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Abstract: This paper presents a comprehensive, fully-coupled Multi-physics finite element
model for simulating the induction hardening process of stationary cylindrical steel
pins, including subsequent convective cooling. The model integrates three interacting
physics domains—electromagnetic induction, transient heat transfer, and metallurgical
phase transformations—within an efficient two-dimensional axisymmetric formulation.
Temperature-dependent material properties for all steel phases (ferrite, pearlite, austenite,
martensite) and the surrounding air are implemented, and the formulation accounts for latent
heat effects during phase changes. The framework employs a segregated solver approach,
ensuring robust convergence between the strongly coupled electromagnetic, thermal, and phase
transformation modules. The stationary configuration simplifies the computational approach
while retaining high fidelity for industrial applications. The simulation predicts critical process
outcomes such as transient temperature distributions, phase evolution, and the resulting
spatially-graded hardness profile. It further evaluates the resultant residual stress distribution,
providing insight into potential distortion and component performance. Furthermore, it serves
as a predictive tool for optimizing key operational parameters, including induction coil current
frequency and magnitude, heating time, and forced convective cooling intensity. Model
predictions for case depth versus applied power show strong agreement with experimental
measurements, validating the framework. The validated model demonstrates its utility as
a virtual design platform, reducing the need for costly experimental trials. This integrated
model provides a complete and practical computational framework for designing, analyzing,
and optimizing stationary induction hardening processes to achieve targeted hardness depths,

improve energy efficiency, and ensure consistent product quality in manufacturing.

Keywords: induction hardening; Multiphysics modeling; phase transformation;
axisymmetric formulation; convective cooling; finite element analysis; process

optimization

1. Introduction

Induction hardening is a widely used surface treatment process that enhances
wear resistance and fatigue strength of steel components through localized heating and
rapid quenching. In many industrial applications, workpieces remain stationary while
the induction coil provides controlled heating, followed by a quenching phase using
convective cooling or controlled air flow.

The plots in Figure 1 provide a comprehensive visual and schematic overview
of the induction hardening process, which is used to selectively harden the surface

of metal components such as gears. Figure la shows a photograph of an actual
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induction hardening setup, offering a real-world view of the equipment. Figure 1b
presents a schematic diagram illustrating key elements, including the induction coil,
magnetic field lines, the workpiece (a gear), and the flow of current. In Figure 1c, a
cross-sectional view highlights the structural relationship between the induction coil,
the air gap, and the workpiece, clearly distinguishing the hardened surface layer (case)
from the softer, unhardened core, and indicating the case depth. Finally, Figure 1d
displays a temperature-time profile graph, depicting the thermal cycle involved: rapid
heating to above the austenitizing temperature (Au temperature of 723 °C), a brief
holding period, and subsequent quenching. The graph axes plot time in seconds against
temperature in °C, effectively capturing the critical heating and cooling stages of the

process.
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Figure 1. Induction harnessing process comprehensive overview: (a) actual induction

hardening setup; (b) key elements—schematic representation; (c) a cross-sectional view; (d)
temperature-time profile graph.

Recent research has advanced the understanding of induction hardening through
both experimental and computational approaches.  Evolutionary optimization
techniques combining response surface methodology (RSM) with desirability
functions have demonstrated successful industrial implementation for process
parameter optimization [1]. Data-driven inverse problem formulations have emerged
as powerful alternatives to traditional forward modeling, enabling determination of
optimal process parameters from desired microstructural outcomes with significantly
reduced computational cost [2,3].

The coupling of electromagnetic, thermal, and metallurgical physics domains
has been progressively refined, with recent implementations incorporating improved
convergence algorithms and validation against industrial measurements [4, 5].

Phase transformation modeling has progressed significantly through integration of
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data-driven approaches with traditional continuous cooling transformation (CCT)
kinetics [6,7].

Mathematical modeling approaches have been developed to predict temperature
distributions, phase transformations, and resulting material properties during induction
hardening processes [8,9]. Non-isothermal phase transformation kinetics, particularly
the austenization behavior during heating cycles, have been characterized using
Johnson-Mehl-Avrami equations for various steel grades [10]. The future of Induction
Hardening technology looks promising, with continued advancements in materials
science, precision engineering, and digital integration. However, the industry also faces
challenges, including the need for skilled labor, the high cost of advanced materials and
technologies, and the integration of new systems into existing infrastructure [11].

