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The evolution of the temperature field, microstructure field, and residual stress field of a 34CrNi3MoA steel marine diesel engine crankshaft during medium-frequency induction hardening was studied based on an electromagnetic-thermal-transformation-stress coupled numerical model, which considers the effect of internal stress induced by transformation induced plasticity on residual stress. Using the equal conversion rate method, the austenitizing region of the crankshaft was determined during the induction heating stage. In the quenching stage, the parameters of the phase transformation model are derived from the continuous heating expansion curve and the continuous cooling transformation curve, and the phase transformation kinetics equation is used to analyze the phase transformation process of the crankshaft. The results indicate that extending the heating time can enhance the uniformity of the surface temperature of the crankshaft and the thickness of the hardened layer. The simulation results are validated by measurements of hardened layer, hardness and residual stress, and the simulation results are in good agreement with the experimental results.
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1 INTRODUCTION
Crankshafts play a vital role as both moving and stress-bearing components in marine diesel engines. The journal surface of a crankshaft requires exceptional tensile strength, wear resistance, and fatigue resistance, while the core should exhibit high plasticity and toughness (Tian et al., 2018; Tian et al., 2019). Among the various surface strengthening techniques, induction hardening stands out as a prominent method capable of creating a well-defined hardened layer and residual stress distribution on the crankshaft surface. This process significantly enhances the wear resistance of the journal surface and improves the bending fatigue strength of the crankshaft (Rudnev and Loveless, 2014; Wang et al., 2019).
Due to the substantial size of marine diesel engine crankshafts, conducting experimental research to determine induction hardening process parameters for various crankshaft types is cost-prohibitive. As a result, researchers have turned to computer simulation methods to explore induction heating and quenching (Tong et al., 2018b; Liu et al., 2019). Based on the finite element method, Li et al. (2015) analyze the temperature curve of induction hardening in a ball screw. Considering the mechanical properties of alloy steel after aging treatment, Jian et al. (2022) investigated the influence of gradient
Microstructure characteristics on the strength and plasticity of the alloy during high-frequency induction hardening. They observed that the alloy steel showed a large microhardness gradient. Using the finite difference method, Jang and Chiu (2007) simulated the electromagnetic field and temperature field in the hollow steel cylinder during induction heating. They explored the impact of the geometric dimension of the workpiece and the air gap between the coil and the workpiece on the temperature field. Kaiser et al. (2020) investigated the mechanical properties and hardness of AISI 4141 steel after short-time induction quenching, revealing the minimum hardness in the transition zone. Gao et al. (2016); Gao and Qin (2020) examined the influence of feed speed and feed path on the local continuous induction hardening of AISI 1045 steel, considering different surfaces. Additionally, Zhu et al. (2015) conducted a detailed analysis of the effect of inductance speed, input current, and quenching medium on the induction quenching temperature of AISI 1045. Their findings indicated an evident heating delay in the workpiece under conditions of lower input current and higher inductance speed. Similarly, Santhanakrishnan and Kovacevic, (2012) analyzed the temperature field during a moving induction heat treatment on a hollow cylinder, including the induction heating and quenching stages. The study investigated the effects of velocity, initial position of the inductor, and the ratio of inner to outer diameter, while also considering the influence of air natural convection and radiant heat on the cylinder’s surface. Their numerical model serves as an efficient design aid for induction coil optimization. Montalvo-Urquizo et al. (2013) developed a comprehensive mathematical model for the induction quenching of 42CrMo4 steel. This model encompasses heat conduction, phase transformation, thermoelasticity, and phase transformation-induced plasticity. The research investigated the thermomechanical effects and phase changes induced by drastic temperature variations during heat treatment. The results provide a theoretical foundation for formulating induction quenching process parameters for 42CrMo4 steel gears, inspiring the development of the numerical model in our study.
