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Abstract: Based on the multi-field coupling effect of temperature, diffusion, and phase change, the 

finite element model of carburizing and quenching was established. The 20CrMnTiH steel helical 

gear as the research object, prediction accuracy of carburizing, and quenching model of complex 

helical gear was studied. The material properties database of experimental steel was established by 

JMatPro, and the material thermophysical parameters needed in the calculation process were ob-

tained. The carburizing and quenching process of transmission helical gear was numerically simu-

lated by thermodynamic three-dimensional coupling analysis method combined with actual heat 

treatment process. The microstructure morphology, macro hardness, and deformation were char-

acterized. The experimental results show that the microstructure of the hardened surface layer was 

acicular martensite and a small amount of residual austenite. The highest hardness appears at the 

surface layer of 778.8 HV, the effective hardened layer depth was 0.9 mm, and the maximum defor-

mation of the gear was 0.055 mm. By comparing the experimental measurement results with the 

simulation results, they were in good agreement, which verifies the accuracy of the finite element 

model. This indicates that the model has good prediction ability in carburizing and quenching pro-

cess. 

Keywords: carburizing and quenching; the finite element method; multi-field coupling;  

transmission gear; deformation 

 

1. Introduction 

With the rapid development of the new energy automobile industry, higher require-

ments are put forward for the performance of the key parts of the transmission system, 

especially the surface hardness and wear resistance. Surface strengthening process (car-

burizing and quenching) is the key technology for reliable performance of the gear [1], 

which is an important factor directly affecting the performance. After carburizing, there 

is a carbon concentration gradient in the surface layer of gear, while the carbon content in 

the core remains unchanged [2–4]. After quenching treatment, the surface layer will gen-

erate a martensite structure with high hardness and good wear resistance. In this process, 

the gear bears complex boundary conditions such as heat and diffusion, and the generated 

stress is complex and changeable [5–7]. The resulting excessive residual stress, defor-

mation, and cracking are the most important issues affecting the performance of gear 

Citation: Wang, J.; Yang, S.; Li, J.; Ju, 

D.; Li, X.; He, F.; Li, H.; Chen, Y. 

Mathematical Simulation and  

Experimental Verification of  

Carburizing Quenching Process 

Based on Multi-Field Coupling. 

Coatings 2021, 11, 1132. 

https://doi.org/10.3390/ 

coatings11091132 

Academic Editors: Michał Kulka and 

Paolo Castaldo 

Received: 31 July 2021 

Accepted: 13 September 2021 

Published: 17 September 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Coatings 2021, 11, 1132 2 of 16 
 

 

products. Therefore, it is of great practical significance to understand and master the 

changing law of stress and realize the accurate control of microstructure and deformation. 

At present, it is not easy to study the law of stress variation and control the defor-

mation accurately by means of experiment. However, the rapid development of numerical 

calculation theory and finite element simulation technology [8] makes it easier to study 

gear structure, stress, and deformation. Some finite element software has realized the sim-

ulation of carburizing and quenching process [9–11], and many scholars have thoroughly 

researched this aspect. Ju, D.Y. [12] focuses on the influence of carbon content on phase 

transformation behavior. The accuracy of carburizing and quenching simulation is im-

proved by identifying the thermal properties of materials according to carbon content. 

Lee, K.O. [13] used accurate mechanical property data for simulation to predict the defor-

mation after quenching, but the disadvantage was that the simulation did not include the 

phase transition during heat treatment. Farivar, H. [14,15] studied the relationship be-

tween heat treatment–microstructure-toughness and -hardness of experimental steel by 

combining experiments and simulation. By using a modified hardening cycle, the defor-

mation caused by quenching is reduced, while maintaining high hardness and toughness. 

Studies have shown [16] that with the increase in hardenability, deformation will be-

come larger. As a gear steel material with good hardenability, it is necessary to study the 

microstructure, hardness, and deformation of 20CrMnTiH steel. In this study, the COS-

MAP (Computer Simulation of Manufacturing Process) software developed by the ther-

modynamics-based “metal-thermo-mechanics“ theory [17,18] was used to numerically 

simulate the carburizing and quenching process of 20CrMnTiH gears. The ability of tem-

perature, and stress and strain coupling behavior evolution in quenching process was an-

alyzed from macroscopic and microscopic perspectives. The variation laws of microstruc-

ture, hardness, and deformation of gears were studied, and the corresponding experi-

mental verification was carried out. It provides reference and support for the practical 

application of heat treatment process. 

