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Abstract: Induction hardening is a heat treatment process that enhances the mechanical properties of
materials, improving their resistance to fatigue, fracture, and wear. Unlike conventional methods,
induction hardening selectively heats the surface of the material, forming a high-hardness layer
while leaving the core relatively unaffected. In addition, it generates a compressive residual stress
layer in the surface, which is beneficial for the component service behaviour. This compressive
layer progressively decreases, turning tensile at the boundary of the hardened layer, and gradually
decreases in the untreated core. This study first focused on the numerical simulation model to
analyze the physical mechanisms involved in the process and select the ideal calculation method.
Subsequently, the effects of the material’s carbon content and the quenching severity on hardness
and residual stress formation after the induction hardening of a cylindrical 42CrMo4 steel specimen
are examined. For this purpose, a coupled thermo-metallurgical-mechanical finite element model
in ANSYS® is employed. The findings underscore the importance of accounting for all factors
contributing to stress generation to accurately predict the material’s behaviour. Additionally, the
results highlight the significant impact of carbon content on the hardness of the hardened layer, as
well as the substantial role of quenching medium severity in shaping the axial residual stress profile
within the material.

Keywords: induction hardening; numerical model; residual stress; hardness; carbon content;
quenching media

1. Introduction

Induction hardening is an advanced heat treatment technique aimed at producing a
hardened surface layer on critical components exposed to high loads and severe contact
pressures. This process is generally used to enhance wear resistance, fatigue strength, and
durability in steel components, making it a preferred method for applications in automotive,
aerospace, and heavy machinery industries, where high-performance materials are essential.
This process involves raising the temperature of the workpiece above its austenitization
point using induced currents generated by a nearby inductor, through which an alternating
current is applied [1]. Following the heating stage, rapid quenching is performed to induce
a phase transformation in the microstructure, resulting in the formation of a martensitic
layer that provides the necessary hardness to the component. The depth of the hardened
layer can extend up to 10 mm, depending on key process parameters such as current,
frequency, and process time. In some components, the entire cross-section of the material
may undergo hardening.
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The primary objective of induction hardening is to create a surface layer with enhanced
mechanical strength. Additionally, several studies suggest that induction hardening can
lead to changes in the Young’s modulus in the treated region. Stasac et al. [2] demonstrate
an increase in the Young’s modulus for low-alloy steel after induction hardening, while
Marthini et al. [3] report a reduction in the Young’s modulus for high-carbon steel when
the process temperature is increased. This effect, although less prominent than changes
in hardness or residual stresses, could influence the stiffness of the hardened layer, poten-
tially enhancing its mechanical performance under certain loading conditions. However,
additional effects inherent to the process must be considered, as they can significantly
impact the component’s service life. One of the most critical effects, due to its influence on
fatigue performance, is the development of residual stresses in the treated region. These
stresses originate from volumetric changes induced by microstructural transformations or
the plastic deformation of the material. Typically, residual stresses exhibit a compressive
nature within the first few millimetres of the hardened layer, transitioning to tensile stresses
at the boundary of the hardened region, and gradually decreasing in the unhardened zone.
The presence of compressive stresses is beneficial for fatigue resistance, as it delays crack
initiation and slows crack propagation [4]. Therefore, accurately predicting the residual
stresses generated during the induction hardening process is crucial for conducting precise
fatigue assessments.

Numerous researchers have focused on developing models to simulate the induction
hardening process and predict the residual stress distribution and hardness profiles. Li
et al. (2014) [5] performed an analysis aimed at predicting hardness in cylindrical speci-
mens, achieving a strong correlation with experimental data. Homberg et al. (2016) [6]
further refined this approach by incorporating microstructural phase transformations into
a coupled model, which showed excellent agreement between numerical results and exper-
imental data. Coupard et al. (2018) [7] developed a comprehensive model to simulate the
electromagnetic, thermal, metallurgical, and mechanical fields, using commercial software
packages Flux2D®, Metal7®, and MSC Marc® in a sequential approach. The study empha-
sizes the complexity of predicting the induction hardening process due to the multiphysical
interactions involved, presenting considerable computational challenges, particularly when
applied to real industrial geometries and processes. Kaiser et al. (2020) [8] investigated the
mechanical properties and hardness of AISI 4141 steel after short-time induction quenching,
revealing the minimum hardness in the transition zone.

