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Abstract

This lecture explores Prof. Sir Harry Bhadeshia’s groundbreaking contributions
to understanding the bainite transformation in steels, with particular emphasis on
his recent Edward de Mille Campbell Memorial Lecture (2026) titled “Mechanism
of the Bainite Transformation: A Turning Point.” We examine the thermodynamic
foundations, transformation mechanisms, microstructural characteristics, and de-
sign principles that have made bainitic steels among the most successful advanced
materials of the 21st century. The lecture integrates theoretical understanding with
practical design approaches, showcasing how computational methods combined with
physical metallurgy have enabled the development of commercial nanostructured
steels and infrastructure materials handling billions of gross tonnes of traffic. This
represents a continuation of Lecture 7 on martensite, completing the picture of dis-
placive transformations in steels.

1 Introduction: Bainite as “The Most Addictive Struc-
ture”

In Prof. Bhadeshia’s own words from his 2026 Campbell Memorial Lecture, bainite is
“arguably the most addictive of all the structures of steel.” This transformation, inter-
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mediate between diffusional ferrite and diffusionless martensite, has had a controversial
history but now stands as one of the best-understood and most technologically important
phase transformations in materials science.

1.1 Historical Context and the Path to Understanding

The bainite transformation has what Prof. Bhadeshia describes as a “chequered history.”
There was a period when bainite was designated as a non-lamellar eutectoid with no
participation of shear, even though deformation was evident. The journey from this early
misunderstanding to today’s quantitative predictive capability represents a triumph of
combining:

e Rigorous thermodynamic analysis

Detailed crystallographic observations

Atom probe tomography and synchrotron X-ray studies

Computational modeling and design

e Commercial validation through successful steel development

1.2 Commercial and Technological Impact

The theoretical understanding of bainite has led to:
e The world’s first bulk nanostructured steel
e Transportation infrastructure that has seen more than a billion gross tonnes of traffic
e Advanced automotive steels with exceptional property combinations

e Design methodologies now used routinely in steel development

2 Thermodynamic Framework: The T Concept

2.1 Fundamental Thermodynamic Condition

The key thermodynamic insight, emphasized throughout Prof. Bhadeshia’s work, is that
bainite forms without diffusion but with subsequent carbon partitioning. For diffusionless
growth to occur, transformation must happen below the T, temperature.

2.1.1 Definition of T,

Ty is defined as the temperature where austenite (y) and ferrite («) of identical composi-
tion have equal free energy. At this temperature:

G’Y<J],T0) = Ga(ZE,T0> (1)

where x is the carbon concentration and both phases have the same composition.
Below T, ferrite has lower free energy than austenite of the same composition, making
diffusionless transformation thermodynamically favorable.
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2.1.2 The T, Curve

To account for the strain energy (~400 J mol™!) associated with the invariant-plane strain
shape deformation of bainite, the modified condition T is introduced:

GV (x,Ty) = G*(2,Tp) + Gstrain (2)

However, Prof. Bhadeshia notes that accommodation between different crystallo-
graphic variants of bainite sheaves as volume fraction increases can reduce strain energy,
making Ty often more relevant than T}, for practical purposes.

2.2 The Incomplete Reaction Phenomenon

One of the most important predictions from the Ty concept is the incomplete reaction
phenomenon.

2.2.1 Mechanism

If bainitic ferrite (o) forms without diffusion from austenite of average composition z,
but the carbon difference (x,, — x) is then partitioned into residual austenite, successive
plates must grow from progressively carbon-enriched austenite. Transformation must
cease when:

r7 = gy (3)

2.2.2 Maximum Bainite Fraction

The maximum volume fraction of bainite at complete carbon partitioning is:

Vb Trr — %

% xr; — Y

(4)

where 7 is the carbon concentration in ferrite in equilibrium with austenite.

This equation is now used routinely in steel design and processing, with applications
from 2023-2025 including additive manufacturing, automotive steels, and mechanical pro-
cessing optimization.

2.3 Experimental Validation: Overwhelming Evidence
2.3.1 Compilation of 150+ Experiments

Prof. Bhadeshia’s 2026 Campbell lecture presents a remarkable compilation of over 150
experimental studies spanning 1980-2025. When plotted as ratios 27 /zr, versus 7 /x Al
the data show:
7
Average — = 1.0 (5)
Ty
while 27 < 74, (the paraequilibrium phase boundary).
This is described as “overwhelming evidence that 4 forms without any diffusion, with
subsequent partitioning of carbon.”
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2.3.2 Heterogeneous Carbon Distribution
The carbon in austenite after bainite formation is heterogeneously distributed:

e Fast transformation rate relative to homogenization time

Austenite regions isolated by sheaf structure of bainite

Isolated regions continue accumulating carbon beyond zry

Observable by optical microscopy: austenite retained near bainite, martensite forms
away from it

Confirmed by synchrotron X-ray studies and atom probe tomography

3 Bainite as a Displacive Transformation

3.1 Shape Deformation Characteristics

Bainite exhibits an invariant-plane strain shape deformation with:
e Shear strain: s &~ 0.26 parallel to habit plane
e Dilatational strain: ¢ ~ 0.03 normal to habit plane
e Plastic relaxation in adjacent austenite

e Macroscopic surface relief

3.1.1 Direct Observations

1. Sandvik (1982) observed bainite plates displacing 7-twin boundaries in TEM, prov-
ing deformation is not a surface artifact

2. Swallow and Bhadeshia (1996) provided high-resolution observations of displace-
ments

3. Chang and Bhadeshia (1995) showed accommodation twinning when inclined plates
collide

3.2 Strain Energy Considerations

For a plate with thickness z; much less than length z,, the strain energy per unit volume
for an elastically accommodated invariant-plane strain is:

1—v T2

- Tqe = 2t

ES v 42@

where v is Poisson’s ratio and E is the shear modulus of austenite.

