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Abstract: In manufacturing industry, heat treatment is a fundamental requirement for improving the material quality of  readily 
manufactured products. Induction heating technology is repeatable and easily controlled by the advantage of  having an electronic 
control unit. Nowadays, numerical methods have gained so much importance that it becomes as a reference for the induction 
heating industry. Experimental methods are costly and time demanding procedures. However, making use of  finite element method 
(FEA) software, induction heating simulations of  a steel gear can be performed relatively cost effective and in a short time. In this 
paper, induction heating simulation of  an AISI 4340 steel gear using FEA software is performed. The effect of  variation of  inductor 
frequency and air gap distance on the hardening depth of  the gear surface is investigated. The temperature profile of  the workpiece 
is obtained. From the temperature distribution on the steel gear workpiece, the regions of  the gear at which the austenitizing 
temperature (Ac3) - responsible for martensite phase formation- are observed. From the numerical results, hardening profile and 
hardening depth of  the gear is interpreted. During the induction and heating process, the temperature distribution on the AISI 4340 
steel gear was determined, depending on the frequency change (medium frequency: 8 – 12 kHz) and the air gap variations (2 mm – 
28 mm), using constant time (0.5 seconds), and constant coil power (220 kW). It is interpreted that as the coil frequency rise from 
8 kHz to 12 kHz the temperature rises in the root region of  the steel gear. This, consequently, leads to austenitizing temperature 
(800 oC) in deeper regions of  the workpiece. On fixed time, constant power, and constant frequency (10 kHz), depending on the 
decrease in magnetic field effect, increasing the air gap from 2 - 28 mm led to reduced temperature in the root area (<800 oC).
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k  Heat Conduction Coefficient
M Modulus
μ0 Magnetic Permeability İn Vacuum
μr Magnetic Permeability İn Matter
n Surface Normal Vector
q  Heat Flux
R Radius 
ρ Density
ρ0 Initial Resistivity
σ Electrical Conductivity Coefficient
t  Time 
T  Temperature
ω Angular Frequency

1. Introduction
The technology of induction heating of gears emerged 
with the patent publication of W. Braun from the USA 
in 1926 and Vologdin V. P. from the Soviet Union in 
1939 [1,2]. Nonetheless, the heat treatment dates too far 
more past, and it was long known and applied to improve 

Nomenclature
AISI American Iron and Steel Institute
FEA Finite Element Analysis
4340 43 (1.8% Nickel, 0.8% Chrome, 0.25% Molybdenum) , 40 
(0.4% Carbon) 
ELTA Electrothermal Analysis
CAD Computer Aided Design
MF Medium Frequency
HF High Frequency
HV Vickers Hardnes)
HRC Rockwell Hardness on the C scale
Ac1 Lower Austenitizing Temperature
Ac3 Upper Critical Austenitizing Temperature

Greek letters 

α Temperature Resistance Constant
cp Specific Heat at Constant Pressure
f  Frequency
h  Heat Convection Coefficient
j Current Density
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the mechanical properties of steel.  High-carbon steel 
hardening has been used for thousands of years and this 
method is quite a basic procedure. Once the steel is heat-
ed sufficiently, and if it is immediately quenched into cold 
water, the steel workpiece turns into a reddish color. In 
this part, the steel apparently has a multicolored appear-
ance and more importantly the mechanical properties are 
improved such as hardness. Although the heat treatment 
was in use since iron age, it was in the second quarter of 
19th century whose mathematical methodology was ful-
ly comprehended. Yet, controlling the process electrically 
and full command on the consecutive physical phenome-
na was not well understood. But still, this heat treatment 
method was known for more than a hundred years [3]. 
This technology is commonly used for annealing, temper-
ing, residual stress relieving and surface hardening of crit-
ical workpieces used in industry. The induction heating 
method for surface hardening has superiorities over alter-
natives due to its repeatability, eco-friendliness and being 
a practically rapid method [4,5].

Herein, numerical methods have gained as much impor-
tance as to become as a reference for the induction heating 
industry. Now due to numerical methods (finite element 
method, finite difference method), multiphysics simula-
tion has been developed.  This allows us to optimize the 
most important parameters of induction heating process-
es.

