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ABSTRACT

Basing on a thermodynamic description the authors
discuss the reasons for different equilibrium pressures
of oxidant on the interface between a metal and a solid
scale and between a metal and gaseous oxidation
products. Numerous oxide systems are analyzed in
terms of free enthalpy of cohesion (atomization) of the
oxidation product and free enthalpy of cohesion of
metal and dissociation of oxidant. It is shown that, the
higher the energy gain resulting from the formation of
an oxide, the lower is the dissociation pressure
compared to the free enthalpy of cohesion of the metal
and of the molecule of oxidant.

Keywords: Pressure of metal oxidation, cohesion
energy of the oxides

1. INTRODUCTION

The theory of corrosion is able to explain the
mechanisms of formation of complex multiphase scales
on metals and alloys and to describe the transport
processes in these scales, often responsible of the
overall rate of the degradation processes /1-5/. An
important cjuestion concerns the magnitude of the
minimum oxidant pressure required to form scales on

different metals. This depends on the standard free

enthalpy of metal oxidation. However, the reasons for
different values of AG® or the correlation between AG®

and the properties of metals or their location in the
periodic table are not discussed.

In the present paper some problems connected with
the conditions of metals oxidation and formation of
scales (in equilibrium with metal) are discussed. With
reference to thermodynamic description of metal/scale
systems we give an explanation of the observed
differences in oxidant pressure on the metal/scale
interface.

2. EQUILIBRIUM PRESSURE OF OXIDANT AT
THE METAL/OXIDE INTERFACE IN RELATION
TO BOND ENERGY

Depending on metal type, oxidation leads to the
formation of a compound having a general formula
M, X, according to the following equation:

2n/mM +X; =2/mM X, AH, =2/m AjH® (1)

where M denotes metal, X — oxidant. In order to define
conditions necessary for the formation of a solid scale
on metal we should consider the metal/oxidation
product equilibrium. Thus, for the reaction (1) the
equilibrium constant (K ) equals inverse oxidant activity

(ay,):
K =ay! )

The equilibrium constant is the following function of
temperature:
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—AG°(T)/RT =InK; = -Inax,
i €))
=—In(px,/p° (1atm))

The oxidant activity is generally expressed in terms
of pressure. For the majority of oxides and sulfides the
temperature dependence of the free enthalpy of
formation AG® is a linear function /6/ described as
follows:

AG® =AH, -AS T )

where AS includes the reaction entropy and a
combination of temperature dependent terms,

For illustration, Fig.l presents the temperature
dependence of (2/mA;G®) Yor a number of metal/oxide

systems, which are linear functions obeying Eq.(4).
Thermodynamic data have been taken from refs /6-8/.
Phase diagrams of this type were first proposed by
Richardson and Jaffes /9/. The fact that the straight lines
are approximately parallel (except that for K/K,0)
indicates that the AS value for different reactions is
practically the same and almost insensitive to
temperature. In turn, this is understandable because
metal and its oxidation product are condensed and their
formation entropies referred to the same amount of
oxidant differ only to a small degree. The observed
differences are related to different M/X ratios and
arrangements of atoms in the crystal lattice
(crystallographic structure).

As can be seen, in agreement with Eq. (3), the more
negative the free enthalpy of formation of a compound
(AsG®), the lower the equilibrium pressure in the
M/M, X, system. In Eq. (4) there is a term AH, , which
might be interpreted as the hypothetical formation
enthalpy of an oxide in a reaction involving two oxygen
atoms (like in Eq. (1)) at a temperature of 0 K. The
AH, is negative, and the more negative its value, the
lower the equilibrium pressure. So, by comparing the
values of AH, for oxide formation on different metals,
we can predict which of the metals oxidizes at a lower
oxidant pressure. Since AFF, is not much different from
the oxide formation enthalpy at a standard temperature
of 298 K in many earlier works, the standard oxide
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formation enthalpy was used as a criterion for the
sequence of oxidation with the increasing pressure of
oxidant /10/. In the above discussion AH, and the

standard enthalpy reaction (1) (AHI") are related to the

reaction involving two oxidant atoms (X,), so that the
standard formation enthalpy should be multiplied by the
corresponding coefficient (2/mA; H"). As shown by
Eq. (4), the criterion of the ‘reaction heat® (AH,)
referring to the ‘stability of a compound’ or more
precisely to the possibility of its formation at a given
temperature is correct when the AS parameter of the
reactions under consideration (at a given temperature) is
approximately constant or depends very little on
temperature.

