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Abstract: During the coiling process of a hot-rolled strip, with the increasing layers the
temperature and stress distribution inside the coil constantly change and interact with
each other. Due to the contact with the sleeve and the transition of the heat exchange state,
it is inaccurate to consider the temperature of the whole coil as the coiling temperature
set by the process requirement. Meanwhile, due to the periodic interlayer contact in
the radial direction, the relation between stress and deformation is nonlinear. For the
coiling process, it is difficult to consider the above factors using conventional methods.
Therefore, an incremental model has been established to couple the temperature and stress
of the coil. In order to obtain the mechanical properties of the strip and radial elastic
modulus of the coil, tensile tests and laminated compression experiments are conducted at
different temperatures. The effects of changes in strip thickness, coiling tension, and initial
temperature of the sleeve on the stress and the temperature inside the coil are studied.
Finally, by comparing the model results with measurements and analytical solutions, the
effectiveness of the incremental coupled model is verified and the errors caused by the
analytical method are analyzed.

Keywords: hot-rolled strip coiling; stress field analysis; temperature field analysis;
incremental method

1. Introduction
As the final process of the hot-rolling production line, coiling directly affects the

quality of products [1–3]. The coiling temperature mainly depends on the control of the
microstructure and properties of the coil [4–7]. However, there is a significant temperature
difference between the cooled strip and the sleeve, resulting in severe heat transfer at the
contact position. The temperature drop near the inner ring of the coil can cause changes
in the microstructure. During repeated heating and cooling processes, surface cracks and
other forms of failure may appear on the sleeve. The defects in the coil are determined by
the internal stress state. Excessive tension can lead to defects such as interlayer bonding,
deformation of the sleeve, and interlayer slip damage, while insufficient tension can lead
to collapse after unwinding [8–10]. Therefore, understanding the temperature and stress
distribution inside the coil can provide a theoretical basis to optimize process parameters
and reduce defects. Therefore, it is important to establish a model to calculate temperature
and stress during the coiling process.

The coil is composed of repeated periodic contact interface layers, and the heat transfer
state is significantly different from that of the strip itself [11]. In previous studies, for the
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anisotropy caused by interlayer contact, the effective thermal conductivity in the radial
direction was commonly used [12–14]. Considering strip thickness, surface characteristics
and contact pressure, Park, S.J. [15] established a unit thermal resistance model. Based
on this model, Park, S.J. conducted a finite element simulation to analyze the effects of
different sizes and cooling methods on the cooling process of the coil. Park, S.J.’s model
has been widely applied in research. The thermal resistance model was adopted by Yang,
Y.J. [16] to perform differential calculations on the temperature inside the coil, and the
thermal deformation during the cooling process was analyzed. Saboonchi, A. [17,18]
established a temperature field model for coils stored in the warehouse, and the effects of
different stacking methods were discussed. In Cheng, J.F.’s works [19], material density
and thickness were considered as the factors affecting thermal conductivity, and the effects
of different element compositions of the strip on the temperature field were studied. Witek,
S. [20] established a temperature–stress coupled model during the cooling process and
analyzed the residual stress distribution after cooling. The above models all focus on
the cooling process, and the coiling temperature is considered as the starting point of the
cooling process. In fact, due to the heat loss at the axial end faces and the heat exchange
between the coil and sleeve, the overall temperature of the coil after coiling is no longer
uniform and there is a certain gap with the coiling temperature. Therefore, when using the
above thermal resistance model, the real-time changes in the radial thermal conductivity
caused by the stress as well as the heat transfer between the coil and the sleeve should be
considered. For solving the above problems, an incremental method is more suitable.