¢ g2=w) s (6)

3.2.1 Thin Plate Shape Requirement

The thin-plate shape of displacive transformations is not an assumption but a requirement
to minimize strain energy. This distinguishes bainite from idiomorphic ferrite, which does
not adopt a plate shape because interfacial energy anisotropy alone is insufficient.
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3.3 Interface Structure

3.3.1 Glissile Interface Requirements

For displacive transformation, the interface must be glissile, consisting of:
e Monoatomic-height coherency dislocations (can climb and glide conservatively)
e Anticoherency dislocations (accommodate long-range strain fields)
e Intense stress fields associated with these defects

e In classical terminology: inhomogeneous lattice-invariant shear

3.3.2 Topological Model

An alternative description uses a macroscopically planar irrational interface with:
e Step and terrace structure
e Disconnections (line defects at terrace edges with step height and Burgers vector)
e These are transformation dislocations whose motion produces structural change

e Elastic connection between lattices, not a disconnection in colloquial sense

4 Absence of Substitutional Solute Partitioning

4.1 Atom Probe Evidence

Extensive atom probe tomography studies demonstrate conclusively:

e No partitioning of substitutional solutes (Cr, Mo, Mn, Ni, Si, etc.)
e No segregation to a;/ interface
e Fe/X atom ratio identical in bainite and parent austenite

e Even carbon shows no segregation to transformation interface

4.1.1 Chronological Evidence

The first atom probe study (Bach et al., 1980) on Fe-1.4C-2.8Cr-1.6Mo-0.6Si-0.5V-0.3Mn
(at.%) showed no substitutional solute partitioning across /o’ interfaces within 95%
confidence limits.

Many subsequent studies (Table 1 in Campbell lecture lists compositions from 1980-
2025) have confirmed this for diverse steel compositions.
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4.2 Implications for Transformation Mechanism
4.2.1 Elimination of Diffusional-Displacive Mechanism

The diffusional-displacive mechanism requires:
e Atoms moving over sites predicted by lattice correspondence
e Adequate atomic mobility
e Coherent or semi-coherent interface
e No creation/destruction of sites by vacancy migration

However, independent atom probe experiments show no tendency for substitutional
solutes to partition or segregate. This eliminates the diffusional-displacive interpretation
for bainite.

4.2.2 Solute Drag Considerations
Prof. Bhadeshia’s 2026 analysis shows:

e No experimental evidence of segregation at o/~ interface

e First-principles calculations suggest solute drag, if it exists, is not significant at
bainite formation temperatures

e Even if solute drag were relevant to displacive transformation (questionable), it
would be insignificant

5 Atomic Mobility at Bainite Formation Temperatures

5.1 Extraordinarily Limited Mobility

Prof. Bhadeshia emphasizes Christian’s tenet: “account must be taken of the lack of any
solute atom mobility at the temperatures of bainite formation.”

5.1.1 Compelling Examples

Tetrataenite in meteorites:
e Chemically-ordered FeNi (P4/mmm) forms below 321°C
e Observed in meteorites cooling at extraordinarily slow rates
e Never produced on Earth by annealing
e Estimated: 10* years for one Ni atomic jump at 300°C
Nickel partitioning in meteorites:
e Ni-rich v rims from « partitioning

e Thickness ~ 10 um at 250°C per million years
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e Thickness ~ 100 um at 1°C per million years

e Scales with /%, consistent with diffusion

Bainite formation temperatures:

e Obtained at 125°C where Fe diffusion distance is 1077 m over experimental timescale
e At 478°C, bainite forms 6000 times faster than reconstructive ferrite

e No theoretical lower limit to bainite formation temperature

e 100-year experiment in progress to form bainite at room temperature (finish date:

2104)

5.2 Cementite Formation

Even cementite forming during bainite transformation grows without X/Fe ratio change:

e Similar to cementite from martensite tempering

Inadequate atomic mobility prevents substitutional solute partitioning

Why cementite doesn’t precipitate from austenite in high-Si steels (would be forced
to inherit Si)

Atom probe profiles show no perceptible X /Fe ratio change across «/0/« interface

Carbides can grow by paraequilibrium displacive mechanism

6 Carbon Supersaturation in Bainitic Ferrite

6.1 Extraordinary Vestiges of Diffusionless Transformation

Modern instrumentation has revealed remarkable carbon supersaturation in bainitic fer-
rite:

6.1.1 Initial Interpretations

Originally thought to reside in dislocations (Bhadeshia and Waugh 1982, various studies
through 2007).

6.1.2 Actual State

Pereloma et al. and Caballero et al. showed carbon is actually in solid solution:
e Persists even after 250 hours at 200°C
e Not a mobility issue preventing partitioning

e Carbon concentration far exceeds equilibrium with austenite
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6.2 Tetragonal Bainitic Ferrite
6.2.1 Crystallographic Explanation

The Bain strain leaves carbon in just one of three interstitial sub-lattices, making the unit
cell tetragonal (cupe):

e Residual tetragonality verified experimentally by multiple groups (2013-2024)
e X-ray diffraction, TEM, high-resolution measurements

e Emulates discovery of asymmetric martensite by Fink and Campbell (1926)

6.2.2 Relevant Equilibrium

The appropriate equilibrium is between body-centered tetragonal ferrite (ape) and austen-
ite, not cubic ferrite and austenite.
Calculated Fe-C diagram for a4 /7 equilibrium (Jang et al. 2012):

e Carbon solubility significantly increased
bet

e Explains large concentration persisting in «;

e Provides thermodynamic basis for observed supersaturation

7 Models for Partial Carbon Supersaturation

Prof. Bhadeshia’s 2026 Campbell lecture provides critical evaluation of recent models
attempting to explain carbon trapping.