In the process of induction hardening, thermal stress arises from the uneven volume expansion and contraction caused by temperature variations between the surface layer and the core of the components. Additionally, during the transformation from austenite to martensite, structural stress occurs due to inconsistent volume growth caused by different thermal expansion coefficients. The resulting residual stress in the workpiece is a combination of thermal stress and structural stress, with a complex distribution influenced by factors such as material composition, geometry, and heat treatment parameters. The faster the cooling rate, the higher the carbon content and the alloy composition, the greater the uneven plastic deformation generated during the quenching process, and the greater the residual stress finally formed (Prisco, 2018). Barglik et al. (2014) examined the influence of material parameters’ uncertainty on induction quenching results. They found that the specific heat capacity significantly affects temperature but has limited impact on hardness. Coupard et al. (2007) compared residual stress fields measured by X-ray diffraction with those predicted by a finite element model of the induction quenching process. The model showed excellent results in axial stress prediction. However, since it did not consider phase transformation plasticity, there was a maximum error of approximately [image: image] in circumferential stress prediction. Umberto, (2018) proposed an induction hardening model that accounted for phase transformation plasticity. Their results revealed that phase transformation plasticity effectively coordinates internal stress during martensitic transformation. In another study, Areitioaurtena et al. (2022) investigated the final residual stress state of 42CrMo steel columnar specimens during microstructure and hardness evolution. They found that considering phase transformation-induced plasticity in the induction quenching model significantly improved residual stress prediction. Overall, these studies highlight the importance of considering material properties and phase transformation plasticity in induction quenching models for more accurate results.
The crankshaft possesses a complex structure with inherent stress concentration areas. The prudent application of residual stress can effectively mitigate stress concentration and enhance the fatigue limit of the crankshaft (P. Pokorný et al., 2020; Maialen et al., 2022). Tong et al. (2018a) established a thermo-elastic-plastic constitutive model for dual-frequency induction hardening, investigating the influence of the residual stress distribution of the spur gear on the initiation and propagation of the tooth root bending crack. Their results emphasize the significance of temperature change in stress calculations, and provide valuable stress values to delay crack formation. Considering residual stress and different average stress, SongSong et al. (2021) established the prediction model for crankshaft fatigue performance (Qin et al., 2016; Zhong et al., 2020; Wu and Sun, 2021). obtained the residual tension of the crankshaft after induction quenching through simulation of thermo-mechanical coupling. They predicted the fatigue limit load of the crankshaft, offering guidance for crankshaft process optimization. However, their focus on establishing the crankshaft fatigue damage model omitted the influence of transformation-induced plasticity (TRIP) on residual stress during induction hardening. TRIP is a common physical phenomenon in phase transformation, significantly affecting stress evolution, residual stress state, and crankshaft deformation. In this paper, we introduce a numerical model that accounts for TRIP-induced internal stress during crankshaft induction hardening. Our electromagnetic-thermal-phase transformation-stress coupling model simulates the induction quenching process of 34CrNi3MoA steel crankshaft. Using the equal conversion rate, we determine the austenitizing model during heating, and the phase transformation kinetic equation calculates the phase structure during quenching. Through the proposed finite element model, we investigate the temperature, microstructure, and residual stress evolution during induction hardening.
2 NUMERICAL MODEL
Figure 1 illustrates the multi-physics coupling process of induction hardening, involving electromagnetic, thermal, microstructural, and stress phenomena. In this paper, the crankshaft of a diesel engine (Figure 2A) is taken as our research object. Considering the symmetry of the quenching area, a two-dimensional finite element model of the crankshaft half section is established, as shown in Figure 2B. For clarity, the crankshaft is divided into three regions: crankpin, fillet and crankarm.
[image: Figure 1]FIGURE 1 | Multi-physics couplings.
[image: Figure 2]FIGURE 2 | (A) Stepped shaft crankshaft; (B) IH model of axisymmetric crankshaft; (C) the detailed size of the model.
2.1 FEM model of electromagnetic-thermal part
2.1.1 Geometric model
Figure 2B illustrates the finite element model of induction heating of the crankshaft. The model comprises four regions: the crankshaft (blue), the induction coil (yellow), the magnetizer (orange), and the surrounding air (green). In order to meet the requirements of fillet quenching, arc coils are positioned at the fillet to maintain a stable air gap between the coil and the fillet. During operation, alternating current flows into one end of the induction coil and exits from the other end, generating an alternating magnetic field. The eddy currents induced by the magnetic field lines cause the surface of the crankshaft to heat up. In order to improve the heating efficiency and quality of the induction coil, a magnetizer is incorporated into the model to adjust the magnetic field distribution surrounding the induction coil. Additionally, to ensure accurate analysis and prevent the electromagnetic field from escaping into the surrounding air, a far-field model of the air is established during the induction heating process (Sun et al., 2022).