2. Model Construction 

2.1. Mathematical Model 

In the process of carburizing and quenching, the field of microstructure, stress and 

strain, and temperature field influence each other. In order to ensure the accuracy of nu-

merical simulation, the mutual coupling between phase transformation field, stress–strain 

field and temperature field must be considered in mathematical modeling. This coupling 

effect was based on the “metal-thermal-mechanics” theory of continuous thermodynam-

ics. 

2.1.1. Heat Conduction Equation and Diffusion Equation 

The first law of thermodynamics is usually given based on internal energy: 

𝑈 = [𝐺 + 𝑇𝜂 + 1
𝜌𝜎𝑖𝑗휀𝑖𝑗

𝑒⁄ ]    (1) 

where G, 𝜂, 𝜎𝑖𝑗, and 휀𝑖𝑗
𝑒  denote the Gibbs free energy, the entropy, the stress, and elastic 

strain, respectively. 

Introducing expressions for the specific heat 𝑐(= 𝑇
𝜕𝜂

𝜕𝑇
⁄ )  and enthalpy density 

𝐻(= 𝑔 + 𝑇𝜂)., the general form of heat conduction equation is: 

𝜌�̇� − 𝜎𝑖𝑗휀�̇�𝑗
𝑒 +

𝜕𝑞𝑖

𝜕𝑥𝑖

= 0                                                           (2) 

𝜌𝑐�̇� + 𝑇
𝜕휀𝑖𝑗

𝑒

𝜕𝑇
�̇�𝑖𝑗 − (𝜎𝑖𝑗휀�̇�𝑗

𝑖 − 𝜌
𝜕𝐻

𝜕휀𝑖𝑗
𝑖

휀�̇�𝑗
𝑖 − 𝜌

𝜕𝐻

𝜕𝑘
�̇�) + 𝜌 ∑ 𝑙𝐼𝜉𝐼

𝑁

𝐼=1

= 𝑘
𝜕2𝑇

𝜕𝑥𝑖𝜕𝑥𝑖

      (3) 

𝑞𝑖 = −𝑘
𝜕𝑇

𝜕𝑥𝑖

             (4) 
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𝑙𝐼 =
𝜕𝐻

𝜕𝜉𝐼

            (5) 

where 𝑐 and 𝜌 denote the specific heat coefficient and the density coefficient, respec-

tively; their changes with temperature are shown in Figure 1a,b. 𝑙𝐼 is the 𝐼th component 

of latent heat and 𝑘 denotes the coefficient of heat conduction. The third term on the left 

side of Equation (3) denotes the heat generated by inelastic dissipation which is significant 

when compared with the elastic work represented by the second term, and the fourth term 

is the latent heat generated by phase transition. 

The convection boundary conditions for heat transfer on the surface are set to be: 

−𝐾
𝜕𝑇

𝜕𝑥𝑖

𝑛𝑖 = ℎ𝑇(𝑇 − 𝑇𝑊)                     (6) 

where ℎ𝑇 and 𝑇𝑊 are, respectively the heat transfer coefficient and coolant temperature 

on the heat transfer boundary of unit normal 𝑛𝑖. 

The radiation boundary conditions for heat transfer on the surface are set to be: 

−𝐾
𝜕𝑇

𝜕𝑥𝑖

𝑛𝑖 = ℎ𝑇(𝑇 − 𝑇𝑊)                     (7) 

The carbons in the process of carburizing diffusion are the following equation: 

𝜕𝐶

𝜕𝑡
−

𝜕

𝜕𝑥𝑖

(𝐷𝑐

𝜕𝐶

𝜕𝑥𝑖

) − 𝑟𝑐 = 0                            (8) 

𝜕𝐶

𝜕𝑡
−

𝜕

𝜕𝑥𝑖

(𝐷𝑐

𝜕𝐶

𝜕𝑥𝑖

) − 𝑟𝑐 = 0                            (9) 

𝐷 ≡ 𝑓(𝐶𝑒 , 𝑡)      (10) 

where 𝛽𝑐 is the coefficient of surface reaction rate, 𝐶𝑊 is the carbon content of the exter-

nal environment, 𝐶 is the carbon content of the experimental steel surface, 𝐷 is a func-

tion of temperature, and 𝑡 is time. 

