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a b s t r a c t

We investigate the mathematical model for induction hardening of steel and present simulation results
for the involved cooling process. The model accounts for the thermomechanical effects coupled with
phase transitions that are caused by the enormous changes in temperature during the heat treatment.
The mechanical part of the quenching model includes the transformation strain and transformation plas-
ticity induced by the phase transitions (TRIP). The simulations have been performed by assuming a non-
homogeneous pre-heated workpiece with an austenite profile generated via high-frequency inductive
heating. The mathematical ingredients of the model are presented and the main simulation results are
reported for the case of a gearing component made of steel 42CrMo4.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

For many applications in industry the surface of steel compo-
nents is particularly stressed. Therefore, there exists a growing de-
mand of surface hardened products. Hardening is a metallurgical
and metalworking process used to increase the hardness of the
boundary layers of a workpiece made of steel. The first step for
hardening is the heating of the components to a temperature at
which the iron phase changes from the initial phase into austenite.
Then the material is quenched by applying high cooling rates on it.
The reason why the hardness of steel can be changed relies on the
occurring phase transitions. In the case of surface hardening, high
cooling rates should be achieved so that most of the austenite
phase is transformed to martensite by a diffusionless phase transi-
tion, producing the desired hardening effect.

Induction hardening is one of the most important surface hard-
ening procedures and has been successfully applied in industry for
more than 50 years. In this heat treatment method, an induction
coil is connected to the power supply and the flow of alternating
current through the coil generates an alternating magnetic field
which in turn induces eddy currents in the workpiece. The energy
dissipated due to these currents causes heat in the steel compo-
nent and can be used to heat up only a specific part of it.

Although the inductive hardening is well established among
practitioners, the needs for process optimization are still open. In

this sense, the modeling, numerical simulation, and optimization
remain areas of great interest in the applied research.

In this paper, we report on the research performed for a subpro-
ject of the network MeFreSim—Modeling, Simulation and Optimiza-
tion of Multi-Frequency Induction Hardening as Part of Modern
Production formed by the Weierstraß-Institut für Angewandte
Analysis und zversität Bremen), the Institut für Mathematik (Uni-
versität Augsburg), the Stiftung Institut für Werkstoffstechnik (Bre-
men), and the industrial partners EFD Induction GmbH and ZF
Friedrichshafen AG.

We present here our work performed within the research net-
work, consisting of the numerical simulation of thermomechanical
effects due to the phase transitions during the quenching process
of gear components.

This work deals with the model and simulation for the quench-
ing process after a high-temperature profile has been achieved
with an inductor on a gearing component. The rather general mod-
el for quenching of steel is presented in Section 2, including heat
conduction, phase transformations, thermoelasticity and transfor-
mation induced plasticity (TRIP) to be considered in the computa-
tions. After this, Section 3 presents the material data, simulation
setting and main results for an implementation of a gearing com-
ponent made of steel 42CrMo4. The final Section 4 draws some
concluding remarks and present some ideas for further research.

2. The mathematical model

For the complete heat treatment cycle we usually consider four
characteristic times: the beginning of the heating process t0 (at
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room temperature), the end of the heating process t1, the end of a
maintained high temperature ~t1, and the end of the quenching pro-
cess t2. In the case of induction hardening the stabilization period
½t1;~t1� is very small and can be neglected such that the process is
only characterized by the heating interval [t0, t1) and the quenching
interval [t1, t2].

At time t0 steel is assumed to consist of a mixture of ferrite,
pearlite, bainite, and some martensite (the last one typically repre-
senting the smallest amount). Unfortunately the exact phase distri-
bution of such mixture of phases is unknown in practice and
represents an uncertainty factor in the model. For this reason we
introduce the symbol Z0 which will be reserved in the following
for the initial phase mixture prior to the heat treatment. During
the heating process Z0 is (partially) transformed to austenite. Later,
during the (rapid) cooling stage, the austenitic phase is trans-
formed mainly into marteniste, but it may also be transformed into
ferrite, pearlite, and bainte in a much smaller portion; the remain-
ing volume fraction of Z0 remains unchanged.

A good model for describing the heat treatment of steel is based
on the thermal and mechanical equations for the description of
temperature and mechanical deformations in the material pieces.
Similar models with coupled equations for thermomechanical
problems have been previously simulated for processes like heat
treatment, welding and shape rolling, among others (cf. e.g.
[1,5,11,13]).