The induction heating multiphysics procedure involves 
the Faraday’s law of induction, and resulting induction 
causes the eddy current which leads to the Joule effect 
phenomenon [6]. The result is the heating of the work-
piece. These consecutive physical phenomena might seem 
simple; however, magnetic induction heating is quite a 
complicated phenomenon. For this reason, it is quite de-
manding procedure to design a magnetic induction heat-
ing system practically and usually it requires too many tri-
als and error processes [7]. Besides, the experimental setup 
of magnetic induction system requires several equipment, 
e.g., temperature sensors, to place on various points 
through the workpiece. Apparently, these procedures and 
equipment take cost and time. In addition, the acquired 
data from sensors are not always reliable and precise re-
garding the experimental dynamics of the process. And 
with the same technique is required repeatedly for every 
single experiment. 

Experimental methods are costly and time demanding 
due to the reasons mentioned above. However, using of 
finite element method software, induction heating simu-
lations of a steel gear can be performed relatively cost ef-
fective and in a suitable time. While errors and mistakes 
during numerical experiment are costless, the numer-
ical model can be optimized by sequential simulations 
and can be included into the manufacturing process [8]. 
Hence, the demand of numerical methods arises. In this 
multi-physical method, coupling of electromagnetic and 

thermal equations is complex and material properties are 
nonlinear. For this reason, many researchers put invalu-
able efforts to achieve a robust numerical solution for 
induction heating process [9]. There are simulation tools 
for induction heating system/component design which 
are readily being used in the academic studies [6,10,11]. 
An investigation on induction heating of AISI 4340 steel 
gear workpiece using simulation tool is carried out. In the 
induction heating system, the essentially focus was on the 
parameters such as hardening depth (mm) and power sup-
ply frequency (Hz).  The numerical results and the plots 
of these results are obtained after performing consecu-
tive simulations. In these plots, two valuable observable 
relations: expected hardening depth and coil excitement 
current-hardening depth are shown. Considerably fast 
numerical results owing to an additional numerical tech-
nique found in ELTA software are obtained [12].

2. Methods of Study
2.1. The Governing Equations
Transient heat conduction, Faraday induction law and 
Ohm law for joule heating is included in the model. In 
heat transfer modelling, to adopt more realistic approach, 
convection mode of heat transfer is included as well. 

2-D transient heat transfer equation (Eq. 1), Faraday law 
of induction (Eq. 2) and Ohm’s law (Eq. 3) are shown as 
following [13,14].
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where, ρ  is mass density, c  is specific heat capacity, T 
is temperature, k  is thermal conductivity coefficient, q 
is auxiliary heat flux, j  is current density, ω  is angular 
frequency, σ  is electrical conductivity coefficient, 0T  is 
ambient temperature, A  is magnetic vector potential, µ  
is magnetic susceptibility of medium, 0ρ  is initial resis-
tivity, 0J  is source current density applied for the coil and 
α  is temperature coefficient of resistance.

Eq. (1) turns into Eq. (4) when convection and radiation 
modes of heat transfer is included into 2-D heat transfer 
equation [15].
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∂    (4) 

where, α  is Boltzmann Constant and β  is convection 
coefficient.

Skin effect is an active phenomenon when the current is 
alternating, and in this phenomenon the alternating cur-
rent tends to flow nearer the outer surface of the conduc-
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tor as the frequency of the alternative current increases. 
The skin (penetration) depth ( )δ  is expressed as in Eq. 
(5) [6].

( )2 /δ ωµσ=
    (5)

Skin depth, denoted as δ , refers to 1/e of its value at the 
surface of the conductor. The current density in the con-
ductor is expressed as in Eq. (6) [16],

( )0 *  /  j j exp x δ= −
    (6)

Skin effect is a directly related phenomenon and can be 
mathematically expressed by the two equations Eq. (5,6). 
The current density in the material attenuates as the dis-
tance from surface increases. The skin depth is a function 
of frequency and material properties, as seen in Eq. (5). 
As the frequency increases, the depth of current density 
decreases. In Eq. (6), one can have an insight into how the 
current density near the surface of the material behaves 
as a function of radial distance. These two equations are 
direct outcomes of AC current.

