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Application of many materials at high temperatures requires
their endurance with minimal change in their chemical
composition and microstructure over long periods of time
(hours to years). As the chemical reactions at high

Introductory remarks

(hours to years). As the chemical reactions at high
temperatures often occur fast, the equilibrium state, rather than
endurance of metastable states, determines the suitability of a
given material for a proposed application.
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where:
Me – metal
X2 – oxidant
MeX – product of oxidation reaction (scale) 

Determination of dissociation pressure

MeX – product of oxidation reaction (scale) 

∆ G MeX Me X= − −µ µ µ1
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where:
∆G – free energy change of reaction (1)
µi – chemical potential of a given component



µ µi i iRT a= +0 ln
where:
R – universal gas constant
T – temperature [K]
ai – activity of i - component in the system

– standard chemical potential of i - componentµ i
0

Determination of dissociation pressure

– standard chemical potential of i - component
(i.e. when its activity is equal to 1)

µ i

In the case of pure substances in the solid phase:
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In the case of substances in the gas phase:
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At thermodynamic equilibrium ∆G = 0, and then:

Determination of dissociation pressure

At thermodynamic equilibrium ∆G = 0, and then:
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ELLINGHAM-RICHARDSON DIAGRAM
(RICHARDSON-JEFFES)
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PRESSURES OF VOLATILE OXIDES
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Modes of materials degradation at high temperatures

• melting and softening (high melting compunds required for 
HT)

• vaporization (sublimation)
• diffusion and solid state reactions
• solid-solid phase transformations
• corrosion and chemical reaction with the ambient • corrosion and chemical reaction with the ambient 

atmosphere



Selected properties of metal oxides



Selected properties of metal oxides



Selected properties of metal oxides



Melting and boiling points of some representative
metals and oxides



Noble metals

Noble metals are used as materials for thermocouples,
electrodes and crucibles at high temperatures. Noble metals, in
fact, are chemically reactive under a variety of conditions,
sometimes with disastrous consequences. Platinum, for
example, can be seriously corroded by basic oxides, such as
Na O and K O, especially when these compounds melt. TheNa2O and K2O, especially when these compounds melt. The
formation of an eutectic in the Pt-Si system is also a potential
hazard. There are a number of binary and ternary noble metal
oxides, the stability of which is generally limited to temperatures
below about 1150oC. One of the greatest disadvantages of
noble metals is their high price.



Binary and ternary platinum oxides



Noble metal eutectics (oC) with selected elements



Evaporation rate of noble metals as a function of temperature



Properties of standard thermocouples



HT materials used above 2000oC

In the absence of oxygen, refractory metals and some of their
compounds can be used up to temperatures of about 2000oC,
encountering neither melting nor serious vaporization. They can
be used in a vacuum or in an inert noble gas, but not in
nitrogen because of potential nitride formation. However these
metals can be easily oxidized and their oxides, in contrast, meltmetals can be easily oxidized and their oxides, in contrast, melt
and boil in the 800-1000oC temperature range.
Graphite can be used up to about 2200oC.



HT materials used above 2000oC



HT materials used above 2000oC



Phase transitions of some refractory oxides



RATE LAWS OF METALS OXIDATION 

• The linear law

• The parabolic law

• The cubic law

• The paralinear law• The paralinear law

• The logarithmic law

• The inversely logarithmic law



RATE LAWS OF METALS OXIDATION

15

20

25

Cubic course

Parabolic course
x

Linear course

0 5 10 15 20 25 30 35 40 45
0

5

10
logarithmic 

course
Inversely 

Logarithmic course

x

Time / h



RATE LAWS OF METALS OXIDATION 

The parabolic law
The slowest partial process determined by the rate of scale formation is diffusion
transport of substrates through compact layer of reaction products (scale)
formated on metal surface.

dx

dt
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2 2= ′ ⋅ + The Tammann Equation (1920)

x – scale thickness [cm]
t – reaction time [s]t – reaction time [s]

– parabolic oxidation rate constant [cm2·s-1]
C – integration constant [cm2]

′kp



KINETICS LAWS OF METALS  OXIDATION 

The parabolic law
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Pilling-Bedworth Equation (1923)

∆m – sample weight change [g]
t     – reaction time[s]t     – reaction time
kp – parabolic  oxidation rate constant[g2·cm-4·s-1]
C    – integration constant [g2·cm-4]
S – sample surface[cm2]
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KINETICS LAWS OF METALS OXIDATION 

The relationship between  k p and  k’ p

where:

– parabolic oxidation  rate constant [g2cm-4s-1]kp – parabolic oxidation  rate constant [g cm s ]

– parabolic oxidation rate constant [cm2s-1]

– equivalent volume of scale formated compound (e.g. oxide)

– atomic mass of oxidant (e.g. oxide)

– valency of  oxidant anions in the scale 
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Oxidation rate of selected metals

10-7

10-5

Cu

Mn

Co

Fe

cm
-4

s-1
1573 1473 1373 1273 1173

T    / K

6 7 8
10-13

10-11

10-9
Mn

Ni-Li
2
O

Ni

Cr

.

k p   
 / 

g2 c
m

T
 -1 104     / K-1



10-11

10-10

10-9

-4
s-1

1573 1373 1173 973

Ni-30Cr
Co-35Cr

UTLENIANIE

 T    / K

Oxidation rate of selected alloys

6 7 8 9 10 11
10-15

10-14

10-13

10-12

.T-1  104    / K-1

k p   
 / 

g2 c
m

-4

chromia formers
alumina formers

β-NiAl

Fe-5Cr-4Al Ni-10Cr-5Al

Fe-20Cr

 



Oxidation course of selected metals



Phase diagram of the Ti-O2 system



Influence of temperature on the Ti oxidation rate



THE ENDTHE END