2.1.2. Constitutive Equation 

Total strain rate 휀�̇�𝑗 can be divided into elastic strain rate 휀�̇�𝑗
𝑒 , plastic strain rate 휀�̇�𝑗

𝑃 , 

thermal strain rate 휀�̇�𝑗
𝑇 , phase transformation strain rate 휀�̇�𝑗

𝑚, and transformation plasticity 

rate 휀�̇�𝑗
𝑡𝑝: 

휀�̇�𝑗=휀�̇�𝑗
𝑒 + 휀�̇�𝑗

𝑃 + 휀�̇�𝑗
𝑇 + 휀�̇�𝑗

𝑚 + 휀�̇�𝑗
𝑡𝑝 (11) 

Here, the elastic strain is as follows: 

휀�̇�𝑗
𝑒 =

1 + 𝑣

𝐸
𝜎𝑖𝑗 −

𝑣

𝐸
(𝜎𝑘𝑙)𝛿𝑖𝑗          (12) 

where 𝐸 and 𝑣 denote the Young’s module and the Poisson’s ratio, respectively; their 

changes with temperature are shown in Figure 1c. 𝛿𝑖𝑗 is the deviator stress. 

The plastic strain is as follows: 

휀�̇�𝑗
𝑃 = 𝜆

𝜕𝐹

𝜕𝜎𝑖𝑗

         (13) 

where the parameter 𝜆 is a function of stress, stress rate and strain and their history. 

Then, the plasticity of phase 𝐼-th is controlled by the following yield function: 

𝐹 = (𝑇, 𝐶, 𝜎𝑖𝑗 , 휀𝑃 , 𝜉1, 𝑘)            (14) 

where the 𝑇, 𝐶, 𝜎𝑖𝑗, 휀𝑃, 𝜉1, and 𝑘 denote temperature, carbon content, flow stress, plas-

tic strain, individual phase, and hardening parameter, respectively. 
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The thermal strain is: 

휀�̇�𝑗
𝑇 = 𝛼(𝑇 − 𝑇0)𝛿𝑖𝑗           (15) 

where the α denotes a function of carbon content and structural volume fraction. 

The phase transformation strain is: 

휀�̇�𝑗
𝑚 = ∑ 𝛽𝐼𝜉�̇�

𝑁

𝐼=1

𝛿𝑖𝑗                        (16) 

where 𝛽𝐼 denotes the phase transformation coefficient of the change in length caused by 

the instantaneous phase transformation [19] and 𝐼-th represents the structural expansion 

caused by components. The phase transformation expansion coefficients of martensite 

and bainite are 6.31 × 10−3 and 1.95 × 10−3. 

The transformation plasticity is: 

휀�̇�𝑗
𝑡𝑝

= ∑ 𝑘𝐼(1 −  𝜉𝐼)

𝑁

𝐼=1

𝜉�̇�𝛿𝑖𝑗                (17) 

where 𝑘𝐼 denotes the coefficient of transformation plasticity of martensite and bainite. 

The coefficient of transformation plasticity is an important parameter affecting the defor-

mation after heat treatment [20,21]; martensite and bainite coefficient of transformation 

plasticity are 9.82 × 10−5 and 3.761 × 10−5, respectively. 

2.1.3. Quenching Kinetics 

During the quenching process, the martensite phase changes into the dominant non-

diffusive phase transition [22], according to the following law: 

𝑉𝑀 = 1 − 𝑒𝑥𝑝{𝜑1𝑇 + 𝜑2(𝐶 − 𝐶0) + 𝜑3𝜎𝑚 + 𝜑4𝜎𝑒 + 𝜑5)} (18) 

where 𝑉𝑀 denotes the volume fraction of martensite, which is a function of carbon con-

tent, temperature, and stresses. 𝜎𝑚 and 𝜎𝑒 are mean and equivalent stress, respectively. 

