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FOREWORD

The kinetics and equilibria of gas-solid interactions are encountered in
connection with a diversit: of phenomena - combustion, ablation, corrosion,
erosion, catalysis - each of which is usually studied and practised as &
separate engineering speciality.

This colloquium brings together workers in all these disciplines. Research
papers rdescribe current advances in NATO laboratories and authoritative surveys
afford a perspective to show the cotmon thread of basic knowledge that connects
these technologies as well as the differences in goals and emphasis that make
each field unigue.

Direct communication between specialists, crossing inter-disciplinary -

boundaries, is intended to stimulate new insights in deating with the many
practical problems whic“ involve some aspect of gas-solid reactions.
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THE REACTION OF METALS AND ALLOYS WITH GASES
AT ELEVATED TEMPERATURES

by

Dr., Rotert A. Rapp
Department of Metallurgical Engineering
The Ohic State University
116 West 19th Avenue
Columbus, Ohio 43210
U.S.A.




SUMMARY

The recent literature has been surveyed for theoretical and experimental
contributions to the understanding of scale formation in the high-tenperature
reaction of metals and alloys with gases. The graphical representation of
thermodynamic data is used to identify possible .-eactions between metals and

zlloys and gas mixtures. From » knowledge of the predominant vapor species in
metal-oxygen systems and some limited vapor pressure data, graphical representa:ions
van be used to nredict the vaporization rates of metals and their oxide scales

as a funccion of oxygen activity.

Recent theoretical contrioutions in alloy oxidation are discussed. The role of
grain boundaries of the scale in the dissociative mechanism for protective
scale growth has been clarified. An aiternating diffusional growth and scale
fiacture mechanism seems to account for the linear kinetics of scale formation
in niobium oxidation. Impur.tles in the oxide scales of refractory metals
provably account for the i: . ational dependences of these oxidation reactions on
oxygen pressure.

The design of oxidation-resistant refractory metal alloys is discussed. Minor
additions of rare earth and alkaline earth metals to oxidation-resistant alloys
continue to be used to effect raduced scaling kinetics and improvad scale
adhercnce; the rationalization of this behavior is yet incomplete.
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THE REACTION OF METALS AND ALLOYS WITH GASES AT ELEVATED TEMPERATURES

AN ATTEMPT WILL BE MADE in this paper to survey concisely some contributions made
in the last few years to our fundamental knowledge of the theory and mechanisms

of high-temperature reactions between gases and metals or alloys to form a scale
of reaction products. In this regard, the author wishes to distinguish between
the diffusional growth of scales on pure metals by the outward migration of
cations and by the inward migration of anions, with their corresponding electronic
traunsport processes, Likewise, the oxidation of alloys based on these two types
of scales shall be considered separately.

GRAPHICAL REPRESENTATIONS OF THERMODYNAMIC DATA

Quets and Dresher (1) have recently demonstrated the application of graphical
representations of thermodynamic data (the so-called Pourbaix-Ellingham plots
which are well knowr in extractive metallurgy) to the rather complex problem of
alloy oxidation in gas mixtures, By this method, reaction tendencies and im-
vossibilities, and to some extent reaction morphologies, can be predicted or
rationalized. Quets and Dresher (1) analyzed the "hot corrosion" or "sulfidation"
reaction, i.e. the reaction of multi-component Ni-]15Cr-base alloys with combustion
product gases containing oxygen, sulfur, and sodium sulfate. Figure 1 is a log-log
plot indicating the stabilities of phases in the Ni-8-0 system at 1200°K; te
construct such a plct, only values for the vtandard free energies of formation of
the compounds, i.e., Aoﬁls, AGVI 9 and AGY 10, are required. In the analogous
plot for the Cr-S-0 system shown in Figure g it is seen that chromium forms both
a more stable sulfide and wxide than nickel.

For a good approximation of the relative stabilities of products formed between
gases containing oxygen plus sulfur and binary nickel-chromium allcys Figures 1
and 2 may be superimposed as shown in Figure 3. (Consideration of the reduction
in activities of the nickel and chrcmium in Ni-Cr alloys would result in only
small translations of the lines.) For the reaction of relatively dilute Ni-Cr
alloys (such as Ni-l1 to 15 Cr), for which a protective Cr03 external scale would
not be formed by selective oxidation, both Cr03 and CrS could exist within a
nickel matrix, as can be seen from Figure 3. Indeed, in the absence of sulfur,
Cry0q precipitates arc formed by internal oxidation beneath a NiQ external scale.
For the reacticn of dilute Ni-Cr alloys with gases containing both oxygen and
surricient sulfur, CrS precipitates are found deep in the alloy, i{.e, at oxygen
activities which are too low for the formation of Crj03. Aluminum and titanium
form even more stable sulfides than chromium and therefore their sulfides are
formed even deeper in reacted multicomponent alloys. A film or layer of NijSp
may als¢ be found beneath a NiO scale. These morphological arrangements of phases
are consistent with the thermodynamic diagram (Figure 3.)

In the "hot-corrosien" of Ni-Cr-base turbine engine alloys, NapS0, vapor is
present from injested sea water. Likewise, the reaction of injested NaCl vapor
with the combustion product gases thermodynamically favors the formation of
Na504 (2). De Crescente and Bornstein (2) showed that NajS0; vapor does not
effect accelerated attack, but that sulfide formation and "hot corrosion" occur
beneath a condensed NaySQ, surface layer. The shift of "het corrosion'” to a
higher temperature range in engines with high compression ratios is in agreement
with the effect of pressure on the dew point of Na;S50,. The foilowing reactions
have been proposed (2) for the reaction of Nap50; with base-metal nickel and

the nickel oxide scale, respectively:

NapSO, + 9/2 Ni = Nag0 + INi0 + L Ni3s; Eq (1)
and ”
Nuzso(‘ + NiQ0 =+ NiS§S + Nazo + 202 Eq {2)

To examine the possibility of these reactions, Quets and Dresher (1) superimposed
the Pourbaix-Fllingham plots ol the Na-5-0 and the N{-S-0 systems as shown in
Figure 4. Also shown in Figure 4 are lines repiveenting the stabilities of ternarv
compounds between Niap0 and the oxides of some common components in turbince engine
alloys (Si, Al, Cr). As written, Eqs. (1) and (2) cannnt occur because there is

no set of oxygen and sulfur activities at which purc Naz0 can coexist wich

either Ni9Sy or Nis. (A criterion for a possible reaction is that all products
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must coexist under some set of experimental conditions. Likewise, the reactant
phases should not coexist under these local activities of sulfur and oxygen.)
However, if a means is available to reduce the activity of Naj0 far below unity,
such as the formation of a ternary compound, or the dissolution of Naj0 into
another phase or the vaporization of Naj0, Egs. (1) and (2) could proceed, but
not to form pure NapO. Thus, Quets and Dresher (1) have suggested that the
formation of ternary oxides (suchk as those coexisting with the nickel sulfides in
Figure 4 are neceseary for the initiation of "hot corrosion'". Considered mor
generally, the thermodynamic Pourbaix-Ellingham diagrams are quite useful in the
analysis of reactions between complex alloys and gas mixtures,

Kellogg (3) has treated In detail another type of graphical representation of
thermodynamic data (also originating in extractive metallurgy) tn describe the
dependence of the vapor presfure of a compound on the non-metal activity. The
formation of vnlatile oxide molecules represents a serious hindrance to the
retention of protestive diffusion-barrier scales for a number of oxides.
Empirically, it is well appreciated that the oxides of W, Mo, and Cr are volatile
in oxidizing atmospheres, while Si07 experiences vapor losses in reducing
atmospheres,

Figure 5 is a Kellogg-type, log-log diagram describing the dependences on oxygen
activity of the partial pressures of the volatilie species Si(g) and Si0(z) over
the condensed phase~ Si(s) and $102(2} at 1500°K. The four lines of the diagram
are derived from the rour vapor-forming reactions:

Si(s) + % 0, - 510(g) Eq (3a)
Si(s) = Si(g) Eq (3b)
Sioz(s) - S10(g) + 2 Eq (3¢)
$10,(s) - Si(g) + o2 Eq (3d)

The slopes of the lines in Figure 5, d log Pgin/d log Pg, and d log Pgi/d log ko,
result from the differentiation of che 1ogar§t8ms of the equilibrium constants
for Eqs. (3a-d). To construct a Kellogg vaporization diagram the following
information 1s vrequired: 1) knowledge of the stoichiometries of all existing
condensed phases and vapor molecules, 2) AG® of formation of each condensed phase
{in order to place the vertical lines on the diagram), and 3) at least one value
for the equilibrium vapor pressure of each vapor species over a condensed phase
at a particular oxygen activity. The stoichiometries and vapor pressures of

the volatiie specles are most readily obtained from mass spectrometric investiga-
tions, but reliable vapor pressures for many of the oxide molecules are not yet
available, partly because the oxygen activity is not usually known or controlled
in the mass spectrometer.

The value for Fgig at Si-8i07 coexistence in Figure 5 is taken from Schafer and
and H8rnle (4). From Figure S5, it may be appreciated that the vapor pressure of

a compound is not a single-valued funccion of the temperature (as is often assumed
in tabulated daca) whenever the stoichiometry of the predominant vapor species
differs from that of the condensed phase., A SL0; scale at 1500°K would exhibit
negligible vapor losses in a highly oxidizing envirconment (air), but Si0
volatilization would be severe in highly reducing gases. (The annealing of
research specimens in hydrogen gas in quartz combustion tubes at 1100°C should
result in contamination of the speciments with 3ilicon.)

Figure 6 i3 a Kellogg-type diagram to describe vaporizatiun in the Cr-0 system

at 1473°K. The less important vapor species Cr0O; and CrO have been deleted from
the diagram; the value of F..o. = 5 x 1073 atm at Pgy = 1 stm is taken from Caplan
and Cohen (5). As studied recantly by Tedmon (6), t ge vaporization of CrD
molecules from Crp03 protective oxide scales is a serious engineering prob?em
which results in paralinear kinetics for oxidation in highly oxidizing atmospheres.
Actual vapor lossas from protective scales cannot be predicted directly from
Kellogg diagrams, only the maxisum possible vapor loss through use of the Hertz-

Langrmilr equation: les Py
J mo = Eq (4)
L (cmr-sec) (2 ﬂMIRﬂK q
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A calculated mass transport coefficient is required to predict actual vapor loss: s
from the known vapor pressure.

OXIDATION WITH SCALE GROWTH BY CATION DIFFUSION

PURE METALS. When the predominant ionic defects in an oxide scale are vacaat
cation sites, then the growth of a compact, protective layer occurs by the out-
ward diffusion of cations with a counter flow of vacancies and positive holes,

As the scale thickens, its resistance to plastic deformation Increases, particular-
ly at points of constraint such as the edges and corners of a specimen, With the
continual arrival of vacancies through the oxide to the metal-scale interface,

the reducted plasticity of the scale can lead to the condensation of vacancies

to form voids and ultimately a porous zone at the metal-scaie interface.

The scanning electron microscope seems to offer outstanding promise for the
observation and rationalizatior of scale morphologies on metals, (In this regard,
Wood (7) has completed a comprehensive review of experimental techniques for the
study of oxidation rates, structures, murphologies, etc.) Howes (8) used the
scanning electron microscope to examine the matching surfaces of a Cry0j scale
which had spalled from an oxidized Fe-Cr alloy. This detailed observation of the
inner, porous zone of the Cr203 scale showed large veid areas with only oxide
bridges retaining contact between the outer compact scale and the alloy. Deep
grooves were seen in the grain boundaries of the alloy, and the scale above

these grain boundaries had apparently buckeled outward because of the local loss
of metal-scale contact and the existing compressive stresses. Only between 5 to
25 percent of the geometric area of the porous zone consisted of oxide bridges;
many authors have recently suggested that a dissociative mechanism can result in
th: growth of the scaie at the metal-scale interface by the inward transport of
metailoid moleculcs across the voids within the porous inner scale.

The investigation of morphological details in the ecale is difficult in the
oxidation of metals because no suitable radioactive tracer of oxygen is available.
Lowever, in the sulfidation of silver, copper, iron, nickel, and seve al binary
alloys, Brlickman (9) and Mrowec (10) used sulfur radio-tracers to study the
formation of the inner porous scale and the phenomena resulting from its formation.
For slab specimens of the pure metals, the inner pornus scale was initiated at
corners and edges while metal-scale adherence was maintained along the flat faces
of the specimen, Upon further oxidation, a perforation of the initially compact
outer scale occurred in regions exterior to the inner porous scale. Thereafter,
tracer molecules were not only consumed for scale growth at the scale-gas inter-
face, but also reached the inner porous zone by diffusion through the perforati-ns
in the outer scale, Brlickman and Mrowec suggested that che dissociative mechanism
occurs in tiie porous inner scale, but that the dissociation is anisotropic, with
preferential formation of molecules along grain boundaries which ultimately vesults
in the perforation of the outer scale, In the sulfidation of alloys for whbich

an insoluble internal precipitate is formed, the porous inner scale layer was
{ritiated essentially at the start of the sulfidation at all areas on the specimen
(not just corners and edges). For these alloys, the perforation of the outer scale
also occurred early and generally over the specimens, and the sulfide which was
formed at the metal-scale interface represented a large contribution to the scaling
rate.

For the oxidaticn of metals, the possibility of scale perforation by the
preferential dissocation aleng oxide grain boundaries of the inner porous scale
has not been invesiigated. However, oxide scale morphclogies resemble cloasly
those for sulfide scales. Obviously, with the occurrence of & dissoclative
mechanism and scale perforation, i.e., morphological irregularities, kinetic data
after long oxidation times cannot be simply related to self-diffusion in the scale
according to Wagner's parabolic oxidation rate expressions.

ALLOYS. In the theory of alloy oxidation, C. Wagner has made two receut
contributions. As a basis for calculating the scaling rates of binary alloys,
Wagner (11) has derived expressions for the distribution of cations in solid
solution oxide and sulfide scales. In the model chosen by Wagner, a two-component
alloy was oxidized to form a plane, compact, single-phase, nearly stoichiowetric,
electronic conducting scale. Local equilibrium was assumed at the metal-scale
and scale-gas interfaces so that the ox.dation rate is controlled by thc ocutward
diffusion of the two cation species through the rcale., Mathematical expressions
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which required numerical evaluation showed that the different cations should not

be uniformly distributed in a single phase scale because of their differing
mobilities, so that the cation species with the greater mobility would be enriched
at the scale-gas Interface. The theory was evaluated for the sulfidation of Cu-Ag
alloys and the oxidation of very dilute Ni-Cr alloys. Because most binary alloys
exhibit either internal oxidation or selective scale formation by a single component
(mechanisms for which Wagner has previously presented theoretical treatments), the
new theory for the formation of solid solution, single-phase scales may not find
numerous applications,

C. Wagner (12) has also examined theoretically the oxidation of binary Cu-Pd and
Cu-Pt alloys in whiih the same oxide (Cuy0) forms both as an external scale and
as an internal oxide precipitate. A thermodynamic driving force to effuct this
somewhat unusual morphology only exists when a slowly diffusing, more-noble
component is rejected and enriched at the metal-scale interface. [hen the oxygen
activity for coexistence of the scale and adjacent alloy is higher than that for
the same oxide in coexistence with the original alloy composition. However, to
form the oxide as an internal precipitate, a significant solubility and diffusivity
of oxygen in the matrix is also required, As a criterion for the simultaneous
formation of an external scale and an internal oxide precipitate from the same
oxide AO, Wagner pointed out that the derivative (& 1ln NpNg/ dx)y=x at the metal-
scale interface must be positive, From a solution of the diffusion equaticn,
Wagner derived a quantitative expression for this derivative and showed that for
Cu-Pd and Cu-Pt alloys positive values result from evaluation of the expression.

The Wagner-Hauffe "doping" effect in alloy oxidation has received some recent
attention, To rationalize the enhanced oxidation rates c¢f dilute Ni-Cr alloys,
Meier and Rapp (13) studied the defect structure and chromium solubility in Cr-
doped N10. The previously proposed electrical neutrality condition, [Cryil = 2[VNi]’
was found to hold for all Pp,. The solubility of chromium in Ni0O was found to be
independent of Pg,, but was rather low: 0.015 cation fraction at 1100°C, 0.012 at
1000°C, and 0.009 at 850°C. Several authors have previously reported a steady
increase in oxidation rate compared to pure nickel with increased chromium content
up to 8 or 10 atom percent. The question arises as to how clL.romium in excess of
the solubility limit (about one percent) cam effect increased scaling rates; the
"doping" effect cannot be held responsible., Recently, Wood and Hodgkiess (14)

and Giggins and Pettit (15) have reported a sharp increase in scaling rates for
Ni-Cr alloys with very low chromium contents (1 to 2 percent), but then little or
no further increase in kinetics with increasing chromium. This pattern is
consistent with that expected from the '"doping' effect.

To provide a basis for the use of the 'doping" effect in reducing the oxidation
rates of alloys which form Cr203 scales, Tedmon and Hagel (16) developed procedures
for the electrodeposition of lithium onto chromium Zrom molten lithium fluoride.
Despite some irregularities in the coatings, the lithiated chromium oxidized slower
both in oxygen and in air. The scales which formed were both more adherent and
non-spalling. In air oxidation, less nitrification occurred beneath the "doped"
oxide scale. Tedmon (17) also prepared ductile, lithiated Fa-25 Cr alloys by
melting under pressure. In oxidation at 1300 and 1360°C, the reduced oxidation
rates for lithiated alloys were ascribed to the diffusion of chromium ions over

the Li-doped Crj03 scale which simultaneocusly suffered evaporation losses from
Cr03. At lower temperatures, 1000-1200°C, the tormaticn of a ternary oxide barrier
phase at the metal-scale interface apparently aided the 'doping' effect in the
reduction of the kinetics and the improvement of scale adherence,

In the space allowed, the author cannot discuss in detail all of the various
recent contributions to nur knowledge of morphologies, structures, mrchanisms,
kinetics, etc., for alloy oxidation. However, a few papers involving oxidation
in practicai ailoy systems will be mentioned.

Pettit (18) investigated the oxidation of Ni-Al alloys. As a function of the
temperaturs and composition three mechanisms were observed: for the most dilute
alloys, an internal precipitation of Al03 occurred beneath the NiO scale; for the
alloys with highest aluminum content, a protective Al,0y scale was formed; for
intermediate compositions, an initlally formed Al70q scale could not be sufficfent-
ly maintained by the diffusion of aluminum in the slloy so that a reversion to the
dilute-alloy mechanism occurred at longer times. Giggins and Pettit (15) reported
three di{ffering mechanisms for the oxidation of Ni-Cr alloys; the mechanisms
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for the most dilute and the most concentrated alloys corresponded to those for
Ni-Al alloys. For intermediate Ni-Cr compositions, an external Crj0q scale formed
preferentially above the alloy grain boundaries while initially the centers for
surface grains experienced internal oxication of chromium and Ni0 scale formation.
However, as the oxidation »rogressed, the compact grain boundary layer of Cry0
extended down along the giain boundaries until the surface grains were isolateg
by a protective Cry0; layer. Interna. oxidation and NiO formation then stopped
and the kinetics were correspondingly reduced, For Ni-Cr alloys in the inter-
mediate composition range (10-30 wt. percent Cr), fine-grained specimens oxidized
at slower rates than those with coarse grains because of this tendency to form
protective Cry05 grain boundary {ilms. Preliminary deformation of the surface
prior to oxidation resulted in a recrystallized surface layer upon heating, so
that specimens with surface deformation showed the preferred oxidation behavior
of fine-grained specimens., (Incidentally, Pettit (15,18) has also used an
informative graphical representation of thermodynami. data, i.e., a log-log plot
of alloy content (activity) vs. oxygen activity which indicates the regions of
phase stability.)

