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Abstract

:

This paper addresses the effect of gear steel on distortion and residual stresses due to phase transformation in carburizing and quenching. In particular, the martensitic and bainitic phase transformation expansion and transformation plasticity properties of two automotive gearbox steels (20CrMnTiH and 20MnCr5) and their physical parameters are measured by experiments of transformation plasticity properties. Numerical simulations of the actual carburizing and quenching process of the gearbox spline helical gears were carried out in combination with the thermal and mechanical properties with temperature variations calculated by the material design software JMAT-Pro. In particular, the phase transformation properties of the two materials and their influence on the distortion and residual stresses after carburizing and quenching were verified by experiments of transformation plasticity and numerical simulations. A reliable basis is provided for predicting the distortion mechanism of gear steels in carburizing and quenching.
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1. Introduction


The gearboxes of new energy vehicles differ from conventional gearbox designs, mainly in terms of high transmission ratios and small gear sizes. For this reason, it is necessary to increase the hardness of the tooth surfaces in order to guarantee the high wear resistance necessary at high ratios. The carburizing and quenching process is an important technology used in industry to improve the high hardness and wear resistance of gear surfaces. By carburizing and quenching, gears can achieve better mechanical properties and higher fatigue strength [1,2,3]. However, the carburizing and quenching process often uses quench oil as a coolant, and after the gear is heated to around 930 °C and put into the quench oil, very complex nucleation and vapor film boiling occur, while the material changes from an austenitic state to a martensitic or bainite state depending on the cooling rate of each part. As a result of the differences in each part of phase transformation structure, phase transformation expansion and plastic distortion occur due to the transformation plasticity of the difference. These differences in phase transformation structure and the differences in phase transformation expansion and transformation plasticity are one of the main causes of distortion after carburizing and quenching. This, together with the thermal and inelastic strains caused by temperature changes, leads to a complex mechanism of distortion as well as residual stresses during the carburizing and quenching process [4,5,6]. Without an accurate grasp of these mechanisms, it is difficult to predict the distortion in carburizing and quenching and to determine the amount of machinability reserved for the gear before carburizing and quenching.



In order to predict the diffusion, heat transfer, behavior of phase transformation and inelastic stress/strain behavior of carbon during carburizing and quenching using numerical simulation methods, Inoue and Ju proposed a thermal-phase transformation-mechanical theory and a numerical simulation method based on multi-field coupling [6,7,8,9,10]. This theory and the numerical simulation method provide the basis for predicting carburizing quench distortion. However, as multi-field coupled simulations incorporating the behavior of phase transformation require accurate knowledge of the phase transformation properties and characteristics that reflect the phase transformation behavior, the actual measurement of phase transformation expansion and phase transformation plasticity that occurs when a phase transformation is generated becomes very important to study. In this thesis, a thermal simulation tester and test method were developed. This method allows the behavior of phase transformation expansion and transformation plasticity of steel during phase transformation and heat treatment to be measured and the coefficients of phase transformation expansion and transformation plasticity to be calculated based on the kinetics theory of phase transformation [11,12,13]. In order to verify the effect of phase transformation characteristics on the distortion after carburizing and quenching, this paper uses the heat treatment simulation software with multi-field coupling (COSMAP) developed by Ju and Inoue to carry out carburizing and quenching simulations on variable box gears [14,15,16]. The phase transformation characteristics of two MnCr alloy steels (20MnCr5 and 20CrMnTiH) with relatively similar compositions were measured to compare the phase transformation characteristics of the two materials and to obtain the effect of the trace addition of Ti on the phase transformation characteristics. The material properties and transformation plasticity behavior of these two alloy steels were substituted into the carburizing and quenching simulations to obtain the effect of phase transformation properties on the distortion and residual stresses of the gears. These results provide further insight into the effect of Ti on the phase transformation properties and also reveal the effect of the phase transformation properties on the distortion and stress fields generated in the carburizing quench. This will be of great use in predicting the mechanical strength and properties of carburized quenched gears and suggesting optimizing processes.