On analyzing the properties of metals and various
phase diagrams, e.g. metal-oxide (see Fig. 1), it is
difficult to find a rule that might explain why some
metals oxidize at very low pressures while others do so
at much higher pressures of an oxidant. The differences
are remarkable though. For calcium, as for other
alkaline earth metals, the equilibrium pressures
(activities) are similar and extremely low, e.g., about

- /3’”/’ -

K =
i 00—
500 ///ﬂ”‘/"

-800

AG"-RTln(poz/atm) |kJ/mol O,]

-1000

-1200

T [K]

Fig. 1: Temperature dependence of standard free
enthalpy of formation (2/mA;G°®) for the

oxides of metals belonging to the fourth period
16-81.
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10" atm at 1000 K. while for 3d transition metals they
are much higher and vary in a wide range (10°° - 10*
atm). Fig. 1 shows that the sequence of straight lines is
practically consistent with the location of the elements
in the periodic table, even though some irregularities
can be found, e.g. K/K,O (different slope). Also the
equilibrium line for Ca/Ca0Q is situated over the line for
Sc/Sc»0; and similarly the Mn/MnO line lies over the
line for Cr/Cr,0O;, while the Zn/ZnO line lies much
below the line for Cu/Cu,O. So, a question arises why
the standard free enthalpies of reaction (1), (A;G°), for

different metal/oxide systems, differ so much?

Let us consider the formation of a solid scale on
metal as a sequence of the following processes:
sublimation of the metal (M), dissociation of the
oxidant into atoms X, reaction of oxidant and metal
atoms to form oxide molecules in the gas phase and
finally condensation of these molecules to form oxide
crystals:

AHJ = 2n/mAH?®

20/MM,y, = 20/mM, U (S5)

= 2n/mEM,M

X,=2Xy  AHg =AHg =Exx (6)
2n/m M(!) + 2X(g) =2/m M,,Xm(g,

AH = -2/mAH? = ~2/mEpond ©)
2/m MnXm (L~ 2/m M,,Xm (cry)

AHY =2mMAH (o = 2MAHY o (8)

The above equilibria can be analyzed in terms of
thermodynamic functions. Let’s first consider the values
of thermodynamic functions at 0 K (at 0 K the system is
isoentropic). The standard free enthalpies of reactions
(1), (5) - (8) are equal to a combination of the standard

enthalpy of the reaction (1) (AG,O =AH|“), with the
metal sublimation enthalpy (2n/mAH_f’ubM), which

determines the energy of metallic bond (cohesion or
atomization energy), the oxidant molecule dissociation

cnthalpy (AH:;.,s x.)» which determines the bond energy
of the X, molecule (- Ex-x ). The enthalpy of reaction

(7) determines the bond energy of the gas molecule

High Temperature Materials and Processes

MiXm (=2/m Epgng ) and the enthalpy of reaction (8) is
the heat evolved by the condensation of the metal oxide

vapor M;X (Aiit(:)ondM..X...)’ and is equal to the

negative of the sublimation enthalpy (—AHSOub M-X.. -

(The superscript 70" is related to the values of

thermodynamic functions at the temperature of 0 K).
Summing up reactions (7) and (8) is equivalent to

the formation of crystal lattice from the metal and

oxidant atoms in the gas phase according to the
reaction:

2n/mMg,, + 2X = 2/m M X cry)
AHG =2mAHL o =-2m Ech X (9)

The negative enthalpy of that process is equal to the

crystal atomization enthalpy, i.e. the cohesion energy
(bond energy) of the crystal (—2/m Eqp ).

