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Abstract: The roll quenching process can be approximated as a high-pressure jet impinging on a
high-temperature moving steel plate. The process can greatly improve the strength and overall
mechanical properties of the steel plate. However, the cooling uniformity and other factors lead to the
problem of poor plate shape after quenching. It is found that in the roll quenching process, the roller
conveyor speed has a large influence on the temperature field and stress field. This paper establishes
a roll quenching mechanism model, iterates the convective heat transfer coefficient on the steel plate
surface through the inverse heat transfer method, and performs a numerical simulation. Through the
numerical simulation of the roll quenching process in the high-pressure zone of the steel plate, the
temperature and equivalent force change rule of the transient of each position of the steel plate in the
thick direction are obtained. It is found that the plate does not reach its maximum value when it is
in the quenching zone, but there is some hysteresis that becomes more pronounced as it gets closer
to the core. These findings are valuable for regulating the roll-hardening process and maintaining
optimal strip surface quality in industrial production environments.

Keywords: roll quenching; convective heat transfer coefficient; numerical simulation; temperature
field; stress field

1. Introduction

In the iron and steel industry, with the strategy of reducing carbon emissions, the
medium-thickness plate production line needs to accelerate the search for the ultimate
energy-efficiency methods in terms of both equipment upgrading and process optimiza-
tion [1–3]. One effective way is to upgrade from off-line quenching to on-line direct
quenching. The steel plate eliminates the process of reheating after rolling. In the quench-
ing process of thin-gauge steel plates, the plate shape problem and its control are the major
difficulties [4,5]. Steel plates with poor plate shape after quenching need to be transported
to the straightener inlet for re-straightening, which increases the production cycle and
equipment usage. Therefore, it is necessary to study the mechanism and temperature field
of the roll quenching process for thin-gauge steel plates. A steel mill produces thin-gauge
steel plates with warping and edge wave problems, resulting in a lower product quality
qualification rate and affecting the production beat of the entire plate production line. In
order to study the root cause and treatment measures, this paper utilizes the finite element
method to numerically simulate the roll quenching process. The actual convective heat
transfer coefficient profile during quenching was obtained by the inverse heat transfer
method. Its accuracy is extremely critical for calculating and predicting changes in steel
plate temperature during quenching. This simulation is critical for understanding temper-
ature variations during quenching and for evaluating different conditions, such as roller
conveyor speed. The insights gained are vital for enhancing the quality and efficiency
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of steel plate production. Therefore, we investigated the temperature and stress field
conditions at different roller conveyor speeds.

Numerous studies have shown that the regulation of quenching temperature has a
significant impact on organizational and mechanical properties [6–10]. Shi et al. [11,12]
analyzed the effects of water volume, jet angle, and jet pressure on the cooling rate during
ultra-rapid cooling. Lei [13] used the average convective heat transfer coefficient constant to
replace the convective heat transfer coefficient of the whole process of quenching. Shi [14]
presented an experimental study on the convective heat transfer characteristics of a cir-
cumferentially arranged oblique jet array impinging on the rotating cylindrical surface in
the confined space. In fact, the surface temperature of the steel plate has a large impact
on the heat transfer coefficient, and the temperature of the steel plate fluctuates violently
during the quenching process [15–18]. Therefore, the establishment of a convective heat
transfer coefficient corresponding to the temperature is necessary to ensure the accuracy
of the calculation [19,20]. The study of the law of convective heat transfer coefficient on
the surface of steel plate during the quenching process plays a key role in improving
the quenching efficiency and forecasting the temperature field distribution of the steel
plate [21,22]. At present, most of the research on the quenching process temperature field
and stress field uses both the physical experimental method and the numerical simulation
method [23–25]. Zhang [26] proposed a cooling rate control method based on temperature
field for roll quenching of medium-thick plate by studying the cooling rate and cooling
effect of steel plate when it passes through the high-pressure and low-pressure zones of
the roll quenching machine continuously in the process of roll quenching. The steel plate
is too thin to be filled with a sufficient number of thermocouples in the thick direction,
and because of the equipment, it is difficult to take into account the effect of the speed of
moving the plate on the quenching process [27–29]. Some scholars used the finite difference
method to simulate the temperature field distribution in the cross-section of a medium-
thick plate, and the heat transfer in the length direction of the steel plate was neglected in
the calculation and analysis [30–34]. In fact, the temperature field in the direction of the
length of the steel plate has a certain degree of influence on both the cooling rate and the
stress of the steel plate. Therefore, a three-dimensional thermal coupling model needs to be
established to ensure the accuracy of the calculation results.