2.2. The Material Properties and 
Simulation Setup
The material characteristics determine the skin (pene-
tration) depth. The magnetic permeability (µ) and the 
electrical conductivity or specific resistance (ρ) of the 
material are temperature dependent. Using this property, 
controlling the skin (penetration) depth becomes practi-
cable. AISI 4340 steel is a type of ferromagnetic material 
with a higher relative magnetic permeability, which en-
ables a smaller skin effect. The composition of the ferro-
magnetic material highly affects the property of magnetic 
permeability (µ). The other factor that determines the 
magnetic permeability is the Curie temperature, above 
which the material loses its magnetization [15]. Due to the 
loss of magnetization, the skin depth suddenly increases 
in this condition (760 0C). The Curie temperature is criti-
cal through the induction heating process for this reason.

The AISI 4340 material is a low alloy steel containing 
nickel chromium and molybdenum elements. AISI 4340 
steel is highly suitable for induction heating due to its al-
loy element and carbon content that contribute to hard-
ening. AISI 4340 steel is a commonly known material in 
terms of toughness, high hardness after heat treatment, as 
well as fatigue resistance properties. Typical field of use 
of AISI 4340 steel is mainly, aerospace industry: landing 
gears of airplanes, gear wheels, shafts, and other structur-
al elements for power transmission [15,17-19]. A proper 
identification of material properties is extremely import-
ant for a robust numerical simulation.  For this reason, 
transformation temperatures and critical temperatures 
should be known for AISI 4340 steel material. In Table 
1, the material properties of the AISI 4340 steel material 
are shown below.

Table 1. Material properties for AISI 4340 steel  

Heat Rate 
[°C/s]

Ac1 [°C] Ac3 [°C] Acm [°C]

2739 726 983 1058

814 787 982 1048

427 778 949 1038

99 768 856 910
 

The AISI 4340 steel is a high strength material mostly 
preferred as gear material due to its superior mechanical 
properties. In the content of this alloy, the presence of 
chromium, nickel, and molybdenum enables the alloy 
to be suitable for induction heating process for surface 
hardening [3]. AISI 4340 is also commonly known for 
its toughness, high strength, and fatigue resistance. The 
heat treatment of AISI 4340 has therefore of great im-
portance. The chemical composition of AISI 4340 steel 
is given in Table 2. by element and the percentage.

Table 2. Chemical composition of AISI 4340 steel

Element Fe Ni Cr Mn C Mb Si Cu

Percentage 
(wt. %)

95.99 1.61 0.88 0.6 0.42 0.29 0.18 0.03

 

The simulation procedure is illustrated as a flow chart 
which is given in Figure 1.

Figure 1. The flow chart of the overall simulation procedure.

In algorithm of ELTA 7.0 Software, finite difference 
method is used to obtain the solution of coupled elec-
tromagnetic and thermal equations. Additionally, in the 
numerical solution process, an  analytical method “Total 
Flux Method” is introduced to account for the coil and 
workpiece. This additional analytical method is proposed 
by V. Nemkov [1].

In ELTA software, half part of the single tooth is taken as 
workpiece geometry due to symmetry (Figure 2). 
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Figure 2. 2-D geometry model for calculation in ELTA software [20]

The internal part of electro-thermal problems is solved by 
considering geometrical symmetry, i.e., only 1/2 part of 
one gear tooth is calculated. ELTA 7.0 calculates in this 
part of workpiece the two-dimensional distribution of 
power sources and temperature. 

The non-linear differential equation for magnetic field H 
and temperature T are described as:
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where ρ – electrical resistivity, ω – angular frequency, μ 
– permeability, x, y – coordinates of workpiece cross-sec-
tion, Cv – volume specific heat, λ – thermal conductivity, 
w – heat source density, T – temperature, t – time.  The 
boundary conditions are known magnetic strength He 
on the surface in the air gap between inductor and gear, 
symmetry in central parts of face and bottom (dH = 0), 
super-magnetic (H = 0) or normal component of current 
is equal to 0 in the main body of a gear wheel (line x = 
0) and temperature-dependent heat losses on the gear sur-
face during the forced cooling stage, included in the pro-
gram database. 