7.1 Rigorous Approach: Olson et al. (1984)
7.1.1 Three Interface Response Functions

To solve for three unknowns (z® — 2°/7, interface austenite composition x] # 7, and
lengthening rate vy), three interface response functions are needed:

1. Interface mobility:
_ Q"
Vg = Vg €Xp ( T (7)

where vp = 30 m s~! and Q* is activation energy function of net interfacial driving force.

2. Diffusion field (Trivedi):

ol

s = ()" explplerfefs 7} where p = 3 (8)

3. Solute trapping (Aziz):

by — D{;I} (ﬁp:l{i@> (9)

where k, = 2%/z] and k. is equilibrium partition coefficient.
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7.1.2 Results

e Supersaturation increases with undercooling
e Correctly predicts onset of martensitic transformation at M, temperature
e When 2 = z¢ (complete supersaturation), martensite forms

e Does not rely on arbitrary selection of plate-tip radius

7.2 Critique of Recent Models
7.2.1 Benrabah et al. (2023, 2024) Limitations

Fundamental issues:

e Uses only one interface response function (diffusion field)

Neglects strain energy

Does not justify plate shape

Uses outdated diffusion field calculation

Effectively sets interface mobility v, = vy (no activation barrier)
e Cannot predict martensite-start temperature
Mechanical barrier concept:

e Introduces “barrier” AG,,..;, for interface-dislocation interaction

Analogous to empirical constant a in Hillert (1960)

Missing crystallography in analysis

Interface structure model creates conceptual difficulties

Stress field compensation not properly accounted for

Calculated interfacial energy (07* ~ 2.23 J m~?2) order of magnitude larger than
realistic value (0.2 J m~2)

7.2.2 Dai et al. (2024) Limitations

Major problems:

e Dismisses strain energy as “extremely small” - overlooks that growth rate depends
on strain energy per unit volume

e Cannot predict martensite-start temperatures

e Total calculated energy dissipation far greater than driving force for diffusionless
growth

e Uses outdated diffusion solution
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e Only resolves velocity-supersaturation relationship via maximum velocity criterion
Interface treatment inconsistencies:

e Defines interface as finite thickness domain where carbon diffuses against chemical
potential gradient

e Not physically tenable for carbon to migrate against chemical potential within in-
terface

e Derived carbon diffusivity inconsistent with own equations
e Claim that interfacial energy decreases to zero near room temperature contradicts

first-principles calculations (¢*/7 = 2.3 J m~? at 0 K)

7.3 Current Understanding

Based on evidence, Prof. Bhadeshia concludes that Hehemann’s original idea (1970)
stands:

Bainite forms without diffusion, with carbon partitioning subsequently

If there is a transition from paraequilibrium growth to partial carbon trapping before
diffusionless growth, experimental evidence indicates it occurs over a narrow temperature
range.

8 Nucleation of Bainite

8.1 Evidence-Based Observations

Unlike growth, nucleation information is scarce, but certain observations are well-established:

8.1.1 Common Nucleus for Widmanstatten Ferrite and Bainite

Examination of driving forces shows both evolve from same nucleus:
e Nucleation mechanism with activation energy linear function of AG
e Requires carbon partitioning during nucleation process
e Nucleus evolves into ay or a4 depending on driving force for growth

e Explains why not all transformations possible in all steels

8.1.2 Dislocation Dissociation Mechanism

Linear dependence of nucleation activation energy on AG originates from dislocation
dissociation mechanism (Olson and Cohen, 1976, for martensite; extended to bainite).
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8.1.3 Preferred Nucleation Sites

e Huge preference for grain boundary faces over edges (where >2 grains meet)
e Crystallography and 3D observations demonstrate this
e Dislocation dissociation feasible at grain faces

e Explains identically-oriented plates forming at same ~-grain face

8.1.4 Intragranular Nucleation

In welding alloys, bainite nucleates on particular inclusions:
e Enhanced driving force from solute depletion
e Inclusion absorbing manganese
e Lattice matching effects

e Mechanism depends on inclusion type

9 Continuity of Transformations: ayy, oz, o

9.1 Comprehensive Treatment

Prof. Bhadeshia’s framework treats Widmanstéatten ferrite, bainite, and martensite in
unified manner respecting observed characteristics:

9.1.1 Common Features

All three are displacive transformations exhibiting:
e Invariant-plane strain shape deformation
e Substitutional-to-iron atom ratio unchanged from austenite
e Glissile or semi-glissile interfaces

e Related crystallographic features

9.1.2 Distinguishing Characteristics
Martensite ():

e Diffusionless at all stages

e Highest strain energy (~700 J mol™)

e Forms over temperature range (M, to My)

e No composition constraint beyond Fe/X ratio

Bainite (ap):
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Grows without diffusion

Excess carbon partitions into v or precipitates as carbides
e Can form only below Ty (thermodynamic constraint)
e Strain energy ~400 J mol~?

e Auto-tempers during transformation
Widmanstétten ferrite (o ):

e Grows at paraequilibrium, carbon diffusion-controlled rate

e Can form in interstitial-free iron alloys

Not limited by Ty condition

Lower strain energy due to self-accommodating plate pairs

Terminates when 27 = x4, (paraequilibrium boundary)