Recent studies have investigated the influence of transformation-induced plasticity
(TRIP) on the stress state of induction hardening specimens. Brunbauer et al. (2019) [9]
conducted both numerical and experimental analyses to evaluate the evolution of stresses
throughout the induction hardening process, as well as the residual stresses’ distribution.
Findings indicated that TRIP strain significantly affects the stress state by reducing stresses
to near-zero values, particularly in the unhardened regions. Taleb et al. (2023) [10] in-
vestigated TRIP during the martensitic transformation of 36NiCrMo steel under various
complex loading conditions, identifying dissymmetry between tension and compression
and introducing the concept of TRIP backstress. A new TRIP model, incorporating back-
stress effects and stress invariants, successfully aligns with experimental results, addressing
the limitations of previous models. Shi et al. (2024) [11] modelled the temperature, mi-
crostructure, and residual stress evolution in a 34CrNi3MoA steel marine diesel engine
crankshaft during medium-frequency induction hardening, incorporating TRIP mechanism.
The simulations, validated by experiments, show that extending heating time improves
surface temperature uniformity and increases hardened layer thickness. However, as seen,
accurately calculating the TRIP strain involves additional calculation that, although not
excessively complex, increases the computational cost in the numerical simulation of the
residual stress prediction of an intrinsically complex process. Consequently, developing
computationally efficient and accurate simulations of the residual stress profiles generated
during induction hardening remains a major challenge in current research, where TRIP
mechanism plays a key role in the final residual stress state.
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In the induction hardening process, several factors influence the resulting stress
state of the hardened sample, with the most significant being the thermal dynamics and
the properties of the initial material. Additionally, thermal dynamics can be affected by
various aspects, including the specific parameters of the induction process, environmental
conditions, and the characteristics of the cooling system, such as the quenching showers,
among other factors [1]. These variables collectively play a critical role in shaping the final
stress profile of the treated component.

In this study, a previously developed coupled electromagnetic-thermal-mechanical-
metallurgical finite element model is employed to predict hardness distribution and residual
stresses in cylindrical samples subjected to the induction hardening process. The analysis
has two stages: first, the reference model is analysed to try to minimise computational costs
without compromising accuracy; secondly, the model is used to investigate the effects of
two key aspects: the material’s carbon content and the severity of the quenching medium.
The findings reveal that carbon content significantly influences the hardness of the hardened
layer, while the quenching medium’s severity has a marked impact on the residual stress
profile, particularly at greater depths within the specimen.

2. Materials and Methods

The case study selected for this research is based on experimental work conducted
by the authors in a previous study [12], involving cylindrical samples of 42CrMo4 steel
subjected to induction hardening. The specimens had a diameter of 20 mm and a length
of 150 mm. Prior to induction hardening, the base material underwent a preliminary
quenching and tempering treatment in a furnace, yielding an initial hardness of 320 HV.
The chemical composition of the 42CrMo4 steel, determined through optical emission
spectrometry, is presented in Table 1, with values expressed as mass percentages.

Table 1. Chemical composition of 42CrMo4 steel measured by optical emission spectrometry [12].

%C %Mn %Cr %Mo %Si %P %S %Cu
0.450 0.900 1.200 0.300 0.400 0.025 0.035 <0.400

Induction hardening tests were carried out using a six-coil copper inductor. The
average current applied during the tests was 450 A (RMS), with a frequency of 31 kHz
for a duration of 11 s, resulting in the generation of a hardened layer of around 2.5 mm
thick. After the induction heating stage, the specimens were quenched by immersion in
water, which promotes the rapid cooling necessary to induce a martensitic microstructure
in the austenitized region. Figure 1 presents both an image and a schematic diagram of
the case study. In previous work [12], the residual stresses were measured within the first
millimetre of depth using the hole drilling technique with type B strain gauge rosettes,
following the non-uniform stress procedure specified in ASTM E837-13a.

To accurately simulate the hardness and residual stress distribution following the
induction hardening process, it is critical to determine several material properties, particu-
larly those related to electromagnetic, thermal, microstructural, and mechanical behaviours.
Specifically, the magnetic permeability and electrical resistivity as functions of temperature
must be characterized. The acquisition and characterization of these properties are detailed
in a prior study conducted by the authors [13].

Thermal conductivity and specific heat are essential properties for accurately resolv-
ing the thermal behaviour during the induction hardening process. These temperature-
dependent properties, particularly at the specimen’s surface temperature, were obtained
from the study by Montalvo-Urquizo et al. (2013) [14].
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Figure 1. Image and diagram of experimental test.

