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Abstract: In this paper, gears made of 18Cr2Ni2MoVNDbA steel were taken as the re-
search object, and their cooling curves under different flow rate conditions were de-
termined. By calculating the corresponding heat transfer coefficients, a finite element
simulation method was used to study the temperature field distribution law of differ-
ent flow rate combinations on the gears in the cooling process of pressure quenching.
The results show that among the four representative flow combinations, the working
condition1 (A + (A —b —¢) + (A — b — ¢)) has the smallest temperature difference be-
tween the inner and outer gears, and can better reduce the temperature difference between
the inner and outer parts. Furthermore, in the pressure quenching process of gears, the
appropriate extension of the quenching time can keep the quenched gear with a lower
average temperature, while promoting the martensitic transformation on the surface of the
workpiece. Comparing the simulation results with the experimental data, the reliability of
the pressure-quenching temperature field model is verified, which can provide theoretical
guidance for the optimization of the pressure quenching process.

Keywords: gears; 18Cr2Ni2MoVNDbA steel; finite element simulation; pressure quenching;
temperature field model

1. Introduction

The 18Cr2Ni2MoVNDA steel that has undergone a quenching and low-temperature
tempering [1] treatment maintains a good workpiece toughness and hardness while en-
hancing the surface hardness [2-6]. As a result, the material has a good impact resistance,
load-bearing strength and mechanical properties [7]. However, the steel generally produces
a large deformation after heat treatment, which leads to a large amount of subsequent ma-
chining workload, reduced gear performance, and may even directly lead to scrapping [8].
In order to alleviate the problem of excessive workpiece distortion during the quenching
process of heat treatment, the pressure quenching method is commonly employed for
thin-walled gears, bevel gears, and other components. This method can effectively control
the material deformation during the heat treatment process.

Currently, the pressure hardening machine commonly used in factories is the Gleason
NO.537 pressure quenching machine with some matching parts. In the process of devel-
oping new materials for gears or new product configurations, the traditional method of
relying on empirical methods for repeated machining adjustments is still used. However,
this method is not only time consuming and labor intensive, but also fails to meet the
demanding requirements of high-precision machining and production. With the further
development of computer numerical simulation technology [9-13], it is possible to realize
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the simulate and analysis of the temperature, phase transition, and stress changes in the
heat treatment process, which not only reduces energy consumption, but also optimizes
the organizational structure and machining process of gears and other products [14-17].
Therefore, this paper simulates the temperature field of 18Cr2Ni2MoVNDA steel gears
during the pressure quenching process under different oil flow combinations to derive the
optimal oil flow combinations, so as to optimize the pressure quenching process of the
gears, and ultimately to achieve the purpose of improving the production efficiency and
reducing the production cost.

2. Materials and Methods
2.1. Simulation Program

The cooling process of gear workpieces during pressure quenching is influenced by
multiple factors such as the pulse frequency, pulse pressure, and cooling medium. In
the case of quenching medium determination, the temperature difference between the
interior and exterior of the workpiece as well as the distribution of thermal stresses will
also be affected by the difference in oil flow rates, which will not be able to control the
deformation of the pressure quenching of gears and other products. Therefore, for the
pressure quenching of gears and other parts, it is of a great importance to study the effect of
different oil flow rates on the pressure-quenching temperature field under the same pulse
frequency and pulse pressure.

In actual production, even if the type of quenching oil and pressure are determined,
there are different oil flow rates in the quenching stage of the Gleason NO.537 quenching
press (Gleason Corporation, Rochester, NY, USA). In addition, the pressure quenching stage
is divided into three stages, which results in hundreds of possible flow rate combinations
overall. It would be a relatively large amount of work to test, calculate, and experiment
with the flow combinations one by one, so three stages of the same flow rate are used
to calculate the heat transfer coefficients for the various single flow rates,, and then the
heat transfer coefficients for the three different flow rates are used to replace the various
combinations of flow rates for the pressure quenching.