2.1.2 Material properties
The crankshaft is composed of 34CrNi3MoA alloy structural steel, as shown in Table 1. The density of the crankshaft is assumed to be constant at 7,800. The thermal conductivity, specific heat, resistivity, and relative permeability of the material properties change with temperature. To determine these properties during heating, JMatPro software was utilized, and the detailed information is presented in Table 2. For the heat transfer analysis, only the material properties relevant to the magnetic field of the magnetizer, induction coil, and air are considered, Both air and induction coils have a relative permeability of 1, while the relative permeability of the magnetizer is 600.
TABLE 1 | The composition of 34CrNi3MoA (wt.%).
[image: Table 1]TABLE 2 | Computed material properties of 34CrNi3MoA steel related to the temperature field. The calculation was performed using the JMatPro model (Mekky, (2020) verified the validity and applicability of the model.).
[image: Table 2]2.1.3 Meshing
The COMSOL Multiphysics finite element simulation software employs a free triangular mesh that is adaptively refined to enhance the model’s accuracy. Considering the skin effect, the electromagnetic field induces eddy currents primarily concentrated on the surface area. This leads to rapid heating and significant temperature changes on the crankshaft surface. To ensure precise calculations, a boundary layer mesh is applied to the crankshaft surface. The boundary layer is composed of 8 layers with a stretching factor of 1.2 and a thickness adjustment factor of 1. Additionally, to ensure accurate calculation of the electromagnetic field, the grid size of the induction coil is set to [image: image]. Figure 3 illustrates the mesh distribution of each induction hardening model component. The complete mesh includes 700 mesh vertices and 10,586 mesh elements.
[image: Figure 3]FIGURE 3 | The FEM mesh of electromagnetic-thermal part.
2.1.4 Boundary conditions and load
During the induction heating, both convection and radiation heat occur between the crankshaft surface and the surrounding air. The boundary conditions can be expressed as follows (Gao et al., 2014):
[image: image]
[image: image]
The convective heat transfer coefficient [image: image] between air and crankshaft surface is set to 100, while the thermal emissivity [image: image] is assumed to be 0.8.
In practical applications, the semi-annular inductor is commonly employed for crankshaft induction heating. One-ninth of the circumference is allocated to the induction coil used for heating the crankpin, while one-third of the circumference is allocated to the induction coil used for heating the fillet (Li, 2015). During the induction heating process, the crankshaft rotates at a constant speed around the induction coil, while its surface is heated uniformly. As a result, the equivalent heating period for the crankpin region is one-third of that for the fillet region. In this study, the crankpin heating mechanism is set to intermittent heating, with a heating duration of 0.5 s and a current termination period of 1 s. The load conditions are detailed in Table 3.
TABLE 3 | Load and boundary conditions.
[image: Table 3]2.2 FEM model of thermal-microstructure-stress part
During the heating process, the surface temperature of the crankshaft rises, leading to the microstructure transformation into an austenite structure. As the temperature reaches the initial austenitizing temperature of [image: image], a portion of the microstructure transitions to austenite. Upon reaching the complete austenitizing temperature [image: image], the microstructure transforms entirely into austenite. Figure 4A illustrates the change in austenite content with temperature for 34CrNi3MoA steel at different heating rates. It can be observed that the temperature of austenite transformation increases with heating rate. For the heating rate is [image: image], the [image: image] and [image: image] temperatures for 34CrNi3MoA steel are [image: image] and [image: image], respectively. The austenite fraction in the induction heating process is calculated by the isoconversional method as follows (Zhong et al., 2020):
[image: image]
[image: Figure 4]FIGURE 4 | (A) Austenite transformation curves; (B) Functions of pre-exponential factor A and activation energy E related to austenite volume fraction in Eq. 5.
During continuous heating, the austenite change rate can be expressed as a derivative of temperature:
[image: image]
Substituting Eq. 4 into Eq. 3, the transformation model of austenitizing content and temperature can be obtained:
[image: image]
The derivative of the austenite content with respect to temperature can be determined using Figure 4A. By considering [image: image] as the dependent variable and [image: image] as the independent variable, the linear fitting curve can be obtained. The parameters [image: image] and [image: image] correspond to the slope and intercept of the curve, respectively. Fitting the relationship between [image: image] and [image: image] for different austenite contents enables the derivation of correlation function curves for parameters A and E with respect to the austenite volume fraction, as illustrated in Figure 4B.
