this

paper, the stress change with time is described by focusing on the part where the stress

change is observed, starting from the start of tempering. By comparing Figure (3−5) and
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Figure (3−6), there is a difference in stress level. However, because the stress changes in

the same way, the explanation for Figure (3−6) will be similar to Figure (3−5).

As shown in Figure (3−5), the temperature of the outer layer changes near 200◦C at

(1). Because of the structure change at the outer layer, the stress increases slightly in the

tensile direction (1) to (2). During the keeping temperature (2) to (3), the stress at the

center of the roll is decreased before and after the start of creep due to the creep effect.

After the temperature is maintained, the compressive stress on the surface decreases and

the tensile stress also decreases in the center as the surface temperature decreases (3)

to (4). After that, the temperature at the center of the roll and the surface The stress

transition is shown only by the difference, and no significant change is observed (4) to (5).

In the region where the retained austenite in the outer layer material undergoes martensite

transformation, it increases again to the compression side due to transformation expansion

(5) to (6). The stress at the center also increases so that it is balanced with the surface

(5) to (6). This completes the first tempering.

The second tempering (6) to (11) shows the same stress transition tendency as the

first, with the central stress reduced by 33% from the start of the first tempering. At

the transformation expansion point of the outer layer during the raising temperature,

the transformation expansion amount in the second raising temperature process is not as

large as the first time.

3.6 Conclusion for Chapter 3

In this chapter, the tempering treatment of the bimetallic roll is analyzed by considering

the creep effect and transformation effect. The bimetallic roll model has a diameter of

660 mm using HSS outer layer and DCI inner layer. The analysis is performed to two

tempering processes by using the thermal elasto-plastic finite element method, and the

effect on the residual stress distribution is considered. The conclusions obtained are shown

below.
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Figure (3−5): Histories of temperature and stress σz during tempering process after uniform heating

Figure (3−6): Histories of temperature and stress σz during tempering process after non-uniform

heating
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1. It may be concluded that tempering treatment is useful in reducing the risk of roll fail-

ure by decreasing the center tensile stress without decreasing the surface compressive

stress.

2. For uniform heating quenching, the maximum stress at the center decreased by 35%

from 397 MPa to 257 MPa after the first tempering. The second tempering reduced

the maximum stress by 54% from 397 MPa to 183 MPa.

3. For non-uniform heating quenching, the maximum stress decreased by 25% from

286 MPa to 214 MPa after the first tempering. The second tempering reduced the

maximum stress by 46% from 286 MPa to 183 MPa.

4. It is found that in this tempering process, the residual stress inside the roll is reduced

by stress relaxation due to the creep effect.
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4 Rolling stress and fatigue failure during rolling anal-

ysis

4.1 Introduction

In Chapter 4, to observe the fatigue failure risk inside the bimetallic work roll, the

rolling stress analysis will be perform consecutively after pre-heating, quenching and tem-

pering. However, since the heat treatment conditions are different depending on each roll

manufacture companies, this chapter will focus on clarifying the rolling stress in four high

rolling mill, which has not been studied until now.

In this chapter, we focus on the rolling stress generated inside the bimetallic work roll in

the 4-high rolling mill, based on the fatigue risk evaluation. Residual stress is absolutely

necessary as a rolling force factor, but since the effect of rolling stress is the first priority,

the residual stress is set to zero for this study. Then, from the viewpoint of rolling stress,

the safety evaluation of the fatigue fracture will be considered at some critical points.

4.2 Problem background

Compared to the backup roll, the work roll surface is frequently ground with a smaller

wear amount in order to use the surface repeatedly by removing surface roughness caused

by wear during the use. For this reason, surface spalling caused by the crack initiated

at the roll surface hardly occurs in works rolls although often occurs in backup rolls.

Although the outer surface damage is often removed, the inner layer of the bimetallic

roll is consecutively used and therefore is subjected to large number of load repetitions

exceeding 107 times corresponding to the total life of the roll. Small defects and abnormal

microstructures appearing at the casting process may cause delamination of the HSS/DCI

boundary layer due to the repeated rolling loads. Since the recent work roll tends to be

used for a longer period under severe condition by applying high strength materials,
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the fatigue fracture caused by the crack initiation at the inside of the roll is becoming

important. Figure (4−1) illustrates an example of internal fatigue failure considered in

this thesis [33] [12].

Figure (4−1): Failure at HSS/DCI boundary in bimetallic work roll; (a) Fractured surface; A: Near

boundary, B: Beach mark in shell, C: Roll surface, (b) Cross-section A-A view from right figure, (c) Outer

view of spalling

In this high alloy grain roll, as shown in Figure (4−1)a, a semi-elliptical beach mark

can be clearly seen near the HSS/DCI boundary at point B proving that the fatigue

crack initiates at the inner boundary point A and propagates to the surface. Roll maker

companies also identified that sometimes similar failure can be seen near the end of the

roll body (see point B270
750 in Figure (4−25)). Such peeling shown in Figure (4−1) is caused

by the variation of radial stress σr during the roll rotation. In this way, the internal failure

focused in this study is totally different from the surface spalling causing surface layer

peeling observed in the backup rolls. This is because the spalling is mainly controlled by

the shear stress amplitude due to the rolling contact fatigue at several mm depth from

the roll surface. Considering those situations, the authors have been keenly aware of the

necessity for fatigue failure analysis. In other words, it is important to evaluate and clarify

the fatigue risk over the entire roll based on the factors related to the strength of the roll

itself and the stress caused by the rolling.

Therefore, in this study, the fatigue risk will be evaluated by focusing on the rolling

stress appearing inside of the bimetallic work rolls when the work roll is used in 4-high

rolling mill. It is necessary to consider the residual stress of the work roll in the final
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evaluation of fracture risk. However, the heat treatment conditions are different depending

on each roll manufacture companies. Therefore, this study focuses on clarifying the rolling

stress in four high rolling mill, which has not been studied until now. For this purpose,

the residual stress is set to zero and the fatigue fracture risk point will be clarified from

the viewpoint of rolling stress.

4.3 FEM modelling and fundamental dimension and condition

of the work roll and backup roll

Table (4-1) shows the roll dimensions used in the analysis. As shown in Table (4-1)

and Figure (4−2), the work roll diameter is DW=660 mm, the backup roll diameter is

DB=1400 mm, and the body length for both work roll and backup roll is L=1800 mm.

The width of the rolled steel is W=1200 mm. The work roll as well as the backup roll is

subjected to the total rolling force Ptotal whose standard value is Ptotal=16400 kN [34] [35].

Then, the work roll is subjected to the line force paveS = Ptotal/W from the rolled steel.

Also, the work roll is subjected to the line force paveB = Ptotal/L from the backup roll. As

shown in Figure (4−2), the backup roll is chamfered with a length of 90 mm and a depth

of 20 mm [36]. The necessity of chamfering will be described in Section 4.4.

Table (4-2) shows the material properties of the rolls used in the analysis [37]. High-

chrome steel is used for the backup roll, high-speed steel (HSS) is used for the outer layer

of the work roll, and ductile casting iron (DCI) is used for the inner layer of the work

roll. The outer layer HSS has a thickness of 60 mm in the region r = 270 ∼ 330 mm.

During one roll rotation, the thermal stress appears due to heating and cooling from the

hot rolled steel. However, it is known that the thermal stress affects only a few µm∼ 1

mm depth from the surface and never affect the inside boundary stress [38] [39]. After

the rolling starts, the roll temperature increases and becomes stable after 1 hour under

an equilibrium temperature of about 50◦C∼ 80◦C [12] [20]. Since the rolling operation is

more than 10 hours continuously before removing the damaged roll surface, the effect of
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Table (4-1): Rolling size and condition (Base value)

Size Work roll Backup roll Rolled steel

Diameter (mm) DW=660 DB=1400 -

Length/Width (mm) L = 1800 L = 1800 W = 1200

Rolling force, Ptotal(kN) 16400

Line force, paveB from Backup

roll (kN/mm) Ptotal(kN)

Ptotal/L=9.11

Line force, paveS from Rolled

steel (kN/mm) Ptotal(kN)

Ptotal/W=13.67

Figure (4−2): Three-dimensional FEM model of four-high rolling mill

thermal stress at the initial stage of rolling is relatively smaller and can be ignored when

considering fatigue fracture [12].

Therefore, in this study, the thermal stress is not considered and the analysis is per-

formed at room temperature. Figure (4−3) shows the stress-strain diagrams used foe

elastoplastic contact analysis for both HSS and DCI layers. They are provided in the

analysis software MSC Marc / Mentat 2012 as the material properties at room tempera-

ture.

