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Abstract

This lecture provides a comprehensive guide to Prof. Sir Harry Bhadeshia’s
seminal contributions to the understanding of martensitic transformations in steels.
We examine the theoretical foundations, experimental methodologies, and computa-
tional approaches that have characterized his work over several decades. The lecture
emphasizes recent developments in understanding martensite formation, crystallog-
raphy, kinetics, and mechanical properties, drawing from his teaching materials,
research publications, and the authoritative textbook “Steels: Microstructure and
Properties” (4th edition, 2022). This material serves as both an introduction to
martensitic transformations and a tribute to one of the most influential metallur-
gists of our time.

1 Introduction: The Legacy of Prof. Sir Harry Bhadeshia

Prof. Sir Harry Kumar Dharma Bhadeshia is widely recognized as one of the foremost au-
thorities on phase transformations in steels, particularly martensitic and bainitic transfor-
mations. His work has fundamentally shaped our modern understanding of these critical
microstructures.
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1.1 Academic and Scientific Contributions

Prof. Bhadeshia’s contributions span:

Development of theoretical models for displacive transformations

Crystallographic analysis of martensite and bainite

Computational thermodynamics and kinetics of phase transformations

Design of novel steel microstructures

Integration of experimental and computational approaches

1.2 Educational Philosophy

As exemplified in his teaching materials available at https://www.phase-trans.msm.
cam.ac.uk/teaching.html, Prof. Bhadeshia’s approach emphasizes:

e Rigorous theoretical foundations

Clear crystallographic description

Integration of thermodynamics and kinetics

Practical applications to steel design

e Use of computational tools for visualization and prediction

2 Fundamentals of Martensitic Transformation

2.1 Nature of the Martensitic Transformation

Martensitic transformation is a diffusionless, displacive phase transformation character-
ized by:

2.1.1 Key Characteristics

1. Diffusionless transformation: Atoms move cooperatively by distances less than
one interatomic spacing

2. Lattice correspondence: Clear relationship between parent and product lattices
3. Shape deformation: Macroscopic shape change accompanies transformation
4. Interface structure: Glissile or semi-coherent habit planes

5. Temperature dependence: Transformation occurs over a temperature range (M,
to M f)
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2.1.2 Thermodynamic Driving Force

The transformation occurs when the chemical free energy difference between austenite (7y)
and martensite (o) exceeds the resistance to transformation:

AG’Y_)O/ == AGchem - AGstrain - AGinteTface (1)
where:

o AG_pem is the chemical free energy change
o AGg4rqin s the strain energy

® AGinterface 1s the interfacial energy

2.2 Crystallography of Martensite

Prof. Bhadeshia’s work has extensively clarified the crystallographic aspects of martensitic
transformations.

2.2.1 The Phenomenological Theory

The phenomenological theory of martensite crystallography (PTMC), developed by Wechsler-
Lieberman-Read and Bowles-Mackenzie, predicts:

e Habit plane orientation
e Orientation relationship between parent and product

e Shape deformation

2.2.2 Habit Planes in Steels

Different carbon contents lead to different habit planes:

Carbon Content Habit Plane Martensite Type

< 0.6 wt% C {225}, Lath martensite
> 1.0 wt% C {259}, Plate martensite
Intermediate Mixed Transition

Table 1: Habit plane variation with carbon content

2.2.3 Orientation Relationships

The most common orientation relationships in steel martensite are:
Kurdjumov-Sachs (K-S):

{111}, || {110} o (2)

(110), || (111 o (3)
Nishiyama-Wassermann (N-W):

{111}, [| {110} 4 (4)

(112), || (110)or (5)



Lecture 7: Bhadeshia on MarteMId& US 2026 - LLM Assisted Computational Metallurgy

3 Lath Martensite: Low-Carbon Steels

3.1

Microstructural Characteristics

Lath martensite, characteristic of low-carbon steels (< 0.6 wt% C), exhibits a hierarchical
structure:

1.
2.

3.2

Prof.