The analytical methods are widely used to calculate the stress distribution during
the coiling process. The axisymmetric assumption is adopted, and the coiling process is
equivalent to the thin-walled cylinders nested layer by layer on a thick-walled cylinder.
Using the elastic deformation of the sleeve and coiling tension as boundary conditions,
the internal stress of the coil can be calculated by superposition. This method requires the
condition that the coil and sleeve are isotropic and have uniform properties at all positions.
However, similar to the temperature conduction process, the layered structure of coils can
also cause changes in radial mechanical properties, so the radial elastic modulus is normally
modified in research [21–23]. Altmann, H.C. [24] considered the anisotropy of coils and
established a planar model to solve the stress. In subsequent studies, it was found that
the radial elastic modulus was related to interlayer pressure. Hakiel, Z. [25] established a
function of radial elastic modulus using radial pressure as a variable to reflect nonlinearity.
Based on the model established by Hakiel, Z., Benson, R.C. [26] described the relationship
between radial elastic modulus and interlayer pressure using an exponential function. Li,
S.P. [27] assumed that the radial elastic modulus was a quadratic function of interlayer
pressure and determined the coefficients by laminated compression experiments. For hot-
rolled coils, the temperature distribution is not uniform in the radial and axial directions.
The above models are limited to the plane assumption and cannot consider the influence
of temperature, which may cause certain errors. In order to consider the influence of the
temperature field on physical properties, Park, W.W. [28] fitted an axial temperature curve
of the strip based on measurements and assumed that each layer of the coil maintained this
temperature distribution during the coiling process. In fact, the temperature at different
positions of the coil continues to change during the coiling process, which causes changes
in physical properties. Therefore, the influence of a dynamic temperature field on stress
should be considered.

In summary, the temperature field and stress field during the coiling process interact
with each other, and calculating temperature or stress separately may cause certain errors.
Meanwhile, due to the real-time changes in temperature and stress state, the incremental
model is more in line with the dynamic process. Therefore, a new incremental model for
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temperature–stress coupled calculation is established to simulate the coiling process in this
article. In order to consider the anisotropy of coils, laminated compression experiments are
conducted at different temperatures to obtain the nonlinear relationship between pressure
and deformation. Finally, the temperature field results of the model are compared with the
measurements to verify the accuracy of the model. The stress field results are compared
with the analytical solutions. The differences between the two solutions and the errors
caused by analytical methods are analyzed.

2. Materials and Methods
2.1. Establishment of Temperature Field Model

The process of coiling is simplified into thin-walled cylinders nested layer by layer on
a thick-walled cylinder. The surface of the coil is covered by a layer of high-temperature
strip and forms a new coil. After a period of heat exchange, the new coil is covered by a
new layer of high-temperature strip to exchange heat. This process is repeated until the
end of coiling, and the heat transfer state of each layer is different and changes in real time
during the process. According to the radial heat transfer state, the strips can be divided
into two categories: (a) The inner side of the strip is in the contact heat conduction state,
while the outer side is in the heat dissipation state exposed to the air; (b) Both the inner
and outer sides of the strip are in the contact heat conduction state. The temperature field
model is shown in Figure 1. When coiling the (n + 1) layer, the n-th layer is in the heat
exchange state (a) and the other layers are in state (b). The duration is the time required
to coil the (n + 1) layer. After the coil is covered by the (n + 1) layer, the (n + 1) layer is in
state (a) and other layers are in state (b). The duration is the time required to coil the (n + 2)
layer. By repeating this process, the temperature distribution at any time during the coiling
process can be calculated based on the heat exchange state and time of each layer.
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Figure 1. Schematic diagram of heat exchange state of each layer of the coil.

Both the coil and the sleeve can be regarded as axisymmetric thick-walled cylinders,
and the thermal conductivity differential equations can be presented as Equation (1).

Cpρ
∂T
∂t

= λr

(
∂2T
∂r2 +

1
r

∂T
∂r

)
+ λs

∂2T
∂z2 , (1)
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where Cp is the specific heat capacity, ρ is the density, T is the temperature, λr is the radial
thermal conductivity and λs is the thermal conductivity of the material itself (for the sleeve,
λr = λs).

To simplify the calculation process, half of the circumferential section of the coil
and the sleeve is taken for analysis. Figure 2 shows the circumferential section and the
mesh division.
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Figure 2. (a) Circumferential section of the coil and the sleeve; (b) Division of units on the section.

The radial layered structure can be regarded as a continuous superposition of thermal
conduction units, as indicated by the shaded areas in Figure 2. The thermal conduction
unit is composed of the strip itself, the oxide layer, and the air layer at the contact interface.
The thermal resistance of the thermal conduction unit can be presented as Equation (2).
The composition of the thermal conduction unit is shown in Figure 3a.