𝜑1,  𝜑2,  𝜑3, and 𝜑4 are the experimental coefficient. 

The other type of phase transformation is controlled by diffusion mechanism, and 

the volume fraction of developing phase such as may be expressed by modifying the John-

son–Mehl [23] relation.  

𝑉𝐵 = 1 − 𝑒𝑥𝑝 {− ∫ 𝑓1

𝑡

0

(𝑇)𝑓2(𝜎𝑖𝑗)𝑓3(𝐶)(𝑡 − 𝜏)3𝑑𝜏}    (19) 

𝑓1(𝑇) = 𝑎0 (
𝑇 − 𝑎1

𝑎2

)
𝑎3

(
𝑎4 − 𝑇

𝑎5
)

𝑎6

         (20) 

𝑓2(𝜎𝑖𝑗) = 𝑒𝑥𝑝 (𝑎9𝜎𝑚)               (21) 

𝑓3(𝐶) = 𝑒𝑥𝑝{ −𝑎7(𝐶 − 𝐶0)} (22) 

where𝑓1(𝑇)𝑡 , 𝑓2(𝜎𝑖𝑗), and 𝑓3(𝐶) are functions of temperature 𝑇, stress 𝜎𝑖𝑗 , and carbon 

content 𝐶, respectively.  

2.1.4. Mixing Rules 

In the process of heating and cooling, a variety of phase transition behaviors happen 

to steel. In the whole process of the phase change experiment, steel consists of a mixture, 

dependent on the kind of organization (austenitic, pearlite, martensite, and bainite). The 

control equation for multiphase mixture model is: 
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𝜒 = ∑ 𝜒𝐼𝜉𝐼

𝑁

𝐼=1

        ;          ∑ 𝜉𝐼

𝑁

𝐼=1

= 1           (23) 

where 𝜉𝐼 the volume fraction of the 𝐼𝑡ℎ constituent. 

2.1.5. Hardening Rule 

The yield function is determined by the plastic strain 휀ij
p
 and the scalar hardening 

parameter κ exhibiting the magnitude of material hardening (Figure 1d), which depends 

on loading history, as well as the stress and temperature: 

F = F(𝜎ij, 휀ij
p

, 𝑘, T)                   (24) 

As the hardening parameter 𝑘 and temperature T appearing in Equation (18) play 

a role to isotropic expansion (or contraction) of yield surface, while the tensor parameter 

휀ij
p
 contributes the anisotropic hardening, the following equation is formed: 

F = 𝑓(𝜎ij, 휀ij
p

) −  K(𝑘, T)              (25) 

The temperature field, diffusion field, and stress field of carburized quenching pro-

cess were simulated by macro scale finite element method. This model has been imple-

mented in the finite element software COSMAP. 

  

(a) (b) 

  

(c) (d) 

Figure 1. Physical parameters: (a) Specific heat coefficient; (b) density coefficient; (c) Young’s modulus and Poisson’s ratio; 

and (d) Hardening coefficient. 
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2.2. Geometric Model 

2.2.1. Model Establishment and Cell Division 

The experimental focus is the bevel gear of the gearbox differential of 20CrMnTiH. 

The size and main parameters of the gear are shown in Table 1. The three-dimensional 

model of the gear is established by SOLDWORKS and GID, as shown in Figure 2a. The 

marked red teeth and numbers (1, 18, 34, and 50) in Figure 2b correspond to the location 

of the measurement distortion. A hexahedral mesh with good quality is used. In order to 

determine the accuracy of the elements size on the calculation results, a cube of 10 × 10 × 

10 mm was used for the trial calculation in advance. Figure 2c shows the simulated 

changes of surface carbon concentration at three elements sizes of 0.67 mm, 1 mm, and 1.5 

mm. The results show that the error was large when the elements’ size was 1.5 mm, and 

the simulation results were consistent when the elements’ sizes were 1 mm and 0.65 mm. 

