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The main objective of this study was to gain an understanding
of the oxidation properties of iron at low oxygen pressures and at
high temperature. |

A thermogravimetric technique was employed to investigate
the oxidation of iron in oxygen over the pressure range 2.5x10'3 -
3.0x10'] torr at temperatures ranging between 750° and 1000°C. Thev
oxidation curves exhibited distinct intervals of linear kinetics
followed by transition to intervals of parabolic kinetics during
exposures extending to 125 min. Linear kinetics governed the growth
of uniformly thick wustite scales; the linear rate constants showed
a proportional dependence on oxygen pressure due to reaction control
by a phase boundary reaction involving non-dissociation adsorption
of oxygen. Parabolic kinetics governed growth of wustite—magnetite
scales containing magnetite as outermost layers. The value of the
parabolic rate constants were independent of oxygen pressure since

scale growth was directly dependent on the iron vacancy gradient in

(1)



wustite established by the oxygen activities at the Fe/Fe0 and
FeO/Fe3O4 interfaces.

Scanning electron microscopy techniques were used to gain
information on the growth of magnetite and hematite layers in the
multilayer scale consisting largely of wustite formed at high

temperature in the pressure range 2.5x10'3 to 760 torr.
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CHAPTER 1
. INTRODUCTION

One of the‘méjor alloys in use today is steel, especially
mild steel. An understanding of the oxidation properties of this
steel can be gained by learning in detail the oxidation behavior of
the simpler systems: iron, iron-carbon alloys, iron-silicon alloys,
iron-manganese alloys. Studies on the high temperature oxidation of
iron have been conducted in recent years with the result that this
process ig well understood and a first part of our work consisted
with a review concerning this important -literature. However diverse
features of oxidation based upon interfacial rate control remain
outstanding. In order to solve this problem several investigations
have been carried out to determine the influence of oxygen pressure
Aon the oxidation properties of iron at temperatures in the range
© 200°-500°C (131-136). The early oxidation stagé involves processes
for nucleation and growth of magnetite. Growth of hematite on a
deV¢1oped magnetite layer or separation of this layer from the metal
leads to a decrease in the oxidation rate. Detailed information 1is
not available, however, on iron oxidation broperties at temperatures
sufficient]y high for formation of wustite as a scale constituent
(64, 78, 94-96, 197). Nucleation and growth of wustite occurred in
the éarly stage of the reaction at temperatures exceeding 600°C; it
grows as a layer being controlled during exposures of short duration

by an oxide/gas phase boundary reaction. Growth of a wustite scale
' 1



at Tong exposures or the growth of a multilayer scale containing
wustite, magnetite and hematite is associated with diffusional
processes. Iron diffuses through wustite and magnetite whilst
both iron and oxygen diffuse through hematite (86, 41, 42).

Large discfepancies occur among results reported for
‘the influence of oxygen pressure on the form of oxidation curves
obeyed and the magnitudes of the reaction rates at temperatures
in the range 600°-1000°C. The results obtained at low pressures
appear to be strongly affected by the iron purity and different
transport limiting factors dependent upon experimental conditions
(138). We have therefore systematically investigated the oxidation
of high.purity iron ih oxygen atmospheres at pressures ranging from

2.5x1073

to 760 torr and at high temperature.

The following section presents a literature survey on the
subject of.high femperature oxidation of iron, description of the
experimental techniques, experimental results and discussion. Furtﬁer,

~ the experimental results are used to understand the oxidation mechanism.



CHAPTER II
REVIEW OF THE LITERATURE

Introduction

Iron exposed to oxygen represents a complex reaction system
because oxidation usually Teads to growth of more than one oxide on a
metal which exhibits three allotropic forms. Since these reviews deal
with high temperature properties of materials, we survey the oxidation
properties of iron found at temperatures in the range 570° to 1371°C.
These lower and upper temperatures correspond to the eutectoid and the
melting points of wustite. It is necessary, in spite of these limita-
tions, to select for review representative papers from the scientific
literature leading to our present understanding of oxidation mechanisms.
The reader is referred for additional information to the review by
Paidassi (1) and to several monographs (1-5).

Parabolic and linear scaling kinetics may be regérded as rep-
resenting ideal oxidation curves for growth of wustite scales or multi-
layer scales consisting of wustite, magnetite and hematite layers. Con-
sequently, we first survey several aspects of iron-oxygen thermodynamics,
the lattice deféct structures and the diffusional properties of the
various oxides because knowledge of these subjects is essential for form-
ulating oxidation mechanisms. A survey is then presented of contributions
dealing with nucleation and growth of wustite on iron and the mechanisms
for linear and parabo]ic scaling kinetics. We finally are concerned with
a topfc of practical implication whereby anomalies from the ideal oxida-

tion curves Tead to more rapid scaling kinetics and development of diverse



scale morphologies.

Thermodynamics of the Iron-Oxygen System

The Fe-0 phase diagram constructed by Hansen (6) from a critical
appraisal of the literature available to 1957 is shown in Fig. 1. Iron
exists in three allotropic forms: b.c.c. a-Fe at temperatures to 970°C,
f.c.c. y-Fe from 910° to 1390°C, and as b.c.c. &-Fe from 1390° to its
melting point of 1534°C. Although oxygen solubility in solid iron is very
small, it has been determined for temperatures exceeding 800°C (7,8,9).
This solubility in each allotrope increases with increasing temperature:
its value is only 2-3ppm at 881°C and 83ppm at 15]0fC.

Homogeneity regions for wustite, magnetite and hematite differ
significantly as illustrated in Fig. 1. Also, the degree of nonstoichiom-
etry and crystal structures of the oxides are dependent upon temperature
and oxygen pressure. Wustite, the oxide of lowest oxygen content, has a
NaCl structure. It exists from approximately 560°C to its melting range
1371-1424°C as a solid solution containing a large excess of oxygen in
comparison to the stoichiometric formula. Magnetite is a spinel and the
smaller degree of nonstoichiometry ranges from Fe304 to a small oxygen-
excess. On the other hand, hematite supports a very small degree of non-
stoichiometry toward the metal-excess side and it is of rhombehedral
structure. The dissociation pressurés of these oxides have been recently
compiled (10,11).

Detailed information has become available only on the composition
and thermodynamic solution behavior of wustite despite considerable work
since the early intensive studies by Darken and Gurry (12) to define the
stability ranges of the oxides. Some work has been completed by Schmahl
et al (13) on magnetite-hematite equilibria and they summarize available

results on this system. A representative phase diagram for wustite given
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by Fender aﬁd Riley (14) is illustrated in Fig. 2; compilations of the
experimental results are presented by Campserveux et al (15) and Lehmann
(16). The wustite eutectoid temperature is stated to be 570°C, but it
remains reported as lying in the range 560-610°C. It is apparent,
nevertheless, that wustite does not exist as a stoichiometric compound
and that the large variation in oxygen excess with temperature is deter-
mined mainly by the pcsition of the wustite/magnetite boundary. Its
phase extent is unusually largepanenc et al (17), Vallet and Raccah (18),
Kleman (19), Carel et al (20) and Fender and Riley (14) have advanced
oxygen activity and structural measurements which may‘be interpreted to
show that wustite actually consists of three regions separated by order-
disorder transitions. These regions are designated wustite I, II and III

in Fig. 2.

Oxide Defect Structures

Investigations on the oxide defect structures have dealt mainly
with wustite. Wagner and Koch (21) suggested in 1936 that the defects in
this oxide could be interpreted as doubly charged iron vacancies (V“Fe)
and an equivalent concentration of ferric ions behaving as positive holes
(@); Accordingly, oxygen dissolves fnto the lattice as follows,

0= 0, + U + 20 BN C)
where 0, represents ions in normal lattice positions. Nonstoichiometry and
the electrical conductivity are therefore prOportiona1'to the sixth root
of the oxygen pressure if the defects exhibit ideal or Henrian solution
behavior (22-24). However, this model is inadequate for interpreting the
observed solid solution behavior especially at high levels of nonstoichiometry
where thermoelectric measurements indicate a transition from p to n'type
- conductivity (25). Geiger et al (26) and Swaroop and Yagner (27) have gen-
eralized this approach by suggesting that the dependence of vacancy concen-

tration on oxygen pressure appears to satisfy the more general relationship,
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g02=o°+vg'g+me (2)
where m is the degree of vacancy ionization. Upon expreésing the 8
mass law in terms of concentrations and activity coefficients for the
point defects,A ' ~

K= Y8 [ve,IeI" (P ) (3)
it was found that the parameéer yi yg co]le;tive]y changed from the
ideal value of unity to larger values at higher levels of nonstoichiom-
etry. They suggested that this behavior possibly arises from the order-
ing of vacancies and electron holes to the ordered phases previously
designated I,II and III. In contrast to this approach, Laptev (28)
has attempted to determine variations in the properties of wustite by
a statfstica] thermodynamic method in which the iron ions in different
valence states are not distinguished.

