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Roll during Quenching
Nao-Aki Noda,� Kejun Hu, Yoshikazu Sano, Katsma Ono, and Yusuke Hosokawa
Bimetallic rolls are widely used in hot rolling mills because of excellent hardness, wear
resistance, and high temperature properties. Considerable residual stresses are produced
for the bimetallic roll during quenching. Moreover, severe thermal stresses are caused by
heating-cooling thermal cycles during subsequent hot rolling process. Fracture from the
roll center may occur due to the residual stress adding to the thermal stress, and therefore,
it is desirable to investigate the residual stress to improve roll service life. Therefore, FEM
simulation of the bimetallic roll is performed for the quenching process. It should be noted
that a large number of experimental data of the core and shell material are utilized for the
wide range of temperature considering the quenching. The generation mechanism for the
residual stress is discussed focusing on the effect of temperature gradient and phase
transformation. Furthermore, the effects of shell–core ratio and diameter on residual
stress are considered. Results show that the residual stress only slightly increases with
increasing shell–core ratio, while significantly increases with increasing diameter.
1. Introduction

Work rolls are used in the roughing stands of hot strip mill

to reduce the steel thickness. They have to meet the

requirements of hardness, wear resistance at the surface,

and toughness at the center.[1–3] Traditional singlematerial

roll cannot satisfy these conflicting properties at the same

time. Many studies have been done to improve roll

performance in the past decades. The bimetallic roll is one

of the most important developments to resolve above

problem.[4,5] Among them, high speed steel (HSS) is widely

used in the bimetallic roll as shell material. The HSS roll is

characterized by excellent hardness, good wear resistance

of shell material, and significant toughness of core

material.[6–9] As shown in Figure 1, the bimetallic roll is

manufactured by centrifugal casting method, using HSS

as shell material and the ductile casting iron (DIC) as core

material.

During heat treatment, residual stress is inevitably

introduced due to temperature gradient and phase trans-

formation.[4,10,11] The residual stress is self-equilibrating

within the roll, independent of the any external loads. In

addition, thermal stress is produced by heating-cooling
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thermal cycles during subsequent hot rolling process.[12–15]

The existing residual stress will be added to thermal stress,

leading to roll fracture. In order to prevent the thermal crack

caused by thermal behavior, suitable compressive stresses

are necessary at the roll surface.[16] However, the tensile

stress appearing at the center may cause the risk of fracture

from the inside of the roll, whose distribution has not been

investigated until now.

The stable quality of the work roll is closely related to

the quality of rolling product and manufacture cost.[9,12]

Therefore, the investigation of the residual stress is

necessary and urgent in order to improve service life of

the work roll.
2. Previous Studies for Residual Stress of
Work Rolls

In most previous studies, the residual stress was measured

experimentally. Many practical measuring methods were

proposed for residual stress.[17] Destructive mechanical

methods include deep hole drilling method, Sachs

boring method and slitting method,[18–21] and non-

destructive methods include X-ray diffraction method

and Ultrasonic method.[22,23] However, the experimental

methods are time-consuming, high cost, and even have to

damage experimental components. Especially for large-

scale bimetallic roll, destructive methods are always

limited by measuring accuracy and non-destructive

methods are limited by measuring depth.
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 1. Schematic diagram of the HSS bimetallic roll (mm).
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Despite a number of studies focused on residual

stress caused by quenching in the past decades, most

studies dealt with small size components.[24–27] Recently,

Torres et al.[28] analyzed bimetallic work rolls during post

casting cooling stage. Although they have studied the

prediction of the residual stress on the high chrome steel

roll, the most critical quenching process has not been

covered yet.

To analyze quenching process, a large amount of

material properties are necessary regarding two different

materials in the bimetallic roll. Those data have to be

obtained under the wide range of temperature including

high-temperature regionwhich are difficult to be obtained.

In this study, the experimental data are obtained along the

same temperature process of quenching to ensure the

accuracy of simulation.