9.2 Transformation-Start Temperature Predictions
9.2.1 Thermodynamic and Kinetic Criteria
Widmanstétten ferrite start (Wg):
AG,, <Gy and AGT™ < Ggy (10)
Bainite start (Bg):
AG,, <Gy and AG™ < Ggp (11)

Martensite start (Mg):
AG™ < GY (12)

where:

e AG,, = maximum free energy for paraequilibrium nucleation

o AG" = free energy change for diffusionless transformation

e (Gy = universal nucleation function

o Gsw, Ggp = stored energies of Widmanstétten ferrite and bainite

!/ o . . .
e (% = driving force for martensite nucleation

9.2.2 Prediction Capability
Not all transformations possible in all steels:
e Low alloy: All three transformations (aw, oy, ') possible
e Medium alloy: ay missing (when nucleation becomes possible, bainite can form)

e High alloy: Only martensite possible

This behavior is observed in practice and can be calculated using freely available
software at Materials Algorithms Project website.

Page 12



Lecture 8: Bhadeshia on BainitMIWUS 2026 - LLM Assisted Computational Metallurgy

9.3

Why ay Microstructures Are Coarse

Lower driving force at high temperatures means:

e Pairs of ayy plates must nucleate simultaneously in back-to-back, self-accommodating

10

manner
Reduces effective strain energy (Gsw < Gsp)
Results in coarser microstructures

Contrasts with bainite sheaf structure

Design of Bainitic Steels

10.1 Computational Design Methodology

Prof. Bhadeshia’s approach to steel design integrates thermodynamics, kinetics, and
microstructure-property relationships:

10.1.1 Design Parameters

1. Transformation temperature selection:

Lower temperatures — finer bainite plates
Ty curve determines maximum carbon in austenite

Balance between plate refinement and transformation kinetics

. Carbon content optimization:

Higher C — lower transformation temperatures possible
Affects retained austenite stability

Influences carbide formation (in non-Si steels)

. Silicon addition:

Suppresses cementite formation
Enables carbide-free bainite
Carbon retained in solution or austenite

Improves toughness

. Substitutional alloying:

Shifts Ty curve to enable lower transformation temperatures
Does not partition during transformation
Solid solution strengthening

Hardenability considerations
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10.2 Carbide-Free Bainite

10.2.1 Microstructural Features

Bainitic ferrite plates

Films of retained austenite between plates

No carbide precipitation

Carbon enrichment in austenite

10.2.2 Property Optimization
Strength: From:
e Plate refinement (lower transformation temperature)
e Solid solution strengthening
e Dislocation density
e Grain size (prior austenite)
Toughness: Enhanced by:
e Absence of brittle carbides
e Retained austenite (TRIP effect)
e Fine plate structure

e Avoiding block-like austenite regions that transform to martensite

10.3 Nanostructured Bainitic Steels
10.3.1 World’s First Bulk Nanostructured Steel

Developed using Prof. Bhadeshia’s theoretical framework:
Key features:

e Ultra-fine bainitic ferrite plates (20-40 nm thickness)
e Films of retained austenite between plates

e Transformation at very low temperatures (125-250°C)
e [sothermal holding for extended periods
Remarkable properties:

e Strength: 2.5 GPa

e Toughness maintained despite ultra-high strength

e Shape deformation shear strain s ~ 0.46

e Commercial production achieved
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10.3.2 Design Principles

1.

2.

High carbon content (0.8-1.0 wt%)

Silicon addition (~1.5 wt%) to suppress carbides

. Alloying (Cr, Mo, Mn) to shift Ty and provide hardenability

Very low transformation temperature (125-200°C)

. Long isothermal holding times (days to weeks)

Controlled prior austenite grain size

10.4 Retained Austenite Engineering

10.4.1 Stability Control

The stability of retained austenite is crucial for mechanical properties and can be con-
trolled through:
Carbon concentration:

e Higher C — more stable austenite

e M, of austenite must be below service temperature

e Too stable — no TRIP effect

e Too unstable — transforms during processing

Morphology:

e Film-like austenite between bainite plates (more stable)

e Block-like austenite regions (less stable, transforms to martensite)

e Size effects: thinner films more stable

Design equation: Using Equation 1 from Section 2.2, maximum retained austenite
fraction and its carbon concentration can be predicted and controlled by:

e Selection of transformation temperature

e Alloy composition affecting Tj, curve

e Ensuring carbon remains in solution
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10.4.2 Applications
TRIP-assisted steels:

e Automotive applications requiring formability

e Strain-induced transformation during deformation

e Enhanced work hardening and energy absorption

e Combination of strength and ductility

Relationship to Ty and toughness:

e Block austenite with less carbon transforms to martensite
e Film austenite near T| remains stable

e Remarkable correlation between T and toughness

10.5 Example Design Calculations
10.5.1 Target Properties

For railway crossing application:
e Hardness: 400-450 HV
e Toughness: > 30 J at room temperature
o Wear resistance

e Weldability

10.5.2 Design Steps

1. Composition selection:
e C: 0.4 wt% (balance hardness and toughness)
e Si: 1.5-2.0 wt% (carbide suppression)
e Mn: 2.0 wt% (hardenability, shift Ty)
e Cr, Mo: modest additions for through-hardening

2. Calculate T, curve: Using CALPHAD databases (MTDATA, Thermo-Calc),
determine T as function of carbon concentration.
3. Select transformation temperature:

e Choose temperature below Bg but above M,
e Typically 300-350°C for this composition
e Lower temperatures give finer structure but slower kinetics

4. Predict microstructure:
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e (Calculate maximum bainite fraction using Equation 4

e Estimate retained austenite fraction and carbon content

e Predict plate thickness (finer at lower temperatures)