The roll quenching section of the medium-thickness plate production line is located
after the fine rolling exit, aiming at regulating the organization properties of the steel plate
after fine crystal strengthening. This on-line direct quenching method increases the content
of slat martensite in the quenched organization and significantly improves the strength
of the steel plate. Precise cooling path control is the key to regulating tissue properties,
and how to achieve a large rate and uniform cooling effect is one of the research focuses.
Figure 1 shows the flow chart of the roll quenching process. The high-pressure section is
ultra-rapid cooling, including two nozzle forms: a slit nozzle and a high-density nozzle. It
can make the austenite-based steel plate after rolling or coming out of the heating furnace
with a certain cooling rate to the slaty martensite of rapid transformation to minimize the
generation of harmful tissues. The low-pressure section is laminar flow-cooled to cool the
steel plate to ambient temperature and reduce residual quenching stresses.
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This paper adopts the method of constant correction of the convective heat transfer
coefficient. The purpose of this paper is to obtain the accurate quenching process temper-
ature field, steel plate stress field distribution, from which to find the steel plate through
different nozzles when the surface and the core of the temperature rate and thermal stress
of the change rule, so as to find the reasons for the problems of the plate shape, and then
give a feasible control strategy.

2. Roll Quenching Cooling Mechanism Analysis
2.1. Modeling of Segmented Convective Heat Transfer Coefficients

The steel plate roller quenching process is investigated for high-pressure jet impact on
a high-temperature moving steel plate for a strong heat transfer cooling process. In different
regions of the surface, cooling water impinging on a stationary high-temperature surface
undergoes four stages: film boiling, transient boiling, nuclear boiling, and single-phase
convective heat transfer [35–37]. The convective heat transfer coefficient of cooling water
impinging on its surface is different in different temperature zones. In the high temperature
range above 650 ◦C, a certain pressure of the jet contacts the surface of the steel plate,
and when the vaporization process is extremely fast, its surface is always attached to the
newly generated high-temperature gases. Water vaporization of high-temperature gases
after the temperature and the temperature of the surface of the steel plate are positively
correlated. Therefore, the actual temperature gradient affecting the convective heat transfer
coefficient between the two media is the temperature difference between the surface of the
steel plate and the high-temperature gas produced after the vaporization of cooling water.
In the temperature range below 300 ◦C, the vaporization rate of liquid water in continuous
contact with the steel plate is substantially lower than in the high temperature range. At this
point, the actual temperature gradient can be approximated as the temperature difference
between the surface of the steel plate and the cooling water. The temperature range of
300~650 ◦C is the transition zone. At this time, the surface of the steel plate is in a mixed
transition state of high-temperature gas and cooling water, and the temperature gradient is
the largest. Therefore, the convection heat transfer coefficient in this temperature range is
the largest. Each stage corresponds to a different convective heat transfer coefficient, which
in turn affects the rate of temperature drop on the steel plate surface. The performance of
thin-specification steel plates after quenching is required to achieve high strength and high
wear resistance to ensure long-term stable use in engineering. The key to its performance is
the rapid transformation of the steel plate organization from austenite to martensite in the
quenched section of the high-pressure zone. In the controlled cooling process, to determine
the target organization while at the same time speeding up the entire quenching speed,
the efficiency of the entire production line will be improved. The relationship between
convective heat transfer coefficient and quenching capacity is shown in Figure 2.
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Figure 2. The relationship between convective heat transfer coefficient and quenching capacity.

