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Abstract 

Virtual forming tools based on Finite Element simulation are 
routinely used in order to improve process design and to 
reduce time to market. However, with the growing 
requirements with regards to in-use properties of forged 
components, not only the forming processes must be 
simulated but the entire process chain, including the heat 
treatment processes that are carried out to improve the 
mechanical properties of the final part. In order to meet these 
needs, new heat treatment features have been introduced into 
the commercial code FORGE®. This paper presents an 
application of induction hardening to an industrial component. 
This application demonstrates the strategic capabilities of 
FORGE® commercial software to achieve production 
challenges. 

Introduction 

In the field of simulation dedicated to the forging industry, the 
past decade was focused on the forming processes. In the 
recent years, there is a growing demand to go toward in-use 
properties prediction of forged components. This implies to 
simulate the entire manufacturing chain and more specifically 
the heat treatment processes that are carried out to improve 
the mechanical properties. Local hardening processes like 
carburizing, nitriding or induction hardening are used in order 
to improve the component’s performance. The induction 
hardening process is particularly interesting. It allows accurate 
controlling of the Thermal Affected Zone (TAZ) and the 
thickness of the austenitized layer. It is more cost and time 
effective and more environment-friendly compared to the other 
mentioned processes. 

For this reason, TRANSVALOR has enlarged its heat 
treatment portfolio within its last commercial package 
FORGE® NxT and can now address these heat treatment 
processes. In this article, we present an application of the 
induction hardening simulation to a spur gear. For this type of 
component, simulation will allow to set the appropriate process 
parameters, mainly here the inductor current frequency and the 
heating time so as to obtain the best mechanical properties on 
the final component. The challenge of gear hardening relies on 
the fact that both the root of the tooth and its surface shall be 
hardened to support the load cycle. It is illustrated on figure 1 
from a linear stress analysis performed with FORGE® NxT and 
can be expressed as follow: 

- At the root, tensile stresses appear on one side and 

compressive stresses appear on the opposite one. 

The objective of the heat treatment will be to improve 

the fatigue resistance in this zone and to create a high 

compressive state 

- At the surface of the tooth, compressive stresses 

appear. In this area, the goal will be to obtain a layer 

of martensite in order to ensure a high hardness level. 

 

 

 

 

 

 

 

 

Figure 1: load cycle of a gear. Left: right gear rotates under the action 
of the dark left gear. Right: zoom on the gear to highlight the stress 
distribution 

 

Numerous studies have been conducted on hardening by 
induction in order to better define the process conditions. This 
article highlights the major results of a study conducted with 
FORGE® NxT induction hardening feature on a spur gear in 
order to accurately define the induction heating parameters as 
well as the subsequent quenching ones. 

 

Modeling of the induction hardening 
process into FORGE® NxT  

Coupling approach 

The induction hardening process is composed of two stages: 

 

Compressive zone 
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- a first stage where the workpiece is locally heated by 
induction so as to control accurately the areas to be 
austenitized, 

- a second step where the part is quenched either 
globally using a bath or locally by using spray 
quenching. 

 

During the quenching, only the austenitized zones will be 
affected by metallurgic changes leading to mechanical 
properties modifications. Multiple phenomena with couplings 
are involved during the induction hardening process – electro-
magnetic, thermal, metallurgic, mechanical – making it a 
complex process to model. Therefore, in order to offer an 
accurate simulation tool, FORGE® NxT includes all the 
couplings mentioned on figure 2. 

 

 

 

 

 

 

 

 

Figure 2: couplings involved during induction hardening process and 
taken into account in FORGE® NxT 

 

Integrated induction heating model 

Induction heating involves an inductor placed either all around 
the entire workpiece or around a local part of it. The alternative 
currents running through the inductor produce a magnetic field 
H in the close environment and a magnetic field B in the 
workpiece. Eddy currents are generated in the conductive 
workpiece resulting in heating by Joule effect. This heating is 
not uniformly distributed. It is maximum on the surface and 
decreases towards the center. This is the penetration depth 
which is expressed as follow: 

     
  

 ⁄    and     √
 

   
    (1) 

with: 

- I = intensity of the Eddy current at any point 

- I0: intensity of Eddy current at the surface of the workpiece 

- d: distance to the surface 

- : resistivity of the material 

- µ: permeability of the material 

- f= frequency of the current in the inductor 

 

Equation (1) demonstrates the influence of the frequency upon 
the penetration depth. The penetration decreases when the 
Eddy current frequency increases. The heating time also varies 
with the frequency.  