The cohesion energy referred to one molecule M, X,
is a sum of the bond energy of the gaseous molecule and
its condensation enthalpy (taken with a negative sign):

0
EcohMoXm = EbondMaxn + (- AH 4y x. ) (10)

Following Hess’s law, the sum of enthalpies of
reactions (5)-(9) yields the enthalpy of reaction (1):

AH? =2/mAcH® =20/mAHY, \ + A HY

i i dis X3 (1a)
-2/mA Hbond MuXin +2/mA Hcond My Xm
or
AH? =2/mAcH® = -Q2/mE,
] f ( cohMnXm (11b)

~2n/mEy.m- Ex-x )= RTIn( px,/ )

it can be seen that the magnitude of A H," depends

on the cohesion energy of the oxide, the bond energy of
the metal and the dissociation energy of the oxidant.
In order to assess the influence of each term of

equation (11) on the value of AH,", in Fig.2, we have

collected the enthalpies of the processes (1), (5)«(9) for
metals belonging to the fourth period. The comparison
involves the standard formation enthalpies for oxides
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Fig; 2: Standard formation enthalpies (at 298 K) for
the oxides /6,8/ of metals from the fourth

eriod (2/mA¢H®) (points @), enthalpies of
p

metals. sublimation /7/ and oxygen dissociation
117 Q20mAH o+ A Hc?ist ) (points A),

enthalpy of cohesion of solid oxide

o
(=2/mA Hcoh M:iOn

) (points <), calculated
from Eq. (11b), enthalpies of bonds in gaseous

molecules /11/ (=2AHp 1 mo) (points O),

enthalpies of  condensation of MO

(AH. .4 M0 ) (points A), calculated from Eq.
(11a).

(2/mAg¢H®), the terms associated with the metal

sublimation and the oxidant dissociation

@nimAHQ, \y+A H((i)ls()z ), the cohesion energies of

the solid oxide (—2/mA H°®

coh MaOp ) , which have been

calculated from equation (11a) on the basis of bond

energies of diatomic molecules MO (QAH?. i \io)

/11,12/. To avoid problematic recalculations of each
enthalpy into the value at 0 K, we have used the
standard data at 298 K /6-8,11.12/, which differ only
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slightly from those at 0 K.
As shown in Fig.2, the endothermic component
(2/mAH.-oubM+AHgiso?) (the curve situated in the

uppermost part of the plot) attains quite high values and
owing to significant cohesion energies of oxides

(-2/mA H<°ohM,.Om ) (the curve in the lowest part of

the plot) the formation enthalpies (2/mAfi1";v1 o)
n-m

take relatively big negative values. Among the oxides
presented one that draws attention is Cu,O because it
has almost the highest cohesion energy. This results
from the metal/oxygen ratio, which is two times higher
than for other oxides. The plot also contains data on the
bond energy of gaseous diatomic molecules

(-2AHg 4m0) /1 1/, which appear approximately

twice smaller than the cohesion energies of the
corresponding solid oxides. Fig. 2 shows the values
obtained by  subtraction of bond energy

AV M+AH:1).'502) of molecules MO (points [J)
from the term 2AHP .\ - These values determine

the formation enthalpies of gaseous molecules
(2AfH§40(g)). In all cases the values obtained are

positive and range from 10 to 500 kJ, so that the heat
effect associated with the formation of a gaseous
molecule cannot compensate for the endothermic effect.
The formation enthalpy of oxides takes relatively high
negative values only due to the significant condensation
enthalpy QA H_ im0 ) -

By analyzing different systems we can see that the
low value of AfH® for CaO, in spite of small bond
energy of the CaO molecule, results from a relatively
high condensation enthalpy of CaO and low sublimation
enthalpy of Ca. In turn TiO and VO exhibit the highest
cohesion energies and, despite significant sublimation
enthalpy of both metals, these oxides have high
(negative) formation enthalpies Ay H®. In the case of
chromium and manganese for the formation of
chromium oxide (Cr,;0) smaller amount of metal is
necessary compared to MnO and due to this the
cohesion energy of 2/3 Cr,0; is smaller than the
cohesion energy of 2 MnO. Even if chromium has the

by =397.75 ki/mol) much

higher than manganese (A H_; \,, = 280.93 kJ/mol) its

sublimation energy (A H
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smaller metal/oxygen ratio is the reason why the
absolute value of AfH° for MnO is bigger (more

negative) than that for 2/3 A¢fH® for Cr,O;. In the case
of Cuy)O, despite the large cohesion energy and the

small sublimation energy .of copper (AH:_OubCu =

337.45kd/mol), A;H® is the highest (the least

negative) due to the necessity of reacting two copper
atoms (674.9 kJ). In turn the relatively small value of
A¢H® for ZnO, in spite of low bond energy of ZnO

molecule, results from its high condensation enthalpy
and the low sublimation enthalpy of zinc.