By increasing the flow rate, increasing the injection pressure, increasing the number
of nozzle collectors, and decreasing the speed of the roller conveyor, we can increase the
temperature drop rate in the high temperature zone. The roll quenching unit is divided
into a high-pressure zone and a low-pressure zone. Three types of nozzles can be arranged
in the high-pressure zone: slit nozzles, high-density nozzles, and fast-cooling nozzles with
a jet pressure of 0.8 MPa. The jet pressure of the nozzle arranged in the low-pressure zone
is 0.4 MPa. The steel plate in the quenching process of the heat transfer relationship is: the
surface of the steel plate and cooling water for strong heat transfer; convection heat transfer
with the air; heat transfer with the roller conveyor; and the core of the heat conduction.
The greatest influence on the surface temperature of the steel plate is the convective heat
transfer with the cooling water. The convective heat transfer coefficient, as a key parameter
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to characterize the cooling capacity, is also the key to studying the temperature field of the
quenching process. The convective heat transfer coefficient function for the steel plate roll
quenching process is as follows:

h = f (TP, TW , P, θ, Q, vP, vE, µ, λ, η) (1)

where TP is the surface temperature of the steel plate; TW is the jet temperature; P is the
injection pressure; θ is the angle of the jet to the steel plate; Q is the injection flow rate; vP is
the speed at which the steel plate moves; vE is the bubble vaporization rate; µ is the surface
roughness of the steel plate; λ is the thermal conductivity of the steel plate; and η is the
cooling medium dynamic viscosity.

When the cooling water at 24 ◦C impinges on the surface of a high-temperature steel
plate at 810 ◦C, the convective heat transfer coefficient of the impinging region of the
plate surface varies with the temperature. This is related to the state of water on the
high-temperature steel plate and the cooling mechanism. Under normal circumstances, the
cooling water is in the form of drops in contact with the high-temperature steel plate, and its
state changes from water vaporization to water vapor; energy conversion is completed in an
instant, as shown in Figure 3. Cooling water with a certain jet velocity and pressure impact
on the surface of the high-temperature steel plate contributes to enhanced convection
heat transfer. Due to the increase in the flow rate per unit of time, the surface of the steel
plate will be formed by a certain thickness of water covered by the impact area of the
jet. In the impact area, water and high-temperature steel plate contact will immediately
vaporize into water vapor, which forms a bubble with the water’s upward movement. The
movement process leads to a reduction in the contact area and tightness between the water
film and the steel surface, and the layer closest to the surface of the steel plate is a mixture
of liquid water and gaseous water. The formation of bubbles on the surface of the steel plate
will lead to the deterioration of heat transfer. Different temperatures of the steel surface
affect the water vaporization rate and bubble rise rate, directly affecting the surface of the
quenching of the critical interface state, which in turn affects the instantaneous heat transfer
efficiency. The actual process jet structure and heat transfer region distribution are shown
in Figure 4. The region of transient boiling is on the outside of the fully wetted region.
An important difference from nuclear boiling heat transfer is that changes in the surface
flow field significantly affect transient boiling. The turbulence intensity of the surface
flow field increases the perturbation of the nuclear boiling bubbles, causing them to split
into multiple smaller bubbles and increasing their detachment frequency, which in turn
enhances the heat transfer intensity. The main heat transfer mechanism in the single-phase
convection phase is natural convection heat transfer, where bubbles dissolve quickly even
if they are generated. In the membrane boiling stage, the surface of the steel plate produces
bubbles in large quantities in the wall connected to form a gas film. The surface and the
liquid separation, this time the convection heat transfer coefficient decreases. This time,
the convection heat transfer coefficient decreases. This stage is unstable, and thus industry
should avoid the heat transfer process of membrane boiling. In this paper, the use of a
high-pressure jet impingement steel plate has broken the air film.
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2.2. Modeling of the Temperature Field of the Quenching Process

According to the heat transfer mechanism established by the above analysis, the
temperature field calculation model of the steel plate is now established.

In the steel plate surface quenching region, according to the temperature interval in
which the steel plate surface cooling process is located, there are, respectively, cooling
water, a gas–liquid mixture, high-temperature gas, three kinds of media, and convective
heat transfer between the steel plate. As in Equations (2)~(4).

−λ(T)
∂T
∂n

∣∣∣∣t = h1(TP − TW), TP ≤ 350 (2)

−λ(T)
∂T
∂n

∣∣∣∣t = h2(TP − TG), 350 < TP < 650 (3)

−λ(T)
∂T
∂n

∣∣∣∣t = h3(TP − THTG), 650 ≤ TP < 950 (4)

When the surface of the steel plate comes into contact with the cooling water, the
temperature of the surface layer decreases sharply, while the rate of temperature change
in the core is much smaller than that of the surface layer because it is not in direct contact
with the cooling water. Due to the temperature gradient between the surface layer and
the core, heat conduction takes place inside the steel plate. A Fourier three-dimensional
differential equation for thermal conductivity with an internal heat source is used to
describe it as follows:

∂

∂x

(
λ(T)

∂T
∂x

)
+

∂

∂y

(
λ(T)

∂T
∂y

)
+

∂

∂z

(
λ(T)

∂T
∂z

)
= Cp(T)ρ

∂T
∂t

(5)

After the steel plate passes through the roller quenching machine, the surface has
almost no water residue. At this time, the convection heat transfer coefficient of thermal
radiation and the natural convection heat transfer coefficient are

ha =
T4

P − T4
a

TP − Ta
εσ0 + 2.56 × 4

√
TP − Ta (6)

where λ(T) is the thermal conductivity; h1, h2 and h3 are the convective heat transfer
coefficients corresponding to each temperature interval; TP, TW , TG, and THTG are the
steel plate temperature, jet temperature, water vapor mixing temperature, and high gas
temperature, respectively; CP(T) is the specific heat capacity; ρ is the density of steel plate;
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t is the time; n is the direction of temperature change; Ta is the surrounding air temperature;
ε is the surface emissivity; and σ0 = 5.76 × 10−8 W/

(
m2·K4

)
.

2.3. Modeling of the Thermal Stress Field during Quenching Process

According to the theory of thermoelastic mechanics, the material’s own gravity is
ignored in the process of calculation, and the equilibrium equation, geometric equation
and intrinsic equation need to be satisfied in the calculation.

The equilibrium equation is

∂σx
∂x +

∂τyx
∂y + ∂τzx

∂z = 0
∂τxy
∂x +

∂σy
∂y +

∂τzy
∂z = 0

∂τxz
∂x +

∂τyz
∂y + ∂σz

∂z = 0

(7)

where σi(i = x, y, z) is the positive thermal stress parallel to the x, y, z coordinate axes, and
τxy, τyz and τxz are the tangential thermal stress.

The geometric equations is

εx = ∂ux
∂x , γxy = ∂ux

∂y +
∂uy
∂x

εy =
∂uy
∂y , γyz =

∂uy
∂z + ∂uz

∂y

εz =
∂uz
∂z , γyz =

∂uz
∂x + ∂ux

∂z

(8)

where εx, εy and εz are the positive thermal strain parallel to the x, y, z coordinate axes; u is
the displacement component; and γxy, γyz and γzx are the tangential thermal strain.

The intrinsic equation is

εx = 1
E
[
σx − µ

(
σy + σz

)]
+ β(T − T0), γyz =

2(1+µ)
E τyz

εy = 1
E
[
σy − µ(σx + σz)

]
+ β(T − T0), γxz =

2(1+µ)
E τxz

εz =
1
E
[
σz − µ

(
σx + σy

)]
+ β(T − T0), γxy = 2(1+µ)

E τxy

(9)

where E is the modulus of elasticity, µ is the Poisson’s ratio, β is the coefficient of thermal
expansion of the material, T is the temperature at the current moment, and T0 is the
temperature at the previous moment.

3. Results and Discussion

Based on a large number of experiments in the field of a steel enterprise, 1+3 and
2+4 arrangement forms have been tested. Finally, the 2+4 arrangement proved to be more
suitable for the quenching of medium and thick plates with variable specifications. That is,
the plate passes through the quenching zone, consisting of two sets of slit nozzles and four
sets of high-density nozzles in turn. It can be divided into six quench zones for the study:
slit I and II regions and high-density I, II, III, and IV regions.

The study was carried out for the currently developed wide and thin-gauge wear-
resistant steels with chemical compositions as shown in Table 1. JMatPro v11 is software
for phase diagram calculation and material property simulation of metallic materials. With
this software, the chemical composition of NM400 can be imported into the software
for simulation calculations. The curves of thermal conductivity, coefficient of thermal
expansion, modulus of elasticity, Poisson’s ratio, and temperature of this material are
calculated as shown in Figure 5.

Table 1. NM400 main chemical composition.

Elemental C Si Mn P S Ti Cu Ni Cr Fe

mass percent % 0.145 0.299 1.424 0.009 0.00035 0.015 0.0159 0.0117 0.694 bal
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thermal expansion of the material, T  is the temperature at the current moment, and 0T  

is the temperature at the previous moment. 