The rapid cooling rates are obtained by prescribing appropriate
boundary conditions in a heat equation and the temperature gives
rise to the time evolution of the single phases. The coupling be-
tween the thermal and the mechanical models is determined by
the density changes in material resulting from temperature and
phase changes, as well as by the mechanical dissipation. At the
same time, the phases’ evolution is a direct consequence of the
temperature changes, as described below.

2.1. The phase transitions

Mathematical models for phase transitions in steel have been
considered e.g. in [4–6,8,13,16–18]. In many works, the description
of the diffusive phase transitions in the isothermal case is done via
the Johnson–Mehl equation. In order to establish a general model
for isothermal multi-phase case during the cooling process we
introduce the following notations:

� z0(t): the volume fraction of Z0, i.e., the mixture of phases pres-
ent before the heating process.
� z1

0: the volume fraction of austenite at time t1 which stands for
the end-time of the heating process (i.e. the start of quenching).
� z1(t): the volume fraction of remaining austenite during the

cooling process.
� z2(t), . . . , z5(t): volume fraction of ferrite, pearlite, bainite, mar-

tensite, which have been transformed from austenite during
cooling.

As mentioned, the workpiece has the phase configuration Z0 at
time t0, thus we have z0(t0) = 1. Since the outer layers of the work-
piece have been transformed to austenite from Z0 during the heat-
ing process, it is observed that the phases at the end of heating
correspond to a portion of Z0 and a portion of austenite, it is
z0(t1) + z1(t1) = 1.

During quenching, austenite is transformed into ferrite, pearlite,
bainite and marteniste, then we can conclude

z1ðt1Þ � z1
0 ¼ z1ðtÞ þ z2ðtÞ þ z3ðtÞ þ z4ðtÞ þ z5ðtÞfort 2 ðt1; t2�:

and the remaining fraction of Z0 remains unchanged during cooling
and equals to z0(t1).

We describe the evolution of volume fractions during the cool-
ing process which occurs for t 2 [t1, t2] by the following equations:

z2ðtÞþz3ðtÞ¼ z1
0 1�e�bðhÞðt�t1ÞaðhÞ
� �

for FPf
6h6FPs ;

z4ðtÞ¼ðz1
0�ðz2ðtÞþz3ðtÞÞÞ 1�e�~bðhÞðt�t1Þ

~aðhÞ
� �

for Bf 6h6Bs;

z5ðtÞ¼ðz1
0�z2ðtÞ�z3ðtÞ�z4ðtÞÞ 1� h�Mf

Ms�Mf

� �n� �
for Mf 6h6Ms;

8>>>><
>>>>:

ð1Þ

where the evolutions of ferrite, pearlite and bainite (the first and
the second equations) arise from the Johnson–Mehl–Avrami equa-
tion and the austenite–marteniste phase change (the third equa-
tion) is from Schröder’s approach, see e.g. [12]. The parameters
bðhÞ; aðhÞ; ~bðhÞ; ~aðhÞ and n have to be identified using experimental
data as in [10]. FPs (FPf

), Bs(Bf), and Ms(Mf) denote the start (end) tem-
peratures of formations of ferrite/pearlite, bainite and martensite,
respectively.

Eqs. (1) may be then be reduced to a system of ODEs. For sim-
plicity, let ~z denote z2 + z3, then it is easy to verify from the first
equation in Eq. (1) that

Nomenclature

Symbols
h temperature
href reference temperature
hext external temperature
.i

ref density of zi(i = 0, . . ., 5) at href

.(h,z) density
ce(h,z) specific heat
k(h,z) heat conductivity
q heat flux
h heat source
d(h,z) heat transfer coefficient
u displacement
eðuÞ ¼ 1

2 ðruþruTÞ strain tensor
eel elastic strain
eth thermal strain
etrip TRIP strain
r stress tensor

ai(h) thermal expansion coefficient of phase zi

k, l Lamé coefficients
K ¼ kþ 2

3 l bulk modulus
z = (z0,z1, . . . ,z5)T vector of phases
LA z0-austenite latent heat
LF austenite–ferrite latent heat
LP austenite–pearlite latent heat
LB austenite–bainite latent heat
LM austenite–martensite latent heat
FPs ferrite and pearlite start temperature
FPf ferrite and pearlite end temperature
Bs bainite start temperature
Bf bainite end temperature
Ms martensite start temperature
Mf martensite end temperature
Kgj

l Greenwood–Johnson parameter
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