Therefore, in the case of ensuring high simulation accuracy and a small amount of calcu-

lation, the tooth profile position elements size is set to about 0.75 mm. The total number 

of elements and nodes are 10,657 and 9875, respectively. The points for the application of 

the constraint conditions are shown in Figure 2b. The displacement and rotation of points 

a1 and a2 in the yz direction on the profile are fixed, and the displacement and rotation of 

points b1 and b2 in the xz direction are fixed. 

Table 1. Dimension and main parameters of the gear. 

Gear Parameters Data 

Module 2.68 

Pressure angle 25° 

Number of teeth 61 

Helix angle 31° 

Modification coefficient −0.1965 

Reference diameter 190.721 mm 

Base diameter 167.535 mm 

Addendum diameter 196.1 mm 

Root diameter 182.164 mm 

  

(a) (b) 
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(c) 

Figure 2. (a) Helical gear three-dimensional model; (b) restrictive conditions; and (c) simulation 

value of carbon concentration. 

2.2.2. Heat Transfer Coefficient 

Heat transfer coefficient can reflect heat flow exchange between a part’s surface and 

cooling medium during the cooling process [24,25]. The curve of heat exchange coefficient 

between the gear surface and quenching oil with temperature during quenching cooling 

is shown in Figure 3. When the temperature is above 900 K, a steam film will be formed 

on the surface of the experimental steel after it is put into the cooling medium, which cuts 

off the contact between the medium and the surface, hinders the heat exchange, and the 

heat exchange coefficient is small. When the temperature is below 600 K, the cooling me-

dium and the surface of the parts allow convective heat transfer, so the heat exchange 

coefficient is also small. The maximum value of the heat exchange coefficient appears at 

about 850 K. At this time, the steam film produced by the high temperature breaks, boiling 

occurs, and a large number of bubbles are produced. The heat is quickly taken away from 

the bubbles, and the cooling rate is the fastest. 

 

Figure 3. Heat transfer coefficient curve. 
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perimental steel in the continuous carburizing furnace (AICHELIN Heat Treatment Sys-

tems Co., Ltd., Beijing, China), heated 1168.15 k for 85 min, setting the carbon potential 

to 1.0%, and the diffusion time to 160 min, which is the strong infiltration period; the tem-

perature of the diffusion period is 1158.15 k, the carbon potential is 0.86%, and the diffu-

sion time is 75 min. We cooled the steel to a quenching temperature of 1108.15 k at a certain 

cooling rate, keeping the carbon potential at 0.76%, hold time for 54 min, and cooled to 

room temperature with oil. The heat treatment process curve is shown in Figure 4. 

 

Figure 4. Heat treatment process curve. 

The carbon concentration changes of the gears after carburizing and quenching were 

tested by delamination method. Firstly, after carburizing and quenching the samples were 

removed the oxide layer. After grinding and leveling, the chemical composition of the 

sample surface was measured by direct reading spectrometer (SPECTRO, Kleve, Ger-

many) to obtain its carbon content. The mechanical grinding method was used for layer-

by-layer measurement, and the vernier caliper was used to measure the thickness of the 

delamination, and finally the carbon concentration distribution of the gear was obtained. 

In order to ensure the accuracy of the measurement data, each was layer measured in 

three positions, and we used the average. 

The cross section of gear sample was processed, polished, and corroded (4% nitric 

acid alcohol). Optical microscope (Carl Zeiss MicroImaging GmbH, Oberkochen, Ger-

many) and scanning electron microscope (SEM, TESCAN, Brno, Czech Republic) were 

used to observe the microstructure of the gear before heat treatment and from the surface 

layer to the center after heat treatment. 

The volume fraction and lattice parameters of martensite and retained austenite were 

determined by quantitative X-ray diffraction (XRD, Beijing Advance Science & Technol-

ogy Corporation, Beijing, China) analysis according to ASTM E975-13 standard. X-ray dif-

fraction (XRD) was performed on SmartLabX diffractometer, 45 kV, 200 mA, using the 

Cu-Ka radiation and a scanning speed of less than 1°/min. 