2. Summary of the Theoretical Model


The carburizing and quenching process allows the phase transformation structure of the material to be changed. In particular, mechanical components, such as gears, bearings and rollers, which place high demands on the surface in terms of resistance to friction and wear, can be substantially hardened and improved by the carburizing process. However, the carburizing and quenching process involves a complex continuous medium thermodynamic theory and requires consideration of the coupling between the carbon concentration diffusion field, temperature field, phase transformation kinetics and tissue distribution, as well as the inelastic stress/strain field (as shown in Figure 1) [6,7,8,9,10].



In this theory, the coupling effects of the following aspects are considered. The first is a comprehensive consideration of the effects on material properties and phase transformation kinetics due to the diffusion of carbon ions in the steel and the creation of a gradient distribution. The second considers the effect of temperature changes on the nucleation and growth of phase distortion and on the temperature field due to the generation of latent heat from the phase transformation. The growth of the phase transformation has an effect on the stress and strain fields as the phase transformation brings about local expansion or contraction. Conversely, the stress/strain fields can also inhibit or induce the nucleation and growth of the phase transformation. The third aspect is that changes in the temperature field inevitably lead to expansion or contraction of the material, i.e., thermal strain. When large distortions occur within the material as a result of processing and heat treatment, heat generation also occurs, which affects the change in the temperature field. This is the phenomenon of multi-field coupling in the heat treatment process.




3. Theory and Experimental Method of Transformation Plasticity


3.1. Theory Experimental Method of Transformation Plasticity


3.1.1. Inelastic Constitutive Equation


It is possible to obtain an explicit expression of the relationship for elastic stress–strain while giving the form of the Gibbs free energy function G. In this way, the component    ε  i j  e    of the elastic strain tensor is derived as follows:


   ε  i j  e  = − ρ     ∑   I = 1  N   ξ I    ∂  G I e   (   σ  i j   , T  )    ∂  σ  i j      



(1)




where,  ρ  is density,     σ  i j     is stress, T is temperature and    ξ I    is the volume fraction of the I-th transformation. Considering the case where the I-th (I = 1, 2, …, N) phase undergoes plastic distortion, normal thermal plastic distortion occurs even if there is no change by the volume of the phase. When materials have the assumption of isotropy, the expansion of    G I e   (   σ  k l   , T  )    around the natural state    σ  k l   = 0   and   T =  T 0    leads to:


   G I e   (   σ  k l   , T  )  = − ρ  [   ϕ  I 0   +  ϕ  I 1    σ  k k   +  ϕ  I 2      (   σ  k k    )   2  +  ϕ  13    σ  k l    σ  k l   +  ϕ  I 4    (  T −  T 0   )   σ  k k   +  f I   (  T −  T 0   )   ]   



(2)




where    f 1   (  T −  T 0   )    is the function of temperature rise and    ϕ  I 0   ,  ϕ  I 1   ,  ϕ  I 3   ,  ϕ  I 4     are the polynomial functions of stress invariants and temperature.



Then, the elastic strain    ε  i j  e    can be expressed as:


   ε  i j  e  =   ∑   I = 1  N     ξ I   ε  I i j  e   



(3)




with


   ε  I i j  e  = 2  ϕ  I 3    σ  i j   + 2  ϕ  I 2    σ  k k    δ  i j   +  ϕ  I 4    (  T −  T 0   )   δ  i j   +  ϕ  I 1    δ  i j    



(4)




where    δ  i j     is a component of the unit matrix. As the first two items of Equation (4) are Hooke’s law, the third item is thermal strain and isotropic strain of the I-th constituent is related to the fourth item, provided that the parameters are constant, then we can apply:


  2  ϕ  I 3   =   1 +  v 1     E I    ,     2  ϕ  I 2   = −    v 1     E l    ,                ϕ  I 4   =  α I  ,                  ϕ  I 1   =  β I   