Based on the cited research, alternating magnetic fields significantly influence
temperature evolution and phase change phenomena during metallic droplet solidification
and in ferromagnetic fluid flows. Specifically, Sharifi and Amani [12] demonstrate that
electromagnetic effects during the impact and solidification of a metallic alloy droplet can
alter the cooling rate and final microstructure by inducing internal fluid motion, which
redistributes heat within the droplet [12]. Further analysis by Amani and Sharifi [13]
on droplet impact under an alternating magnetic field establishes scaling laws and regime
maps, showing that the AC field can control the solidification front and the spatiotemporal
temperature profile by modifying convective heat transfer, thereby dictating transitions
between spreading, splashing, and solidification regimes [13]. Complementing these
findings, Sharifi [14] reveals that magnetic fields can profoundly modify heat transfer
in turbulent ferromagnetic flows, such as over a backward-facing step, by damping
turbulence and restructuring flow vortices, which directly affects the thermal boundary
layer and overall temperature distribution [14]. Collectively, these studies confirm that
applied AC magnetic fields are a powerful tool for actively managing thermal transport
and phase-change dynamics in metallic systems.

The modeling of induction hardening is built upon a rich foundation of induction
heating principles and steel metallurgy. Rudnev et al. [15] provide a comprehensive
industrial handbook that details the electromagnetic, thermal, and practical aspects of
induction heating, serving as a crucial reference for defining process parameters and
boundary conditions. The fundamental physics of coupled phenomena in this process
was mathematically formalized in early works such as that of Hémberg [16], who
developed a model integrating thermal and mechanical effects, establishing a basis for
the fully coupled Multiphysics approaches used today. From a historical perspective,
Miihlbauer [17] documents the evolution of induction technology, highlighting the
transition from empirical methods to model-based design. Validating such models,
especially for critical outputs like residual stress, is essential, Coupard et al. [18]
directly compare simulated and measured residual stresses in inductively hardened
steel, demonstrating the capability and limitations of contemporary simulation
frameworks in predicting mechanical outcomes. Advances in process control are
explored by Hirao and Ogi [19], who investigate in-situ monitoring techniques
using electromagnetic acoustic transduction, representing the shift towards smart,
sensor-integrated manufacturing systems. At the core of any microstructure prediction
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model lies the physical metallurgy of steels. The authoritative text by Bhadeshia and
Honeycombe [20] provides the essential theory and data on phase transformations,
microstructure-property relationships, and transformation Kkinetics, including the
foundational Koistinen-Marburger equation [21] for martensitic transformation, which
remains a standard in computational models. Applying these principles to complex
geometries, Pinheiro et al. [22] demonstrate a Multiphysics simulation for gear
teeth, incorporating magnetic flux concentrators, thereby extending axisymmetric
models to more intricate, real-world components. The numerical methodology for
solving coupled magneto-thermo-elastic problems is further elaborated in works
like that of Toros and Altinel [23], who analyze functionally graded materials under
coupled fields, illustrating solution strategies for similar multi-physics couplings.
Finally, the comprehensive doctoral work of Sjostrdm [24] on modeling phase
transformations under concurrent stress, strain, and temperature fields provides a
critical theoretical framework for understanding transformation-induced plasticity
(TRIP) and the development of internal stresses, which are key to predicting final
component distortion and performance.

To improve the accuracy of the study, a robust and comprehensive multi-physics
model by employing coupled 2D axisymmetric finite element (FE) simulations
with iterative time-stepping should be used to solve the intricate interplay of
electromagnetics, heat transfer, and phase changes [25]. For instance, the Finite
Difference Method (FDM) offers a straightforward discretization approach often
prized for its computational efficiency in structured domains, as adapted for stress
analysis in composites by Wang et al. [26]. Alternatively, the Bézier Multi-Step
Method utilizes Bézier curves for spatial discretization, providing high-order accuracy
and smooth stress solutions, as demonstrated by Kabir and Aghdam for analyzing
notched nanocomposite plates [25]. Furthermore, advanced coupling strategies like
coupled FE meshes, which allow different mesh regimes to interact at interfaces,
provide a sophisticated means to handle multi-domain physics, such as fluid-structure
interaction explored by Jamalabadi [27]. These alternatives highlight the rich toolbox
available for multi-physics simulation, where the selection of method often depends on
the specific demands of geometry, material properties, and computational resources.

