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1. Introduction

Work rolls are widely used in the roughing stands of 
hot strip mill to reduce steel thickness. During hot rolling 
process, thermal stresses are caused by a cyclic sequence 
of heating and cooling over the roll surface. Due to hot 
strip contact and water cooling, thermal cracks named 
firecracks initiate at the roll surface.1–4) If severe thermal 
tensile stress is added under some rolling troubles, thermal 
crack starts propagating. Therefore, a suitable compressive 
stress is necessary for preventing thermal crack extension.5) 
However, a tensile residual stress always appears at the roll 
center to balance the surface compressive residual stress. 
Under the combined action of thermal stress and residual 
stress, another form of roll fracture is known as thermal 
barrel breakage as shown in Fig. 1. This thermal breakage 
originates near the roll center and breaks out to the barrel 
surface.6–8) In our previous studies,9,10) therefore, different 
quenching methods were discussed through FEM simulation 
to produce suitable surface compressive residual stresses 
and reduce the center tensile residual stress. In real work 
rolls, however, the existence of suitable residual stress dis-
tribution should be confirmed experimentally.

Over the years, different measuring methods have been 
developed for work rolls in order to confirm the roll resid-
ual stress distribution. Those methods are classified into 
destructive or non-destructive ones. Destructive mechani-
cal methods include deep hole-drilling method, ring core 
method, disk method and Sachs boring method.11,12) Non-
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destructive methods include X-ray diffraction method and 
Barkhausen magnetic method.13,14) However, X-ray diffrac-
tion method and Barkhausen magnetic method are suitable 
only for measuring the surface regions and unsuitable for 
the interior regions of large rolls, as well as hole-drilling 
method and ring-core method. Deep hole-drilling method 
and Sachs boring method can be used for measuring the 
residual stress from the center to surface for very large rolls 
although deep hole-drilling method needs special facilities 
and Sachs boring method is extremely time consuming. 
Therefore, the disk method has been developed to predict 

Fig. 1. An overview of the roll breakage.
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the roll residual stress near the roll center, as a convenient 
method because of the convenience only by measuring the 
stress of the disk cut out from the roll.15–18) However, atten-
tion should be paid for the relation between the roll stress 
and the sliced disk stress.

Since detailed studies are not available, in this paper, 
the accuracy of disk method will be discussed on the basis 
of FEM simulation. In the first place, the thermo-elastic 
analysis and thermo-elastic-plastic analysis will be con-
sidered to verify the relation between the cylinder stress 
and the sliced disk stress with single material. Next, the 
thermo-elastic-plastic analysis is performed to investigate 
the relation between the bimetallic roll residual stresses 
and the sliced disk residual stresses under different quench-
ing time.

2. Disk Method and FEM Modeling

2.1. Outline of the Disk Method
To evaluate the residual stress of the cylinder, a thin 

disk is sliced from the original cylinder around the middle 
portion as shown in Fig. 2. In the first step, a disk with a 
thickness of about 30 mm was cut out from the cylinder. 
During the disk-slicing process, circumferential and axial 
strains at the cylinder surface were recorded with the aid 
of strain gauges. Since the axial stress σ z

Disk  on the sliced 
disk is completely released, the remaining residual stresses 
in the sliced disk are in plane stress. Then, the sliced disk 
stresses σ r

Disk  and σθ
Disk  will be obtained by using X-ray dif-

fraction method or some other ways including ring slicing 
and crack compliance method. Finally, the cylinder stress 
σ z

Cylinder will be estimated by using the sliced disk stresses 
σ r

Disk  and σθ
Disk .

2.2. Fundamental Equations Useful for Calculating 
Thermo-elastic Stresses in Circular Cylinders and 
Disks

To calculate thermo-elastic stresses of the cylinder and 
disk, the following equations are available.19) When a disk 
is subjected to the temperature distribution T(r), the ther-
mal stresses σ r

Disk  and σθ
Disk  are given by Eqs. (1) (2). On 

the other hand, the cylinder stresses σ z
Cylinder σ r

Cylinder and 
σθ

Cylinder are given by Eqs. (3) (4) (5).
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From the above equations, the following relation between 
the disk stress and the cylinder stress under the same tem-
perature distribution can be found as Eq. (6):

 σ
ν
σ σθz r

Cylinder Disk Disk=
−

+( )1

1
 .................. (6)

Where, b is the cylinder or disk radius, T(r) is the tem-
perature distribution, E is the Young’s modulus, α is the 
thermal expansion coefficient and ν is the Poisson’s ratio.