Kofstad and Hed (19) have reported an exitensive investigation of th: microstruc-
tures and kinetics for the oxidation of a Co-10 w/o Cr alloy. At relatively

high Py, at temperatures between 800 to 1300°C, an internal precionitation of

Crp03 occurs and a dual layer CoC scale is formed. In the inner scale with 33-357%
porosity, the Crzoa precipitates reacted with Co0 to form CoCry0, particles. In
the outer '"compact" scale, voids whica were apparently closed ané caused by
mechanical stresses accnunted for about 3-67% porosity. (The perforation of the
outer scale by anisotropic dissociation (9,10) as is prevalent in sulfidation did
not seem to occur,) Kofstad and Hed ascribed the rate control essentially to ioniec
diffusion of cobalt ions through CoO; however, the reaction was aided by a short-
¢ircuiting of the inner scale resulting from the dissociation mechanism, while
CoCr04 particles served as barriers to ionic diffusion in the inner scale. The
Ydoping'" of CoO by trivalent Cr ions probably did not a fect the rate significantly.

Wood and coworkers have reported recently several comprehensive uxidation studies
of Cu-, Ni- and Fe-base allows, Whittle and Wood (20) studied three differing
oxidation mechanisms for Cu-N!{ alloys ccntaining 80,55, and 107 Ni. In this
system, NiO 1s somewhat more 3table than Cuy0, and the oxides Ni0, Cuy0, and CuQ
are essentlially mutually insoluble and nonreactive. For the Cu-80 Ni alloy, a
compact NiO inner scale controlled the oxidation rate although a thin outer Cu0
was retained from the initial nucleation stage. The microstructure of the
oxidized Cu-10Ni alloy was the usual type for a dilute alloy-internal oxide
precipitates of Ni0O with a two-layered Cuj0 scale. The microstructure for the
oxidized Cu-55 Ni alloy was complex, varying from two-layered f.o multilayered
scale with large nodule fcrmation.

Wood and Hodgkiess (14,21) have studied the oxidation of Ni-Cr alloys and Wood

and Whittle (22,23) have investigated the oxidation of Fe-Cr alloys; Wood, et al.
(24) have compared the oxidation behavior of Ni-Cr and Fe-Cr alloys. Of particular
interest in both systems was the identification of Crj03 (and not a spinel) as the
protective scale, as well as the description of scale failure and healing
mechanisms., For dilute Fe-Cr alloys (14-18 Cr), a protective Cr 0q scale is formed
initially but then is lifted or cracked by mechanical stresce; to allow the more
rapid formation of a stratified scale rich in iron oxides. Healing of the
stratified scale by the formation of an underlying Cr,o layer can occur only after
some of the chrowmium-depleted alloy has been consumed, “Scale adherence is
generally poor for Fe-Cr alloys. Alloys of Ni-14 to 25 Cr retain a thin external
NiO layer adove the protective Crp04 layer. Thin layers of Cr 03 loop around

grain bcundaries and stop any initial internal oxidation besides providing improved
scale adherence compared to Fe-Cr alloys. Because i{nterdiffusfon is slower in
f.c.c, Ni-Cr alloys than in b.c.c. Fe-Cr alloys, chromium depletion at the metal-
scale interface bencath Cr,0; scales is greater for Ni-Cr alloys, but the

depletion does not extend as deeply into the alloy. Oxidation stresses also
occasionally result in local failures of protective Cry0q scales on Ni-Cr alloys;
scale failures on Ni-Cr alloys may occur at higher Cr contents than in the Fe-Cr
system vecause of the more extensive chromium depletion. However, the healing of
scale fractures on Ni-Cr alloys is facilitated by the shallowness of chiomium
depletion and the ability of Cr203 grain boundary loops to reestablish a protective
scale.
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For many years, additions of rare earth and alkaline earth metals or oxides have
been used to improve the oxidation resistance of alloys which are protected by
scales supporting cation diffusion, Because of the small amcunts required and

the reactivity and insolubility of the components, a clarifi:cation of the
mechanisms involved in this effect has not been presented. Wood and Boustead (25)
found that Y and Gd additions (as YFeg and Gsze17) to Fe-Cr allcys resulted in
reduced oxidation rates, the prevention of breakaway (scale failure) at long times,
and better scale adherence on cooling., Mentioned as possible causes for the im-
provements were: a.) an accumulation of rare earth oxide precipitates in the metal-
scale interface, b.,) a convolution of this interface which keys the oxide to the
metal, and c.) the condensation of vacancies at internal oxide precipitates which
prevents the formation of voids at the metal-scale interface.

Seybolt (26), in the oxidation of Cr containing 5 vol.% Y503, found the kinetics
to be much slower than parabolic at long times, and suggested that the Y204
particles collected in the metal-scale interface to form YCrOj which serves as a
barrier to cation transport. In hot corrosion (sulfur plus oxygen) studies,
Seybolt (27) found that a 0,57% Ce addition to the superalloy Udimet 500 effected
reduced penetration of the sulfide precipitation in the matrix. Viswanathan (28)
reported that small additions of Y and La reduced the hot corrosion attack of
Udimet 700. Both before and after the reaction, the rare earths were located

in the grain boundaries as LaNi, and LaS,, resp. The rare earth sulfides (and
oxides) seem to block effectively the grain boundaries to the inward diffusion of
atomic sulfur and oxygen.

OXIDATION WITH SCALE GROWTH BY ANION DIFFUSION

PURE METALS, Considerable work has been accomplished recently toward the
understanding of the complex high-temperature scaling behavior of niobium (columb-
ium). The author will discuss briefly the oxidation of niobium with the exclusion
of other metals of interest, such as V, Ta, Zr, Hf, Ti, etc. Roberson and Rapp(29)
oxidized nioblum at 900°C in a cuprous oxide vapor, Upon reduction of the cuprous
oxide vapor species (the exact nature of which is unknown) by the niobium to form
the high-temperature structure o-Nb2Og, two moles of copper are deposited at the
site where each mole of oxygen is consumed. Microscopic observation of the scale
with its copper markers showed a series of relatively compact layers, each of
which had successively fractured to admit the oxidizing molecules to penetrate
the scale. The oxidation of niobium was described as the diffusion-controlled
growth of a compact NbyOg layer at the metal-scaie interface to some critical
thickness at which the scale fractures because of mechanical stresses, and then
the process is repeated indefinitely. Linear kinetics would result if the growth
of layers were "out-of-cycle" in various regions around the specimen.

Sheasby et al. (30) have examined the P02-dependence of the ionic-diffusion-con-
trolled, parabolic growth of the low-temperature y-NbyOg modificatior at 720-850°C.
A large dependence of the parabolic rate on oxygen pressure was found; this result
i not expected for the diffusion of oxygen ions with a concentration-independent
mobility. To rationalize this Fj - dependence, Sheasby et al. (31) determined

the Pg,-dependence of the oxygen 241ffusion coefficient for a-NbyOs and y-Nb20s.
For bo%h oxides, the oxygen diffusion coefficlents were several orders of magnitude
smaller for oxides with large deviation from stoichiometry, i.e., at lower Py,;
apparently, a simple oxide structure and oxygen ion mobility behavior does no%
exist {n NbyOgq. The authors suggested that a v-NbjO5 scale consists of a series
of distinct phases or structures joined by regular discontinuities. In tact,
Schafer et al, (32) rave reported the compceitions, diffraction patterns, and
thermodynamic free energies of formation for seven equilibrium phases between

NbO; and NbyOg at 1300°c.

Kofstad (33) has proposed an alternate interpretation for the large Poz-dependence
for the parabolic oxidation of niobium reported by Sheasby et al. (30). Xofstad
considered the effect of aliovalent impurities (doping) on the defect structure
and associated properties of NbjOg, as well as Tay05 and 2r07. The concentration
on native oxygen vacancy defects in Nb20§ at 900°C in one atm oxygen should be on
the order of two perts per million, while the "pure' niobium metal and Nb,0O¢ used
in laboratory experiments contains two or more orders of magnitude higher {mpurity
contents. Near stoichiometry (at highest Po;), the defect concentrations in Nb20s
must be established by the impurity content according to a neutrality condition
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[Mf b] = [Vg] where Mf is a triva}znt impurity ion, The consideration of doping
leags to the prediction of a P021 -dependence of the electrical conductivity
which is observed, as well as a logarithmic dependence of the parabolic rate
constant on Ppy, which is in agreement with the results of Sheasby et al. The
consideration of impurities in the oxidation of refractory metals seems to clarify
a major uncertainty in this area, i.e., the irrational P02-dependence found for
oxidation rate constants,

J. S. Sheashy (34) has oxidized niobium for extended times in the lower-temperature
range 450-720°C. An initial parabolic growth of a compact v-NbyOg5 scale was
interrupted by scale fractures, and at long times, linear oxidation kinetics were
observed. The final microstructure for specimens oxidized above 626°C revealed

a scale consisting of a series of compact layers of vy-NbjOs of about equal thickness
which were separated by fractures. With the assumption that the oxidation is
controlled by ionic diffusion through a compact layer of y-NbpOs at the metal-scale
1~terface, Sheasby was able to show that the observed rhicknesses of the scale
layecs could be calculated from the parabolic rate constant measured before scale
fraccure, Therefore, in the temperature range 625-720°C, the oxidation of niobium
is controlled by the diffusion of oxygen ions in NbyOs, but the scale periodically
fractures to result in linear kinetics. At temperatures between 450 and 600°C,
suboxide NbO; platelets form in the metal ber.eath the scale, and the scale fracture
is facilitated, with a chevron pattern of pores appearing in the scale as previously
reported for tantalum oxidation by Stringer (35).

ALLOYS. Although many screening studies of niobium-base (and other refractory-
metal base) alloys have been carried out, little study of alloy oxidation mechanisms
has been made in these alloy systems. With our recent significant improvement in
the understanding of the oxidation of pure niobium, some meaningful alloy oxidation
work should be forthcoming. For the development of strong, oxidation-resistant,
uncoated refractory metal alloys, saturation of the matrix with dissolved oxygen
must be prevented. The solubility of oxygen in niobium is 2 atom percent at
1000°C; the dissolution of oxygen int>s a niobium alloy under a NbyOg scale can
only be prevented by the internal oxidation of a less noble alloying component,
for which the selection is rather limited; Zr, Ti, Hf, and rare earth metals.

Rapp and Goldberg (36) investigated the combined internal oxidation and external
scaling behavior of Nb-Zr alloys. (Because of their creep and stress-rupture
properties Nb-Ti base alloys seem unattractive, but strong, oxidation resistant
Nb-Hf base alloys are currently being developed by several groups.) At 1000°C in
oxygen, oilnary Nb-Zr alloys with 10 and 20 atom percent Zr formed submicroscopic
intermal oxide precipitates and these alloys nxidized at linear rates higher than
that for pure niobium. However, in the oxidation of Nb-30 Zr and Nb-40Zr alloys,
lamellar Zr0O7 internal oxide platelets were formed, and these were oriented
approximately normal to the metal-scale inter ‘ice. The Zr0; platelets were appa-
rently very strong because they withstoud the expansive conversion of Nb to Nb20g
at the metal-scale interface without immediate fracture. The linear oxidation
rates for these concentrated Nb-Zr allovs were lower than that for pure niobium,
presumably because with the mechanical support and keying of the Zr07 platelets

a greater average thickness of compact Nby0g could be maintained at the metal-scale
interface. The addition of a third alloyin, addition, such as Ti or Re, can
effect yet lower scaling rates (and indeed parabolic kinetics) with better scale
adherence and less scale porosity. Then qualitately, the design of an oxidation-
resistant Nb-(or Ta-) base alloy seems to require a major (20 to 40%) alloyinyg
addition of a less noble component tc support intcrnal oxidation with a platelet
morphology and at least one other minor alloying addition whose role is to either
soften the NbjOs (to delay scale fracture) or to dope the KbjOg scale with plus 6
or plus 7 cations (to reduce the concentration of oxygen vacancies ir the compact
Nb,Oq layer). The third possible role of an alloying addition would ¢ the formation
of a ternary compound with NbyOg having low transport properties.

CONCLUDING REMARKS

The author has attempted to summarize some of the contributions mdde over the last

two or three years to our understanding of the oxidatior of metals and alloys. In

this regard, only high-temperature scaling reactions weze considered, and even with
this limitation, some significant work in this area has surely been delcted. These
deletions should be blamed on the limited available space and the author's limited

intarests and knowledge of Che recent literatuve.
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SOMMATRE

L'étude de 1'ablation, phénoméne de couplage entre le matériau et lu couche limite, couvre sché-
matiquement 5 domaines : matériau, couche limite, transferts de masse et d'énergie & la surface
en recul,

Nous nous intéresscns ici A 1'étude du matériau, qui comprond l'étude des répartitions internes
de température, de Gdét‘ts gazeux, de masse spécifique, de pressinn ; ces répartitions sont cal-
culables par des mod2.cs mathématiques établis en foncticr de paramétres qui traduisent globale~
ment les phénowdnes physiques et chimiques prépondérants : parmi ces phénoménes citons la ciné«
tique de la décomposition du matériau, repérée par la thermogravindtrie et la thermovolumétrie ;
1'évolution des caractéristiques thermiques et aérotiques de la matrice poreuse cokéfiée,
1'acticn du carbone résiduel sur les fibres de silice ... ete.

Des valeurs significatives de ces paramdtres peuvent &tre obtenues, en dehors de l'explcitation
de schémas inverses utilisant les répartitior: de température mesurées, par des processus expé-
riwentaux séparés dont la description est l'objet de ce rapport,




Le terme d'ablation qui, A 1'origine, dépeignait 1l'enlévement en surface d‘'un matériau de protece
tion thermique, s'est peu d peu généralisé et il désigne aujourd'hui 1'ensemble des phénowénes
coplexes qui régissent le comportement d'un bouclier thermique, Il comprend en effet toutes les
réactions de pyrolyse qui provoquent une carbonisation progressive du matériau vierge pour abou-
tir au dégagement des gar de cracking terminal et les phérom2nes de combustion, de dissoctation,
de blocage de flux thermique aérodynamique, de couvection résultant de 1l'injection des gaz de
pyrolyse dans lz couche limite, L'ablation est donc, dans son sens le plus général, un phénomene
de couplage qui associe étroitement le matériau en transformation, la surface en recul et la cou-
che limite,

Nous nous limiterons ici A 1'étude du comportement des matériaux, étude orientée vers la détermi-
nation des caractéristiques nécessaires au fonctionnement de schémas de calculs représentatifs
des phénom2nes analyeés,

Les premidres tentatives de calculs des écrans thermiques &tailent basées sur 1'hypoth2se simpli-
ficatrice suivante : on affectait au matériau des caractéristiques physiques apparentes, ces ca-
ractéristiques &tant asmimilées 3 une capacité calorifique et A une conductivité thermique,
Clest-d~dire que l'on englobait sous ces deux paramdtres tous les phénomenes complexes qui ré~
gissent la transformation du matériau., Dans ces conditions, l'équation de Fourrie: permet la dé-
termination des champs de température. Une troisidme caractéristique, la cheleur d'ablation dé-
finit le recul de la surface.

Ces trcis paramdtres résultent , pour &tre valables dans un dimensionnement d'expériences réa-
lisées dans des conditions d'échauffement voisines de celles rencontrées cn wol, (Références 1
et 2), Toutefois, physiquement, ce schéma simplifié est trds éloigné de la réalité et, les ca=-
ractéristiques apparentes n'ayant aucun ragport direct avec des ceractéristiques physiques, elles
ne peuvent en aucun cas orienter le puysicien et le chimiste lors de la conception de formules de
matérigux nouvelles, La nécessité s'est donc faite sentir d'établir de nouveaux schémas serrant
de plus prés la réalité, Ce qui permet :

- des dimensionnements beaucoup plus précis,

~ la connaissance plus approfondie du phénoméne qui n'est plus masqué par des caractéristiques
beaucoup trop simplifiées,

- 1'élaboration plus scientifique de nouveaux matériaux.

THEME DE TRAVAIL

le thime de travail que nous avons cholsi pour cette étude est un matériau 2 3 composants ¢ une
résine phénolique, des fibres de silice et des fibres de polyamides aromatiques.

Les fitres de polyamide et de silice se présentent sous forme de tissus mixtes, le polyamide
étant destiné 3 amener d'importantes chaleurs de décomposition tout en laissant des résidus de
cokes trés durs et adhérents, le rdle de la silice consiste A armer ces cokes de manidre 3 ré-
duire les vitesses d'ablation.

Ce matériau a regu la déromination d'Orthostralen 50.

COMMENT ARORDER LE PROBLEME.

Résumons tout d'abord le processus général de dégradation (Figure 1), En partant de l‘extérieur
vers la surface pratiquement inaltérée, nous trouvons une zone vierge caractérisée par sa con-

ductivité thermique, sa chuleur epécifique et sa masse spécifique. L'équation de Fourrier régit
alors 1'écoulement du flux calorifique., Nous abordons ensuite la zone ou s'amorce la pyrolyse,

caractérisée d'abord par la température de pyrolyse commengante. Cette pyrolyse se traduit par

la formetion de toute une série d'hydrocarbures, notamment benzéniques,

La pyrolvee zet accoxpagnée d'une augmentation de la porosité, essmsasgssmmmtian, cette augmer-
tation s'accentuant au fur et 3 mesure que nous approchons de la surface en ablation. Les gaz
résultant de la premidre pyrolyse traversent donc, avec des vitesses de plus en plus importantes
des zones de températures croissantes, d'od un cracking qui aboutit finalement en surface, pour
das températures de 1'ordre de 2400°K, 2 un dégagement d'hydrogine, d'azots et d'oxyde de carbone.
Ca cracking entraine par ailleurs des dépdta de carbone pyrolytique dans les zones les plus
chaudes, 1'oxyginr étant en quantité insvffisante pour oxyder tout la carbone. Dans la zone en
transformation interviennont égaicment la conductivité thermique de la chaleur spécifique et la
masse wpécifique en fonction de la température. Toujours dars les zones les plue chaudes, la si-
lice et la carbone réagissent et la silice disparait trds vite sous forme de silicium, de mono-
aryds de silicium et de carburs de silicium.

Enfin au niveau de la surface, il faudra prendre en compte, les réactions d'oxydation des cokes
ainel que la fusion de la eilice, si la stéochicmlitrie carbone-silice le permst,
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Des schémas de calculs ceprésentatifs de cet ensemble de phénomenes sont concevables et relative-
ment aisés., Ce qui 1'est moins, c'est la mise en place de moyens expérimentaux capables de four-
nir avec suffisamment de représentativité les paramdtres nécessaires, Nous reviendrons plus loin,
lors de 1'exposé des méthodes d’essais sur ces difficultés,

Un .ertain nombre d'étapes intermédiaires apparaissent donc nécessaires. Elles consisteront 2
considérer certains phénomines sous une forme globale, Toutefois, afin de respecter 1'image gé-
nérale du schéma, et de lui conserver toute sa représentativité, ces intégrations partielles ne
grouperont que des propriétés de méme nature, Par exemple, les affets thermochimiques de la py~
rolyse scront étudides sous forme d'un "'gaz moyen'" mais ne seront pas englobés avec, par exemplc,
L'échauffement des gaz traversant las couches cokéfiées,

Malgré ces simplifications, des imprecisions résultant de la difficulté des expériences subsiste-
rort et l'utilisation de schémas de calcul inverses seront encore récessaires pour affiner les
résultats de calculs, Enfin dans certains cas, les zones de transition ne seront pas accessibles
3 l'expérience. On procédera alors par interpolation entre les ca..ctéristiques & l'état initial
et 1'6tat final. les paramdtres 3 prendre en charge expérimentalement sont donc les suivants :

= dans l'ensemble du matériau, la conductivité thermique, la chaleur spécifique et la masse
spécifique en fonction de la température,
= les chaleurs de décomposition dans la zone en transformation,
- dans la zone én transformation également et dans la zone cokéfiée, l'étude des échanges gaz~-
structure ce qui entraine la connaissance,
. de la composition des gaz ainsi que la chaleur spécifique des constituants,
. de 1la porosité des structures ainsi que des pertes de charge,.
- vers la surface, enfin l%étude,
. des réactions silice~carbone,
. de i’oxydation en surface.