– 35 –



4. Rolling stress and fatigue failure during rolling analysis

Table (4-2): Mechanical properties of the shell and core at room temperature

Property HSS DCI Backup Roll

0.2% proof stress (MPa) 1270 410

Tensile strength (MPa) 1575 415 1575

Fatigue strength (MPa) 630 166 630

Yield strength (MPa) 1270 410 -

Young’s modulus (GPa) 230 174 210

Poisson’s ratio 0.3 0.28 0.3

Density (kg/m3) 7600 7300 7800

Figure (4−3): Stress-strain relations for HSS and DCI

The software MSC Marc/Mentat 2012 is applied to performing the three-dimensional

elastoplastic analysis since it is not clear whether plastic deformation occurs or not in

the internal region of the work roll. Figure (4−4) shows the FEM analysis model whose

minimum mesh has dimensions 30 mm x 30 mm x 30 mm. The FEM element used are

4-node tetrahedral element. and 8-node hexahedral element for the stress concentration

part. The number of nodes is 22,320 and the number of elements is 20,006. The direct
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constrain method is used for contact analysis between work roll and backup roll.

Figure (4−4): FEM mesh for backup roll and work roll

4.4 Stress variation in the work roll during a roll rotation

With the aid of previous roll failures experienced in industries, several critical points can

be identified by applying FEM to the entire three-dimensional space of the work roll. As

mentioned in the previous section, since the fracture origin is located at the r =constant

surface [33] [40], the stress amplitude of σr is focused and consider where the maximum

stress amplitude occurs. Since the stress amplitude is caused by the roll rotation, the

stress variation in the θ-direction is considered in the work roll. Table (4-4) shows the

fundamental roll profile, rolling force and roll dimensions used for the analysis.

Table (4-4): Fundamental roll profile and rolling force considered in Section 4.4

Roll profile (mm) Rolling

force ratio

P/Ptotal

Target

results

(MPa)

Backup roll Work roll

lc hc hw

60 0 0 1.0 Stress σr, σθ, σz

lc:Chamfer length, hc:Crown profile, hw:Wear profile
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4.4.1 Surface stress variation in the θ-direction the work roll

Figure (4−5) illustrates the line forces pB(z) and paveS commonly used in roll industries

and also used in this analysis. Along the line θ = 90o, the work roll is subjected to

the line force pB(z) from the backup roll. Along the line θ = 90o, the work roll is

subjected to the line force paveS from the rolled steel. The line force paveS is insensitive to

the work roll’s wear profile, but varies in the width direction of the rolled steel due to

the temperature. However, since the analysis method is not generalized, in this paper,

assume paveS =constant.

Figure (4−5): Definition of pB(z) and paveS due to contact between backup roll and work roll

Figure (4−6), Figure (4−7), and Figure (4−8) show the surface stress variation σr, σθ,

σz at z = 0 in the θ-direction. The internal stress varies in a similar way in Figure (4−9)

as described later (see Figure (4−13) and Figure (4−14)). Figure (4−6) shows that the

target stress σr takes the maximum compressive stress at θ = −90o due to the contact of

the rolled steel as well as σθ, σz. Those stresses take the secondary maximum compressive

stresses at θ = 90o due to the contact of the backup roll. This is because the line force

paveS = Ptotal/W from the rolled steel is larger than the line force paveB = Ptotal/L from the
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backup roll since W = 1200 mm is shorter than L = 1800 mm.

Figure (4−6): Stress distribution σr along the roll surface in the θ–direction at z = 0

Figure (4−7): Stress distribution σθ along the roll surface in the θ–direction at z = 0
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Figure (4−8): Stress distribution σz along the roll surface in the θ–direction at z = 0

4.4.2 Internal stress variation in the z-direction of the work roll

Figure (4−9) compares the stress distribution at the surface r = 330 mm with the

stress distribution at the HSS/DCI boundary r = 270 mm. As illustrated in Figure

(4−9), the five lines specified as θ = −90o,−45o, 0o, 45o, 90o are focused to compare the

stress distributions.

Figure (4−9): Surface and boundary layers in the work roll
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Figure (4−10), Figure (4−11), and Figure (4−12) show the stresses σr, σθ, σz at each

angle on the roll surface and HSS/DCI boundary surface. In the previous section, Figure

(4−6) showed that the maximum surface compressive stress appears at θ = −90o and

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

(4−6) indicates that the maximum compressive stress appears at θ = −90o and the

secondary maximum stress appears at θ = 90o similar to the surface stress. The maximum

compressive stress σr is larger than σθ, σz. Also, since the stress σr. controls the HSS/DCI

boundary fatigue failure as shown in Figure (4−1), in the following discussion we will focus

on the stress σr.

The compressive stress on the surface r = 330 mm, σr = 817 MPa is lower than the

yield stress 1270 MPa of the outer layer (HSS); and therefore, the yielding condition is not

satisfied since σr = 817 MPa < 1270 MPa with σz <0 and σθ < 0.Similarly, the HSS/DCI

boundary stress at r = 270 mm σr = 388 MPa is lower than the yield stress 410 MPa of

the inner layer (DCI); and therefore, the yielding condition is not satisfied since σr = 388

MPa<410 MPa with σz < 0 and σθ < 0.

As shown in Figure (4−10), the maximum compressive stress σr appears on the surfaces.

However, in this study, the HSS/DCI boundary stress is focused because of the following

reason. Compared to the backup roll, the work roll surface is frequently ground with a

smaller wear amount in order to use the surface repeatedly by removing surface roughness

caused by wear during the use. For this reason, surface spalling caused by the crack

initiated at the roll surface hardly occurs in works rolls although often occurs in backup

rolls. The authors’ investigation regarding roll fracture revealed that the work roll

surface failure is not caused by normal fatigue but closely related to rolling troubles

[33] [12]. Instead, the backup rolls’ spalling is caused by the fatigue crack initiated

at a few mm depth from the surface. In this failure, the repeated shear stress causing

the crack initiation controls the rolling contact fatigue and therefore the backup rolls’
spalling. In this way, the fatigue failure of the work roll considered in this paper does

not have to consider the largest surface stress and has to focus on the inside stress σr

– 41 –



4. Rolling stress and fatigue failure during rolling analysis

near the HSS/DCI boundary. Although most of the previous studies treated the backup

roll spalling, the failure mechanism is totally different from the one of the inside fatigue

failure targeted in this study.

Figure (4−10): Stress σr at r = 330 mm and the HSS/DCI boundary r = 270 mm in the z-direction

4.4.3 Stress variation σr in the vicinity of HSS/DCI boundary at θ = ±900 of

the work roll

Figure (4−13) and Figure (4−14) illustrate σr distributions in the range 255≤ r ≤ 330

mm including the HSS/DCI boundary r = 270 mm. Figure (4−13) shows σr in the

longitudinal section θ = 900 of the work roll due to the contact 0≤ z ≤ L/2 = 900mm

from the backup roll. A peak value of σr can be seen near the end of the contact area.

Figure (4−14) shows σr in the longitudinal section θ = −900 of the work roll due to the

contact 0≤ z ≤ W/2 = 600 mm from the rolled steel. A peak value of σr can be seen near

the end of the contact area. From the comparison between Figure (4−13) and Figure

– 42 –



4. Rolling stress and fatigue failure during rolling analysis

Figure (4−11): Stress σθ at r = 330 mm and the HSS/DCI boundary r = 270 mm in the z-direction

Figure (4−12): Stress σz at r = 330 mm and the HSS/DCI boundary r = 270 mm in the z-direction
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(4−14), σr due to the contact from the rolled steel is larger because the contact length

W/2 = 600 mm is smaller than the one of L/2 = 900 mm.The maximum stress position

θ = −900 for the inside σr is equal to the position for the surface σr.

Figure (4−13): Stress σr for the contact region between work roll and backup roll

As shown in (4−13) and (4−14), the stress σr is largest at the surface; however, as men-

tioned in the in section 4.2, the surface spalling mainly studied in backup roll previously

is not happened in work rolls [41] [42] [43]. Although the crack initiation of the rolling

fatigue is mainly controlled by shear stress at a few mm depth of the surface, the fatigue

fracture treated in this study starts from the inside the roll near the HSS/DCI boundary.

In this failure, the stress amplitude of σr near the HSS/DCI boundary controls for the

crack initiation and propagation as shown in Figure (4−1). In the following Section 4.5,

the rolling condition will be determined to approximate real rolling in the numerical sim-

ulation. Then, in Section 4.6, the internal stress σr on the HSS/DCI boundary at r = 270

mm will be mainly focused to evaluate the fatigue failure risk, which has not been studied

so far.
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Figure (4−14): Stress σr for the contact region between work roll and rolled steel

4.5 Effect of chamfer geometry in backup roll and effect of wear

profile in work roll

Table (4-5) shows the general roll profile and rolling force to specify the general roll

profile. As shown in Table (4-5), the roll chamfer length lc is changed as lc = 0 ∼ 120

mm, the crown height hc is fixed as hc = 0.5 mm, and the wear depth hw is changed as

hw = 0 ∼ 0.3 mm (see Eq. 4−1, Eq. 4−2 and Figure (4−18)). Then, the effect of those

geometry on the line force will be discussed.