3.3

Prior austenite grain: Original austenite grain boundary

Packet: Region of parallel laths with same habit plane variant

. Block: Group of laths with similar crystallographic orientation

Lath: Individual martensite crystal (typical width: 0.1-0.5 pm)

Formation Mechanism
Bhadeshia’s work has shown that lath martensite forms through:
Rapid nucleation at austenite grain boundaries
Growth by glissile interface movement
Auto-tempering during transformation

High dislocation density (10'® m~2)

Mechanical Properties

Lath martensite provides:

High strength (yield strength typically 1000-1500 MPa)
Reasonable toughness compared to plate martensite
Strength primarily from dislocation hardening

Refining packet and block size improves toughness

4 Plate Martensite: High-Carbon Steels

4.1

Morphological Features

Plate martensite in high-carbon steels (> 1.0 wt% C) shows:

Large, lens-shaped plates

Midrib structure in plate center

Twin-related regions

Lower dislocation density than lath martensite

Clear surface relief
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4.2 Twinning in Martensite

Twin formation in plate martensite occurs by two mechanisms:

4.2.1 Transformation Twins

Form during the transformation on {112}, planes to accommodate shape change.

4.2.2 Deformation Twins

Can form during subsequent deformation, particularly at low temperatures.

4.3 Burst Phenomenon

Prof. Bhadeshia’s teaching materials emphasize the burst phenomenon:

Autocatalytic formation of martensite plates

Rapid succession of plate formation

Triggered by stress fields from initial plates

Observable in real-time experiments

Results in groups of parallel or intersecting plates

5 Martensite Start Temperature (M)

5.1 Thermodynamic Basis

The martensite start temperature represents the temperature at which the first martensite
forms upon cooling. Prof. Bhadeshia’s approach emphasizes that M is determined by:

AG~% (M,) = constant (6)

This implies that the chemical driving force must overcome the strain energy and
interfacial energy barriers.

5.2 Empirical Equations

Numerous empirical equations exist for M,. A widely used formulation is:

M,(C) = 539 — 423C — 30.4Mn — 17.7Ni — 12.1Cr
—7.5Mo+10Co — 7.55i (7)

where element concentrations are in wt%.
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5.3 Computational Prediction

Modern approaches, as advocated by Prof. Bhadeshia, use:
e CALPHAD-based thermodynamic calculations
e Neural network models trained on experimental data
e Combined thermodynamic-kinetic models

e Consideration of strain energy contributions

6 Kinetics of Martensitic Transformation

6.1 Athermal Nature

Classical martensite transformation is athermal:
e Transformation progress depends on temperature, not time
e Fraction transformed increases with decreasing temperature

e No further transformation at constant temperature

6.2 Koistinen-Marburger Equation

The volume fraction of martensite as a function of temperature:

for =1 —exp[—p(M; —T)] (8)
where (3 is typically 0.011 K~ for many steels.

6.3 Isothermal Martensite

Some systems exhibit isothermal martensite formation:
e Time-dependent transformation at constant temperature
e Occurs in certain Fe-Ni-Mn alloys
e Requires thermal activation for nucleation

e Different from athermal martensite mechanism

7 Mechanical Properties and Strengthening Mechanisms

7.1 Strength of Martensite

Prof. Bhadeshia’s analysis identifies multiple strengthening contributions:

Oy = 09 + Oss + Up + O grain + Oprecip (9)

where:
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e 0y is the lattice friction stress

e 0, is solid solution strengthening (primarily carbon)
e 0, is dislocation strengthening

® O0gqin 1S grain boundary strengthening

® O,recip 1S precipitation strengthening (if tempered)

7.2 Role of Carbon

Carbon in martensite:
e Provides interstitial solid solution strengthening
e Creates tetragonal distortion: ¢/a ratio increases with carbon
e Reduces ductility significantly above 0.4 wt% C
e Segregates to defects during auto-tempering

The ¢/a ratio can be approximated as:

¢/a=1+0.045 x [Cluw (10)

7.3 Toughness Considerations

Fracture toughness of martensite depends on:

e Prior austenite grain size (smaller is better)

Packet and block size (refined structures improve toughness)

Retained austenite content (can enhance toughness via TRIP effect)

Carbon content (lower C improves toughness)

Tempering treatment (reduces residual stress, precipitates carbides)