5. Estimate properties:

e Hardness from empirical correlations with carbon and microstructure

e Toughness improvement from avoiding carbides and controlling austenite

11 Advanced Topics and Recent Developments

11.1 Deformation Effects on Bainite Transformation

Recent work (Benrabah et al., 2024) examines how deformation affects bainite:
e Applied stress can accelerate transformation
e Variant selection influenced by stress state
e Important for thermomechanical processing

e Relevant to austempering under load

11.2 Bainite in Additive Manufacturing

Challenges and opportunities:

e Rapid solidification — non-equilibrium phases

Complex thermal cycles — mixed microstructures

Residual stress influences transformation

Site-specific microstructure control possibilities

Recent studies on LPBF fabrication of carbide-free bainitic steels

11.3 Multiscale Modeling Integration

Modern approaches integrate:
Atomistic scale:

e First-principles calculations of interface structure
e Segregation energies

e Carbon-defect interactions

e Interfacial energy calculations

Mesoscale:
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e Phase field modeling of transformation kinetics
e Microstructure evolution

e Strain accommodation

e Variant selection

Macroscale:

e Crystal plasticity for mechanical response

e Component-level property prediction

e Process optimization

11.4 Machine Learning Applications

While Prof. Bhadeshia notes that machine learning “comes with the baggage of billions
of empirical coefficients that are not easy to fathom,” it has applications when combined
with physical understanding:

e Neural network models for property prediction (trained on physical data)
e Composition optimization within physically-constrained space
e Pattern recognition in large experimental datasets

o Acceleration of CALPHAD calculations

However, as emphasized in the Campbell lecture quoting Anderson’s Nobel lecture:
“the perfect computation simply reproduces Nature, does not explain her.”

12 Practical Guidelines for Students and Engineers

12.1 Software Tools
Freely available at Materials Algorithms Project:

e MAP STEEL MUCG46: Calculates transformation temperatures

e Predicts which transformations possible in given steel

e Estimates maximum bainite fraction

e Available at: https://www.msm.cam.ac.uk/map/steel/programs/mucg46-b.html

Commercial thermodynamic software:
e MTDATA (National Physical Laboratory)
e Thermo-Calc

e FactSage

e JMatPro
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12.2 Experimental Validation Checklist

When developing bainitic steels:

1.

Dilatometry: Measure transformation temperatures (Bg, Mg)

Optical microscopy: Characterize sheaf structure, estimate volume fractions

. SEM: Higher resolution microstructural details
. XRD: Quantify retained austenite, measure lattice parameters
. TEM/EBSD: Crystallography, variant analysis, defect structure

. Hardness testing: Map hardness vs. transformation conditions

Mechanical testing: Tensile, toughness, fatigue as required

. Advanced characterization: Atom probe, synchrotron XRD if available

12.3 Common Pitfalls to Avoid

1.

2.

13

Neglecting strain energy in thermodynamic calculations

Assuming substitutional solute partitioning without evidence

. Using WBS function as limiting condition (lacks valid foundation)

. Ignoring heterogeneous carbon distribution in austenite

Confusing carbide-free bainite with absence of carbon
Oversimplifying interface structure without crystallographic analysis

Applying models beyond their validated range

Key Insights from 2026 Campbell Memorial Lecture

13.1 Main Conclusions

Prof. Bhadeshia’s Campbell lecture represents a “turning point” with these definitive
statements:

1.

Displacive mechanism universally accepted: “All now accept that the austen-
ite to bainite transformation is accomplished by a displacive mechanism that results
in an invariant-plane strain shape deformation.”

. No solute drag: “Solute drag due to segregation at the interface does not occur,

there is no partitioning of substitutional solutes on any length scale.”

. Remarkable lack of mobility: “There is a remarkable lack of atomic mobility at

the temperatures where bainite forms.”
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4. T, condition is absolute: “Overwhelming evidence that when carbon in austenite
remains in solid solution, the bainite transformation is halted when concentration
reaches a value where austenite and ferrite of the same composition have identical
free energies.”

5. NPLE is dubious: “The concept [of negligible partitioning local equilibrium]| is du-
bious theoretically because a gradient-energy term becomes important when dealing
with sharp concentration gradients.”

6. WBS lacks foundation: “The popular WBS limitation to the growth of plates
does not have a firm foundation.”

7. Hehemann’s idea stands: “Evidence suggests that Hehemann’s idea that bainite
forms without any diffusion with the carbon partitioning subsequently, stands.”

13.2 The Path Forward

“It is now possible to treat Widmanstétten ferrite, bainite and martensite transformations
in a manner that respects a large variety of observed characteristics, making it possible
not only to predict the three transformation temperatures, but to calculate whether all
three can form in a given steel.”

13.3 End of Controversy

“It may even be appropriate to avoid starting publications with the statement that ’bainite
is controversial, therefore...”!”