In this study, a thermo-elastic-plastic finite element

simulation will be performed by using MSC.Marc2012 to

investigate the residual stress during quenching. In the first

place, the simulation of bimetallic roll will be performed to

investigate the generation mechanism and distribution

of residual stress. Then, the effects of the shell–core

ratio, diameter, phase transformation, and material heat

treatment process on the residual stress will be discussed.
3. Quenching Process and FEM Analysis of
Bimetallic Rolls

3.1. HSS Bimetallic Rolls

The HSS bimetallic rolls with diameter of 600mm, body

length of 1600mm and shell thickness of 75mm, consist of
Composition C Si

HSS 1–3 <2

DCI 2.5–4 1.5–3.1

Cr Mo Co

2–7 <10 <10

0.01–1.5 0.1–1

Table 1. Chemical compositions of high speed steel and ductile iron

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the high speed steel as outer layer and the ductile iron as

inner layer and roll neck as shown in Figure 1. Table 1

shows the chemical compositions of high speed steel and

ductile casting iron for the common HSS bimetallic rolls,

and Table 2 shows the material properties of high speed

steel and ductile casting iron at room temperature.
3.2. Experimental Section

3.2.1. Tensile Test
The tensile test was conducted by using a standard

testing machine INSTRON 5587 with the tensile speed

2.5%min�1. The specimens shown in Figure 2 were

prepared from HSS bimetallic roll. The specimens were

heated up to TStart with the speed of 500 8Ch�1, then,

cooled down to the testing temperature including room

temperature, and TStart� 100 8C at the interval of 100 8C.
The cooling speeds of the specimens were the same as the

speeds of roll quenching. The specimens were kept at the

testing temperature for 20min after cooling process.

3.2.2. Dilatometric Experiment
The tests are conducted by using thermal mechanical

analysis method.[29] The specimens were prepared from

HSS bimetallic roll, with 8mm thickness, 8mmwidth, and

17mm length. The cooling speed is the same as the one of

quenching without considering keeping temperature

process of real roll in Figure 3(a). The test temperature

was in the region from TStart to room temperature.
3.3. Heat Treatment

Figure 3(a) shows the schematic diagram of the heat

treatment process including pre-heating, quenching and

tempering. In pre-heating process, the whole roll is

heated up to the uniform temperature of TStart 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 TKeep1 to prevent

excessive thermal stresses caused by rapid cooling. After

keeping period, the roll is cooled down slowly until to the

temperature of TFinish.
Mn P S Ni

<1.5 <5

<0.1 <0.1 0.4–5

V W Mg

3–10 <20 <10

0.02–0.08

for high speed steel roll /mass%.
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Property HSS DCI

0.2% proof stress [MPa] (1282)a) 415

Young’s modulus [GPa] 233 173

Poisson’s ratio 0.3 0.3

Density [kgm�3] 7.6 7.3

Thermal expansion

coefficient [K�1]

12.6� 10�6 13.0� 10�6

Thermal conductivity

[W (mk)�1]

20.2 23.4

Specific heat [J (kgK)�1 0.46 0.46

a)Tensile strength of the shell material is indicated as the 0.2%
proof stress became the deformation at break is small.

Table 2. Mechanical properties of high speed steel and ductile
casting iron at room temperature.
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After quenching process, the tempering process will be

performed 2–4 times to release the residual stress and

obtained the stable microstructure. The effect of temper-

ing process is not considered in this study and will be

studied in the future.
3.4. FEM Analysis

In this study, the MSC.Marc 2012 software is used to carry

out FEM elastic-plastic analysis to simulate the quenching

process for HSS bimetallic rolls. Figure 3(b) shows the

axisymmetric FEM model of HSS bimetallic roll. The roll

clutch with the length of 400mm is ignored because of the

small effect on the residual stress at the central section.

A 4-node linear axisymmetric quad element with the

mesh size of 5� 5mm is adopted for the transient-static

simulation. The displacement boundary conditions and

thermal isolation conditions are applied to z¼ 0 due to the

symmetry. In this study, roll surface temperature Tsurface

obtained by measuring experimentally is imposed to

the roll surface.

At the beginning of this study, the heat transfer

coefficient was obtained to confirm the FEM result. In

this case, since the heat transfer coefficient depends on
Figure 2. Specimen of the tensile test (mm).
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many factors, such as, material, size, surface conditions of

a part, the accurate heat transfer coefficient can be

obtained in the following way. First, a value of heat transfer

coefficient is assumed from the reference and applied to

the roll surface. Second, TAmbient is applied to FEM model

of the roll, then roll surface temperature TSimulation is

obtained by the simulation and compared with Tsurface.

Here, the ambient temperature TAmbient is obtained

by measuring experimentally. Third, the reference

heat transfer coefficient is changed repeatedly if TSimulation

6¼TSurface. The real heat transfer coefficient is finally

obtained when Tsimulation¼TSurface. The calculated heat

transfer coefficients including effect of radiation are shown

in Figure 3(c).