To depict the phase transformation, microstructure, and hardness after quenching, the continuous cooling transformation (CCT) curve of 34CrNi3MoA steel is generated using JMatPro software, as illustrated in Figure 5A. When the microstructure is fully austenitized initially and the cooling rate exceeds [image: image], complete transformation into martensite can be achieved. In this model, the heat transfer coefficient of the quenching oil is set to 5,500, and the cooling rate at various temperatures is presented in Figure 5B. At the martensite starting temperature [image: image] of [image: image], the cooling rate is [image: image], significantly exceeding the threshold of [image: image]. Consequently, the entire quenching process is characterized by martensitic transformation alone. The K-M model is employed to quantify the martensite volume fraction during the quenching process, using the following formula (Tong et al., 2017):
[image: image]
where, [image: image] is the kinetic parameter of martensitic transformation, usually 0.011 (Rohde and Jeppsson, 2000), and [image: image] is the starting temperature of martensitic transformation, which is equal to [image: image].
[image: Figure 5]FIGURE 5 | (A) The isothermal transformation diagram of 34CrNi3MoA steel; (B) Cooling characteristic curve.
The hardness of a material can be considered as a function of temperature and the distribution of its microstructure, given the known microstructure content. In accordance with the microhardness increment theory, the hardness can be formulated as follows:
[image: image]
The total strain is comprised of elastic strain, plastic strain, thermal strain, microstructure strain and transformation induced plastic strain during the induction hardening process. Therefore, the total strain tensor can be mathematically expressed as follows (Tong et al., 2018b):
[image: image]
where, [image: image] is related to Young's modulus and Poisson's ratio of the material; [image: image] is related to the initial yield strength of the material; [image: image] and [image: image] are related to the thermal expansion coefficient of the material; and [image: image] is described by the Desalos model (Prisco, 2018), the formula is:
[image: image]
In order to calculate the total strain value in the induction quenching process, in this paper, JMatPro software is used to calculate the curves of Young's modulus, Poisson's ratio, thermal expansion coefficient, and TRIP coefficient with temperature, as shown in Figure 6. It can be seen that above the martensite starting temperature [image: image], the phase structure is composed of austenite; and below the martensite starting temperature [image: image], the phase structure is composed of martensite and austenite. Martensite has greater Young’s modulus, thermal expansion coefficient, and yield limit than austenite. Only martensitic transformation occurs during the phase transformation process, so only the TRIP coefficient of martensite needs to be considered.
[image: Figure 6]FIGURE 6 | Computed material properties of 34CrNi3MoA steel. The calculation was performed using the JMatPro model. (Mekky, (2020) verified the validity and applicability of the model.): (A) Elastic modulus; (B) thermal coefficient; (C) yield limits; (D) the transformation plasticity coefficient.
3 RESULTS AND ANALYSES
3.1 Temperature field
The induction hardening process consists of two main stages: electromagnetic induction heating and quenching cooling. The accurate modeling of the crankshaft’s temperature field during induction heating plays a crucial role in achieving desirable quenching quality. By observing the temperature field’s evolution over time and frequency, it becomes possible to achieve an optimal distribution of the hardened layer within the crankshaft.
3.1.1 The influence of current frequency on temperature field
Applying different frequencies of current to an induction coil yields varying distributions of magnetic induction intensity and temperature fields. Selecting the appropriate intermediate current frequency becomes crucial in achieving a more uniform temperature field. To investigate the influence of current frequency on the temperature field, we employ the control variable method, simulating induction heating by adjusting the current frequency based on the load parameters outlined in Table 3. Figure 7A illustrates the temperature field distribution along the center point A to the fillet point E of the crankshaft surface at different frequencies. As the frequency increases, the maximal temperature difference between the crankpin and the fillet decreases from [image: image] to [image: image]. Figure 7B displays the temperature field distribution along the radial direction of 4 mm at different frequencies from the crankpin center. As the outer surface of the crankshaft is closer to the induction coil and consistently at the center of the magnetic field, it exhibits the highest temperature. Increasing the frequency results in higher surface temperatures. When the current frequency is [image: image], the austenitizing area of the fillet area is not fully covered. Conversely, when the current frequency is [image: image], a significant temperature difference between the straight end of the crankpin and the adjacent end of the fillet hinders the formation of a uniformly hardened layer. However, when the heating frequency is [image: image], the rounded corners fully enclose the austenitizing region, ensuring a uniform temperature field distribution.