Rt = Rs + Ri + Ro, (2)

where Rt is the thermal resistance of the thermal conduction unit, and Rs, Ri and Ro are the
thermal resistance of the strip, air layer, and oxide layer, respectively.
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The air layer is the gap left due to insufficient contact between the surfaces of the
strips, and there are three ways of heat transfer in the air layer, namely, direct-contact heat
transfer on rough surfaces, radiation heat transfer on non-contact parts, and heat transfer
of the air in the gap. The total thermal resistance can be calculated as follows:

Ri =
1

1
Rcd,s

+ 1
Rrd

+ 1
Rcd,a

, (3)

where Rcd,s, Rrd and Rcd,a are contact thermal resistance, radiation thermal resistance, and
air layer thermal resistance, respectively, all of which are related to interlayer contact
pressure and can be calculated by Equation (4) [29], Equation (5) [15] and Equation (6) [14]:

Rcd,s =
σp

1.13λsK

(
H + P

P

)0.94
, (4)

Rrd =
1

4
(

1 − P
H+P

)
ε × 5.67 × 10−8T3

, (5)

Rcd,a =
42.7 × 10−6 exp

(
−5 × 10−2P

)(
1 − P

H+P

)
λa

, (6)

where σp is the standard deviation of contour height, K is the absolute value of the average
slope of the contour, H is the microhardness, P is the interlayer pressure, λa is the thermal
conductivity of the air layer and ε is the radiance.

Figure 3b shows the thermal resistance of the thermal conduction unit. By substituting
Equations (3)–(6) into Equation (2), the effective thermal conductivity in the radial direction
of the coil can be presented as follows:

λr =
∆r

hs
λs

+ 2 ho
λo

+
[

1
Rcd,s

+ 1
Rrd

+ 1
Rcd,a

]−1 , (7)

By substituting the effective thermal conductivity into the thermal conductivity differ-
ential equation, the temperature distribution of the coil and sleeve can be obtained. It is
worth noting that the effective thermal conductivity is closely related to contact pressure.
Therefore, the variation of radial stress distribution inside the coil must be considered
during the calculation process.

2.2. Establishment of Stress Field Model

When coiling a layer of strip, it can be regarded as adding a layer of elements on
the outer diameter side of the entire grid. The circumferential stress of the new layer of
elements is equivalent to the coiling tension. When coiling the (n + 1) layer of strip, material
properties and radial elastic modulus can be calculated according to the temperature and
interlayer pressure of the first n layers of the coil. After applying the boundary conditions
of the outermost tension, the temperature and stress increment can be calculated. By
superimposing the increment onto the initial condition, the initial condition for coiling the
(n + 2) layer of strip can be obtained. By repeating this process until the end of coiling, the
stress distribution of the coil and sleeve can be calculated. Due to the short coiling time, the
heat loss of the coil is not significant. The area with a large temperature drop in the coil
is relatively small. Compared with the mechanical stress, the thermal stress generated by
temperature changes is also relatively small. Therefore, this article mainly focuses on the
mechanical stress inside the coil, and the thermal stress is not considered. In addition, the
strip hardly slides in the axial and circumferential directions during the coiling process.



Metals 2025, 15, 111 6 of 18

Compared to the circumferential stress, the interlayer friction force is smaller and it is not
considered in the model. Due to the continuous application of significant coiling tension
on the strip in the circumferential direction within a short coiling time, the time–stress
relaxation is also not considered. Figure 4 shows the stress distribution inside the coil in
the model.
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The completion time of coiling the nth and (n + 1) layer is tn and tn+1, respectively. In
the axisymmetric model, the incremental equilibrium equations for the coil and sleeve can
be presented as Equations (8) and (9).

∂∆σr

∂r
+

∂∆τrz

∂z
+

∆σr − ∆σθ

r
= 0, (8)

∂∆σz

∂z
+
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+

∆τrz

r
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where ∆σr, ∆τrz, ∆σθ and ∆σz are the increments of radial stress, shear stress, circumferential
stress, and axial stress from tn to tn+1, respectively.