Another approach has been suggested by Libowitz (29) and
Kofstad and Hed (30) based upon structufa] determinations of quenched
.wustite by Roth (31). Clusters were found which were assumed to .arise
from complexes consisting of two iron vacancies in neighboring octa-
hedral sites and an iron interstitial in a tetrahedral site. Elec-
tronic exchange may.occur between ijons in octahedral and tetrahedral sites
(32,33).1b correlate nonstoichiometry with Tattice defects, Libowitz
postulated that these complexes are stable at high temperatures.
Hence, the defect equilibrium may be written as,

t
%0, + 2Fer, = 0o + [vaeFei] + @ (4)

Fe
.where FeFe and Fei represent cations in octahedral and interstitial
positions. A more general scheme was adopted by Kofstad and Ked by
téking into account the concentrations of all atoms and sites and con-
sidering different degrees of ionization fof the complexes. The most
reasonable equilibria to account for nonstoichiometry were,

L 02 + Fe " + V.

g 0, + [ZVFeFei] - (5)

F



Fepo + [2V Fe,] = [2V; Fe,] +8 (6)
where Vi represents an empty tetrahedral site and the complexes have
been represented as existing in the neutral and singly ionized states.
Seltzer and Hed (34) analyzed the conductivity and Seebeck coefficient
in terms of these complexes but with limited success. One must there-
fore conclude that general features of the defect structure of wustite
have been elaborated but that more refined measurements with different
techniques on nonstoichiometry, oxygen activities, electronic and
structural prdperties are required for establishment of an appropriate
model.

The crystal structures of wustite and magnetite are inter-

‘related (35). Verwey and Haayman (36), and Bhatt and Merchant (37)
have shown that nonstoichiometry of magnetite is caused by the presence
of iron vacancies presumably over octahedral sites whilst Smut (38) has
concluded that the proportion of ferric ions on the tetrahedral sites

" in stoichiometric magnetite is proportional to the iron/oxygen ratio

as for wustite. Due to the paucity of resu]tg, investigatorg believe

that eqn.(1) approximately describes defect equilibrium. It is

usually assumed that hematite is slightly oxygen deficient since ferrous

and ferric states are readily available to iron. This property would
lead to the presence of either anion Yacancies or interstitial cations.

Hematite does behave as an n-type semiconductor (39) and the model has

been favored for nonstoichiometry determined by oxygen vacéncies and

. free electrons,

0

5o+ Vo + 26 =0, (7)

Diffusional Properties

A substantial amount of work to determine the diffusion coef-
ficients of iron and oxygen in the solid phases has been carried out in

order to interpret oxide defect structures and the oxidation mechanisms



for iron. Oxygen diffuses rapidly in iron albeit its very small sol-
ubility (8,9). Iron acts és the mobile species in wustite and magne-
tite at rates conspicously more fapid in wustite (40); ifon and oxygen
both migrate at relatively low rates in hematite (41,42). These charac-
teristics are illustrated by the Arrhenius plots of the self-diffusion
constants in Fig.3.

The diffusional properties of wustite have been more fully
studied than for any other oxide. In 1953, Himmel et al (40) determined
the rates of iron self-diffusion in artificially prepared'wustites of
different compositions using a radio-active iron tracer. They found
that the value of the self-diffusion constant waS'direct1y dependent on
the concentration of iron vacancies at 800°, 897 °and 983°C. Hembree and
Wagner (43) also found this dependence at 11°00°C. These linear relation-
ships are shown by the plots of the self-diffusion constant versus iron

vacancy concentration in Fig. 4. This simple dependence, moreover, in-

"dicates that the chemical diffusion constant and mobility of iron vacancies

is independent of nonstoichiometry since,

DFeXFe = D%g (8)

where DD is the iron vacancy diffusion constant and X_._ and XD are the

Fe
atom fractions of metal sites filled and devoid of iron, respectively.

Engell (44) has shown that the hypothesis is consistent with the above

results and that it is valid for the vacancy gradient across wustite in
a growing scale. He found the diffusivities for iron vacancies deter-

-mined from the results of these two different typesof experiments to be
in good agreement,

1.22 x 107!

]

D_ (cn?/urin) exp.-29,700/RT (9)

Qn(cmz/min) 2.35 x 107" exp.-30,500/RT (10)
More later measurements, however, demonstrate that these re]atibnships
must be regarded as first approximations. Desmarescaux and Lacombe

(45,46) have shown that a linear dependence of self-diffusion on vacancy

10
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concentration may not be obeyed at low temperatures as a result of

their interaction. The measurements demonstrate, nevertheless, that
approximate agreement is obtained between the diffusion parameters
determined by radio-tracer and by electrical cou]ometrit techniques.
Childs et al (47) have critically appraised the experimental results
which indicate that the diffusion constant for iron vacancies slightly
decreases as the wustite field is traversed to higher oxygen contents.
We must therefore conclude that the diffusion mechanism as well as the
defect structure of wustite have not yet been completely defined.

Diffusivities of the ionic species in magnetite and hematite
have been determined but the broad scatter of results suggests that .
diffusion in these oxides of small nonstoichiometry is strongly in-
fluenced by impurity contents and structures of the materials examined.
These results are summarized in Table 1 from a compilation by Harrop
(48) of self-diffusion in oxides. Iron migrates most rapidly in
magnetite, the activatioh energy being of the order 53-85 kcal/mole
compared to the value of 100-112 kcal/mole for hematite. Oxygen dif-
fusion in magnetite is negligible, whereas in hematite, oxygen diffuses
at approximately the same rate as for iron at high temperatures.

Mobility of oxygen in hematite becomes largest at Tow temperatures.

" Nucleation and Growth of Oxides

It has been amply demonstrated by Bardolle and Bénard (53-55)
in the early 1950's that the very first stage of oxidation is a dis-
continuous process. The initial reaction steps involve oxide nucleation
at active sites on the metal surface. Growth of these nuclei, which
are monocrystalline, leads to oxide oriented to the underlying metal
grains. Fig. 5 represents the number of wustite nuclei as a function of
the crystallographic orientation of ircon, this number is maximum on the

(100) plane and minimum on the (110) plane. These results were extendad



| TABLE 1 | 14
Self-Diffusion Constants of Iron and Oxygen in Magnetite and Hematite.

The diffusivities are expressed in Arrhenius form: D(cmz/sec) = Doexp - E/RT

Oxide Material Diffusing| Temperature Range D E Reference
Element (°c) (em29sec) | (kcal/mole)
Fe;0, | single crystal | iron 850 - 1075 | 6.0 x 10° 84.0 49
polycrystalline iron 850 - 1075 104 74.7 49
Fe304 polycrystalline iron 750 - 1000 | 5.2 55 40
Fe30, | polycrystalline iron 770 - 1200 0.25 53.9 51
Fe,0, [single crystal | iron 000 - 1217 | 4.0x10°| M2 | 4o
Fe203 polycrystalline iron 750 - 1300 4.0 x 104 112 41
Fe,05 | polycrystalline| iron 950 - 1050 | 1.3 x 10° 100 51
Fe,0, | polycrystalline|  oxygen 1150 - 1250 | 10" 146 52
Fe,04 polyecrystalline| oxygen 900 - 1250 2.0 : 77.9 42
TABLE 2

" Measured and Calculated Parabolic Rate Constants for Oxidation of

Iron to Wustite.(From Reference 40)

Pressure: 1 atm K (g.O/cmZ-sec%)
Temp. (°C) ' P
Experimental Calculated Kp(expt])/Kp(ca1cd)
800 2.3 x 107 2.3 x 1077 1.0
897 5.0 x 1077 4.8 x 107" 1.04
983 8.2 x 1074 7.7 x 107°° 1.07
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by Gulbransen et al (56,57) and their conception of the initial reaction

stages is represented by the model in Fig. 6. At the beginning of
oxidation, the nuclei grow laterally and vertically until the metal is
covered by a film of small oxide crystallites. Oxide then continues to
form preferentially at certain growth centres until relatively larger
crystals cover the surface as an oriented uniform mosaic. Several authors
have advanced results to show that the cube plane of wustite grows on the
cube plane of a-Fe while the <100> directions of the oxide lie parallel

to the <100> directionsin the metal (58).

Growth mechanisms in the early stages of oxidation are stil]

a matter of conjecture. Rhodin et al (59) e]aborated a model by taking
into account and analysing the-various partial procésses involved: for
example, adsorption, nucleation, surface diffusion and capture of oxygen.
Following the concepts of Bénard (60), Rhead (61) developed a model in
which the growth rate of nuclei is assumed to occur by surface diffusion.