[image: Figure 7]FIGURE 7 | (A) Temperature distribution along the axial direction at different frequencies. The temperature difference ([image: image]) between the center of the crank pin surface (point A) and the intersection point of the crank arm and the fillet surface (point E) has been calculated for various frequencies. Specifically, [image: image] represents the temperature difference at 5 kHz, [image: image] at 7 kHz, [image: image] at 8 kHz, and [image: image] at 10 kHz; (B) temperature distribution along the radial direction at different frequencies.
3.1.2 The influence of heating time on the temperature field
In order to observe the magnetic field line and temperature field evolution of the crankshaft over time, we conducted an induction quenching experiment at an [image: image] frequency, using the load parameters specified in Table 3. Figure 8A illustrates the magnetic field line evolution at different heating times. Initially, the magnetic field line is primarily concentrated in the crankshaft’s surface layer. However, as the heating time increases, the dense area of the magnetic field line gradually shifts towards the core. This phenomenon occurs because, with increasing heating time, the demagnetization area expands due to the surface temperature exceeding the Curie point. Conversely, the non-demagnetization area exhibits significantly higher permeability. The skin effect causes the electromagnetic field to propagate towards the surface layer of the non-demagnetization area. Figure 8B depicts the temperature field evolution at different heating times. The induction heating process exhibits an extremely rapid heating rate. Initially, the heating zone on the crankshaft’s surface reaches the austenite transformation temperature, and the heating layer depth increases with time. In the final stage, the heating depth at the transition fillet and the crankpin becomes comparable, with the heating layer at the transition fillet completely enveloping the fillet. This temperature distribution promotes the diffusion of temperature during the subsequent cooling process, facilitating the formation of a uniformly hardened layer.
[image: Figure 8]FIGURE 8 | (A) Magnetic line evolutions during heating; (B) temperature evolutions during heating.
In order to provide a detailed temperature distribution of the crankshaft surface, Figure 9A illustrates the temperature field curve along the center point A to the fillet point E at different heating times. As the heating time increases, both the maximum temperature on the crankshaft surface and the temperature difference between the crankpin and the fillet decrease consistently. At a heating time of [image: image], the maximum temperature of the crankshaft surface reaches [image: image], the minimum temperature is [image: image], and the temperature difference reduces from [image: image] to [image: image]. This highlights the importance of appropriately extending the heating time to achieve a more uniform temperature field on the crankshaft surface. Figure 9B displays the temperature curve of the crankshaft surface and internal points at 3 mm and 6 mm depths during induction hardening at different heating times. The surface temperature of the crankshaft exhibits a 'serrated’ pattern during the induction heating process. This phenomenon arises from the intermittent current density loading in the crankpin coil, a characteristic of the inductor’s structure. During periods of current density cancellation, heat conduction occurs from high-temperature regions to low-temperature regions. Meanwhile, the regions with lower temperatures continue to be heated. Subsequently, during the quenching process, the crankshaft’s surface temperature decreases rapidly. After [image: image] of cooling, the surface temperature reaches the martensite starting temperature, [image: image] ([image: image]). Notably, the fillet region experiences a significantly higher cooling rate compared to the crankpin region due to its higher heat capacity.
[image: Figure 9]FIGURE 9 | (A) Temperature distribution on the surface at different times. The temperature difference ([image: image]) between the center of the crank pin surface (point A) and the intersection point of the crank arm and the fillet surface (point E) has been determined for different times intervals. Specifically, [image: image] represents the temperature difference at 1.5 s, [image: image] at 6 s, [image: image] at 10.5 s, and [image: image] at 15 s; (B) temperature evolutions of different points.