A large amount of material properties of the shell

and core materials have to be measured from TStart to

TFinish at a certain interval of temperature. Then, they

are used in the simulation as input data. Those material

properties include Young’s modulus, thermal expansion,

specific heat, density, yield point, thermal conductivity,

and Poison’s ratio. In this paper, those material data

in Figure 3, 4, 9, 10, and 11, cannot be indicated in

detail because they are confidential data of the roll

manufacturing company. According to the custom of

this industrial field, the chemical composition, dissolu-

tion method, casting conditions, and heat treatment,

especially the high temperature properties, are regarded

as the trade secret belonged to the owner. In this

paper, therefore, the dimensionless values have to be

used to characterize the material properties heat treat-

ment process. Since, the purpose of this paper is to

clarify the residual stress during quenching process, the

simulation results are still useful enough for the readers

to understand the generation mechanism and the

residual stress distribution.
3.5. Residual Stress Generation Mechanism for HSS
Bimetallic Rolls

Figure 4 shows the histories of (a) temperature, (b) stress

sz, and (c) Young’s modulus for the bimetallic roll during

quenching process. Since, FEM elastic-plastic analysis

needs Young’s modulus even under high temperature, a

specific stress point is focused when the strain reaches
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 4. Residual stress generation mechanism of the bimetallic
roll: a) temperature histories; b) stress sz histories; and c) Young’s
modulus histories.

Figure 3. The FEM analysis of HSS bimetallic rolls during
quenching: a) heat treatment process; b) FEMmodel andboundary;
and c) heat transfer coefficients.
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0.05% on the stress–strain curve. Then, the Young’s

modulus is defined as the gradient of the line connecting

the origin and the specific point. Figure 4(c) shows the

Young’s modulus during quenching process, which varies

depending on temperature.

The quenchingprocess is divided into RegionI, Region II,

and Region III classified by the dominant elastic or plastic

state at the surface and center. In the Region I, the yield

strength of shell and core is very low due to high

temperature, the stress rapidly increases and exceeds the

yield stress. Therefore, the large plastic deformation occurs
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
at both roll surface and roll center. In the Region II, since

the surface becomes elastic due to surface cooling,

the surface Young’s modulus increases with decreasing

temperature although the center still keeps high
steel research int. 87 (2016) No. 11 1481



Figure 5. Simulation residual stress in comparison with the
previous experimental results su of HSS roll with the steel
shaft.[16,30]
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 temperature and plastic state. In the Region III, since both

surface and the center become elastic, both Young’s

modulus increases as the cooling continues.

The initial residual stress before quenching can be

eliminated because of the pre-heating to high temperature

of TStart. In the Region I, the roll is cooled down from TStart,

the surface temperature rapidly drops. As a result, tensile

stress is produced at the surface and compressive stress

is produced at the center.

In the Region II, at the temperature of TEP, the surface

changes into elastic-plastic while the center still keeps

plastic. In addition, the dropping speed of surface

temperature decreases. As a result, the center thermal

contraction becomes larger than surface thermal contrac-

tion, leading to the stresses at the center and the surface

decrease. As center temperature dropping to the tempera-

ture of TPearlite, pearlite transformation happens near the

boundary and expands toward the center. In this period,

the center is shrunk relative to the other parts of the core

which expand gradually due to pearlite transformation.

Hence, the compressive stress at the center decreases until

becomes tensile stress. The tensile stress reverses to

compressive stress rapidly when the pearlite transforma-

tion reaches to the center.

In the Region III, the center is further contracted relative

to the surface because of larger temperature change. Then,

the surface stress state interchanges from tension to

compression, and the center stress state interchanges from

compression to tension. Until reaching TKeep1, both

surface and center stresses increase continuously. During

keeping TKeep1, the stresses at the surface and the center

decrease because of the decreasing of temperature

gradient. At the temperature of TBainite, bainite transfor-

mation occurs at the surface, causing a volume expansion

and the surface compressive stress increases. To balance

the increase of surface stress, the center tensile stress also

increases. After the bainite phase transformation, the

thermal contraction difference becomes larger and

Young’s modulus increases with decreasing temperature.

Eventually, both surface and center residual stresses

increase continuously.