 
The induction heating feature is fully embedded into FORGE® 
NxT commercial package, as opposed to other commercial 
software which rely on an external code for the electro-
magnetism equation resolution. As a benefit, this makes it 
possible to handle the multiple couplings between electro-
magnetism, temperature evolution, mechanics and metallurgic 
changes mentioned on figure 1. Maxwell equations are used to 
model the heating process and can be approximated with the 
magneto-quasistatic hypothesis [1]. The heating produced by 
Joule effect is computed using the classical thermal equation. 
In FORGE® NxT, induction heating simulation is handled in 
two steps [2]: 

- First step: electro-magnetic calculation which allows 

predicting the volume source of heat density, 

- Second step: thermal calculation, or thermo-mechanical 

calculation, based on the previously calculated volume 

source of heat density. This calculation also considers the 

metallurgic changes occurring during heating thanks to an 

embedded austenitization law well suited for high heating 

rate. 

 

A coupling between the 2 resolutions – electro-magnetic 

calculation and thermal calculation - is also possible for the 

cases where the electro-magnetic parameters that are the 

permeability and conductivity are temperature-dependent. 

 

Integrated quenching model 

During the quenching process, in order to predict the 
distortions, residual stresses as well as metallurgic phases in 
the final stage, the classical mechanical equilibrium equations 
are solved together with the Johnson-Mehl-Avrami-Kolmogorov 
law[3] (JMAK) for diffusive phase changes kinematic. 

 

Application to the hardening of a gear 

General presentation 

As stated in the introduction, the main challenge of gear 
hardening is the control of the austenite and subsequent 
martensite in the tooth in order to harden the root of the tooth 
and its side. The process conditions for both induction heating 
and quenching shall be as such as it provides an optimal 
martensite layer production. The tooth shall not be fully 
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martensitic as this will result in a non-ductile zone which is not 
acceptable. The control of the austenite during heating is 
achieved by monitoring the frequency of the current in the 
inductor. The penetration depth of the Eddy current (and 
consequently the induction heating) and its distribution into the 
tooth depends on this frequency. 

The component studied here is a spur gear in AISI4340. Figure 
3 shows the evolution of respectively the resistivity and relative 
permeability with respect to the temperature. The permeability 
curve highlights the Curie temperature point – T= 730 °C - 
when the material becomes a-magnetic. Magnetic saturation 
which can be seen on the BH magnetization is also 
considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: permeability and resistivity evolution of AISI4340 

 

The spur gear is placed into a one-coil inductor and 2 
frequencies are studied and presented in details: one low 
frequency of 5000 Hz and one high frequency of 20 000 Hz, 
with for both a 4000 A current intensity in the inductor. For 
each frequency, optimal heating time will be determined and 
comparison of the subsequent quenching is also done. 

Details about induction heating data set-up 

The 152 mm diameter gear is made of 36 teeth. Because of 
the symmetries, the 3D simulation is carried out on a 5° 
section, which represents half of a tooth. Figure 4 shows the 
complete gear positioned inside the inductor. The electro-
magnetic equations are solved on a global system which 
includes the workpiece, the inductor and the air. Therefore, 
these constitutive elements shall be meshed, and a global 3D-
mesh shall be generated which ensures the coincidence in 
between the local meshes. This can be achieved with 
FORGE® NxT thanks to an innovative and easy-to-set-up 
meshing technique which also guarantees specific refined 
mesh size area. This is the case in the workpiece close to the 
surface in order to capture the heating and the metallurgic 
changes. This is also the case in the air layer close to the 
workpiece and in the inductor in order to accurately compute 
the magnetic field. Figure 5 shows the global 3D mesh as well 
as details of the mesh. This global mesh fulfills 4 different 
mesh sizes: 

- One very fine zone close to the surface of the 

workpiece, 

- One fine zone in the inductor 

- One fine zone for the air close to the workpiece and 

inductor 

- One medium size zone to ensure smooth mesh size 

changes between fine and coarse zones 

 

 

 

 

 

 

 

Figure 4: 36-tooth gear positioned inside the inductor 

 

 

 

 

 

 

 

Figure 5: global 3d mesh used for induction heating calculation and 
details in the area around the workpiece 
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Induction heating results 

 

Results for the high frequency f = 20 000 Hz 

Austenitization starts at 0.75s on top of the tooth. It will then 
take place on the upper part of the tooth side and at the root. 
Starting 1.25s of heating, the entire surface of the tooth is 
austenitized. At 1.75s, the austenitization profile in the tooth is 
correct, the thickness layout is 2.4mm and the heating can be 
stopped. With the simulation, we can see that after 1.75s, the 
tooth starts to be fully austenitized which is not expected. 
Figure 6 represents the temperature and austenite distribution 
at t=1s, t=1.25s and t=1.75s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: temperature distribution (left) and austenite distribution (right) 
at 1s, 1.25s and 1.75s for 20 000 Hz 

 