Based on the factory’s existing actual experience, four representative flow rate com-
binations are selected for research on the influence of the temperature field distribution
in the gear parts, and the specific processes, as shown in Table 1. A, C, A-B-C, B-C, and
A-B represent the oil flow level, respectively; the magnitude of the flow rate of the oil
is the following: A < A-B < C < B-C < A-B-C. The initial stage of working condition 1
adopts slow-flow 0il (A), and then fast-flow oil (A-B-C) is used in the second and third
stages. The purpose of using slow-flow oil is due to the fact that in the initial stage (at the
beginning of the pressure quenching), within the temperature range of 25 °C to 800 °C,
gears are more affected by pressure at around 800 °C than at room temperature (25 °C),
thus causing deformation. The use of fast-flow oil in the second and third stages is intended
to achieve the required hardness and microstructure by accelerating the transformation
of martensite. Since the initial stage of gear deformation has been essentially completed,
the second and third stages can be executed at a high oil flow rate, thereby increasing
productivity. To establish a contrast with working condition 1, the initial stage of working
condition 2 is designed to use fast-flowing oil (A-B-C) and the second and third phases
to use slow-flowing oil (A). Similarly, the design of working condition 3 is based on the
actual production experience of the factory: specifically a fast-flow oil (A-B-C) condition
for the initial stage, slow-flow oil (A) for the second stage, and fast-flow oil (A-B-C) for the
third stage. The purpose of using fast-flow oil in the first stage is to make the pressure-
quenched parts cool quickly to ensure the quenching hardness. The second stage of the use
of slow-flow oil is to reduce the temperature to close to the martensitic transition point of
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the material. At this time, the microstructural stress is reduced, and it is easier to correct
the distortion of the parts. In the third stage, the microstructural transformation is basically
complete, and the external dimensions are basically stereotyped, so the use of the fast oil
flow condition is conducive to the further release of thermal stress, so as to achieve the
effect of controlling the distortion. Working condition 4 is a combination of processes used
in the actual production of the factory.

Table 1. The parameters of four different working conditions (L/min).

The First Stage (20s)  The Second Stage (30s)  The Third Stage (70 s)

condition 1 A (189 L/min) A-B-C (1136 L/min) A-B-C (1136 L/min)
condition 2 A-B-C (1136 L/min) A (189 L/min) A (189 L/min)
condition 3 A-B-C (1136 L/min) A (189 L/min) A-B-C (1136 L/min)
condition 4 B-C (1041 L/min) C (965 L/min) A-B (795 L/min)

2.2. Mathematical Modeling
2.2.1. Governing Equations

In calculating the temperature field using finite element simulations, the governing
equation for heat conduction in solids is the Fourier heat conduction equation. By estab-
lishing the initial and boundary conditions, the outcomes of thermal conduction inside
the workpiece can be calculated. The governing equations for the temperature field are
typically classified into two cases:

(a) When the workpiece is in a steady-state condition, the heat flow is positively corre-
lated with the temperature difference and surface area in the direction of the perpendicular
heat flow. Then, the temperature field control equation is as follows:

oT
=A— 1
Gx = A @)
The Eq is the heat flow rate per unit surface area in the x direction and is the thermal
conductivity (W/(m-°C)).
(b) When the workpiece is in a non-stationary state, the workpiece changes with tem-
perature, considering that it has an internal heat source, the temperature control equation

is as follows: 5 5 )
o°T o°T oT ;o oT
<8x2+8y2+822>+q_pc”8t @
The Eq is the latent heat of the phase transition (W/m?), the density (kg/m?), and is
the constant-pressure specific heat capacity (J/(kg-°C)).

2.2.2. Initial Conditions

The initial conditions, which act as the initial values for the temperature field calcula-
tions, need to be taken into account in two different cases:

(a) When the temperature field of the initial condition is uniform, such as the forging
that is heated from the greenhouse loading furnace, or heated to a given temperature and
held for a long period of time, so that the interior of the workpiece is heated uniformly.
Hence, the initial condition of the temperature at this point is the following:

T|i—o = To, 3)

(b) When the temperature field of the initial condition is non uniform, but the value
of the temperature at each point of the workpiece is known, the initial condition of the
temperature is the following:

T|t:0 - TO (Z, 7'), (4)
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The Eq is the known temperature, and is the known temperature function.

2.2.3. Boundary Conditions

Boundary conditions as a part of the surface of the heat exchange between a surface
and its surroundings can generally be categorized into three situations:

(a) When the temperature or temperature function on the boundary of the workpiece is
known, which is the first type of boundary condition, the equation is expressed as follows:

T|s = Tw or, T|s = Tw(z,7,t) (5)

In the Eq, s is the boundary range of the workpiece and is the surface temperature of
the workpiece (°C) and is the temperature function of the surface of the workpiece with
respect to time and position.