Figure 5 shows the residual stress for HSS roll with

D¼ 600mm in Figure 1 in comparison with the previous

experimental results su for HSS rolls with D¼ 335mm,[16]

D¼ 600–850mm.[30] Here, it should be noted that the

casting method and core material between roll in Figure 1

and HSS rolls with D¼ 335mm, D¼ 600–850mm are

different. Although usually the different casting process

and core material cause different residual stress, the

residual stresses are nearly the same because of the

following reasons. First, the effect of different casting

method can be eliminated because of the pre-heating to

the high temperature of TStart before quenching. Second,

the effect of different core materials is smaller during the

same quenching process because thermal expansion

properties are similar and only the pearlite transformation

occurs for both materials during this process.[31] Third, the
1482 steel research int. 87 (2016) No. 11
effect of diameter on the residual stress was previously

investigated by the roll industry and it was found that

the surface residual stresses are similar when the rolls

have the same diameter. The results in Section 4.1 in this

paper also show that the surface residual stresses under

the same roll diameter are almost independent of the

shell–core ratio. Therefore, these three results can be

compared, especially at the roll surface.

Figure 5 shows that simulation results at the center

are close to the measuring results of the real roll. The

simulation result is slightly larger than the experimental

results, but they are almost coincided with each other

except for the stress near the surface. This is probably

because the stress relaxation due to tempering is not

considered in this paper. In practically, it is known that the

residual stress sz is the most important stress causing roll

fracture or spalling during subsequent using process.

Figure 5 also show that tensile stress sz at the center and

compressive stress sz at the surface are larger than the

other stresses su and sr, especially at the roll center.

Therefore, the residual stress sz at the central cross section

is mainly discussed in this paper.
4. Results and Discussion

4.1. Effect of shell–Core Ratio on Residual Stress

Because of the difference between the shell material and

core material of the bimetallic roll, the component ratio of

the shell and core influences roll performance. Hence, we

should pay attention to the effect of shell–core ratio on

residual stress. The equation of shell–core ratio is given as

Equation 1:

As

Ac
¼ D2 � d2

d2
ð1Þ
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 6. Schematic diagram of residual stress distribution: a) As/Ac¼ small and b) As/Ac¼ large.

Figure 7. Distribution of residual stress sz for different As/Ac when
D¼ 600mm
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where As is the shell area, Ac is the core area, D is the shell

diameter, d is the core diameter.

During the hot strip rolling process, since thework roll is

subject to severe thermal stress, it is necessary to grind the

roll surface every time after a certain amount of wear

appears. In addition, the oxidation, fire cracks, and sticking

might sometimes occurring on the roll surface must be

removed by grinding if troubles happen.[32] After being

repeatedly polished, the shell thickness is gradually

thinned until to the limit, then the roll becomes useless.

Although the larger shell–core ratio enhances roll

service life under the same roll diameter, the larger tensile

stress at center will be produced and causes risk of fracture.

Figure 6 shows a schematic illustration of the residual

stress. It shows that under larger shell–core ratio, the

larger tensile stress should appear at the core in order to

balance the larger compressive region. Therefore, it has

been thought that the larger shell–core ratio results in

larger risk of fracture. To confirm the validity of this

conventional conception, the effect of shell–core ratio on

the residual stress will be discussed.

Figure 7 shows the residual stress distribution for

different shell–core ratios when roll diameter D¼ 600mm.

Here, the analysis method and roll surface temperature are

the same as the one in Figure 3. Although the As/Ac of the

real roll lies in the range of 0.4–0.6, a larger range of 0.2–0.8

is chosen to clarify the effect. In Figure 6, the tensile

residual stress at the center increases with increasing

As/Ac. The tensile stress increases by 9% in the range of

0.2– 0.8, while only increases by 2% in the range of 0.4–0.6.

The compressive stresses at the surface are almost

unchanged. The results show that the shell–core ratio

has a little influence on the residual stress of the

bimetallic roll.