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

The line force from the backup roll takes a peak value near the contact end. Therefore,

a chamfer is provided to avoid the damage at both roll ends. Figure (4−15) illustrates

several chamfer geometries by varying the chamfer length as lc = 0, 30, 60, 90, and 120

mm. Figure (4−16) shows the shear stress τrz controlling the crack initiation due to the
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Table (4-5): General roll profile and rolling force considered in Section 4.5

Roll profile (mm) Rolling

force ratio

P/Ptotal

Target

results

(MPa)

Backup roll Work roll

lc hc hw

0∼120 0.5 0∼0.3 0.5∼1.0 Shear stress τrz/Line force pB(z)

lc:Chamfer length, hc:Crown profile, hw:Wear profile

rolling contact fatigue at roll end. As mentioned above, in this paper, fatigue failure from

the internal HSS/DCI boundary is focused and the shear stress contributing the crack

initiation near the surface is not considered. However, to consider the optimum chamfer

geometry, in this section, the shear stress is specially discussed. Shear stress τrz can

be smallest when lc = 0; however, a certain amount of chamfer lc is necessary to avoid

collision damage during roll handling. The surface shear stress τrz can be smallest when

lc = 30 mm; however, a larger chamfer length is necessary to reduce work roll bending

by introducing the contact at the central portion of the rolls. In this sense, the chamfer

length is lc = 60 mm is chosen for the following analysis.

Figure (4−15): Chamfer geometry at the edge of the backup roll when chamfer length lc =

30, 60, 90,and 120 mm from the edge under P/Ptotal = 1.0
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Figure (4−16): Surface shear stress to determine the chamfer geometry on backup roll

4.5.2 Effect of wear profile in work roll on the line force pB(z)

Next, the crown profile hc in the backup roll diameter DB(z) in Figure (4-2) and the

wear profile hw in the work roll diameter DW (z) will be discussed. Thermal crown caused

by the thermal expansion is not considered since thermal deformation is smooth compared

to the wear profile and the effect on the line force distribution can be negligible. Therefore,

the following Eq.(4−1) and Eq. (4−2) are applied to express the backup roll diameter

DB(z) with crown height hc and the work roll diameter DW (z) with the wear amount hw

(see Figure (4−17)).

DB(z) = 1400 + 2hc

√
1− z/lb (4−1)

DW (z) = 660− 2hw

√
1− z/la (4−2)
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Here, la is the length of the curved part of the work roll, and lb is the length of the

curved part of the backup roll. Under the basic conditions, the amount of wear hw=0. In

Eq. (4−2), the wear profile changes slightly at the center of the wear z ≈ 0 and changes

largely near the wear end of wear z ≈ la. The comparison shows Eq. (4−1) coincides with

the circular arc shaped backup roll diameter expressed in Eq. (4−3) within 0.12mm.

DB(z) = 1400 + 2hc − 2

(hc)
2 + (lb)

2

2hc

−

√(
(hc)2 + (lb)2

2hc

)2

− z2

 (4−3)

Consider the appropriate amount of crown hc used for analysis using Eq. (4−1) and Eq.

(4−2). The bending deformation of the backup roll can be calculated from the deflection

δz=900 at the body end and the deflection δz=0 at the body center as ∆δ = δz=900− δz=0 =

0.2 mm. The maximum wear profile of the work roll can be estimated as hw = 0.3

mm. Therefore, the crown amount of the backup roll hc should be hc = ∆δ + hw = 0.2

mm+0.3mm=0.5 mm. Here, ∆δ = δz=900 − δz=0 = 0.2 mm is the backup roll’s bending

deformation and hw = 0.3 mm is the maximum wear appearing in the work roll.

Figure (4−17): Crown profile with height hc at the backup roll and wear profile with depth hw at the

work roll

The line force defined in Eq. 4−4 to Eq. 4−7 are commonly used to express the external

force applied to the work roll. In this section, the effect of the wear profile on the line

force is clarified for the roll modelling. As shown in Figure (4−18), by varying hw the

effect of wear profile on the line force pB(z) is discussed.
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pB(z) =

∫ π
2
+θ1

π
2
−θ1

σr(r, θ, z)|r=330cos
2θrdθ (4−4)

Here, θ1 is the angle of the contact area shown in Figure (4−5), z1 is the contact length

where z1 = L/2− lc, and σr|r=330 is the contact stress on the roll surface (r = 330 mm).

The line force pB(z) can be defined in Eq. 4−4. And the total rolling force P can be

defined in Eq. 4−5 [44].

P =

∫ z1

0

pB(z)dz (4−5)

The average line forces paveB and paveS is defined in Eq. 4−6 and Eq. 4−7.

paveB = P/L (4−6)

paveS = P/W (4−7)

Figure (4−18): Crown profile with fixed hc = 0.5 mm at the backup roll and wear profile with depth

hw = 0 ∼ 0.3 mm at the work roll

Figure (4−19) shows the line force pB(z) along the contact area for different wear

amount hw. Here, the backup roll’s crown amount is fixed, hc = 0.5 mm and the work

roll’s wear amount is changed as hw = 0, 0.1, 0.2, 0.3 mm. When the wear profile hw = 0,
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Figure (4−19): Line force pB(z) from backup roll when hc changes

the line force distribution pB(z) is the largest. With increasing hw, pB(z) decreases and

the largest position moves to the roll end. Point may express the real rolling condition.

Figure (4−20) shows the maximum value of the line force pB(z) and the position when

the rolling force ratio P/Ptotal = 0.5, 1.0, 1.5. This is because the standard force P/Ptotal =

1.0 may vary depending on the setting error regarding the rolling material temperature,

rolling force, and the impact force at the rolling trouble. As shown in Figure (4−20), with

increasing hw the maximum line force pB(z) decreases. As an example, the position of

the peak line force is width z = 630 mm when hw=0. The peak position moves to the roll

end. This is because the crown highest is largest at the roll center and gradually decreases

toward the end roll. From the above discussion, for the analysis model a relatively large

amount of wear amount hw = 0.2 mm is chosen providing a relatively high maximum line

force pB(z).

– 50 –



4. Rolling stress and fatigue failure during rolling analysis

Figure (4−20): Maximum line force pB(z) applied from backup roll vs. the position of the maximum

line force

4.6 Fatigue risk evaluation of rolls assuming actual rolling

As discussed in the previous section, the followings are assumed for typical roll mod-

elling. Regarding the backup roll, the chamfer length is set to lc = 60 mm, the crown

amount is set to hc = 0.5 mm. Also, the work roll’s wear amount is set to hw = 0.2

mm. Table (4-6) shows the standard roll profile, rolling force, and target results used in

Section 4.6.

Table (4-6): Standard roll profile and rolling force considered in Section 4.6

Roll profile (mm) Rolling

force ratio

P/Ptotal

Target

results

(MPa)

Backup roll Work roll

lc hc hw

60 0.5 0.2 1.5 Stress σr

lc:Chamfer length, hc:Crown profile, hw:Wear profile
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As shown in Table (4-6), although the standard rolling force ratio is P/Ptotal = 1.0,

more severe ratio P/Ptotal = 1.5 is assumed to evaluate the fatigue failure risk when the

rolling trouble happens such as the impact force due to the rolling plate biting and the

temperature drop of the rolled material.

4.6.1 Analysis of roll’s internal stress

Considering the HSS/DCI boundary failure in Figure (4−1), the fatigue risk will be

evaluated at the critical region. The maximum and minimum values of σr during a

roll rotation is the driving force causing the internal fatigue. Figure (4−21) illustrates

critical positions denoted by B270
0∼900 |θ=−900 ,B

270
0∼900 |θ=90o ,B

270
0∼900 |θ=0o ,C

0
0∼900 |θ=90o and

C0
0∼900 |θ=0o , which are based on the experience. Taking B270

0∼900 |θ=90o as an example,

superscript 270 represents the HSS/DCI boundary r = 270 mm and subscript 0 ∼ 900

represents z = 0 ∼ 900 mm. At those critical positions, consider the effects of the line

force paveS from the rolled steel (θ = −90o) and the line force paveB from the backup roll

(θ = 90o). The σr variation during a roll rotation can be evaluated from the results at

B270
0∼900 |θ=−90o ,B

270
0∼900 |θ=90o ,B

270
0∼900 |θ=0o ,C

0
0∼900 |θ=90o and C0

0∼900 |θ=0o .