RESULTATS EXPERIMENTAUX

L'acquisition directe des caractéristiques physiques se heurte & un ovstacle majeur : la brid=
veté et surtout l'intensité des échauffements qui dans la plupart des cas ne permettent que des
mesures globales insuffisantes pour meubler les schémas de calcul. Cette remarque est particu~
lidrement vraie en ce qui concerne les param2tres liés 2 la pyrolyse. Nous avons donc pris les
orientations suivantes : les phénomines échappant 2 l'analyse fine en &chauffement rapide sont
étudiss avec précision au cours d'expériences de laboratoire réalisés avec des échauffements
lents, Lorsque cela est possible, nous regardons si les résultats en sont directement applica-
bles 2 des échauffements rapides, Cette vérification résultera en général de l'application de
ces données expérimentales 2 des résultats d'essais globaux. Dans le cas ol eile ne se révdle
pas satisfaisante, les caractéristiques physiques sont adaptées 2 partir de ces résultats d'es~
sais globaux,

Pour 1'étude systématique des différents paramdtres, nous avons défini, aprds de nombreuses ex-
périences les domaines de température correspondant d des zones présentant un mode d'action dé-
terminé. La zorne de pyrolyse a'étend de

350°C + 50°C (pyrolyse commengante)

800°C 4 100°C température 2 laquelle nous considérons que toutes les réactions
de pyrolyse sont terminées.

Des essais en régime transitoire rapide au jet de plasma montrent que cette zone n'excdde pas
une épaisseur de 1 mm, Dans la zcne cokéfiée, les réactions silice carbone s'amorcent vers
1200°C. Enfin, la température de la surface en ablation, pour des flux de l'ordre de 2000 KW/m2
des frottements Je 900 pascals et une tampérature de paroi de 2200°C.

CONDUCTIVITE THERMIQUE - la conductivité thermique dans la zone en transformation est
expérimerntalement peu accessible, Nous procéderons ici par interpolation. La déterminatfon de
la conductivité aux températures inférieures 2 la pyrolyse commengante est trds ais€e, par des
mesures en régime permanant sur des appareillages classiques. Pour obtenir la conductivitd des
réeidue 2 haute tempdrature, nous prodéderons de la manidre suivante.

Une éprousatte d'Orthostralon 60 est chauffée sur un four 2 imsge d'arc sous un flux de 2000 KA
pendant un temps assez long (6 minute2). On élimine enasuite &n surface, une zone superficielle de
2 um, dana laquelle les réactions silice carbone ont, par suite de lalongueur .u tempe d'échauf-
fement, perturhé la structure du matériau. Des coupleas thermo électriques tungatine-tuyngstine
Rhenium sont alors disposée dans l'éprouvette qui subit ensuite un nouveau chauffage intensif
mais plus modéré qua le pricédent, la flux est de 1500 KW. La température de paroi atteinte est
supérieure A 1B00°C. le temps d'exposition est da 30 sezondes, Ces conditions expérimentales

ont étd définies afin de laisser una certatne pureté d 1'essal et le ne pas le perturber par

- des rdactions silice carbone,
- un échauffement trop irtensif de la sone froide de 1l'¢nrouvette, phénce.'ne qui au-
rait ertratné une pyrolyse avec circulation de gaz.

o




Zes échauffements sont toutefois du méme ordre de grandeur que ceux rencontrés sur un corps de
rentrée IRB4. les essais ont été réalisés, et nous sommes ea attente des résultats de dépouille=
ment.

CHALEUR SPECIFIQUE EN FONCTION DE LA TEMPERATURE = Nous procéderons ici encore par
irterpolation entre les valeurs 2 températures modérées et & hautes températures, A basse tempé-
rature, nous définissons la chaleur spécifique par micro calorimétrie différentielle. Les mesures
sont réalisées jusqu'd 300°C, température jusqu'd laquelle le matériau peut &€tre considéré comme
suffisamment stable, A haute température, des analyses de résidus aprds essais au jet de plasma,
nous permettent de déterminer les proportions silice carbone, seuls matériaux restant en place .Les
chaleurs spécifiques globales de ces résidus sont celles calculées A partir des tables de cons~
tantes physiques, L'interpolation (figure n° 2) n'offre ici, aucune difficulté,

VARIATION DE LA MASSE SPECIFIQUE EN FONCTION DE LA TEMPERATURE = Etant donné la diffi-
culté c'une telle détermination en régime trans‘toire rapide, les expériences sont réalisées en
régime transitoire lent, Nous examinerons par la suite si ces résultats sont adaptables A des
échauffements rapides par leur application sur des essais globaux., Ils seront éventuellement re-
touchés et adaptés.

Les courtes obtenues montrent une faible dispersion (Figure n® 3 ). La bosse systématique obser~
vée aux environs de 900° correspond 2 la deuxidme décomposition du polyamide, L'allure générale
des courbes nous a incité A considérer ure réaction globale qui peut analytiquement se mettre
sous une forme de loi d'Arrhénius (Figure n®¢ ).

I1 existe une infinité de trios de constantes A,B,n qui satisfait correctement l'expérience,
Nous choisissons celul qui vérifie au mieux les résultats dans la zone de forte pyrolyse et nous
et nous adoptons

Ordre de grandeur de la réaction n = 8§
A = 9,1018 mn-1
B = 2,575.104°K

ce qui correspond 2 une énergie d'activation dn 51,5 Keal.

La valeur de n adoptée parajt évidemment *rop Ilmportante pour attacher 2 ces coefficients une si~
gnification thermo-chimique, Elle résulie probablement de l‘'hypothése simplificatrice d'une réac-
tion globale. Toutefcis notre but était l'acquisition d'une forme analytique succeptible d'&tre
introduite dans les calculs et cette loi satisfait 3 notre objectif,

L'adaptation de cette loi 2 des échauffements rapides a porté sur deux séries d'essais :

- la vérification des densités finales définies par dissection sur des éprouvettes
chauffées par rayonnement infra-rouge (flux 200 KW/m?, température maximale 1100°C)
et au jet de plasma (flux 2000 £W/m2, température de surface naximale 2200°C).

On constate une concordance trés satisfaisante (figures 5 et 4 ).

« la vérification sur des courbes de thermo-gravimétrie en régime rapide (8°C/s) réa-
lisée par rayonnement infra-rouge (figure n® 7 ). Nous vonstatons ici aussi une bon=
ne concordance,

Sans réserve de vérifications ultérieures, nous adoptons donc la loi analytique de la forme
Arrhénius avec les coefficients que nous avons défiris plus haut.

CHALEUR DE DECOMPOSITION -~ La chaleur de décomposition est définie comme étant la
différence entre, lknthalpie totale et la quantité de chaleur nécessaire A 1l'échauffement du ma-
tériay, Cette dernilre est parfaitement définie par les deux .aractéristiques que nous avons é-
tudiées précédemment : la masse spécifique et la chaleur spécifique. Pour acquérir la chaleur de
décomposition, il nous suffit donc de déterminer l'cathalpie totals, valeur accessible par ana-
lyse thermique différentielle.

1a figureSmontre 1'allure générale des thermogrammes qui mettent en éviderce :

- 2 290°C, une inflexion d'allure exothermfque qui correspond 2 une fin de polyméri-
sation de ia résine,

« & 440°C, un premier pic de décomposition du polyamide (pic endoth¢rmique ) .

- & 500°C, le pic de décomposition de la résine.

- 3 700°C, erfin le deuxidme pic de décomposition du polyamide,

la figure 9 définit les valeurs relacives en fonction de la température de l'enthalpie
totale et des chaleurs de décomposition. Nous admetions qu'd B00°C les décompositions sont pra-
tiquemenit totales.




Nous adoptona donc comme chaleur de décomposition totale 560 KJ/Kg & 800°C. Les vérifications en
régime transitoire repide sont peu accessibles. Ncus nous trouvons ici en présence d'un cas od
les valeurs définities devront &tre précisées au cours de 1l'application des schémas de calculs,
soit par balayage soit par 1'utllisation de schémas inverses appliqués A des expériences globales
d'ablation,

DETERMINATION DU GAZ MOYEN « En attendant 1'aboutissement d'études thermochimiques
permettant de prendre en compte toutes les réactions de dépolymérisation, nous nous attachons 2
la détermination d'un "gaz moyen", Cette hypoth2se parait acceptable car, la zone de pyrolyse,
nous 1'avons vu, présente une tr2s fatble épaisseu et 1l'enthalpie de décomposition est suffi-
sante pour prendre en compte l'ensamble des phénomenes, Les gaz sortant de la zone de pyrolyse
péndtrent dans la zone cokéfife 2 une température de l'ordre de 800°C et vont s'échauffer pro-
gressivement, c'est-a~dire que seuls pourront subsister, en quantité notable, l'hydrogene, l'o~
xyde de carbone et le méthane, Nous nous attachons donc, pourl'instant 2 1'étude de la composi-
tion d'un gaz de pyrolyse & 800°C., Malheureusement, l'échauffement de 1'éprouvette ne peut pas
8tre instantuné, et aux faibles températu.es, des carbures benzéniques non crackés se condensent
et échappent A l'analyse.

Actuellement nous récupérons dans ces essais réalisés en analyse thermique différentielle avec
injection des gaz dans un chromatographe, environ 40 % de l'ersemble des volatils sous la forme
(figure n° 10).

- Hydrogéne ......... 68
- Azote ......c.. 0000 4
= Oxyde de carbone .., 10
- gaz carbonique ..., 9
- Méthane ........... 7,0%

= Poids moléculaire moyen 10,8

A
4 %
7%
,0 %
0

Les essals se poursuivent actucilement avec les objectifs suivants :

- augmentation de la vitesse de chauffe
- post chauffage des condensables afin de parfaire leur cracking jusqu'a 800°C.

STRUCTURE DU MATERIAU DE PYROLYSE - Cette structure est caractérisée par

« le diametre des porosités,
- les pertes de charge daus les matériaux.

Le diametre des porosités ouvertes et leur répartition sont déterminées sur un porosimétre 2
mercure, Des mesures sont réalisées sur des matériaux ayant subi des &chauffements rapides 2
différents niveaux de *empérature. Les premiers essais nous ont montré des différences fonda-
mentales entre les diamétres de porosités en fonction de la vitesse de chauffe, Tour des échauf-
fements de 1'ordre d'un corps de rentrée IRBm (flux 2000KW/m2, température de paroi 2200°C) le
diamdtre moyen des porosités ouvertes est de 10 microns. Les essais de mesure de perte de charge
sont en cours d'exécution.

REACTIONS SILICE CARBONE - Nous les avons mises qualitativement en évidence :

- la figure 11 montre une éprouvette exposée au four & image d'arc. On constate la disparition
de fibree de silice en profordeur.

- la figure lBontre la méme éprouvette vue de face aprés essais. On voit les trous précédemment
occupés par les fibres de silice perpendiculaires 2 la surface ainsi que la trace de fils pa-
ralléles A la surface et qui ont disparu,

- la figure 13 wontre une éprouvette essasyée au jet de plasma. Cette éprouvette était consti-
tuée de couches alternées de tissus de polyamide et de résine. On constate (parties en creux)
que la silice a été réduite, alors que les résidus cokéfiés du polyamide restent en place.

~ enfin, nous constatons, au cours d'essais thermiques au jet de plasma, une inflexion systéma-
tique et importante des relevés thermocouples vers 1700°C. Cetre inflexion disparait aussitdt
que nous opérons sur un matériau constitué uniquement de polyamide et de résine phénolique.

Ces phénomdnes sont trds complexes et donnent lieu A des réactions chimiques qui aboutissent es-
gentiellement & la formation de mono-oxyde de silicium, de Silicium, de carbure de Silicium et

de dioxyde dc carbone. Des essais sont envisagés afin de déterminer globalsment la cinétique de

ces réactions.

Pour l'instant, nous considérons uniquement la réaction jugée essentielle :

SL Oy + C g=2SL0+C0+ i4 K Cal/mole

N




CONCLUSIONS

Les travaux que nous venons d'exposer bridvement marquent un progrds considérable dsns la repré~
sentation de 1'ablation, par rapport eux schémas simplifiés qui +e serraient que de trés loin les
phénoménes réels. Outre les progris dans les dimensionnements d'écrans thermiques, -ls permettent
la mise en place de procédures expérimentales représentatives qui seront piécieuses lors de la

conception de compositions nouvelles,

Bien slr, les caractérisations actuelles laissent encore bier des incertftudes et certaines adap-
tations des données expérimentales sont encore nécestiires, Ces adaptations toutefois seront ad-
missibles dans la mesure ol les résultats des calculs seront interprétés avec prudence en gar-

dant parfaitement conscience des approximations admises.

1 - G. MOUNIS

2 - H. LACAZE
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SUMMARY

The chemisorption of reactive gases (Hz, N3, CO and Op) onto the low index planes of the
refractory metals Cr, Mo, W, V. Nb, Ta and Re has been studied, using low energy electron dif-
fraction. Trends observed are discussed and contrasted. It is suggested that strong covalent,
directional bonds are responsible in many cases for the structures observed, rather than adsorbate-
adsorbate lateral interactions.
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MANY STUDIES OF THE chemisorption of gases onto refractory metals have been carried out

over the past 50 years or so, Despite the large amount of effort put into such studies a really
satisfying knowledge of the chemisorption process is lacking. If one looks at the development of
other areas of chemistry and physics one finds that great progress was made following elucidation
of the elementary structure and the energetics of the systems being studied. In the case of surface
studies a fair amount of reliable information exists on the energetics of gas-solid interactions, al-
though many such measurements were carried out on poorly defined systems. A real lack of struc-
tural information exists and this in turn inhibits attempts to understand the kinetics and erergetics
of chemisorption in terms of fundamental parameters. In recent years wideapread use of low
energy electron diffraction (LEED) (1) as well as field electson and field ion microscopy has im-
proved our position on the structural aspects of surface studies but a lack of a detailed theory for
LEED intensity variations prevents unequivocal structure determination. The studies to be reported
here were carried out principally using LEED and represent an attempt to gain some detailed knowl-
edge of chemisorbed structures by studying a variety of crystal faces of a number of refractory
metals. The metals studied were V, Cr, Mo, W, Nb, Ta which are all body centered cubic and Re
which is hexagonal close packed. Thus we are able to gain a certain amount of information on the
importance of crystal structure, chemist:y of adsorbate, and lattice constant effects, by studying
the interaction of simple reactive gases (CO, 0,, CO,, Hy and N3) with several low index crystal
planes of these materials. Table 1 gives some pertinent data on the arrangement of these elements
in the periodic chart as well as their lattice constants (2). From a chemical standpoint one expects
elements in the same group to give similar results, while for any given crystal plane one might ex-

Table 1. Arrangement of elements studied in periodic chart. Lattice
constants for each material are shown in parentheses.

VB ] VI B VI B
V (3.03) Cr (2.89)
Nb (3. 30) Mo (3.14)
Ta (3. 30) W (3.16) Re
BCC HCP

pect some trend in behavior with the lattice constant if packing or orientation effects are important.
The trends we are looking for include reactivity, similarities in chemisorbed structures and facet-
ing,

TECHNIQUE

EXPERIMENTAL. The LEED systems used in these studies were of the post-diffraction
acceleration display type which are available commercially from Varian Associates. External
electronic modifications to the system allowed measurements of the energy distribution of inelas-
tically scattered electrons (3,4). The samples used were all electron-beam three-pass zone-
refined single crystals and were oriented, cut, and polished using standard metallographic tech-
riques. In most cases the specimens were resistance heated and temperatures were measured by
optical and infrared pyrometers. The gases used were reagent grade gases and purities during the
chemiso~ption process were monitored with a quadrupole residual gas analyzer. With the exception
of oxygen, background levels of residual gases were leas than one part in 1000. For oxygen, carbon
monoxide was always a prcblem and could only be kept at a level of one part in 300.

SURFACE PREPARATION. To insure that one is studying a surface free from large quan-
tities of itnpurities one needs a surf{ace chemical analysis, preferably carried out in-situ. In this
work the technique of Auger electron spectroscopy (4, 9, 6, 7} was employed by using the LEED optics
to measure energy distributions of inelastically scattered electrons. Common impurities found on
these refractory metals after ild heating (500°C) in vacuo are S. N, Cl, Cand C. S appears when
virtually any metal is heated in vacuum and can be removed in most cases by simple heating to tem-
peratures around 1000°C. A typical Auger spectrum from a contaminated V(110)surface is shown in
fig. 1. The techniques for producing clean surfaces for the materials discussed here included high
temp.-rature heating, chemical reaction to produce volatile products with the impurities {e. g. uxida-
tion) and argon ion bombardment followed by therma: annsaling. Each material and crystal face
must be treated individually; a technique which is effective for Nb is {requently not effective for Mo,

INTERPRETATION. The number of LEED atudies has increased very rapidly in recent
years (1). The technique 14 by now relatively familiar so only a few words will be said about
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interpretation of data, The chemisorption of a gas onto 2 surface can be characterized by LEED in
three ways. The simplest case obtains when the gas adsorbs in a crystalline layer on the surface
having a different unit cell than the underlying substrate. In this case one gets a change in the dif-
fraction pattern like that shown in fig. 2, This set of LEED patterns shows changes in the oxidation
of a Mo(l12) surface. The clean pattern is ehown in fig. 2(a). Short exposure of this surface to
oxygen produced the changes leading to fig. 2(b). The new spots are half way between the original
spots in the vertical direction. Since the patterns reflect periodicity in reciprocal space, this new
pattern represents a new unit cell in real svace having twice the dimension in the vertical direction
as the substrate, and no change in the horizontal direction. This new unit cell would be indexed in

terms of the old unit cell as a (2x1) pattern (8). Further oxidation produces patterns which can be
indexed as (2x2), (1x2), etc.

In some cases gases will adsorb onto a rurface in such a way as to give no change in the
size or shape of the diffraction pattern. Two cases can be distinguished here on the basis of how
intensities of diffracted beams change, The measurement consists in following the brightness of
one of the diffracted beams as the incident beam energy is scanned, using photometric techniques.
The resultirg plot is fairly complex and shows intensity maxima at many places not predicted on
the basis of the simple kinematic diffraction theory that is used in X-ray work. No detailed dis-
cussion of these curves can be given here other than to point out that the ultimate aim of LEED, as
with any diffraction experiment, is to use the experimental intensity variations to compare with
predicted intensities for various proposed atomic arrangements. In fig. 3 a typical intensity curve
is given for one of the diffracted beams from Nb(110) surface before and after the chemisorption of
hydrogen (9). The point to notice is that the curve shows a distinctive change of shape after hydro-
gen is adsorbed. This indicates that the hydrogen is adsorbed in a crystalline layer on the surface
but since no new diffracted beams appear it must be in a lattice which has the same size, shape and
orientation as the underlying Nb(110). If CO is adsorbed onto the clean Nb{1l0) surface at room temp-
erature, then again no new diffracted beams appear (10). In this case, however, there is no change
ir. the shape of the intensity curve. What is observed is a general and steady decrease in intensity
of all the features in this curve while the background intensity.readily increases. This behavior is
interpreted as due to an amorphous immobile layer of CO on the surface.