Chittum (62) has analyzed these processes in terms of an electro-
chemical mechanism for preferential oxide growth at anodic sites on the
surface.

The only quaﬁtitative investigations which have been done so
far concerning wustite nucleation and growth kinetics were realized in
dry oxygen by Charbonnier et al (63,64). They found that a distinction
must be made for the crystallographic, tempefature and oxygen pressure
dependences of the parameters governing nucleation and growth. With
respect to formation of nuciei, the number and the induction period for
their appearance was dependent upon the crystallographic drientation of
the metal face. The micrograph in Fig. 7 illustrates the variation in
number and size of the oxide crystals on differently oriented iron
grains. The number of these crystals on a given metal face decreased with

temperature and increased with oxygen pressure. Oxide growth followed
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Figure 7

Wustite Growth Centers on Zone-Refined Iron Exposed

to Oxygen at 950°C,(650X).(Reference 64)
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the relationship, ‘ - _

TA\r'n‘= k" | | g an
where am is the weight gain of a specimen of area A, t is the time and K
and n are constants. Typical oxidation curves for zone-refined iron are
shown in Fig. 8. As illustrated by these curves, the reaction rates are
strongly dependent on oxygen pressure. These rates were found to be
also affected by trace amounts of carbon in the metal. The values of
the constants K and n varied with metal orientation and exhibited dif-
ferent variations with temperature and oxygen pressure. Formation of
wusiite nuclei have also been observed upon oxidizing iron in water-
hydrogen atmospheres (65).

Several examples on nucleation and growth of wustite at
temperatures near the wustite eutectoid point have been reviewed by
Paidassi (1) which upon their extension may give a more accurate
evaluation of this transformation temperature. One example is concerned

with oxidation in air over the range 570°-625°C (66). In this case,

wustite was not observed in the scale formed at 585° even after 24hr.

Nevertheless, at 604°C, wustite islands appeared on the metal surface and

they grew into a layer covered by magnetite. Since wus tite may be
quenched to room temperature, a carefully controlled investigation on
the growth and equi]ibration of their scales formed at small temperature
intervals could lead to a more accurate determination of the eutectoid
temperature.

Nucleation of the higher oxides, magnetite and hematite, on
wustite is a relatively slow process even though investigated oxygen
pressures greatly exceed the dissociation pressure of hematite. Since
iron migrates rapidly through wustite, it grows until a complete layer
covers the metal. Magnetite is not nucleated until the supply of oxygen

adsorbed exceeds the amount of iron diffusing to the wustite surface.

19
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Influence of Oxygen Pressure on the Oxidation Kinetics of Zone-

Refined Iron to Wustite at 85C°C.(From Reference 64)
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Under this condition, Paidassi et al. (67) have observed that

magnetite nucleates as small isolated crystals on wustite upon exposing

iron to water vdpor and carbon dioxide at elevated temperatures.

Phase Boundary Kinetics

A region of an oxidation curve corresponding to linear
kinetics can be identified after a uniformly thick wustite layer has
grown on iron exposed to an atmosphere containing oxygen at Tow
thermodynamic activity. This feature was observed by Fischbeck et al
(68) in 1934 upon oxidizing iron in carbon dioxide. They concluded that
the reaction was controlled by. the passage of iron into the scale. This
premise was accepted until 1953 when Hauffe and Pfeiffer (69) demon-
“strated that reaction control was actually associated with chemisorption
processes at the wustite/gas interface. This latter behavior, however,
does not appear to be inclusive since the results from several investi-
gations indicate that the reaction step at the metal/wustite interface
p1ays a role in early-stage oxidation kinetics.

Basic studies to elaborate linear kinetics have been mainly
confined to the oxidation of iron in C0,-CO (67-75).and H,0-H, atmos-
pheres (76,77). Some work has been reported of oxidation in oxygen at
Tow pressures (64,78). For the former atmospheres, the reaction rates
show a direct dependence on the partial pressure of the gaseous reactant.
This behavior is illustrated by the plots in Figs. 9 and~10, the reaction
rate constants in H20—H2 atmospheres being larger than those for COZ-CO
“atmospheres under equivalent oxygen activities.

Pettit et al (73), Turkdogan et al (76), and Morris and Smeltzer
(79) have advanced mechanisms to account for these linear kinetics'based
upon steps for dissociation of the triatomic reactant and incorporation
of chemisorbed oxygen into the wustite lattice. If for example, carbon

dioxide is considered as the gaseous reactant, the linear rate constant
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becomes, . | 24
KL = k.ev(l—aE/aO)P = k.Sv(1+K)(Pco2-Péoz) 4 : (12) |

co
; 2
when the reaction rate is controlled by the rate constant k, for dis-
sociation of carbon dioxide at the wustite surface to yield adsorbed
oxygen. In these expressions, 8, is the fraction of the wustite sur-

face devoid of adsorbed oxygen, P

and a_ are the carbon dioxide pres--
co, 0

sure and oxygen activity of the gas phase, K, Péoz and ag are the equi]-
ibrium constant, carbon dioxide pressure and oxygen activity, respec-
tively, required for equilibration of wustite with iron. It is seen
from the plots in Fig. 10 that eqn.(12) accounts for the pressure de-
pendence of the Tinear rate constants for C02-C0 atmospheres. A similar
expression may be shown to apply for the formation of wustite in the
'HZO—HZ atmospheres. Activation energies for this type of oxidation have
been reported as 24-53 kcal/mole and 19 kcal/mole for wustite formation
in the COZ-CO and HZO—H2 atmospheres, respectively.

Grabke (75) has more recently demonstrated that the values of
the linear rate constant in case of the COZ—CO atmospheres closely agree
with those obtained for the surface exchange of oxygen on wustite equil-
ibrated with iron. He and his coworkers (80) have summarized the results
from their intensive investigations on oxygen exchange from COZ—CO and
H20—H2 atmospheres with surfaces of iron, wustite and magnetite. These
rate constants are shown as a function of oxygen activity in Figs. 11
and 12. Exchange rates decrease with increasing oxygen activity by an
'exponential constant, its value being dependent upon the atmosphere
considered and the temperature. They have interpreted these parameters
by assuming that oxygen adsorption follows Langmuir or Freundlich isotherms.

There are meagre results for wustfte growth in oxygen atﬁos-
pheres.Pfeiffer and Laubmeyer (78) have reported that the linear reaction

rate is proportional to the oxygen pressure raised to the power 0-7 at
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1000°C and at pressure§ ranging from 10'3 to 1 Torr;whereas Charbonnier
and Bardolle (64) found the rate to be directly dependent on pressure at
850°C and at pressures less than 10'4 Torr. Although the mechanism has
not been established, these findings indicate that oxidation is controlled
at the wustite/gas interface. These considerations, however, may not
apply to the kinetics obtained in oxygen at higher pressures (81-83). For
examples, Benard and Talbot (81), and Chattopadhyay and Measor (82) upon
oxidizing iron in oxygen at pressures near latm found that plots of the
initial Tinear rate and modified parabolic rate constants showed a dis-
continuity and anomé]]y, respectively, at the a-y allotropic transforma-
tion temperature. The former authors interpreted their results as show-
ing that the passage of iron into wustite plays a transient role in
controlling oxidation. The latter authors suggested that the anomalous
behavior is associated with the metal/oxide interface in y-iron and the
oxide/oxygen interfacial reaction in a-iron. Accordingly, diverse |
- features of oxidation based upon interfacial rate control remain out-
standing which will only be resolved by additional experimentation car-
ried out under conditions where overheating of the specimen does not occur

during the early stages of reaction.

Parabolic-Cxidation Kinetics

A multilayer scale consisting of the three common oxides is
formed when iron is exposed at elevated temperatures to oxygen or dry
air at normal pressure. In the 1920's, Pilling and Bedworth (84} and
‘Pfeil (85) established that scale growth obeyed a parabolic law re-
lated to a diffusional mechanism. Subsequent research on this scaling
reaction during the past half-century has been more extensive than for
any other metal. Since Paidassi (1) has reviewed this literature, we

restrict our remarks to the investigations bearing on the oxidation mechanism.



Curves for the parabolic growth of @ scale at temperatures
in the range 700°-1000°C are shown in Fig. 13. Growth proceeds rapidly
and scales become several microns thick within a few minutes. The
micrograph in Fig. 14 shows that uniformly thick layers form, the thick-
ness of wustite greatly exceeding the combined thickness of magnetite
and hematite. There occurs a non-steady state of oxidation during the
very early stage of the reaction but relative thicknesses of these
layers remain unchanged during parabolic oxidation. As illustrated in
Fig. 15, magnetite and hematite account for approximately 5% of a scale
at temperatures exceeding 700°C.

