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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

Keywords: Assembly; Design method; Family identification

1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 

Procedia CIRP 108 (2022) 827–832

2212-8271 © 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer review under the responsibility of the scientific committee of the 6th CIRP CSI 2022
10.1016/j.procir.2022.03.127

© 2022 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer review under the responsibility of the scientific committee of the 6th CIRP CSI 2022

Available online at www.sciencedirect.com

Procedia CIRP 00 (2022) 000–000 www.elsevier.com/locate/procedia

6th CIRP Conference on Surface Integrity

Numerical and experimental investigation on the residual stresses generated
by scanning induction hardening

Maialen Areitioaurtenaa,, Unai Segurajauregia, Martin Fiskb,c, Mario J. Cabelloa, Eneko Ukard

aIkerlan Technology Research Centre, Basque Research and Technology Alliance (BRTA). Paseo J.M. Arizmendiarrieta 2, 20500 Arrasate-Mondragon, Spain.
bDepartment of Materials Science and Applied Mathematics. Malmö University, Malmö, Sweden.
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Induction hardening is widely used in the industry as a surface heat treatment that improves the surface and the subsurface hardness of components
greatly. The hardened case, which usually is a few mm, highly impacts the surface and structural integrity of the component. In this work, we
simulate the scanning induction hardening process by means of finite element modeling. The computed hardness, microstructure, and residual
stress profile are compared with experimentally measured data using several surface and subsurface characterization techniques. A very good
agreement is found between the simulated and experimentally measured residual stresses, which were characterized by the incremental hole
drilling technique.
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1. Introduction

The induction hardening process is a surface hardening tech-
nique that is becoming more popular in the industry as a result
of the benefits it provides over conventional heat treatments. It
is most commonly utilized on critical components that are sub-
jected to high loads and high pressure contacts, which require
an elevated surface hardness. Although the industry’s interest in
this heat treatment is growing, the definition of the most impor-
tant process parameters is typically limited to the technicians’
know-how and previous experiences, which increases associ-
ated costs and time-to-market because process design is typi-
cally done through trial-and-error procedures. Because of the
various interactions between physical fields, the simulation of
induction hardening is highly complicated and computationally
expensive. Generally speaking, the usage of the induction hard-
ening process in complex industrial components is hampered
by the absence of numerical models capable of predicting the
results of this process. Thus, it is easy to conclude numerical
simulation is key in the development of the induction harden-
ing process in the modern industry.

As a result of a typical induction hardening process, a layer
of hard martensite is achieved in the surface zone. Immediately
after the hardened case, a transition zone between the hard-
ened and unhardened zones is found, in which considerable mi-
crostructure and hardness gradients are observed. The core of
the components, which has not exceeded austenitization tem-
peratures, have a lower hardness from the initial microstructure.
When it comes to residual stresses, the hardened case generally
has compressive residual stresses, while the unhardened core
has tensile stresses, especially in the transition area [1]. In Fig-
ure 1 (a) a typical hardness and residual stress distribution is
shown. The final properties of a induction hardened component
are highly dependent on the applied process, since induction
hardening is very sensitive to the input parameters [2–4].

When scanning induction hardening is applied, there is a rel-
ative movement between the workpiece and the inductor, which
generally produces a homogeneous hardened case in the treated
region. Scanning induction hardening is typically applied to
large size bearings and tooth-by-tooth hardening of gears, as
well as cylindrical components such as camshafts, crankshafts
and shafts. In Figure 1 (b) a photograph of a scanning induction
hardening process applied to cylinders is shown. In Figure 1 (c)
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Fig. 1. a) Typical residual stress profile achieved by induction hardening, b) a scanning induction hardening process c) graphical representation and main components
in a scanning induction hardening setup.

a graphical representation indicates the most important compo-
nents of a scanning induction hardening system.

In [5] the authors developed an induction hardening simu-
lation model using the ABAQUS and ANSYS softwares, each
solving part of the process. The convection coefficient used by
the authors was 10,000 W/m2K, which resulted in superficial
residual stresses that varied between -200 MPa and 300 MPa
depending on the measurement position. However, no experi-
mental validation is shown for the sub-surface residual stresses,
where the residual stresses vary from -300 MPa in the hard-
ened case and up to 600 MPa in the transition area. In [6]
a simulation strategy using several commercial softwares was
presented. The authors simulated the induction hardening pro-
cess using Flux2D® and DANTE® where the electromagnetic-
thermal coupling and the thermo-mechanical coupling were
solved, respectively. The database provided by DANTE® was
used to generate the TTT diagrams and dilatometry curves re-
quired for the analysis. After solving the induction heating and
cooling problem in Flux2D®, the temperature history was trans-
ferred into DANTE® to calculate microstructural phases, hard-
ness and residual stress profiles. The authors investigated the
impact of different convection coefficients in the generation
of residual stresses in the workpiece, concluding that a faster
quenching generates higher magnitude stresses. Unfortunately,
the authors carried out a numerical analysis without experimen-
tal validation.