The constitutive equation can be presented as follows:
△εr

△εθ

△εz

△γrz

 =


1

E∗ − µ
E − µ

E 0
− µ

E
1
E − µ

E 0
− µ

E − µ
E

1
E 0

0 0 0 2(1+µ)
E




△σr

△σθ

△σz

△τrz

 (10)

where △εr, △εθ , △εz, and △γrz are the increments of radial strain, circumferential strain,
axial strain, and shear strain of the sleeve unit from tn to tn+1, respectively, E is the elastic
modulus, and E∗ is the radial elastic modulus. When the structure is isotropic, E = E∗.

By taking strain increment as a known quantity and solving the stress increment in
Equation (10), constitutive equations in the sleeve and coil can be obtained.

The sleeve is isotropic, and the incremental constitutive equation can be presented
as follows: 

△σr

△σθ

△σz

△τrz

 =


An

1 An
2 An

2 0
An

2 An
1 An

2 0
An

2 An
2 An

1 0
0 0 0 Gn




△εr

△εθ

△εz

△γrz

, (11)

where En
t is the elastic modulus at tn. A1, A2 and G are the parameters related to elastic

modulus and Poisson’s ratio, An
1 =

(1−µt)En
t

(1−2µt)(1+µt)
, An

2 =
µtEn

t
(1−2µt)(1+µt)

and Gn =
En

t
2(1+µt)

.
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The coil is anisotropic and the incremental constitutive equation can be presented
as follows: 

△σr

△σθ

△σz

△τrz

 =


Bn

1 Bn
2 Bn

3 0
Bn

2 Bn
4 Bn

5 0
Bn

2 Bn
5 Bn

4 0
0 0 0 Gn




△εr

△εθ

△εz

△γrz

, (12)

where En
s and En

r are the elastic modulus of the strip and the radial elastic modulus of
the coil at tn, respectively. B1, B2, B3, B4 and B5 are the parameters related to elastic mod-
ulus and Poisson’s ratio, Bn

1 = En
s ·En

r (1−µs)

En
s (1−µs)−2µ2

s En
r

, Bn
2 = En

s ·En
r µs

En
s (1−µs)−2µ2

s En
r

, Bn
3 = En

s ·En
r (1+µs)

En
s (1−µs)−2µ2

s En
r

,

B4 = (En
s )

2−En
s ·En

r µ2
s

En
s (1−µ2

s )−2µ2
s (1+µs)En

r
, and B5 = (En

s )
2+En

s ·En
r µ2

s
En

s (1−µ2
s )−2µ2

s (1+µs)En
r

.

When the elastic modulus of the coil is equal in the radial, axial, and circumferential
directions, parameter An

1 is equal to parameter Bn
1 and Bn

4 , and parameter An
2 is equal to

parameters Bn
2 , Bn

3 and Bn
5 . By substituting the constitutive equation into the equilibrium

equation and combining the boundary conditions with the incremental model mentioned
above, the internal stress of the coil can be calculated.

Using the temperature and stress at time tn as initial conditions, the physical properties
and thermal parameters can be calculated. The partial differential in the model can be
converted into differential form and discretized according to the grid. Then, the equation
system can be solved based on the boundary conditions to obtain the temperature increment
and stress increment, which can be added to the initial state to obtain the distribution of
temperature and stress at time tn+1. The above process is repeated until the end of the
coiling process to obtain the distribution of temperature and stress at any time during
the coiling process. The numerical calculations are implemented by writing calculation
programs in the C programming language. The software used for compilation is Microsoft
Visual Studio 2010.

3. Results and Discussion
3.1. Calculation Parameters

According to the actual parameters on the production line, the material of the sleeve is
45 # cast steel and the structure is the four-sided pyramid. The steel grade is Q235B, and the
elemental composition is shown in Table 1. Tables 2–4 show the relevant thermal property
parameters of the strip, the parameters related to radial thermal conductivity and the pa-
rameters of coiling equipment and process in the incremental coupled model, respectively.

Table 1. The elemental composition of materials.

Element C Si Mn P S

Content (%) 0.15 0.29 1.2 0.041 0.037

Table 2. Thermal property parameters of the strip.

T (◦C) λs (W·m−1·K−1) ρ (kg·m−3) Cp (J·g−1·K−1)

30 49.61 7810 0.45
150 47.86 7774 0.50
250 45.45 7742 0.54
350 42.56 7709 0.59
450 39.43 7674 0.65
550 36.41 7638 0.73
650 33.69 7600 0.87
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Table 3. The parameters related to radial thermal conductivity, respectively.

ho (µm) λo (W·m−1·K−1) λa (W·m−1·K−1) H (MPa) σp (µm) K ε

7 3 0.0048 1133.86 3.22 0.086 0.9

Table 4. The parameters of coiling equipment and process.