Fig. 3 presents the same dependences for metals
from the fifth and sixth period. The term associated with
the sublimation of metals and the dissociation of oxygen
has similar values as for 3d-metals (Fig. 2), although the
sublimation enthalpies of these metals are high. This is
due to the formation of MO, type compounds in which
the content of metal is twice smaller. Despite the more
loosely-packed structure compared to the MO oxides
the cohesion energies of Yb,0;, ZrO,, HfO,. WO,, and
MoO, are fairly high and therefore their formation
enthalpies (A H°) have large negative values. Oxides

from group VIII (4d, 5d) exhibit small cohesion
energies. As the sublimation enthalpies of metals are
high, the formation énergies of the oxides assume small
negative values or no solid products are formed. It
follows from the above analysis that the formation
enthalpies of oxides and thereby the equilibrium
preséures at the metal/oxide interface (at 0 K) are
complex functions of the bond energy of the oxide and
depend strongly on the cohesion energy of the metal and
of the oxide dissociation.

At higher temperatures the maximum energies
needed for bond cleavage in metal, dissociation of
oxidant, atomization of the compound etc. are equal to

standard free enthalpies AGY of reactions (1), (5)<(9)

and therefore by analogy with ‘the preceding
considerations we obtain the following equation:

AGY =~2ImAGY, o

0 4]
=2n/mAG - AGyix, )

(12)

Figure 4 shows the temperatufe dependence. of the
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Fig. 3: Standard formétion enthalpies (at 298 K) of
metal oxides /6-8/ (2/mAsH®) (points e, O),

enthalpies of metal sublimation /7/ and oxygen

dissociation /7/ (2n/mAH3, \io+A H:i)ist )

(points A. A), enthalpies of cohesion of solid

oxides (—2/mA H:oh MyOn ) (points @,<P),

calculated from Eq. (11b), enthalpies of
formation of gaseous molecules /7/ MO,

0 [+
(AtHyo,q) and MO /71 QArHyog)

(points M, 7). Points (<3, G (I mark values
related to Cs, Cs,0, Ba, BaO, La, La,O;. Full
markers refer to metals from the fifth period
and their oxides, empty markers — to metals
from the sixth period and their oxides.

standard free enthalpies of sublimation of the 3d

transition metals and of oxygen dissociation

(2n/mAGs°ubM+AGgisoz),. while Fig. 5 shows the

temperature dependence of the standard free enthalpy of
reaction (9) (—2/mA G‘f’oh M.O., ) 76,7/ As can be seen,

the temperature dependences of the free enthalpies of
sublimation of metals are practically linear and most of
the lines are parallel one to another (in agreement with
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Fig. 4: Temperature dependence of standard free
enthalpies of metal sublimation /7/ and oxygen

. . s ~O ~0
dissociation (2n/mAG |y \vi0+AG i, ) -

Eq. (4)). The different slopes for some metals, like Cr,
Sc, K, originate from different values of the coefficient
(2n/m), which for the remaining metals is equal to 2.
:The free enthalpies of cohesion of the oxides discussed
(Fig. 5) have a slightly stronger dependence on
temperature compared to the sublimation of metals and
a similar decrease of the absolute values (-AG? )
with increasing temperature. Summing up the above
functions yields the dependence of the standard free
enthalpies of reaction (1) (2/mA¢G°®) on temperature,
which is given in Fig.1 for the systems discussed. Thus,
the value of ArG® at different temperatures is related
to that of AG?_)h for the oxides and to the free
enthalpies of sublimation of metals and oxygen
dissociation. By analyzing the data shown in Figs. 1, 4
and 5 we can explain the location of the curves

describing the states of equilibrium and consequently
the values of the equilibrium pressures at higher
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Fig. 5: Temperature dependence of the standard free
enthalpy of cohesion for oxides of metals of the

fourth period (2/mAH.