8 Impingement and Microstructural Development

8.1 Geometric Aspects

Prof. Bhadeshia’s teaching emphasizes the geometric aspects of martensite formation:
e Martensite plates nucleate and grow until impingement
e Growth stops upon contact with grain boundaries or other plates
e Stress accommodation between plates

e Variant selection influenced by stress state
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8.2 Variant Selection
From 24 possible crystallographic variants (K-S relationship), selection occurs based on:

e Minimization of strain energy
e Stress state in austenite
e Prior transformation history

e Eixternal applied stress

9 Advanced Topics in Martensite Research

9.1 Martensite in TRIP Steels

Transformation-Induced Plasticity (TRIP) steels utilize strain-induced martensite trans-
formation:

e Metastable retained austenite transforms during deformation

Provides work hardening and energy absorption

Enhances both strength and ductility

M, must be below room temperature

Transformation occurs at stress concentrations (e.g., crack tips)

9.2 Nanostructured Bainitic-Martensitic Steels
Recent work by Prof. Bhadeshia on bulk nanostructured steels:

e Ultra-fine bainitic ferrite plates (20-40 nm thickness)

Films of retained austenite between plates

Combination of strength (2.5 GPa) and toughness

Achieved through isothermal transformation at low temperatures

Some auto-tempered martensite may form during final cooling

9.3 Modeling and Simulation

Computational approaches developed and promoted by Prof. Bhadeshia:

9.3.1 Thermodynamic Calculations
e MTDATA, Thermo-Calc, and other CALPHAD software
e (Calculation of phase equilibria
e Prediction of M, temperature

e Ty temperature calculations (paraequilibrium)
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9.3.2 Crystallographic Calculations
e PTMC software for habit plane prediction

e Orientation relationship calculations

e Variant analysis

9.3.3 Kinetic Models

e Nucleation rate models
e Growth rate calculations considering interface mobility

e Overall transformation kinetics

10 Experimental Techniques

10.1 Characterization Methods

Prof. Bhadeshia’s work employs comprehensive characterization:

10.1.1 Microscopy

e Optical microscopy (revealing etch patterns)

e Scanning electron microscopy (SEM)

e Transmission electron microscopy (TEM) for fine structure

e Electron backscatter diffraction (EBSD) for crystallographic analysis

e Atomic force microscopy (AFM) for surface relief

10.1.2 Diffraction

e X-ray diffraction for phase identification and lattice parameters
e Neutron diffraction for bulk analysis

e Synchrotron radiation for in-situ studies

10.1.3 Thermal Analysis

e Dilatometry for transformation temperatures
e Differential scanning calorimetry (DSC)

e In-situ observation during controlled cooling

11 Recent Developments and Research Directions

Based on Prof. Bhadeshia’s recent work and the 2022 edition of his Steels course:
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11.1 Machine Learning Applications

e Neural network models for property prediction
e Data-driven discovery of composition-property relationships
e Bayesian optimization for alloy design

e Integration with physical models

11.2 Additive Manufacturing

Martensite formation in additively manufactured steels:
e Rapid solidification leads to non-equilibrium phases
e Complex thermal cycles produce mixed microstructures
e Residual stress influences transformation

e Site-specific microstructure control possibilities

11.3 Multiscale Modeling

Integration across length scales:
e Atomistic simulations of interface structure
e Phase field modeling of transformation kinetics
e Crystal plasticity for mechanical response

e Microstructure-property linkages

12 Case Studies and Applications

12.1 Automotive Steels

Martensitic and multi-phase steels in automotive applications:
e Press-hardening steels (22MnB5)
e Dual-phase (DP) steels with martensite islands
o TRIP steels with strain-induced martensite

e Third-generation advanced high-strength steels (AHSS)
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12.2 Tool Steels

High-carbon martensitic tool steels:
e Plate martensite with carbides
e Multiple tempering for dimensional stability
e Secondary hardening from alloy carbide precipitation

e Balance of hardness, wear resistance, and toughness

12.3 Stainless Steels

Martensitic stainless steels:
e Chromium-stabilized martensite
e Corrosion resistance with high strength

e Applications in cutlery, surgical instruments, turbine blades

13 Pedagogical Approach: Learning from Prof. Bhadeshia

13.1 Integration of Theory and Experiment
Prof. Bhadeshia’s teaching methodology emphasizes:
1. Fundamental understanding: Start with thermodynamics and crystallography
2. Quantitative analysis: Use calculations to predict and verify
3. Experimental validation: Compare predictions with measurements
4. Critical thinking: Question assumptions and limitations