3.2 Microstructure field
After induction hardening of the crankshaft, a hardened layer is formed through martensitic transformation. This hardened layer can be divided into three regions: the hardened layer ([image: image] to [image: image] martensite content), the transition layer ([image: image] to [image: image] martensite content), and the matrix (consisting of ferrite and pearlite). Figure 10A illustrates the distribution of the martensite structure on the crankshaft surface, which varies with heating time. The red area represents the hardened layer, the green area represents the transition layer, and the blue area represents the matrix. Due to the skin effect, heat dissipation is more efficient in the fillet region compared to the crankpin region when the temperature reaches the Curie point. Consequently, the hardened layer thickness is slightly greater at the crankpin, resulting in an overall 'boat’ shape of the hardened layer. Figure 10B illustrates the variations in hardened layer thickness at the crankpin and fillet with different heating times. [image: image] represents the crankpin’s center hardened layer thickness, [image: image] represents the fillet’s center hardened layer thickness, and [image: image] represents the hardened layer thickness from the crankarm to the crankpin. As the heating time increases, the crankshaft’s surface develops a thicker hardened layer. Specifically, the hardened layer at the center of the crankpin increases from [image: image] to [image: image], the hardened layer at the center of the fillet increases from [image: image] to [image: image], and the hardened layer thickness from the crankarm to the crankpin increases from [image: image] mm to [image: image].
[image: Figure 10]FIGURE 10 | (A) Martensite content at different heating; (B) Hardened layer thickness at different heating.
3.3 Stress field
When the microstructure transitions from austenite to martensite during cooling process, due to the varied thermoplastic properties of the various phases illustrated in Figure 6, an uneven residual stress distribution is formed, as shown in Figure 11A. The crankshaft’s surface experiences tensile stress initially during cooling, while the interior experiences compressive stress. In the intermediate cooling phase, the surface layer reaches the [image: image] temperature, triggering martensitic transformation and resulting in compressive stress. During the final cooling stage, the surface layer is under compressive stress, the subsurface layer experiences tensile stress, and the core is under compressive stress. Notably, the minimum compressive stress of [image: image] occurs on the surface of the crankshaft. The compressive stress on the surface of the crankshaft can effectively counteract part of the working tensile stress, thereby extending the fatigue life of the crankshaft.
[image: Figure 11]FIGURE 11 | (A) Hoop stress field distribution after quenching; (B) simulated hoop stresses with and without TRIP strain; (C)hoop stress; (D) axial stress.
In order to analyze the influence of the TRIP effect on the induction quenching process, the numerical simulation of crankshaft induction quenching in the second section is repeated without the TRIP. Figure 11B illustrates the residual stress distribution along the radial orientation of the crankpin center with and without the TRIP effect. It is evident that the non-TRIP model exhibits approximately [image: image] lower surface layer residual compressive stress compared to the TRIP model. Without the TRIP effect, the plastic compression in the surface layer is significantly reduced, leading to a higher amount of residual compressive stress after cooling. However, as the martensitic transformation predominantly occurs in the hardened layer of the core, the residual stress distribution in the non-TRIP model is comparable to that of the TRIP model, with only minor numerical differences.
The generation of residual stress is attributed to the combined effect of thermal stress and microstructure stress. Thermal stress is primarily influenced by the crankshaft structure and heat treatment technology, while microstructure stress is predominantly influenced by phase transformation in the hardened layer region. Figures 11C, D illustrate the distribution of hoop and axial residual stress on the crankshaft surface at different heating times. With increased heating time, the thickness of the hardened layer on the surface increases, leading to reduced constraint within the crankshaft’s hardened layer. Consequently, the axial and hoop stress at points A, B, and D in the crankpin region gradually decrease. The expansion constraint is one of the most significant means of producing residual tension, however, the expansion constraint of the crankarm on the fillet cannot be represented in the two-dimensional model. Figure 11D demonstrates a gradual decrease in axial stress and an increase in hoop stress at point C in the fillet area with increasing heating time. By adjusting the heating time, the value of residual stress after surface quenching can be modified while keeping other process parameters constant.
Figure 12 depicts the distribution of hoop and axial residual stress along the radial orientation of the crankpin center at varying thicknesses of the hardened layer. The hoop and axial stress patterns on the crankshaft exhibit similarities. With an increase in hardened layer thickness, the surface of the crankshaft experiences a progressively higher compressive residual stress. Additionally, the peak tensile stress on the crankshaft surface gradually shifts inward, effectively mitigating residual deformation. However, it is important to note that an excessively thick hardened layer can lead to the formation of coarse austenite grains, which may compromise the quenching performance of the workpiece. In this study, the austenitizing process is determined solely based on the temperature method, disregarding the uniformity and grain size of the austenite. Future research will focus on developing an austenitizing kinetic model and investigating the influence of austenite particle size.
[image: Figure 12]FIGURE 12 | (A) Hoop stress at different hardened layer thickness; (B) axial stress at different hardened layer thickness.