oh M, 0., ) Calculated
from Eq.(12).

temperatures. The non-typical shape of the equilibrium
line for the K/K,O system can be accounted for by a

stronger dependence of the standard free enthalpy of

0

sublimation of potassium (4AG_, ) and the free

s

enthalpy of cohesion of K,O (2AG?,, ) on temperature,

compared to other systems. The relative location of the
curves is associated with the value and kind of
temperature dependence of AG® for the metals and
corresponding oxides. As already mentioned, the
relatively low equilibrium pressure for the Zn/ZnO

system results mainly from a small value of AG?;bh'

Similarly, the relative location of the equilibrium curves

for the Mn/MnO and Cr/Cr,O; systems is due to a
significant difference in the standard free enthalpies of

sublimation of Mn and Cr (2AG, ... and
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4/3A(J9°uhCr )and to a small difference in the values of

standard free enthalpies of cohesion of both oxides.
Other systems can be analyzed in the same way.

To sum up the above considerations, it can be stated
that in cases when solid oxides are formed on metals the
standard free enthalpies of oxide formation must be
negative (see Fig. 1) because in open systems at
atmospheric pressure (1 atm) the maximum equilibrium
pressure is | atm and AG? = (. Thus, at temperatures
higher than that corresponding to AGIO =0 no solid

scale forms on metals (in closed systems the values of
equilibrium pressures can exceed | atm and (AGI" >0).
Thus the necessary condition for the formation of a

solid oxide on a metal surface (at the pressure of 1 atm)
resulting from Eq. (12) is:

-2/mAG? —2/mAG°

bond Mp X subMp Xy (|3)
0 0
+ 2m/nAGsuhM + AGdis X, <0
or
2/mAG? +2m/nAG°
bM
cohMpXm su (|3a)

0
+AGj %, <0

which shows that the standard free enthalpy of metal
sublimation and oxidant dissociation cannot be greater
than the standard free enthalpy of cohesion of the oxide.

The next conclusion resulting from Eq. (12) is that
the larger (more negative) the difference between the
free enthalpy of cohesion of the oxide and the free
enthalpies of metal sublimation and oxidant
dissociation, the lower will be the equilibrium pressure
necessary for the formation of the solid oxidation
product, or, in other words, the greater the energy gain
associated with the formation of a solid scale compared
to the atomization energy of metal and oxidant molecule

(sublimation of metal and oxidant dissociation).

3. EQUILIBRIUM BETWEEN THE METALS
AND THE GASEOUS OXIDATION PRODUCTS.

As already mentioned, there are many metals which
oxidize to produce solid scales with a high oxidation

High Temperature Materials and Processes

number. Below the equilibrium pressure these metals
coexist with gaseous oxide molecules where the metal
ions have lower oxidation numbers. For illustration this
situation is observed in the systems: Cr-O, Zr-O, Mo-O,
W-O. What determines the pressure of oxide vapors
over the metal and the rate of metal consumption?

Let us consider a simple equilibrium of a metal M
with a gaseous molecule MX:

M(cry)+ |/2X2=MX(S) AfHOMX(g) (|4)

The equilibrium constant in this case is:

~ArGY, / RT =1nKig = In (pmx / py>) (15)

The equilibrium pressure of the oxide vapors (at a

given temperature), or more exactly the pmx/ p;g

ratio, depends on the value of AfG:AX(g). As in the

previous paragraph, let us consider the equilibrium
processes (9)-(11) at 0 K. As in Eq.(16), the formation
enthalpy of MX,, (at 0 K) can be expressed as a
difference between the bond energy in the gaseous
molecule and the bond energies in metal and oxidant:

Acl1Yy = —(Epond MX — EcohM—12Ex-x)  (16)

Figure 6 shows the enthalpies of metal sublimation

and oxygen dissociation (AHQ, \, +1/2AH 3 0,

bond energy of the diatomic  molecules

(—AH;,’OHd Mo )and the enthalpy of reaction (14)