2.3. FEM Analysis
Assume bimetallic rolls with diameter of 600 mm, body 

length of 1 800 mm and shell thickness of 75 mm, which 
consist of the high speed steel (HSS) as the shell material 
and the ductile casting iron (DCI) as the core material. 
Table 1 shows the chemical compositions of HSS and 
DCI for the common HSS bimetallic rolls, and Table 2 
shows the material properties of HSS and DCI at room 
temperature.

Figure 3 shows the FEM model and boundary conditions 
for the single material roll and the bimetallic roll. Here, 
MSC.Marc 2012 software is used to carry out FEM analysis. Fig. 2. Schematic diagram of the disk method.

Table 1. Chemical composition of high speed steel and ductile casting iron for high speed steel roll/mass%.

Composition C Si Mn P S Ni Cr Mo Co V W Mg

HSS 1–3 <2 <1.5 <5 2–7 <10 <10 3–10 <20 <10

DCI 2.5–4 1.5–3.1 <0.1 <0.1 0.4–5 0.01–1.5 0.1–1 0.02–0.08
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A 4-node linear axisymmetric quad element with the mesh 
size of 5 ×  5 mm is adopted for the transient-static simula-
tion. The displacement boundary conditions and thermal 
isolation conditions are applied to z =  0 in Fig. 3 due to 
the symmetry. In this study, the temperature distribution 
T(r) imposed to the cylinder for the thermo-elastic stress 
analysis and temperature is imposed to the roll surface for 
the thermo-elastic-plastic residual stress analysis during 
quenching.

In this paper, the disk with the thickness of 30 mm is cut 
out from the roll around the central section z =  0. The disk 

cutting process is performed by using the deactivate ele-
ment setting in the software MSC.Marc 2012. The element 
initial status of the sliced disk is set to activate and the rest 
elements are set to deactivate to simulate the disk cutting 
operation from the cylinder.

First, the disk method is considered for the cylinder under 
the temperature distribution T(r) by using the DCI material 
properties of Young’s modulus, thermal expansion and Pois-
son’s ratio as shown in Figs. 4(a), 4(b) and 4(c).

Then, the disk method is considered for the single mate-
rial roll and the bimetallic roll under the different quenching 
time. Before cutting the disk, the roll residual stress can be 
obtained through the quenching process simulation. Here, 
a large amount of material properties were experimentally 
measured under various temperatures and utilized as the 
input data of the quenching simulation. As shown in Figs. 
4(a), 4(b), 4(c), 4(d), 4(e) and 4(f), those material properties 
include Young’s modulus, thermal expansion coefficient, 
Poisson’s ratio, stress-strain curves, thermal conductivity 
and specific heat. In Fig. 4(b), during the quenching pro-
cess, the pearlite transformation occurs in the core material 
DCI and bainite transformation occurs in the shell material 
HSS. Volume expansions of core and shell accompany 
the phase transformations. As shown in Fig. 4(b), thermal 
expansion coefficient changes in 250°C–350°C for HSS and 
700°C–720°C for DCI and are used as input data to express 
the volume expansions of phase transformations.

3. Thermal Stress and Residual Stress during Quench-
ing for Single Material Roll

3.1. Thermo-elastic Stress for Cylinder and Disk
In the first place, the thermo-elastic analysis is performed 

for the cylinder and circular disk. Assume the cylinder cen-
ter temperature Tc =  T(0) =  200°C, which often appears 
after the standard quenching. Assume the cylinder surface 
temperature Ts =  T(300) =  800°C, which may produce the 
surface stress σz(300) ≅ −600 MPa often appearing at the 
surface after the standard quenching.9,10) Here, assume that 
all material data of DCI are depending on temperature distri-
bution T(r) as shown in Figs. 4(a), 4(b) and 4(c) for Young’s 
modulus E, thermal expansion coefficient α and Poisson’s 
ratio ν. Then, the thermo-elastic analysis is performed for 
the cylinder and the sliced disk. Figure 5 shows the stress 
distribution for the cylinder stresses σ θi i z rCylinder ( , , )=  as 
the solid lines in comparison with the sliced disk stresses 
σ θi i rDisk ( , )=  as the dashed lines at z =  0. The sliced disk 
stress ( ) / ( )σ σ νθr