3. Results and Discussion 

Based on a large number of experiments in the field of a steel enterprise, 1+3 and 2+4 

arrangement forms have been tested. Finally, the 2+4 arrangement proved to be more suit-

able for the quenching of medium and thick plates with variable specifications. That is, 

the plate passes through the quenching zone, consisting of two sets of slit nozzles and four 

sets of high-density nozzles in turn. It can be divided into six quench zones for the study: 

slit I and II regions and high-density I, II, III, and IV regions. 

The study was carried out for the currently developed wide and thin-gauge wear-

resistant steels with chemical compositions as shown in Table 1. JMatPro v11 is software 

for phase diagram calculation and material property simulation of metallic materials. 

With this software, the chemical composition of NM400 can be imported into the software 

for simulation calculations. The curves of thermal conductivity, coefficient of thermal ex-

pansion, modulus of elasticity, Poisson’s ratio, and temperature of this material are calcu-

lated as shown in Figure 5. 

Table 1. NM400 main chemical composition. 

Elemental C Si Mn P S Ti Cu Ni Cr Fe 

mass percent % 0.145 0.299 1.424 0.009 0.00035 0.015 0.0159 0.0117 0.694 bal 
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Figure 5. NM400 thermophysical parameters as a function of temperature.

Numerical simulation of the quenching process was carried out using Deform v11, a
finite element software with a large advantage in heat treatment. Based on the key thermo-
physical parameters of the steel plate obtained above, they were programmed and written
into Deform v11 software to model the thermophysical properties of the material. The
convective heat transfer coefficients were optimally corrected using the inverse heat transfer
method based on the measured and calculated temperatures. The modified convective
heat transfer coefficients are used as boundary conditions for numerical calculations to
iteratively solve the steel plate temperature field. The specific calculation process is shown
in Figure 6.

The solved convective heat transfer coefficient as a function of temperature is shown
in Figure 7. It is programmed into the Deform v11 software as a Type III boundary condi-
tion for numerical simulation of the temperature field and stresses during the quenching
process. According to the actual roller quenching machine in the quenching section of the
3500 medium-thick plate production line of a steel enterprise, the dynamic quenching finite
element model of steel plate is established. The mesh structure and size have a greater
impact on the calculation results. Since the current software for self-generated tetrahedral
structural mesh accuracy has certain limitations, the geometry of hexahedral meshing is
obtained through programming for simulation calculations. It is more in line with the
actual steel plate hardening node data transfer law. In order to obtain more information
in the thickness direction, the steel plate is refined in the thickness direction. The divided
steel plate hexahedral unit and the quenching heat transfer region are shown in Figure 8.
The nozzles of adjacent quenching regions are spaced 200 mm apart.

Table 2 shows the key process parameters used for numerical calculations.
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Table 2. Numerical calculation of key process parameters.

Steel Plate Parameters Cooling Process Parameters Roller Conveyor Speed (m/s)

Thicknesses/mm 5 Cooling water temperature/◦C 22 0.4
Width/mm 2600 Jet pressure/MPa 0.8 0.6

Minimum grid size/mm 0.25 Open-cooling temperature/◦C 810 0.8

When the transverse temperature of the steel plate is controlled to be uniform, the
distribution of equivalent stresses is studied in three states: before, when, and after the steel
plate passes through the quenching region of the six nozzles. Temperature and equivalent
stresses were extracted at 1/2, 1/4, and the edge of the plate width for 50mm of the plate
tail. The cross section of the steel plate and the location of the extraction points are shown
in Figure 9.
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3.1. Steel Plate Temperature Field Results and Analysis

When the roller conveyor speed is 0.4 m/s, the results of the temperature field calcu-
lated for each moment of the steel plate are shown in Figure 10.
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Figure 10. Temperature field distribution of steel plate in the quenching process.

The 0 s moment is the initial moment of entering the quenching machine; the 2 s
moment is when the head of the steel plate passes through two sets of slit nozzle zones; the
6 s moment is when the steel plate has passed through the high-density nozzle zone; and
the 10 s moment corresponds to the steel plate leaving the roller quenching machine.