The aim of the current investigation is to integrate three coupled physics domains
for stationary induction hardening: electromagnetics, heat transfer, and metallurgical
phase transformations. This work provides a comprehensive framework for stationary

hardening processes by incorporating:

*  Complete 2D axisymmetric formulation for computational efficiency;
*  Temperature-dependent electromagnetic and thermal properties;
* Detailed phase transformation kinetics with latent heat effects;

»  Convective cooling boundary conditions for quenching simulation.

2. Mathematical model

Table 1 shows the simulation parameters. The geometry is axisymmetric, allowing
simulation of only half the domain in two dimensions. The cylindrical pin remains

stationary within the induction coil during the heating phase, followed by a cooling
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phase with convective heat transfer. More property data is in Appendix A.

Table 1. Primary simulation parameters.

Parameter Value
Pin radius 0.02954 m
Pin length 0.0l m

Coil inner radius 0.06111 m

Coil length 0.01905 m

Coil frequency 120-350 kHz
power 50-110 kW
Heating time 0.1-1.0s
Cooling time 10.0s

For the axisymmetric cylindrical pin geometry, we use cylindrical coordinates (r,
z, 0) where r is the radial coordinate, z is the axial coordinate along the pin axis, and 0
is the azimuthal angle. Due to symmetry, all field variables are functions of (r, z) only,
with no 6 dependence.

The magnetic vector potential A satisfies the diffusion equation for stationary

conductors:

Vx<iVxA)+a(aa?VX(VXA))zJeXt (1)

where u is the magnetic permeability (temperature dependent for steel), o is the
electrical conductivity (temperature dependent), and Jy; is the external current density
in the coil windings with angular frequency of ® (2xf).

For axisymmetric geometry with azimuthal current flow, the magnetic vector
potential has only a 8-component: 4 = A _6(r, z). The governing equation in 2D

axisymmetric form becomes:
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The induced eddy current density in the pin is:
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The electromagnetic energy dissipated as Joule heating provides the volumetric

heat source:
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The temperature field T evolves according to the transient heat equation:

oT oT 10 or 0 oT
pCp <8t -+ UZ@z) = ;5 <T‘k‘ar> + % (kaz> + QJoule + Qphase (5)

where p is the mass density, C), is the specific heat capacity, k is the thermal
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conductivity, Qjoule is the Joule heating from eddy currents, and (QQhase represents latent
heat sources/sinks from phase transformations. All material properties are functions of
temperature and phase composition, calculated using the mixture rule.

Heat transfer at the boundaries includes convection to air and thermal radiation:

—KVT n=h(T — Too) + e0sp(T* — TL) ()

where h is the convective heat transfer coefficient, T, is the ambient temperature, € is
the emissivity, and ogp is the Stefan-Boltzmann constant. During the heating phase, h
= 15 W/(m?-K) for natural convection. During the quenching phase (t > 1 s), forced
convection of water spray is applied to simulate accelerated cooling. More discussion
on heat transfer is in Appendix B.

The metallurgical transformations in steel involve both heating and cooling phase
changes. During heating, the initial microstructure (ferrite + pearlite) transforms to
austenite. During quenching, the austenite transforms to various products depending
on cooling rate: ferrite, pearlite, bainite, or martensite. Some of the most important
metallurgical property data are in Appendix A.

The simulation models two types of transformations: Diffusive Transformations
(Ferrite, Pearlite, Bainite) and Displacive Transformation (Martensite). Diffusive
transformations are governed by TTT (Time-Temperature-Transformation) curves,
while Martensite forms by a diffusion-less mechanism characterized by Martensite Start
Temperature. The initial microstructure of the pin starts as 50% ferrite + 50% pearlite
(typical annealed steel). The simulation calculates austenite, ferrite, pearlite, bainite,
and martensite through:

1.  Importing comprehensive material data (TTT curves, Mg temperatures, material
properties);

2. Tracking temperature history at each point via coupled electromagnetic-thermal
analysis;

3. Applying transformation kinetics:
»  Diffusive transformations: TTT curves and Johnson-Mehl-Avrami-Kolmogorov

equation

*  Martensite: Koistinen-Marburger equation based on Mg
Enforcing mass conservation: All phase fractions sum to 1;

5. Coupling with mechanics and heat transfer: Latent heat, transformation strains,

TRIP.