Parameters Value

Thickness h 2.0 mm
Width W 685.0 mm

Coiling speed v 12,700.0 mm/s
Number of layers N 255
Coiling tension σT 27.0 MPa

Outer diameter of the sleeve Rm 752.0 mm
Coiling temperature Ts 620.0 ◦C

Initial temperature of the sleeve Tt0 200.0 ◦C

In order to study the effect of temperature on the elastic modulus of a strip, samples
are collected from the site and tensile tests are conducted at the temperature nodes of
room temperature, 150 ◦C, 250 ◦C, 350 ◦C, 450 ◦C, 550 ◦C, and 650 ◦C. Figure 5a shows the
dimensions of the specimen, and the edges of the specimen are polished. In Figure 5b, the
testing machine model is Zwick 150 kN. Figure 5c shows the specimen clamping inside the
heating furnace. The temperature inside the heating furnace is raised to the temperature
node and held for 60 s. Then, the tensile test is repeated three times at each temperature
node and the deformation of the specimen is recorded with an extensometer.
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To obtain the radial elastic modulus of the coil, laminated compression experiments
are conducted. The strip is cut into circular pieces with a diameter of 20 mm. Each set
of the laminates consists of 40 specimens, and compression experiments are conducted
at the same temperature node as the tensile tests. The testing machine model is Inspekt
Table 100 kN. In order to eliminate the influence of various possible factors such as flatness
defects, impurities, and improper operation, each set of the tests is repeated three times.
According to the experimental results, the relationship between displacement and pressure
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is converted into the relationship between the elastic modulus of the laminated material
and the compressive stress.

The trend of elastic modulus variation of a strip is shown in Figure 6a. Figure 6b
shows the relationship between the elastic modulus of the laminates and stress at different
temperatures. During calculation, the elastic modulus between temperature nodes can be
obtained through interpolation.
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3.2. Analysis of Temperature Field Calculation Results

Figure 7 shows the temperature distribution of the circumferential section of the coil
and sleeve. From Figure 7a, it can be seen that in the radial direction, because of the heat
loss caused by the contact between the coil and the sleeve, there is a significant decrease in
temperature near the inner ring of the coil. The number of layers with a temperature drop
is 30, with the maximum temperature drop at around 270 ◦C in the innermost ring. The
temperature at the rest positions is close to the coiling temperature. The temperature drop
is most significant at the inner ring edges in the axial direction, with a difference of 50 ◦C
from the middle. This is because the heat at the inner ring edges can be transferred along
the axial direction of the sleeve. With the increasing of distance from the contact surface, the
temperature difference between the edges and the middle decreases by about 18 ◦C. This is
due to the low efficiency and limited time of convective and radiative heat transfer between
the axial end faces and the air. The temperature of the sleeve in Figure 7b corresponds to
the temperature drop of the coil. There is a severe temperature rise in the contact area, with
a maximum value of 180 ◦C. The thickness of the area where the temperature rises accounts
for about 30% of the thickness of the sleeve.
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3.3. Analysis of Stress Field Calculation Results