5. Practical relevance: Connect to real engineering applications

13.2 Use of Computational Tools

Students are encouraged to:

e Use thermodynamic databases for phase diagram calculations

Perform crystallographic calculations

Develop simple kinetic models

Analyze experimental data quantitatively

Visualize microstructures and transformations
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13.3 Problem-Solving Skills

The examples class approach:

e Work through specific design problems

Calculate transformation temperatures

Predict microstructures from processing routes

Estimate mechanical properties

Optimize alloy compositions for target properties

14 Key Takeaways

14.1 Essential Concepts

1. Martensitic transformation is a diffusionless, displacive transformation with precise
crystallographic relationships

2. The transformation is driven by chemical free energy but resisted by strain and
interfacial energy

3. Morphology varies with carbon content: lath martensite in low-C, plate martensite
in high-C steels

4. Mechanical properties depend on carbon content, prior austenite grain size, and
microstructural hierarchy

5. Computational tools enable quantitative prediction of transformation behavior

14.2 Bhadeshia’s Contributions
Prof. Bhadeshia’s work has:

Clarified the thermodynamics and kinetics of martensite formation

Developed computational tools for transformation prediction

Integrated experimental observation with theoretical understanding

Designed novel microstructures with exceptional properties

Educated generations of metallurgists worldwide

15 Recommended Resources

15.1 Primary Textbook

e Bhadeshia, H.K.D.H. and Honeycombe, R.W K., Steels: Microstructure and Prop-
erties, 4th edition, Butterworth-Heinemann, 2022
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15.2 Online Resources

e Prof. Bhadeshia’s teaching page: https://www.phase-trans.msm.cam.ac.uk/
teaching.html

e Lecture videos (2020 and 2022 playlists)
e Lecture notes and slides

e Software tools and diagrams

15.3 Key Research Papers

Students should explore Prof. Bhadeshia’s extensive publication record, particularly:
e Crystallography of martensite transformations
e Thermodynamic calculations (T concept)
e Kinetic models for transformation

e Novel steel microstructures (carbide-free bainite, nanostructured steels)

16 Exercises and Discussion Topics

16.1 Calculation Exercises

1. Calculate the M, temperature for a steel with composition (wt%): 0.4C, 1.5Mn,
0.3Si, 1.0Cr

2. Using the Koistinen-Marburger equation, determine the fraction of martensite at
200°C if My = 350°C

3. Estimate the tetragonal distortion (c¢/a ratio) for a steel containing 0.6 wt% carbon

16.2 Conceptual Questions

1. Explain why martensite formation is typically athermal while bainite formation is
isothermal

2. Discuss the relationship between habit plane and carbon content in martensite
3. Why does lath martensite have higher dislocation density than plate martensite?

4. How does retained austenite improve the toughness of martensitic steels?

16.3 Design Problems

1. Design a steel composition for automotive press-hardening with target properties:
tensile strength > 1500 MPa, M, below 450°C, good weldability

2. Propose a heat treatment schedule to produce a dual-phase microstructure with
30% martensite in ferrite matrix

Page 13


https://www.phase-trans.msm.cam.ac.uk/teaching.html
https://www.phase-trans.msm.cam.ac.uk/teaching.html

Lecture 7: Bhadeshia on MarteMId& US 2026 - LLM Assisted Computational Metallurgy

17 Conclusion

This lecture has provided an overview of Prof. Sir Harry Bhadeshia’s fundamental contri-
butions to our understanding of martensitic transformations in steels. His integration of
rigorous theory, computational methods, and experimental validation represents a model
for modern materials science research and education.

The study of martensite remains central to steel metallurgy, from traditional applica-
tions in tools and structural components to advanced multi-phase steels for automotive
and aerospace applications. Prof. Bhadeshia’s work continues to inspire new generations
of researchers to pursue both fundamental understanding and practical innovation.

In Lecture 8, we will explore his equally influential work on bainitic transformations,
which complements and extends many of the concepts introduced here.
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Further Study

Students are encouraged to:

e Watch the complete 2022 lecture video series

Work through the provided lecture notes and problem sets

Explore the interactive diagrams and software tools

Read selected research papers on specific topics of interest

Apply computational tools to analyze real steel compositions
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