Austenitization during heating is modeled using a linear kinetic model:

dX y/dt= (1 —X v)/(t aus(T, dT/dt)) for A; < T < As (7

where X_v is the austenite fraction, A| =723 °C is the lower austenitization temperature,
and A3 = 850 °C is the upper austenitization temperature.

Material Type used here is General Steel with the steel grade of AISI 4140
and carbon content ~0.4 wt.% with a hardness of 400 VPN (Vickers hardness). Its
microstructure is quenched and tempered (fine), and the austenitization temperature
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is 860 °C. Upon quenching, austenite decomposes according to continuous cooling
transformation (CCT) kinetics. The transformation products are modeled using the
Avrami equation with temperature-dependent parameters. Martensite formation occurs
when the cooling rate is sufficiently rapid, modeled using the Koistinen-Marburger

equation:

Xum = Xy,0[1 —exp(—p(Ms — T))] @®)

where B = 0.011 K™, M = 330 °C is the martensite start temperature, and X, is the
austenite fraction at the start of quenching. It is noticeable that Koistinen—Marburger
constant typically is ~0.011-0.035 °C™! for steels. Figure 2 presents a schematic of the
process. Based on phase strain and thermal strains, the stress field is updated in each
step. More data about the stress-strain field is in Appendix C.
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The mathematical model is based on the following key assumptions that are

Figure 2. Schematic of the process.

mentioned in the introduction section to balance computational efficiency with physical

accuracy:

1. Axisymmetric 2D formulation: The geometry of the cylindrical pin and
coil is assumed to be perfectly axisymmetric. This allows the reduction
of the three-dimensional problem to a two-dimensional domain in cylindrical
coordinates (7, z), where all field variables are independent of the azimuthal angle
6. This simplification significantly reduces computational cost while maintaining
accuracy for symmetric workpieces.

2.  Quasi-static electromagnetic approximation: = The model adopts the
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magnetoquasistatic approximation, neglecting displacement currents (00D
~ 0) in Maxwell's equations. This is valid for the induction hardening process,
where the operating frequencies (120-350 kHz) are sufficiently low that
the electromagnetic wave propagation effects are negligible compared to
diffusion-dominated eddy current formation.

3. Nonlinear magnetic permeability: The magnetic permeability pu of the steel
workpiece is treated as temperature- and phase-dependent. The nonlinear B-H
relationship for AISI 4140 steel is incorporated through tabulated material data,
accounting for saturation effects, which is critical for accurately predicting eddy
current penetration and heating power density.

4. Velocity terms in heat equation: The convective terms involving velocity v
in the heat transfer equation (Equation (5)) are retained in the general form for
modeling the forced convective cooling phase. It is clarified that the workpiece is
stationary; therefore, v represents the velocity field of the quenching medium (air
or liquid) in the boundary layer, not the motion of the pin itself. During natural

convection in the heating phase, these terms are negligible.

3. Results and discussion

The Multiphysics model is implemented using the finite element method in
a two-dimensional axisymmetric formulation. The computational domain consists
of the steel pin, copper coil, and surrounding air. The finite element mesh uses
quadrilateral elements with boundary layer refinement at the pin surface to resolve steep
electromagnetic and thermal gradients. With a skin depth of approximately 0.3 mm at
120 kHz, the boundary layer mesh provides 6 elements within 1 mm from the surface.
At 350 kHz, the skin depth is approximately 0.17 mm (vs. 0.3 mm at 120 kHz). To
ensure accuracy, the mesh was refined to maintain at least 8 elements within one skin
depth at the highest frequency used (350 kHz). This ensures adequate resolution of the
electromagnetic and thermal gradients near the surface. The revised manuscript now
includes this clarification.