The experimental measurement of residual stresses in induc-
tion hardened components is typically carried out by means of
X-ray diffraction and the Incremental Hole Drilling (IHD) tech-
nique. The measurements carried out with the X-ray diffraction
technique are usually limited to a depth of a few µm unless
electro polishing techniques are used to measure higher depths,
which makes this technique more suitable for surface harden-
ing techniques such as shot peening or carburizing [7, 8]. For
induction hardening the IHD technique is more typically used.
The IHD method is based on placing a gauge rosette in the spec-
imen’s surface and drilling a hole in the center, measuring the
deformations associated with the relaxation of residual stresses
in that area. According to the ASTM Standard E837-13a, in

cases of non-homogeneous residual stresses, as in the case of
induction hardening, the measuring depth is 1 mm.

In this work, the numerical simulation of the scanning in-
duction hardening process in low alloy 42CrMo4 cylinders is
addressed. The numerical model allows the prediction of mi-
crostructure, hardness and residual stress profiles achieved with
the process. The influence of the quenching conditions into the
material characteristics after induction hardening is discussed.
Experimental tests are carried out, where two different quench-
ing media are used. The obtained residual stresses are measured
using the IHD technique and the results are compared.

2. Modeling scanning induction hardening

Induction hardening is composed of two different phases
that, even though they occur simultaneously in a scanning
process, can be differentiated numerically speaking: induction
heating and quenching. During induction heating, the numerical
simulation must be able to solve the electromagnetic diffusion
equation (1) to be able to compute the Joule heating that occurs
inside the workpiece.

σ
∂A
∂t
− ∇
(

1
µ
∇A
)
= Js (1)

The electromagnetic diffusion equation (1) is the result of
the combination of the well-known Maxwell’s electromagnetic
equations. In FEM solvers, the source current (Js) is consid-
ered time-harmonic. Thus, equation (1) is solved in a steady-
state computation using the harmonic approximation, where the
magnetic permeability of the material (µ) is often linearized for
non-linear ferromagnetic materials.

Once the heat generation is computed, the heat conduction
equation (2) is solved. This equation allows the calculation of
the temperature distribution inside the workpiece, which de-
pends on the internal heat generation caused by the Joule heat-

2
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ing (Q̇) and the thermal properties of the material (specific heat
capacity and thermal conductivity).

ρcP
∂T
∂t
− ∇ (κ∇T ) = Q̇ (2)

Details on how to solve the electromagnetic-thermal coupled
problem, as well as the equations to calculate the microstruc-
tural transformations and hardness are given in references [9]
and [10]. The models by Avrami (also known as JMAK) and
Koistinen and Marburger (see [9]) are implemented to account
for austenite formation and its transformation into martensite.
The hardness is evaluated from the chemical composition of
the steel alloy and the cooling rate according to the models pre-
sented in [9]. A linear rule of mixture is used to calculate the
total hardness at each computation node, depending on the ex-
isting phase fraction and its specific hardness.

2.1. Residual stress

In this work the residual stress generation is focused on the
macroscopic scale. The total strain rate tensor in the macro-
scopic scale governs the material behavior when it is subjected
to temperature changes and phase transformations [11]. The to-
tal strain rate tensor is defined as

ε̇i j = ε̇
el
i j + ε̇

th
i j + ε̇

tr
i j + ε̇

pl
i j + ε̇

tp
i j (3)

where ε̇el
i j is the elastic strain, ε̇th

i j the thermal strain, ε̇tr
i j the trans-

formation strain, ε̇pl
i j the conventional plastic strain, ε̇tp

i j the trans-
formation induced plasticity (TRIP strain).

In the following each strain contribution is discussed [11].
Elastic strain The elastic strain is the deformation that is

fully recovered upon removal of the applied load and follows
Hooke’s law. In a material that is under phase transformation,
the material properties are typically calculated using a linear
rule of mixture.