Figure (4−21): Critical position caused by the variation of σr in the work roll

Figure (4−22) shows the variation of σr in the z-direction on the HSS/DCI boundary.

Along the line θ = 0o, the stress σr is almost constant and close to zero during z = 0 ∼ 900
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mm. The maximum stress is σθ=0o

rmax
=4 MPa at z = 0.

Figure (4−22): Rolling stress σr at θ = 00, θ = 90o and θ = −90o along z-direction on the boundary

r = 270 mm of the work roll

In Figure (4−22), the stress amplitude σa controlling the fatigue fracture during a

rotation can be discussed by comparing the results at θ = 0o, θ = 90o and θ = −90o.

A larger stress amplitude σa can be provided from the rolled steel side line θ = −90o

in the range 0 ≤ z ≤ 600 mm. Another larger stress amplitude σa the backup roll side

line θ = 90o in the range 600 ≤ z ≤ 900 mm. Here, z = 600 mm is the intersection of

the two stress distributions. The minimum stress from the rolled steel side (θ = −90o)

is σθ=−90o

rmin
= −602 MPa at z = 0; and therefore, the maximum stress amplitude is

σmax
a = σθ=0o

rmax
− σθ=−90o

rmin
= 606 MPa. This position (r, z) = (270 mm,0) is represented

by B270
0 . On the other hand, the minimum stress from the backup roll side (θ = 90o)

is σθ=90o

rmin
= −481 MPa at z = 750 mm; and therefore, the maximum stress amplitude

is σmax
a = σθ=0o

rmax
− σθ=−90o

rmin
= 483 MPa. This position (r, z) = (270 mm,750 mm) is

represented by B270
750 .
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Figure (4−23) shows the stress distribution σr over the circumference of the work

roll on the HSS/DCI boundary r = 270 mm. At z = 0 denoted by the solid line,

the maximum compressive stress σr is generated on the rolled steel side and the second

maximum compressive stress σr is generated on the backup roll side. When z = 750

mm denoted by dotted line, the maximum compressive stress σr is generated only on the

backup roll side.

Figure (4−23): Stress distribution σr at the boundary along θ–direction

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

amplitude at the work roll center (r, z) = (0, 0) is considered in Figure (4−24). At the

center (r, z) = (0, 0), maximum tensile stress σθ=90o

rmax
= 46 MPa, maximum compressive

stress σθ=0o

rmin
= −85 MPa, and maximum stress amplitude σmax

a = 131 MPa. The center

(r, z) = (0, 0) is denoted by C0
0 .

Figure (4−25) illustrates three critical points B270
0 |Rolled steel, B

270
750 |Backup roll and C0

0 .

Results from Figure (4−22) to Figure (4−24) reveal that the three points inside the roll are

under the compressive stress field. Therefore, endurance limit diagram under compressive
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stress will be considered in the next section to evaluate the fatigue failure risk.

Figure (4−24): Rolling stress σr at θ = 0o and θ = 90o along z-direction at the work roll center r = 0

Figure (4−25): Illustration of three critical points denoted by B270
0 |Rolled steel, B

270
750 |Backup roll and

C0
0

4.7 Fatigue damage under repeated compressive stress

Fatigue failure under large compressive stress was treated by several previous papers

but usually they focused on rolling contact fatigue in ball/roller bearings and backup
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roll surface spalling [45] [46]. In other words, few data are available for ordinary fatigue

strength under large compressive stress fields [2]. Only the followings are known for the

fatigue life under the compressive mean stress [47] [48] [49]. Figure (4−26) illustrates

three types of compressive alternative loading under the mean stress σm < 0. Figure

(4−26)a shows σa + σm = σmax > 0, Figure (4−26)b shows σa + σm = σmax = 0 and

Figure (4−26)c shows σa + σm = σmax < 0. Considering that the fatigue life consists of

a crack initiation period, crack growth period, and finally ultimate failure, the followings

are known.

1. During the crack initiation stage, the fatigue life is controlled by the stress amplitude

irrespective of the mean stress, positive or negative. Under the fixed stress amplitude

as shown in Figure (4−26)a to (4−26)c, the crack initiates at the same time [47].

2. Instead, during the crack growth stage, with decreasing the mean stress, the crack

growth rate decreases sensitively and the fatigue life increases significantly. It is

known that under σmax = 0 in Figure (4−26)b and σmax < 0 in Figure (4−26)c, the

crack does not propagate and no final failure [47] [48].

3. However, under σmax > 0 in Figure (4−26)a, the amount of tensile stress σmax =

σa + σm > 0 necessary for the final failure is not known because it has not been

discussed yet until now. It must vary depending on the magnitude of σm < 0.

Figure (4−26): Three types of compressive alternative loading where the mean stress σm <0
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4.8 Stress amplitude vs mean stress diagram for compressive

mean stress

Considering this situation, the endurance limit lines are newly prescribed under large

compressive stress since no studies can be seen. Figure (4−26) 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 amount of the ultimate

tensile strength σB can be applied to the compressive stress σm < 0 and alternative stress

σa > 0. They can be expressed in Eq. (4−8).

| σm |< σB, | σm |< σB (4−8)

Assume the so-called modified Goodman law defined in Eq. (4−9) for

σm ≥ 0.

σa

σw0

+
σm

σB

≤ 1 (4−9)

The limit line σa/σw0+σm/σB = 1 can be extended to the negative region σm < 0 [50].

Consider pulsating compressive loading σa+σm = σmax = 0 in Figure (4−26)b. In Figure

(4−27)a, the line is indicated as σm = −σa denoted by a dotted line with the angle of

θ = 45o from the ordinate from the origin. As described above, no fatigue final failure

happens in the region described by Eq. (4−10).

σa + σm = σmax ≤ 0 (4−10)

Denote the intersection σa/σw0 + σm/σB = 1 and σa + σm = σmax = 0 as point E

(Figure (4−27)a). Since point E satisfies Eq. (4−10), there is no final fracture. Therefore,

consider point F and point F’ by adding a certain amount of positive tensile stress to
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point E. Those point F and point F’ can be the fatigue limit below which no final

failure [51]. Consider fully reversible fatigue limit at point D (see Figure (4−27)b) where

the maximum tensile stress σr = 166 MPa and the maximum compressive stress σr = 166

MPa are applied. Instead, at point E, the maximum compressive stress σr = 0 but the

maximum compressive stress σr = 554 MPa is more than three times larger than the

compressive stress of point D σr = 166 MPa as σr = 554 MPa= 277 MPa×2 > 166

MPa×3 = 498 MPa. Therefore, more severe damage is accumulated at point E compared

to point D.

Consider F’ where the same maximum tensile stress σr = 332 MPa. Due to the larger

compressive stress σr = 554 MPa compared to the one σr = 166 MPa at the point D, the

tensile stress necessary for the fatigue limit can be smaller than σr = 332 MPa, which

is the same as the tensile stress at point D. At point E, however, because of no tensile

stress, no final failure as the previous studies indicated [47] [48] [49]. In this way, the

fatigue limit point F should be between point D and point F’. Therefore, assume half

value σw0/2 = 83 MPa for this tensile stress at point F as shown in Figure (4−27)d. By

drawing the line through point D and point F in Figure (4−27)a, the fatigue limit can be

estimated. The range can be expressed by the following equation.

σa ≤ −σB + σw0

2σB

σm + σw0 (4−11)

For large compressive alternative loading, the fatigue limit is determined from Eq.

(4−8) to Eq. (4−11), which is expressed by the thick solid lines passing through points

A, D, F, G, H in Figure (4−27)a. Figure (4−27)a shows the three critical points’ results

B270
0 |Rolled steel, B

270
750 |Backup roll and C0

0 . The fatigue risk at the point C0
0 is small because

of the residual stress and the material defects are not taken into consideration.

Table (4-7) shows the safety factor evaluation defined as SF = OB′/OB in Figure

(4−27)e. A larger SF value means the point is relatively safer than another point having

a smaller SF value. Therefore, the safety factor SF can be used to evaluate the risk of
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Figure (4−27): (a) Fatigue limit diagram to evaluate three critical points, (b) Stress at point D, (c)

Stress at point E, (d) Stress at point F, (e) Safety factor definition

fatigue failure relatively. Although the safety factor SF ≥ 1, B270
0 |Rolled steel is relatively

more dangerous than B270
750 |Backup roll and C0

0 . The results showed that the fatigue crack

initiation around points B270
0 and B270

750 on the HSS/DCI boundary may contribute to

several roll failures previously occurred.