The time-dependent study uses a segregated solver approach where each physics
module is solved sequentially within each time step, iterating until all fields are
mutually consistent. The coupling workflow follows these steps:

1.  Solve electromagnetics: Compute magnetic vector potential A and eddy current
density J;

Compute Joule heating: Qyoute = [7|*/;

Solve heat transfer: Update temperature field T;

Update phase fractions: Compute transformation rates and integrate;

Calculate transformation heats: Qppase;

AR

Update material properties: Recompute p, o, k based on new T and phase

fractions.

The simulation provides detailed predictions of the induction hardening process

for the stationary pin configuration.
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Temperature distribution

The simulation shows peak surface temperatures of 950—1050 °C achieved during
the heating phase. The core temperature remains significantly cooler at 600—700 °C,
ensuring only surface hardening occurs. During the quenching phase with enhanced
convection (h = 150 W/(m?-K)), surface cooling rates of 150300 °C/s are achieved,

which is sufficient for martensite formation in medium-carbon steels (Figure 3).
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Figure 3. Temperature Distribution in Fahrenheit degrees versus time in seconds.

As shown in Figure 4a, the phase transformation model predicts a martensitic case
depth of approximately 1.5-2.5 mm, with a transition zone of 0.3—0.5 mm thickness
between the fully martensitic case and the unaffected core. The core microstructure
remains largely unchanged, consisting of the original ferrite and pearlite phases. Figure
4b shows the residual von Mises stress at the end of the process.

Based on the provided Figure S, Induction Case Depth vs Load Power (z = 0.3—1
s, f =350 kHz), the plot compares the relationship between applied load power and
the resulting case depth from an induction hardening process, with a fixed heating time
7 0f 0.3 s and a frequency of 350 kHz. The blue line represents the trend predicted by
numerical simulation, while the red dots indicate experimentally measured data points.
The x-axis is scaled in kilowatts (kW) of load power, and the y-axis shows the case
depth in mils (thousandths of an inch). This type of graph is commonly used to validate
simulation models against real-world outcomes in materials processing, illustrating how
increases in power generally lead to greater hardened depth until saturation or practical

limits are reached.
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Figure 4. Microstructure Predictions at the end of the process (t = 10 s): (a) Phase contents;
(b) residual stress.
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Device of Induction Systems, Inc. [28] with powerflex integration is used here.
The 20-turn coil with a filling factor of 0.8 is used. Device type is a power inverter
system that is equipped with a power meter, current meter, and voltage meter. Output
display, displays inverter output from 0-10 V (possibly an analog or scaled output).
The inverter coil (inductor) has a configuration of standard transformer tap settings.

Figure 6 is about induction case depth vs load power, which illustrates the
correlation between the applied load power and the resulting hardened case depth
achieved through an induction heating process, conducted under specific parameters
of pulse duration 7 = 0.3 s, and frequency f = 350 kHz. The graphical comparison
presents a blue line depicting the trend from a numerical simulation, alongside red dots
marking the actual experimental measurements. With load power (in kilowatts) on the
horizontal axis and case depth (in mils) on the vertical axis, the plot serves to validate
the accuracy of the computational model against empirical data. The close alignment
between the simulated curve and the experimental points typically indicates a reliable
model, demonstrating how increases in power input enhance penetration depth within

the given processing window.
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4, Conclusion

This comprehensive model for stationary induction hardening provides a complete
framework for simulating industrial hardening processes. The key contributions

include:

*  Complete mathematical formulation of electromagnetic, thermal, and metallurgical
physics in 2D axisymmetric coordinates;

»  Temperature-dependent material properties for accurate physical predictions;

*  Detailed phase transformation kinetics with latent heat effects;

*  Comprehensive boundary conditions for convective cooling;

*  Numerical implementation guidelines for reproducible simulations;

The model enables prediction and optimization of hardness depth profiles,
energy efficiency, and quality control parameters for production. The stationary
configuration simplifies the computational approach while maintaining accuracy for
practical engineering applications.

Potential enhancements to this model include extension to three-dimensional
non-axisymmetric geometries, integration of mechanical stress analysis for distortion
predictions, more sophisticated phase transformation models including grain size

effects, and coupling with optimization algorithms for automated parameter selection.
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Abbreviations

Symbol Definition Units

A Magnetic vector potential T-m (or Wb/m)

Ao Azimuthal component of magnetic T-m
vector potential

R Magnetic permeability H/m

c Electrical conductivity S/m

® Angular frequency rad/s

f Frequency Hz

J Current density A/m?