As shown in Figure 6, the compressive residual stress

rapidly decreases from the surface to the boundary, and

the compressive stress region does not increase with

increasing As/Ac. As a result, the increasing of compressive
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
stress region is smaller than the increase imaged conven-

tionally. Therefore, the effect of shell–core ratio on the

residual stress is less than expected result.
4.2. Effect of Roll Diameter on Residual Stress

Figure 8 shows the residual stress distribution of bimetallic

roll with diameter D¼ 500–1000mm at As/Ac¼ 0.4. Here,

the analysis method and roll surface temperature are the

same as the one in Figure 3. The center stress increases by

51% and the surface stress increases by 55% with

increasing roll diameter. By contrast, the center stress

increases by 13% and the surface stress increases 19% in

the range of 600–800mm of real roll. The results show

that the roll diameter has a significant effect on the

residual stress. However, the center stress decreases when

D¼ 900–1000mm. However, it can be found that the most

of themaximum residual stress in the core occur at r¼d/2.
steel research int. 87 (2016) No. 11 1483



Figure 9. Thermal expansion of shell and core material during quenc

Figure 8. Distributions of residual stress sz of bimetallic roll for
different D when As/Ac¼ 0.4.
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 The maximum residual stress is important for the

evaluation of the roll strength. Therefore, we focus on

this stress instead of the stress in the center. The stress at

r¼d/2 is shown in the solid circle * in the Figure 8. It is

seen that representative stress at r¼d/2 increases with

increasing roll diameter.
4.3. Effect of Phase Transformation on Residual Stress

During quenching process, the pearlite transformation

occurs in the core material and bainite transformation

occurs in the shell material. Volume expansions of core and

shell happen with the phase transformations. The amount

of expansion in the phase transformation has a significant

effect on the residual stress. Therefore, the effect of the

expansion on the residual stress will be discussed.

The solid lines in Figure 9(a) show the dilatometric

curves of shell and core material during quenching
hing: a) dilatometric curves and b) thermal expansion coefficients.

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 10. Effect of pearlite transformation and bainite transfor-
mation on residual stress: a) effect of Half PþHalf B; b) effect of
Half PþReal B and Real PþHalf B; c) initial quenching.
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process, which is obtained from dilatometer experiment.

In order to analyze the effect of the expansion on the

residual stress quantitatively, the dilatometric curve with

half amount of expansion is assumed. As shown by dotted

lines in Figure 9(a), the starting point of the half expansion

curve is assumed along the middle point of the beginning

and ending point of the real phase transformation.

The gradient of the half expansion curve is assumed as

the middle value of the curves gradient before and after

phase transformation. It should be noted that the changes

of the others material properties caused by this half

dilatometric curves are assumed to be ignored. In the

simulation, the effect of expansion is expressed by thermal

expansion coefficient.

Figure 9(b) shows the thermal expansion coefficients

used as the input data of FEM,which is calculated based on

dilatometric curves. The thermal expansion coefficient

with the half expansion of pearlite transformation is called

half pearlite (Half P) as well as the half bainite (Half B). The

real thermal expansion coefficients are called real pearlite

(Real P) and real bainite (Real B). In FEM analysis, only

the thermal expansion coefficient will be changed and the

other parameters remain unchanged.

The simulation is initially performed when the thermal

expansion coefficients of shell and core material are

changed together. Figure 10(a) shows the comparison of

residual stress betweenHalf PþHalf B and Real PþReal B.

The center stress increases by 24% and the surface stress

increases by 60%. The result shows that phase transfor-

mation has a significant effect on the residual stress.

In order to clarify the distinct effect of pearlite

transformation and bainite transformation, the half P

and half B is performed independently. As show in

Figure 10(b), the two cases are performed: (i) Half Pþ
Real B; (ii) Real PþHalf B.

In the case of Half PþReal B, the center stress increases

by 76%and the surface stress increases by 41%. As shown in

Figure 10(c), in the case ofHalf P, the center stress decreases

by only half compared with the result of Real P. In addition,

the tensile state of the surface is released because the

expansion value of core material decreases. Therefore, the

surface stress obviously decreases comparedwith the result

of Real P at the ending of the pearlite transformation. As a

result, the center tensile stress and the surface compressive

stress obviously increases in the case of Half PþReal B. The

results show that the pearlite transformation contributes to

decreasing the residual stress.

In the case of Real PþHalf B, the center stress decreases

by 40% and the surface stress decreases by 33%. As shown

in Figure 10(b), the stresses of center and surface are

the same as the results of Real PþReal B before

the bainite transformation. Since the surface stress is

in tensile state when bainite transformation happens, the

expansion will intensify this state and the surface stress

will increase. Therefore, the tensile stress will decrease

with decreasing expansion. In the case of Real PþHalf B,

the surface stress only increases by half compared with the
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
result of Real PþReal B. As a result, the center tensile stress

and the surface compressive stress obviously decreases in

the case of Real PþHalf B. The results show that bainite

transformation results in increasing of residual stress.
steel research int. 87 (2016) No. 11 1485



Figure 12. Contours of sz after quenching: a) using the heating
process data and b) using the cooling process data.
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 4.4. Effect of Material’s Heat Treatment on Residual

Stress

Material property depends on heat treatment as well as

the temperature. To ensure the simulation accuracy, the

material properties should be distinguished in the heating

process from room temperature and in the cooling process

from TStart. The tensile test of the cooling process from

TStart has been described in Section 3.2.1, and the heating

process from room temperature is described as follows.