Davies et al (86), Paidassi (87) and Schmahl et al (88) have

presented a large body of results on parabolic scaling amenable to
theoretical analysis when combined with the previously discussed resq]ts
on Fe-0 thermodynamics, defect structures and diffusional properties of-
wustite. Himmel et al (40) first applied the Wagner theory (89) to this
scaling reaction in 1953. This theory may be applied in a straight-
forward manner since wustite is the major scale constituent and iron acts
as the mobile species for growth of the wustite and magnetite layers
(85,90-92). If an oxide exhibits metal transport and its conductivity

is predominately electronic, Wagner (93) has shown that the parabolic
rational rate constant may be expressed as,

k. = —c-z e E,QD. dina, ' (13)

as |zp| _
where D, is the se]f—dif%usion coefficient of metal C, is the average

‘oxvgen concentration, a., is the oxygen activity, z; and z, are the
valencies of metal and oxygen. The integration is carried out from the
inner to outer scale surfaces. Himmel et al used their determinations
of the iron self-diffusion constants and results from the Fe-0 phase

diagram on wustite compositions versus oxygen activity to evaluate kr

from eqn. (13). As shown in Table 2, the calculated values are in close
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agreement with measured values.

A more simple test has been made to correlate many of the
experimental results with theory. Engell (44), as previously dis-
cussed, determined the diffusion constant for iron vacancies in
wustite. Since the mobility of vacancies was not dependent on non-
stoichiometry, the flux of iron can be expressed by the low gradient
approximation, ,

§ = 30g0C,-C.1/x \ (14)
Here, x is the scale thickness and the double and single primes in-
dicate the iron vacancy concentrations in wustite at its outer and inner
surfaces. As shown in Fig. 16, the temperature coefficients calculated
for the parabolic rate constant are in good agreement to the measured
values for iron oxidation over the range 700°-1100°C. The deviations
~at low temperatures show the limitation of this analysis which pos-
sibly arise from the influence of vacancy interaction on iron mobility.

These calculations are but a good first approximation for
relating theoretical to measured values o% parabolic oxidation constants
as account was not taken of the small amounts of higher oxides formed
in the multilayer scale. A scale consisting entirely of wustite,
nevertheless, is formed when iron is exposed to COZ-CO and H20-H2 at-
mospheres of controlled oxygen activity. The rate for diffusion con-
trolled oxidation is readily calculable using eqn. (13) for any given
oxygen activity at the wustite/gas interface. Pettit and Wagner (74)
and Turkdogan et al (76) have shown that the portion of an oxidation
curve exhibiting parabo]ic kinetics'subsequent to the period of linear
oxidation in these atmospheres agree with theoretical predictions. This
correlation for the case of oxidation in HZO-H2 atmospheres is shown in
Fig. 17. Some preliminary attempts have been made to elaborate the

parabolic oxidation of iron exposed to atmospheres containing oxygen at
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low pressures but simple correlations have not been obtained due to

interfacial parameters for appearance of the higher oxides (94-96).

A model for the mechanism of multilayer scale Qfowth in-

volving outward migration of iron through cation vacancies in the
wu;tite and magnetite layers and inward migration of oxygen through
anion vacancies in the external hematite layer has been proposed by
Hauffe (97). A diffusion analysis by Tikhomirov (98) describes the
rate constant for growth of this multilayer scale on iron in terms of
average diffusivities and concentration gradients across the individual
oxide layers. The preceeding analysis and qua1itative-ca1cu1ations by
Himmel et al for growth of magnetite on wustite support the premise for
growth of the two inner oxide layers by iron diffusion. Hagel (42)
has suggested from an analysis of the diffusion results for hematite that
iron or oxygen would act as the predominant diffusing species in this
oxide dependent upon the temperature. Structural evidence has been-
_ placed forward, however, 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. Thus, it
would appear that scaling at high temperatures may be attributed to

outward diffusion of iron across the entire scale.

Anomalies in the Oxidation Curves and Scale Morphologies

The relationships discussed so far for the growth of scales
by linear interfacial and parabolic diffusional kinetics are ideal and
observed under particular and carefully controlled conditions. Under
sfeady-state, formation of a uniform, compact and adherent viustite or
multilayer scale may occur. Paidassi (1) has given a model based upon
a survey of experimental results for the multilayer scale. The wustite
layer contains large grains and their various orientations may correspond

to matching of closest atom packing directions in the metal and oxide (54).
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The magnetite and hematite layers are of finer structure, the hematite

grains being smallest and only a few microns in size. These latter
layers contain oxide exhibiting different planes parallel to fﬁe metal
surface dependent upon exposure time and temperature (100). Also, the
crystal structure of hematite has been reported to exist in a distorted
rhombohedral habit (101). The scale can therefore be considered as a
textured structure.

Many anomalies from linear and parabolic kinetics occur, especially
in the early stages of the reaction and after prolonged exposures when
the scales reach thicknesses of the order of 100u. In the early stages '
of an oxidation test, it is very difficult to avoid specimen overtempera-
ture resulting from the exothermicityof the chemical reaction. In practice,
also, oxide growth may lead to formation of non-uniform scales resulting
from the occurrence of pores, blisters and cracks.

Investigations on the "heating effect" upon exncsing the metal to
~oxygen at normal pressure have been carrigd out by Schmahl et a1.(102) and
Caplan (103). It is difficult to obtain an accurate evaluation of the
transient overtemperature but values of some 40° to 50°C have been mea-
sured during the first few minutes. A simplified theoretical treatment
of this phenomenon which is not very well known is given by Valensi (104).

The Pilling and Bedworth rule based upon the chemical equivalent
volume ratio of metal to oxide for stress generation cannot be applied to
the scale on iron since outward cation migration predominates. Not-
withstanding, Dankov and Churaev (105) and Moreau and Cagnet (971)
demonstrated that compressive stress is to be found in a growing multi-
layer scale since oxide formed only on one side of a thin metal foil
caused a bending moment to develop. If the stress is sufficiently'high,
relief may occur by oxide fracture or by plastic deformation of either the

scale or of the metal substrate. Bruce and Hancock (105) have shown by a



vibrational technique that the multilayer scale can undergo microscopic
cracking during its growth. Lateral compression, in the absence of plastic
deformation, can also lead to blistering of a scale if interfacial ad—
hesion is weak. Stress generated during cooling also leads to fracture
of thick scales since the dilation coefficients of the metal and oxides
are different and can vary with temperature (]07). Our present know-
ledge on the complicated mechanisms for stress generation and relief
have been recently surveyed by Douglass (108) and Stringer (109).
Mackenzie and Birchenall (110) have shown that wustite behaves

plastically over the temperature range in which it is stable whereas the
higher oxides remain relatively rigid. Stress in the layers qf these
~ Tatter oxides have been suggested to play a role in two observed features
of scale development. Whiskers and fine platelets have been observed to
grow from the external hematite surface at temperatures less than 850°C
(85,111,112). Also, blisters of temporary nature form during direct
heating of iron in air due to detachment of hematite from the underlying
magnetite layer (113). These features, however, appear to play a minor
role in scaling compared to formation of microscopic defects at the metal/
wustite interface.

| When an iron atom is transferred from the metal into the oxide,
oxide formation takes place at an external surface and a metal vacancy
is left behind at the metal/scale interface. Vermilyea (114) has advanced
a simple mechanism whereby adherence of the scale to the metal is re-
tained by plastic readjustment of the oxide equivalent to the movement
of an edge dislocation at the metal surface. Since wustite does exhibit
h]asticity, such type of mechanism would account for the many observations
on growth of the scales exhibiting adherent compact layers. In many

instances, however, voids are formed in the wustite Tayer even at high

temperatures. Several mechanisms for either sorption of vyacancies or
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their condensation to voids have been considered by many authors. Con-
tributions by Moreau and Cagnet (91), Dunnington et al (113), and Tylecote
and Mitchell (92) deal extensively with this subject.

| Regions of a sca]e'where voids destroy the adherence of wustite
to the metal substrate were observed in the early investigation by Pfeil
(85). Subsequent work has shown that this feature becomes pronounced above
certain scale thicknesses which is dependent on the shape and grade of
iron specimens and the exposure conditions. A mechanism similar to that
introduced by Dunnington et al (113) is believed to account for the con-
densation of vacancies to voids whereby a critical degree of vacancy
supersaturation at the metal interface is reqlired. This degree of super-
saturation is approached more easily near the edges of p]ate'specimens
and on wires where the chvature of the scale restricts the plastic flow
of wustite (115 , 116). These voids often appear, a]so,_ear]ier at sur-
faces of roughened and fully annealed specimens (117,118). In the first
stage of formation, the small cavities act as barriers to iron mjgration
across wustite. When these cavities enlarge to distinct blisters, oxygen
could possibly be transported across a scale despite the absence of oxide
fracture. A striking example of blister formation in a scale formed on
“a cylindrical specimen is shown in Fig. 18. Engell and Uever (116) have
advaﬁced observations to show that wustite actively forms beneath these
regions by transport of oxygen when magnetite acts as the upper cavity sur-
face. These authors and Birchenall (119) have analyzed the anomalous
~oxidation kinetics to be expected during this type of scale growth.