Disk Disk+ −1  calculated from σ θi i rDisk ( , )=  
in Eq. (6) is also indicated as the dashed line. It is confirmed 
that the cylinder stress σ z

Cylinder coincides with the sliced 
disk stress ( ) / ( )σ σ νθr

Disk Disk+ −1  as shown in Fig. 5. In 
other words, the relation σ z

Cylinder =  ( ) / ( )σ σ νθr
Disk Disk+ −1  

in Eq. (6) can be used for the thermo-elastic stress of the 
cylinder and sliced disk even when the material properties 
are depending on the temperature T(r) as shown in Figs. 
4(a), 4(b) and 4(c).

3.2. Residual Stress Generation Mechanism during 
Quenching for Single Material Roll

As shown in the above discussion, for the thermo-elastic 
analysis, it is found that the cylinder stress can be evaluated 

Table 2. Material properties of high speed steel and ductile cast-
ing iron at room temperature.

Property HSS DCI

0.2% proof stress [MPa] (1 282)*1 415

Young’s modulus [GPa] 233 173

Poisson’s ratio 0.28 0.3

Density [kg/m3] 7.6 7.3

Thermal expansion coefficient [K−1] 12.6 ×10 − 6 13.0 ×10 − 6

Thermal conductivity [W/(m·K)] 20.2 23.4

Specific heat [J/(kg·K)] 0.42 0.46
*1 Tensile strength of the shell material is indicated as the 0.2% proof 
stress because the deformation at break is small

Fig. 3. FEM model and boundary conditions.
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by the sliced disk stress. However, the residual stress of 
the real roll can be generated during the quenching through 
thermo-elastic-plastic behavior of the roll material affected 
by the temperature gradient and phase transformation. In 
this section, therefore, the residual stress generation mecha-
nism will be explained during quenching process. In our 
previous studies,9,10) the generation mechanism of residual 
stress for bimetallic roll has been discussed in detail. Here, 
for single material roll, the fundamental mechanism of 
residual stress will be discussed without considering the 
phase transformation.

Figure 6 shows the histories of (a) temperature Ts, Tc, (b) 
stress σz and (c) Young’s modulus E, and (d) deformation 

state for the single material roll during quenching process. 
Since FEM elastic-plastic analysis requires Young’s modu-
lus even under high temperature, 0.05% strain is focused 
on the stress-strain curve. Then, the Young’s modulus is 
defined as the gradient of the line connecting the 0.05% 
strain point and the origin point. Figure 6(c) shows the 
Young’s modulus E defined in this way during quenching 
process, which varies depending on the temperature.

The quenching process is divided into Region Ⅰ (①), 
Region Ⅱ (②) and Region Ⅲ (③–⑤) classified by the 
dominant elastic or plastic state at the surface and center. 
In Region Ⅰ, the yield strength of shell and core is very low 
due to high temperature, the stress rapidly increases and 

Fig. 4. Material properties dependent on temperature for high speed steel and ductile casting iron.
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exceeds the yield stress. Therefore, the large plastic defor-
mation occurs at both roll surface and roll center (see Fig. 
6(d)①). In 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 temperature and plastic state (see Fig. 6(d)②). In 
Region Ⅲ, since both surface and the center become elastic 
(see Fig. 6(d)③–⑤), both Young’s modulus increases as the 
cooling continues.

In Region Ⅰ, at the beginning of cooling, the surface tem-
perature drops faster than the center temperature, leading to 
the temperature gradient in the r-direction (see Fig. 6(d)①). 
Afterwards, the roll surface shrinks relative to the center 
in the axial direction and results in tensile stress. In order 
to balance the stresses in the roll interior, the compressive 
stress appears in the roll center. With increasing the tem-
perature gradient, the stress at the roll surface and center 
increase together continuously.

In Region Ⅱ, due to continuous cooling, the roll surface 
turns to be elastic with increasing the Young’s modulus. 
Meanwhile, the roll center is still plastic keeping high 
temperature (see Fig. 6(d)②). In this period, the thermal 

Fig. 5. Thermo-elastic stresses of the cylinder and sliced disk 
assuming E =  E(T), α =  α(T), ν =  ν(T) are depending on 
temperature T(r) as shown in Figs. 4(a), 4(b) and 4(c) (Tc = 
T(0) =  200°C, Ts =  T(300) =  800°C).