4.9 Conclusion for Chapter 4

In the previous roll failure studies, the surface spalling caused by the crack initiated at

the roll surface has been focused in backup rolls because the work roll surface is frequently

ground to use the surface repeatedly by removing surface roughness. Since no study is
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Table (4-7): Mean stress, stress amplitude and safety factor evaluation at B270
0 , B270

750 and C0
0

All points on

the circle

σrmax

(MPa)

σrmin

(MPa)

σm

(MPa)

σa

(MPa)

Safety

factor

B270
0 4 -602 -299 303 1.77

B270
750 2 -486 -242 244 2.23

C0
0 47 -85 -19 66 3.14

available, in this study, the HSS/DCI boundary stress is clarified during the use in 4-high

rolling mill. To clarify the mechanical stress, no residual stress is assumed in the work roll.

This study assumed the following rolling conditions that can be regarded as the average

values in present steelworks [34], where the work roll diameter DW = 660 mm with the

length L = 1800 mm, the high chrome steel backup roll diameter of DB = 1400 mm with

the length L = 1800 mm, the width of the rolled steel W = 1200 mm and the standard

rolling force Ptotal = 16400 kN [34] [35]. The conclusions obtained can be summarized in

the following way.

1. No study is available regarding the fatigue limit under compressive mean stress region,

stress amplitude versus mean stress diagram is newly considered. Then, a fatigue

limit line was proposed under large compressive stress by considering the final failure

never occurs at the pulsating compressive loading state.

2. Considering the whole roll geometry, three critical points were chosen on the basis

of the analysis and experience. It may be concluded that the most critical point is

located at the HSS/DCI boundary point B270
0 where (r, z) = (270 mm, 0) because

the largest stress amplitude is caused from the rolling steel. Another critical point is

located at B270
750 where (r, z) = (270 mm, 750 mm) due to the backup roll contact.

3. The fatigue failure risk was discussed through the relative safety factor SF. The

results showed that the fatigue crack initiation around points B270
0 and B270

750 on the

HSS/DCI boundary may contribute to several roll failures previously occurred in
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industries.
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5 Actual stress and fatigue failure during consecutive

rolling analysis

5.1 Introduction

Since the residual stress is absolutely necessary as a rolling force factor, in this chapter,

a three-dimensional finite element method is applied to investigate the residual stress and

the rolling stress of the bimetallic work roll in the four-high rolling mill. The residual

stress is analyzed by considering pre-heating, quenching, and tempering. By using the

results as an initial condition, the rolling stress analysis is performed consecutively.

The generated rolling stress σr will be clarified. Then, the risk of internal fatigue

fracture will be discussed by considering the fatigue of the roll material by focusing on

some critical points empirically known. Since the consecutive FEM analysis considering

each roll rotation is time-consuming, the simple evaluation method will be discussed by

superposing the residual stress and the rolling stress. The fatigue failure evaluation at

center point will also be clarified by considering material defect.

5.2 FEM modelling and fundamental dimension and condition

of the work roll and backup roll

As mentioned in introduction, the roll residual stress is considered as an initial con-

dition. Then, the rolling stress analysis is performed. Since the detail of the residual

stress analysis is indicated in Chapter 2 and Chapter 3, this section mainly focuses on the

method of rolling stress analysis by the consecutive FEM analysis.

Figure (5−1) shows the three dimensional model for four-high rolling mill. Table (5-1)

shows the roll dimensions used in this consecutive FEM analysis. As shown in Figure

(5−1), the work roll diameter is DW = 660 mm, the backup roll diameter is DB = 1400

mm, and the body length for both work roll and backup roll is L = 1800 mm. The width
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of the rolled steel is W = 1200 mm. The work roll as well as the backup roll are subjected

to the total rolling force Ptotal whose standard value is Ptotal = 16400 kN [34] [35]. Then,

the work roll is subjected to the line force paveS = Ptotal/W from the rolled steel. Also, the

work roll is subjected to the line force paveB = Ptotal/L from the backup roll.

Figure (5−1): 3D FEM model of four-high rolling mill and the roll dimensions used for the consecutive

FEM analysis

Table (5-1): Rolling size and condition (Base value)

Size Work roll Backup roll Rolled steel

Diameter (mm) DW=660 DB=1400 -

Length/Width (mm) L = 1800 L = 1800 W = 1200

Rolling force, Ptotal(kN) 16400

Line force, paveB from Backup

roll (kN/mm) Ptotal(kN)

Ptotal/L=9.11

Line force, paveS from Rolled

steel (kN/mm) Ptotal(kN)

Ptotal/W=13.67

Figure (5−2) illustrates the line forces pB(z) and paveS commonly used in roll industries
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Figure (5−2): Definition of pB(z) and paveS due to contact between backup roll and work roll

and also used in this analysis. Along the line θ = 90o, the work roll is subjected to

the line force pB(z) from the backup roll. Along the line θ = −90o, the work roll is

subjected to the line force paveS from the rolled steel. The line force paveS is insensitive to

the work roll’s wear profile, but varies in the width direction of the rolled steel due to

the temperature. However, since the analysis method is not generalized, in this paper,

assume paveS = constant. The line force pB(z) in Figure (5−2), can be expressed by

pB(z) =

∫ π
2
+θ1

π
2
−θ1

σr(r, θ, z)|r=330cos
2θrdθ (5−1)

As shown in Figure (5−2), the rolling stress of the work roll is affected by the roll

profiles [36] [52]. These roll profiles include the backup roll’s chamfer, the backup roll’
s crown, and the work roll’s wear profile. Figure (5−3) illustrates the backup roll’s

crown profile with hc = 0.5 mm and the work roll’s wear profile with hw = 0.2 mm. In

this analysis, Eq. (5−2) is assumed to express the backup roll’s crown and Eq. (5−3)

is assumed to express the work roll’s wear crown. The length of the curved part of the

work roll is denoted as la and the length of the curved part of the backup roll is denoted

as lb (see Figure (5−3)).
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DB(z) = 1400 + 2hc

√
1− z/lb (5−2)

DB(z) = 660− 2hw

√
1− z/la (5−3)

Figure (5−3): Crown profile with fixed hc = 0.5 mm at the backup roll and wear profile with depth

hw = 0 ∼ 0.3 mm at the work roll

Due to the contact with the work roll, the backup roll’s deformation causes different

deflections at z=0 and z=900 mm, which can be expressed as δz=900 − δz=0 = 0.2 mm.

Also, the maximum wear appearing on the work roll can be estimated as hw = 0.3 mm. By

considering those profiles, the backup roll’s crown is set as hc = 0.5 mm (=0.2 mm+0.3

mm).

Table (5-2) shows the material properties of the rolls used in the analysis [37]. High-

chrome steel is used for the backup roll, high-speed steel (HSS) is used for the outer layer

of the work roll, and ductile casting iron (DCI) is used for the inner layer of the work roll.

The outer layer HSS has a thickness of 60 mm (r = 270 ∼ 330 mm).

The previous studies showed that during one roll rotation, the thermal stress appears

due to the heating and cooling of the hot plate (rolled steel) affecting only a few µm∼1

mm depth from the surface and does not affect the stress near the boundary [6] [39] [38].

After the rolling starts, the roll temperature increases and become stable after 1 hour and
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Table (5-2): Mechanical properties of the shell and core at room temperature

Property HSS DCI Backup Roll

0.2% proof stress (MPa) 1270 410 -

Tensile strength (MPa) 1575 415 1575

Fatigue strength (MPa) 630 166 630

Yield strength (MPa) 1270 410 -

Young’s modulus (GPa) 230 174 210

Poisson’s ratio 0.3 0.28 0.3

Density (kg/m3) 7600 7300 7800

reaches an equilibrium temperature of about 50◦C∼80◦C [12] [20]. Therefore, the effect of

the thermal stress can be ignored when considering fatigue fracture in this study, and the

analysis is performed at room temperature. Figure (5−4) shows stress-strain diagrams of

both the HSS layer and the DCI layer of the work roll at room temperature.

Figure (5−4): Stress-strain relations for HSS and DCI

The software MSC Marc/Mentat 2012 is used to perform the three-dimensional elastic-

plastic analysis. Since it is not clear whether plastic deformation occurs with respect to
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the internal stress of the work roll, elastic-plastic analysis was used in this analysis. Figure

(5−5) shows the FEM analysis model. The minimum mesh is 30 mm x 30 mm x 30 mm

and the element types used are 4-node tetrahedral element type and 8-node hexahedral

element type at the stress concentration part. The number of nodes is 23,883 and the

number of elements is 21,410. The direct constrain method is used for contact analysis

between work roll and backup roll.