It has been realized for a long time that residual impurities in
iron or impurities incorporated into the scale from the atmosphere play
a profound role on the development of a Pféi] type scale (120-130j. Most
recently Maldy (125) has carried out studies of broad scope on the in-

fluence of residual impurities in the metal. Ultra-pure iron tends to
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Figure 18

Cross-Section of an Iron Wire oxidized in Oxygen at latm. Pressure.

(From Reference 116)
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retain a planar interface and a compact scale during oxidation. Metallic

impurities noble to iron tend to segregate at the surface especially at -
grain boundaries whilst less noble impurities are selectively oxidized
within the metal and most intensely at grain boundaries. These properties
lead to complex processes involving polygonization of wustite, recrystal-
lization of iron, irregu]érities in the metal interface and finally
condensation of vacancies to voids. In addition to the.influence of trace
amounts of carbon and hydrogen in the metal, Rahmel and Toboloski (127,
128) and Tuck et al (129,130) advance results to show that these elements
are incorporatedinto the scale from oxidizing atmospheres containing
carbon dioxide or water vapor. These impurities also influence scaling
kinetics and morphological developmeit of the scales. Consequently, the
authors propose that one possible mechanism for this behavior is the
reaction of carbon or hydrogen with wustite to form COZ—CO or H20-H2
atmospheres within the pores. These atmospheres remain oxidizing due to
the oxygen activity gradient across the scale. Enhanced scaling is then
encountered by inward gaseous transport of oxygen, cyclic oxidation of
iron at the inner surface and of the reduced gas at the outer surface of
pores. It is apparent, accordingly, that mechanisms for the influence of
impurities on scaling kinetics are complicated and not well understood
but their elaboration is essential for more effective development of'high

temperature ferrous technology.



CHAPTER III
EXPERIMENTAL TECHNIQUES

3.1 Introduction

This chapter will deal with the preparation of the specimens,
the oxidation apparatus, X-ray diffraction and scanning electron

microscopy studies.

3.2 Specimen Preparation

The iron mainly used in this study was ultrahigh purity iron
(Fe =99.999%) from Gallard-Schlesinger; the chemical composition of
this metal is given in Table III-1. In some of the experiments
99.996% purity iron and Armco iron were also used. The specimens
were cut from the original rod by a diamond wheel. They were in the
form of discs approximately 1cm in diameter and Tmm to 0.3mm thick.
To prepare a specimen for oxidation, it was mounted in bakelite and
~abraded on a silicon carbide paper, this was followed by polishing
on a wax lap impregnated with 151 alumina. The final polishing was
done on 6u and Tu diamond wheels with kerosene as lubricant. The
specimen was then cleaned with petroleum ether, removed from the
mount and electropolished in 5% perchloric acid in glacial acetic
acid solution in order to remove the damaged surface layer. Upon
the removal of a specimen from the electropolishing bath it was
washed in distilled water and acetone. Finally the sample was
sealed in a quartz tube containing high purity argon and annealed
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Spectrochemical analysis of high-purity iron (in ppm).
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at 800°C for 18 hours. It was then allowed to cool to room tempera-
ture. After annealing grain size varied from 0.03 to 0.3mm which
corresponds to ASTM standard grain size No. 5. The sample was
cleaned with petroleum ether and stored under acetone until re-

quired.

3.3 Oxidation Apparatus

The assemb1y for determining weight changes of a specimen
during oxidation is shown pictorially in Fig. III, 1. This assembly
consisted mainly  of a Cahn R. G. Electrobalance represented in
Fig. III, 2. High purity research grade oxygen was used as the
reacting gas, the total impurity content being less than 25ppm.

During an experiment in the pressure range 2.5x10'3

to 10 torr a
calibrated oxygen leak was continuously open and oxygen pumped °
through the reaction tube. The oxygen pressure was controlled at
both ends of this reaction tube by means of calibrated Edward High
vacuum Pirani gauges (H1 and H2 Fig. III,2). This measurement
providing the pressure gradient in the tube from which we can deduct
the oxygen pressure near the specimen. After the introduction of
oxygen, up to 3 min. was necessary before the establishment of the

correct pressure. But from 10 to 152 torr instead of using a con-
trolled leak, in order to maintain a constant pressure, we utilized

an oxygen reservoir of 15 1, Immediately before an oxidation test
a specimen was weighed in a Mettler microbalance and its surface
area was computed by measuring the specimens dimensions with a

micrometer. The sample was finally slightly electropolished and



Figure III, 1

Photograph of the apparatus
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Figure 111, 2

The assembly containing a Cahn continuously recording R. G.

Microbalance. The oxygen pressure is determined by Pirani gauges at

positions (1) and (2).
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introduced in the oxidatien assembly which was evacuated to 10—5

torr. The heated furnace was then raised around the reaction tube.
After waiting 10 min. for stabilization of temperature, oxygen was
admitted to the assembly and the growth of the oxide Tayer contin-
uously recorded. The introduction of oxygen implies a buoyancy
effect on the specimen. This effect was corrected after a cali-
bration run with an inert sample having the same size as the specimen.
At the end of the oxidation test the assembly was rapidly evacuated
and at the same time the furnace moved down. The specimens were
occassionally cooled under the experimental oxygen pressure. However,
no difference was found between the results obtained with these two

processes. Temperature was controlled to +2°C during the experiment.

3.4 Optical Metallography

Oxidized specimens for microscopic examination were mounted in
room-setting epoxy resin and metallographically polished as des-
cribed above. An ethyl alcohol solution containing 5% concentrated
hydrochToric acid was used as an etchant to distinguish wustite from

maghetite.

3.5 X-Ray Diffraction and Scanning Electron Microscopy

Identification of the oxide constituents was carried out by
reflection X-ray examinations using Cu-Ka irradiation with a graphite
monochrometer and the preferred orientation of wustite in a scale
determined by reflecting Mo-Ka X-ray irradiation from the surface of
a rotating specimen. Morphological features of the scales were

determined by optical and scanning electron microscopy.



CHAPTER IV
EXPERIMENTAL RESULTS

4.1 Introduction

The results obtained from the various experimental tests will
be presented in this section in the usual manner; that is, in the
form of graphs, tables and photomicrographs.

4.2 Kinetics and Morphological Development of the Oxide Scale on Iron

3 to 3.0x10—] Torr Pressure

at 800°C in Oxygen at 2.5x10”

4.2.1 Oxidation Kinetics

The kinetic curves for specimens exposed at 800°C and oxygen

3 to 3;0x10']

pressure from 2.5x10° torr are shown in Fig. IV, 1 and
IV, 2 as weight change (ﬁbO/cmz),vs tfme (min) for periods up to
125 min (1MgO/cm2=7.2uFeO). The curves 6f the weight change were
constructed using the original dimensions of a specimen. Five runs
| at 1.2x10'] torr were reproducible within +5%. A typical curve
exhibited initially a region wherein the reaction rate continually
increased, followed by a region of linear reaction behavior and
finally by a region of continually decreasing rate. Considering
Fig. IV, 1 and IV, 2, the effect of oxygen pressure on reaction

behavior is important particularly during the first hour of exposure.
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Oxidation curves for iron exposed at 800°C to oxygen over
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4.2.2 Morphological Development of the Oxide Scale

4.2.2.1 Initial Stage

It was found that small wustite crystals developed over a thin
base film, their shape and population being dependent upon the
orientations of the underlying metal grains (Fig. IV, 3). These
crystals grew laterally and vertically to a uniformly thick Tayer
during the initial period of continually increasing oxidation rate
before onset of linear kinetics. A detailed shape of these nuc]ei'

is illustrated by Fig. IV, 4.

4.2.2.2 Region of Linear Reaction Behavior

4.2.2.2 (a) Oxide Structure and Preferred Orientation

The metal was covered by a uniformly thick wustite scale dur-
ing the period of linear reaction kinetics and a subsequent part of
the interval described by the continously decreasing rate. As can
be seen in Fig. IV, 5 which represents an unetched cross section of
the specimen, the thickness of the scale is very uniform and a good
contact with the metal was generally found. Cooling pores may be
observed at the Fe/Fe0 interface, but as we will show it was easy
to distinguish a cooling void and a Separation at the reaction
temperature. The latter being always accompanied by transformation
of wustite to a higher oxide. Etching of the scale revealed the
large grain size of wustite which exhibits a preferential direction
of growth (Fig. IV, 6). Examination of a scale 10u thick showed'a
strong preferred orientation of the (311) wustite face parallel to

the metal surface. Five thicker scales approximately 50u thick
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Figure IV, 3

Scanning electron micrograph of wustite crystals on iron after

3

an exposure in oxygen at 2.5x10°~ torr.