Thermal strain The thermal strains appear due to the dilata-
tion and contraction of the material with temperature change. In
induction hardened specimens, the great temperature gradients
that are achieved in the material typically cause large thermal
strains. A dilatometric curve allows the evaluation of the Coef-
ficient of Thermal Expansion for each microstructural phase.

Transformation strain Upon phase transformation, the
crystal rearrangement causes a local volumetric change. This
volumetric change can be measured in a dilatometric test. How-
ever, it is common to combine thermal and transformation
strains ( εtt

i j = ε
th
i j + ε

tr
i j ) through an equivalent CTE approach

such as in [12]. The equivalent CTEs, which account for ther-
mal and transformation strains, can be obtained from dilatomet-
ric curves. Generally, two different CTEs are obtained (heating

and cooling), depending on the existing phases and their trans-
formations.

Conventional plastic strain When the phase-specific yield
stress is exceeded, the materials begin to behave plastically,
where the deformation is not recoved upon removal of the load.
In this work, a bilinear isotropic hardening model is used to
account for the plastic behavior of the material.

Transformation Induced Plasticity (TRIP) The TRIP
strain is a plastic strain that is observed during the volumetric
change of microstructural phases under stresses. This occurs at
stress levels below the yield strength of the materials as a result
of a plastic accommodation of the weaker phase because of the
volume change in the neighboring crystals. Details on how to
account for TRIP strain are given in the works by Leblond [13].
The TRIP strain is calculated as

ε̇
tp
i j =

3
2

Kσ′i j g( f )
d f
dt

(4)

The function g( f ), which has many expressions that can be
found in the literature, has been expressed as g( f ) = f (2 − f ) in
this work [14], where f indicates phase fraction. The parameter
K is typically K = 42 × 10−6 MPa−1 for 42CrMo4 [15].

The presented equations were implemented in ANSYS via
subroutines or User Programmable Fetaures (UPFs). The sub-
routines were written in Fortran and an ANSYS Custom Exe-
cutable was compiled in order to perform simulations using the
developed subroutine structure.

3. Experimental tests

The induction hardening setup can be seen in Figure 1 (b)
while the most important components are represented in Fig-
ure 1 (c). 42CrMo4 cylinders with 20 mm diameter and 75 mm
length were scan hardened using the same induction heating
parameters for both samples. However, two different cooling
conditions were experimentally studied. Samples A were fast
quenched with a 4 % polymer concentration and samples B
were quenched slower with a 12 % polymer concentration, al-
though the quenching rate was high enough to obtain a 100 %
martensitic phase in the surface area. The used polymer was
AQUACOOL VSL-FF, which is a water dilutable polymer. As
a result, different hardness and residual stress profiles were ob-
tained, which can be shown in Figure 2. In Figure 2 (b) a
transversal cross-section is shown, where the hardened case can
be observed after etching. The microstructure of the transition
area marked in (b) can be observed in Figure 2 (a) with a mag-
nification of 100x.

Hardness values were measured using a Vickers micro-
indenter and the residual stresses were measured by the Incre-
mental Hole Drilling method with a type-B gauge rosette. Axial
and tangential residual stresses were measured. In the follow-
ing, axial residual stresses are compared in a depth of 1 mm
from the surface. Three measurements were performed for each
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Fig. 1. a) Typical residual stress profile achieved by induction hardening, b) a scanning induction hardening process c) graphical representation and main components
in a scanning induction hardening setup.

a graphical representation indicates the most important compo-
nents of a scanning induction hardening system.

In [5] the authors developed an induction hardening simu-
lation model using the ABAQUS and ANSYS softwares, each
solving part of the process. The convection coefficient used by
the authors was 10,000 W/m2K, which resulted in superficial
residual stresses that varied between -200 MPa and 300 MPa
depending on the measurement position. However, no experi-
mental validation is shown for the sub-surface residual stresses,
where the residual stresses vary from -300 MPa in the hard-
ened case and up to 600 MPa in the transition area. In [6]
a simulation strategy using several commercial softwares was
presented. The authors simulated the induction hardening pro-
cess using Flux2D® and DANTE® where the electromagnetic-
thermal coupling and the thermo-mechanical coupling were
solved, respectively. The database provided by DANTE® was
used to generate the TTT diagrams and dilatometry curves re-
quired for the analysis. After solving the induction heating and
cooling problem in Flux2D®, the temperature history was trans-
ferred into DANTE® to calculate microstructural phases, hard-
ness and residual stress profiles. The authors investigated the
impact of different convection coefficients in the generation
of residual stresses in the workpiece, concluding that a faster
quenching generates higher magnitude stresses. Unfortunately,
the authors carried out a numerical analysis without experimen-
tal validation.