RESULTS AND DISCUSSION

The first point to make in discufsing these results is that no correlation was found between
structures of adsorbed layers and structures of underlying substrate; this includes both symmetry
and lattice constant effects. Thus, Ta and W a.though both BCC crystals, with lattice constants
3. 30A and 2.16A, give entirely different structures and reactivities. Conversely, V and Ta, also
BCC cryrtals with lattice constants differing by 10%, give very similar results for the crystal faces
studied so far. This suggests that correlations in structure and reactivity will follow rather closely
the arrangement of materials by groups in the periodic chart. Reference to Table ! then shows that
V, Nb, and Ta should behave similarly while Cr, Mo and W should give similar results, with Re
being altogether different. In most cases this is the behavior observed. A summary of many of the
available results is given in Table 2. The W(110) work was reported in references (11, 12); the W(100)
work can be found in {13, 14,15, 16); the W(112) work is given in (17,18). The remainder of the work
wae carried out in our laboratories and some of it was reported in (9,10, 19, 20, 21, 22). Studies of Cr
are not included in Table 2, but have been carried out in this laboratory for the Cr(110) and (100) sur-
faces (23). In this case a rather reversed behavior was obtained in that the {119) surface faceted into
(100) planes so that the surface had a sawtooth-like appearance. The lattice constant for Cr is 2. 89A
which ie considerably smalier than for Mo and W. [n the BCC structure the (110} plane is the most
densely packed and hence is expected to be quite atable, but apparently size effects in Cr cause the

(100) surface to be more stable. The (100) surface of Cr parallels some of the results from the W and
Mo(100) surfaces.

Re(0001} was found to be an unusual surface in that it showed very low reactivity. Oxygen
adsorbs ai room temperature to give a (2x2) structure but CO, Nz and H; do not adsorb at any temp-
erature from 259C to 2000°C. In fact Re(0001) is one of the very few materials studied in this lzbor-
atory that will give good LEED patterns after cycling the LEED system to atmospheric pressure,
with no heating or other treatment of the Re. Even many noble metals will not give LEED patterns
under similar conditions.

A very noticeable trend is the tendency for CO to be adsorbed onto metal surfaces at room
temperature in an amorphous immnbile layer. In all cases reported here this is the result which
obtains and indicates that there is a random filling of sites by the CO. There is in general more
than one type of site involved as flash desorption experiments show. Heating a pre-adsorbed layer
of CO on Mo or W in general causes some desorption and gives complex patterns from the CO still
adsorbed on the aurface. On V, Ta and Nb surfaces very good evidence {rom both LEED and Auger
electron spectroscopy shows that heating preadsorbed CO causes a dissociation of the CO giving the
various oxide patterns. The carbon appears to diffuse into the bulk or to cooler parts of the crystal.
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Very little desorption of CO takes piace. Thus heating V, Nb, Ta and also probably Cr, in CO,
and probably in CO,, environments causes these metals to begin to oxidize. Whether very thick
layers of oxide coufd be built up and what their structures might then be was not investigated.

Nitrogen was not found to interact with the densest (i.e. the (110)) faces of any of these
materials, It does not react with the (100) of (112) face of Mo, but does adsorb on W(100) and on the
(112) face of Nb, Ta and W, With the Nb and Ta(112) surface a cubic nitride is formed on the surface
in a faceted epitaxial layer with the facets paraliel to the {113} planes of the substrate.

Hydrogen does not adsorb on (110) Mo or W but doee adsorb on all the other materials and
crystal faces studied, It is interesting to note that hydrogen is a sufficiently strong scatterer of
low energy electrone to produce new diffracted beams when adsorbed on surfaces as it does on the
¥/ and Mo(100) and Mo (1)2) surfaces. In most cases the interaction of hydrogen with these refrac-

tery metals is weak and it is easily removed by heating to about 400°C. In some cases the electron
beam itself will destroy ir,

Oxidation of these surfac~s Bives a variety of patterns. With coverages of less than one
monolayer a great similarity in structures formed is noted between Mo and W and among V, Nb
and Ta. For greater coverages a difference shows up between Mo and W for faces other than the
(110}. The result is that W facets into (110) planes while Mo does not. Apparently in the presence
of oxygen the W(110) plane is very much favored thermodynamically but not 8o with Mo, The V, Nb
and Ta surfaces studied thus far have shown no tendency to facet when oxidized.

What we have tried to point out, then, is the great similarity in reactivity and structure
for materials in the same group in the periodic chart. The correlation is best with V, Nb and Ta,
and is still good for Mo and W. If the correct model for adsorbed atoms on surfaces were one of
ions or atoms sitting on the surface in region of minimum potential energy one would not expect tn
sec this correlation. Instead, a very strong effect of directed covalent bonds is indiczted. This
suggests that, at least in submonolayer regions, calculations using the methods of crystal field

theory might be very useful in determining atom locations and models which fit the experimental
LEED data.
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| ‘ Table 2. Reactivities of Mo, W, V, Nb and Ta Surfaces. Fractions refer to
| coverage in monolayers; other nomenclature explained in text.
!
Gas
. Elane O, Ny H, co
} Zxposed
;
Mo | 1/4, 1/2, 3/4, 1, NA NA amorphous at room temp.
complex; no facets complex with heat
(100)

w 1/4, 1/2, 3/4, i, NA NA amorphous at room temp.

complex; no facets complex with heat

Mo | no facets; c(4X4), NA 1/4(m/4, n/2),1 amorphous at room temp.

c(2X2), complex c(2X2), complex
{100)
w c(2X2), 3/4 1/2{c2X2) 1/2(c2X2), arnorphous at room temp.
facets to (110} complex, | (c2X%X2), 1
Mo | (2X)), (2X2), (1X2), NA (1X2) amorphous at room temp.
(1X3), (4X4); facets complex with heat
(112)
w {2X1), (1X1), (1X2), complex ? amorphous at room temp.
(1X3), (1X4); facets c(6X4), (2X1). c(2X4)
to (110) complex
Mo | facets ? ? amorphous at room temp.
facets to (433) with heat
(111)
w facets to (112) ? ? ?
then o (110)

v 1/6, 1/3, complex NA (1X1) amorphous at room temp
heat dissociates CO giving
vatious oxide patterns

(110) Nb i/6, 1/3, complex NA xXn " o "

Ta | 1/6, 1/3, complex NA {1X])

Nb | (I1X3) complex amorphous (1X1} amorphous at room temp
at room heat dissociates CO piving
tooets with various oxide patterns

12) heat, cubic

Ta (1X3) complex nitride itxn

grows
(0001) Re | (2X2) NA NA NA
NA - No adsorption
? - No information
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SOMMAIRE

Des renseignements intéressants sur l'hypoth@se d'égalité des viscosités,
conductivités et diffusivités turbulentes, nous sont donnés par 1l'étude d'un trans-
fert simultané de chaleur et de matiére, Ce transfaert a lieu lors d'une combustion
catalytique de surface d'hydrogéne daas l'air dans une couche limite turbulente pré-
établie au-dessus d'une plaque plane. Par des explorations fines des couches limites,
nous calculons les différents flux au voisinage d'une discontinuité de type "échelon"
3 la paroi et nous examinons 1l'influence de la température de paroi. Les valeurs
expérimentales de la conductivité et de la diffusivité turbulente mettent en défaut
les hypothéses du nombre de Prandtl turbulent égal 3 l'unité juste aprés la discon-
tinuité, le nombre de Lewis turbulent, par contre, n'est pas affecté par cette condi-
tion 3 la limite,




LES TRAVAUX EXPERIMENTAUX concernant .es explorations de couches limites
turbulentes avec transfert de chaleur et de matiére sont rares, notamment dans le
cas ol les variations des propriétés physiques de 1'écoulement avec la température
ne peuvent &8tre négligées. Dans le cas de discontinuité 3 la parci de type "Step",
les théories gemi-empiriques classijues doivent &tre adaptées. [.B. 'palding (1)
t2), dans le cas de propriétés phys.ques constantes donne une solution corrigeant
avec une bonne approximacion la théorie de Seban (3) et Rubesin (4) pour les abscis-
ses proches de la discontinuité,

Nous nous proposons dans le cas d'un transfert cimultané de chaleur et de
matiére par catalyse de surface d'hyd-ogéne contenu dans de l'air 3 faible concentra-
tion, d'aborder expérimentalement la validité des hypothdses concernant les diffusi-
vités turbulentes et les nombres de irandtl et Lewis turbulents. Les premiers résul-
tats concernant . transfert de claleur seul, dans les mémes conditions expérimen-
tales, ont été donnés dans (5). A partir des &équations de transfert, n:us é&valuons
expérimentalement l'influence des différents termes dans l'intégrale premidre,

LES EQUATIONS

Nous considércns les 4équations de conservation a deux dimensions utilisées
en écoulement laminaire compressible pour urn mélange binaire de gaz (6). La pression
statique est ccnstante et la variation de la chaleur massique CQ en fcnetion de la
température est négligée. Pour adapter ces équations au cas de 1'écoulement turbu-
lent, nous considérerons les valeurs moyennes des variables et nous remplagons les
paramétres moléculaires e transport par leur équivalent en turbulent. La faible
vitesuve de 1'écoulement libre (30 m/s) permet de négliger la contribution d= l'éner-
gie cinétique dans 1'équation de l'enthalpie, d'autse part l'apport d'enthalpie df
au flux de diffusion d'hydrogéne peut &tre négligé compte tenu de sa faible concen-
tration.

Dans ces conditions, x et y étant respactivement les coordonnées longitu-
dinale et normale, les équations s'écrivent

Equation de conservation

= G s 337 (ov) = 0 (1)

Equation de la quantité de mouvement

e

du _ 3 . 3u
*OVE~W ,(U Ut) 3;'.' 2y

Equation de l'enthalpie

pu

=
-}

x

ks 3T _ o 3T
CP pu 3L ¢ Cp ov 3y © 3y !(k»kt) Iy (3)
Equation de diffusion
K N
ac 3,3 oy | 22 T T
U Tx t OV Iyt 5y {1y, « (oo | 5t ey = iy (s)
avec comme conditions aux limites
x < L T - Ty C : Cq
y =0
x > L T =T, c = g
r
vy = = T oz Te T C
Intredulsons les coefficients sans Jdimensions tels qu'ils sont 14finis
2ans {7)
norbre de itandel effeceif ?rc
1, 1 . i
TS L
¢ - h¢ b
Froo(1 e =) fr, (1o By
= ol 14
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nombre de Schmidt effectif Sce

H 1 + 1

My
Scl (1 + -u—) Sc

5S¢
e Lo
t (1 + ut)

Les indices 1 et t se rapportent respectivement aux propriétés laminaires et tur-
bulentes. Les équatioas (3) et (u4) deviennent :

AT AT _ 3 (Mt*Moar
Ohax+9‘l§—y-§-§(p-i—ay (5)

ac ac . 9 ut+" 3¢ KT T
A8 S TR AL ol IRl ol RN

Remarque : la concentration c¢ dans l'égquation (6) est le rapport molaire n/N, cr
toute rigueur il faudrait prendre la concentration massique nm/NM, mais on suppose
la masse molaire du aélange constante &tant donné la faible teneur en hydrogéne.

CONDITIGNS EXPERIMENTALES

La soufflerie (schématisée sur la figure 1) est 3 circuit fermé afin de
maintenir constant un taux d'hydrogére de 0 3 5 % dans de l'air ; le contrdle se
fait au moyen d'un cathoromé:rz comnandant une vanne électromagnétique, le taux
paut ains’ 8tre maintenu 3 1 % prés de la valeur nominala. La vitesse dans 1l'écou-
lement libre de la veine est d'environ 29 m/s. Le circuit comprend un condenseur
afin d'élimin.» la vapeur d'eau formée par combustior, un thermostat maintient cons~
tante la température 2'entrée du fluide dans la veine, Les gradients de pression
statique au-dessus ae la plaque sont éliminés grdce 3 une paroi supérieure mobile.

Les conditions aux limite sont résumées sur la figure 2. La couche 1li-
mite de concentrations et ce température se développe dans la ccuache dynamique qui
elle-méme se développe depuis 25 cm. Une légére saillie d la jonction plaque-
collectaur permet d'accélérer l'établissement du régime turbulent., L1 zone de réac-
tion a une longueur de 15 cm, la plaque chaurfante est en palladium, la combustion
catalytique de l'hydrogén: commence 3 partir de 250°C. Afin de maintenir constante
la tempSrature de paroi, nous avons construit un dispoecitif de chauffage réglable
par tranches dont le c~nrr8le se fait par des thermocouples logés sous la plaque.
L'origine fictiva de wuehe limite dynamique ect déterminée expérimentalement
par une métherde class. . (8), le= nombrs de Reynolds e~ X = 0 est 6,2.10°5.

Les mesures des valeurs movennes sont effectuées au tude de pitot pour
les vitesses, su thermocouple pour le. températures /la soudure &tant aplatie de
fagon 3 ce que ld4 hauteur de resure soit de l'ordre ie 3/100e™), Les mesires das
fluctuations de températures de vitesse et de concentration sant effectudes au
"thermoanémomd “re", un fil chaud est comma~dZ par un train d'iapulsiors, les détails
de ca prototype scront donnés dans (9). Des corrcctions de mesure des concentrations
moyennes prés de )a paroi soat nécessaires par suite de la présence d= vapeur d'eau
4'une part et d'autre part 3 cause Jde 1la hautsur d'aspiratisn de la sonde dans ies
régions 3 forts gradients.

RESULTATS

EXPLORATIORS TES COUNCHES LIMITLS. les masures de vitess: affextufes I tem-
pératurs ambiante en l'absence de catalyse et de trc-sfert do chaleur,exprimées en

u
Uy -'(.?7’[

avec des approximations du mdms ordrc que z:lles feites dans “es travaux de dif{é-

rents suteurs cdllectés par Xestin et Richardson (10). La figurc 3 donne les valeurs

du coefficient da frottarment Cf/2 dans la zone 3'4tude | en adbs~isce sui catte courbe
nou: avons inscrit la corregpondance entre X distance i l'orizine de la plague cata-

lysante et x distence 3 l'origine fictiye de la couche l.mite Jynami e ; «ntre pa-

+
tarmad u <

ot y' vy SOITI 2&%1 » 8¢ regroupent sur la loi de paroi

renthdses, nous donno.t lec valeurs do Y  définies 3 froid, X' dtaut la'distance

sanas dimenzion dunnée par Spalding dans (1)
x
x‘.{-"-ﬁ-nﬂ??‘!dx (1)

La transformation donnant x* dans le cas du fluide compressible reste 3 définir.




Sur la figure Y4, nous donnons quelques profils de température exprimés
en 0/0y, 6 étant 1'écart entre la température locale et la température d la paroi :
9 = TP-T. La valeur moyenne de T, est de 430°C. Nous avons également effectué

%

des mesures sans transfert de matidre pour T_ = 63°C, 210°C et 430°C. Les réparti-

tions ont été faites & partir de X = 0,5 mm tous les 1,5 cm. La figure 6 représente
un profil de fluctuations de vitesse et de température au prés de la paroi mesurs
simultanément pour Tp = 63°C,

Mous montrons sur la figure 5, les profils correspondants en concentra-
tions, le taux d'hydrogéne dans 1'écoulement libre, cg, était de 3 %. Pour que les
mesures tout prés de la paroi soient valables, il faut tenir compte des corrections.
On peut montrer facilement que la concentration en vapeur d'eau & la paroi atteunt )
une valeur double de co, done 6 % 3 la paroi, elle décroit trés vite avec y
par suite de l'infériorité du coefficient de diffusion de la vapeur d'eau d celui
de 1l'hydrogéne, ainsi pour c/¢g = 0,5, 1l'erreur tombe 3 2 %. L'erreur provenant de
la sonde d'aspiration qui n'est pas infiniment mince, est plus importante, nous pou-
vons la chiffrer par la formule suivante

e e
o =
y 4

ely) mes. [ e PUdy =

y+2
[ o pucdy

y=7 y-3 ~\\
e étant 1l'épaisseur d'aspiration. Pour la valeur minimum mesurable de vy, soit
0,09 mm, l'erreur atteint 30 %, elle devient négligeable pour y = 0,5 mm. En effec-
tuant ces corrections, le prof’l c¢/cy, passe par zéro pour y = 0, ce qui correspond
3 une combustion catalytique compléte 3 la paroi. <

INTEGRALES PREMIERES. Effectucons le bilan local correspondant aux inté-
grales premidres des équations (5) et (3) e

0
TR 3 = © y
t Y . 3 £ u CE .95 8 g u_
Fre Poly oy 2t i 0g Up (1 Oo) + (1 Oq) X ) Po Ug dy (8)
c
_ u+ut 3 < ‘p 1 - gZ .
SCq PoYg Yy Sey frly T 23y

L3 -y e u sey el
: £ (1-2) &= F-dv+ (1 - =) 55 { YT (9)

De ces éyuations, on tire les valeurs des conductivitds totales €, = k + k, et

diffusivitd totale €y (pD) + (pD)t-
Uy €
|3 otd— 7 ch m (1o
=] L] ¢ p .
Hru, L4 *

3 1y
Sce Doy Cad;

L'intégration sur toute 1l'dpaisseur de la couche limite nous donne le
flux *otal sous forme 3u nembre de Stanton, Sth pour le flux de chaleur et Std pour

la diffusion.

‘Sh

crs -l &8 (.2
AT X { 0o Up t 6?) dy (2
é
.-,._3;d9, .01 -5 4 (13) .
Sy T Tx " fo  Up Co y

§), et ed “tent respectivement les ¢paisseurs de couche limite en température at en

concentration. L' limination de la thermodiffusion dans l'équation (13) provient de
la forme Jo Ky ==0,187 ¢, done nul ) la paroi et 3T/3y = 0 pour y > L

La thormodiffusion, en général négligée dans les écoulements turbulents,
ocauje une place nctable dare. le transfert auprds de ia paroi pour des valeurs de .
% proches du la discontinuité. Nous avons tracé sur la tigure 7 1'importance de la i
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thermodiffusion par rapport au flux total pour X = 0,5 cm, X = 2 cm, X = § cm et
X = 14 cm. Le maximum est atteint 3 la fin de la sous-couche ; il a une valeur de
10 % au proche voisinage de 1l'origine du transfert, cette valeur tombe 3 4 § en
fin de plaque.

FLUX TOTAL A LA PAROI. Nous donnons sur la figure 8- les valeurs expéri~
mentales de !X St dx déduites des équations (12) et (13). En l'absence de catalyse
0
le fluide étant de l'air pur, les points, pour les trois temgératures de paroi 63°C,
210°C et 480°C, se regroupent sur une courbe unique 3 4 % preés., Nous pouvons donc
en déduire que l'influence des propriétés physiques variables ne change pas notable-

ment le transfert total de chaleur 3 la paroi. La courbe théorique est déduite de 1la
théorie de D.B. Spalding (2) en incompressible.

u

la viscosité totale sans dimension. Cette hypothese permet de ramener l'équation de
1'enthalpie 3 :

+
L'hypothdse fondamentale dans cette théorie est e: (%3;) =1 od e est

1 3 0y
-Fg; R S (-'T%) (1)
euu Ju su 9u

Pour obtenir la solution par calcul machine ou approchée sous la iorme
d'une série, il est nécessaire de su?poser e;/s: constant. Les valeurs de la fonc-
tion de Spalding Sty Pr/|(1/2) C£f|''? ont été calculées pour différentes valeurs

du nombre de Prandtl laminaire, par Gardner et Kestin (11) en supposant le nombre de
Prandtl constant et égal 3 l'unité. A partir de ce calcul pour PrL = 0,72 et des va-

leurs de X' correspondant 3 X 3 froid comme cela est indiqué sur la figure 3,
nous avons tracé la courbe théorique, elle s'écarte des points axpérimentaux pour les
faibles valeurs de X. .