Figure IV, 4

Scanning electron micrograph of wustite crystals on iron after

an exposure for 3 min. in oxygen at 2.5x10'3 torr.

he



Figure IV, 5

Cross-section of the wustite scale on iron exposed for 30

2

min. in oxygen at 2.5x10°“ torr (X160).

Figure IV, 6

Cross-section of the etched wustite scale shown in Fig. IV, 5(X400).
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showed the (110), (100) and (311) faces of wustite lying in decreas-

ing order of parallel orientation with the metal surface.

4.2.2.2 (b) Surface Topology of the Oxide Scale

Examination of the scale surface with a scanning electron
microscope showed that the small crystallites initially formed tend
to coalesce and grow forming bigger grains with specific geometrica1'
shapes, Fig. IV, 7. Then grains which developed by both lateral
and vertical growth of platelets caused the formation of a very
oriented topology. Ledge formation on the crystallite is also
observed which is typical for a fast growing scale (147), Fig. IV, 8
represents a larger magnification of the sample surface showing the

top of platelets with smooth faces on rough contour.

4.2.2.3 Region of Decreasing Rate and Nucleation of Magnetite

Magnetite was nucleated and it grew to cover the wustite
layer in the early period of decreasing oxidation rate which became
of shorter duration with increasing oxygen pressure. Using the
scanning electron microscope, it was definitely established that
the wustite Tayer was completely covered by magnetite during the
first 60 min. at pressures in the range 7x1073-3.3x10°2 torr. Fig.
IV, 9 represents the aspect of a part of the sample at the beginning
of the nucleation period. Small crystallites of magnefite, which
tend to form on the top of the ledges previously described, already
cover a large grain of wustite. Fig. IV, 10 shows a more advanced

stage of this nucleation process; the irreqularly shaped magnetite

crystals due to their lateral expansion tend to cover all of the



Figure 1V, 7

Scanning electron micrograph of the surface of a wustite

scale formed on iron exposed for 20 min, in oxygen at 4x10'2 torr.



Figure IV, 8

Scanning electron micrograph of the surface of a wustite

scale formed on iron exposed for 20 min. in oxygen at 4x10'2

torr (X4400).
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Figure IV, 9

Scanning electron micrograph of scale surface showing

partial coverage of wustite by magnetite. Exposure: 30 min. in

oxygen at 3.0x10°2 torr.



Figure IV, 10

Scanning electron micrograph of scale surface showing partial

coverage of wustite by magnetite.

-1

10"~ torr.

Exposure:

50 min. in oxygen at 1.5x
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wustite surface, and only a few facetted wustite grains with a

beautiful geometrical shape remain on the sample. At the end of

eye. After

the nucleation step the specimen exhibits a bright aspect to the
égggg)ihe small crystallites of magnetite had developed,

the surface topology was uneven and exhibited a oriented mosaic

Fig. IV, 11. 1In the Tlower pressure range, i.e. between 2.5x10'3
and 3.3x10"2 torr, even after 3 hours(é;/oxidation the relative

thickness of the magnetite layer was so small that it was impossible

to observe’;his ' 1§g by optical microscopy of a crbss section. The
presence of mééﬁefite could be only detected by either X-ray or
electron diffraction. Genera]]& none of the cross sections of the
oxidized specimens showed any tendency of loss of contact between
scale and metal. But even if it happened very rarely, the particular
case of non-adherence of the scale revealed interesting features.

At an area where the wustite scale separated nucleation and growth

of magnetite occured at the outer part and after cooling Fe304 pre-
cipitated in the Fe0O phase, (Fig. IV, 12).. A higher magnification

of the external part of the scale (Fig. IV, 13) showed that hematite
is also formed on the top of magnetite. By examination of the sur-
face of the specimen, we can therefore respectively study the
formation of magnetite on wustite and hematite on magnetite. Regions
of nonadherence exhibit circular shape (Fig. IV, 14). A higher magni-
fication of boundary 1 shows the difference in grain size and top-
ology of the wustite and magnetite regions. At higher magnification,

boundary 2 shows the presence of small Fe203 nuclei on the Fe304



Figure 1V, 11

Scanning electron micrograph of the magnetite layer formed

on wustite. Exposure: 120 min. in oxygen at 3.0x10'] torr.
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Figure IV, 12

Cross-section of a separated wustite scale on iron

3

for 240 min. in oxygen at 3.0x107 torr (X50).

exposed
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hematite

Figure IV, 13

Magnification from Fig. IV, 12 (X200)
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Figure IV, 14

Scanning electron micrograph of the surface of the separated

scale shown in Fig. IV, 12.
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surface. The size and topology of Fe304 and Fe203 are very different
since the first oxide consists of very small cubic crystallites and
the second oxide is formed with strongly oriented plates as illus-

trated Fig. IV, 15.

4.3 The Kinetics and Morphological Development of the Oxide Scale

on Iron at High Temperature in the Pressure Range 0.3 to 760 Torr

4.3.1 Oxidation Kinetics

The oxidation curves for specimens exposed at 800°C in the
“pressure range 0.3 to 7€0 torr are shown in Fig. IV, 16. The
weight change was evaluated using the original dimensions of a
specimen. These curves were reproducible to approximately 5%.
According to the results represented in Fig. IV, 16 the oxidation
- rate does not seem to be pressure dependent and apparently decreases

after the first few minutes of reaction.

4.3.2 Morphological Development of the Oxide Scale

Depending upon pressure and time the oxidation products are
“different. Generally at the beginning of oxidation a duplex scale
is obtained consisting of wustite and magnetite. As illustrated by
Fig. IQ, 17, wustite comprises more than 95% of a scale. Normally
25% of the Fe0layer exhibits Fe304 precipitates. Near the edges,
however, contact was not maintained. Wustite then became
saturated with oxygen and shows a complete precipitation zone, the
magnetite layer being also thicker than on an adherent scale Fig. rv; 13:

Fig. iV, 19, represents the topcaraphy of the specimen showing the



Figure IV, 15

Higher magnification from Fig. IV, l4c.
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Figure IV, 16 66

Oxidation curve for iron exposed at 800°C to oxygen over

the pressure range 0.3 to 152 torr for periods up to 150 min.
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Figure IV, 17

Cross-section of wustite-magnetite scale on iron exposed for

1

170 min. in oxygen at 3.0x10™' torr.
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Figure IV, 18

Cross-section of wustite-magnetite scale on iron exposed

1

for 170 min. in oxygen at 3.0x107' torr.
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Exposure: 20 min. at 800°C in oxygen at 0.30 torr (X1650).

Exposure: 30 min. at 800°C in oxygen at 0.30 torr (X750).

Figure IV, 19

Scanning electron micrograph of the magnetite layer formed

onh wustite.
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magnetite grains of very irregular shape. Near the edges the topol-
ogy was occassionally different as magnetite appears in the form of
needles.

Hematite is nucleated on the magnetite surface after a certain
time which is pressure dependent. Its appearance is illustrated in
Fig. IV, 20. Nucleation seems to preferentially occur near grain
boundaries. The nuclei extend laterally under the form‘of large
islands and finally hematite covers the entire surface. These
islands are shown in Fig. IV, 21. The formation of Fe203 was also
at a more advanced stage near the edges where contact has been Tost.
Hematite formed by a mechanism involving the vertical and lateral
growth of whiskers. These whiskers are even formed on adherent scale
| Fig. IV, 22 and they can appear either under the form of platelets
Fig. IV, 23 or under the form of needles Fig. IV, 24. In order to
obtain more infocrmation about the phenomena of whisker formation we
carried out a study concerning the effect of different parameters,
i.e., time, oxidant agent, temperature, oxygen pressure and metal
purity. These results are represented in Fig. IV, 25 and TablelV, 1.

The growth of hematite whiskers may be summarized by the
following steps. At 800°C and in laboratory air under atmospheric
pressure, nreedles of approximately 0.7 u  in Tenath and 0.06 y in
diameter grow on the specimen surface after 1 min. of oxidation
(Fig. a ). They generally appear in colony forming islands (Fig. b).
For the same conditions but after 2 min. of oxidation the whiskers
increased in density, length and diameter (Fig. c). Finally the

previous islands deve1074ed laterally until a very dense forest of



Figure IV, 20

Scanning electron micrograph of the hematite nuclei

on magnetite (X800).

Exposure:

40 min. in oxygen at 5.0x107"

formed

torr.
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Figure 1V, 21

Cross-section of the multilayer scale on iron exposed for 150

1

min. in oxygen at 5.0x10” ' torr (X320).
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X320

Figure IV, 22

Cross-section of the multilayer scale on iron exposed for 230

min. in oxygen at 10 torr.