Results for the low frequency f = 5000Hz 

Austenite starts at 6.75s at the top of the tooth. After the 
austenite started, unlike what happens for the high frequency, 
the side of the tooth is not fully austenitic. The austenite rate is 
between 0.5 and 0.8. Starting 9.25s, austenitisation at the root 
starts and grows in this area. The surface of the tooth is fully 
austenitic at 13.75s of heating. However, at that time, not only 
the side of the tooth but the entire tooth is austenitised which is 
not acceptable. For this reason, we decided to stop the heating 
before, at 10s. Figure 7 presents the temperature and 
austenite distribution at 7.5s, 9.25s and 10s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: temperature (left) and austenite (right) distribution at 7.5s, 
9.25s and 10s for 5000 Hz 

 

CPU time for the entire induction heating process, i.e. electro-
magnetism calculation followed by thermal one, and for each 
frequency is 2 hours on a 6-core recent workstation. With 
continuous developments that are brought to TRANSVALOR’s 
products, next commercial package will include, among others, 
an improved parallel version of the electro-magnetism 
resolution. This will allow reducing computation time. 

 

Quenching results 

For induction hardening, one possible quenching mode 
consists in spray quenching with sprays placed all around the 
workpiece. We applied this spray quenching in the 2 cases: 
high frequency of 20 000Hz and low frequency of 5 000Hz with 
a HTC of 800 W.m

-2
.°C

-1
. 

In order to study the compressive state in the tooth and more 
specifically at the root which is subject to tensile and 
compressive stresses during the load cycle, we have 
compared the hydrostatic pressure between the two heating 
modes on figure 8. Figure 8 is in the cross section. Positive 
values correspond to a compressive state and negative values 
to a tensile one. In both cases we see that this zone is 
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compressive with, in the case of the 5000 Hz frequency, a 
slightly longer area reaching the side. 

 

 

 

 

 

 

 

Figure 8: comparison of the hydrostatic pressure (MPa) at the root of 
the tooth between high frequency (left) and low frequency (right) in the 
cross section 

 

Figure 9 consists in a finer comparison, at the tooth’s root, of 
respectively the residual stresses and the hardness between 
the 2 frequencies. Low frequency produces a higher 
compressive state in this zone, as already shown on figure 8. 
The hardness comparison shows that for the high frequency, it 
drops down from 670 HV to 280 HV starting X=1 mm with the 
appearance of the other metallurgic phases. This is in close 
relationship with other studies conducted on this topic [4] [5]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: hardness and residual stresses profiles at the root of the 
tooth 

 

The mechanical properties on the surface of the root at the end 
of quenching can be studied based on figure 10. Figure 10 

shows a comparison in the cross section of the martensite 
distribution between the 2 heating frequencies as well as the 
corresponding hardness distribution (HV). With the low 
frequency, the martensite ratio on the surface of the tooth 
varies between 0.4 and 0.7 whereas its range is between 0.85 
and 1 with the high frequency. This directly influences the 
hardness on the tooth’s surface. For low frequency, hardness 
ranges between 430 HV and 580 Hv and for high frequency, it 
is equal to 670 HV. 

 

 

 

 

 

 

Figure 10a: comparison of the martensite distribution between high 
frequency (left) and low frequency (right) in the cross section 

 

 

 

 

 

 

 

Figure 10b: comparison of the corresponding hardness between high 
frequency (left) and low frequency (right) in the cross section 

 

This study demonstrates that: 

- with the law frequency, higher compressive state can 

be obtained in the tooth’s root. However on the 

surface, the martensite layer that is generated, and 

thus the hardness level is not acceptable. Too weak 

- with the high frequency, the root of the tooth subit a 

lower compressive state than with the low frequency 

however this level could be acceptable. On the 

surface, because of the 1 mm marensite layer, 

hardness level is good. 

Finally, based on these simulation results with FORGE® NxT, 
for the induction hardening of this gear, the 20000 Hz seems to 
be preferable as iIt allows both a correct compressive stress 
distribution at the tooth’s root and a very good martensite layer 
on the tooth’s side, thus ensuring maximum hardness. The 
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next step would be to study the bi-frequency process which 
tends to develop in the industry, allowing simultaneous 
treatment for the root of the tooth and for its surface. 

 

 

Conclusions 

With its last FORGE® NxT commercial package and its fully 
integrated induction feature, induction hardening can now be 
addressed. By considering the multiple couplings occurring 
during induction heating, it provides an accurate solution for 
induction hardening simulation in order to set the shop floor 
parameters appropriately. This allows to simulate the complete 
forming chain and to predict the component’s final mechanical 
properties such as residual stresses and hardness. FORGE® 
NxT induction feature is continuously enriched with new 
developments so as to allow the simulation of more complex 
induction hardening processes like hardening with moving or 
rotating components. 
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