Figure (5−5): FEM mesh for backup roll and work roll

5.3 Residual stress as the initial condition to the rolling stress

analysis

In this study, the roll residual stress is considered as an initial condition of the rolling

stress analysis. Since the detail of the residual stress analysis is indicated in the previous

paper [18] [28] [29], this section shows the outline of the residual stress analysis method.

Figure (5−6) illustrates the surface temperature history of the bimetallic work roll during

heat treatment consisting of the pre-heating, 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
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thermal stresses caused by rapid cooling. After keeping period, the roll is cooled down

slowly until to the temperature of TT,F inish. After the quenching process, the tempering

process will be performed 2 times to release the residual stress and obtained the stable

microstructure. After this process, the generated residual stress is used as an initial

condition for the consecutive FEM analysis of the rolling analysis.

Figure (5−6): Heating, quenching, and tempering treatment of the bimetallic work roll

Figure (5−7) shows the residual stresses σr,σθ , and σz at boundary r = 270 mm along

z-direction after the heating treatment. The tensile stress σr is almost constant along the

z-direction and it may cause the boundary debonding. Figure (5−8) shows an example of

the boundary failure considered in this paper. As shown in Figure 7(a), a semi-elliptical

beach mark can be clearly seen near the boundary at point A, which shows that the

fatigue crack initiates at the inner boundary point A and propagates to the surface [33].

Roll maker companies also identified that sometimes similar failure can be seen near the

end of the roll body (see point B270
750 in Figure 5-10). Such peeling shown in Figure (5−8)

is caused by the radial stress σr variation during the roll rotation [33]. In this thesis, this

internal fatigue failure caused by σr will be studied since the previous papers only focused

on the surface spalling in backup rolls [41] [43] [53] [42] [54]. This surface failure starts

from several mm inside from the surface caused by the shear stress under rolling fatigue

is very different from the failures in Figure 7 caused by σr in Figure (5−7).
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Figure (5−7): The generated residual stresses σr,σθ , and σz at the boundary r = 270 mm after

heating, quenching, and tempering treatment in Figure (5−6)

Figure (5−8): Failure at HSS/DCI boundary in bimetallic work roll (a) Fractured surface; A: Near

boundary, B: Beach mark in shell, C: Roll surface, (b) Cross-section view of spalling crack

5.4 Rolling stress generated in the bimetallic work roll obtained

by the consecutive FEM analysis

In this section, the rolling stress is discussed when the bimetallic work roll with the

residual stress in Section 5.3 is used in the four-high rolling mill as shown in Figure
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(5−1). Considering the boundary debonding previously reported as well as the roll center

fracture, the risk of fatigue failure is evaluated at those critical points. In this evaluation,

the repeated maximum and minimum values of σr appearing at each roll rotation should

be considered as the driving force causing the internal fatigue failure [55].

To estimate the maximum stress amplitude σr controlling the internal fatigue failure,

Figure (5−9) illustrates the several critical lines denoted by B270
0∼900 |θ=−90o , B

270
0∼900 |θ=90o ,

B270
0∼900 |θ=0o , C

0
0∼900 |θ=90o and C0

0∼900 |θ=0o assumed inside of the work roll. For example,

B270
0∼900 |θ=−90o denotes the line at r = 270 mm, θ = −90o, z = 0 ∼ 900 mm. The super-

script 270 of B270
0∼900 |θ=−90o represents the r-coordinate r = 270 mm, and the subscript

0 ∼ 900 of B270
0∼900 |θ=−90o represents the z-coordinate z = 0 ∼ 900 mm. As mentioned in

Table 1, pB(z) denotes the line force applied to the work roll from the backup roll, and

paveS denotes the line force applied to the work roll from the rolled steel.

Figure (5−9): Critical position caused by the variation of σr in the work roll

5.4.1 Rolling stress variation due to the contact of the rolled steel

To estimate the rolling stress variation due to the contact of the rolled steel from

θ = −90o, Figure (5−10) illustrates the stress distributions σr along the z-direction

denoted by B270
0∼900 |θ=−900 and B270

0∼900 |θ=0o on the boundary r=270 mm. Note that the

stress variation is largest between the angle −90o ≤ θ ≤ 0o. This is because the maximum

tensile stress σr appears at θ = 0o and the maximum compressive stress σr appears at

θ = −90o. Since σr in Figure (5−7) is almost equal to σr in Figure (5−10), the rolling
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stress σr
∼= 0 at θ = 0o. Figure (5−10) also shows the largest compressive stress appears

in the range of 0 ≤ z ≤ 600 mm because the rolled steel width is 600 mm. In Figure

(5−10), the stress amplitude is considered in the region 0 ≤ z ≤ 600 mm. Then, it is

found that the maximum stress amplitude appears at (r,z)=(270,0) where the maximum

tensile stress σθ=0o

rmax
= 115 MPa, the maximum compressive stress σθ=−90o

rmin
= −347 MPa,

and maximum stress amplitude σmax
a = σθ=0o

rmax
− σθ=−90o

rmin
= 462 MPa. This maximum

stress amplitude at (r,z)=(270 mm,0) is denoted by B270
0 |Rolled steel to discuss the fatigue

failure.

Figure (5−10): Variation of the stress distribution σr at the boundary r = 270 mm due to the contact

of the rolled steel from θ = −90o

5.4.2 Rolling stress variation due to the contact of the backup roll

To estimate the rolling stress variation due to the contact of the backup roll from

θ = 90o, Figure (5−11) illustrates the stress distributions σr denoted by B270
0∼900 |θ=−90o

and B270
0∼900 |θ=0o along the z-direction on the boundary r = 270 mm. The stress variation
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is largest between the angle 0 ≤ θ ≤ −90o. In Figure (5−11), the stress amplitude is

considered in the region 0 ≤ z ≤ 810 mm. Then, it is found that the maximum stress

amplitude appears at (r, z) = (270 mm,750 mm) from the tensile stress σθ=0o

rmax
= 86 MPa

and the compressive stress σθ=−90o

rmin
= −265 MPa. The maximum stress amplitude σmax

a =

σθ=0o

rmax
− σθ=90o

rmin
= 351 MPa at (r, z) = (270 mm,750 mm) is denoted by B270

750 |Backup roll to

discuss the fatigue failure.

Figure (5−11): Variation of the stress distribution σr at the boundary r = 270 mm due to the contact

of the backup roll from θ = 90o

5.4.3 Rolling stress variation at the roll center

Next, to evaluate the risk of the roll center fracture, Figure (5−12) illustrates the stress

distributions denoted by C0
0∼900 |θ=90o and C0

0∼900 |θ=0o at the roll center at r = 0. The

maximum stress amplitude σr can be seen at z = 0 from the maximum tensile stress is

σθ=90o

rmax
= 169 MPa and the minimum tensile stress σθ=0o

rmin
= 35 MPa. The maximum stress

amplitude σmax
a = σθ=90o

rmax
− σθ=0o

rmin
= 134 MPa at (r, z) = (0, 0) is denoted by C0

0 to discuss
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the fatigue failure.

Figure (5−12): Variation of the stress distribution σr at the roll center at r = 0 due to the contact of

the rolled steel and the backup roll

5.5 Fatigue risk evaluation for three critical points

Figure (5−13) illustrates three critical points B270
0 |Rolled steel, B

270
750 |Backup roll and C0

0 as

shown in Figure (5−10), Figure (5−11), Figure (5−12). Table (5-4) summarizes the max-

imum stress, the minimum stress, the mean stress, and the stress amplitude at those three

critical points during the roll rotation. Among them, B270
0 |Rolled steel and B270

750 |Backup roll

are subjected to quite large alternative compressive stress.

For large compressive alternative loading, the fatigue limit is determined in the previous

chapter from Eq. (4−8) to Eq. (4−11), which is expressed by the thick solid lines passing

through points A, D, F, G, H in Figure (5−14). Figure (5−14) shows the evaluation of

the three critical points’ results B270
0 |Rolled steel, B

270
750 |Backup roll and C0

0 .

Table (5-5) shows the safety factor defined as SF = OB′/OB. A larger SF value means
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Figure (5−13): Illustration of three critical points denoted by B270
0 |Rolled steel, B

270
750 |Backup roll and

C0
0 where fatigue risk should be evaluated based on the analysis and experience

Table (5-4): Maximum stress, minimum stress, mean stress, and stress amplitude at three critical

points

Point σrmax σrmin
σm σa

B270
0 |Rolled steel 115 -347 -116 231

B270
750 |Backup roll 86 -265 -90 176

C0
0 169 35 102 67

the point is relatively safer than another point having a smaller SF value. Therefore, the

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

the safety factor SF≥1, B270
0 |Rolled steel is relatively more dangerous than B270

750 |Backup roll

and C0
0 . The results showed that the fatigue crack initiation around points B270

0 on the

HSS/DCI boundary may contribute to several roll failures previously occurred.

