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the supply of oxygen adsorbed exceeds the amount of iron diffusing

to the magnetite surface. This occurs after a certain period tc
which decreases when the oxygen pressure increases (tc ~ 3 hrs, if
po, = 0.3 torr and tc < 1 min. if po, = 760 torr). Then the Fe203
nuclei deve]oaﬁed with a/vééé preferred orientation of growth.

They are observed unéer—the—éz;m—ef whiskers having, need]qﬂ, b]adef
or plateletl@ shape. This whisker development phenomena was studied
by Gulbransen (139) and Talbot and Bigot (140) upon exposing iron in
H20/H2 atmospheres the temperature ranging between 350 and 550°C.

In oxygen or air at normal pressure in our temperature range, whisker
formatief was reported by Paidassi (112) and Takagi (111), but never
such a hﬁ%ﬁdensity of popq]ation was mentioned. In fact this

- whisker. growth phenomena is strongly dependent upon the metal purity
and therefore the observed density seems to be due to the high purity
of our iron (99.999). This argument is supported by the recent re-
sults of Jansson and Vannerberg (141) who upon oxidizing 99.998% iron
samples at 625°C obtained a very dense forest of whiskers. They
cover such an appreciable part of the Fe203 surface that, according
to the previous authors, oxidation became more difficult. Never-
theless our results do not support this last point of view since

Fig. V, 4 the oxidation curve obtained at 0.3 torr (without whisker
growth) is identical to this obtained under 152 torr (with whisker

~ growth). But on the other hand we will emphasize the important in-
crease of the relative thickness of hematite when whiskers formafion

is observed. In fact lattice diffusion of either iron or oxygen in
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hematite occurs at a much Tower rate than lattice diffusion of iron
in magnetite. Consequently the relative thickness of hematite must
be Tower than the relative thickness of magnetite in the multilayer
scale. Nevertheless we only observe this when whiskeré are not
formed on the specimen surface. This means that when whiskers are
observed diffusion of either cations or anions in hematite proceeds
more rapidly than lattice diffusion i.e. by short-circuit diffusion.
This idea is supported by the following facts. Whiskers formation
occurs at low temperature (T less than 860°C) where the grain size
of hematite is very small. On the other hand the activation energy
advanced in the literature for the parabolic growth of hematite
during oxidation of iron in atmospheric air (87) is much smaller
than the values determined in the diffusion studies (40 Kcal/Mole
compared to 77.9, 100, 112 and 146 Kcal/Mole). This first diffusion
process must be retarded by the presence of impurities in hematite.
That is the reason why the preceding phenomena are not observed
during oxidation of Aymco iron.

Finally since the growth of whiskers is pressure dependent
we believe that their formation occurs at the Fe203/02 interface
according to the mechanism illustrated Fig. V, 5. It follows from
the previous remarks that during oxidation of iron in oxygen or air
at atmospheric pressure hematite grows by short-circuit diffusion
of iron. This conclusion being in agreement with the recent work of
Holt and Himmel (142) who concluded from their diffusion measureﬁents

that iron was the mobile specie in Fe203. He will equally mention
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that structural evidence has also been placed forward, by Arkharov
~ and Agapova (99), which indicates that iron is the predominant
migrating species in hematite when it is formed as the external
layer in a scale containing wustite. This mechanism given for
whisker growth of hematite from magnetite is that originally advanced
by Gulbransen (139). To this time, however, the rapid diffusion
channel for vertical growth of whiskers has not been defined. The
internal channel described as a tubular hole less than ]OR in

~ diameter must be closely associated with the.crysta11ography to be
eXpected for a line defect or a crystal boundary in the oxide since
molecular or atomic oxygen is not believed to diffuse inward during

outward growth of a whisker.

3 1

5.4 Oxidation at Pressure Ranging between 2.5x10™~ to 3x10"  Torr

in the Temperature Range 750° to 1000°C.