Fig. 6. Residual stress generation mechanism for the single material roll.
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contraction at the surface is restricted due to the appearing 
of elastic state. However, the thermal contraction rate at the 
center is faster than that one at the surface, causing the ther-
mal strain differences decreasing. Finally, both the surface 
and center stresses reach peak values.

In Region Ⅲ, thermal strain differences decreasing due to 
the center’s thermal contraction rate is larger than surface, 
and both the surface and center stresses start decreasing 
(Fig. 6(d)③). As cooling continues, the surface thermal 
contraction approximately equals to the center thermal con-
traction, then the stresses state are interchanged (see Fig. 
6(d)④). Since the center contraction is larger than that at 
the surface, the tensile stress increases at the roll center (see 
Fig. 6(d)⑤). Since Young’s modulus increases in region Ⅲ 
(see Fig. 6(c)), the compressive stresses at the roll surface 
increases as well as the tensile stress at the roll center. 
Finally, the compressive at the surface and tensile stress at 
the center are generated as shown in Fig. 6(b).

3.3. Residual Stress Simulation during Quenching for 
Single Material Roll

The thermo-elastic-plastic analysis is performed for the 
single material roll before and after cutting out the circular 
disk from the roll considering phase transformation. The 
residual stress is controlled by the heat treatment condition. 
In order to investigate the effect of heat treatment on the 
residual stress, different quenching time is considered. As 
shown in Fig. 7, several temperature changes are considered 
at the roll surface from 1 000°C to 100°C. Here, the differ-
ent quenching time =  0.5, 1–7 h corresponds to the real roll 
quenching time. After quenching process, the roll is kept at 
100°C until the uniform roll temperature is obtained. Here, 
the material properties of DCI are used as shown in Figs. 
4(a)–4(f).

As shown in the above results in Fig. 5, for the 
thermo-elastic analysis, it is found that the ratio 
σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1 ] =  1. Due to the thermo-

elastic-plastic behavior, for the residual stress, the ratio 
σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1 ] ≠ 1. Therefore, the range of 

the ratio σ z
Cylinder/[( ) / ( )σ σ νθr

Disk Disk+ −1 ] will be discussed.

Figure 8 shows the stress ratio σ z
Cylinder/

[( ) / ( )σ σ νθr
Disk Disk+ −1 ] of the single material roll under the 

different quenching time. As shown in Fig. 8(a), it is seen 
that the ratio varies in the range of 0.73–1.49 at r =0–100 
mm near the roll center. Here, this ratio is considered since 
σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1 ] ≠ 1 due to the thermo-

elastic-plastic behavior. At the roll center, the stress ratio 
increases with increasing quenching time t =  0.5–7 h. It can 
be seen that most of the ratio σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1 ] 

at r =  100 mm decreases with increasing the quenching time 
(or decreasing quenching speed). This is because the plastic 
strain becomes smaller with increasing quenching time (or 
decreasing quenching speed). For the single material roll, 
it is found that the ratio σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1 ] = 

0.73–1.49 for varying the quenching time as shown in Fig. 
8(a). The disk method can be used for predicting the roll 
residual stress by considering the above amounts of accu-
racy.

To clarify the effect of sliced disk thickness, FEM 
analysis is also performed to the disk thickness 90 mm and 
compared to the results of disk thickness 30 mm. When 
the disk thickness is 90 mm shown in Fig. 8(b), the stress 
ratio σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1 ] varies in the range 

of 0.78–1.41 at r = 0–100 mm near the roll center and 
becomes smaller by 6% compared with the results of the 
disk thickness 30 mm. It is found that the effect of disk 
thickness is small for the range 30–90 mm. The disk thick-
ness results 30 mm and 90 mm in this study are useful for 
considering another disk thickness.

4. Residual Stress Simulation during Quenching for 
Bimetallic Roll

4.1. Residual Stress Simulation for Bimetallic Roll
Figure 9 shows the residual stress distribution σ z

Roll of the 
bimetallic roll under the different quenching time in Fig. 7. 
It is seen that both the center tensile stress and the surface 
compressive stress increases with decreasing the quenching 
time. This is because the maximum temperature difference 
between the surface and center increases with decreasing 
the quenching time.