(b) When the heat density () on the surface of the workpiece is known, that is, the
second type of boundary condition, then the equation is expressed as follows:

_/\E?TZ s = quw O, —/’\g—z s = qJw(z,1,t) (6)
In the Eq, n is normal outside the boundary, is the heat flow density on the surface of
the workpiece, and is the heat flow density function on the surface of the workpiece as a
function of time and position.
(c) When the convective heat transfer coefficient between the workpiece and the
contact fluid medium and the temperature of the fluid medium () are known, it is the third
type of boundary condition, which is expressed by the following:

oT

_)\E‘S

= H(Tw—Tc)/ )

In the Eq, H is the total heat transfer coefficient (W/(m °C)), and is the medium
temperature (°C). Among them, the surface heat transfer coefficient directly affects the
distribution of the temperature field of the gear in the pressure quenching and cooling
process, which is related to the workpiece material, shape, size, and medium, and medium
flow rate.

2.3. Determination of Material Parameters
2.3.1. Determination of the Rmophysical Parameters

A certain amount of samples were extracted from the powder samples and ana-
lyzed for chemical composition using the spark8000 direct reading spectrometer (NAKAR
Testing Technology Co., Ltd., Beijing, China). The chemical composition of one piece of
18Cr2Ni2MoVNDbA steel was obtained, as shown in Table 2. Before the finite element mod-
eling calculation, the measured chemical composition parameters were substituted into the
thermodynamic software JMatPro7.0 to calculate and determine the physical properties of
the material, such as the specific heat, thermal conductivity, and latent heat of the phase
change. As shown in Figure 1, A represents austenite, F represents ferrite, B represents
bainite, and M represents martensite. Meanwhile, tests were conducted on the gleeble-3500
thermal simulator, and finally the Ms of 18Cr2Ni2MoVNDbA steel was determined to be
395 °C and the Mf to be 235 °C.

Table 2. The chemical composition of gears (mass fraction, %).

C Si Mn Cr Ni Mo
18Cr2Ni2MoVNbA 0.2 0.18 0.58 1.69 1.59 0.28
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Figure 1. The rmophysical parameters of 18Cr2Ni2MoVNDbA steel: (a) specific heat capacity;
(b) latent heat; and (c) thermal conductivity.

2.3.2. Determination of the Heat Transfer Coefficient for Different Oil Flow Rates

During the pressure quenching and cooling process, the gears are in a complex her-
metically sealed oil-pressurized environment that is both pressurized and cooled by the
oil. The operating principle of the Gleason NO.537 quenching press is shown in Figure 2a.
Due to the gears being tightly fitted to the mandrel and outer compression ring during the
gear pressure quenching process, it is not feasible to insert a thermocouple for temperature
measurement. Additionally, the shape of the mandrel has little impact on the cooling
rate. Therefore, in this study, the cooling curves are measured using a loose piece mandrel
and a circular profile test block, as shown in Figure 2b. Subsequently, the heat transfer
coefficients at different flow rates are determined using reverse heat transfer. Finally, the
actual temperature profiles measured at the surface and heart position of the pressure
quenched gears were compared with the simulated values. This comparison was used to
verify the accuracy of the temperature simulation calculations.

In order to measure the oil flow under different flow rates, the workpiece was placed
in the heating furnace and heated to 800 °C for 30 min. After that, the workpiece was
quickly placed into the pressure bed (by manually using fixtures, the entire process was
less than 20 s). Rapid quenching was carried out at different oil flow rates levels of A, A-b,
C, B-C, and A-B-C, respectively. The temperature data during the cooling process were
collected and recorded using a temperature collector, and the cooling curve of the near
surface of the ring was measured as shown in Figure 3a. Finally, by inverse heat transfer
calculations based on the collected processing temperature data, the interfacial heat transfer
coefficient of the workpiece during pressure quenching with varying oil flow rates could
be determined [18], as depicted in Figure 3b. It is shown that the heat transfer coefficients
corresponding to the five different oil flow rates all show a trend of increasing and then
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decreasing with the increase of temperature, and the larger the oil flow rate, the larger the
maximum value of the heat transfer coefficient.

_— Inner pressure ring
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T Gear
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Figure 2. A schematic diagram of pressure quenching: (a) a schematic diagram of the quenching
press; (b) a schematic diagram of gear pressure quenching (unit: mm).
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Figure 3. Cooling curves of different flow levels and the corresponding heat transfer coefficients:
(a) cooling curve; (b) heat transfer coefficient.

2.4. Finite Element Modeling

The object of the finite element simulation calculation is the 18Cr2Ni2MoVNDbA gear,
with dimensions shown in Figure 4. In simulating and calculating the cooling stage of
pressure quenching, the gear is considered as a deformed body, while the outer pressure
ring, inner pressure ring, and mandrel are considered as rigid bodies.

=
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431

Figure 4. A schematic diagram of the gear structure (unit: mm).