L'€écart de la courbe expérimentale dans le cas ol il y a catalyse peut
s'expliquer par la variation du nombre de Prandtl, due 2 la présence de 3 % d'hydro-
géne dans l'air. En effet, si la viscosité du mélange varie d'une fagon négligeable,
il n'en est pas de méme pour la conductivité K qui varie de 10 % pour 3 % d’H;
d'aprés l'équation de Wessiljewa (12). Si l'on admet une affinité en Prl"/’ les

deux courbes se regroupent avec une beonne approximation. La courbe supérieure regroupe
les points expérimentaux correspondant au transfert de matidre (Tp = 44p°C). L'affi-

nité avec la courbe théorique doit se faire suivant une puissance du nombre de Lewis
(Dpl,c
1 » D.2, Spalding dans (13) conseille une puissance voisine de 0,5 pour les

faibles valeurs du nombre de Prandtl (ou Schmidt &gal ici 3 0,22).

CONDUCTIVITES ET DIFFUSIVITES TURBULENTES. La figure 3 rapporte les va-
leurs sans dimension de la conductivité turbulente € - 1/Prl dans le cas ol il n'y
a pas de transfert de matidre et pour T = 63°C. e

P nh st tiré axpérimentalement des
8quations (8) et (10):

Ut

(4 1 4+ =
+ h u =
Ch 3 E;U = —P!_‘;-_ (13)

en abscisse, nous avons porté y° défini en incompressible (l'écart de température
3 1'écoulement libre &tunt faible, nous pouvons considérer les propriétés physiques
constantes). La formule de Spalding (2) donnant (c*u-1) dans les mémes conditions
apparatt comme une limite pour dee X* suffi-amment &loign€s de la discontinuité.
Par suite le nombre de Frandtl turbulent Pvt z (:: - 1)/ (et ~ 1/Pr1) tend vers une

h
valeur voisine de 1 pour ces mémss X.

Sur la figure 10, nous avons porté les valeurs correspcndantes de
‘3 - 1/Sc1 et cg - 1/Prl pour X voisin de la discontinuité lors 4u transfert si-

multané de chalcu: et de matidre, ‘; est déduit de la mdme manidre que 1l'dquation (15)
1 ¢ —

€
+ d
gy —35:2- (18)

Nous n'avons pas portf en abscisse la variable y’ cer on ne peut plus considérer
le fluide comme inccnpressible, toutefois si nous supposons que le coefficient de
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frottement 3 la paroi n'est r.s affecté par la discontinuité en température, nous
pouvons appliquer le changement de variables proposé par Baronti et Libby (1u) en

remplagant y par f?(p/po) dy. Nous avons ainsi tracé la courbe théorique corres-

0
pondant 3 celle ': la figure 9, ncuz voyons que 13 encora les valeurs de s; ten-

dent vers cette . imite avec une bonn2 approximation. Etant donné le voisinage de
(eé - 1/Scl) et (;; - 1/Prl) le nombre de Lewis turbulent peut &tre considéré comme

égal 3 1'unité, méme tout prés de la discontinuité.
CONCLUSION

Etant donné le trés fort gradient qui -2gne aprés une discontiruit&, 1'hy-
poth&se du nombre de Prandtl turbulent constant et gal l'unité n'est pas valable.
Les termes provenant des dérivées longitudinales généralement négligés dont les &qua-
tions de la couche limite sont peut-&tre 3 prendre en considération pour les . fai-
bles, seule une étude détaillée des fluctuations de température et de concentration
peut nous fournir les renseignements nécessaires. De la figure 10, ncus pouvons dé-
duire que le nombre de Lewis par contre peut &tre considéré égal 3 1'unité.
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SYMBOLES

Compusante longitudinale de la vitesse (cm/s).

Composante normale de la vitesse (cm/s).

Dist?nc§ le long de la plaque (origine fictive de la couche limite dynami-
que (em).

Distance le long de la plaque (origine 3 discontinuité) (cm).
Valeur de x & la disecontinuité.

Distance normale 3 la plaque (cm).

Masse volumique du mélange (g/cm?).

Chaleur massigue du mélange (cal/g °C).

Nombre de molécules de gaz combustible par unité de volume.
Hombre de molécules de mélange par unité de volume.
Concentration en gaz combustible = n/N

Masse molaire du gaz combustible (g)

Masse molaire du mélange (g)

Température {(absolue en °K sans autre précision).

Ecart 3 la température de paroi (TP-T) (°C).

Viscosité moléculaire (poises)

viscosité turbulente (poises)

Conductivité thermique moléculaire (cal/s °C.cm).
Conductivité thermique turbulente (cal/s °C.cm).
Coefficient de diffusion binaire (cm?/s).
Diffusivité laminaire (g/cm.s).

-

= -
A
L2 d

Diffusivité turbulente (g/cm.s).

Cgefficient de diffusion thermique (sans dimension) (= 0,167¢ pour 1'hydro-
geéne).
Epaisseur de la couche limite de diffusion (cm).

Epaisseur de la couche limite thermique (ecm).
Viscosité rotale (poises).

Conductivité totale (cal/s °C.cm),
Diffusivité totale (g/cm.s).

Fluctuation de vitesse (cm/s).
Fluectuation de température (°K).

~ Grandeurs sans dimension

Pr
Se
Le
St
Cf

x+

OYE 4t -~Deo

- Y e Y e s e

Nombre de Prandtl
Nombre de Schmidt
Nombre de Lewis
Nombre de Stanton
Coefficient de frottement & la paroi.
X
Distance = | 2%%1 /CE72 ax
L
Distance = y fedg 1
e RTTI
Vitesse = u 1 _
Yo I
€
: =3
u
SCh
G
. 9
"
Indices
dans l'écoulement libre.
d la paroi
se rapportant au laminaire
se rapportant au turbulent
se rapportant au transfert de quantité de mouvemert
se rapportant au transfert de chaleur
se rapportant au transfert de matidre.
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SUMMARY

A mathemstical mcdel is developed for the penetration of a reversible poison
that is adsorbed on the cataiyst surface; its application to isothermal reactior
systems is discussed.

The model predictions are found to be in reasounble agreement with experimental
results obtained Zor the hydrogenation of ethylene on a copper-magnesia catalyst
in the presence of water vapour which acte as a reveraible poiaon.
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TEE PROBLEM OF CATALYST DEACTIVATION is of current interest. In particular the

optimisation of reactor performance in cases where the c.italyst activity decreases

with operatiag time has received much atteation in the literature. The deactivaiinn g
may be due to the presence of impurities in the feed stream or to reaction producte

both of which may either occupy the sctive sites or in some way impede access to

then. In mechanistic studies of the process the usual assumption is ‘hat the

poisou species bonds irreversibly to the catalyst surface. The poison ia generally

considered either to advance as a step from the outer surfaces completeély

deactivating the regions it has reached (pore-mouth penetration), or to act

unifornly throughout the catalyst particle (homogenecus poisoning).

But there exist mary processes where the removal of a poison from the feed )
stream resuits in the complete restoration of catalyst activity. A theoretical N
basis for the study of such systems his great potentiality decause, as demonstrated ; .
by ROSENRMUND and ZETSCHE and quoted in reference [1} , & poison can be used to v
improve catalyst selectivity; and, for the case of a suitable reversible poiscn, -
metered quantities can be added to the reactor feed atream to ccontinuously control
the product composition.

Such techniques are used industrially. An interesting example is the hydro-
carbon reforming process carried out on a tifunctional catalyest of platinum N
supported on an slumina base. Dehydrogenation, deall;rla%ion and dehydrocyclization
reactions take place on the platinum sites; dealkylations, hydrocracking and
igomerisations occur on the acidic sites; and twc poisous, H,S and H,0, thut block
the platinum and acidic sites respectivaly are uwse’, in %race quantit’oes, to
adjust the overall performanc:

However to make the most of these techri;ues some basic mr~:el >f tie process
is required: an industrial reactor subjected to a trace iutroluction of poimon is
likely to reveal transients lasting perhaps several days =0 that & purely feed-
back control system is out of the guestion. I% is the. purpose of this raper to
present a model for the reversible independent poisoning of & porous -atalyst by
feed stream impurities to serve as a hasis for such studies.

THE MATHEMATICAL MCDEL

We consider the poison penetration to be quite independent of cther components
in the reaction aystem there being no competition for available active sites
between the poison and reactant and product species, Rather the poison, when
adsorbed on the catalyst surface, prevents reactants from reaching these centers.

A poison mase balance on an incremental element of a flat alab of porous
catalyst yields:

2% ¢ D¢
= +
%2 ¢ Dt

With the assumption that the gas and adsorbed phase concentrations are always
in equilibrium, they may be related by means of the Langmuir adgorption isotherm
as follows:

D

m

«= L— K (5
C 14KC
mAX

In practice the gas phase accumulation term, :QE_ s 18 negligibly small

compared with that in the adsorbed phaae and can be ignored.
The adsorbed phase accumulation term, 2% » is obtained by differentiating
Eq {2). Substituting for this in Eq (1) yields the dimensionless equation

1
o - 1 . 2% (3) 2
%2 (1+1;:cicr)2 27 ' o
he ,
where Cr = C/Ci
£ = x/R

T = Do/p2g .
8°C
Boundary cunditions for the introduct on of poison at the peliet surface
(& =0) 2t time zero are




,e- =
0, C. =0

Z =0, C =t
Z-oo, CrIO

This last boundary condition requires some explanation. A more sensible wey of
writing it, from the physical point of view, would be

=1, C =0

which im valid only for small T , before any arpreciable con~entration of poison
has reached the center; as solutions of the flat slab case are of practical
utility at small times, where they can be applied to all pellet geometries, this
is not unduly restrictive, Mathematically the two alternatives are virtually
identical at small T . The form chosen. however, has the advantage that it allows
Bq (3) to be tackled by means of the similarity transformation

q -#’C'ﬁ (4)
which reduces it to the ordinary differential equation
. .
dC,. q 4o,

+ = 0 (s)
& ¢2 2(1+Kcicr)2 dq

subject to a=0 , cr =1

q-.-ao, cr=o

The nature of the poison penetration is thus influenced solely_by the parsmeter KC.;
the real time scale depends on the system constants D,R,K and cmax incorporated 1
in the dimensionless time T .

Pigure (1) shows computer solutions of Eq (5) for the range of KC. values of
practical inkerest. The advantage of the similarity transformation islthat, although
a numerical solution is eventually resorted to. results for the full range of KC.
values can be expressed as a single family of curves; computation time is also
greatly reduced.

The actual poison profiles within the pellet at discrete values of T are
readily obtained from Figure (1) by making use of the relationships of Eqs (2)
and (4). Pigures (2) and (3) show the poison concentration profiles in the gas
phase and adsnrbed phase respec ‘vely for KC. equal to f.

The ordinate of Pigure (3) provides e direct measure of the fraction of
catalyst surface,™® , blocked by poison. In the steady state this is given by
KC,/(14KC,); so that the catalyst can retain considerable activity in the presences
ofa reve}sible poison for small values of Kci.

LIMITING VALUES OF KCi

KC, LARGE. Migure (4) illustrates how the penetration is affected by the
parame%er KC,. For KC, larger than about 10 the poison advance approaches that of
a step and pore-math Penetration can be assumed without significant error. This
follows from a consideration of Eq (2): av the outer regions of the pellet, where
C=2C,, % approaches unity; it is these.almost totally poisoned regions that will
most affect th~ catalyst performance, This means that solutions of irreversible
pore-mouth poiscning problems (for example those ol SADA and WEN [2] on selectivity
in double reaction systems) can be applied in this case.

KC. SMALL. The linearised version of Eq (3) which applies for

i
KC, << 1
has been considered by GIOIA [3] . It is
1
? cr P) cr

gz ~ 3t ©
which represents purely diffusional transport of poison governed by a pesudo
diffusivity given by D

Dp - (n
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which {n practice is very much emsller that D. The solution of Eq (6), subject to
the same boundsry conditions as for Eq (3), is

r..rfc(f-%-) (8)

which agrees with the numerical solution shown in Piguve (1) for xci<:.1
Pigure (1) also indicates that this analytical solutior can be “used as a
reasonable approximation for KC1 values up to about 1.

c

SPHERICAL PELLETS

We have obtained solutions to the gcmeral model (Eq (1) ) valid for all
geometries at small T , For all but small values cf KC., solutions at lerger
values are of little practical importance because of tﬁe large drop in catalyst
activity that would then obtain. However, for systems where smaell quantities of
a8 reversible poison are introduced to adjust selectivity, the long time poiscn
concentration response is of some interest; and of particuler interest is the
time required to reach a new steady state,

We consider therefore finite spherical pellets and small values of KCi. The
model equation for this situation is given by:

dc, 2 ¢, 3,
S Lt 3E 3¢ @

sunject to
T=0, c.=0
& =0, cC.=1
2¢C
r
E =1 , irz— =0

Eq (9) can be readily solved by means of the Laplace transform. The tranafer

function solution is given by
Sinh Ja(1-§)? (10)
{(1-3) sinh [B

and the time domain solution for the step input by

Cr (8) =

o0
> n Sin(nTT(1-%) ) 2.2
Co= w24 (-1) 2T (=27 (1 = exp(=n“TT°T ) ) (11)
To get an idea of the time required to reach the steady state it is not
necessary to computz Eq (11). The average response time can be obtained from the
transfer function (Eq(10) ) by the well known tachnique of differentiating with
respect to 8 and setting s equal to zero., This gives the mean response time to Le

T (meen) = 5= (2-E)  (12)

Eq (12) tells us that the pellet surface (£ =0) instantaneously reaches the
coggentration of the surroundings, and that at the centre the mean response occurs
For practical purposes ‘the steady state can be said to have been r2ached at

about three timesa the mean response time at the pellet centre. Su that

T (steady state) == 0.5 (13)
APPLICATION TO ISOTHERMAL SYSTEMS

One of the basic postulates of the proposed model is that the poison penetration
is unaffected by the presences of other reaction components, This has enabled the
equations for poison penetration to be derived independently of the chemical
reactions taking place within the catalyst pellet. We now consider briefly the
application of the model t+9 isothermal reaction systems.

For an incremental length of catalyst pellet the following material balance
can be written for each component in the reaction system,
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Net Rate cof Ret Rate cof Net rate of Net rate of
entry by - disappearance - accumulation + entry by s 0
diffueion by resction convection

The convection term can usually bz ignored except where large voiume changes
accompany the reactions. The accumulation term is included because the poisoning
process is eusentially an unsteady state phenomenon., However, as the rate of
change of catalyst activity may be generally regarded aas low, it is reasonable to
ignor reaction transients in the component maes balances. We are left, therefore,
with the first two terms of the preceeding mass balance for each reaction
component; it remains to solve these equations et discrete T values to determine
how the catalyst performance varies with poisoning time. A specific example will
meke this clear. )

Consider the first order isothermal scheme

.

taking place in spherical catalyst pellets and in which only the reaction B—>C is
affected by a reversible poison suddenly included in the feed stream. In view of
the proceeding discussion a dimensionless material balance on somponent B may be
written

2
a7C 2 a D
—2 2.2, - (-a)e =0 (14)
a¥ & 4t Dy
where the Tkiele modulus is given by
k. a
gign_l_&. , i=4, B
Di

Similar equations may be written for components A and C,

A ia the fraction of surface area poisoned and is a function of both & and
the poisoning time T . Functional and numerical forms for c at discrete values
of T have been derived in the preceding section so that the equations can be
readly solved by computer methods to yield the catalyst activity and selectivity
as functions of T .

Por this example these may be defined as:

4 CA
Activity = ATE— (15)

§ =0 o !
which provides a direct measure of the rate of consumption of reactant A and

dCB

DB '
Selectivity = g $=0 (16)

D¢ TF (£ «0
which measures the relative rate of production of B to C.

Clearly the activity is unaffected by the poisoning of the second reaction;
the selectivity however increases with poisoning time reaching a maximum when the
steady state im attained. For a more complicated reaction scheme (for instance one
consisting of a pumber of reactions of the type considered above) the performance

ocriteria may not be capable of such compact expression as in Egs (35) or (16) but
once they are defined the basic computation required remains essentially the same.

EXPERIMERTAL

The system studied experimentally was that of ethylene hydrogenation on a
copper~uagnesia catalyst,

0234 + B, —>» C,R, .

Under the experimental conditions maintained this reaction may be safily i
assumed to be first order in hydrogcn.[4tl. Water vapour was us)d as the reversidble |
poison,

The reader is rafered t. the paper by GIOIA.[S] for details of the experimental
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method and of the evaluation of the results, Briefly, twe seriee of kinetic
experiments were carried out in a differentiasl reactor; both consisted of the
sudden introduction of poison into the feed stream and the measurement of the
subsequent decrease in conversion as a function of time.

Por the first series of runs the catelyst was in the form of a powder of
sufficiently small particle size to effectively eliminate difiusional resistances:
the gas phase concentrations of all components (including the poison) within the
catalyst grains were substantially the same as those in the sur~ounding gas.

These runs showed the poison adsorption to be very rap.d (an important finding
as the proposed model implicitly postulates instantaneous adsorption), and enabled
the Langmuir parameter, K, to be calculated.

The second series of runsg was carried out with larger catalyst part..les.
However experimental conditions were arranged to ensure that the Thiele modulus,f.
(defined after Eq (14) ) was much smaller than 1. This excludes the possibility of
diffusional effects for the reactants so that, in the absence of poison, all
elements of the catalyst surface contribute equalily to the reaction process; and
in the presence of poison the reactor couversion is directly proportional to the
fraction of catalyst surface unpoisoned.

Under tnese conditions the suitability of the model can be easily checied.

The total fraction of area poisoned, &y, at any time, T , is obtained from the
integration of the relevant adsorbed poison concentration profiles (for example
those shown in Pigure 4 for T = 0.1).
Pigure 5 showe these integrated forms of the poison penetration for values of

up to 0.1; for high values of KC, these curves are not valid for T values large
enough to result in appreciable polson concentration in the centre of the pellet
and are consequently terminated at the point corresponding to a value of C_ equal
to 0.1 at ¥ equal to unity. r

The values of A obtained experimentally from the conversion data are shown
plotted against those predicted by the model in Figure 6 for T equal to 0.025;
this corresponded to real times covering a range from 28 to 130 minutes. KC., values
ranged from 1 to 19. :

The results shown in Figure 6 are really quite good when one considers the many
uncertainties in the interpretation of the experimental findings. These are
discussed in reference[ 5] and include the correction for non-isothermal effects,
the evaluation of the effective diffusivity, D, and the assumption of monolayer
adsorption used for the estimation of Cmax‘

DISCUSSION

The most questionable assumption in the derivation of the poison penetration
equations is that of independence, Deactivation by poison adsorption is discussed
by Innea[:é] who describes two mechanisms both of which have been advocated by a
number of workers, Although the distinction is somewhat vague the first mechanism
stresses reaction between the poison and active centers whercas the second considers
a less direct interference, the number of free electrons, unpaired electrons or
rieaction sites being in some way affected by the presences of adsorbed poison
molecules, The first mechanism suggests a direct competition between the poison
and reaction components while the second lends itself more plaumsibly to the
interpretation of independent poisoning conuidered in this pape:r.