Jext External current density in coil A/m?

Jo Azimuthal eddy current density in A/m?
workpiece

Qind Inductive (Joule) heating source W/m?

p Density kg/m?

Gy Specific heat capacity J/(kg-K)

k Thermal conductivity W/(m-K)

T Temperature °CorK

To Ambient temperature °Cor K

h Convective heat transfer coefficient W/(m?-K)

€ Emissivity -

osB Stefan—Boltzmann constant W/(m?-K*)

Qphase Latent heat source/sink from phase W/m?
transformations

Xy Austenite phase fraction -

Xm Martensite phase fraction -

Ax Lower austenitization temperature °C

As Upper austenitization temperature °C

t_aus Austenitization time function ]

M s Martensite start temperature °C

B Koistinen—Marburger constant K!

r Radial coordinate m

z Axial coordinate m

0 Azimuthal coordinate rad

vV zZ Axial velocity (zero for stationary case) m/s

t Time s

T Heating time s

\Y% Nabla (gradient) operator 1/m

n Unit normal vector -
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Appendix A. Material properties

The material properties of AISI 4140 steel used in the simulation are presented in Appendix A. The isothermal

hardening behavior under varying strain rates is illustrated in Figures A1-A3, which depict 3D contour plots of flow stress

as a function of temperature and plastic strain at strain rates of 0.001s™', 0.01 s!, and 0.1 s™!, respectively, capturing the

material's thermomechanical response under quasi-static to moderate dynamic conditions. Figures A4 and AS plot the
2D version of T25 °C isothermal hardening at strain rate 0.001 s™' and 1000 s,
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Figure Al. 3D isothermal hardening at strain rate 0.001 s™'.
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Figure A4. T25 °C isothermal hardening at strain rate 0.001 s'.
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Figure AS. T25 °C isothermal hardening at strain rate 1000 s™.

Temperature-dependent elastic and thermal properties are shown in subsequent figures: bulk modulus (Figure A6),
density (Figure A7), electrical conductivity (Figure AS8), thermal expansion coefficient (Figure A9), Poisson’s
ratio (Figure A10), shear modulus (Figure All), specific heat capacity (Figure A12), thermal conductivity
(Figure A13), and Young’s modulus (Figure A14), all of which are critical for accurately modeling the coupled

electromagnetic-thermal-metallurgical behavior during induction hardening. Additionally, the strain rate sensitivity at
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room temperature is presented in Figure A15, while Figure A16 shows the thermal softening trend at a constant strain
rate of 0.001 s~ .
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Figure A16. Stress vs Temperature at Strain Rate 0.001.

TTT (Time-Temperature-Transformation) data comes from:

*  Total temperature points: 45 (ferrite), 41 (pearlite), 25 (bainite)

»  Transformation fractions tracked: 26 levels (0.1% to 99%)

e Total data points: Over 2900 time-temperature-fraction triplets

*  Temperature range: 340—780 °C (covering all transformation regimes)

*  Time range: 0.1 s to 10® s (over 3 years!)

This comprehensive dataset enables accurate prediction of phase transformations for any thermal history.

Figures A17-A19 show TTT (Time-Temperature-Transformation) diagrams which visualize the phase
transformation kinetics used in the induction hardening simulation. Figure A17 presents the TTT diagram used
to model phase transformation kinetics during cooling. The diagram displays C-curves for diffusive transformations:
austenite to ferrite (blue), pearlite (green), and bainite (orange). Horizontal red lines indicate martensite start (M)
and completion temperatures. The diagram covers a temperature range of 340-780 °C and times from 0.1s to 10%s,
providing a comprehensive dataset for predicting phase evolution under varying thermal histories.

Figure A18 illustrates the same TTT diagram as Figure A17, overlaid with four characteristic cooling curves
corresponding to different quenching methods: water quench (~1000 °C/s, green), oil quench (~100 °C/s, blue), air
cooling (~10 °C/s, purple), and furnace cooling (~1 °C/s, brown). The paths demonstrate how cooling rate determines
the resulting microstructure—bypassing diffusive transformations for martensite formation or intersecting C-curves for
ferrite, pearlite, or bainite.