To obtain the Continuous Cooling Transformation (CCT) diagram for the material
used in this study, dilatometry tests were performed. Dilatometry provides critical data on
transformation kinetics, including key transformation temperatures (AC1, AC3, and M),
transformation-induced volume changes, and thermal expansion coefficients for various
microstructural phases. In this work, the equivalent Coefficient of Thermal Expansion
(CTE) method was utilized, where the CTE is calculated based on relative changes in
length obtained by dilatometric measurements. As shown in Figure 2, two distinct CTE
values were obtained, corresponding to the different microstructural phases and their
transformations. This equivalent CTE approach accounts not only for the specific thermal
expansion of each phase but also for the volumetric expansion or contraction associated
with phase transformations.
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Figure 2. Relative change in length resulting from dilatometry test [12] and Equivalent Coefficient
of Thermal Expansion. Values presented for (a) transformation to austenite and (b) transformation
to martensite.

To determine the mechanical properties of the material, the relationship between
yield strength (0y,) and hardness, as defined in Equation (1) [15], was applied, where HV
represents the Vickers hardness. Additionally, both yield strength and Young’s modulus
were assumed to decrease with increasing temperature, in accordance with previous find-
ings by the authors [12]. Poisson’s ratio was kept constant at 0.3 throughout the analysis.



Processes 2024, 12, 2783

50f 15

These mechanical properties were incorporated into the numerical model to improve its
predictive accuracy.
oy, = —90.7 + 2.88HV (1)

3. Numerical Model of Induction Hardening

The induction hardening process involves the interaction of multiple physical phe-
nomena, including electromagnetic, thermal, microstructural, and mechanical aspects.
Accurately capturing these complex interactions is essential for any numerical simula-
tion model. This study utilizes a coupled numerical model, previously developed by
the authors [12], that fully integrates these interactions. The details of the model are
outlined below.

The model comprises three distinct stages. First, an electromagnetic analysis is per-
formed at room temperature using ANSYS Maxwell Release 2019R1, where the magnetic
field strength (H) is calculated for each node. In the second stage, conducted in ANSYS
Mechanical Release 2020R1, a semi-analytical approach is applied using Ansys Parametric
Design Language (APDL). This stage imports the magnetic field strength obtained at room
temperature, adjusts the electromagnetic properties according to the surface temperature
of the specimen, and analytically computes the heat generated by the electromagnetic field.
The finite element method is then used to calculate the resulting temperature distribution
along the workpiece based on the generated heat. In the final stage, User Programmable
Features (UPFs) subroutines, written in Fortran, are employed to implement the constitutive
material model developed by the authors. The incorporation of the thermal distribution at
this stage is crucial, as many material properties, including mechanical and microstructural
characteristics, are temperature dependent.

The electromagnetic field in the induction hardening process is governed by Maxwell’s
equations, which describe the electromagnetic phenomena occurring during induction
heating. These equations allow for the calculation of the heat generated within the speci-
men [16]. Once heat generation is determined, the heat conduction equation is solved to
model the resulting temperature distribution throughout the material. Finite element anal-
ysis of the electromagnetic field is computationally demanding, particularly for complex
industrial geometries. To mitigate this challenge, the authors developed and validated the
previously described semi-analytical approach in which Maxwell’s equations are solved
only once at room temperature and electromagnetic properties are calculated analytically
based on the specimen’s temperature. This approach significantly reduces computational
costs while maintaining accuracy. For more comprehensive details on the semi-analytical
approach, readers can refer to the work of Areitioaurtena et al. (2021) [13]. During the cool-
ing phase, a convective heat transfer coefficient, derived from experimental temperature
measurements, was applied. This coefficient was determined using the method described

The fraction of transformed austenite (f,) was modelled using the modified Koistinen
and Marburger Equation (2) [18]. Additionally, the non-diffusive martensitic transformation
(fw) was calculated using the relationship established by Koistinen and Marburger [19],
expressed in Equation (3).

AC{—T
fy =exp (kAq 1_ AC3) @
for = fy[l —exp(—am(Ms — T))] 3)

where ACq, AC3, and M; represent the austenite transformation start temperature, austenite
transformation end temperature, and martensite start temperatures, respectively. The
coefficients k and a s are typically assumed to be constant, with a value of 0.011/K.