14 Integration with Lecture 7: Martensite and Bainite

14.1 Complementary Understanding
Similarities:

e Both are displacive transformations

Invariant-plane strain shape deformation

Glissile interfaces

No substitutional solute partitioning

Similar crystallographic relationships with austenite

e Form below Ty (for composition-invariant transformation)
Key differences:

e Martensite: athermal, diffusionless throughout

Bainite: forms isothermally, carbon partitions after growth

Martensite: higher strain energy, no auto-tempering during growth

Bainite: lower temperatures allow finer structures than martensite

Bainite: sheaf/sub-unit structure from mechanical stabilization
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14.2 Unified Framework

The continuity of ay-ay-’ transformations provides:
e Single theoretical framework for all three
e Prediction of which transformations occur in given steel
e Rational basis for alloy and process design

e Understanding of why certain microstructures don’t form

15 Case Studies

15.1 Railway Applications

Nanostructured bainitic rail steel:

e Development based on Ty concept and bainite design principles

Transportation infrastructure handling > 1 billion gross tonnes

Exceptional wear resistance from ultra-fine structure

Maintained toughness despite high hardness

Commercial success validates theoretical approach

15.2 Automotive Steels
TRIP-assisted bainitic steels:

e Designed using retained austenite stability calculations
e Volume fraction and carbon content predicted from T
e Excellent formability and crash energy absorption

e Third-generation AHSS developments

Quench and partitioning with bainite:

e Extension of Q&P concept to bainite

Partial bainite transformation followed by heating

Carbon partitioning into austenite

Property optimization
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15.3 Welding Metallurgy

Acicular ferrite in weld metals:

16

Form of bainite nucleating intragranularly on inclusions
Inclusion engineering for microstructure control
Improved toughness over grain boundary ferrite

Design methodology from understanding nucleation mechanism

Looking Forward: Open Questions and Future Re-
search

16.1 Remaining Challenges

While bainite understanding has advanced tremendously, some areas warrant further in-
vestigation:

1.

2.

Nucleation details: Atomistic mechanisms still not fully resolved

Variant selection: Quantitative prediction under complex stress states

. Influence of defects: Prior deformation, dislocations on transformation

. Multi-component systems: Extending understanding to complex commercial

alloys

. Kinetic transitions: Precise temperature range for any transition from paraequi-

librium to diffusionless growth

16.2 Emerging Opportunities

17

Integration with additive manufacturing for novel processing routes
Combination with severe plastic deformation

Medium-Mn steels with bainite + austenite

Hydrogen embrittlement resistance through microstructure design

Sustainability: reduced alloying through optimized design

Pedagogical Insights from Prof. Bhadeshia’s Ap-
proach

17.1 Scientific Method Exemplified

Prof.

1.

Bhadeshia’s work on bainite demonstrates:

Start with thermodynamics: Inviolable framework
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2. Respect crystallography: Geometric constraints are real

3. Trust careful experiments: Especially modern high-resolution techniques

4. Question assumptions: Even long-standing ones (like WBS)

5. Integrate knowledge: Connect martensite, bainite, and ferrite transformations
6. Validate through application: Theory must enable practical steel design

7. Communicate clearly: Make tools and knowledge freely available

17.2 Value of Controversy

The “chequered history” of bainite has been productive:

e Controversy stimulated rigorous experimental work

Required development of new characterization techniques

Forced clear articulation of theoretical framework

Led to quantitative, predictive capability

Resulted in commercially successful innovations

17.3 Integration of Computation and Experiment

Modern understanding required:

e CALPHAD thermodynamic databases

Atom probe tomography

Synchrotron X-ray diffraction

High-resolution electron microscopy

First-principles calculations

Phase field modeling

None alone was sufficient; integration was essential.

18 Conclusions

This lecture has explored Prof. Sir Harry Bhadeshia’s transformative contributions to
understanding bainite in steels. The journey from a controversial transformation to a
quantitatively understood and commercially exploited phenomenon represents one of the
great success stories in physical metallurgy.
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18.1 Key Takeaways

1.
2.

@

© 0 N e ot

10.

Bainite is a displacive transformation with invariant-plane strain shape deformation
Forms without diffusion below Ty; carbon partitions subsequently

Substitutional solutes do not partition - overwhelming evidence from atom probe
studies

Atomic mobility at bainite temperatures is extraordinarily limited

Ty concept provides absolute thermodynamic limit (incomplete reaction)
Tetragonal bainitic ferrite explains carbon supersaturation

Unified framework treats ayy, ap, and o transformations

Theoretical understanding enables rational steel design

Commercial successes validate theoretical framework

Free software tools available for transformation predictions

18.2 Impact on Steel Development

The quantitative understanding of bainite has enabled:

Design of ultra-high strength steels (2.5 GPa) with toughness
Nanostructured steels in commercial production

TRIP-assisted automotive steels with optimized austenite stability
Railway steels handling unprecedented traffic loads

Rational composition and processing optimization

Reduced development time and cost through computational design

18.3 Final Reflection

In Prof. Bhadeshia’s words from the Campbell lecture, we have “come a long way” from
early misconceptions about bainite. The transformation is now understood in remarkable
depth, connecting:

Thermodynamics (T concept)

Crystallography (invariant-plane strain, interface structure)
Kinetics (nucleation and growth mechanisms)

Atomic-scale phenomena (carbon trapping, tetragonality)

Practical applications (steel design and commercial production)

Together with Lecture 7 on martensite, we now have a comprehensive understanding
of displacive transformations in steels, forming the foundation for advanced steel design
in the 21st century.
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Student Assignment: Campbell Memorial Lecture Anal-
ysis
Assignment Overview

Students are required to read and analyze Prof. Bhadeshia’s 2026 Edward de Mille Camp-
bell Memorial Lecture:

Citation: Bhadeshia, H.K.D.H. “Mechanism of the Bainite Transformation: A Turn-
ing Point.” Metallurgical and Materials Transactions A 57, 1-20 (2026).
DOI: https://doi.org/10.1007/s11661-025-08017-7

Available at: https://www.phase-trans.msm.cam.ac.uk/2025/Campbell . pdf

Assignment Tasks
Part 1: Critical Reading and Summary (30%)

Write a 2-3 page summary addressing:

1. What does Prof. Bhadeshia identify as the main historical controversies about
bainite?

2. What experimental evidence does he present as “overwhelming” for the T concept?
3. How does he use the compilation of 150+ experiments to make his argument?