During the coiling process, the radial stress inside the coil is related to the anisotropy,
the tightness of the coil and the stress on the sleeve. The circumferential stress and radial
stress are interrelated. The coiling tension can be controlled based on the circumferential
stress to avoid situations such as loose coiling. Excessive local circumferential stress may
cause plastic deformation, resulting in defects in the shape. Therefore, the distribution of
radial and circumferential stresses in the coil are mainly discussed. Figure 8 shows the stress
distribution of the coil and sleeve after coiling. From Figure 8a, it can be seen that the radial
stress is highest at the inner ring and gradually decreases with the increase in radius. The
circumferential stress in Figure 8b is relatively high at the inner ring and gradually decreases
as it moves away from the contact surface, even transforming into compressive stress near
the lowest point. Then, with the increase in radius, the circumferential stress gradually
increases to the coiling tension. This distribution pattern is due to the significant difference
in radial stiffness between the coil and the sleeve, which limits the radial deformation
of the strip. The limit effect is most significant in the innermost ring, resulting in the
smallest increment in circumferential compressive stress. When combined with the initial
coiling tension, larger circumferential tensile stress is presented. With the increasing of
distance from the contact surface, the limit effect gradually weakens and the circumferential
compressive stress gradually increases, causing a gradual decrease in circumferential tensile
stress. When the compressive stress is larger than the tensile stress provided by the initial
coiling tension, the circumferential stress is converted into compressive stress. As the radius
increases, the circumferential compressive stress gradually weakens due to the decrease
in the number of stacked layers, and the circumferential tensile stress gradually increases
to the coiling tension. The difference in the stress of the coil is not significant in the axial
direction. This is because the axial temperature difference of the coil is small, resulting in a
small difference in mechanical properties.
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3.4. Comparative Analysis of Coupled and Uncoupled Results

During the dynamic coiling process, because of the mutual influence of temperature
and stress, the time increment step is reduced and the temperature field and stress field
are coupled in the calculation. For the convenience of observing temperature differences,
Figure 9 shows the temperature distribution on the axial symmetry plane (OD section in
Figure 2). For the coil, the layer range is from 0 to 60 layers, while for the sleeve, the radius
range is from R = 260 mm to R = 376 mm.

As shown in Figure 9a, the temperature of the coupled model is relatively high near
the contact surface. As the radius increases, both results gradually approach the coiling
temperature, but the temperature of the coupled model is smaller. The difference is largest
around the 15th layer, about 60 ◦C. The reason is that the radial stress in the coupled model
is relatively high, which increases the radial thermal conductivity. Within the same coiling
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time, more heat flows from the coil to the sleeve, resulting in a decrease in temperature of
the coil. In Figure 9b, compared with the uncoupled model, the surface temperature rise of
the sleeve in the coupled model is larger and the temperature difference is about 50 ◦C.
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Figure 10 shows the stress comparison between the uncoupled model and the coupled
model. The radial stress in the coupled model is relatively large overall. The difference
between the two models is largest near the inner ring, about 25%. This is because the
influence of temperature on material properties is considered in the coupled model, re-
sulting in a decrease in the elastic modulus. It is more difficult for the sleeve to deform.
Corresponding to Figure 10a, circumferential stress of the coupled model in Figure 10b is
larger, but the difference between the two models is not significant.
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3.5. The Influence of Coiling Process Parameters on Temperature and Stress Distribution

The temperature and stress fields of the coil are affected by the coiling process param-
eters. Therefore, in this article, the thickness of the strip, the coiling tension, and the initial
temperature of the sleeve are taken as variables to study the temperature and stress fields.
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Figure 11 shows the calculation results of stress. It can be seen that as the thickness of the
strip and the coiling tension increase, and as the initial temperature of the sleeve decreases,
the radial stress inside the steel increases. This is because the increase in thickness of the
strip and coiling tension both lead to an increase in the total tensile force of the circum-
ferential section, resulting in an increase in the radial stress increment. By reducing the
initial temperature of the sleeve, the difference in elastic modulus between the coil and the
sleeve is increased. It is more difficult to deform for the sleeve, and the reduction in radial
displacement of the coil can lead to an increase in radial stress. In the case of the same
radius, the circumferential stress corresponds to the slope of the radial stress curve. This
rule is reflected in Figure 11d,f. However, since the horizontal axis represents the number
of layers rather than the radius, the rule is not applicable in Figure 11b.
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Figure 12 shows the temperature calculation results, which indicate that as the thick-
ness of the strip and the coiling tension increase, the temperature rise of the sleeve increases.
The reason is that the increase in radial stress leads to an increase in the effective thermal
conductivity in the radial direction, causing more heat to flow from the coil to the sleeve,
resulting in a corresponding decrease in the temperature of the coil. However, the temper-
ature of the strip of the thickness of 3 mm in Figure 12a is still higher because a thicker
strip has a higher total heat content. In Figure 12e, as the initial temperature of the sleeve
decreases, the temperature drop of the coil increases. This is because the heat transfer
efficiency is improved by the increase in temperature difference on both sides of the contact
surface, which is also the reason for the increase in the temperature rise of the sleeve in
Figure 12f.
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3.6. Verification and Analysis of Simulation Results
3.6.1. Comparison Between the Calculated Results and the Measured Temperature

