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Nucleation

Homogenous nucleation

Solidification
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Nucleation statistics

Homogenous nucleation rate
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Nucleation: precipitation sequence in Al-Ag

GP

ρ as a function of T

Decreasing T

(2K/min)

Increasing T

(2K/min)

Slope~=0.017 μ-cm

Restoring electrical 

resistivity during 

precipitation

Isochronal hold 15min

𝛼𝑠𝑠 → 𝐺𝑃 𝑧𝑜𝑛𝑒 → 𝛾′ → 𝛾
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Ratio of nucleation rates

Nucleation at grain 
boundaries
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Kinetics of transformation: 
Johnson-Mehl-Avrami-Kolmogrov equation

Number of nuclei between          and 

Transformed volume
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Derivation of JMAK equation

number of nuclei formed in the interval dt

all the nuclei have 
the same volume

Johnson-Mehl-Avrami-Kolmogrov (JMAK) equation

Transformed 
Volume, Vt

Nuclei (real) 
nr

Virtual Nuclei 
nv

Non-
transformed 
Volume, Vnt
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Avrami form
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Application of JMAK equation:
Solid-state crystallization of a Metallic glass
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Nucleation statistics

number of nuclei/cm3

Temperature - Transformation Time (TTT) diagram 

slope



12 thomas.lagrange@epfl.ch • www.epfl.ch• lumes.epfl.ch• moodle.epfl.ch• PHYS-307 

TTT diagram

Bainite

a)

b) c)



13 thomas.lagrange@epfl.ch • www.epfl.ch• lumes.epfl.ch• moodle.epfl.ch• PHYS-307 

CCT diagram (Transformation with Continuous Cooling)

Jominy test (W.E.)
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Hardness

• Hardness is a measure of a material’s resistance to 

localized plastic deformation  

• Quantitative hardness techniques have been 

developed where a small indenter is forced into the 

surface of a material.

• The depth or size of the indentation is measured, and

corresponds to a hardness number.

• The softer the material, the larger and deeper the 

indentation (and lower hardness numbers).
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Hardness Testers
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Hardness measurement

MathTypeImage.pdf

https://www.youtube.com/watch?v=7Z90OZ7C2jI
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Hardness measurement
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Correlation between hardness and yield stress
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Transformations without diffusion (displacive)

Martensitic transformation in Fe
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Invariant (habit) plane
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Geometric representation of the transformation: 
research of an invariant plane

The transformation can be expressed
mathematically by 3 matrix operations: 

Rotation (R), Shear (S), and Bain strain (B)

Parent Phase

Daugther Phase
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Thermodynamics

equilibrium at cooling

equilibrium at heating and 
disappearance of the plate
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Hysteresis

Measure the transition 
temperatures: calorimetry
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Shape Memory effect

Shape Memory effect

https://www.youtube.com/watch?v=edvYfSs0MoY
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Shape Memory Effect
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Stop and play the movie in-
situ NiTi deformation:  

When Detwins, it Rains 
Shockley partial dislocations
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Pseudo-elasticity (superelasticity)

Pseudo-elasticity (superelasticity)

Deformation of CuZnSn

Deformation of CuZnSn

https://www.youtube.com/watch?v=vPnLbSPiNEM
https://www.doitpoms.ac.uk/tlplib/superelasticity/superelasticity1.php
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Stop and play the  movie of 
T4 virus infecting cells: 

martensitic transformations 
in biological systems
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