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Strengthened Metals



Sub Micron
Grain Size

Normal
Grain Size

Grain junctions powerful pinning
points for small grains, which are no

longer topologically independent
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Helical grains
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For a random mixture, number of
configurations given by:



Boltzmann





Classical theory for
entropy of mixing
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Single barrier to
solution formation
when components
attract

Badmos and Bhadeshia, 1997

1e+00 1e+02 1e+04 1e+06 1e+08 1e+10
-100

-50

0

50

100

-100

-50

0

50

100
 x = 0.02 
 x = 0.14 
 x = 0.50 

Atoms per particle

(b)

Ω - 100 J mol - 1

T = 1000 K



1e+00 1e+02 1e+04 1e+06 1e+08 1e+10
-100

-50

0

50

100

-100

-50

0

50

100
 x = 0.02 
 x = 0.14 
 x = 0.5 

Atoms per particle

Ω = 100 J mol - 1

T = 1000 K

Double barrier
to solution
formation when
components
immiscible

Badmos and Bhadeshia, 1997



0.00 0.25 0.50 0.75 1.00
-150

-100

-50

0

50

-150

-100

-50

0

50

x

Ω = - 100 J mol - 1 T = 1000 K

(b)

 10 9  
 
 10 7  

 10 2  

atoms per 
particle

Barrier to solution formation

Badmos and Bhadeshia, 1997



0.00 0.25 0.50 0.75 1.00
-20

0

20

40

-20

0

20

40

x

Ω = 100 J mol - 1

(a)

T = 1000 K

 10 9

 10 7  
 
 
 10 2  

atoms per 
particle

Barrier to solution
formation, especially
in rich solutions

Badmos and Bhadeshia, 1997



o

o

A

B

A B

G
ib

bs
 fr

ee
 e

ne
rg

y 
pe

r m
ol

e

µ

µ

Concentration x of B Paradox at concentration
extremities vanishes in the
discrete model of concentration



o
Fe

Fe x

M
ol

ar
 G

ib
bs

 fr
ee

 e
ne

rg
y 

µ

Concentration of carbon

xα xθ

ferrite cementite



Martensite

Austenite 
 + Ferrite

Ferrite + 
Martensite

Ae3

Ae1

Time

Te
m

pe
ra

tu
re



Atom probe
image of
Scifer,

5.5 GPa
steel wire

Bhadeshia and Harada, 1993



Scifer, 5.5 GPa with ductility!

Kobe Steel
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Amorphous phase formation during
mechanical alloying of Cu and Cd powders

Zhang & Massalski

Metall. & Mater. Trans.  29A (1998) 2425

….contribution from Cu/δ interfaces, and
accompanying increase in free energy, provide
additional driving force for amorphisation….
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