Typical poisoning curves quoted in the literature [ 1] are in qualitative
agreement with the proposer asodel and suggest the rRssumption of independence to be
valid for many systems, They show the relationship between the stead) state catalyst
activity (proportional to the fraction of catalyst surface unpoised} and poismon
concentration to be linear at low concentrations (ie. at low XC, values); for
higher concentrations the activity decreases more slowly as ind}cated vty the
Langmuir isotherm, The initial linear portion ol these curvea is strongly indicative
of independence: if there were competition between the poison and reaction compo-
neuts for available active sitea the KC, term would appear in the denominator of
the reaction rate expression regardless of tha conirolling nochaniam['f]; the
catalyst activity would therefore decrease with inoreasing KCi but not linearly as
generally found in practice.

When there are temperature differences between the catalyst particles and the
surrounding ges stream the sffeot of poisoning is likely to be far greater than
for the isothermal schemes considered above. Por exothermic reactions the immediate
effect of the poison will be to reduce the overtsamperature with the consequence of
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an exponentially amplified drop in the reaction rate; a point will be reached,
however, when the overtemperature becomes negligibly small making applicable the
assumption of isothermal opsration to the final stages of the deactivation curves.
This was the case for the experiments reported in this paper and considered in more
detail in reference [5) .

Temperature effects could also be expected to invalidate the assumption of
independent poisoning, the Langmuir constant bearing an Arrhenius relationship with
temperature. However available esvidence suggests the effect of temperaturs on the
traction of catelyst surface poisoned to be generally small., Maxted [1] , for
example, found that a temperature rise sufficient to produce a fivefold increeose
in the rate of hydrogenetion on a platinum catalyst, made no significant difference
to the poisoning effect of thiophene.

For large values of KC., this low temperature dependence is to be expected from
the form of Eq (2). And fo% small KC, values, where Eq (2) indicates a linear
dependence of area poisoned with the Langmuir constant K, adsorption will be lesse
than mono-layer with consequentally low energies of activation.
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Pigure 2 Gas phame poison concentration profilee for KC

Pigure 1 Numerical solutions of Eq (5)
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SUMMARY

Many of the gaseocus products of combustion are adsorbed on surfaces, even at temperatures apove
1500 and these adsorbed layers strongly affect thermionic emission of electrans. The ionisation
of solid particles in flames is therefore not to be compared directly with ionisation in vacuo.
Experimental work on the systems CO/W, 0;/Pt and S0;/Pt is presented and analysed in terms of the
heat of acsorption of the gas; and of the kinetics of adsorption. In all these systens there is a
large rise in the thermionic werk function, Certain systems particularly those involving highly
unsaturated arganic materials, analogous t~ soot, have the opposite effect and lower the work func-
tion with a consequent large increase in the emission of electrons. Some cbservations on these
systems are discussed and their consequences at low temperatures considered.




The ge)?ﬂ*al understanding of ;anisatim in flames hus been developed from a simple equilibrium
description{’’ based on the Saha(2 equati?i’ through the modification ~f such a description by
including interaction with the flame gases 37, to a kinetic deseription of both natural ionisation
and the ionisation of additives through the work of Calcote, Sugden and Williame and their colla-
boratérs. The technology of fuels has, however, advanced more rapidly than the laboratory studies,
and consideration must now be given to the effects of solid particles on the levels of ionisation
in flames, “oth to explore the possibility of increasing this level for purposcs of MIC generation,
or as an unwanted source of radio attenuation in oﬂlﬂ;)fields. The earliest description of the
effect of solid particles was due to Sugden & Thrush'"’ who put forward the relation

2(2mm 1) %2 \
ng = —pFr—— e ( -{x + nge /Na}/xT)

This has been modified by Einbinder'®’, F.T. sSmith‘®’, and Soo & Digich!”? but the modifica-
tions are of importance only for small particles and heavy ioisations‘®’. The crucial point in
equation (1) is the exponential dependence on the werk function.

Work functions have usually been determined under high vacuum ccndit% and the importance
of using very clean surfaces was realiged at a very early stage. Kingdon'®’ demonstrated that the
work functien of tungsten (4.54 ev, 437 kJ) was raised to approximately twice this value when the
measurements were carried out in the presence of 0.1 Nm™2 of oxypen. This result has been quanti-
tatively reproduced in these laboratories'l it has also, shoun that other strongly
adsorbed materials such as tetracyaroethylene 11) or acetylene may lower the woark function by
100 kJ. The crigin of these changes will be discussed later, for the present it is enough to note
that they do occur, and that therefore any attempts to describe phenomena at atmospheric pressure
mist take such changes into account. A change in wark function of 1 ev (100 kJ) at a temperature
of 1500°K carresponds to a change of 1000 in the ciurrent density, so that the use of clean surface
work functions could be misleading in the extreme.

E. R, Miller(13) has studied a variety of solid particles ir flames, using a lmg;mir/w:’.llimél")
rotating probe. As such a prebe is swept through a flame where there is gaseous ionisation, a
smeothly profiled response is found, but if the flame contains solid particles as well, the smooth
profile is lost, and a spiky response is found. The heights of the spikes are a function of the
solid material and of the temperature of the flame, and Miller described his results in terms of
the following model:

A sin%le particle in the flame will be at or near the temperature of the flame aad will there-
fare lose (ar gain) electrons until it is in equilibrium with the local concentraticn of electrons.
In so doing, it will of necessity become charged and the loss of electrons will ra; idly crase.

The cold probe in passing through the flame can act only as a current collector, ans the response
will be limited by the plasma density. If however the cold probe passes sufficiently near to the
hot particle to interact with it, the combination is equivalent to an emitting probe, and the res-
ponse is governed by the tempepature and work funetion of the system. A steady state response is not
obtained, becauge the particle is rapidly cooled by the massive probe, but a ballistic response
yields the typical spike. Miller was able to evaluate the work function of various materials by a
statistical survey of the spike heights with the following results (Table 1),

Table 1

Material (bserved Work Punction Literature value (15)
(eV) (ev)

Carbon 1.5 3.93

Tungsten carbide 2. 3.60

Lanthanum Hexaboride 2.2 2.66

Barium oxide (0.60 Llow temp.

(1.95 High temp. 1.66

It ic apparent that even allawing fo~ the crudeness of the exiurimnt. it would be most injudi-
cious to attempt to use the literature values to account quantitatively for the cbeservation.

RAISED WOPK FUNCTIONS

In considering the origin cf these changes in work function consequant upon adsorption, two dis-
tin - foctors must be separated - the actual change under an absorbed laver ani the change in the
amcunt of the adsorbed laye . .t i{s commonly found that the surfacs potential of a clean surface
is about 1 wolt for that of & surface covervd with an adsarbed layer. As already pointed out, this
potential difference will correspord to a factor of 1000 in the current densits and therefore tie
s’ectron emission will be dominated the surface of lower work functich unless it represents less
than 107} of the whole surface. If fraction of surface covered is temperatura depandent throush
ausarption, such Jependence will be added to the work function when determined thermicnically thus
accounting for the observation of Kinedon.

I+ is penerally accepted that the presence of an adsarbed film on a metal surface will produce
an electrical double laver, and that the effect of this double lgver will be to produce a surface
potential which will modify the work function. The various theories and experimentai data are




discussed by Kaminskey(ls) &mshtein(l7) and Hi%nolet(m) while Gomer(lg) and Pr1ich?® have demon-
strated the «ffect of adsorption on field emission. For the purpose of the present discussion the
finer details of this surface potential and the variation with deixee of surface cowerage, may be
neglected and the simplifying assumption made that the work functiom x, of the clean surface is
increased by an amount Ay by covering with an adscrbed layer.

The current density for either surface will be given by Richardson's equation.

Jo = BT2 exp (-x/RT) (2)

-If 1 fraction @ of surface is covered by an adscrbed film, not necessarily continucus. but com-
posed of particles whose dimensions are comparable to the distance of the Schottky barrier, then the
current density will be given by

ie B, T2(1 - 0) exp (-x /RT) + By T?6 exp (-(x_ + 4x)/KT) (3)

The mean thermionic wark functions is defined by

x = -RI? 4 )

If, furthermore, the fraction of the total current derived fram the ith patch is defined as ¢
differentiation of equation 3 and substitution in equation (4) yields for the general case

i’
X = ;'ixi + §°id1n°i/dT (s)

Under conditions where the degree of surface coverage varies slowly with the temperature, the
lagt term in equation (4) may be neglected and the mean thermionic work function then becomes

A (6)
1

This is not identical with the mean werk function derived from contact potential measurements,
where the weighting factor is the fraction of surface covered, not the current derived for the sur-
face

Farragher has developed this approach to the thermionic emission for covered surfaces and has
incorperated a simple Langmir expression for the fraction of surface covered. The resultant express-
ion fou the total current density is :

24n)
iy = B s e (- &+ q)/F) (8)
p

where the pressure exponent x and temperature exp. ent n depend on the type of adsorption, and x
and q_ are the werk function of the clean surface and heat of adsorption at zero coverage respectfvely.
He studied a nurber of systems with the following results

TABLE 2
System NO;/W  NO/W co/w 02/W 0p/Ir 0,/Pt
™K 1792 1788 1640 1750 1610 800 1590 1500
(qo + ?S;' uby M6 552 222 492 ul0 kls 294
X 0.5 0.5 1.0 0.5 1.0 0.5 0.5 0.5

These values for the heat of adsarption are upper limits, and must be reduced by approximately
80 kJ to obtain th? ﬁlues at normal surface coverage. The most reliable measurement in these systems
ir that of Redhead(2l} cn the system CO/W. His value for the heat of adsorption of 375 kJ is so
close to the corrected value for this work as to suggest that the model is correct. For many simple
systems vhece the effact of adsorption of ~ gas is to raise the work function of the surface, the
thermionic current density may be predicted from a consideration of the properties of the clean sur-
face and of the degree of surface coverage.

LWERED WOPX FUNCTIONS

Certain vep>ms, notably amtylem(u) an ntmymthylmun have the oppoaite effact to
that just described in that the thermionic work functions are lowered by about 1 volt. Surface
potential studies have not been made on these systems so that it is not possible to say how great a
portion of the cbserved change ls due to electrostatic effects and how much to adsorption, but it is
apparent fram the geomtry of the cwrrent-temperature grephs that there rust be an effect other than

the work function if the claan and covered surface current densities are to be compareble in wag-
tude. Such an altemative effect i{s to be found in the trenemdssion coefficient for electrans
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acrogs the barrier field.

The phenamenon of electron emission from one of the most widely studied systems, a tantalum sur-
face in the presence of tetracyancethylene, is illustrated in Figure 1. Generally, two lines are
obtained, one (A) being the current density cbtained from a clean surface and the other (B), slightly
higher and with a lower slope, being the current density in the presence of tetracyarcethylene. At
a given pressure of tetracyancethylene, the measurements starting from a low temperature would follow
line B until a well defined transition tc line A occurred. This transition was completely reproducible
and revercible, measurements extending well abcve and below the transitien point. It was frequently
possible to make several measurements in the repion between the lines, thus defining the transition
clearly.

The point at which the transition occurred was a funciion of the pressure of vapour, being at
hisher temperatures for hipgher pressures, and was clearly a function of the adsorption process. The
difference in slopes of the lines was about 30 kJ, which was disproportionately greater than their
actual separation, so that the pm-exgmential factor for the covered surface must be much less thar
that of the clean suface. Fowler(22) has given an expression for the alteration in the transmission
coefficient which is applicable to this piznomenon.

Xy - Ax‘i

@ s {2} e (- /3 (9

°
when a is the ratioc of the transmission coefficient, Ay the lowering of the work function, 1 the thick-
ness of the barrier and z2 = 8x?m /h?.

In applying this result, equation (3) is used in the form
de

d BAGT? exp (- (x, - ax)/RT)
3o d_BAT? exp (- xo/m)
whereas log (3./3,) = log (dce/do) + Ax/RT

or RT log (jcljo) = RT log n0 + Ax ao

As Figure 2 shows, Ax and a0 may readily be evaluated, with the result, under most conditions,
that a6 is of the order of 0.03 but that for certain carefully prepared surfaces it could be as high
as 0.1. A reasonable estimate of the barrier thickness would encompass the firet layer of atoms in
the metal, topether with the adsorbed molecule, and a summation of the appropriate radii pives values
4.4 - 5.5 ] for 1 depending on the model used. Tie value of 5.3 Rhas been chosen to evaluate a
from Fowler's result, since this makes © = 1 for the special surfaws and is within the range estimated.
As will be seen for table 3, the cther surfaces all suggest a valve of about 0.3 for 0, the fractiomn
of surface covered

TABLE 3

Filament Pressure ax ad 0
Ta 1.3 x 1073 Nm2 u9 kJ 9.3 x 1072 0,32
Ta 6.5 x 10°2 N2 92 kJ 3.3x 1072 0,32
we 1.3 x 1072 M2 9% kJ L.1x1070 1.0
MoC 1.5 % 1072 Nm 2 28 kJ 3.3 x102 0.5
TaC 1.5 x 1072 Nn2 58 kJ 6.6 x 1072 0,29

This value is entirely reasonable, since for an immobile film any space between adjacent mole-
cules will be inaccessible if it is of smaller dimensions than the molecule For diatomic species
this is only of marginal impertance, but for tetracyancethylene which can occimy 30 (5 x 6) sites it
is signiricant. Such an extended molecule will on average be surrounded by a clear space of half its
diameter, and the upper limit for ccverape will therefure be 0.25 in reascnable agreement with cbserva-
tion. 'The apecially ocrditioned mrrface of tungsten carbide is then attridutable to the formation
of a highly mbils film in which close packing can occur.

KINETIC EFFECTS

The results, and theoretical approach outlined so far are spplicable to what are essentially
static conditions. “he final state war reached rapidly, usually tco fast to see any intermediate
stage, and the results appeared to be reversible. In the analysis of the results, it is assumed that
everything is at a steady gtate. By contrast, electran emission from many eurfaces in the presence
of sulphur compownds shows a strongly time-dependent effect (Figure 3).

At tempsratwres below 1850°K electron emission from a platinum surface is not particularly depen-
t an the ressure of sulphur compound (sulphur dioxide has been usad far rost of the work thouph
sane results have been cbtained with SOy, CS; and sulphur vapar). Above this tesperature, there
slow fall in the electron emission over a consideradble period of time followed by a catastrophic
over a very shart time. The actual time scale imolved depended on the sample of metal and on
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its history but typically the slow fall corresponded to a drop to one half of the electron current
and occupied YOb of the ti's, +hila the catastropy reduced the electron current by a factor of 102
in the remaining 10%.

It was found possible to fit these curves empirically by an expression of the form

1-3a 2 1. exp kth) an
3o " e

vhere t is the time and n is an exponient between 2 /nd 3.

In searching far a therretical basis for this empirical expression, certain facts were noted.
Firstly, although a very slow evapcration of the platinum occurred, it was too slow to be attributed
4o the intermediate furmation of massive platiium sulphide. -On the other hand, very significant
thermal etching had occurreC during a run. Szcaidly, altheugh the fall in electron emission could be
completely reversed by pumping off the sulphur dioxide, and the emission restored to its ariginal
value, susequent runs using the same filament showed the same general behsviour, but with a progress-
ively increasing time scale. Thirdly, the adsorption cf sulrhur dioxide on platinum has been stidied
extensively and there appears to be no anomalies. As a result of considering these facts, a hypothesis
of conditional adsorption ic advanced. Under this hypothesis, the adsorpticn of sulphur dioxide as
such does not contridite directly to the loss of electron emission, and is at a steady state at all
temperatures. Sulthur atoms cean however be adscrbed, either as atoms or in combination and reduce
the electren emisslon, but such adsorption can only occur at suitable sites, which are associated
with a particular condition of the platinum surface, and are not present on a normal clean surface.

The particular surface configuration is lccalised as a patch, and these patches can grow in size in
the presence of sulphur. Tn arder that they can start to grow, nuclei, or patches of minimal area
must be rresent. Such nuclei may be presert at the start of a run, or may be created during a run.
When the sulphur dioxide is pumped out of the system, the surface reverts to the clean condition.

The necessary mathematics to develop H’SS medel have been worked out by Av:*ami(za) for the case
of nuclei already present, and by Poisson{?%)| who considered the chance that part of a 100l would
remain undisturbed by the ripples spreading during a shower of rain, for the case of continuous pen-
eration of nuclei. The approach of Poisson may readily be extended to include a finite number of
nuclei present initially.

The final result is naturally complex, but it is of the correct fcrm, and reduces to the equation
of Avrami and Poisson under appropriate conditions. The theory of Avrari predicts an exponent in
equation (11) of 2 while that of Foisson, one of 3. The intermediate values found empirically reflect
the varying importance of the two processes, Generally, successive runs not only show an increased
time scale, but also are fitted to higher values of the exponent n. This is support for the mode)
advanced, in that the nuclei present initlally tena to be consumed in patch prowth, so that the
initial rate is therefare lower in successive rns, and depends more on peneration of new nuclei.

CONCLUSION

The three different aspects of the interaction of gases with surfaces and the consequent uffect
on electron emission indicate quite clearly the many difficulties which beset any attemrt to predict
such emission which is bui .3 solely on the properties of clean surfaces. The variations which are
found can be understood in terms of the simple kinetic feature of adsorrtion and surface change, but
the rrediction of the variations is a more formidable task. (ne comment which may rightly be made
is that the majority of the work described herein is concerned with rather exotic systems. While
this is true, the camplex nature of the probler furces attention first to those systems which show
simple and markedly dominant featires which are amenable to experimental investipation. When the
general nature of the phenonena have been made clear, they may be then studied in preater detail with
mre sophisticated techniques, and in systems where several of the phenamena play a contributory role.
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SUMMARY

Phase toundary reactions often determire thc rate of interactions of m:tals
with gases. Adsorption and stepwise dissoziation of the gas molecules must
occur *eore ke nonmetal atoms [—om the gas phase can be dissolved in the
metal or can react with the metal.

The kir:.ics of the surface reactions of iron and other metals with NHJ—H2’
CH4-H2, HES-hz, HZO'HZ’ 002-00 and N2-H2 mixtures have been studied at high
temperatures.

From the experimentally determined kinetics, the dependence of the forward
and backward reaction rate on the partial pressures or activities of the

reactanis and reaction preducts, the rate determining step of the investigated

reactions could be detected. The rate determining step can also ve fourd out

by the comparison of the overall reaction rate with the rate of an appropriate
isotope exchnange reaction. Depending on the teuperature or other reaction con-
ditions differ=nt reaction steps can act as the rite determining step of a reaction.

From the knowledge ot one or two elemeniary steps the mechanism of the overall
reaction could be deduced for the investigated reactions of metals with gages.

The occurence of individual elementary steps involving intermediate products
such ag adscrbed atoms or radicals was proved.
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AT SUFPFICIENT HIGH TEMPERATURES equilibria between the solid phase and the gas
atmosphere are established, if a gas or a gas mixture is passed over a metil, In
equilibrium the activity of each of the atomic species, of which the gas phase

is composed, is the same in the gas ztmosphere, in the solid and at the surface
of the solid. Depending cn the activity of A and chemical affinity to the metal
either a golution of A in the metal and an adsorbed layer of A atoms at the metal
surface is established, or a compound is formed.