The microhardness from the surface to the center of the gear after carburizing and 

quenching was obtained by micro-Vickers hardness tester (Beijing TIME High Technology 

Ltd., Beijing, China) under the load of 1000 gf and the holding time of 10 s. It is reported 

[27] that in hardened steel, the critical value of effective hardening layer depth corre-

sponds to about 0.40% martensite carbon content and about 550 HV microhardness. 

Figure 2a shows taking four tooth shapes (1, 18, 34, and 50) of the gear; the displace-

ment of the whole tooth surface before and after heat treatment is measured by a probe to 

determine the deformation after quenching. 

In practical engineering applications, the gear drives mesh at the pitch circle (tooth 
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0 100 200 300 400 500

400

600

800

1000

1200

T
em

p
er

at
u

re
(k

)

Time(min)

85 160 75 54

1.0% 0.86% 0.76%

Carburizing

Carbon potential

1168.15k 1158.15k
1108.15k

Oil quenching



Coatings 2021, 11, 1132 9 of 16 
 

 

results are compared with the experimental measurement results, the sampling position 

is the tooth with the largest deformation. 

4. Results and Discussion 

4.1. Microstructure 

Figure 5a shows the distribution cloud of carbon concentration of gear after carbu-

rizing and quenching heat treatment. The carbon concentration inside the gear is lower 

than the surface carbon concentration. The gear surface has a maximum carbon concen-

tration of approximately 0.75 wt.%, with carbon concentrations ranging from 0.22 wt.% to 

0.75 wt.%. Figure 5b shows a comparison between simulated and experimentally meas-

ured carbon concentrations at the pitch circle position of the gear. Red and black represent 

simulation data and experimental measurement data, respectively. The concentration dif-

ference of carbon atoms on the surface and inside of the gear during carburizing promotes 

the diffusion of carbon atoms, and the carbon content in the surface layer is measured to 

be 0.76%. The carbon concentration decreases with the increase in distance, and tends to 

be stable at 0.21% when the distance is 1.5 mm. The effective depth of carburizing is 0.85 

mm. The carbon concentration gradient is relatively gentle, preparing for subsequent 

quenching, which is essential to improve the surface hardness of gear and reduce the con-

tent of austenite. The higher the carbon content of the experimental steel, the lower the 

temperature of austenite to martensite transformation. The distribution characteristics of 

carbon concentration will cause the different simultaneity of martensite transformation 

and produce the microstructure stress, which will affect the deformation of gear. The car-

bon concentration distribution obtained by finite element simulation of carbon diffusion 

driven by Fick’s law is consistent with the experimental data measured by the delamina-

tion method, which verifies the accuracy of the numerical simulation. 

  

(a) (b) 

Figure 5. Carbon concentration distribution (a) Carbon concentration distribution cloud atlas after carburizing and 

quenching; (b) Contrast measured value and simulation value. 

Figure 6 shows the microstructure of the experimental steel before heat treatment. 

The microstructure consists of fine ferrite and pearlite with a size of about 20 μm and a 

grain size of about grade 9. The ferrite grains and pearlite grains are distributed in layers 

with the same band. This may be due to the formation of ferrite, preferentially in the band 

formed by dendrite segregation, and non-metallic inclusion extension during the phase 

transformation of steel during the cooling process after hot rolling, resulting in the for-

mation of ferrite bands. The pearlite is between the ferrite bands, and the two phases are 

distributed in layers. According to the national standard (GB/T 13299-1991), the banded 

structure was evaluated as B3 grade. Meanwhile, the existence of banded structure in the 

original material will adversely affect the deformation of the gear after heat treatment. 
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Figure 6. 20CrMnTiH organization before carburizing (a) Metallograph; (b) SEM. 