As illustrated in Figure 2, the path of the profile of the 
gear tooth is represented by 5 points with 4 straight lines. 
For gear parameters the setting window is shown in Fig-
ure 3. 

The gear parameters in this study: AISI 4340 steel is 
the material of the gear, outside diameter is (Do) 10.52 
cm, root diameter (Dr) is 8.67 cm, the interior diameter 
(Dint) is 1 cm, face width (Zg) is 0.65 cm and pitch diam-
eter (Dp) are 9.595 cm. The number of teeth of the gear 
(N) is 48. The processing parameters are shown in the Fig-
ure 4 below. The processing parameters are: 220 kW pow-
er of power source and a range of frequency 8-10-12 kHz.

As given in Figure 5, the interior radius of the inductor 
(R1) is 5.71 cm (11.42 cm diameter) with a turn number 
1. The profile of the inductor is selected as 6.5 x 30 x 3 
mm. The simulation time setting is 0.5 seconds. The ge-
ometry of the inductor is a hollow rectangle with a gap in 

the middle of its cross section for water cooling. Re indi-
cates exterior radius of the workpiece.

(a)

(b)

Figure 3. (a) Gear geometry and dimensions (b) Input parameters 
window

 

Figure 4. Gear processing settings in ELTA

The temperature distribution in the AISI 4340 steel gear 
workpiece was analyzed using ELTA software, using in-
puts of 220 kW of power, 10 kHz coil frequency, 4.54 mm 
clearance distance and 0.5 seconds simulation time. The 
temperature behavior is obtained for three different fre-
quencies (8, 10 and 12 kHz).

There are numerous numbers of research findings that 
propose medium frequency (MF) of alternating current 
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frequency range is preferably used in practice [9,17,21-24]. 
As a result of simulation outcomes which made grounds 
for this paperwork, a couple of kHz of frequency (MF) 
for alternating current range, a couple of kW power, a 
few millimeters of airgap distance have offered a desirable 
depth of penetration of temperature which is required for 
a considerable depth of hardness. In this study, these sim-
ulation parameters and geometry dimensions are replicat-
ed by modelling the same case taken from one of an aca-
demic paper of Noureddine Barka [25]. This mentioned 
study is used for validation purpose which can be seen on 
Fig 11. After validating the current model using ELTA 
software and being ensured of the results referencing the 
study of Barka, N. [25] , a close range of these simulation 
parameters are swept parametrically in order to observe 
the effect of variation of inductor frequency and the air 
gap distance on the hardening depth of the gear surface.

 

Figure 5. Inductor parameters

3. Results and Discussion
The parameter arrangements are determined by holding 
heating time and coil power fixed, and the coil frequen-
cy and air gap value. Under this arrangement the hard-
ening depth for each case is obtained. The main goal was 
to achieve a minimum temperature over 800 0C (austen-
itizing temperature, Acm) and observe a uniform tem-
perature distribution. For the parameter arrangements: 
heating time = 0.5 s, coil power 220 kW, coil frequency 
(8,10,12 kHz) and air gap value (2, 4.54, 7, 9, 11, 16, 20, 
24, 28 mm) a set of cases between the combinations were 
performed among these parameters. The air gap of 4.54 
mm value is the reference value from Barka, N. [25]. 

In case of 8 kHz coil frequency, the temperature in the 
root area of the 4340 steel gear workpiece reaches to 800 
°C at a depth of 0.35 mm (Figure 6.a, cyan line limit). In 
the case where the coil frequency is 10 kHz, it is observed 
that the critical austenitizing temperature (800 °C) for 
martensite formation occurs at a depth of 1.48 mm, and if 

the frequency is increased to 12 kHz, this temperature is 
observed at a depth of 2.75 mm (See Figure 6.b and Figure 
6.c, cyan line boundary). Therefore, as the frequency in-
creased from 8 kHz to 12 kHz at three different frequen-
cies, the martensite phase formation is observed at deeper 
regions. This formation of martensite phase is critical for 
fatigue and wear resistance for the workpiece. The change 
of the depth in which the austenitizing temperature oc-
curs at a constant distance (4.54 mm) is shown in Figure 7.