At the phase boundary adsorption and dissociation of the gas molecules must oceur
befo~e the nonmetal atoms can be dissolved or can react with the metal. In most
cases the dissociation is the rate determining step in the sequence :

a) transport of the molecules to the surface of the solid,

b) adsorption at the surface,

¢) dissoziation of the adsorbed molecule and

d) entry of the atoms into the solid.

In the following, only studies will be discussed, in which chemical dissoziation
reactions at metal surfaces were rate determining. The diffusion process, which
¢stablishes the equilibrium in the bulk phase, will not be considered.

Typical reactions which transfer nonmetal atoms A from the gas phase to a metal
are the dissoziation reactions of diatomic molecules, 02, H2, Ne,etc.

A, & 24 (adsorbed and dissolwed)

Prom CO,=CC mixtures both O and C can be transferred t» a metal, Nonmetal atoms
4 also © can be transferred to a metal by equilibration with gas mixtures

AH -H,, for example NH, -~ H,, C 4 - H,, H2S - H, and H,0 - H,. In thesere-
act¥ons g stepwige dehydrggena%ion or hygrogenation (in tﬁe baci reaction) of

the nonmetal atom A must occur and it was considered very interesting to detect
the separate elementary reaction steps.

To eliminate rate control by diffusion, thin film techniques can be used, Disso-
lution reactions of gasea in metals can be studied with thin metal foils. This
way the distances are small enough that no considerable concentration gradients
occur, The mean concentration change of A in the solid and thus the rate of the
tranasfer of A to the solid can be measured.

Relaxation measurements of weight or resistance are very convenient. The activity
of A in the gas phase is changed abruptly and the resulting change of the concen-
tration of A in the metal from its initial value to the new equilibrium value can
be observed by recording the change in the weight or the resis*ance of the thin
foil used. The electrical resistance and the concentration of dissolved A are
correlated by a linear relation, The principle of the relaxation method is shown
in fig., 1. The retardation of the absorption and desorption of A i3 caueed by the
reaction at the surface of the thin metal foil,

Another means for the measurement of surface reaction kinetice is the study of
isotope exchange reactions., These reactions can be studied while equilibrium bet-
ween the gas and the solid prevails,

RESULTS
HEACTIONS OF THE TYPL AHx = Xx/2 H, + A (dissolved)

A relaxation method was used to study the reaction

NH3 # N (dissolved in e ~iron) + 3/2 H2 (1)

The resistance changes produced by the nitriding of thin iron foils in NH3
mixtures and the denitriding in H, have been studied in a flow apparatus
at temperatures between 300 0C an8 8oo °C (1). The following mechanism is assumed
for reaction Eq (1)

-H,
z

NH w NH3 (ads)

NH3 (ads) &= NH, (ads) + H (ads) 111
NH, (ads) = NH (adse) + H (ads) 11
NH (ads) = § (ada) + H (ads) I
N {ada) & N (dissolved)

H, » 2H (ads)

With some reasonable assumptions, rate laws can be derived for the case that one
of tne dehydrogenation and hydrogenation steps I,II or III is rate determining.
The NH,-formation on an iron foil ccntaining nitrogen, over which H2 is rassed,
will bé discussed.

The rate of the first hydrogenation step, backward reaction 1, is proportional
to the product of the surface concentrations ri of N and H, It is assumed that
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the surface concentrations of all adsorbed species are low, so that the surface
concentration of N is proportional to its concentration in solution T’Noe )

and the surface concentration of H is proportional to the activity of H
[ ® py 1/2. The rate of step I equals .
2 x 1/, -
Vio= -k Ty Ty =Ry NI py, (2)
These dependences of the overall reaction would be expected if step Iwere rate
determining,

But if forward and backward reaction of step I are fast compared with rate of
the backward reaction II, there will be approximate equilibrium for the reaction
I and the surface concentration of NH is given by .

- A/2 (
T;JN KI [NJFH; (3)
The rate of the backward reaction I1 is proportional to the product of the sur-
face concentrations of NH and H.

/s
VI - - ka I"NHI-'“ - - kn [NJT‘[HL/ (4)
These dependencies of the overall reaction wculd be expected if gtep TII were rate
determining.,
Suppoge that the forward and backward reaction of step I and of gtep II are fast
compared with thh -ate of the backward reaction III, Then virtually equilitrium
for reaction I and II rrevails and the surface concentration of NH2 is given by

Mwe = Kg [N pu, (5)

The rate of the backward reaction III is proporticnal to the product of the sur-
face concentrations of NH2 and H

x 31
vm = - kg New T = -~ ko [M puy (6)
Thus one expects for the dependences of the reaction rate on the nitrogen concen-
tration and the hydrogen partial pressure the following general equation :

Vo = - ky NI 7 (7)
with 9 = 1,2 or 3 according to which of the hydrogenation and dehydrogenation
steps is rate determining.
The Eq (7) was verified by denitriding experiments. The decrease of nitrogen
content in the iron foil may be written

4 dn § 40N1 _ _ YA
(T v S ko el (T (B)

with S = surface area and § = thickness of the irsn foil. The denitriding ex-
veriments can be plotted according to the integrated equation (fig.2).

[N A A
l°3f,7}f " 3% ot (9)

The linearity of plots of log ( [N] / [N]4) vs. t proves that the reaction is of
Iirst order concerning the concentrgtion of dissolved nitrogen, From the slope

of this plot k, py vY/2 can be determined. Experiments with different H_-pres-
sures gave the 2 double-logarithmic plot of k vy sz“/z ve. py, (f18.3),
which must deliver straight lines with the slopes 1/2, 2/2 or @ 3/¢, The
measurements yield lines with the slope changing from 2/2 to 3/2. At higher H, -
pressuraes the exponent v = 2 shows that reaction II, the formation of NH (adg),
is rate-determining. At lower pressures the exponentv= 3 ghowe that reaétion 111,
the formation of NH, (ads), is rate determining. At H,-pressures higher than

1 atm the reaction f may become rate determining, but™ this ocould not be investi-
gated,

The results confirm the mechanism and the c¢ther assumptions which were made to
derive Eq (7).

The rate control by the reaction steps Il and III is also demonstrated by measu-
rements of the temperature dependence of the rate of denitriding (fig.4). These
measurements also show, that at high temperaturea or at low H,-preasures desorp-
tion of N, occurs. The N ~desorption 2N (dissolved)+ N, is Sharacterized by a
high actieation anergy aad is independent of the H,-preSsure.

L similar mechanism as for the reaction Eq (1) can Be assumed for the decarburi-
zation of metals in H, and the carburization in CH‘-H2 mixtures. Her: four hydro-
genution-dehydrogenation steps occurt
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CH4 (ads) =+= CH3 (ads) + H (ads) v
CH3 (ads) « CH2 (ads) + H (ads} I11
CH2 (ads) & CH {(ads) + H (ads) II
CH (ads) & C (ads) + H (ads) I

The exponentv .an assume the values 1,2,3 or 4 in the rate 2quation for the
decarburization

§ dale] _ Lo
1 dt "vM [€] (10)

The decarburization of 9 -iron was studied in the temperature range 91o° to
1050 °C (2). The usual first order plot log ( [C] /[C]y) vs. t is linear
(fig.5), thus the proportionality of the decarburization rate tc the carbon
concentration could be proved. It was found for the range of H,-pressures
which have been applied that ¥= 3 (fig.6), obviously the fo:mati%n of the CH3-
radical, backward reaction step III, is the rate determining reaction.
Likewise the desulfurization can be described by a mechanism with two hydro-
genation-dehydrogenation steps.

HZS {ads) = SH (ads) + H (ads) II

SH {(ads) = S (ads) + H (eds) I
Studies of this reaction have been made with iron at 950 °C (3). The desulZuri-
zation is of first order concerning the sulfur concentration in the iron (fig.7)
and the vesult ¥ =2 from (fig.8) shows that reaction step II is rate determining.
With other metals also v= 1 has been found,
According to these results for the reactions of the mentioned nonmetal atoms A
from their solution in iron(and cther metals) with hydrogen a general rate equati-
on can be given

»/2
vy =<ks i [A] (1)
This law describes the rate, 1f the reaction
AH_ & A (dissolved) + x/2 H, (12)

only occurs in the backward direction, in absence of AH_, The rate law for the
total reaction is obtained from the equilibrium condition « In equilibrium

(d [A]/ dt = 0 ) the rate of the forward a.d backward reaction must be equal
for all hydrogenation and dehydrogenation steps and must yield the equilibrium
condition

AHx 5 = K (13)
X,
This is fulfilled by the rate equation

£ dlAl _ L LAk _ k YA A1 (14)
T it ky (rt"‘ri_v v F“‘- [ ]

This general rate equation could be confirmed for all atudied reactions, nitrie-
ding, carburization and sulfurization . In thiz ¢quarion the expression for
the forward reaction contains the activity of the radical AHy , which i3 deter-
mined by equilibria of the reactions preceding the rate determining atep., The
expresrion for the backward reaction contains the product of the activity of H
and the activity of AH y=~-1. The latter is determined by equilibria of the reac-
tions which follow after the myie determining stup. The forward reactiovn 18 de-
termined by the decompoaition of the radical AHy , the backward reaction is de-
termined by its formation. This is in ugreement with the principle of microa-
copio reversibilitywhich muat be fulfilled fur reactions not too far from equi-
libriunm.
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REACTIONS OF THE TYPE A, @ 2A (DISSOLYED)

The dissolution of nitrogen from N2 in iron

N, 3 2N (dissolved) (15)

could be investigated at 700 ° to 1000 °C by measuring the relaxation of the
eleotrical resistance (4), Thin iron foils were nitrided in N, with 1% H,, in
Ar with 1 % H, the iron foil desorbed its nitrogen as N,. The“nitrogen de-
sorption curva (£1g.9) is characterized by a fast decreaeing slope, indiceting
a reaction of second order. The initial rates of experiments with various par-
tial preassures of N, are proportional to the partial preasure of Py (fig.10).
Thus one has the ra%e equation 2

4 b - Kpy - k[N (16)
This equation can be rewritten as follows
£ al g [ (Y

The integrated form describes the nitrogenization of ot ~iron at temperatures
between Too °C and 900 °C (fig.11)

m}q*[N]t . 2 Llﬂ’x (18)
s fp, T BF Dl 0

The desorption rate in absence of N2 is given by the equation

§ oalNy 2 .
T it k [N] (19)
According to the intezrated form of this equation
[M]g - [N]s 2
LTde LT . L N (20)
s R

the desorption curves can be plotted (fig.12).
The fHliowing reaction sequence is proposed for the atomistic mechanism ot the
reaction

N, = §, (ads)
N, (ads) & 2N (ads)
N (ade) & N (dissolved)
The observed rate equation can be attached to thue second step. The forward re-
action is the dissoziation of adesorbed nitrogen, the backward reaotion is the

recombination of two adsorbed nitrogen atoms, Again the linear relations
. « Py and Mgec[N]oust be valid, and written with the surface concentratione
2 2

of the resciing species the equation reads as follows

N (M) (21}
The reaction
A, (ads) e 24 (ads) (22)

with its rate ejuation

4 ﬁ&'—* - kpay - kIAY (23)

3
presunably will be rate dsteraining in several systems gas-metal,
Cornlicationm arise at lower temperstures or high nonmetal sctivitics and for
other conditions 4if the coverage with the atoms A is nst very small.

The equation (16) for the nitriding in K, and the nitrogen desorption is only

valid for low nitrogen concentrations. Pgr as high nitrogen ooncentrations as

ohe can establish in y -iron by nitriding with Hg or idw-iron by nitriding
Q

with NHJ-H2 miztures, the equation {16) must be Scmpleted according to
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Adoy oM o Ly DM (24)
s dt A+ K[NT 4+ K[N]

The expression for the backward reaction shows that the nitrogen desorption is
of second order only at low nitrcgen concentrations, for high nitrogen concen
trations the desorption apparently becomes of fir-.t order, This is illustrated
by a plot which shows the dependence of desorpticn rates on higu nitrogen con-
tenta, The iron foils had been nitrided with NH,-H, mixtures and after that were
denitrided in Ar (fig.13). In Ar the nitrogen éan orly be deaorbed ag N2 not

as uil,.

In or&er to derive equation (24) the following mechunism ic proposed. The disso-
ciation of the N, molecule occurs at special sites with a high enthalpy of ad-
sorption for N “atoms, may be at a kink L. The recombination takes placr at a
kink, one nitrogen atom, which is adsorbed with high-enthalpy at the kink reacte
with another mobile N-atom, which is adsorbed with less adsorption enthalry.

L + 0N, = LN, (ada) I

LN, (ads) & LN (adg) + N (ads) II
LN (ads) == N (diss.) + L 111
N (ads) = N (diss,) IV

The rate determining step would be reaction II. The rate equation can be written
with the surface concentrations of the reacting species

t
vi = kr iy, — kr Tin/lw (25)
For the equilibrium III a langnuir-Isotherm is introduced

r - I, Kg IN] (26)
LN A+ KI[”J

The N,-molecules presumably are less strong adsorbed at the sites of the reaction

than %he N~atoms, therefore one has for the surface concentration

LKz pw (27)
r. - ,*k___I_ll_L
LN A+ Ky [V]
The adsorption equilibrium 1V i3 described by a linear relation
23 it was a3gumed for the discussion of reaction (1), These expressions for the

surfice concentrations of the reacting species are introduced in Eq (25) and one
receives u rite equation

L K ] Ku_ [NJ )]
- Ik —de 2L p - h EEELY: 3 Tl e [N’ (29)
V1 L 4+« Ky ™ Ve r A+ kg [N] ¥

which can be converted tu the experimentally obtalned Eq (24), if the constants
ire combined,

There i3 another possible mecharnism whizh explains the rate Eq (24) and that is

2 dissociation of N, (ads) under formation of one adsorbed and one dissolved N-
atom. The backward ° reaction would be a recombination Jof one adsorbed and one
dissolved N-itom., The derivuation of the rate equation for this second mechanism
i3 similar to the considerationas given adove,excepted that the adsorption equili-
brium IV would play no pirt., Thus the assumption of special sites is not needed,

N2 & N, (ads) 1
Nd (ads) & N (ada) + N (dissnlved) 1II
N (ads) @& X (dissolved) 111

The rate equation (24) in 1 genernlized form

L . AN R .Y (30)
S dt V‘LMKtA] A+ K(A)

and the inhsrent mechanism probably i3 of generni importance for several reactions
A, » 2A (!la30lved in a metal), 3ince measurementis c¢* the dissolution reactions
of £, with Pd {5) and ©, with Ag (6) hive given rate equations, which are in
accord with equation (18).
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ELEMENTARY REACTIONS IN COZ—CO-MIXTUBES

By measuring the rates of isotope exchange reactions at metals the rates of
elementary steps of other more complicated reactions can be measured. This is
shown for the decarburizetion and carburization of iron in CO,-CO mixtures.

The isotope excharge in a mixture of tagged CO,, labelled with radioactive 4%c,
and of inactive CO occurs by oxygen transfer f%om the 002 to the surface of the
metal

Yoo, = Moo + 0 (ads) (31)
and by the reaction of carbon  monoxide with the adsorbed oxygen

0 (ads) + CO & COp (32)

Therefore by measuring the rate of the overall reaction

%o, + c0 = ™oeo +cop (33)

the rate of the decomposition of CO, can be determined at any surface (7,8). It
is virtually equal to tae rate of tge first step of the exchange reaction, since
the isotope effect may be neglected. For the rate of the first step can be writ-
ten

4 by,

T T R P, TR () Paco (50

It is assumed that the surface coverages with CO, and CO are low, but the sur-
face coverage with 0 (ads) may be high. Therefore the rate constants may depend
on the activity of oxygen, which is determined by the equilibrium Eq (32) and
can be defined by &, = pg, /pco. In equilibrium of reaction Eq (33) the concen-
tration of radiocargon 2 must be same in both gases

(_&fﬂ’t) - Peon = ag (35)
(ncoles e

. With the help of the equilibrium condition k'(a,) can be eliminated

A d Tadcn

S At - \2.(&0) (4* no) [(p"'qco)u\ - \"’“CO] (36)

The exchange reaction was meagsured in a flow reactor. The amount of 14 Co, for-
med by the decomposition of 14 C0p, at the metal surface, is proportional to the
counting rate found for the carbon monoxide behind the reaction vessel. At 800 oC
the rate constant k (a.) was measured at iron in the interval of C0,/CO-ratios
betwaen 0,116 and 0,532, At higher COg/CO-ratios oxidation of the iron occurs,at
loaer C05/CO-ratios carbon can be deposited. In this range the phases w- and
f-iron wi%h disoolved ocarbon, ferrite and austenite occur, the boundary is at
C02/CC = 0,372. 1t was found that the rate constant depends on 3, (fig.14) accor-
ding to

- (37)

Measurements on metals more noble than iron showed no variation of k (ao) with

&5+ Obviously on these metals the surface coverage with O (ads) is low = (fig.15).

At 8¢co O°C also the decarburization and carburization of austenite was studied (7).
This reaction procceds accerding to

€Oy + C (in § -Pe) ® 2 CO (38)

A change in the CO,/CO-ratio causes a change in the carbon content of the iron
sanple. For the decarburizaion the following mechaniam may be assumed

k(ao)-k.ao

Co, # 20, (ads) I

co éades & Co sada; + 0 (ads) II
0 (ade)+C (ads, = CC ads 111
CO (ads) = CO IV

C (ads) = C (dissolved) v
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If the decomposition of the adsorbed CO; is rate determining the rate equation E L
for the change in carbon content is analogous to the rate equation for the ex- 3
change reaction, which was discussed above.

-4 B kwpw - K@) po (9

By elimination of k'(ao) the following rate equation is derived ’

Y . (-E_Cl.eq (40)
2 at k(20) e (4 - 3

which shows that the rate of decarburization should be proportional to the par-

tial pressure of COp. S

The decarburization and carburization could be inveatigated at 8oo °C by measu-

ring the relaxation of the electrical resistance after changes in the C0,/C0-

ratio of the flowing gas. The experiments could be performed in the interval N

of COZ/CC.ratioa where austenite is stable. The measurements showed that the

rate of the decarburization is proportional to the partial pressure of CO»

and is independent of the initial concentration of carbon, The rate contant

k(a,), calculated from the decarburization méasurements is virtually the same

as the value founu for the rate constant, calculated from the 4C-exchange re-

Sults, .

These results prove that in both reactions the CO,-decomposition occurs as ar '

elementary step and that the reactions can he described by the assumed mechanisms,

CONCLUSION

For surface reactiong at metals simple rate equations have been measured, from
which the rate determining step could be recognized,In one case the compariason
with isotope exchange studies helped to identify the elementary rate determining
step.

Measurements have been performed of some reactions which lead to the formation
of a s0lid solution of a nonmetal A in the metal. In reactions of the type

AH, w A (dissolved) + x/2 H, (A = C,N,5,0)

a stepwise dehydrogenation or hydrogenation (in the backward reaction) of the
nonmetal atom occurs. One of the reaction steps

AHy (ads) s AH (ads) + H (ads)

determines the rate of the reaction sequence and the dependences on partial
pressures and concentrations, see Eq.(14). Obviously the rates of these conse-
cutive steps are not very different and a variation of the reaction conditions
or the metal substrate often displays other dependences and thus another rate
determining step.

For dissolution reactions of diatomic guses A2 = Hz, H,, O, usually the diaso-
zlation of the adscrbed molecule i3 rate determining. fn géveral investigations
the simple rate law Eq.(23) for the dissoziation and its back reaction, the
recombination of two adzcrped A-atoms was found.