4 EXPERIMENTAL VALIDATION
In order to verify the accuracy of the simulation results, a medium-frequency induction hardening experiment was conducted on an H-type specimen of 34CrNi3MoA steel. The induction hardening process parameters were set as follows: power of [image: image], current frequency of [image: image], heating time of [image: image], and cooling time of [image: image]. THERMISOL QH18 quenching liquid was used as the quenching medium, with a temperature of [image: image] and a [image: image] concentration. The fillet of the crankshaft was sampled using a wire cutting machine, resulting in a sample dimension of [image: image], as depicted in Figure 13A. Figure 13B illustrates the examination of the sample’s hardened layer. The sample’s cross-section is mechanically lapped and polished, and the metallographic structure is corroded using a [image: image] nitric acid alcohol solution. The shape of the hardened layer is observed and analyzed at [image: image] magnification using a DS×1000 digital microscope. Microhardness testing of the sample is shown in Figure 13C. The FALCON400 Vickers hardness tester is used to measure the hardness along the vertical direction of the fillet surface, applying a detection force of [image: image] for [image: image]. Residual stress detection of the sample is depicted in Figure 13D. The i-XRD COMBP X-ray stress analyzer is employed to determine the axial and hoop residual stresses on the fillet surface. The measurement parameters include a voltage of [image: image], current of [image: image], and spot diameter of [image: image].
[image: Figure 13]FIGURE 13 | (A) Medium frequency hardening; (B) metallographic characterization; (C) residual stress detection; (D) hardness detection.
The comparison of experimental and simulated distributions of the hardened layer is presented in Figure 14A. The error between the fillet and crankpin areas is [image: image], with a fillet area error of [image: image] and a crankarm to crankpin area error of [image: image]. These results demonstrate the consistency between the simulation and experimental findings. Figure 14B depicts the simulated and experimental microhardness depth distributions along the normal direction of the fillet surface. At a depth of [image: image] from the fillet surface, both the simulated and experimental hardness values remain around [image: image], indicating the presence of martensite in this region. This observation aligns with the thickness of the convex hardened layer shown in Figure 14A. The qualitative agreement between the simulated and experimental microhardness values is evident. However, it should be noted that the simulated microhardness value, which does not consider the complete austenitizing time and grain size, deviates slightly, with only a 10-unit difference compared to the experimental value, indicating a minor error.
[image: Figure 14]FIGURE 14 | (A) Comparison of experimental and simulated hardened layer; (B) comparison of experimental and simulated hardness.
Table 4 presents the comparison between simulated and experimental residual stresses in the hoop and axial dimensions at the center point A of the crankpin surface and the center point C of the fillet surface. For the crankpin location, the axial and hoop errors between the simulation and test results are [image: image] and [image: image], respectively. These findings indicate a close correspondence between the simulated and experimental residual stresses in the crankpin region. However, there is some discrepancy between the simulation and test results for the residual stress in the fillet area, with an axial residual stress error value of [image: image]. This discrepancy can be attributed to two factors. Firstly, the X-ray diffraction method used for measurement can only directly assess the residual stress in a two-dimensional plane stress state, while the fillet area’s complex structure cannot be simply simplified as a two-dimensional plane stress state. Secondly, the simulation process utilized a two-dimensional axisymmetric model, which overlooked the stress constraint of the crankarm on the fillet.
TABLE 4 | The residual stress (mean and standard deviation) measured by the experiment was compared with the simulated residual stress. The positioning of the measurement points is determined by referencing Figure 11, where point A is situated at the midpoint of the crank pin surface, and point C is positioned at the midpoint of the fillet surface. All dimensions are in MPa.
[image: Table 4]5 DISCUSSION
The results of numerical simulations and experimental validations presented in the preceding section have conclusively shown that medium-frequency induction hardening significantly alters the residual stress state on the surface of crankshafts. In all cases, both circumferential and axial residual tensile stresses on the crankshaft surface transform into compressive states after induction hardening. The degree of this transformation primarily depends on heating time and cooling rate.