Figure 10 shows the equivalent plastic strain distribution 
εeq of the roll under the different quenching time in Fig. 7. 
With decreasing the quenching time, the plastic strain εeq 
becomes larger because the temperature difference between 
the surface and center becomes larger. It is also seen that the 
residual stresses in Fig. 9 are closely related to the plastic 
strain in Fig. 10, and both stresses at the center and surface 
are increasing with increasing the plastic strain.

4.2. Relation between Bimetallic Roll Stress and Sliced 
Disk Stress

As shown in Figs. 5, 8, the relation between the roll stress 
σ z

Cylinder and the sliced disk stress ( ) / ( )σ σ νθr
Disk Disk+ −1  for 

the single material roll has been discussed. In this section, 
the relationship between the roll stress σ z

Roll and the sliced 
disk stress ( ) / ( )σ σ νθr

Disk Disk+ −1  for the bimetallic roll will 
be discussed.

Figure 11 shows the residual stress distributions σ r
Disk  

and σθ
Disk  of the sliced disk from the bimetallic roll.

Figure 12 shows the stress ratio σ z
Roll/Fig. 7. Quenching time of the roll surface.
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Fig. 8. Stress ratio σ z
Cylinder/[ ( ) / ( )σ σ νθr

Disk Disk+ −1 ] near the roll center of the single material roll under the different 
quenching time.

Fig. 9. Residual stress distributions σ z
Roll of the bimetallic roll 

under the different quenching time.
Fig. 10. Plastic strain εeq of the bimetallic roll under the different 

quenching time.
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Fig. 11. Residual stress distributions σ r
Disk , σθ

Disk  of the sliced disk under the different quenching time.

Fig. 12. Stress ratio σ z
Roll/[( ) / ( )σ σ νθr

Disk Disk+ −1 ] near the roll 
center of the bimetallic roll under the different quenching 
time.

[( ) / ( )σ σ νθr
Disk Disk+ −1 ] of the bimetallic roll under the 

different quenching time. As shown in Fig. 12, the ratio 
is larger than 1 for the most cases and varies in the range 
0.85–2.12 at r =  0–100 mm near the roll center. In other 
words, the real roll stress σ z

Roll is usually larger than the 
sliced disk stress ( ) / ( )σ σ νθr

Disk Disk+ −1  as shown in Fig. 
12. On the other hand, for the single material roll, the ratio 
σ z

Cylinder/[( ) / ( )σ σ νθr
Disk Disk+ −1  =  0.73–1.49 was obtained 

by varying the quenching time as shown in Fig. 8(a).
This study focused on estimating the most important 

residual stress σz by the disk method. In fact, since the 
actual stress σz is generated through the plastic deforma-
tion process, estimating σz is very difficult on the basis of 
the simple elastic theory. However, since there is no other 
means, the disk method can be used in a practical way to 
estimate the roll stress roughly. Since the disk method has 
been used for decades, the present discussion may be useful 
for roll industries.
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5. Conclusions

In real work rolls, it is necessary to confirm suitable 
residual stress distributions. In this paper, therefore, the 
accuracy of disk method was investigated on the basis of 
FEM simulation. The relation was discussed between the 
bimetallic roll residual stress and the sliced disk residual 
stress by varying quenching time. The conclusions can be 
summarized in the following way.

(1) For the single material rolls it is confirmed that the 
thermo-elastic stress can be predicted exactly from the sliced 
disk from the relation σ z

Cylinder /[( ) / ( )σ σ νθr
Disk Disk+ −1 ] as 

shown in Fig. 5.
(2) For the single material rolls the thermo-elastic-

plastic residual stress can be predicted by the disk method 
by considering the ratio σ z

Cylinder /[( ) / ( )σ σ νθr
Disk Disk+ −1 ] = 

0.73–1.49 near the roll center as shown in Fig. 8. It is con-
firmed that the error is insensitive to the disk thickness.

(3) For the bimetallic roll the residual stress can be 
predicted by the disk method considering the ratio σ z

Cylinder/
[( ) / ( )σ σ νθr

Disk Disk+ −1 ] =  0.85–2.12 near the roll center as 
shown in Fig. 12.

(4) The disk method has been widely used for measur-
ing the roll residual stress. However, the accuracy of this 
method has not been clarified yet. In this paper, therefore, 
the accuracy was discussed by varying the quenching time 
as shown in Fig. 8 for the single material roll and shown 
in Fig. 12 for the bimetallic roll. The disk method can be 
used for predicting the roll residual stress by considering the 

above amounts of accuracy.
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