Table (5-5): Safety factor defined as SF = OB′/OB for three critical points by applying the consecutive

FEM analysis

Point Safety factor, SF

B270
0 |Rolled steel 1.09

B270
750 |Backup roll 1.43

C0
0 1.55
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Figure (5−14): Stress amplitude versus mean stress diagram to evaluate the fatigue failure at three

critical points

Although C0
0 is relatively safer, material defects often observed at the roll center are

not taken into account in Figure (5−14). Hidaka et al. evaluated the maximum defect

size by using statistics of extremes in the DCI specimens and confirmed that the lowest

fatigue limit of DCI joints is larger than welded joints [56] [57]. To evaluate the fatigue

failure risk at the roll center point C0
0 more accurately, in this study, the following formula

is applied [58].

σw0 =
1.56(HV + 120)

√
area

1
/6

(5−4)

Here, σw0 is in MPa and is the fatigue limit under fully reversed loading of a material

containing a defect; HV is in kgf/mm2 and is the Vickers hardness number; and
√
area

is in µm and is the square root of defect/crack area projected normal to the maximum

principal stress. Figure (5−15) illustrates the fatigue limit σw0 when the spheroidal defect

diameter 2a=0,5000, 10000 µm is assumed through
√
area =

√
πa2. Here, the defect size

5 mm (=5000 µm) is empirically known for the roll maker companies, and for the safety
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reason, 10 mm (=10000 µm) defect size is also considered. Figure (5−15) shows that

the fatigue limit σw0 decreases from σw0 = 166 MPa to σw0 = 87 MPa when the defect

diameter is changed from 2a = 0 to 2a = 5000 µm. When 2a=10000 µm, the fatigue limit

σw0 decreases to σw0 = 78 MPa. Table (5-6) shows that the safety factor SF decreases

with increasing the defect size. Figure (5−15) shows that the point C0
0 becomes dangerous

depending on the defect dimensions. If the defect size is 5 mm, the risk of fatigue failure

at the point C0
0 is larger than the point C0

0 without defect in Table (5-6).

Figure (5−15): Stress amplitude versus mean stress diagram to evaluate the fatigue failure at point

C0
0 when the spheroidal defect diameter 2a = 0,5000, 10000 µm is assumed through

√
area =

√
πa2

Table (5-6): Safety factor defined as SF = OB′/OB at center point C0
0 when the spheroidal defect

diameter 2a = 0,5000, 10000 µm is assumed through
√
area =

√
πa2

Diameter change (µm) Safety factor, SF

2a=0 1.55

2a=5000 0.98

2a=10000 0.91
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5.6 Rolling stress estimation by superposing the residual stress

and the rolling stress

As shown in Figure (5−16)a, in this study, the consecutive analysis is performed from

the residual stress to the rolling stress to evaluate the fatigue failure risk. Then, the

critical points B270
0 |Rolled steel, B

270
750 |Backup roll and C0

0 are considered on the σa-σm diagram.

However, in the real roll rotation, the results of σa and σm may change because the plastic

stress varies depending on the loading history. Since another consecutive analysis has to

be done every roll rotation, lots of calculation is necessary to clarify the differences.

Therefore, in this section, a simple evaluation method is considered. Figure (5−16)b

illustrates the method of superposition, which simply superposing the residual stress and

the rolling stress.

Figure (5−16): Comparison between two different methods of the rolling stress; (a) Consecutive FEM

analysis, (b) Method of superposition

Figure (5−17) shows the stress amplitude versus mean stress diagram for the three

critical points obtained by simply superposing the residual stress and the rolling stress

as shown in Figure (5−16)b. Table (5-7) compares the safety factor SF obtained by

the superposition with the results of the previous consecutive FEM analysis. As shown in

Table (5-7), the SF of the superposition is smaller than the SF of the consecutive analysis.
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In other words, the superposition method may evaluate the risk of failure in a safer way

because the FEM consecutive results in Figure (5−16)a are safer than the results of the

superposition in Figure (5−16)b. It may be concluded that we can estimate the rolling

stress by simply superposing the results.

Figure (5−17): Stress amplitude versus mean stress diagram to evaluate the fatigue failure at three

critical points denoted by the coloured solid circles obtained by superposing the residual stress and the

rolling stress in comparison with the dotted circle obtained by the consecutive FEM

Table (5-7): Comparison of safety factor for both methods in Figure (5−16) at three critical points

Point By consecutive FEM analysis By superposition

B270
0 |Rolled steel 1.09 > 0.95

B270
750 |Backup roll 1.43 > 1.27

C0
0 1.55 > 1.49
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5.7 Conclusion

In this study, the three-dimensional elastic-plastic contact FEM is applied to calculate

the rolling stress generated in bimetallic work roll during rolling in a four-high rolling mill.

The initial residual stress was considered and the consecutive analysis was performed to

evaluate the risk of fatigue failure. The conclusions obtained can be summarized in the

following way.

1. The consecutive FEM analysis for quenching-tempering-rolling was performed to eval-

uate the risk of fatigue failure. By focusing on three critical points based on the anal-

ysis and experience, it may be concluded that the most critical point is located at the

HSS/DCI boundary point B270
0 where (r, z)=(270 mm, 0) because of the rolling steel

caused the largest amplitude. Another critical point is also located at B270
750 where (r,

z)=(270 mm, 750 mm) because of the backup roll contact.

2. By using the relative safety factor SF, the fatigue failure risk was discussed. The

results showed that the fatigue crack initiation around points B270
0 and B270

750 on the

HSS/DCI boundary may contribute to several roll failures previously occurred.

3. Since the consecutive FEM analysis considering each roll rotation is time-consuming,

the simple evaluation method was discussed by superposing the residual stress and

the rolling stress. The results showed that the superposition method may evaluate

the risk of failure in a safer way because the FEM consecutive results are safer than

the results of the superposition.

4. The results showed that the superposition method may evaluate the risk of failure

in a safer way because the FEM consecutive results are safer than the results of the

superposition. Also, we found that point C0
0 becomes dangerous depending on the

defect dimensions. If the defect size is 5 mm, the risk of fatigue failure at the point

C0
0 is larger than the point C0

0 without defect
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6 Main Conclusion

6.1 Conclusion for present study

In this study, bimetallic roll consisting of high-speed steel (HSS) and ductile casting

iron (DCI) was considered to clarify the HSS/DCI boundary failure. A three-dimensional

finite element method was applied to investigate the residual stress and the rolling stress

of the bimetallic work roll in the four-high rolling mill. The residual stress was analyzed

by considering pre-heating, quenching, and tempering. By using the results as an initial

condition, the rolling stress analysis was performed consecutively. Then, the fatigue

failure risk was discussed focusing on several critical points subjected to the largest stress

amplitude inside of the work roll. The accuracy of the simple superposition method was

also discussed to evaluate the risk conveniently. The following conclusions based on each

chapter can be summarized as follow.

Chapter 1 provided a brief introduction of the bimetallic work roll used in 4-high rolling

mill. Also the previous studies on the development of the bimetallic work roll to replace

the single material roll. The characteristics of the bimetallic work roll were also discussed.

Then, the research problem, focusing on the failure of the HSS/DCI boundary due to the

residual stress and the rolling stress are included.

Chapter 2 analyzed the residual stress distribution of the bimetallic work roll after

completing heating and quenching treatment. The bimetallic roll model has a diameter

of 660 mm using HSS outer layer and DCI inner layer. A thermo-elastic-plastic finite

element simulation was performed by using MSC Marc 2012 to investigate the residual

stress during the quenching process. Uniform and non-uniform heating methods were

considered to study the difference to the residual stress distibution. The conclusions are

summarized as follows:

1. The tensile stress of the inner layer after non-uniform heating and quenching was

less than that obtained after uniform heating and quenching by 24%, while the com-
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pressive stress on the surface for both heating treatments did not differ greatly. As

a result, the effect of preventing surface cracking can be expected to reduce damage

originating from the center.

2. Based on the stress generation mechanisms, it was found that the stress in the central

part decreased by non-uniform heating because during pearlite transformation B, the

increase in the central stress in non-uniform heating p⃝ was small. Similarly, the

increase in the central stress t⃝ in non-uniform heating is also small in region C after

the pearlite transformation.

3. Based on the diameter effect result, the center tensile stress for non-uniform heating

was smaller compared to that for uniform heating. Furthermore, the surface com-

pressive stress varied significantly as the diameter changes from 500 mm to 1000

mm.