13
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X8500

X900

Figure IV, 23

Scanning electron micrograph of scale surface showing platelets.

Exposure: 230 min. at 800°C in oxygen at 10 torr.
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Figure IV, 24a

Cross-section of the multilayer scale on iron exposed for

330 min. at 800°C in air at 760 torr. (X320).

Figure IV, 24b

Scanning electron micrograph of the surface of hematite whiskers.

Exposure: 90 min. at 840°C in air at 760 torr (X4900).



Figure IV, 25
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Table IV-1

Effect of different parameters on the phenomena of whisker formatfon;

Oxidation time Oxidant agent Temperature Pressure Metal Purity Corresponding Magnification
(minutes) (°c) (Torr) name in Fig.IV,25 |
1 Laboratory air 800 - 760 H.P (a) X8300
1 i . " " (b) X410
2 . : . " (c) X4300
60 ! " ! ! (d) X750
60 . 830 . " (e) X470
96 . 840 . ) (f) X980
15 : 860 " " (g) X180
60 g ! " - (h) X180
60 ! " " ; (i) X1800
15 X 990 " ! (3) X1700
230 oxygen 800 10 " (k) X180
60 Laboratory air " 760 Armco (1) X980

8L
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needles covered the entire surface and this state occurs after
approximately 1 hr. for the conditions described previously (Fig. d).
The same results are obtained in dry oxygen. If the temperature is
increased ke  830°C whiskers still cover the entire specimen 5
surface after 1 hr., but it seems from the dark area of Figﬂvé‘that
their density of population is less important than at 800°C. Never-
theless at 840°C only a few areas are invaded by small needles, the
remainder of the surface being covered by regularly shaped grains
growing perpendicularly to the specimen surface Fig. f. At 850°C
the density of whiskers decreases again and finally at 860°C no
whiskers are observed on the specimen surface which exhibits only
regular grains of hematite (Fia. g, h and i). This structure is
always found in the temperature range 860 to 1000°C (Fig. j). How-
ever at 800°C when the oxygen pressure is only 10 torr, even after
4 hrs. the sample surface is not completely covered with whiskers
(Fig. k). Finally we will mention that whisker formation is in-
dependent of surface preparation since the same results were
obtained wfth 1 u diamond polish, annealed and electropolish
specimens. But it is interesting to note that during the first
minutes of oxidation whiskers appeared preferentially at eventual
polishing strike or at marks of finger print. On the other hand
we do not observe whisker formation(nlArmco iron oxidized 1 hr. at
800°C in laboratory air under atmospheric pressure (Fig. 1).
Examination of the scale cross sections with an optical miéro—

scope shows that the oxide layers are very compact and adherent to
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the metal substrate (Fig. IV, 26). Contact at the Fe/Fe0 interface
is maintained by plastic deformation of the oxide scale. This
implies the generation of important stresses which leads to complex
processes involving polygonization of iron and wustite as illustrated
by Fig. IV, 27. However the iron-oxide interface is very planar,

its detailed microscopic shape being a function of the metal purity.
From the measurements of relative thicknesses of the different

layers given in Table IV, 2 we can see that our results are generally
in agreemént with those previously advanced by.Paidassi (87). How-
ever when whisker- formation is observed this phenomena is associated
with an important increase of the relative thickness of hematite

Fig. IV, 28, the proportion of FeQ and Fe304 in the scale remaining

constant.

4.4 The Kinetics and Morphological Development of the Oxide Scale

on Iron at 1.5x10'2 torr in the Temperature Range 750 to 1000°C

.4,4.1 Introduction

We repo}ted before for the case of iron oxidation at 800°C and

3 to 3.0x10'] torr that the kinetic

at pressures ranging between 2.5x10"
curves ‘exhibited a region of linear behavior and a pért where the
oxidation rate decreased with time. After this investigation con-
cerning the pressure influence on the reaction rate, we decided to
study the temperature effect in order to gain more information about
the rate determining process. A detailed analysis of the kinetics

results should Tlead to a complete interpretation of the reaction

mechanism and a further insight into the oxidation characteristics



X80

X800

Figure IV, 26

Cross-section of the multilayer scale on iron exposed for 13

min. at 960°C in air at 760 torr.
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Polygonization of wustite (X1400)

Figure 1V, 27

Scanning electron micrograph of the Fe/FeO interface after an

exposure for 60 min. at 800°C in air at 760 torr.
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Table IV-2

Relative Thicknesses of the Oxides

No whiskers

Present results

Literature (8%)

Fe203 0.7% 0.9%
Fe304 3.8% 3.7
FeO 95.5% 95.4%
Whiskers Formation

Fe203 '4.8%

Fe304 3.6%

FeO 91.6%

Formation of a Duplex Scale (Fe0 + Fe3g4l

Fe304
FeO

3.70%
96.30%

83



Figure IV, 28

Cross-section of the multilayer scale on iron exposed for

330 min. at 800°C in air at 760 torr (X160).
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of a and y iron.

4.4.2 Oxidation Kinetics

The oxidation curves for specimen exposed to research grade
oxygen at 1.5x10‘2 torr pressure in the temperature range 750°to
1000°C are shown in Fig. IV, 29. The weight change was evaluated
using the original dimensions of the specimen. These curves were
reproducible to approximately, 5% in the o iron region (T<910°C),
and 10% in the y iron region (T>910°C). According to Fig. IV, 29 the
results obtained are analogous to those advanced previously at 800°C.
for the same pressure. The duration of the linear region increases
considerably with temperature. If we consider Fig. IV, 30 which
represents the first minutes of oxidation we can see that the
temperature effect on the linear reacticn rate does not seem to be

very important.

4.4.3 Morphological Development of the Oxide Scale

Our observations are generally similar to the results advanced
previously at 800°C, i.e., oxidation during the first stage is
associated with growth of small crystals as it is shown in Fig. IV,
31. During the region of Tinear behavior and a subsequent part of
the oxidation curve described by the continuously decreasing rate the
specimens were covered with an oxide scale consisting only of
- wustite. The wustite/oxygen interface is of very irregular shape
during the first minutes of oxidation (Fig. IV, 32) but become more
uniform after a certain period (Fig. IV, 33). Etching of the scale

revealed the large grain size (40 to 60 p) of wustite which exhibits
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Figure 1V, 29

Oxidation curves for iron exposed to oxygen at 1.5x1072 torr

pressure over the temperature range 750°-1000°C for periods up to 100

min.
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Figure IV, 30

Oxidation curves for iron exposed to oxygen at 1.5x10'2 torr

87

pressure over the temperature range 750°-1000°C for periods of 10 min.

looog;’

340°C

> OO0 O N
! T [

WEIGHT GAIN (mgO/cm? )
N N
| |

e

= l | L | N 1 l | |

5 6 Fi 8 S O
TIME (min.)

O
N
ON
45



88

Figure IV, 31

Scanning electron micrograph of wustite crystals on iron after

3

an exposure for 5 min. at 1000°C in oxygen at 2.5x10™ " torr (X1700).
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Figure IV, 32

Cross-section of the wustite scale on iron exposed for 15 min.

1

at 1000°C in oxygen at 10" torr (X160).

Figure IV, 33

Cross-section of the wustite scale on iron exposed for 90 min.

2

at 950°C in oxygen at 1.5x10™“ torr (X800).
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a strong preferential direction of growth (Fig. IV, 34). Study of
-a scale 10, thick obtained at 1000°C showed a preferred orientation of the
(100) wustite face parallel to the metal surface. On the other hand
no specific texture was found in very thick scale (gSOOﬁ). Examina-
tion of scale surface with a scanning electron microscope showed the
morphology of the very large wustite grains Fig. IV, 35.

After a certain time which is strongly correlated to the
temperature magnetite is nucleated on the wustite surface. Since
this nucleation process is very slow at temperatures as high as
1000°C, it was therefore possible to observe the formation of the
first Fe304 nuclei . As it is shown on Fig. IV, 36 these nuclei’
are of very specific shape and are formed on a uniform base film.
They grow laterally to completely cover the wustite surface. The
‘details of these different steps is illustrated by Fig. IV, 36 to

IV, 38 wheré we can see that the magnetite grains are large enough
to be discernable even if Fe304 does not entirely cover the Fe0
surface. However if wustite is sufficiently saturated with oxygen
.the development of a magnetite layer is still very slow as it is

shown on Fig. IV, 39.
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Figure IV, 34

Cross-section of the etched wustite scale shown in Fig. IV, 32 (X400).

Figure IV, 35

Scanning electron micrograph of the surface of a wustite scale

formed on iron exposed for 180 min.at 1000°C in oxygen at 1.5x10"2 torr

(X70).
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X150

X800 ' X1500

Figure IV, 36

Scanning electron micrograph‘of magnetite crystals on wustite

after an exposure for 180 min. at 1000°C in oxygen at 1.5x10"2 tore.