Figure A19 provides a detailed view of the lower temperature range (approximately 250-600 °C) of the TTT
diagram, emphasizing bainite transformation kinetics and martensite formation. The bainite C-curve (orange) and
martensite lines are highlighted, along with cooling paths typical of induction hardening. This zoomed-in representation
aids in visualizing the critical cooling rates required to avoid bainite and achieve fully martensitic microstructures in the

hardened case.
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Figure A19. Enlarged view of the low-temperature region of the TTT diagram focusing on
bainite and martensite formation.

In Figures A17-A19

Austenite to ferrite (blue curves)

*  Temperature range: 340 °C to 780 °C

*  Nose temperature: ~610 °C at 13.4 s

*  Characteristics: Forms at higher temperatures during slow cooling
e Phase region: Blue shaded area

Austenite to pearlite (green curves)

*  Temperature range: 340 °C to 740 °C

¢ Nose temperature: ~610 °C at 98.0 s

e Characteristics: Forms at intermediate temperatures

*  Phase region: Green shaded area

Austenite to bainite (orange curves)

*  Temperature range: 340 °C to 580 °C

e Nose temperature: ~500 °C at 2.5 s

*  Characteristics: Forms at lower temperatures, faster than ferrite/pearlite
*  Phase region: Orange shaded area

Martensite (red horizontal lines)

*  Ms (Martensite start): 338.4 °C, Mso: 303.4 °C, Moo: 222.0 °C
*  Characteristics:

—  Displacive (diffusionless) transformation
—  Time-independent - depends only on temperature

—  Forms when cooled below Ms faster than the nose curves
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»  Phase region: Below the red line
Each transformation has a characteristic C-curve shape with a “nose” —the point of fastest transformation—Left

of the nose: Slower transformation (lower undercooling)—At the nose: Fastest transformation rate—Right of the nose:
Slower transformation (carbon diffusion becomes limiting). In Figure A18, the diagram shows example cooling curves:
1.  Very Fast (water quench—1000 °C/s)—green line
—  Bypasses all diffusive transformations
—  Goes straight through to the martensite region
—  Result: ~100% martensite (hard and brittle)
2.  Fast (oil quench—100 °C/s)—blue line
—  Bypasses ferrite and pearlite
—  May catch the upper bainite region
—  Finishes as martensite
—  Result: Martensite + possible small bainite (very hard)
3. Medium (air cool—10 °C/s) —purple line
—  Intersects pearlite nose
—  Some bainite formation
— Result: Mixed pearlite + bainite + martensite
4. Slow (furnace cool—1 °C/s)—brown line
— Intersects both ferrite and pearlite noses
—  Full transformation at high temperatures
— Result: Ferrite + pearlite (soft and ductile)
From the diagrams, we can determine the Critical Cooling Rate (minimum cooling rate to achieve 100% martensite):
*  Must cool fast enough to avoid the bainite nose (~500 °C, 2.5 s)
»  Estimated critical cooling rate: ~200-500 °C/s
*  Water quenching (1000 °C/s) easily exceeds this
e Oil quenching (100 °C/s) is marginal - may get some bainite
Application to Induction Hardening on the Surface of the Pin shows:
*  Heating: Rapid induction heating to ~850-900 °C — 100% austenite
e Cooling: Water quench at ~1000 °C/s or higher
e Path on TTT: Shoots straight down, missing all noses
»  Final structure: ~100% martensite (hard, wear-resistant)
Mid-Depth:
e Heating: Slower temperature rise, reaches ~700-750 °C — Partial austenite
*  Cooling: Moderate cooling rate ~100-200 °C/s
*  Path on TTT: May graze bainite nose
*  Final structure: Martensite + some bainite + retained austenite
Core:
e Heating: Minimal heating, stays below Ai (723 °C)
*  Cooling: Slow cooling
*  Path on TTT: Never transforms to austenite

*  Final structure: Original ferrite + pearlite (tough, ductile)
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Quantitative Transformation Data are summarized in Tables A1 and A2. Table A1 shows that bainite forms much

faster than ferrite or pearlite at the same temperature.

Table A1. Transformation times at 500 °C.