(ArH;\’M)‘ )) /7! for a number of metals and gaseous
®

MO oxides. The sum of bond energies in the metal and
in the oxidant molecule has large positive values, which
significantly overcome the bond energies of the
diatomic molecules of the corresponding oxides

(Al Mo ) - As a result, the formation enthalpies of
oxides (A;-H:M)(m) are positive. By analyzing different

metals and their oxides, the following rule emerges:
When the cohesion energy of the metal is high, the bond
energy in a gaseous oxide molecule is also relatively
high. Due to the existing differences, the standard
enthalpies of reaction (14) for the systems discussed fall
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Fig. 6: Standard enthalpies of formation of gaseous
molecules for a number of metal oxides /7/ MO

(AfH®) (points Q) ®, O), enthalpies of metal

sublimation and oxygen dissociation /7/
(@n/mAH, MO+AH3|.SOZ)' (points A, A,
A), enthalpies of bonds /I1/ in gaseous
molecules (—2AHy 1 vo) (points O M,

). Points (@<P,, (1) refer to metals from the
fourth period, full markers — metals from the
fifth period and empty ones — metals from the
sixth period.

in the range 10-600 kJ (except for SrO and BaO). As
follows from Figs. 2 and 6, the differences in bond
energies between gas molecules MO in equilibrium with
the metal and the solid oxides are small. This indicates
that strong repulsive interactions between the metal ions
inhibit the condensation of oxide vapors. Such a
behavior is probably related to the electronic
configurations of metal ions and to the energy of
electrostatic interactions.

As already mentioned, the equilibrium pressure of
metal oxide vapors at elevated temperatures depends on
the standard free enthalpies of formation of gas
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- ()

molecules (Eq.14) which in turn depend on the A G 7 of
the processes (5)-(7). Thus, for the MO molecules we
obtain the following relation:

(0 _ Q [ : [}
ArGi; = ~(AGu5na Mo~ B0supm ™~ l/zAGdis()g )

(17)
= RTIn(pmo/p5; )

Fig.7 presents the temperature dependence of the
free enthalpies of formation for a number of oxides
(ArG®), as well as those of metal sublimation and

o

dis O» ) and

oxygen dissociation (AH, \, +12AH

1260

L S~ o AG®,*1128G°
800 22~ = _ Moo Uy
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400 [~ — ——
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Fig. 7: Temperature dependence of standard free
enthalpy /7/ of formation of gaseous molecules
MO (A¢G®), standard free enthalpy of bond

/7/ in gaseous molecules (- AG,‘,’O” 4 mo) and

standard free enthalpy of metal sublimation /7/
and oxygen dissociation 17/

O +0
(AGgpmt172 A(’dis()z ).
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o

standard free bond energies (-AGmn M

O ) for the

MO molecules in the gas phase. As can be seen, the
plots obtained are practically linear and parallel to each
other. The majority of A¢G® values are positive except
for ZrO and CrO at high temperatures. For positive
A¢G° values the logarithm of the ratio of oxide to

oxygen pressure is smaller than 1 so pmo < plolf. The

ratio equals | when A¢G° =0 and it is > | when

AfG® <0. It follows from Eq. (15) that the higher the
equilibrium pressure of oxygen, the higher is the
pressure of oxide vapor. The smaller the' AfG°
(positive), the higher is the pressure of oxide vapor,
which increases further when AfG°® becomes negative
at sufficiently high temperatures (MO vapor pressure

exceeds p”2

0, ). Oxidation of metal in the flowing gas

will proceed faster when the equilibrium pressure of the
oxide (pMo) and the oxidant pressure in the
atmosphere are higher.

The occurrence of oxygen and oxide molecules MO
enables the formation of higher oxidation products, such
as MO, or MO;. When the respective equilibria are
attained it is possible to determine the vapor pressures
of the oxide molecules MO,. The formation of a solid
oxide, e.g. MO,;, on a metal at oxidant pressure
exceeding the equilibrium oxygen pressure changes' the

kinetics of metal oxidation (reaction rate controlled t_)y
diffusion). However, the outer surface of the scale is
always in contact with the MO, vapors. The solid scale
may grow slowly but the metal consumption may be
significant. because of the high pressure of MO,
molecules in the atmosphere. This situation is observed
in the case of molybdenum or chromium /2,13/.