X400

Figure IV, 37

Scanning electron micrograph of scale surface showing partial

coverage of wustite by magnetite. Exposure: 120 min. at 940°C in

oxygen at 1.5x10°2 torr.
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Figure IV, 38

Scanning electron micrograph of the magnetite layer formed

2

on wustite. _Exposure:120min.at 940°C in oxygen at 1.5x10 “ torr (X750).

Figure IV, 39

Cross-section of a completely oxidized sample. Exposure:

60 min. at 900°C in oxygen at 1.5x1072 torr (x260).


http:Exposure:l20min.at

CHAPTER V
ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

5.1 Introduction )

We have previously divided the presentation of our results
in three sections which we wi]]Aa1so discuss separately. Then from
these discussions a general model will be proposed concerning the
mechanism of iron oxidation at high temperature.

5.2 Oxidation at 800°C in the Pressure Range 2.5x10’3jtﬁ;3;0§10:1 Torr

5.2.1 The Phenomena of Magnetite Formation

The dissociation pressures of wustite, magnetite and hematite

at 800°C are 1.01x107'°, 2.21x1071° and 3.96x107 atm, respectively
(10, 11). Formation of these oxides is therefore thermodynamically
feasible under the experimental conditions chosen. There is a
general agreement that the growth of the wustite layer occurs by
outward diffusion of iron ions via vacant sites in the iron sub-~
.1attice. Consequently Fe0 is formed at the Fe0/0, interface, dur-

ing the first period of oxidation according fo equation (5-1).
2Fe + 0, —> 2Fel - 5-1

Since iron migrates rapidly through a thin wustite scale, an
~over supply of iron ions react with any Fe304 that may form to
yield Fe0 according to the following equations,
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6FeQ + oé — 2Feq0, 5-2
Fe304 + Fe — 4Fel 5-2'

And the proportion of Fe304 in the scale will depend on the balance
between reactions (5-2) and (5-2'). After a sufficiently long
oxidation time or if wustite is not adherent on the metal the
supply of oxygen absorbed exceeds the amount of iron diffusing to the
wustite surface and reaction (5-2) becOmes faster than reaction (5-2').
We observe then the formation of both Fe0 and Fe30,.

The kinetic results show that the oxidation behavior of iron
at 800°C in oxygen at pressures ranging from 2.5x10"3 to 3.0x]0—] torr
exhibits the same general features as in carbon dioxide (67)(71-74).
The kinetic curves consist of a short acceleration period, a region

of Tinear behavior and finally a period of decreasing rate asso-

ciated with the nucleation and growth of Fe304.

5.2.2 The Acceleration Period

As it was previously suggested by Charbonnier, Bardolle and
Mollimard (63)(64) this acceleration period is associated with the
nucleation and growth of FeO on the surface of iron. Since the
period was very short in time we could not do a proper kinetic

exploitation of this part. It would appear that the wustite crystals
| formed grow laterally and vertically over a thin base oxide film to

cover the surface with a layer of wustite.



5.2.3 The Reqgion of Linear Behavior

During this period the weight increase per unit area is
proportional to the time t, and we can define a linear rate constant
KL_suchlas,

Lim g L 53
These Tinear kinetics suggest that wustite grows according to an
interfacial control reaction. Fig. V, 1 shows KL as a function 6f
thé oxygen pressure. We have just reported the pressure dependence
on K| in the pressure range 2.5x10'3 to 3.3x10'2 torr, because even
at 3.3 to 1072 torr the kineticsfollowed a linear 1aww§;1y during—

1 min., and for higher pressure the linear region was/shorter than
30 sec. (Fig. IV, 2). Therefore it was difficult to give a physical
significance to such a short period which could be just a transition.
between an acceleration period, due to both nucleation and establish-
~ment of the correct pressure, and the region of decreasing rate.

According to Fig. V, 1 the linear rate constant is directly propor-

tional.to the oxygen pressure. In consequence the expression,

KL = a(K

| 3
Dtheor = o,/ 2mkT) 5-4

is used to calculate the fraction of impinging oxygen molecules, o,
incorporated into wustite. (KL)theor represents the rate constant

assuming that all impinging molecules react, k is Boltzmann's
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constant, m is the mass of an oxygen molecule and T is the temperature
- in °K. The calculated values, Table V, 1, demonstrate that the frac-
tion of impinging molecules adsorbed is only 6.7% independent of
pressure. These results are consistent with the conclusion that the
rate controlling step during linear kfnetics involves a non-

dissociative oxygen adsorption mechanism.

5.2.4 The Region of Decreasing Rate

The oxidation curves have been plotted in parabolic form in
Fig. V, 2. A typical curve exhibits a transition from linear to
‘parabolic kinetics. It is to be noted that the periods for this
transition decrease with increasing pressure. Above 1.5x10'] tore,
the transition also occurs at progressively smaller weight gains
with increasing pressure presumably due to more rapid nucleation and
growth of magnetite. Results are also included for oxidation in dry
air in order to show that the rate of parabolic scaling remains
pressure independent up to 1 atm.

Since wustite accounts for at least 95% of the scale thickness,
.the overall scaling rate can be identified with the growth rate of
the wustitevlayer alone which is given by the following expression

derived by Wagner,

Kr = C2 Ud WD] C“nao. 5-5

~ where EZ is the average composition of wustite, D, is the self dif-
fusion coefficient for iron, Z] and Z2 are the valencies of iron and

oxygen, as and as are respectively the oxygen activities at the inner



Table V-1

Sticking coefficient, o = KL/(KL)theor’ for oxygen on wustite at 800°C.

Pressure X 103
(Torr) a
2.5 0.077
2.9 0.058
3 0.055
6 0.069
6.8 0.067
7 0.067
7 / 0.068
8.5 0.062
12 0.079
17.4 0.065
23 0.067
25.2 0.063
33 0.066

Average value:

a=0.067 * 0.012
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and outer interface. If a thin layer of magnetite is formed aj and
as are respectively given by the decomposition pressure of Fe0 and
Fe304, the reaction rate is then independant of the ambient oxygen
pressure. This behavior is precisely shown by the plot in Fig. V, 3
for the values of the parabolic constant vs pressure. The values
from this investigation lie in agreement to a previously determined
value for zone-refined iron. They are also equal to calculated
values, within the accuracy of the calculation, using independent

iron diffusivity measurements in wustite in equation (5-5) (40, 72).

5.3 Oxidation at High Temperature in the Pressure Range 0.30 to

760 Torr

5.3.1 Oxidation Kinetics

The kinetic results plotted in parabolic manher Fig. V, 4

show that except during a period ranging between 20 and 30 mins. the
oxidation process obeyed a parabolic law. Within the interval of
error these parabolic curves havézg the same s]opg,the reaction rate
is not dependent upon oxygen pressure between 0.3 and 760 torr. The
values of the different parabolic constants are given in Table V, 2
and we can see that our results are in close agreement with those
previously advanced by Paidassi (87) and Schmall et al (88). How-
éver the rate constants determined and calculated by Himmel et al

(40) are at least 30% lower.
| In the early stages of an oxidation test, it is very difficult

to avoid specimen overtemperature resulting from the exothermicity of

the chemical reaction. And the anomalous oxidation behavior ohserved
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Table V-2

Measured parabolic rate constants for oxidation of iron.

Oxygen Kp

pressure (Torr) (9.0 cm™2.57%)
0.3 3.14x107%
0.5 3.19x107%
10 3.33x107%
152 3.35x10"
152" 2.93x10”™"
760" 2.94x10™

* From reference (87).

%% From reference (88).
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during the first minutes of oxidation is believed to be due to an
" "heating effect" (138). In order to support these findings we
'have also plotted on Fig. V, 4 results obtained with specimen 0.25
mm thick. With these épecimens the magnitude of the temperature -
excess is more important than for specimen 0.8mm thick and the
"heating effect" ends after only 1 min. of oxidation. If the
samples are preoxidized during 1 min. the anomalous accelerated

rate is not observed.

5.3.2 The Phenomenaof Hematite Formation

After a few minutes of reaction a duplex scale consisting
of Fe0 and Fe304 is obtained. The equilibrium dissociation pressure
of hematite being at 800°C of the order of 4x10™/ torr, Fe,0,
formation is thermodynamically feasible, the reaction equation in-
volved is
S

2Fe

If we suppose that the diffusing species in magnetite are iron
b 2 3 )
ions (86) Fe3)04 formation only takes place according to the fol-

lowing reaction

4Fe,05 + Fe __| 3Fej0, 57

Consequently hematite is only nucleated on the magnetite when

reaction (5-6) becomes faster than reaction (5-7) and therefore when
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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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