Figure 7a shows the distribution cloud of martensite phase on the gear surface after 

carburizing and quenching. It can be seen from the cloud image that the maximum mar-

tensite content on the tooth surface is 0.995. The martensite phase content at both ends of 

the tooth shape is slightly higher than that at the middle position, without great deviation, 

and the martensite phase is evenly distributed. Figure 7b shows the relative phase fraction 

of martensite. The maximum and minimum martensite contents are 0.991 and 0.975, re-

spectively, and the average surface martensite content is 0.977. Figure 7c shows the XRD 

pattern of the carburizing layer after carburizing and quenching of gears. The carburized 

layer is mainly composed of an α’-Fe (martensite) phase of body-centered cubic, and its 

lattice parameter a = b = c = 2.886. After quenching, the retained austenite content is lower, 

and the XRD failed to detect it. Using Magee’s [28] formula to calculate: 

𝑉𝛾 = 𝑒𝑥𝑝[−𝛼(𝑀𝑠 − 𝑇𝑞)]          (26) 

where 𝑀𝑠 is the initial temperature of austenite to martensite transformation during 

quenching, which is calculated by JmatPro as 682.1 K, 𝑇𝑞 is the temperature of quenching 

medium, and 𝛼 is a constant with a value of 1.10 × 10−2, the content of residual austenite 

is about 0.030, which is close to the simulated content of 0.023. 

 

 

(a) (b) 

0 10 20 30 40
0.970

0.975

0.980

0.985

0.990

0.995

M
ar

te
n

si
ti

c 
p

h
as

e 
co

n
te

n
t

Distance(mm)

Tooth Trace



Coatings 2021, 11, 1132 11 of 16 
 

 

 
(c) 

Figure 7. (a) Martensite phase distribution cloud atlas after carburizing and quenching; (b) simulation value of surface 

martensitic phase content of surface; and (c) XRD diffraction diagram of the carburized layer surface. 

Figure 8 shows the microstructure of carburized layer, transition layer, and core of 

experimental steel after carburizing and quenching. OM images are shown in Figure 

8a,c,e, and SEM images are shown in Figure 8b,d,f. The microstructure after quenching is 

composed of high-carbon acicular martensite and a small amount of residual austenite, as 

shown in Figure 8a,b. This is due to the high carbon content in the carburized layer; the 

𝑀𝑠 line moves downward. During the cooling process, some austenite cannot generate 

martensite, and remains between martensite. The size of martensite is very small, and the 

evaluation grade is grade 2, which is due to the low carburizing temperature and rela-

tively small austenite grain. The carbon content of the transition layer decreased, and the 

microstructure was acicular martensite and lamellar martensite, as shown in Figure 8c,d. 

The carbon content in the heart is the lowest, and the cooling rate is close to the bainite 

transformation region. The microstructure is low carbon lamellar martensite and a small 

amount of lower bainite, as shown in Figure 8e,f. 
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Figure 8. 20CrMnTiH organization after carburizing (a) OM surface; (b) SEM surface; (c) OM transition; (d) SEM transition; 

(e) OM center; and (f) SEM center. 

4.2. Hardness Distribution 

Figure 9a shows the hardness distribution nephogram of the gear after carburizing 

and quenching, which is similar to the distribution law of martensite nephogram in Figure 

7a. The maximum hardness of the tooth profile is 746.6 HV, which occurs at the top of the 

tooth. The surface hardness distribution is uniform and there is no large fluctuation. Fig-

ure 9b shows the hardness of simulated surface nodal circle positions, ranging from 741 

HV to 745.5 HV, and the average hardness is 743.6 HV. Figure 9c shows the microhardness 

distribution measured from the surface to the center of the gear. The hardness decreased 

gradually from the surface to the heart, the highest value appeared in the surface was 

778.8 HV, and the lowest value appeared in the heart was 355 HV. When the thickness is 

0.4–1.2 mm, the acicular martensite decreases with the increase in distance, and the hard-

ness decreases sharply. When the depth exceeds 1.2 mm, the hardness decreases slightly, 

slowly, and finally tends to be stable. The critical value of 550 HV occurs at a depth of 

about 0.9 mm. Figure 9d shows the comparison between the hardness values of the gear 

surface solved by finite element method and the hardness values of the surface measured 

by experiment. From the comparison of H1, H2, and H3, it is found that the simulated 

surface hardness values are less than the experimental surface hardness values. The dif-

ference between simulated and measured values is 35.2 HV, and the error is within 5%. 