There is a significant retempering of the steel plate in the direction of the upper surface
to the thickness of the core during the quenching and cooling process, as shown in Figure 11.
When the steel plate passes through the first set of nozzles, the upper surface of the steel
plate is rapidly cooled at a constantly changing high cooling rate, and after leaving the
first set of nozzles, it is in the gap between the first and second sets of nozzles when the
boundary conditions are laminar cooling. Due to the existence of a temperature gradient in
the thickness direction of the steel plate, when the surface temperature of the steel plate
plummets, the core is still in a transient thermal insulation condition, and then the steel
plate will take the heart as a heat source to the surface of the heat conduction. When
the heat transferred per unit time is greater than the heat dissipated by surface laminar
cooling, the surface of the steel plate warms up briefly instead. When passing through the
second set of nozzles, the temperature reached by heating is used as the base temperature
to continue cooling, and the cooling is repeated in such a cycle under each set of nozzles.
When passing through the slit nozzle, the average cooling rate of the steel plate surface is
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588.5 ◦C/s, and the average cooling rate of the core is 64.8 ◦C/s. When passing through the
high-density nozzle, the average cooling rate of the steel plate surface is 399.7 ◦C/s, and
the average cooling rate of the core is 58.2 ◦C/s. The steel plate temperature is cooled to
468 ◦C and leaves the high-pressure quenching and cooling zone. From the above analysis,
it is known that the surface temperature of the steel plate will change in the form of jagged
fluctuations as it passes through each group of nozzles. As we get farther away from the
surface, the temperature fluctuation gets smaller and smaller until there is no obvious
fluctuation in the core. Due to the higher convective heat transfer coefficient of the slit
nozzle than the high-density nozzle, the temperature fluctuation of the steel plate through
the first two slit nozzles is greater than that of the last four high-density nozzles. Steel
plate hardenability can be judged by the core cooling rate, so the core cooling rate was
calculated separately for different roller conveyor speeds, as shown in Figure 12. The core
cold velocity profile resembles the form of a wave function. It can be seen that the larger
the roll speed, the smaller the overall crest of the core cold speed curve, the wave spacing
of neighboring crests decreases, i.e., the wave speed increases, and at the same time, the
amplitude variance of each nozzle section increases.
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3.2. Steel Plate Stress Field Results and Analysis

An excessive cooling rate during the quenching process will lead to large quenching
stresses inside the plate, so it is very important to study the stress changes in the steel
plate quenching process for the control of plate shape during the quenching process. When
the transverse temperature uniformity through the nozzles of each section is satisfied, the
stress variations in the surface and core at this point influence the final quenched plate
shape. For roller conveyor speeds of 0.4 m/s, 0.6 m/s, and 0.8 m/s, calculations of the steel
plate surface measuring point and the core measuring point through each section of the
quenching region when the equivalent force changes are shown in Figure 13.
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Figure 13. Dynamics of equivalent stresses in the plate thickness toward the measuring point through
the quenching region. I—Before entering the nozzle area; II—Located in the nozzle area; III—Initial
departure from the nozzle area; IV—Keep away from the nozzle area. (a) Roller conveyor speed of
0.4 m/s. (b) Roller conveyor speed of 0.6 m/s. (c) Roller conveyor speed of 0.8 m/s.

The fluctuation of the temperature field of the steel plate during the quenching process
affects the change in the stress field of the steel plate. When the steel plate measuring point
passes through the nozzle injection area, the stress difference fluctuates as the temperature
difference between the surface and core of the steel plate becomes larger, resulting in
an equivalent stress difference of 10.3~93.2 MPa. Before the measurement point enters
the slit nozzle, due to a certain temperature gradient in the direction of the thickness
of the cooled steel plate, heat transfer occurs between the thicker measurement point
and the thicker measurement point that is to enter the nozzle area. This heat transfer
process leads to the formation of a temperature difference in the thickness direction of the
measurement point, which gradually increases, and the equivalent force difference also
gradually increases. During the entry of the measurement point into the injection region of
the slit nozzle, the equivalent force difference gradually remains stable as the temperature
difference increases. During the departure of the measuring point from the nozzle area, the
equivalent force difference increases and then decreases. It can be seen that at the instant of
leaving the nozzle, the equivalent force on the surface of the steel plate increases suddenly,
while the core maintains the original growth rate, thus leading to a large difference in the
equivalent force between the surface and the core. It was found that the maximum stress
in the extracted nodes on the steel plate surface occurs at a moment of 0.02 s after each
pass through the quenching zone. At this time, the measured steel plate node has been
driven away from the nozzle by 8~16 mm. This shows that the maximum equivalent force
generated when the steel plate is quenched has a hysteresis. In the nozzle area of the steel
plate surface measurement point, the equivalent force is always increasing, but it will not
decrease immediately after leaving the quenching area; it will continue to increase, and
then the equivalent force will gradually reduce. The maximum equivalent force at the
extraction point at 1/2 the thickness of the steel plate occurs at the moment of 0.15 s after
each pass through the quenching zone, when the observed steel plate node has sailed away
from the nozzle by 60–120 mm. It can be seen that there is a greater delay in the core than
in the moment when the equivalent force appears on the surface.
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4. Application of Research Results