The oxidation curves obtained at 1.5x107% torr in the
temperature range 750° tb 1000°C exhibit the same form as the curve
obtained at 800°C, the region of linear behavior becoming longer
with increasing temperature. Consequently o and y iron oxidize
accordjng to the same mechanism. This idea beizg supported by the
fact that at 1000°é*%he magnitude of the linear rate constant was
also proportionally dependent on pressure. The only noticed dif-
ference in the oxidation behavior of o and y iron was the change in
thin scale texture ((311) at 800°C and (100) at 1000°C). Values of

the linear oxidation constants, KL’ at temperatures in the range

(*) This was reported to be still valid at 950°C and 900°C (143).
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750-1000°C were obtained from the Tinear section of the oxidation

curves in Fig. IV, 29 and IV, 30. Their Arrhenius plot gave us an

activation energy of approximatively 6 Kcal. M01¢'1.

1

This value
can be compared with the 7 + 1 Kcal. Mole ' found by Charbonnier

and Bardolle (64) for the linear oxidation of iron in the tempera-
ture range 800°-1000°C in oxygen at 9x10"5 torr pressure.

At temperatures as hfgh as 1000°C nucleation and growth of
magnetite could be observed. The magnetite crystals seem to develop,
as the wustite nuclei in the early exposures stage, over a thin base
film. The similarity between the two processes, i.e., nucleation of
wustite or magnetite, consist also in the fact that the first nuclei

were only observed after a certain induction period.

5.5 General Model for the Mechanism of Oxidation of Iron at High

Temperature

According to our observations,the mechanism of iron oxidation
can be divided into the following steps: |
1. Nucleation and growth of wustite on iron.

, 2. Development of uniformly thick wustite scales according to an
interfacial control reaction due to a weakly activated process
iﬁvo]ving the non-dissociative adsorption of oxygen.

3. Parabolic growth of wustite scales by means of outward diffusion
of iron via vacancies.

4. Nucleation and growth of magnetite on wustite.

5. Parabolic growth of a duplex scale consisting of wustite and

magnetite by means of outward diffusion of iron.
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6. Nucleation and growth of hematite on magnetite.
7. Parabolic growth of a multilayer scale consisting of wustite,

magnetite and hematite by means of outward diffusion of iron.



CHAPTER VI
CONCLUSIONS

1.1 Iron exposed to oxygen in the pressure range 2.5x'lO'°3 =

3.0x10”"

torr the temperature ranging between 750 and 1000°C ex-
hibits initially an increasing oxidation rate followed by a stage

of linear kinetics before onset of parabolic kinetics. The first
oxidation stage is associated with the growth of wustite crystals
over an oxide base film whilst Tinear kinetics governs the growth

of a uniformly thick wustite scale. At 800°C this scale exhibits

a textured structure containing the (110), (100) and (311) faces of
wustite in the predominant parallel orientations with the metal
surface. The magnitude of the linear rate constant was proportionally
dependent on pressure due to reaction control by a non-dissociative
oxygen adsorption. The activation energy for this process was
approximatively 6 Kcal/Mole, in agreement with the value of 7 Kcal/Mole
advanced by previous authors.

‘1.2 After a certain time depending upon temperature and pressure
magnetite was nucleated on the wustite surface. This process seems

to exhibit the same general features as the phenomena of nucleation
and growth bf wustite.

1.3 Parabolic kinetics, which were not dependent upon oxygen
pressure, governed growth of duplex scales containing layers of
wustite and magnetite for exposures up to 125 min. Magnetite com-

prised less than 5% of scale thickness. Value of the parabolic

113
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constant at Tow pressures were equal to those at pressures near 1 atm
be;ause the iron flux for scale growth was directly related to the
iron vacancy concentration gradient in wustite established by the
okygen‘activities at the Fe/Fe0 and FeO/Fe304 interfaces.

L to 760 torr magnetite

2.1 At 800°C in the pressure range 3.0x10~
was nucleated on the wustite surface after a period less than 10 min.
_therefore the oxidation rate was found to be independent of pressure.
2.2 After a certain time depending upon temperature and pressure
hematite was nucleated on the magnetite sufface. Then for temperatures
less than 860°C the hematite nuclei developed by a mechanism in-
volving the vertical and lateral growth of whiskers. This process

was found to be strongly dependent upon temperature, oxygen pressuke
and metal purity.

2.3 Ac;ording to our experimental results scaling of iron at high

- temperature must be attributed to outward diffusion of iron across

the entire scale.
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