The hardness of the material is dependent on its microstructural phases and chemical
composition. The Vickers hardness of each phase can be estimated using the equations
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proposed by Maynier et al. (1977) [20], which provide phase specific hardness values based
on these parameters.

HV = 127 4 949C + 27Si 4+ 11Mn + 8Ni + 16Cr + 21log(V;) (4)

where V; represents the cooling rate at 700 °C expressed in °C/h and the chemical elements
are given in mass percentages as outlined in Table 1. A linear mixing rule is applied to
determine the overall hardness of the specimen, which is derived from the contributions of
each microstructural phase.

The calculation of the residual stresses during the induction hardening process relies
on the total strain rate tensor represented by Equation (5). To implement this equation
within the reference model, it was necessary to modify and use the USERMAT and USERTH-
STRAIN subroutines of the ANSYS Mechanical Release 2020R1. These subroutines allowed
for the dynamic modification of material properties throughout the induction hardening
process, accounting for the temperature-dependent behaviour and phase transformations.

By =&+l Hay ey i) )
where &, &}, &[], &),
mation, thermal deformation, transformation deformation, and transformation-induced
plasticity (TRIP), respectively.

Elastic deformation: The constitutive stress—strain relationship for elastic deformation
is governed by Hooke’s law, as described in Equation (6). This relationship is based on
the material’s Young’s modulus (E) and Poisson’s ratio (v). Hooke’s law provides a linear

relationship between stress and strain within the elastic limit of the material, enabling
accurate predictions of material behaviour under elastic loading conditions.

sf]p represent the contribution from elastic deformation, plastic defor-

o = Ee, (6)

Plastic deformation: In this study, a bilinear isotropic strain hardening model is
employed to characterize plastic deformation, simplifying the strain hardening behaviour as
shown in Equation (7). Additionally, yield stress is updated at each time increment to reflect
changes in material properties due to plastic deformation, as described in Equation (8).

o = Kgp (7)

oy = 0y, + Kep (8)

where 0y, represents the initial temperature-dependent yield strength for each microstruc-
tural phase and K denotes the tangent modulus of the material. In this study, the tangent
modulus is defined as 10% of Young’'s modulus.

Thermal deformation: Thermal deformations arise from isotropic expansion and
contraction of the material in response to temperature variations. Each microstructural
phase exhibits a distinct Coefficient of Thermal Expansion (CTE), which was determined
through dilatometry tests.

Transformation deformation: Phase transformations induce volumetric changes due
to the rearrangement of atomic structures. The equivalent CTE approach used in this study,
as presented in Figure 2b, allows for the simultaneous consideration of both thermal and
transformation deformations thereby capturing the effects of phase changes on overall
material behaviour.

Transformation-induced plasticity (TRIP): TRIP strain refers to the plastic defor-
mation that occurs during microstructural transformations under non-zero stress con-
ditions [21]. The generalized expression for multi-axial stress states is formulated as
shown in Equation (9), with a specific description provided in Equation (10) as outlined
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by Kaiser et al. (2020) [8]. In this study, TRIP strain is calculated exclusively during the
cooling phase.
3 af

& = 5Kaje(f) )
8(f)=f2~-1) (10)

where (Ti/j denotes the deviatoric stress tensor, f represents the fraction of the existing
microstructural phase, and K represents the Greenwood-Johnson parameter. For 42CrMo4
steel, a K value of 42 x 107® MPa~! is used [20].

As previously mentioned, the multiphysics simulation model was implemented in
ANSYS® Release 2020R1, using a combination of the APDL programming language and
User Programmable Features (UPF) subroutines developed in Fortran. The model utilizes
an axisymmetric finite element model configuration consisting of 10k nodes. Given the
significant deformations that occur during phase transformations, small time increments
are required at certain stages of the process to ensure convergence. The numerical model
presented here was validated in a prior study by the authors. For a detailed account of
the validation process, readers can refer to Areitioaurtena et al. (2022) [12]. This validated
numerical simulation model of induction hardening is applied in the current work.

The total computation time for the entire process—including the electromagnetic
solution, semi-analytical modelling of the induction heating, and subsequent mechanical
analysis—was around 2 h. However, when applied to more complex three-dimensional
geometries and extended processes, the computation time required to obtain stress results
increased significantly, often extending to a full day or more, with some cases experiencing
convergence issues. Consequently, a sensitivity analysis was conducted by simplifying the
mechanical analysis to evaluate the impact of various contributions to stress generation.
The objective of this analysis was to assess the feasibility of omitting certain elements from
the numerical model to reduce computation time without compromising accuracy. For this
purpose, three different calculation models were developed. These models are graphically
illustrated in Figure 3 and described below.