Phase 1% Transform 50% Transform 99% Transform
Ferrite 9.1s 157 s 260,000 s
Pearlite 7.7s 9 s 189,000 s
Bainite 2.7s 13s 8220 s

Table A2. Transformation times at 600 °C.

Phase 1% Transform 50% Transform 99% Transform
Ferrite 46s 101's 36,000 s
Pearlite 39s 62s 24,000 s
Bainite Not stable Not stable Not stable

Note: At 600 °C, bainite doesn’t form (outside its temperature range).

Practical implications from Figures A17—A19 for heat treatment design are:

To get martensite: Cool faster than ~200 °C/s from austenitization temperature
To get bainite: Cool at 10-100 °C/s and hold at 400-500 °C
To get pearlite: Cool at 1-10 °C/s

Ll

To get ferrite: Very slow cool (<1 °C/s) or anneal
For Induction Hardening:

e (Case depth control: Controlled by heating depth (electromagnetic skin depth)
e  Hardness gradient: Automatic from cooling rate gradient
*  Tempering: May be needed to reduce the brittleness of martensite

* Residual stress: Martensite expansion creates beneficial compressive stress

Figure A20 shows the flowchart of this process. The Multiphysics simulation models the induction hardening of a
cylindrical steel pin by tracking the evolution of five phases—austenite, ferrite, pearlite, bainite, and martensite—using
phase transformation kinetics containing TTT curves, Ms temperatures, and thermomechanical properties. The process
initiates with electromagnetic heating (120 kHz) that austenitizes the surface above A: temperature, followed by
water quenching where the cooling rate dictates the final microstructure: rapid surface cooling bypasses diffusive
transformations to form martensite via the Koistinen-Marburger equation, moderate mid-depth cooling permits partial
bainite formation before martensitic transformation, and slow core cooling reverts to ferrite and pearlite described by
JMAK kinetics, while the model fully couples latent heat release, transformation-induced plasticity, and volumetric strains
to predict residual stresses and the final hardness gradient.

Appendix B. Heat transfer mechanism

Also, the heat transfer of radiation is h = 150 W/m? at the maximum temperature of 1100, which is also included in
the calculation. The provided data in Figure A21 illustrate the relationship between planetary surface temperature and
both convective and radiative heat fluxes. As surface temperature increases from 0 °C to 300 °C, convective heat flux
rises moderately from 3.5 x 10* W/m? to a peak of approximately 4.0 x 10* W/m2, while radiative flux increases steadily
from 10 to 25 W/m?. Beyond 300 °C, convective flux declines sharply, falling to 0.1 x 10* W/m? by 1000 °C, indicating
a transition where radiative cooling becomes increasingly dominant. Radiative flux continues to grow, reaching 80 W/m?

at 1000 °C, demonstrating that at high temperatures, radiation becomes the primary heat loss mechanism despite the drop
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in convective transfer, likely due to atmospheric or physical constraints on convection efficiency.
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Figure A20. Flowchart of heat treatment design.
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Figure A21. Forced convection of water spray vs radiative heat transfer.

Appendix C. Stress calculation

In the current paper, the stress is calculated by solving the momentum balance equation for a deformable solid under
mechanical, thermal, and phase transformation effects. Specifically, the developed code solves the following governing
equation in the Quasi-static formulation:

where:
o is the Cauchy stress tensor,
F, is the body force per unit volume. Hereby, the Quasi-static assumption inertial terms are neglected.

As well as the constitutive relation (stress—strain law), the total strain is decomposed into several contributions:

Etotal = el T Eth + Epl + Eir (A2)

where:
€e = elastic strain,
& = thermal strain,
gp = plastic strain (if plasticity is active),
& = transformation strain (due to phase change).

The elastic stress is then given by Hooke’s law (linear elasticity):

0=C:¢q (A3)

with C being the fourth-order stiffness tensor (depending on Young’s modulus and Poisson’s ratio). Furthermore, the
plasticity model is isotropic hardening with a hardening function. Phase-transformation strains are coupled from the
phase calculation, and thermal strains are included because temperature is solved by the heat transfer physics and passed

to solid mechanics. The model plots Von Mises equivalent stress (a scalar measure of stress intensity), where is a function
of the deviatoric stress tensor.
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