Figure 7. Change of the reaching depth of austenitizing temperature 
depending on the coil frequency

In the study, the effect of the air gap and the induction 
coil on the temperature distribution and hardness depth 
were examined. Therefore, the coil power (220 kW) coil 
frequency (10 kHz), heating time (0.5 seconds) were kept 
constant, and the air gap was changed (2, 4.54, 7, 9, 11, 
16, 20, 24, 28 mm). The results were plotted, it is seen in 
figure 8 and three of these cases are shown as temperature 
in Figure 8.

In the case in which the air gap is 4.54 mm, a temperature 
of 800 0C was reached at a depth of 1.48 mm at the root 
region (Figure 8a). Since the magnetic field effect decreas-
es due to the increase in the distance between the work-
piece and the coil, the temperature increase on the work-
piece is limited. Therefore, in cases where the air gap is 16 
mm and 28 mm, the austenitizing temperature (800 0C) 
- required for martensite formation - occurs at a limited 
depth in the root region of the workpiece (Figure 8b and 
Figure 8c). In Figure 9, the formation depth of the austen-
itizing temperature versus air gap is given. As shown in 
Figure 9, increasing of the air gap leads to a decrease in the 
depth of martensite formation in the induction heating 
process.  It is important in terms of wear resistance and 
fatigue resistance.

Consequently, a prescription of desired induction heating 
system parameters is carried out. The dimensions, appro-
priate power and the frequency parameters of the induc-
tor, the air gap are well-defined as a result of this study. 
Applying the determined system parameters, the induc-
tion heating for the selected gear gives even temperature 
distribution and adequate depth of hardening. Further-
more, preparing all the simulation setup and obtaining 
the results were too simple by the help of rapid running 
ELTA software.
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Figure 9. At fixed heating time, coil power and coil frequency, the 
variation of the temperature of the austenitizing temperature (800 °C) 
by the air gap.

In this study, the induction heating process for the AISI 
4340 steel gear workpiece was studied using ELTA soft-
ware. During the induction and heating process, the tem-

perature distribution on the AISI 4340 steel gear was de-
termined, depending on the frequency change (medium 
frequency: 8 – 12 kHz) and the air gap variations (2 mm 
– 28 mm), using constant time (0.5 seconds), and con-
stant coil power (220 kW). In the case of constant time, 
constant power, and constant air gap (4.54 mm), the in-
crease of the frequency from 8 kHz to 12 kHz has led to 
increased temperature in the root region of the steel gear. 
This, consequently, end up with the austenitizing tem-
perature (800 0C) in deeper regions of the workpiece. On 
fixed time, constant power, and constant frequency (10 
kHz), depending on the decrease in magnetic field effect, 
increasing the air gap from 2 mm to 28 mm led to reduced 
temperature in the root area (<800 0C). 

In induction heating, it is very important to achieve an 
induced temperature at a certain depth. Thus, workpiece 

Figure 6. Fixed air gap (4.54 mm), heating time (0.5 seconds) and coil power (220 kW). The temperature distribution when coil frequency is (a) 8 
kHz (b) 10 kHz (c) 12 kHz.

Figure 8. The effect of three different values of the air gap using coil frequency (10 kHz), coil power (220 kW), heating time (0.5 seconds) on tem-
perature distribution (a) 4.54 mm (b) 16 mm (c) 24 mm.
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wear resistance and fatigue resistance can be improved 
by using further heat treatment. To achieve this goal, in-
duction heat treatment parameters were determined for a 
specific gear geometry using ELTA software. When the 
induction coil geometry has a section area of 6.5 x 30 mm, 
the coil frequency is 10 kHz, and the 4-5 mm of distance 
between the workpiece and coil the simulation outcome 
is formation of martensite at a depth of 1.48 mm in the 
root area of gear workpiece. In induction heating com-
mon process, medium frequency (MF) which is a gener-
ally a couple of kHz, is used in this study. As one of the 
outcomes of the study, it is observed that when the coil 
frequency was 8 kHz, the hardening depth of the gear in 
the root area was 0.35 mm, and when the coil frequency 
was 12 kHz the depth of hardening in the root area was 
2.75 mm.