Due to the complexity of the pressure quenching molds, in order to simplify the model,
the components of the simulated quenching molds were simplified. The mold model is
shown in Figure 5a, and the simplified model is shown in Figure 5b. As shown in Figure 5a,
the gray part represents the 18Cr2Ni2MoVNDbA gear product, and the other parts are the
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pressure quenching models of the corresponding gears. Figure 5b is the simplified model
without the redundant pressure quenching molds. For ease of observation, the gear is
shown as a schematic diagram with half removed. During the calculation, due to the
asymmetry of the gear structure and for the convenience of an intuitive understanding of
the overall gear in the subsequent process, a tetrahedral mesh was adopted to divide the
overall gear, and finally it consisted of 113,839 nodes and 527,768 grids.

(b)

Figure 5. A 3D diagram of gear press quenching die. (a) 3D schematic diagram; (b) a finite element

simulation schematic diagram.

The simulation process involves conducting various oil flow rate combinations for the
quenching and cooling of 18Cr2Ni2MoVNDbA gears with a carbon content of 0.20% in an
oil environment (HQG oil) at an initial temperature of 800 °C and an ambient temperature
of 50 °C. Meanwhile, during the quenching and cooling process, the inner pressure ring
(pink model) applies a pulse pressure of 0.8 MPa to the inner edge of the gear, the outer
pressure ring (blue model) applies a pulse pressure of 1 MPa to the outer edge of the gear,
and the mandrel (yellow model) is regarded as a fixed model. The pulse frequency is
divided into three stages over time: the first stage uses a pressure application of 1 s and a
pressure release of 1 s, and the second and third stages use a pressure application of 2 s,
and a pressure release of 1 s.

3. Results

Figure 6 shows the temperature cloud diagram of the gear under the four conditions
when quenched for 5 s. Based on the data displayed in the figures, it is evident that the
internal temperature of the gear exceeds the surface temperature under all four pressure
quenching conditions. Furthermore, at the time of quenching for 5 s, the temperature of
the gear remains relatively high within the thicker interface, while the temperature at the
top of the gear remains relatively low. This difference indicates that the cooling rate of the
inner gear is slower than that of the outer surface, while the top of the gear cools faster due
to the top of tooth effect. As shown in Figure 6a, after 5 s cooling for the gear under the
working condition 1, the highest temperature of 782.7 °C is achieved at the center of the
cross-section of the outer tooth, and the lowest temperature of 447.6 °C is observed at the
top of the inner tooth on both sides. At this point, the temperature difference is 335.1 °C. As
shown in Figure 6b,c, the oil flow rates in working condition 2 and working condition 3 are
the same in the initial stage. As a result, the temperature clouds of working condition 2 and
working condition 3 remain the same during the 5 s cooling period, with the maximum
and minimum temperatures of 778.9 °C and 374.8 °C, respectively, with a temperature
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difference of 404.1 °C. The initial stage of working condition 4 (shown in Figure 6d) uses
the B Coil flow rate with a temperature difference of 380.1 °C. The temperature maps show
that the red color of working condition 4 is greater than that of working condition 1 and
lower than that of working condition 2 and 3. The application of working condition 1
during the quenching process minimizes the initial temperature, which is beneficial for the
pulse-pressure sizing of the gears at elevated temperatures.
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Figure 6. The temperature cloud chart corresponding to the pressure quenching of 5 s corresponding

to different working conditions: (a) working condition 1; (b) working condition 2; (c) working
condition 3; and (d) working condition 4.

In order to better analyze the temperature fluctuation of the gears, the internal and
external surfaces of the gear are chosen as two different reference points for a real-time
temperature measurement and tracking analysis. The specific reference points are observed
in Figure 7. Figure 8 displays the test results, A represents the simulated value of the
internal temperature of the gear, B represents the simulated value of the external surface
temperature of the gear, and A’ and B’ represent the measured values of the internal and
external surface temperatures of the gear, respectively. In the temperature-time change
curves, the internal and external surface temperatures of the gears under the four conditions
show a decreasing trend with the increase of time, and the difference between the internal
and external temperatures shows a tendency of increasing and then decreasing slowly,
and the difference between the internal and external temperatures reaches the minimum
at about 110 s. By comparing the cooling curves obtained from tests and simulation
calculations at positions A and B, it can be seen that the simulated results of the temperature
field of pressure quenching at different oil flow rates are in good agreement with the test
results. This indicates that the pressure quenching model used in this paper is reliable. In
Figure 8a, the temperature difference between position A and B in working condition 1
reaches the value of 397 °C at 9.8 s of cooling. On the other hand, in both working condition
2 and working condition 3 (shown in Figure 8b,c), the temperature difference between
position A and B reaches a maximum value of 407 °C at 8.1 s cooling. The temperature
difference between position A and B is 404 °C after cooling for 8.7 s in working condition 4,
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as depicted in Figure 8d. Observably, the temperature difference between position A and B
is minimum when pressure quenching is carried out in working condition 1. Additionally,
the gear is in a state of elevated temperature during this period, which is favorable for
pulse-pressure shaping. Due to the excellent quenching ability of 18Cr2Ni2MoVNDbA steel,
for this product, after quenching and cooling, the majority of the microstructure transforms
into martensite, which can effectively enhance the mechanical properties of the product.
As shown in Figure 8, in the four working conditions, position B reaches Ms (395 °C) at
approximately 6 s and begins the martensite transformation, while position A reaches