(5)




where    E I    and    v I    are Young’s modulus and Poisson’s ratio, respectively, and    β I    is volumetric dilatation due to phase transformation in this case. Then, we have:


   ε  I i j  e  =   1 +  v I     E I     σ  i j   −    v I     E I     σ  k k    δ  i j   +  α I   (  T −  T 0   )   δ  i j   +  β I   δ  i j    



(6)







Due to the global form of material parameters, Young’s modulus E, Poisson’    v  , linear expansion coefficient  α  and transformation expansion coefficient  β  with a relationship of phase transformation structure can be written by a relationship with phase transformation structure as:


  E =        1    ∑   I = 1  N       ζ 1     E 1      ,     v =     ∑   I = 1  N       ξ I   v I     E I        ∑   I = 1  N       ξ 1     E I      ,     α =   ∑   I = 1  N     ξ I   α I  ,     β =   ∑   I = 1  N     ξ I   β I   



(7)







Finally, the macroscopic elastic strain is summarized as the following formula:


   ε  i j  e  =   1 + v  E   σ  i j   −  v E   σ  k k    δ  i j   + α  (  T −  T 0   )   δ  i j   + β  δ  i j    



(8)








3.1.2. Plastic Strain


The evolutional equation of the plastic strain for an elastic–plastic material is derived (common rule) [6]:


    ε ˙   i j  p  = Λ   ∂ F   ∂  σ  i j      



(9)




with the yield function


  F = F  (   σ  i j   ,  ε  i j  p  , κ , T ,  ξ I   )  = 0  



(10)







The effect of the structures is represented by the yield function F, the plastic strain is    ε  i j  p    and  κ  is the yield strain and hardening parameter of materials.



The parameter Λ in Equation (9) is a function depending on stress, strain and stress rate and its history. We introduce Prager’s consistency correlation:


   F ˙  =   ∂ F   ∂  σ  i j       σ ˙   i j   +   ∂ F   ∂  ε  i j  p      ε ˙   i j  p  +   ∂ F   ∂ κ    κ ˙  +   ∂ F   ∂ T    T ˙  +   ∑   I = 1  N      ∂ F   ∂  ξ I      ξ ˙  I  = 0  



(11)







The parameter Λ is easily determined as:


  Λ =  G ^   (    ∂ F   ∂  σ  m n       σ ˙   m n   +   ∂ F   ∂ T    T ˙  +   ∑   I = 1  N      ∂ F   ∂  ξ I      ξ ˙  I   )   



(12)







Finally, we have:


    ε ˙   i j  p  =  G ^   (    ∂ F   ∂  s  k l       s ˙   k l   +   ∂ F   ∂ T    T ˙  +   ∑   I = 1  N      ∂ F   ∂  ξ I      ξ ˙  I   )    ∂ F   ∂  σ  i j      



(13)







  G ^   is termed as the hardening function and takes the form:


   1  G ^   = −  (    ∂ F   ∂  ε  m n  p    +   ∂ F   ∂ κ    σ  m n    )    ∂ F   ∂  σ  m n      



(14)




where    s  k l     is a component of deviation stress.




3.1.3. Transformation Plastic Strain


During phase transformation, relatively low stresses even below the yield stress can induce large inelastic distortions, which are often called transformation plasticity. Sometimes, an inelastic strain is so large that it is called a transformation superplastic strain, which is observed in some alloys. However, the strain induced during quenching is mostly small owing to the relatively short operation time, and the phenomenon is called transformation plasticity [11,12,13].