As shown in Fig. 2, for most systems in which solid
oxides are formed, the standard formation enthalpies of
gaseous oxides MO have large positive values of about
250 kJ/mol. At elevated temperatures they become
lower by 20 - 30%. Therefore at low equilibrium
pressures of oxidant at the M/MO,, interface, e.g. of the
order of 10°'® atm or less, the oxide vapor pressures will
also be very low (at 1000 K less than 10 atm) and as a
consequence they will not affect the oxidation rate.

High Temperature Materials and Processes

4. CONCLUSIONS

The analysis carried out in this work can be
summarized as follows:

e When a solid scale forms on a metal the equilibrium
pressure at the metal/oxide interface (which must be
exceeded for the metal to react with oxygen)
depends on the bond energies of the oxide,-the metal
and the oxidant molecule.

e To assess the magnitude of the interactions between
the atoms the standard free enthalpy of cohesion for
the phases in equilibrium and the free enthalpy of
the oxidant dissociation can be used.

e The larger the energy gain related to the formation
of a solid oxide, the lower will be the oxidant
pressure at the interface, compared to the free
enthalpies of bonds in the metal and the oxidant
molecule.

e The analysis of a number of metal/oxide systems
indicates that, despite quite regular changes of the
cohesion energy of metals, the cohesion energies of
oxides are diverse and therefore the standard free
energies of oxide formation do not reflect the
location of metals in the periodic table, since the
latter results from the difference in bond energies of
the phases in equilibrium.

e The condensation enthalpies calculated from the
thermodynamic data are mostly higher than the bond
energies of gaseous molecules and decide about the
formation of solid scales and the magnitude of the
oxidant pressure which is sufficient to oxidize a
given metal.

e The analysis of systems in which a metal coexists
with gaseous oxidation products shows that the
smaller is the difference between the standard free

enthalpy of bond (-AGy 4mo) in a gaseous

molecule and the free enthalpies of metal
sublimation and oxygen dissociation, the bigger is
the ratio of pressures of oxide vapors and oxidant

( pr/p;(/f). When the oxygen pressure increases

the same happens to the oxide vapor pressure and
this accelerates the oxidation of metal.
e Small differences in the bond energy of metal oxide
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molecules indicate that lack of formation of MO-
type oxides on a number of metals is caused by
strong repulsive interactions between the metal ions
in these oxides.

ACKNOWLEDGMENT

The authors are very grateful to Professor S.

Mrowec and Dr hab. E. Godlewska for valuable
discussions.

112

REFERENCES

. P. Kofstad, High Temperature Oxidation of

Metals, Wiley, New York, 1966.

P. Kofstad, High Temperature Corrosion, Elsevier,
Amsterdam, 1988.

N. Birks and G.H. Meier, Introduction to High
Temperature Oxidation of Metals, Edward Arnold,
London, 1983.

A.T. Fromhold, Theory of Metal Oxidation, Nort
Holland, Amsterdam, 1980.

Remarks on the Thermodynamics Conditions for the Oxide Scale

Formation on Metals

H. Schmalzried, Chemical Kinetics of Solids, VCh.
Weinheim, New York, 1995.

O. 1L C.A.  Alcock,
Metallurgical Thermochemistry, Pergamon Press.
Oxford, 1979.

L.B. Pankratz, Thermodynamic Properties of
Elements and Oxides, Bulletin 672 United States,
Bureau of Mines, Washington, 1982.

and O. Knacke,
Properties of [norganic Substances, Springer-

Kubaschewski and

J. Barin Thermochemical
Verlag, Berlin, New York.
1977.

F. Richardson and J. Jaffes. Iron Steel Inst., 160,
261 (1948); 171, 167 (1952).

K. Hauffe, Metallen
Metallegierungen, Springer, Berlin, 1956.

1973, Supplement

Oxidation von und

. Handbook of Chemistry and Physics. C. Weat

(Ed.) CRC Press, Boca Raton, 1998.
Landold Bornstein, Crystal Structure Data of
Inorganic Componds, Springer-Verlag, Berlin,

New York, 1975.

. C.S. Tedmon, .J. Electrochemical Soc., 113, 766

(1966).



