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Partial reactions of the oxidation process

Initial stages of oxidation:
•adsorption of molecular oxygen on the sample surface
•dissociation of oxygen molecules on the sample surface
•chemisorption of atomic oxygen on the sample surface

•−•− +→+→→→ h4)latt(O2h2)chem(O2)ad(O2)ad(O)g(O 2
22

•chemisorption of atomic oxygen on the sample surface
•oxygen ionization and embedment into the crystal lattice



Schematic illustration of reagent diffusion 
through the scale
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Selected properties of chosen metal oxides
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Pilling-Bedworth rule

If metal oxidation takes place due to inward oxidant diffusion,
then the ratio of the molar volume between the oxide and metal
(Vox/Vm) being greater than one means expansion of the metal-
scale system, which generates stresses that compress the oxide.
However, if this ratio is below 1, then a porous oxide is formed. A
compact scale without stresses should grow for a molar volume
oxide to metal ratio equal to 1.
In the case of outward metal diffusion, Vox/Vm >1 does not meanIn the case of outward metal diffusion, Vox/Vm >1 does not mean
that stresses are generated.
The Pilling-Bedworth rule, while conceptually correct, does not
allow for a reliable quantitative description of stresses in most
metal-scale systems, due to the presence of several additional
factors that influence the stress formation mechanism, not taking
into account e.g. process temperature, pressure, reaction time,
oxide grain size, surface preparation method, mutual reagent
diffusion.



Nickel oxidation
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Cobalt oxidation, fragment of the Co-O2 diagram
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Picture of the cross-section of cobalt oxidized to Co3O4

N. Birks, G.H. Meier and F.S Pettit, Introduction to the high temperature oxidation of metals, Cambridge, 
University Press, 2009



Pressure dependence of the parabolic rate constant 
of cobalt oxidation at T > 1200 K
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Pressure dependence of the parabolic rate constant 
of cobalt oxidation at T < 1450 K

S. Mrowec, An Introduction to the Theory of Metal Oxidation, National Bureau of Standards and National 
Science Foundation, Washington D.C., 1982.



Dependence of the cobalt oxidation rate 
on temperature
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Copper oxidation



Copper oxidation kinetics



Cu2O oxidation kinetics – initial stage



Kinetics of long-term Cu2O oxidation
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Temperature dependence of the Cu2O oxidation
parabolic rate constant
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Phase diagram of the Fe-O2 system



Temperature influence on the composition 
of the  oxide scale growing on iron

S. Mrowec, „An Introduction to the Theory of Metal Oxidation”, National Bureau  of Standards and the National 
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Schematic illustration of the mechanism of triple layer
scale formation on iron



Temperature dependence of the parabolic rate 
constant of iron oxidation

S. Mrowec and T. Werber, Modern Scaling-Resistant Materials, National Bureau of Standards and National 
Science Foundation, Washington D.C., 1982.



Metal oxidation leading to the formation of volatile
reaction products – chromium oxidation
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Kinetics of the Cr2O3 scale thickness
growing during chromium oxidation
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Kinetics of metal thickness loss
during oxidation of pure chromium
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Influence of stresses on the scale shape
(Cr2O3, Al2O3)
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Influence of the type of chromium surface treatment
on its oxidation rate

The chromium oxidation rate depends 
on grain size and crystallographic 
orientation, which can be controlled, to 
a certain extent, by the choice of 
surface treatment (grinding and 
polishing, electropolishing, etching). 
Electropolished chromium oxidizes 
very fast, however on etched 

P. Kofstad, High Temperature Corrosion, Elsevier Applied Science, London and New York, 1988.

very fast, however on etched 
chromium certain grains oxidize very 
quickly and others significantly slower.

CONCLUSION:
An oxide formed in the initial oxidation 
stage determines to a large degree the 
oxidation rate in the later stages of the 
process.



Oxidation of metals (Mo, Nb) and Si leading
to the formation of volatile reaction products

10-2010-30 10-10 10010-25

10-20

10-15

10-10

10-5

 

p i   
/ a

tm

p
O

2
    / atm

Si (s)

p
Si

(g)

p
SiO

(g)

SiO
2
 (s)

p
SiO

2 (g)

100

N. Birks, G.H. Meier and F.S Pettit, 
Introduction to the high temperature 
oxidation of metals, Cambridge, University 
Press, 2009



Cracking of an oxide scale on Nb due to
stresses accompanying inward oxygen diffusion

(Vox/Vm) = 2,74

N. Birks, G.H. Meier and F.S Pettit, Introduction to the high temperature oxidation of metals, Cambridge, University 
Press, 2009



Oxidation of metals exhibiting large
oxygen solubility (Ti, Hf, Zr)
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Schematic illustration of the influence of temperature 
and time on titanium oxidation kinetics
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Influence of temperature on titanium oxidation kinetics
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Influence of temperature and oxygen 
pressure on titanium oxidation kinetics

S. Mrowec, „An Introduction to the Theory of Metal Oxidation”, National Bureau  of Standards and the National 

Science Foundation, Washington, D.C., 1982.



Oxidation process kinetics of selected metals

S. Mrowec, „An Introduction to the Theory of Metal Oxidation”, National Bureau  of Standards and the National 

Science Foundation, Washington, D.C., 1982.



10-7

10-5

Cu

Mn

Co

Fe

cm
-4

s-1
1573 1473 1373 1273 1173

T    / K

Comparison of the oxidation rates of 
selected metals

6 7 8
10-13

10-11

10-9
Mn

Ni-Li
2
O

Ni

Cr

.

k p  
  /

 g
2 c

m

T
 -1 104     / K-1



Influence of temperature on the degradation 
rate of noble metals



THE ENDTHE END