Inoue et al. give a detailed and more general discussion [11]. Nevertheless, the transformation plastic strain is normally presented as a linear function of applied stress, and the rate is presented as:


    ε ˙   i j   t p   =  3 2    ∑   i = 1  n     K I  h  (   ξ I   )   s  i j   ,      



(15)




with


  h  (   ξ I   )  = 2  (  1 −  ξ I   )   



(16)




where N is the number of phase transition types, the parameter    K I    is the coefficient of the transformation plasticity,     ε ˙   i j   t p     is the strain due to transformation plasticity,   h  (   ξ I   )    is a function related to phase change volume rate and    s  i j     is deviator stress under the yield condition. It is not easy to obtain these data given the rather complicated experimental procedure but also the dilatation under stress that needs to be measured during the cooling operation. Some data and proposed simple ways to identify the coefficient are included in the references and the Jmat-Pro for materials design software [17].





3.2. Experimental Method of Transformation Plasticity Behavior


3.2.1. Multi-Purpose Thermo-Mechanical Load Test


The experimental setup used in this paper is shown in Figure 2. The device uses an infrared heating furnace (YONEKURA MFG, Osaka, Japan), which allows rapid local heating of the central part of the specimen. This method has a fast heating rate and the two fixed ends of the specimen have a low temperature and are not easily deformed, thus ensuring the accuracy of the experiment. In the experiment, a 0.01 thermocouple wire (KMT-100-100-200) is welded to the middle of the specimen (where it is heated) in order to measure the temperature change during heating and cooling. The experimental setup is equipped with a load cell and a laser extensometer. The laser extensometer for the experimental test section is shown in Figure 2a. In the experiments, the laser extensometer can be used to measure the displacement with high speed and accuracy. In addition, in order to measure the distortion during the moment of phase transformation and the growth of the phase transformation, a tensile test set is installed in our experimental setup (shown in Figure 2a and Figure 3a). This allows the tensile machine to be activated automatically when the initial temperature of the phase transformation is reached and to start applying the load to the specimen so that the distortion during the onset and growth of the phase transformation can be measured under different stress loads.



Figure 3b represents the shape of the test specimen. In the experiments, the specimens were held with nuts on clamps at the ends of the stretching device. Two quartz glass rods were mounted 3 mm apart at the left and right midpoints of the specimens. When the specimen was heated and cooled, the distance between the two rods changes and the change in displacement was measured by the laser extensometer (YONEKURA MFG, Osaka, Japan) and stored in the computer.




3.2.2. Transformation Plasticity during the Cooling Phase


Figure 4 shows the relationship of stress-phase transformation plastic strain obtained by the experiment. When a single-phase transformation occurs in the steel material, the plastic behavior of the phase transformation is generally measurable. When the applied load increased continuously, the phase transformation plastic strain produced by the material had a significant difference against the unloaded state. For the unloaded state, the material only experienced phase transformation strain and thermal strain, whereas for the loaded state, in addition to phase transformation strain and thermal strain, phase transformation plastic strain also occurred. In this case, the normal plastic strain would not occur, as the stress generated by the applied load does not exceed the yield limit. The coefficient of the transformation plasticity can be solved by Equation (17).


  K =    ε  τ p    σ   



(17)




where    ε  τ p     is strain in the loaded state or strain in the unloaded state,  σ  is stress in the loaded state and K is the coefficient of the transformation plasticity.






4. Experimental Results of Transformation Plasticity


4.1. Results of 20CrMnTiH Steel


According to the CCT curves of 20CrMnTiH steel (results of JMAT-Pro, represented in Figure 5a), during the cooling phase of the 20CrMnTiH material, its bainitic phase transformation occurs at around 520 °C, while its martensitic phase transformation occurs at around 440 °C. Therefore, two different cooling rates had to be experimented with in order to measure the phase transformation plastic distortion of bainite and martensite in materials during the phase transformation growth process. In our experiments, we used the method of controlling the flow rate of the cooling gas to achieve the control of the cooling rate. The final two different cooling rates are shown in Figure 5b. The chemical composition of the sample is shown in Table 1.



The results of these two experiments are shown in Figure 6. Based on these results and Equation (17), the transformation plasticity coefficients of the bainitic and martensitic phases transformation for the materials are 1.035 × 10−5 [MPa−1] and 3.72 × 10−6 [MPa−1], respectively.




