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This paper was developed to study a 3D model of a sprocket sample heated by the simultaneous dual-

frequency induction heating process. The numerical simulation efforts based on tightly coupled 

electromagnetism and heat transfer using COMSOL Multiphysics software considering the material 

properties and the machine parameters, in order to investigate what this approach, its features, and 

benefits add to the induction heating process and know what is the difference between its use and the use 

of single frequency. This study provides an integrated model capable of describing the process accurately 

and clearly. The results are very useful and promising, as they fully explain the features of the simultaneous 

dual-frequency approach in induction heating, especially in the hardening of complex geometric shapes, 

and allow the application of this model in the hardening of other geometric shapes in the future. 

Abstract 

Introduction 

Preface: 

The use of the dual-frequency approach in the induction heating process was started in the mid-1950s with 

a principle is known as the Pulsing dual-frequency (PDF) concept. It is a concept in which dual-frequency 

idea is applied, it was developed to obtain a contour hardening profile for helical and straight spur gears, 

but due to the presence of dwell time between the medium frequency (MF) and the high frequency (HF) 

leads to a time delay and thus has a detrimental effect on the hardness patterns. Due to the shortcomings 

in the PDF concept in terms of cost, time, and difficulty of the mechanical operation, the simultaneous dual-

frequency concept (SDF) was developed in which two currents, one of medium frequency and the other of 

high frequency, are applied simultaneously to the workpiece. The SDF has attracted the attention of 

researchers and developers, especially as it is the most appropriate and fastest way to achieve a uniform 

contour pattern of the hardness profile of gears. 
 

Problematics: 

 Until now there is a paucity of studying the effect of the SDF concept on the temperature distribution 

around the hardness profile and on the case depth of the hardened part. 

 Complex geometries such as gears and sprockets It is difficult to obtain a uniform hardness profile by 

applying the single frequency in induction hardening. 

 Development of 3D numerical models is limited due to the long computation time of the simulation.  

 One of the important factors that distort the pattern of the hardness profile is the phenomenon of the 

electromagnetic edge effect.  
 

Objectives: 

This paper aims to present a complete and comprehensive numerical study to describe the induction 

heating process using the SDF approach and to explain the benefits and advantages that this approach 

confers on the process of hardening complex geometric shapes. 
 

Methodology: 

 Design of a 3D- model of an AISI 4340 steel sprocket and applied induction heating process using (SDF) 

concept to it by COMSOL Multiphysics software. 

 Adjustment of process parameters in order to achieve a uniform pattern for the hardness profile at the 

lowest possible temperature that transforms the metallurgy of the material into austenite. 

 The hardening case depth value is monitored through the temperature results obtained, in order to 

clarify the effect of using the SDF approach on the case depth. 

FEM Simulation 

 The FEM determines the Induced currents and temperature by coupling the electromagnetism and 

heat transfer. 

 The workpiece is a Sprocket of 104 mm outer diameter,16 mm inner diameter, and 7 mm thickness, 

consisting of 24 teeth, and entirely made from AISI 4340 and the model takes into account the 

properties of the material (air in the environment, 4340 in the sprocket, and copper in the coil). 

 Two flux concentrators were designed and added to the model in order to improve the temperature 

distribution around the workpiece profile. 

 Thanks to the symmetric and periodic conditions that helped in reducing main tooth and coil to a 

quarter and the two flux concentrators to a half. 

 The simulation parameters are the imposed current density for the MF (𝐽ₛMF), the imposed current 

density for the HF (𝐽ₛHF), the heating time (th), and the axial gap between the flux concentrators and 

the main tooth (Gapaxial). 

 The convergence study has permitted selecting the optimal mesh for the model. 

Figure 1. Final design of the FE model with the 

final mesh size. 

Figure 2. Temperature monitoring with mesh size. 
 

Influence of the SDF Concept on the Temperature Distribution 

Table 1. Simulation parameters of induction hardening process. 

Parameters 
𝑱ₛMF × 𝟏𝟎𝟏𝟎 (A.m-2) 𝑱ₛHF × 𝟏𝟎𝟏𝟎 (A.m-2) th (s) Gapaxial(mm) 

3.00 11.50 0.50 0.60 

Figure 3. Temperature evolution with 

time during HF and MF simultaneously.  

Figure 4. Temperature (°C) distribution at the 

end of heating. (a) Edge. (b) Middle. 
 

(a) (b) 

Influence of the SDF Concept on the Case Depth 

Table 2. Simulation Results. 

Temperature ° C Temperature Difference ° C 

TTE TTM TRE TRM TTE-TRE TTM-TRM TTE-TTM TRE-TRM 

861.68 855.5 854.14 853.64 7.54 1.86 6.18 0.5 

This proves 

the great 

positive effect 

of the SDF 

approach on 

the uniform 

contour 

pattern of 

hardness. 

Conclusion 

This study showed that one of the most appropriate, fastest, and most economical ways to achieve a uniform 

contouring profile for complex geometries such as gears and sprockets is to use the SDF approach in the 

induction heat-treatment process. The results obtained promise that this study can be a path and a door for 

many studies in the future, such as studying the effect of process parameters on temperature distribution or 

on the case depth using statistical tools. 
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Figure 5. Temperature (°C) distribution with depth (mm). a Tip. b Root. 

(b) (a) 

Figure 6. Expected hardness curve 

for the hardened profile of the 

sprocket at the edge of the tip. 
 

Penetration Depth 
Depth Length (mm) 

TE TM RE RM 

dS 0.677 0.370 0.114 0.131 

dC 4.604 4.573 1.336 1.337 

dL 1.475 1.316 0.375 0.371 

OTR (dC-dS) 3.927 4.203 1.222 1.206 

Table 3. Simulation depth results when applying the SDF approach. 

The temperature had to be monitored along the edges of the main quarter tooth, and then the case depth 

(dS) prior to AC3, the depth indicates a low hardness value (dL) between AC3 and AC1, and the entire depth 

affected by heating (dC) prior to To. whereas Ac1 and Ac3 are critical transformation temperature of 825 ̊C and 

850 ̊C respectively and the To express the temperature of 640 ̊ C which has a significant effect on the material. 