Heating time plays a crucial role in determining the depth of the hardened layer. Longer heating times result in a larger region of the crankshaft surface reaching the Curie point, leading to a more extensive demagnetization zone. This, in turn, enhances heat conduction and increases the heated area, resulting in a thicker heat-treated layer on the crankshaft. During the quenching process, only a certain depth of the crankshaft surface undergoes a phase transformation, while the core structure remains unchanged. Therefore, longer heating times contribute to a more pronounced transformation into a compressive stress state. In general, the crankshaft exhibits a notable temperature gradient during induction heating or cooling, potentially causing deformation. Appropriately prolonging the heating time can foster a uniform distribution of surface temperature across the crankshaft.
Higher cooling rates lead to a more pronounced transformation into compressive stress. When the cooling rate exceeds a critical threshold, austenite undergoes a phase transformation, forming martensite in the hardened layer. The structural stress of martensite induce a stronger phase transformation effect and classical plasticity.
This holds significant importance for the practical application of surface hardening in crankshafts. Based on the Goodman theory and the linear relationship between residual stress and fatigue limits, the residual compressive stress generated on the crankshaft’s surface after strengthening can counteract the tensile stress experienced during operational conditions. Consequently, this can enhance the fatigue limit of the crankshaft.
Considering the change of residual stress from the surface to the core of the crankshaft with or without TRIP strain, since the induction quenching process only undergoes martensitic transformation on the surface layer and still maintains the original structure state inside, there is a significant difference in the residual stress between the two on the surface layer of the crankshaft. In comparison to experimental data obtained through X-ray diffraction techniques, numerical models that incorporate TRIP strain provide more accurate results. Hence, TRIP strain should be regarded as a crucial factor in the numerical modeling of induction hardening.
In these studies, we employed a simplified two-dimensional symmetric model that effectively simulated the residual stresses following induction hardening of crankshafts. However, we anticipate that the use of a more complex three-dimensional model will yield superior results. We assumed that the microstructure after induction heating comprises a uniform and entirely austenitic phase. In fact, the material may be anisotropic, it may also contain a smaller proportion of other microstructures (bainite and retained austenite) after quenching. This accounts for the relative error between surface hardness obtained in experiments and the results derived from numerical simulations. These aspects will be addressed and resolved in our future work.
6 CONCLUSION
The evolution of temperature field, microstructure field, and residual stress field in a marine diesel engine crankshaft made of 34CrNi3MoA steel during medium-frequency induction hardening was studied. Our study employed an electromagnetic-thermal-transformation-stress/strain coupled numerical model that accounted for the influence of internal stress induced by TRIP on residual stress. The following conclusions can be drawn.
1) As the frequency of the current increases, the temperature difference on the crankshaft surface decreases. However, excessively low frequencies result in inadequate heating of the fillet region, while excessively high frequencies lead to significant temperature disparities between the adjacent fillet area and the crankpin. By setting the heating frequency to [image: image], the entire fillet is encompassed by the austenitizing region, resulting in a uniform temperature distribution throughout the surface.
2) Increasing the heating time enlarges the demagnetization region on the crankshaft surface, causing the dense area of magnetic lines to gradually shift towards the interior. Simultaneously, the surface heating temperature decreases, resulting in improved temperature uniformity across the crankshaft surface. After heating for [image: image], the maximum temperature difference decreased from [image: image] to [image: image].
3) The transformation plasticity during induction hardening has a notable impact on the distribution of residual stress in the crankshaft. The non-TRIP model exhibits a surface residual compressive stress [image: image] lower than that of the TRIP model, establishing the practicality of the latter in numerical modeling. Compared with the experimental results, the accuracy of the TRIP model is improved by 44.9%.
4) In line with the theoretical analysis of induction quenching residual stress, the crankshaft exhibits compressive residual stress on the surface, tensile stress in the subsurface, and compressive stress at the center.
5) The surface of the crankshaft exhibits increasing residual compressive stress as the thickness of the hardened layer increases. Simultaneously, the peak tensile stress on the surface of the crankshaft gradually shifts inward, effectively preventing residual deformation. Modifying the thickness of the hardened layer allows for adjustment of the residual stress value after quenching, ensuring compliance with design specifications.
To conclude, studying the distribution of residual stress after induction quenching of a crankshaft is crucial for enhancing its fatigue life. This paper successfully investigates the impact of induction quenching process parameters on the quenching performance of a 34CrNi3MoA steel crankshaft, offering valuable insights for process optimization. Moreover, the proposed numerical model for crankshaft induction quenching, which considers the influence of TRIP, demonstrates excellent agreement with experimental findings, validating its accuracy and reliability.
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