4. The results of the area ratio effect showed that the center tensile stress almost un-

changed as the diameter changes from 500 mm to 1000 mm for uniform heating. For

non-uniform heating, the center tensile stress changed when the area ratio changed.

The surface compressive stress varies significantly as the roll diameter changes from

500 mm to 600 mm.

In chapter 3, the tempering treatment of the bimetallic roll is analyzed by considering the

creep effect and transformation effect. The bimetallic roll model has a diameter of 660 mm

using HSS outer layer and DCI inner layer. The analysis is performed to two tempering

processes by using the thermal elasto-plastic finite element method, and the effect on the

residual stress distribution is considered. The conclusions obtained are shown below.

1. It may be concluded that tempering treatment is useful in reducing the risk of roll fail-

ure by decreasing the center tensile stress without decreasing the surface compressive

stress.

2. For uniform heating quenching, the maximum stress at the center decreased by 35%

from 397 MPa to 257 MPa after the first tempering. The second tempering reduced
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the maximum stress by 54% from 397 MPa to 183 MPa.

3. For non-uniform heating quenching, the maximum stress decreased by 25% from

286 MPa to 214 MPa after the first tempering. The second tempering reduced the

maximum stress by 46% from 286 MPa to 183 MPa.

4. It is found that in this tempering process, the residual stress inside the roll is reduced

by stress relaxation due to the creep effect.

In Chapter 4, to clarify the mechanical stress, no residual stress was assumed in the work

roll. This study assumed the following rolling conditions that can be regarded as the

average values in present steelworks, where the work roll diameter DW = 660 mm with

the length L = 1800 mm, the high chrome steel backup roll diameter of DB = 1400 mm

with the length L = 1800 mm, the width of the rolled steel W = 1200 mm and the

standard rolling force Ptotal = 16400 kN. The conclusions obtained can be summarized in

the following way.

1. No study is available regarding the fatigue limit under compressive mean stress region,

stress amplitude versus mean stress diagram is newly considered. Then, a fatigue

limit line was proposed under large compressive stress by considering the final failure

never occurs at the pulsating compressive loading state.

2. Considering the whole roll geometry, three critical points were chosen on the basis

of the analysis and experience. It may be concluded that the most critical point is

located at the HSS/DCI boundary point B270
0 where (r, z)=(270 mm, 0) because the

largest stress amplitude is caused from the rolling steel. Another critical point is

located at B270
750 where (r, z)=(270 mm, 750 mm) due to the backup roll contact.

3. The fatigue failure risk was discussed through the relative safety factor SF. The

results showed that the fatigue crack initiation around points B270
0 and B270

750 on the

HSS/DCI boundary may contribute to several roll failures previously occurred in

industries.
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In Chapter 5, the three-dimensional elastic-plastic contact FEM was applied to calculate

the rolling stress generated in bimetallic work roll during rolling in a four-high rolling mill.

The initial residual stress was considered and the consecutive analysis was performed to

evaluate the risk of fatigue failure. The conclusions obtained can be summarized in the

following way.

1. The consecutive FEM analysis for quenching-tempering-rolling was performed to eval-

uate the risk of fatigue failure. By focusing on three critical points based on the anal-

ysis and experience, it may be concluded that the most critical point is located at the

HSS/DCI boundary point B270
0 where (r, z)=(270 mm, 0) because of the rolling steel

caused the largest amplitude. Another critical point is also located at B270
750 where (r,

z)=(270 mm, 750 mm) because of the backup roll contact.

2. By using the relative safety factor SF, the fatigue failure risk was discussed. The

results showed that the fatigue crack initiation around points B270
0 and B270

750 on the

HSS/DCI boundary may contribute to several roll failures previously occurred.

3. Since the consecutive FEM analysis considering each roll rotation is time-consuming,

the simple evaluation method was discussed by superposing the residual stress and

the rolling stress. The results showed that the superposition method may evaluate

the risk of failure in a safer way because the FEM consecutive results in Figure 16(a)

are safer than the results of the superposition in Figure 16(b).

4. The results showed that the superposition method may evaluate the risk of failure

in a safer way because the FEM consecutive results are safer than the results of the

superposition. Also, we found that point C0
0 becomes dangerous depending on the

defect dimensions. If the defect size is 5 mm, the risk of fatigue failure at the point

C0
0 is larger than the point C0

0 without defect
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6.2 Future work

In the present study, the bimetallic work roll is considered to study the fatigue failure

risk under combination of residual stress and the rolling stress. In future, the effect of the

roll manufacturing processes will be clarified to investigate the residual stress.

The roll manufacturing process can be seen in Appendix 3. The first method is to drill

the roll center of the solid roll after heat treatment. The second method is to drill the

center first before heat treatment of the solid roll. By applying FEM, the residual stresses

of sleeve rolls are compared to find out the suitable manufacturing method.
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A Appendix

A.1 Effect of material data on the residual stress

Figure (A−1) shows the different material data in collaboration with JFE steel company

where the material data shows the slightly different compare to Figure (2−3).

Figure (A−1): (a) Young’s modulus; (b) specific heat; (c) thermal conductivity; (d) thermal expansion

coefficient during quenching; (e) Poisson’s ratio; (f) stress-strain for HSS; (g) stress-strain for DCI

This is because the collaboration research was focused on the transformation effect of
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the outer layer HSS. Therefore, some material datas are slightly different.

Figure (A−2): Results of residual stress based on Figure (3−3); (a) Residual stress σz after uniform

heating quenching; (b) Details of maximum stress range

Figure (A−3): Results of residual stress based on the corrected material data; (a) Residual stress σz

after uniform heating quenching; (b) Details of maximum stress range

In the quench analysis in Chapter 2, the material database J-MatPro (https://www.usi-

asia.com/jmatpro/) was used to clarify the effects of the material properties. In this

research, joint research is also in progress, and there was a proposal to slightly change

the material properties. Therefore, in the tempering analysis in Chapter 3, the analysis
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data was changed and the analysis was performed. For this uniform heating quenching,

comparing Figure (A-2) and Figure (A-3), it was confirmed that the difference between

the two was within 3% at the maximum, and almost the same results were obtained.

Figure (A−4): Results of residual stress based on Figure (3−4); (a) Residual stress σz after non-uniform

heating quenching; (b) Details of maximum stress range

Figure (A−5): Results of residual stress based on the corrected material data; (a) Residual stress σz

after non-uniform heating quenching; (b) Details of maximum stress range

For this non-uniform heating quenching, comparing Figure (A-4) and Figure (A-5), it

was confirmed that the difference between the two was within 1% at the maximum, and
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almost the same results were obtained.

A.2 Stress reduction effect due to the transformation effect

The stress reduction effect in the tempering process is mainly affected by the transfor-

mation of the outer layer material and the creep effect of the inner layer material. Here,

in order to evaluate the stress reduction effect due to creep alone, martensite during cool-

ing in the first treatment of tempering after quenching is performed. The analysis was

performed with the site transformation as 0%. Figure (A−6) shows the stress distribu-

tion diagram after quenching and after first tempering for both uniform and non-uniform

heating.

Figure (A−6): Effect of transformation during tempering process after uniform heating quenching

In uniform heating (Figure (A−6)a), the maximum stress point near the center de-

creased from 396 MPa to 241 MPa. On the other hand, a comparison between after

quenching and after first tempering including creep and transformation of 50% showed

that the stress decreased from 396 MPa to 217 MPa (see Figure (3−3)), indicating that

the stress increased by 24 MPa (=241 MPa−217 MPa) due to transformation.

In non-uniform heating (Figure (A−6)b), the maximum stress point near the center

decreased from 309 MPa to 216 MPa. On the other hand, a comparison between after
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quenching and after first tempering including creep and transformation of 50% showed

that the stress decreased from 309 MPa to 226 MPa (see Figure (3−4)), indicating that

the stress decreased by 10 MPa (=226 MPa−216 MPa) due to transformation.

Table (A-1) summarizes the effects of creep and transformation on stress. Since the

effect of transformation effect is small, it is important to consider the creep effects in the

analysis.

Table (A-1): Stress reduction in tempering

Creep + Transformation Creep Transformation

After Uniform heating -45% -39% -6%

After non-uniform heating -27% -30% +3%

A.3 Effect of Manufacturing Process on Residual Stress in Bimetal-

lic Solid Roll and Bimetallic Sleeve Roll

This future study aims to study the difference of the residual stress generated between

the current bimetallic solid roll and the bimetallic sleeve roll constructed by shrink-fitting.

Figure (A−7) shows the types of manufacturing process.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 the one of the solid roll.
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Figure (A−7): Bimetallic sleeve roll having shrink-fitted shaft manufactured by solid heat treatment

and sleeve heat treatment
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