In actual production, due to the direct exposure to air, the temperature of the strip
before coiling will be lower than the temperature set by the process and there will be a
certain temperature drop at the edges of the strip. Therefore, in this article, the temperature
before coiling on the hot-rolling line is measured and the measurement results are fitted.
The temperature field is calculated based on the fitting results and compared with measure-
ments on site to verify the correctness of the model. The initial temperature of the sleeve is
set to 50 ◦C, and the other conditions are the same as the parameters in Table 4. Figure 13
shows the temperature distribution of the strip before coiling. The surface temperature of
the strip is directly captured by a thermal imaging system, and the model is FLIR-E95.
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Figure 14 shows the temperature distribution of the circumferential section of the
coil and sleeve. Corresponding to the temperature of the strip before coiling, the overall
temperature of the coil in Figure 14a is lower than 620 ◦C and there are obvious low-
temperature areas at the edges. The maximum axial temperature difference at the contact
surface is about 90 ◦C. As the position moves away from the contact surface, the temperature
difference gradually decreases to the initial temperature difference of 35 ◦C.
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Due to the difficulty in measuring the internal temperature of the coil, the temperature
measurements at the axial end face of the coil and the surface of the sleeve are compared
with the calculated results. Figures 15 and 16 are the comparison charts, which show
that the calculated results tend to be consistent with the measurements. The error of the
surface temperature of the sleeve is less than 30 ◦C, and the maximum error occurs at the
boundary between the contact area and the non-contact area. The reason is that the surface
temperature of the sleeve can only be measured after unloading. Due to the heat transfer in
the sleeve during the unloading process, the temperature difference between the contact
area and the non-contact area is reduced. The maximum temperature error of the coil is
less than 20 ◦C. The above results indicate that the temperature field calculation model
established is feasible.
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3.6.2. Comparison of Incremental Coupled Solution and Analytical Solution in Stress

Figure 17 shows the radial and circumferential stress of the coil after coiling. It can be
seen that the radial stress near the inner ring is larger in the middle and smaller at the edges
in the axial direction. This is because the temperature drop at the edges is relatively large,
which leads to the higher elastic modulus and the larger radial displacement at the edges.
Corresponding to the radial stress distribution, the circumferential stress in the middle of
the coil is larger than that at the edges. In the axial direction, the difference in stress is not
significant and gradually disappears with the increase in radius. It is predicted that if the
temperature drop at the edges is larger, the stress difference in the axial direction will be
more significant.
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Figure 18 shows the stress difference between the middle and edge of the coil more
clearly. During the coiling process, it is very difficult to measure the stress distribution
inside the coil. Therefore, it is not possible to prove the validity of the calculated results
through experiments. However, analytical methods have been accepted by scholars in
academic research and practical production. Therefore, in Figure 18, the analytical solu-
tion is compared with the calculated results to verify the rationality, and the differences
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between the two methods are analyzed. The analytical solution can be represented by
Equations (13) and (14) [30].

σr,i =
−σT · h

Ri
+

N

∑
t=i+1

−σT · h
Rt

−

(
Rt
Ri

)2
− 1(

Rt
Rm

)2
− 1

·
(

p1,t −
σT · h

Rt

) (13)

σθ,i = σT +
N

∑
t=i+1

−σT · h
Rt

−

(
Rt
Ri

)2
+ 1(

Rt
Rm

)2
− 1

·
(

p1,t −
σT · h

Rt

) (14)

where σr,i and σθ,i are radial stress and circumferential stress of the i-th layer and coiling
tension. t is the number of coiled layers; Ri and Rt are the radius of the i-th layer and the
radius of the coiled layers; p1,t is the contact pressure of the innermost layer when the t-th
layer strip has been rolled, which can be obtained from the elastic deformation of the sleeve.
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The radial stress trends of the two solutions are the same. But numerically, the
incremental coupled solution is relatively small. This is because in the analytical model, the
coil and sleeve are considered isotropic. The real-time changes in the radial stiffness caused
by interlayer contact and the influence of temperature on the physical properties cannot
be considered in the analytical model. According to the comparison, it is safe to design
the sleeve and other components based on analytical solutions. However, the temperature
results indicate that there is a certain area of temperature rise in the sleeve. If there are
defects on the sleeve, such as surface cracks or fatigue damage, the influence of temperature
on its physical properties should be considered in the design.