Thermal simulation
Compute heat generation
Compute temperature

l t+At
Full model no
—i5 Equivalent CTE B
: Pl . R0
Efjl + 63- + gf}‘ 48 gifjr + gi]? yes
l t+ At
Tit) Medium model no
—_ Equivalent CTE —_
&+ éfjl et ves

l t+ At

no

—<&>%

Basic model
Constant CTE
&gl + bl 4+ et

Figure 3. Analysed alternative numerical simulation models.

Full model: This comprehensive model incorporates all previously discussed aspects,
including all five components of Equation (5) (elastic, plastic, thermal, transformation, and
TRIP strains), the equivalent CTE approach, and the effects of hardness and microstructural
phases on the mechanical properties.

Medium model: This reduced model retains most features of the Full model but
excludes the TRIP component from Equation (5).
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Basic model: The simplest model further decreases the complexity of the Medium
model by also removing the transformation strain from Equation (5). The temperature-
dependent equivalent CTE is replaced with a constant CTE, leaving only three strain rate
components in the simulation: elastic, plastic, and thermal deformations.

4. Results and Discussion

Figure 4a illustrates the layout of the 2D axisymmetric model employed in this
analysis. The region designated for comparison between experimental and numerical
results—specifically concerning hardness and residual stresses—is highlighted with a red
arrow. Meanwhile, Figure 4b shows the fine meshing required for the mechanical solu-
tion, which is crucial for ensuring a detailed and accurate representation of the stress and
hardness distributions throughout the specimen.

Hardness /
residual stress
path analysis

(a) (b)

Figure 4. (a) Two-dimensional axisymmetric model used for analysis, highlighting path for hardness
and residual stress evaluation, and (b) mesh of mechanical problem.

The model discretization was designed based on thermal gradients. In the region
near the surface, specifically around the area impacted by the inductor, a fine mesh size
of 0.1 mm was applied. In contrast, regions farther away were discretized with a coarser
mesh size of 1 mm. The intermediate zones featured a transition in element size. The mesh
consisted of second-order hexahedral elements with full integration, resulting in a total of
27,750 nodes and 9043 elements.

4.1. Influence of Volume Expansion Mechanism

Figure 5a presents the axial residual stress results following the whole induction
hardening process for each calculation model. It is observed that the reference Full model
and the Medium model present similar results while the Basic model presents a higher
discrepancy. In addition, Figure 5b illustrates the axial residual stress profile along the
radial path detailed in Figure 4a, comparing results obtained from the Full, Medium, and
Basic calculation models against experimentally measured residual stress values. The
model predicts a typical residual stress pattern observed after an induction hardening
process where (i) the hardened zone experiences compressive stresses that (ii) shifts to
tensile stress at the transition zone, (iii) reaches the maximum tensile peak stress at the end
of the transition zone, and (iv) stabilizes at lower tensile stress values.
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Figure 5. (a) Final stress state of three calculation models and (b) comparison of axial residual stress
in depth according to calculation model and experimental measurements.

The comparison of different calculation models yields significant insights regarding
their effectiveness and computational efficiency. The Basic model, while capable of produc-
ing results within just 5 min of the simulation time, demonstrates considerable divergence
from both experimental measurements. Besides the computational time saving, the lack of
accuracy, as depicted in Figure 5, indicates that it does not capture the necessary mechanism
to predict residual stress adequately.

In contrast, the Medium and Full models require around 14 and 15 min of computation
time, respectively. Figure 5b shows an almost identical slope in the hardened zone for both
calculation models. This slope may be attributed to various factors, including potential
differences in cooling rates throughout the depth of the hardened layer or the stress
equilibrium within the entire hardened sample.