4. What are the key conclusions stated in the paper?

Part 2: Critical Analysis of Models (40%)

Choose ONE of the following recent models critically evaluated in the paper:
e Benrabah et al. (2023, 2024) - mechanical barrier model
e Dai et al. (2024) - carbon supersaturation model
e Negligible partitioning local equilibrium (NPLE) approach
For your chosen model:
1. Explain the model’s main assumptions and approach
2. Summarize Prof. Bhadeshia’s criticisms
3. Evaluate whether you find the criticisms convincing (with justification)

4. Suggest what additional experiments or calculations could resolve the issues
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Part 3: Quantitative Application (30%)

Select a steel composition from Table 1 in the Campbell lecture (or from recent literature
on bainite). Using available software tools or published data:

1. Calculate or estimate the T curve for this composition
2. For a chosen transformation temperature, predict:

e Maximum bainite fraction
e Retained austenite fraction and carbon content

e Whether all three transformations (ayy, ay, o) are possible
3. Compare your predictions with experimental results (if available in literature)

4. Discuss how you would optimize this composition for a specific application

Deliverables
e Written report (8-10 pages, excluding figures and references)
e Figures showing Ty curves and transformation predictions
e References to at least 5 additional papers on bainite beyond the Campbell lecture

e Due date: [To be announced by instructor|

Evaluation Criteria

e Depth of understanding of thermodynamic concepts (Ty, driving forces)

Critical thinking in model evaluation

Accuracy of calculations and predictions

Quality of written communication

Integration of lecture material with independent research

Proper citation of sources

Suggested Additional Reading
Beyond the Campbell lecture, students should consult:

e Bhadeshia & Honeycombe: Steels: Microstructure and Properties, 5th edition (2024),
Chapters on bainite

Bhadeshia: Bainite in Steels: Theory and Practice, 3rd edition (2015)

Bhadeshia: Theory of Transformations in Steels (2021)

Recent papers from Acta Materialia, Scripta Materialia, Metallurgical Transactions
A on bainite (2020-2026)

Prof. Bhadeshia’s lecture notes and videos from 2022 Steels course

Page 26



Lecture 8: Bhadeshia on BainitMIWUS 2026 - LLM Assisted Computational Metallurgy

Acknowledgments

The author gratefully acknowledges Prof. Sir Harry Bhadeshia for his generous sharing of
teaching materials, his inspiring presentations including the visit to University of Udine on
February 19 to present his book on steels, and for organizing the 2022 online Steels course.
His 2026 Edward de Mille Campbell Memorial Lecture provides a definitive statement on
the current understanding of bainite and represents a true turning point in resolving long-
standing controversies. His commitment to making knowledge and software tools freely
available exemplifies the highest ideals of academic scholarship.

Recommended Resources

Online Materials

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

2022 Steels course video playlist

Lecture notes on bainite (Parts I and II)

Interactive diagrams and software tools

Materials Algorithms Project:
https://www.msm.cam.ac.uk/map/steel/programs/
Key Papers

Students should explore Prof. Bhadeshia’s extensive publication record, with particular
attention to:

e Thermodynamic analysis and T concept

Atom probe studies of bainite (with collaborators)

Crystallography and shape deformation

Design of nanostructured bainitic steels

Continuum theory of ay,, ay, o transformations

Recent Campbell Memorial Lecture (2026)

Appendix A: Useful Equations Summary

Thermodynamic Relations

Ty condition:
G’Y<J],T0) = Ga(ZE,T()) (13)
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Maximum bainite fraction:

Vb Ty —

~

%4 Ty — T
Retained austenite fraction:
Ve
fra=1-— v

Strain Energy
Invariant-plane strain energy per unit volume:

1—-v T2 o T 2t o
e _ 7 (2 — ~t
Es v 4ch +8( V)ng

where typical values: s ~ 0.26, ¢ ~ 0.03

Transformation Start Temperatures

Widmanstatten ferrite:
AG,, < Gy and AG™*Y < Ggw

Bainite:
AG,, <Gy and AG™ < Ggp

Martensite:
AG™ < G,

Appendix B: Software Resources

Free Software (Materials Algorithms Project)
MAP_STEEL MUCG46:

e (Calculates Wg, Bg, Mg temperatures
e Predicts which transformations are possible

e EBstimates bainite fraction

(14)

(15)

(16)

e URL: https://www.msm.cam.ac.uk/map/steel/programs/mucg46-b.html

Other useful programs:

Martensite crystallography calculations

TTT diagram estimation

Mechanical property predictions

Phase diagram calculations
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Commercial Software

Thermodynamic calculations:

e MTDATA (NPL, UK)

e Thermo-Calc (Sweden)

e FactSage (Canada)

e Pandat (CompuTherm, USA)

Kinetic simulations:

e DICTRA (diffusion-controlled transformations)

e MatCalc (precipitation and transformation kinetics)

Integrated packages:

e JMatPro (comprehensive property calculations)

Appendix C: Experimental Techniques Overview

Characterization Method Selection

Technique

Information

Key for Bainite Studies

Dilatometry

Transformation temper-
atures, kinetics

Bg, Mg determination, volume

changes

Optical microscopy

Microstructure, volume
fractions

Sheaf structure, retained austenite
(with etching)

SEM High-resolution = mor- Plate structure, carbides, fracture
phology surfaces
XRD Phase ID, lattice pa- Retained austenite quantification,
rameters tetragonality
EBSD Crystallography, vari- Orientation relationships, variant
ants selection
TEM Fine structure, defects Dislocations, interface structure,
carbides
Atom probe Composition (nm scale) Carbon distribution, no substitu-

tional partitioning

Synchrotron XRD

In-situ transformation

Real-time austenite

evolution

composition

Table 1: Characterization techniques for bainite studies
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Appendix D: Historical Milestones in Bainite Research