the Ms point at approximately 22 s and begins the martensite transformation. Moreover,
in the four working conditions, position A reaches Mf (395 °C) at approximately 48 s
when the martensite transformation is completed, thereby increasing the hardness of the
18Cr2Ni2MoVNDbA gear when quenching is completed.

800 800
~ —B
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- ---B 700 ---B
& e00f —A 9 ool — A
] -om A T --- A
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Figure 8. Cooling curves of characteristic parts in different working conditions: (a) working condition
1; (b) working condition 2; (¢) working condition 3; and (d) working condition 4.

Based on the simulation results, it can be predicted that under the four working
conditions, namely 104 s for condition 1, 109 s for condition 2, 103 s for condition 3, and
104 s for condition 4, the time required to cool the gears to 100 °C will be as follows. Since
the factory usually adopts a pressure quenching end time of 80 s, at this point, the surface
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of the gears has completed the martensitic transformation and has obtained sufficient
hardness, but the maximum temperature can reach around 150 °C. To ensure the safety of
production workers as the premise, the temperature should be controlled within the range
of 100 °C after the gears have completed the pressure quenching. Moreover, after the gears
have cooled down to the 100 °C value, the temperature drop rate is relatively slow, and
there is no need for further pressure quenching. To accelerate production efficiency and
ensure safety, it is necessary to extend the pressure quenching time from the original 80 s
to 110 s.

4. Discussion

In this paper, the heat transfer coefficients in pressure quenching under five different oil
flow rates are calculated, which not only solves the problem of calculating the heat transfer
coefficients of a single flow rate and working conditions, but also solves the problem of
heat transfer coefficients in different flow rate combination stages. It reduces a lot of the
calculation and experimental workload, and provides supporting data for the calculation
of parts of the corresponding materials later. Furthermore, in the simulation calculations of
the four representative flow combinations, it was found that condition 1 could effectively
reduce the temperature difference between the inside and outside of the gears. This
indicates that in the early stage of quenching, using low-flow-rate oil for quenching is
beneficial for reducing the thermal stress deformation of the corresponding parts caused
by large temperature differences during pressure quenching, and is conducive to the
subsequent study on the deformation of pressure quenching. Finally, it is predicted that the
time required for the end temperature of pressure quenching at 100 is about 100 s. A new
process scheme is put forward, which can not only ensure the low discharge temperature
of the gear, but also promote the completion of the surface martensitic transformation
and ensure the safety of the guarantor. By simulating the process that the corresponding
material is 18Cr2Ni2MoVNDbA steel gear, the heavy workload caused by the traditional
method of repeated machining adjustment can be avoided, the gear performance will be
reduced, and even the problem of damage and scrap may be directly caused. At the same
time, it can realize the simulation analysis of the results of the heat treatment process, so
as to optimize the processing technology of gears and other similar products, and finally
achieve the purpose of improving production efficiency and reducing production costs.

5. Conclusions

(1) The heat transfer coefficients of HQG oil for 18Cr2Ni2MoVNDA steel under five
different oil flow rates were determined, providing a reference for subsequent researchers.

(2) Simulation studies were conducted on the pressure quenching process under
four different oil flow rate conditions. The results indicated that among the four work-
ing conditions, the temperature difference between the inner and outer parts of the
gear was the smallest when using the oil flow rate combination of working condition
1A+A-b-C+A-b-Q)).

(3) The end time of pressure quenching for gears can be predicted. Based on the
simulation result that it takes approximately 100 s for the temperature of 18Cr2Ni2MoVNbA
gears to cool down to 100 °C, similar guidance can be provided for the corresponding
products of the same Gleason quenching press to predict the end time of pressure quenching
for different products.

(4) The pressure-quenching temperature field model was established in this paper, and
the simulation calculation results were basically consistent with the experimental results. It
showed that the model was reliable and could provide theoretical guidance for the future
process control and optimization of other parts using the Gleason quenching press.
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