The reason for the error is that the hardness points measured in the experiment are con-

centrated in a small area, while the simulation hardness calculation is mainly based on the 

average value of the simulation area. 
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Figure 9. (a) Hardness distribution cloud atlas after carburizing and quenching; (b) simulation value of surface hardness; 

(c) measured in-depth micro-hardness of the carburized specimens; and (d) measured and simulated surface hardness 

value contrast. 

4.3. Deformation Distribution 

Figure 10a shows the distortion distribution nebula-graph of the gear after carburiz-

ing and quenching. It can be seen from the cloud image that the maximum position of 

deformation is 0.093 mm at the top of the end face of the gear, and the minimum position 

is 0.015 mm at the middle of the tooth shape. The distribution of simulated deformation 

first decreases, and then increases from one end of the gear to the other. As shown in 

Figure 10b, the distribution of the simulated deformation of the maximum deformation 

tooth of the gear is shown. The maximum deformation is 0.051 mm, and the minimum 

deformation is 0.013 mm near the middle. Table 2 shows the comparison between the 

maximum deformation values of the four teeth measured by simulation and experiment. 

It can be seen from the table, the tooth with the largest deformation is No. 1. The simulated 

deformation value is 0.051 mm, and the measured deformation value is 0.055 mm. The 

difference of values is small and can be well matched. As shown in Figure 10c, the tem-

perature field change of gear during quenching is simulated. Red and black represent the 

end face and tooth flank with large deformation, respectively. There is a small tempera-

ture difference between the gear side and the end face at the beginning of quenching. With 

the extension of quenching time, the temperature difference between the gear side and the 

end face increases, and the maximum difference is 50 k. When the time reaches 170 s, the 

temperature change tends to be consistent. This temperature difference is due to the for-

mation of vapor film on the gear surface during quenching [29–31]. The vapor film located 
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at the outer end surface ruptured preferentially, and the temperature changed dramati-

cally. The position of the inner end face is close to the center, the vapor film is finally 

broken, and the temperature changes slowly. This temperature difference results in dif-

ferent simultaneity of the microstructure transition, resulting in uneven thermal stress and 

microstructure stress of the gear. The effect of this stress on the gear is characterized by 

the uneven deformation after quenching. 

Table 2. Measured and simulated surface deformation value contrast. 

Number of Teeth Simulated Deformation (mm) Measured Deformation (mm) 

1 0.051 0.055 

18 0.026 0.012 

34 0.040 0.017 

50 0.045 0.020 

 

 

(a) (b) 

 
(c) 

Figure 10. (a) Deformation distribution cloud atlas after carburizing and quenching; (b) simulation value of surface defor-

mation; and (c) temperature evolution of the surface. 

5. Conclusions 

Based on the theory of metal thermodynamics, the carburizing and quenching pro-

cess of helical gear was studied by combining an experiment with numerical simulation. 

From these results, we have the following important conclusions: 

(1) After carburizing and quenching, the maximum carbon content which appeared in 

the surface layer was 0.76%, the maximum hardness which appeared in the surface 

layer was 778.8 HV, and the depth of carburizing layer was about 0.9 mm. 
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(2) The microstructure of the carburized layer was fine acicular martensite and a small 

amount of retained austenite. The core cooling rate was close to the martensite trans-

formation zone and contains a small amount of lower bainite. 

(3) The temperature difference during quenching produces uneven thermal stress and 

microstructure stress, which made the gear produce uneven deformation. 

(4) This model simulates the gear after carburizing and quenching under the multi-field 

coupling effect of temperature field, stress–strain field, and phase transformation 

field. Compared with the experimental results, the simulation results are in good 

agreement with the experimental results. The distribution of carbon concentration, 

microstructure, and deformation was accurately predicted, indicating that the ther-

mophysical parameters were accurate and the model could be used as a guide for 

practical application. This provides a prerequisite for the subsequent realization of 

the microstructure, and performance optimization and micro deformation control of 

gear steel. 

(5) The limitation of this model is that the simulated hardness calculation is mainly 

based on the average value of the simulated domain, while the hardness points meas-

ured in the experiment are concentrated in a small area. An error of less than 5% is 

highly reliable. However, the above factors need to be considered to improve the ac-

curacy of the simulation method. 
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