4.2. Results of 20MnCr5 Steel


Similarly, according to the CCT curve of 20MnCr5 steel (shown in Figure 7a), it can be determined that the bainitic phase transformation occurs at around 530 °C, while the martensitic phase transformation occurs at around 420 °C. The cooling rate for measuring the plasticity of the bainitic and martensitic phase transformation is determined from the CCT curve and controlled to obtain a cooling curve that gives access to both phase transformations (as shown in Figure 7b). With this controlled cooling rate, the distortion curves for martensitic and bainitic growth were measured separately (as shown in Figure 8). Based on this result and Equation (17), plasticity coefficients of the martensitic and bainitic phase transformation for the material can be calculated as 1.274 × 10−5 [MPa−1] and 1.36 × 10−5 [MPa−1], respectively. The chemical composition of the sample is shown in Table 2.





5. Model and Results of Simulation


5.1. Model and Boundary of Simulation


In order to verify the effect of transformation plasticity on the distortion and residual stresses in the gear after carburizing and quenching, we carried out a multi-field coupled numerical simulation for the full process of carburizing and quenching a gear model. Here, a straight accelerated gear was used for simulation and evaluation. A 3D gear geometry model (Figure 9a) was first created using GID software with a 3D six-sided element mesh. The total number of nodes in the model was 31,860 and the total number of elements was 24,700.



The gear carburizing and quenching process is shown in Figure 9b. The heat transfer boundary conditions during quenching are set as in Figure 10a. The quenching coolant is quenching oil. As the gear end face is placed into the coolant in a horizontal attitude during quenching, there is a large time difference between the upper and lower end faces of the gear and the nucleation and film boiling phenomena, resulting in different heat transfer coefficients and different cooling rates for the upper and lower end faces. The heat transfer coefficients of the upper and lower end faces of the gear are shown in Figure 10b.




5.2. Simulation Results of Distortion


5.2.1. Simulation Results of 20CrMnTiH Steel


An important item as a quality check after the carburizing and quenching of gears is to check the amount of distortion at the gear knuckle after carburizing and quenching. If the amount of transformation is too large, it will lead to gear transmission accuracy and produce a large noise level, which can affect the assembly of the transmission. On the other hand, in order to evaluate the effect of introducing transformation plasticity on the distortion of gears after carburizing and quenching, two numerical simulations were carried out to compare the two types of simulations in which transformation plasticity is not taken into account. Figure 11a represents the results of the 3D distortion simulation considering transformation plasticity. Figure 11b shows the results of the three-dimensional distortion simulation without considering the transformation plasticity. Figure 11c shows the distortion results at the gear pitch circle and compares the two cases with and without consideration of transformation plasticity. The comparison shows that the simulated results are smaller when transformation plasticity is taken into account. In practice, the maximum distortion at these gear pitches was kept to around 0.1 mm. Therefore, it can be seen that the results that take into account transformation plasticity are closer to the inspection requirements.




5.2.2. Simulation Results of 20MnCr5 Steel


Figure 12 represents the distortion results of a 20MnCr5 steel gear after carburizing and quenching. Figure 12a displays the 3D distortion simulation considering transformation plasticity. Figure 12b shows the results of the 3D distortion simulation without consideration of transformation plasticity. Figure 12c shows the distortion results at the gear pitch circle and compares the two cases considering and not considering transformation plasticity. The comparison of the results shows that the simulation results for distortion are smaller for gears of 20MnCr5 steel where transformation plasticity is also considered. However, the overall distortion results are greater than those for gears of 20CrMnTiH steel, which indicates that this carburizing and quenching process is more suitable for 20CrMnTiH steel, but for 20MnCr5 steel, the carburizing and quenching process must be improved if the distortion after carburizing and quenching is to meet the usual testing standards.