In terms of circumferential stress, the incremental coupled solution is smaller than
the analytical solution. This is because the decrease in radial stiffness of the coil in the
incremental coupled solution increases the radial deformation of the strip. The circum-
ferential compressive stress increases, and after being added to the coiling tension, the
circumferential stress decreases. In the analytical model, if there are enough layers, the
circumferential stress near the inner ring may be converted into compressive stress. In fact,
because the radial deformation near the inner ring is limited by the sleeve, the circumferen-
tial stress remains tensile stress and maintains a certain value. It is worth noting that the
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high temperature of the coil leads to a decrease in the yield limit. If the internal stress state
is analyzed based on analytical solutions, the plastic deformation generated near the inner
ring may be ignored.

4. Conclusions
(1) An incremental calculation model to couple the temperature field and the stress

field during the coiling process of hot-rolled strip is proposed. The mutual influence of
temperature and stress, the anisotropy of the coil, the uneven axial temperature of the
strip and the contact between the coil and sleeve can be considered. The calculation of
temperature field and stress field can be closer to actual working conditions.

(2) In production, if the thickness of the strip and the coiling tension are increased
and the initial temperature of the sleeve is reduced, the radial stress inside the coil and the
surface pressure of the sleeve will be increased to a certain extent. If there are defects such
as plastic deformation of the sleeve or the inner layer of the coil, the coiling process can be
adjusted according to the above rules. For example, when the strip thickens or the coiling
tension increases, the cooling time of the sleeve can be appropriately reduced to increase
the initial temperature, thereby reducing the sleeve pressure and internal stress of the coil.

(3) A comparison is made between the incremental coupled solution and the analytical
solution. The results indicate that the actual pressure on the sleeve should be much smaller
than the analytical solution. Therefore, when the process adjustment increases the pressure,
the sleeve designed by the analytical method is safe and can withstand a certain range of
increase in pressure. At this point, there is no need to replace the sleeve with a stronger one.
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29. Mikić, B.B. Thermal contact conductance: Theoretical considerations. Int. J. Heat Mass Transfer. 1974, 17, 205–214. [CrossRef]
30. Doghri, I. Mechanics of Deformable Solids: Linear and Nonlinear Analytical and Computational Aspects, 1st ed.; Springer:

Berlin/Heidelberg, Germany, 2000; pp. 193–232.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.msea.2023.145987
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125218
https://doi.org/10.2355/isijinternational.ISIJINT-2023-405
https://doi.org/10.1080/01495739.2023.2231989
https://doi.org/10.1016/j.promfg.2018.07.193
https://doi.org/10.1007/BF03187760
https://doi.org/10.2355/isijinternational.38.1262
https://doi.org/10.1016/S0924-0136(02)00705-7
https://doi.org/10.1016/j.jmatprotec.2006.07.017
https://doi.org/10.1016/j.applthermaleng.2007.10.029
https://doi.org/10.1016/S1005-8850(06)60031-5
https://doi.org/10.1016/j.acme.2017.11.002
https://doi.org/10.1016/j.compstruc.2009.02.008
https://doi.org/10.1016/S1006-706X(12)60132-0
https://doi.org/10.1115/1.2896011
https://doi.org/10.1115/1.1753265
https://doi.org/10.1007/s12540-014-4017-y
https://doi.org/10.1016/0017-9310(74)90082-9

	Introduction 
	Materials and Methods 
	Establishment of Temperature Field Model 
	Establishment of Stress Field Model 

	Results and Discussion 
	Calculation Parameters 
	Analysis of Temperature Field Calculation Results 
	Analysis of Stress Field Calculation Results 
	Comparative Analysis of Coupled and Uncoupled Results 
	The Influence of Coiling Process Parameters on Temperature and Stress Distribution 
	Verification and Analysis of Simulation Results 
	Comparison Between the Calculated Results and the Measured Temperature 
	Comparison of Incremental Coupled Solution and Analytical Solution in Stress 


	Conclusions 
	References