1930s-1940s: Bainite identified as distinct transformation product

1960: Hehemann proposes bainite grows like martensite then partitions carbon
1970s: Controversy over mechanism - eutectoid vs. displacive

1980: Bhadeshia & Edmonds establish Ty concept and incomplete reaction

1980: First atom probe study (Bach et al.) shows no substitutional partitioning
1982: Sandvik proves shape deformation by TEM observation of twin displacement
1990s: Multiple atom probe studies confirm paraequilibrium transformation
2000s: Development of carbide-free nanostructured bainitic steels

2008: Synchrotron studies confirm austenite remains uniform until transformation
2010: First bulk nanostructured steel (20-40 nm plates)

2012: Tetragonal ferrite phase diagram explaining carbon supersaturation
2013-2015: Experimental verification of bainitic ferrite tetragonality

2020s: Commercial success of nanostructured bainitic steels

2026: Campbell lecture declares "turning point" - controversies resolved

Appendix E: Nomenclature and Symbols

Phases and Microstructures

Y

o
al
Qp
OégCt
aw

0

Austenite (FCC)

Ferrite (BCC)

Martensite

Bainitic ferrite
Tetragonal bainitic ferrite
Widmanstétten ferrite
Cementite (FesC)

Thermodynamic Quantities

AG™
AG,,

Gy
Gy
Gsp

Gsw

Gy

Free energy change for diffusionless transformation
Maximum free energy for paraequilibrium nucleation
Universal nucleation function

Driving force for martensite nucleation

Stored energy of bainite

Stored energy of Widmanstétten ferrite

Strain energy per unit volume

Gstrain  Strain energy

Ty
T

Temperature where G7 = G* at same composition
Ty modified for strain energy
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Compositions

7
IO(
7
[t

«

X1y
xéeg
Ly

Average carbon concentration in alloy

Carbon concentration in austenite

Carbon concentration in ferrite

Carbon in austenite in equilibrium with ferrite
Carbon in ferrite in equilibrium with austenite
Carbon in v where G7 = G*

Paraequilibrium (« + )/~ boundary
Austenite composition at interface

Transformation Temperatures

Mg
My
Bg
Wy

Martensite start temperature

Martensite finish temperature

Bainite start temperature
Widmanstétten ferrite start temperature

Crystallographic and Physical Parameters

SIEARS

w

S

Shear strain component (= 0.26 for bainite)
Dilatational strain component (a 0.03 for bainite)
Poisson’s ratio

Shear modulus of austenite

Plate thickness

Plate length

Lengthening rate of plate

Dislocation density

Burgers vector magnitude

Volume Fractions

Ve [V Volume fraction of bainite

fRA

Retained austenite fraction

Appendix F: Discussion Questions for Students

Conceptual Understanding

1.
2.

Why is the Ty concept thermodynamically absolute while WBS is empirical?

Explain why substitutional solutes cannot partition at bainite formation tempera-
tures, using specific examples from meteorite studies.

. How does the tetragonal structure of bainitic ferrite resolve the apparent paradox

of carbon supersaturation?

. What is the fundamental difference between the nucleation of bainite and its growth?

. Why do Widmanstéatten ferrite structures tend to be coarser than bainite?
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Quantitative Analysis

1. For a Fe-0.4C-2Si-2Mn wt% steel, calculate the maximum bainite fraction at 300°C.
What happens to the remaining austenite?

2. Estimate the strain energy for a bainitic ferrite plate with z; = 50 nm, 2, = 5 m. Is
this significant compared to the chemical driving force?

3. If the diffusion distance of Fe at 200°C over 1 hour is 107'7 m, how does this compare
to the plate thickness? What does this tell you about the mechanism?

Critical Thinking

1. Prof. Bhadeshia criticizes models that use only one interface response function.
Why are at least three needed for partial supersaturation?

2. The Campbell lecture states that gradient energy makes NPLE “dubious.” Explain
this argument in your own words.

3. How would you design an experiment to definitively prove whether carbon partitions
during growth or after growth?

4. Why is it significant that atom probe studies show no carbon segregation to the

ap /7y interface?

Design and Application

1. You need to design a bainitic steel for railway crossing with hardness >400 HV and
toughness >30 J. Outline your approach using the principles from this lecture.

2. How would you use the Ty concept to maximize retained austenite stability in a
TRIP steel?

3. Explain how the understanding of bainite enables the design of steels with 20-40
nm plate thickness. What are the practical challenges?

4. Compare the advantages and disadvantages of carbide-free bainite versus tempered
martensite for a high-strength structural application.

Appendix G: Connection to Course Themes

This lecture integrates with other MIWUS 2026 lectures:

Lecture 7 - Martensite

e Both are displacive transformations
e Common crystallographic framework
e Continuum from ay through «y to o

e Role of T in both transformations
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Computational Methods
e CALPHAD calculations of Ty curves

e Phase diagram construction
e Kinetic modeling approaches

e [ree software tools demonstration

Experimental Validation

e Atom probe tomography interpretation
e Synchrotron X-ray diffraction analysis
e Dilatometry and transformation kinetics

e Integration of multiple characterization techniques

Materials Design
e Theory-guided steel development

e Optimization of composition and processing
e Property prediction and validation

e Case studies of successful commercial steels

“Bainite is arquably the most addictive of all the structures of steel.”

— Prof. Sir Harry K.D.H. Bhadeshia
Edward de Mille Campbell Memorial Lecture, 2026
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