5.3. Simulation Results of Equivalent Stress


5.3.1. Simulation Results of 20CrMnTiH Steel


The main purpose of the carburizing and quenching process is to increase the strength and hardness of the tooth surface while obtaining an optimum match between overall stiffness and toughness through differences in the internal and surface phase transformation structure. In general, the residual stresses after carburizing and quenching play an important role in the strength improvement of gears. Numerical simulations of the carburizing and quenching process are carried out to predict the strength of gears after carburizing and quenching, and therefore, the residual stresses on the tooth surfaces of gears after carburizing and quenching are important to evaluate. According to the theory described in Section 3, consideration of transformation plasticity is important to improve the accuracy of the simulation of the stress field. For this reason, as in the case of distortion simulations, and in order to consider the effect of transformation plasticity on the residual stresses in this paper, the equivalent residual stress simulation results after considering transformation plasticity are given in Figure 13a, where points A and B are the points on the surface and inside the gear, respectively. Figure 13b gives the simulated results of equivalent residual stresses when transformation plasticity is not considered. Points C and D are also points on the surface and inside the gear, respectively. The four stress curves in Figure 13c are the equivalent stress changes with temperature changes at points A, B, C and D of the gear. The maximum stress values of the four points in Figure 13a,b are 829.03 MPa, 160.82 MPa, 970.41 MPa and 242.35 MPa, respectively.



According to previous studies [19,20], the maximum equivalent residual stress level in the tooth face area of gears with outer diameters below 200 mm after carburizing and quenching is generally in the range of 300–500 MPa, and the equivalent residual stress inside the gear does not exceed the strength limit of the material. Therefore, the results in Figure 13c show that the stress results obtained are too large if transformation plasticity is not taken into account, whereas the stress results with transformation plasticity taken into account are closer to reality.




5.3.2. Simulation Results of 20MnCr5 Steel


Similarly, we also carried out carburizing and quenching simulations for gears of 20MnCr5 steel. The effect of phase transformation plasticity on the residual stresses in the 20MNCr5 steel was also analyzed separately considering the effect of transformation plasticity. Figure 14a shows the equivalent residual stress simulation results after considering transformation plasticity, where points A and B are the points on the surface and inside the gear, respectively. Figure 14b shows the equivalent residual stress simulation results without consideration of transformation plasticity, where points C and D are the points on the surface and inside the gear, respectively. Figure 14c shows the simulation results for the stresses at points A, B, C and D as a function of temperature; their maximum stress values are 580.80 MPa, 54.91 MPa, 846.18 MPa and 138.28 MPa, respectively.



It can be seen that the simulation results after considering the transformation plasticity are smaller and closer to the actual situation than the simulation results without considering the transformation plasticity. Furthermore, the residual stresses in the 20MnCr5 steel are lower than those in the 20CrMnTiH steel. This suggests that if the residual stresses in 20MnCr5 steel after carburizing and quenching need to be increased, the process conditions for carburizing and quenching also need to be adjusted.






6. Conclusions


This paper proposes an experimental method for evaluating the transformation plasticity behavior of alloy steels during quenching. The method was used to determine material coefficients of the transformation plasticity for martensite and bainite phases of 20CrMnTiH and 20MnCr5 steels.



Based on the measured phase change plasticity parameters and the metallo-thermal-mechanical theory, the interactions between the multi-field problem, such as diffusion, temperature, phase change structure and stress–strain fields during carburizing and quenching, were evaluated for the above two steel gear models by simulation. According to the results of the simulations, the distortion after quenching is more than about 10% larger than the simulation with phase change plasticity if it is not taken into account. The maximum distortion after carburizing is only 100–160 μm for gears with an outside diameter of 100–300 mm or less [17,18,19]. It can also be seen from the residual stress simulation results that when the effect of phase change plasticity is taken into account, the simulated results for residual stresses are much smaller. This is more in line with the results of a large number of gear residual stress evaluations [13,15,20]. Thus, we can conclude the following:




	
Transformation plasticity reflects an important distortion behavior of alloy steel materials during the carburizing and quenching heat treatment process. To reveal the densification behavior and material properties of transformation plasticity, the method proposed in this paper for the precise measurement of distortion behavior under rapid cooling is a very effective and practical experimental technique.