From a quantitative perspective, the numerical results are compared with experimental
data. As highlighted by Areitioaurtena et al. [12], the discrepancies observed in the near-
surface region may be related to some factors such as surface roughness, incorrect alignment
of the reference zero at the surface, or the small curvature of &20 mm specimens. For that
reason, the near-surface region is neglected for the comparison between experimental and
numerical results. It is observed that the Full model matches adequately with experimental
RS measurements in the compressive layer, a critical region where fatigue-induced failures
typically occur. In that zone, a maximum discrepancy of 120 MPa and a mean error of
6% are observed. In contrast, the Medium model overestimates the compressive residual
stress magnitude with an offset of around 200 MPa compared to the Full model and a 30%
mean error in the compressive layer. This discrepancy is attributed to the omission of TRIP
mechanism effects. Despite the discrepancy, the results from the Medium model remain
reasonably aligned with the experimental data. Later, in the transition zone, the numerical
results of the Full and Medium models are practically identical since their only difference is
the TRIP mechanism, which only affects the hardened zones. Finally, in the base material,
the differences are similar to those found in the compressive layer due to the mechanical
equilibrium of the workpiece.

Considering the slight time differences between the Medium and Full models, the
Full model emerges as the preferable choice for accurate stress analysis, despite its longer
computation time.
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4.2. Influence of Carbon Content

Carbon content is the most influencing alloying element in the final hardness of marten-
site, as evidenced in Equation (4). Thus, the carbon content in the induction hardening
processes where high martensite transformation occurs, as the reference case of 42CrMo4
steel with martensite transformation over 98% in the hardened zone, could be determinant
in the obtained hardness. As material composition, including carbon content, present minor
variations among different suppliers, in the present study, the influence of a carbon content
range from 0.39% to 0.45% by mass in the obtained hardness level of induction-hardened
42CrMo4 specimens was analysed. Consequently, the influence of different carbon content
on both the hardness and the residual stress profile was examined.

For that purpose, the reference case of 0.45% carbon was compared with materials
containing 0.39% and 0.42% carbon content cases. Figure 6b illustrates the hardness profile
within the first 5 mm of the three cases. It is observed that the hardened zone, which extends
to a depth of 2 mm, presents hardness magnitude values that can vary from 650 to 720 HV
from the lowest to the highest carbon content case. Figure 6a shows the final hardness result
where the hardened zone is highlighted in red. This analysis underscores the critical role of
carbon content in determining the hardness profile in induction-hardened steel. The results
demonstrate a difference of over 70 HV between the most extreme cases, highlighting
how even slight variations in carbon content can significantly affect the hardness achieved
through induction hardening. Results indicate that these variations significantly impact the
final hardness of the material following the induction hardening process.

wme 190 ' '
:ggg Reference (0.45 %C)
sai1 700 b 042 %C 8
2?5::3 X 0.39 %C
40844 M
36422 650 4
320 Min Hardened zone :
(HV] 600 | :
& 950
é : Transition
S 500 ‘ zone
@ :
T :
450
400
350 | Base material

300 : : : : : : : : :
0o 05 1 15 2 25 3 35 4 45 5
Depth [mm]
(a) (b)
Figure 6. (a) The FEM result of the hardness distribution for the reference simulation and (b) a
comparison of the hardness in the first millimetres of depth for the different carbon contents.

Figure 7, depicting the axial residual stress profiles, reveals that while carbon content
has a notable impact on hardness, it has a relatively slight effect on residual stresses. The
maximum variation in axial residual stress due to carbon is under 100MPa. This slight
difference occurs because higher hardness (caused by increased carbon content) raises the
yield strength of the material according to Equation (1). Consequently, for the same strain
level, the material undergoes less plastic deformation, leading to lower residual stress
generation. This analysis suggested that while carbon content is crucial for achieving the
desired hardness in induction-hardened components, its influence on residual stress is
comparatively less significant.
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Figure 7. Comparison of axial residual stress in first millimetres of depth for different carbon contents.

4.3. Influence of Quenching Severity

The simulation model’s investigation into the impact of cooling severity on hardness
and axial residual stresses after the induction hardening process provides important insights
into how different quenching media affect the material properties. Figure 8a shows the
different cooling scenarios analysed, where the baseline cooling condition is represented by
the black curve. Two additional cases, represented by the green and orange curves, show
the effects of reducing the convection coefficient by factors of 0.66 and 0.33, emulating less
severe quenching media. Figure 8b highlights the time evolution of temperature at two key
locations: the surface centre of the hardened zone and at a depth of 2 mm beneath the
surface. These results illustrate that cooling severity significantly impacts the cooling rate.
For instance, under the baseline quenching condition, the material cools down to 100 °C in
around 3 s, while the less severe cooling case (extra-light convection) takes about 10 s to
reach the same temperature. This prolonged cooling time can influence the transformation
dynamics, particularly in achieving the desired martensitic microstructure.
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Figure 8. (a) Convection heat transfer coefficient as function of surface temperature of workpiece and
(b) evolution of temperature in surface central point and 2 mm depth.
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The simulation results demonstrate that variations in quenching severities have a
noticeable effect. However, when considering hardness, the impact of quenching severity,
represented by the convection coefficient, is very slight. Figure 9 shows the hardness profile
in the first few millimetres of depth along the path marked in Figure 4a.
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Figure 9. Hardness profile in first millimetres of depth as function of cooling severity.