To verify the correctness of the above research results, they were applied to on-site
production. As shown in Figure 14, the wave pitch of the side waves of the steel plate
before the improvement was measured to be 520 mm, and the wave height was about 5 mm.
Through the optimization of the quenching process parameters and field tests, we have
obtained wide and thin specification steel plate products with good plate shape, in which
the unevenness of 5 mm wear-resistant steel products is ≤5 mm/m. The location of the
maximum wave distance of the steel plate measured and obtained before the improvement
is at the longitudinal head of the operation side, and after the improvement, the overall plate
shape is obviously straight, and the measured straightness meets the standard requirements,
as shown in Figure 15.
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Table 3 shows the key cooling parameters for field production after several trial
coolings. By adjusting the lateral distribution of cooling water flow, it ensures that the
transverse temperature distribution uniformity of steel plate quenching is improved. At
this time, the main influence on the plate shape is the thermal stress difference generated
by the temperature gradient in the thickness direction. By adjusting the flow rate and roller
conveyor speed to control the surface of the steel plate and the core cold speed, so as to
regulate the temperature difference in the thick direction of the fast cooling, we can achieve
quenching efficiency by improving the quenching stress generated by the quenching stress
so that it does not exceed the limit.

Table 3. Critical cooling parameters for on-site production.

Steel Plate and Roller Conveyor Information Key Cooling Information

Thickness/mm 5 Slit nozzle flow/(m3/h) 500
Width/mm 2600 High-density nozzle flow/(m3/h) 160

Open cold temperature/◦C 810 Cooling water temperature/◦C 22
Roll seam setting/mm 5.05 Jet pressure/MPa 0.8

Roller conveyor speed/(m/s) 0.8 Upper and lower water ratio settings 1.28

5. Conclusions

In this study, based on the established segmented convective heat transfer model,
the temperature field and equivalent stress field of wide and thin wear-resistant steel
plates quenched at different roller conveyor speeds are investigated. The cooling rate and
equivalent stresses are calculated and analyzed for the thick direction of the steel plate. The
key findings of the study are as follows:

(1) Based on the calculated equivalent force generated when passing through each nozzle
region during the quenching process of the steel plate, it is concluded that the maxi-
mum equivalent force occurs during the quenching process with a hysteresis. When
in the nozzle area, the equivalent force is always increasing, but not immediately after
leaving the quenching area; it will continue to increase, and after a certain period of
time, the equivalent force will gradually decrease again. The farther away from the
surface, the more obvious the hysteresis effect.

(2) When the roller conveyor speed is too small, the steel plate quenching area is cooled
faster, and the temperature difference between the longitudinal direction and the
thick direction is larger. Therefore, the steel plate core and surface equivalent force
difference are larger and more prone to warping. When the roller speed is too large,
the cooling speed of the steel plate is significantly reduced, and the longitudinal plate
shape is better at this time. When the roller gap setting value is too small, the steel
plate quenching plastic deforms and generates greater stress. At this time, the steel
plate is prone to jamming and side waves. When the roller gap setting value is too
large, the roller cannot play the full role of pressure. The steel plate appeared to have
a serious edge wave, and the overall shape of the plate was warping. In summary,
the quenching machine roll gap is closer to the incoming material thickness, and the
quenching plate shape is significantly improved.

(3) Under the premise of adjusting the relevant parameters of the quenching machine to
ensure uniformity of quenching, what affects the shape of the plate after quenching is
the value of the open-cooling temperature, roll speed, and roll gap. Among them, the
speed of the roller conveyor directly affects the temperature drop and stress distribu-
tion of the steel plate. In this paper, based on the results of simulation calculations
and on-site applications, the quenching section of the roll provides solution ideas and
key parameters to ensure that the plate shape is good while improving the quenching
speed as much as possible, shortening the production cycle, and improving efficiency.
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