The experimental measurement of residual stresses in induc-
tion hardened components is typically carried out by means of
X-ray diffraction and the Incremental Hole Drilling (IHD) tech-
nique. The measurements carried out with the X-ray diffraction
technique are usually limited to a depth of a few µm unless
electro polishing techniques are used to measure higher depths,
which makes this technique more suitable for surface harden-
ing techniques such as shot peening or carburizing [7, 8]. For
induction hardening the IHD technique is more typically used.
The IHD method is based on placing a gauge rosette in the spec-
imen’s surface and drilling a hole in the center, measuring the
deformations associated with the relaxation of residual stresses
in that area. According to the ASTM Standard E837-13a, in

cases of non-homogeneous residual stresses, as in the case of
induction hardening, the measuring depth is 1 mm.

In this work, the numerical simulation of the scanning in-
duction hardening process in low alloy 42CrMo4 cylinders is
addressed. The numerical model allows the prediction of mi-
crostructure, hardness and residual stress profiles achieved with
the process. The influence of the quenching conditions into the
material characteristics after induction hardening is discussed.
Experimental tests are carried out, where two different quench-
ing media are used. The obtained residual stresses are measured
using the IHD technique and the results are compared.

2. Modeling scanning induction hardening

Induction hardening is composed of two different phases
that, even though they occur simultaneously in a scanning
process, can be differentiated numerically speaking: induction
heating and quenching. During induction heating, the numerical
simulation must be able to solve the electromagnetic diffusion
equation (1) to be able to compute the Joule heating that occurs
inside the workpiece.

σ
∂A
∂t
− ∇
(

1
µ
∇A
)
= Js (1)

The electromagnetic diffusion equation (1) is the result of
the combination of the well-known Maxwell’s electromagnetic
equations. In FEM solvers, the source current (Js) is consid-
ered time-harmonic. Thus, equation (1) is solved in a steady-
state computation using the harmonic approximation, where the
magnetic permeability of the material (µ) is often linearized for
non-linear ferromagnetic materials.

Once the heat generation is computed, the heat conduction
equation (2) is solved. This equation allows the calculation of
the temperature distribution inside the workpiece, which de-
pends on the internal heat generation caused by the Joule heat-
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Fig. 2. Experimentally obtained microstructure in the transition area after etch-
ing (a) and etched hardened case in a transversal cross-section (b), where the
position of hardness measurements and location of microstructural observations
are shown, residual stress profiles (c) and hardness (d) for samples A and B.

sample type. In Figure 2 (c) mean value and standard devi-
ation are shown for each sample type. It has been previously
documented that there is certain uncertainty in the near-surface
region when using the Hole Drilling method, which might be
caused by the surface roughness, the geometry of the work-
pieces or the setting of the reference surface for the measure-
ments [16]. In Figure 2 (d) hardness values are shown, where
it is possible to observe that the depth of the hardened case is
slightly lower than 4 mm.

For sample A, the obtained hardness was approximately
725-700 HV in the hardened case with high compressive resid-
ual stresses in the surface area (-800 MPa). For sample B, a
lower hardness was obtained (between 675 HV and 600 HV)
with compressive residual stresses of lower magnitude (-400
MPa).

Fig. 3. Experimentally measured temperatures (a) and calculated temperature-
dependent convection coefficients (b).

4. Induction hardening simulations

An axisimetric model was constructed using 14k linear el-
ements. The process parameters were kept constant in the
simulations with a current intensity of 2616 A (RMS) with
a frequency of 17 kHz. The scanning speed was set to 9
mm/s. The convection coefficients were estimated from experi-
mentally measured temperatures using the inverse temperature
gradient procedure presented in [17]. The temperatures were
measured using spot-welded type-K thermocouples. Figure 3
shows the experimentally measured temperatures and the cal-
culated temperature-dependent convection coefficients used for
the simulations.

Additionally, in order to numerically study the in-
fluence of the quenching conditions into the genera-
tion of residual stresses during scanning induction hard-
ening, five different convection coefficients have been
studied: 25, 000 W/m2K , 20, 000 W/m2K, 15, 000 W/m2K,
10, 000 W/m2K, 5, 000 W/m2K. For the sake of simplicity,
these have been considered constant.