The outcomes obtained from this study can be compared 
with references and experimental studies for validation 
purpose. In this study, the induction heating process for 
AISI 4340 steel gear workpiece was investigated using 
ELTA software and the temperature distribution and 
hardness formation were compared with the work of Bar-
ka et al. [25] with COMSOL software.

The temperature distribution obtained by Barka et al. [25] 
using COMSOL software is given in Figure 10. When the 
temperatures in the tooth tip and tooth root regions were 
compared, it was observed that the current work and the 
work of Barka et al [25] have a good agreement (Figure 
10). In addition, in Figure 10, the austenitization tem-
perature (Ac3 temperature) is shown at a depth of 1.48 
mm (turquoise line) with the ELTA software. This means 
that in the cooling process after the induction heating 
process, the martensite phase, which provides hardness 

increase and fatigue resistance, can be formed up to a 
depth of 1.48 mm in the root region of the gear.

The temperature distributions obtained for the 4340 steel 
gear workpiece with the use of ELTA and COMSOL 
software help us understand in which regions the mar-
tensite phase occurs after the cooling process and thus 
to determine the hardness profile. The austenitization 
temperature (Ac3, 800°C) of the AISI 4340 steel mate-
rial was used to obtain the hardness profile. In the tem-
perature distribution obtained using ELTA software in 
Figure 11, the region within the turquoise border shows 
the region where the temperature is 800°C and above. 
After this temperature distribution is achieved, marten-
site phase formation will occur in this region in 4340 steel 
workpieces with the quenching process. In the tempera-
ture distribution obtained by using COMSOL software 
in Figure 11, the gray region shows the region where the 
temperature is 800°C and above. Similarly, in the cool-
ing process from this region, the entire gray region will 
turn into martensite phase. Therefore, by choosing the 
appropriate induction and coil parameters, determining 
the temperature profile for a steel gear workpiece, and de-
termining the regions where the martensite phase occurs 
accordingly will help us obtain the desired results in terms 
of wear and fatigue resistance.

The air gap is another practically important variable. In 
the study, as the air gap is increased, the temperature in 
the gear root area decreased and it is interpreted that it 
did not cause the desired hardness change. In this study, 
ELTA 7.0 is used for the analysis of induction heating pro-
cess of an AISI 4340-steel gear workpiece. Using ELTA 
software, one could rapidly perform induction heating 
simulation. Gears made of AISI 4340 steel are critical 

   (a)            (b)

Figure 10. Temperature distributions obtained on 4340 steel gear workpieces using ELTA software and COMSOL software (coil power 220 kW, toot 
tip region to coil distance 4.54 mm, coil frequency 10 kHz and induction heating time 0.5 seconds) (a) ELTA 7.0© (b) COMSOL-reference study [25]
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parts for aerospace industry. For this reason, enhance-
ment of mechanical properties of this workpiece from 
workpiece is particularly important for the related indus-
tries. Since these critical components are operating under 
high torque and force loads along with contact with other 
moving parts, the fatigue, toughness, and hardness prop-
erties are the key features to be improved for operational 
performance of these critical components. The lifetime 
of these parts is strongly dependent to the heat treatment 
processes they undergo before the launch of the prod-
uct. Consequently, the heat treatment processes must be 
proper and precise to be able to improve the mechanical 
properties of these critical components. Using numerical 
methods in this study, we make sure that the key param-
eters for induction hardening process are precisely deter-
mined for a better outcome. In the future studies related 
to this field, high frequency effect (100-200 kHz), coil 
geometry effect, and the effect of cooling water can be 
studied. In addition, the application of two consecutive 
frequencies (medium-frequency and high frequency) can 
be examined with magnetic flux concentrator.
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