	
The behavior of transformation plasticity is essential to predict component distortion and residual stresses after carburizing and quenching and to improve the accuracy of heat treatment simulations.
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Figure 1. Metallo-thermal-mechanical theory in heat treatment processes. 
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Figure 2. Laboratory equipment. (a) Equipment appearance; (b) dimensional measuring instruments. 
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Figure 3. Inner construction of an electric furnace and tensile sample. (a) Inner construction of an electric furnace; (b) tensile sample. 
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Figure 4. Relationship of stress-phase transformation plastic strain. 
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Figure 5. CCT curves and cooling curves of 20CrMnTiH steel. (a) CCT curves of 20CrMnTiH steel; (b) cooling curves of 20CrMnTiH steel when martensitic and bainitic transformations can be obtained. 
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Figure 6. Temperature–strain diagrams of the 20CrMnTiH steel. (a) Temperature–strain diagram of the bainitic phase; (b) temperature–strain diagram of the martensitic phase. 
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Figure 7. CCT curves and cooling curves of 20MnCr5 steel. (a) CCT curves of 20CrMnTiH steel; (b) cooling curves of 20MnCr5 steel when martensitic and bainitic transformations can be obtained. 
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Figure 8. Temperature–strain diagrams of the 20CrMnTiH steel. (a) Temperature–strain diagram of the bainitic phase; (b) temperature–strain diagram of the martensitic phase. 
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Figure 9. Geometric model and process conditions. (a) Finite element model; (b) carburizing and quenching process conditions. 






Figure 9. Geometric model and process conditions. (a) Finite element model; (b) carburizing and quenching process conditions.



[image: Coatings 11 01224 g009]







[image: Coatings 11 01224 g010 550] 





Figure 10. Heat transfer boundary condition and heat transfer coefficients. (a) Boundary surface (The green color is the upper end face, and the yellow color is the lower end face). (b) Heat transfer coefficients [18]. 
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Figure 11. Distortion results of 20CrMnTiH steel gears after carburizing and quenching. (a) The 3D distortion results with considered transformation plasticity; (b) the 3D distortion results without transformation plasticity; (c) distortion results at the gear knuckle after carburizing and quenching. 






Figure 11. Distortion results of 20CrMnTiH steel gears after carburizing and quenching. (a) The 3D distortion results with considered transformation plasticity; (b) the 3D distortion results without transformation plasticity; (c) distortion results at the gear knuckle after carburizing and quenching.



[image: Coatings 11 01224 g011]







[image: Coatings 11 01224 g012 550] 





Figure 12. Distortion results of 20MnCr5 steel gears after carburizing and quenching. (a) The 3D distortion results with considered transformation plasticity; (b) the 3D distortion results without transformation plasticity; (c) distortion results at the gear knuckle after carburizing and quenching. 
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Figure 13. Equivalent residual stress results for 20CrMnTiH steel gears: (a) with transformation plasticity; (b) without transformation plasticity; (c) equivalent residual stress depending on temperature. 
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Figure 14. Equivalent residual stress results for 20MnCr5 steel gears: (a) with transformation plasticity; (b) without transformation plasticity; (c) equivalent residual stress depending on temperature. 
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Table 1. Chemical composition of 20CrMnTiH steel (wt.%).






Table 1. Chemical composition of 20CrMnTiH steel (wt.%).





	Compositions
	C
	Si
	Mn
	Cr
	Ti
	P
	S
	Fe





	Content
	0.2
	0.2
	1.1
	1.15
	0.07
	0.02
	0.02
	Bal.
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Table 2. Chemical composition of 20MnCr5 steel (wt.%).
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	Compositions
	C
	Si
	Mn
	Cr
	P
	S
	Fe





	Content
	0.2
	0.2
	1.1
	1.15
	0.02
	0.02
	Bal.
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