The specimens were heated up to temperature testing

temperature from room temperature with the speed of

500 8Ch�1 and kept at this temperature for 20min. The

testing temperature of heating process includes room

temperature, and 100 –TStart at the interval of 100 8C.
In Figure 11, the stress-strain curves of the shell

material at 600 8C are compared after heating from room

temperature and cooling from TStart. Here, s0 is the

maximum stress corresponding to e¼ 0.65% of the shell

material at 600 8C after heating process from room

temperature. In Figure 11 the maximum stress difference

reaches 67% between the two heat treatment processes.

It is found that the heat treatment significantly affects

material mechanical property. The specimens were

prepared from the shell of the roll that was quenched

and tempered. The stress–strain curve indicated as “After

heating process” in Figure 11 was obtained from the

tensile test specimens after heated up to 600 8C from

room temperature. In this case, although the specimens

are tempered, the strength is not very much smaller

than the strength under room temperature. On the other

hand, the stress–strain curve indicated as “After cooling

process” in Figure 11 was obtained from the tensile test

specimens after heated up and cooled down from TStart

(about 1000 8C) to 600 8C by using the same cooling speed
Figure 11. Stress–strain curves for the shell material at 600 8C
after heating process from room temperature and cooling process
from TStart.

1486 steel research int. 87 (2016) No. 11
of roll quenching. In this case, since the specimens are

quenched, the material strength is similar to the strength

of austenite state and therefore much smaller than the

strength of “After heating process” in Figure 11.

Figure 12 shows the contours of residual stress sz after

quenching. At the central cross section, the maximum

compressive stress appears at the surface and the

maximum tensile stress occurs at the center independent

of the roll neck. Significant difference can be seen due to

the data difference between cooling process form TStart

and heating process from room temperature.

Figure 13 shows the distribution of sz at z¼ 0. By using

the cooling process data, the center stress decreases by

15% and the surface stress decreases by 27%. The residual

stresses obtained from the cooling process data are similar
Figure 13.Distributions of residual stress sz obtained fromheating
process from room temperature and cooling process from TStart.

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to the results of HSS roll with the alloyed steel shaft.[33]

Therefore, the necessity of cooling process data to the

simulation is verified. However, the tensile stress of

368MPa at the center and the compressive stress of

510MPa at the surface are still larger than the previous

result. In Figure 13, sz at the roll center reaches 430MPa,

which is larger than the yield stress 415MPa given in

Table 2. However, Mises equivalent stress at the same

point is only 289MPa, which is smaller than the yield

stress.
5. Conclusions

In this paper, FEM analysis is performed to predict the

residual stress generated during quenching for bimetallic

work rolls using for hot strip rolling. The generation

mechanisms of the residual stress have been discussed for

single material roll and bimetallic roll. The results of the

current study can be summarized as follows.
1.
� 2
Predicting the residual stress of the bimetallic roll

during quenching is realized by FEM simulation

efficiently with lower cost and higher accuracy com-

pared with experimental measurement. After quench-

ing, the compressive stress appears at the shell while the

tensile stress appears at the core.
2.
 The effect of shell–core ratio on the residual stress is

very small. The center stress increases only by 2% and

the surface stress is almost unchanged with increasing

As/Ac from 0.4 to 0.6.
3.
 The roll diameter has a significant effect on the residual

stress. The center stress increases by 13% and the

surface stress increases by 19% with increasing the

diameter from D¼ 600 to 800mm. However, the center

stress decreases with increasing from D¼ 900 to

1000mm.
4.
 Phase transformation has a significant effect on the

residual stress. Pearlite transformation contributes to

decreasing the stress, while bainite transformation

leads to increasing of stress.
5.
 Material properties depend on the heat treatment as

well as the temperature. Therefore, by using the cooling

process data, the center residual stress decreases by

15% and the surface residual stress decreases by 27%

compared with the results by using the heating process

data.
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