A crucial factor to consider is the cooling rate at 700 °C, which influences the final
hardness achieved through the cooling transformation, as outlined by Equation (4). The
cooling rate at this temperature directly affects the martensite formation thereby impacting
both hardness and residual stresses generated within the hardened layer. As the cooling
severity decreases (due to less aggressive quenching), the resultant reduction in cooling
rate may lead to softer microstructures, potentially decreasing hardness and adversely
affecting the mechanical performance of the material.

Figure 9 illustrates the clear distinction among the hardened zone, the transition zone,
and the base material, where the variations resulting from different quenching severities
are limited to just 15 HV. It is also observed that in the hardened zone, the hardness value
is almost constant on the surface and at the end of the hardened layer (2 mm). These
observations are summarized in Table 2, which presents the cooling rate values at 700 °C at
both the surface and at a depth of 2 mm, along with their influence on the hardness model
as described in the latter part of Equation (4). Consequently, the minor differences in the
hardness model observed in this study among the various cooling methods and analysis
location are thus justified.

Table 2. Cooling rate and hardness with varying convection severity for surface and 2 mm depth.

Reference Light Extra-Light
Convection Convection Convection
Cooling rate [°C/s] —673 —328 —101
Surface Hardness [HV] 724 718 707
Cooling rate [°C/s] —288 —-171 —68
2 mm Hardness [HV] 716 712 703

The results for axial residual stress within the first millimetres of depth, as illustrated
in Figure 10, provided valuable insights into the cooling dynamics associated with differ-
ent quenching methods. The light convection cooling scenario exhibits thermal cooling
characteristics that closely resemble those of the baseline quenching condition, resulting
in nearly identical stress results. In contrast, the extra-light convection cooling method
produces a compression pattern around 300 MPa lower than that observed in the refer-
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ence cooling condition. This method also reveals a similar transition to the other cases,
alongside a tensile pattern around 200 MPa lower than the values recorded for the other
cooling conditions. The significant deviation in cooling thermal dynamics associated with
the extra-light convection method accounts for the observed differences in residual stress
compared to the reference and light convection cooling conditions.
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Figure 10. The axial residual stress profile in the first millimetres of depth as a function of the
cooling severity.

Another critical consideration is the internal zone of the specimen. This region, lo-
cated just beneath the hardened layer, is where cracks initiate and propagate, particularly
in scenarios such as Rolling Contact Fatigue. Therefore, the magnitude and position of
the maximum tensile stress peak are critical factors to consider. Thus, accurately predict-
ing the tensile residual stress is essential for understanding the generation of the cracks.
Figure 10 illustrates that the severity of the quenching medium affects the axial residual
stress within the tensile region: higher thermal gradients result in increased stresses (both
compressive and tensile). This variation emphasizes the necessity of precise control over
the quenching conditions.

5. Conclusions

A finite element model, previously developed and validated by the authors, was
employed to simulate the effects of induction hardening and to analyse the contribution of
the different volume expansion mechanism, as well as the influence of the material carbon
content and quenching media severity on hardness and residual stresses after the process.
The following conclusions were drawn:

e  Despite the increased computational cost, it is essential to consider all contributors to
residual stresses generation as outlined in Equation (5). This comprehensive approach
provides a more accurate prediction of the residual stress profile within the workpiece.

o  The carbon content significantly affects the hardness of the hardened layer, with
variations of up to 70 HV observed when the carbon level increases from approximately
0.39% to 0.45%. However, its influence on the axial residual stress profile is minimal.
In the compression zone, stress variations reach only about 80 MPa, and in the tensile
zone, the effect is even less pronounced.

e  The quenching media has negligible influence on the hardness of the hardened layer
due to the limited role of cooling rate variations in the hardness model. However, the
slight differences in hardness translate into variations in residual stresses. Specifically,
extra-light cooling consistently reduces axial residual stresses compared to the baseline
quenching media, with differences of up to 200 MPa.
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