5. Results and discussion

In Figure 4 (a) the experimentally measured residual stresses
are compared to the numerically obtained stresses for samples
A and B. Both the experimentally and numerically obtained
residual stresses are compressive in the transformed region,
which is in agreement with experimental data reported in the
literature. This is the result of the non-diffusive microstructural
transformation, where the carbon trapped in the crystal struc-
tures generates a carbon-saturated and highly-strained Body
Center Tetragonal crystal, which produces high macro-stresses
in the transformed region. In the Figure, it is possible to ob-
serve that the residual stresses have been accurately predicted
between 0.3 mm and 1 mm, while the stresses in the initial in-
crements of the experimental measurement differ from the nu-
merically obtained results. However, as it has been previously
stated, the measurement in the initial increments of the Hole
Drilling method are related to certain uncertainties, which are
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increased when cylindrical surfaces with high convex curva-
tures are evaluated. Thus, it is reasonable to ignore the initial
measurement increments for the correlation study between the
experimental and numerical results.

The obtained martensitic case depth is shown in Figure 4 (b),
where it is possible to observe that the workpiece is not hard-
ened at the starting position (low end) as there has not been
enough time to reach austenitization temperatures. After the
initial transient stage austenite is achieved in a homogeneous
depth until the inductor reaches the upper edge of the billet,
where the magnetic field concentrates and austenite is obtained
in a higher depth.

In Figure 4 (c) different residual stress profiles are shown
along the maximum and minimum values, which have been
obtained using different convection coefficients. Although the
depth of the hardened case is very similar for all cases, the ob-
tained maximum and minimum residual stresses differ.

5.1. Influence of quenching conditions into residual stress gen-
eration

From the experimental and numerical results, it is possible
to conclude that a faster cooling rate provided by a higher con-
vection coefficient gives more compressive residual stresses in
the surface of the specimen, which generally improves com-
ponent performance, especially if the component is subjected
to fatigue failure. However, higher tensile residual stresses are
also obtained in the transition region between the hardened and
non-hardened areas when a fast cooling is applied, which can
be observed in the numerically obtained residual stress maps
in Figure 4 (c). Unfortunately, the Incremental Hole Drilling
technique used in this work to measure residual stresses did not
allow to perform measurements in the transition region, which
is located in a depth of 3.5 to 4 mm.

Thus, the results indicate that a higher quenching rate will
generate a larger residual stress gradients, which might affect
component performance and overall process result. The high
tensile stresses that appear in the transition region when an ag-
gressive quenching is applied are associated with quench crack-
ing, a phenomenon that might occur during quenching if im-
proper quenching media is selected or if the components have
geometrical or internal characteristics that favor crack opening
when internal stresses build up during the cooling process. Re-
garding the hardness values, the experimentally measured hard-
ness profiles demonstrate that a higher quenching rate produces
a harder microstructure, as the hardness of the different mi-
crostructures depends on the cooling rate at high temperatures.

6. Conclusions

A numerical model to include phase transformations, hard-
ness and residual stress generation during scanning induction
hardening has been developed and implemented in ANSYS.
The model has been used to evaluate the impact of the quench-
ing rate in the generation of residual stresses, concluding that a
faster quenching generates stresses of higher magnitude, both

compressive in the surface area and tensile in the untreated
core. Experimentally measured residual stress profiles show
that the tendency predicted by the numerical results is main-
tained, where the fastest cooling rate produces residual stresses
of higher magnitude (800 MPa, compressive) than the slower
quenched specimen (400 MPa, compressive). This fact be-
comes especially important for industrial cases where cool-
ing conditions might be variable due to polymer degradation
and cleanliness, as the samples might exhibit a similar case
depth that fits the specifications but with different residual stress
profiles, which affect in-service performance. Additionally, the
great stress gradient produced by an aggressive quenching rate
might be associated to a component failure due to quench crack-
ing, as the internal stresses built up during the process might be
too large and produce a crack initiation and opening. In sum-
mary, selecting an appropriate quenching medium is therefore
determinant for avoiding quench cracking and obtaining a ma-
terial with required characteristics.
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Fig. 4. Simulated and experimentally measured residual stresses (a) and martensite case depth (b) and residual stress maps with different quenching conditions (c).
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