Complications arise at lower temperaturas or high nonmetal activities and if
nonmetal atoms are involved in the reactions,which are very strongly adsorbed
such as oxygen. Then appropriate isotherms muast be introduced for the equili-
bria of thease atoms in the gaseocus state anJ in tre adsorbed 3tate or in the
dissolved state and in the adsorbed state, in orcder to adapt the rate equations
to the resulte (asee Eq.3}o and Eq. 37).

In principle the 3ime considerations ure valid and aleilar rate laws are to be
expected, if no solid solutions butl compounds c¢f the me<al and ihe nontiotal atom
are formed, nitrides, carbides, sulfides or oxides.
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FIGURE CAPTIONS
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Desulfurization measurements with iron foil

Plot of k p pu’72 vs. pHs from desulfurization measurements
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Rate of the nitriding with N2 at various N2-partial pressures

Plot of the nitriding measurements with % -iron
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Dependence of the Nz-desorption on high nitrogen concentrations in the iror
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Double-logarithmic plot of k (ao) VS. ag for measurements on copper and nickel.
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SUMMARY

The relative oxidation resistances of (1) ZrB5, (2) ZrB, + 20 v/0 SiC, and (3) ZrB,y + 14 v/o SiC + 30 v/o C were
studied thermogravimetrically over the range 800 to 1600°C and over a range of three orders of magnitude in oxygen partial
pressure. In undoped ZrB, the relative aniounts of B,O3 and ZrO, formed could be determined by measuring total oxygen
consumption and the amount of By03 furmed. Below 1100°C very little of the B,03 formed evapora.ed at the total
pressure used (250 mm). The kinetics of the oxidation process we. . difficult to define and appear to depend on sample
composition, temperature, and oxygen partial pressure. Logarithmic and cubic as well as parabolic dependencies were
observed in some cases. In those cases where the process was consistent over a wide enough range of conditions, values for the
rate constants and activation energies are calculated and compared with values found by other investigators.
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A GROUP OF MATERIALS of current interest for high temperature applications is the refractory metal borides. A thorough
survey of the borides of niobium, titanium, zirconium, and hafnium has been made for the Air Force Materials Laboratory at
Wright-Patterson AFB under the direction of Manlabs, Inc. Through their efforts several of the bcrides and borides with
additives have been developed with sufficient thermal properties to be considered for practical uses in such applications as
rocket nozzles, turbine parts, and leading edges of space vehicles.

The study of the oxidation of zirconium diboride with certain additives was undertaken to compliment and extend the
extensive survey work of Manlabs. The measurements made at Manlabs consisted principally of recession rates for times of 30
to 60 minutes in air at temperatures of 1800° to 2100°C, whereas the measurements conducted in this study are weight
change measurements in oxygen for larger period. of time over the temperature range of 800° tn 1500°C. The goal is to
derive the mechanism of corrosion of these materials. ‘The studies accomplished to date show clearly the complexity of the
problem and have shown the necessity of combining more than one type of measurement to determine insight into the
processes involved.

The specific materials that have been investigated ure:
Material I, ZrB, without any intentional additives, Manlabs billet num:ber I03AD0563.
Material V, ZrB, with 20 v/o SiC, billet number VO7DO717K.
Material VIII, ZtB with 14 v/o SiC znd 30 v/o Regal C, billet number VIIIO7DO725K.

Out of the many materials developed in the Manlabs program these three studied here appear to be the most promising for
immediate applications based on their thermal properties, ease of fabrication, and the cost of manufacture. A similar group of
materials with hafnium replacing zirconium was studied by Manlabs ana generally exhibited better thermal properties but was
both heavier and more costly.

This manuscript is the initia’ report of a continuing study of the oxidation of boride compounds and as such is not intended
to be completz. More measurements, complimentary to the weight change data, are in progress. These include weight change
measurements where the volatile products are collected and weighed simuitaneously with the sample, weight change
measurements where only the volatile products are weighed, oxygen consumption measurements, and microstructure studies.
The results of these measurements will be reported upon completion.

EXPERIMENTAL The material was received in three inch diameter billets approximately one inch long. The biliets were
sli.ed with a diamond saw to make coupons approximately 1 mm thick having an average surface area of 4 cm“. After sawing,
the samples were smoothed on a diamond grinding wheel to remove the saw marks and no further polishing was dune.

Each sample had a small hel= drilled in the center at one end from which it was suspended for the weight change
measuremerts. The area used for a sample was the gzometric area obtained by measuring with a micrometer.

Before a run was made the sample was washed with acetore and alcohol in an ultrasonic cleaner, then hung from the balance
in the furnace which was evacuated to about 1G™ torr and heated to 600°C. Each sample was held at 600°C for 15 to 18
hours before heating to the temperature of the measurements.

Two methods were used to establish a value for zero weight at zero tims. Below 1000°C, where no significant reaction occurs
in vacuum for short periods of time, the vacuum weight could be compared before and after a run to get the total weight
gained. This weight could be subtracted from the last weight measured before evacuating to obtain a weight for zero time.
Above 1000°C where some reaction could be observed in vacuum it was necessary to extrapolate back to zero time to get
zero weight values. The values obtained by the first method are much more accurate.

The balance system used in this study has been previously described.(1): @ Two Ainsworth balances were used; one a model
14F, the other a model AUL. Both Lalances worked extremely well in this application. The one limitation necessary was
imposed by the small weight change that could be measured. The {4F measures a total change of only 80 mg and the AUL,
100 mg. This required samples small enough that the total change in weight observed would be within these limits.

Most all the measurements were made at a total pressure of 250 mm of oxygen. This pressure was choseri so that evaporation
could be k- pt as low as possible. At 250 mm total pressure, the balance trace starts to show noise because of thermal
convection currents and gets much worse as the pressure is increased.

Commercial breathing type oxygen was used with no further purification. The flow dependence of the weight change was
checked and although {lows of only 150 m1/min were used it was found to provide enough oxygen at all temperatures with
the small samples that were used.

RESULTS The results presented here contain only weight change measurements to 1500°C with the exception of one 20 min
run on material V at 1600°C.

Figure 9-1 is the weight change per unit area vs time for material | covering the temperature range of 8007 to 1400°C. The
first two hours of these data can be fit reasonably well to 2 parabolic rate. However, it was also tound that most of these data
could be plotied equally well to « cubic equation. The next two hours appear to be linear but here also the data could be fit
to another dependence, i.e. logarithmic. This greph indicates a change in the oxidation process between | 100° and 1200°C.
This can be seen by the relative closeness of the two curves. Above 1100° the boron oxide formed appears to be completely
vaporized and although the oxidation rate is expected to increase with temperature it does not since these gravimetric
mcasurements only measure the weight of the material remsining.
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Material | was oxidized at 1500°C but because of a reaction occurring between the sample and the material used to hang the
sample the sample droped off after 20 minutes. No satisfactory material has been found for suspending the boride materials
at temperatures above 15000, Calcia stabilized zirconia, thoria, alumina, rodium, and iridium have been tried for the higher
temperature work, but in each case the reaction occurring proved to be distructive.

The effects of oxygen pressure on the oxidation rate ~ver long periods of time was examined at 1100°C as shown in Figure
9-2. The oxygen pressures are also the total pressure. . . quite difficult to explain from these measurements what change in
mechanism(s) is occurring as the pressure is lowered. However, the weight change measurements shown on Figures 9-1 and
9-2 do indicate that the mechanism of oxidation in material | does depend on both the temperature and the pressure.

Material V with 20 v/o silicon carbide added shows different behavior at the higher temperatures than material 1. Figure 9-3
presents the -.2ight change data for material V over the same temperature range. Below 1000°C the oxidation behavior for
both materials is quite similar. At 1100°C there is a marked decrease in the weight gair. After several hours the sample
appears to be losing weight which is an indication that ihe boron oxide is vaporizing about as fast as it is formed. The 1200°
data appear anomalous showing a larger weight gain than fits in with the data at other temperatures. This sample had a very
thick glass-like coating on it that apparently forms in this temperature range and does not evaporate very rapidly. The
glasslike coating is observed at other temperatures, but never as thick as at 1200°C. At 1300° the glass formed appears to be
evaporating. After several hours a decrease in weight is observed probably due to the ra‘e of formation being slower than the
rate of evaporation. At 1400°C and above the weight shows a steady increase for long periods of time. This is an indication
that the formation and retention of solid ZrO, predominates. The 1500 run on this material was successful, but at 1600°
the reaction between the suspension and the sample occurred as it did at 1500 in material 1.

The pressurz dependence is shown in Figure 9-4. Again combining the data of Figures 9-3 and 9-4 indicates an oxidation
process which is both pressure and temperature dependent. However, it was possible to take the first 60 minutes of thesc data
and calculate a parabolic rate constant. Figure 9-5 shows that the pressure dependence is nearly linear for the first hour of
oxidation at 1100°C.,

Figure 9-6 shows the weight change data for material VIII which contains 14 v/o silicon carbide and 30 v/o regal carbon.
These data indicate behavior quite similar to material V. The reproducibility of these measurements was quite poor probably
due to inhomogenity caused by the large carbon content. The data on materials | and V were reproducible to better than 10%
so the comparison of the oxidation behavior will be confined to these two materials.

An indication of the rates involved in the weight change can be seen from Figures 9-7 and 9-8. Figure 9-7 is a log - log plot of
the weight change per unit area for material I and 250 torr oxygen pressure and Figure 9-8 shows the same data for material
V. A line is drawn in the figures representing parabolic kinetics.

The agreement is not good because as shown previously the oxidation rates are a combination of more than one process.
However, to compare the rates of the two materials and also to compare our data with other investigators the shorter times
can be plotted reasonably well to a parabolic equation.

The addition of silicon carbide was made to improve the oxidation resistance of these materials at the higher temperatures. It
is expected that the usable temperature range will be above 2000°C. No weight change measuremer ‘s have been successful at
temperatures this high because of the problem of supporting the sample. The measurements made tn 1500°C do show the
improved oxidation behavior of material V when compared to material I.

Figures 9-9 and 9-10 compare the high temperature and low temperature behavior of materials 1 and V. These data are
plotted to a parabolic fit for the first two hours of oxidation.

Below |300° material V shows larger weight gains than mraterial I. Above 13009 this behavior is reversed as shown in Figure
9-10.

Kceeping in mind that these data are weight measurements of remaining sample it would be difficult to fairly evaluate the
material from these data only. However, the recession rats measurements to 2100°C by Manlabs do show that it is at the high
temperatures that material V is superior to material | in resisting oxidation.

Other investigators have made oxidation studies on materials equivalent to material I used in these experiments. Figure 9-11 is
a plot of the parabolic rate constaat derived from these weight measurements. In this figure are shown the data of two other
investigators, one of weight change'?): the other oxygen consumption measurements'?). Betow 1100°C there is reasonable
agreement hetween all investigators. Since all tne oxidation products shoeuld be retained at these temperatures the
measurements should be directly comparable. Above | 100° where a rate change was shown to oceur, Figure 9-1, out data and
that of Kunukosc and Margrave are still in good agrecment, however, Berkowitz's data shows a much greater oxygen
consumption which could not be shown on this plot.

CONCLUSIONS A complete picture of tite oxidation of zirconium diboride or any oxidation procuss resulting in par? in the
formation of onc or more volatile products vannot be deduced from weight change measurements alone. However,
continuous weight change measurements are extremely sensitive indicators. perhaps more so than any other type of
measurement, of any change taking placs with time, temperature, pressure 2tc. which results in a loss or gain in weight. The
results presented here show quite clearly the oxidation of the dibonides, particularly with additives, is complicated.
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Material I, without additives, does not show a clear par:-dclic dependence to the oxidation process even at temperatures
below 1100° where the vaporization of boron oxide should be negligible, although most of the oxidation data found in the
literature does intetpret the oxidations process as parabolic. The weight change rate at temperatures below 1100° could be
controlled by more than one process. The boron oxide furmed is liquid at these temperatures. A diffusion controlled process
theoretically requires a constant film thickness which is difficult to maintain with the measurements being made here.

The data above 1200° shown in Figure 9-7 appears o be approaching closer to a 1/2 slope as the temperature is increased. At
these higher temperatures the vaporization of buron oxide is probably complete and the process being measured is the
formation of zirconium oxide. What the rate controlling process is cannot be derived without additional information but it is
not unreasonable to assume that the process is controlled by the diffusion of oxygen through ZrO,. The encrgies obtained
from the weight change measurements are reasonable for this type of process.

The behavior of material V is shown by these ‘vzight change measurements to be much more complicated than material I. The
long tyme data presented in Figure 9-3 show the behavior expected when the compounds formed have different temperature
dependence for vaporization. Below 1100°C the behavior, especially at times less than 4 hours, is quite similar to material I.
This would indicate that the SiC addition does not erihance the oxidation resistance of ZrB, at these temperatures and does
not significantly affect the weight change. However, at 1200°C the formation of a glassy layer on the surface of material V
appears to be the largest contributor to the weight change. The conposition of this layer is not known but could possibly
contain boron and/or zirconjum compounds as well as §i0;. At 1300°C and above the evaporation of the silica layer begins
and as the temperature is izicreased the formation of ZrO; should be the predominant process increasing the sample weight.
For the first four hours of oxidation shown in Figure 9-8 the data appears to fit a 1/2 slope better at the higher temperatures
as did material I.

The non-reproducibility of the mezsuremenis on material VIII precludes this material from a qualitative discussion. However,
as can be seen by comparing F. .urc 9-3 with Figure 9-5 there is a great deal of similarity in the weight change data for both of
these materials. A variation of material VIII has bze: developed by Manlabs which contains only 18 v/o carbon and 10 v/o
silicon carbide. This material which is much more homogencous and retains all the desirable properties of material VIII (i.e.,
oxidation resistance with better thermal stress properties and increased machinability).
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OXIDAT10N OF SILICON AND SILICON CARBIDE IN GASEQUS

ATNOSPHERES AT 1000 - 1300°C

Je Eo antill and J. B, Warburton
Solid State Division, A.E,R.E., Nr. Didcot, Berkshire U.K.
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SUMMARY

The behaviowr of silicon, e 3elf bonded sili.on carbide containing silicin and pure silicon
carbide has been assessed in carbon dioxide, weter vapour, oxygen, cerbon monoxide, vacuz and
helium at 1000 - 41300°C. Particular attention has been paid tc the conditions governing the
formation of protective silica t'ilms and to the passage of materisl intc the gas phase as Si0 and

silicon vapour, A detailed review of published data is given together with an account of additiional
experimental work.

When silica films are formed a parabolic rate law is in genersl obeyed and there are no marked
differences in behaviour of the three materials, with the exception that silicon is oxldised more
readily than silicon carbide in water vapour at 1000°C. The reactivities of the oridants decrease
in the order water vapour, oxygen and carbon dioxide with carbon monoxide being completely inert,.

The date have been interpreted on the basis that the silica films grow by the diffusion of hydroxyl
ions in water vapour. - .

The formation of SiC with silicon carbide in low partial pressures of oxidant leads tc high
corrosion rates. It has been deduced that under these conditions silice is an intermediary and
the rate determining step is the desorption of the gasecus products. Silicon carbide is not

dissociated into silicon vapour and carbcn at temperatures ¢ 4200°C although decomposition may be
significant at 1300°C
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SILICON CARBIDE has established itself for many applications, its essential properties being
exoellent oxidation resistance and mechanical strength at high temperatures. The work covered by
the present paper was carried out on its corrosion behaviour in the nuclear context for the
possible use of silicon carlide based materials in nuclear reactors, and hence the environ-cats
congidered are of particular relevance to the nuclear fields However the work is of genarsi
appiicability in that the fundamentals covered apply t> many non=nuclear applications inc.uding
the aerospace field,

The work has been concerned with self bonded silicon carbide, a well established impervious
product containing free silicon, pure silicon carbide and for reference purposes and because
silicon is present in the bonded material, pure silicon. The behaviour of these materials has
been assessed in carbon dioxide, waterovapour, oxygen, carbon meaoxide, vacua and flowing helium
over the temperature range 1000 = 1300 C. For presentation purposes the paper is divided irto a
review of previous work, application of previous work, a deseription of an experimentsl programme
with finally a discussion of the availsble datae

PREVIOUS WCRK

The oxidaetior behaviour of both silicon and silicon carbide can be classified as either "passive"
with the formatior of protective silica films, or "active"with the formation of gaseous 3i0, leading
to high corrosion rates. A limited supply of oxidant with low partial pressures of the oxidising
gas is e necessary condition for active corrcsion, the 5i0 being produced possibly by direct reaction
with the gas or by reduction of temporarily formed silica, by the underlying silicon or silicon
cerbide e.ge

2 31 + 02 —> 2 5i0

Si + 8102 ~> 2 8i0

A high pressure of oxidant lowers the partial pressure of Si0 according to the reaction

Si0 » -;02 —> Si0, eesees(t)

and thereby results in the formatior of a protective film of silica.

PASSIVE REGION With regard to the ggssive region, numerous studies have been carried out for
both silicon\®=3) and silicon carbide{%=3) in oxygen snd water vapour, with only a very limited
amount cf work on the behaviour in carbon dioxide and carbon monoxides The data in genersl only
refer to short exposures with s maximum time of 100h and in the case of silicon carbide only to
powder samples, Also much of the data are inconsistent with regard to the influence of important
variables such as gas pressure.

The kinetics may in gereral be approximated to a parabolic law, although there may be an
eppreciable period in the early stages when a linear laew is obeyed, particularly at low temperaiures,
With silicon carbide linited studies indicate that the carbon is released to the gas phase as carbon
dioxide or carbon mopoxide on oxidatior of the silicon atoms, and most data are interpreted on thia
basis, Motzfeldt\‘GY has summarised most of the information for both materials in oxygen published
up to 1964 in a parsbolic rate constant versus . plot, which indicates that the kinetics of the
thickering of the silica film are similar for bzth paterials and hence are not influenced by the
passage of curbon through the films farred on silicon carbide. The oxidation rates for bot
metevials in water vapour are congiderably faster than those for oxygens Cappelen et 21.(9) have
shown for silicon carbide at 1500 C thet silica films preformed in oxygen do not inhibit attack by
water vapour and that a subsequent return to oxygen results in vates slightly higher than those
obtained in oxygen initially. Alsc the behaviour in a gas mixture containing equal §$rts of oxygen
and water vapour was equivalent to that for the water vapour alone, Deal and Grovo( in s study of
the behaviour of ailicon have shown that the parebolic rate conatang for water vapour is greater
than thet in oxygen by a factor of approximately 100 at 100C = 4100 C and that in agreement with the
data of Cappelen et al. focr silicon carbide a amall amount (1) of oiygen does not significsntly
infiuence the attack by water vapour.

Consideruble differences exist betwsen the various sets of data on the influence of pressure
Jorgensen et al, hgve reported that ghe parabolic rate 8onatnnt (k) for silicon carbide in oxygen(7
and water vnpour(8 from 130C = 1556°C and 1218 to 154 C respectively varies logarithmically with
gas pressure (p)

k=Alogpe+C A and C = constants

whilst Deal lng Grove(3) have deduced that the paraboli: rate constant f9r silicon in these gases

at 1100 - 120C°C is directly proportional to gag pressure, However, Law!?) ras reported a logarithrie
relationship for siliocon in oxygen at 792 = 927 Cs Muck of the apparent inconsistency ooculd be due
to the fact that different materinla, gases, temperatures and pressures have been covered by the
different workers and thereiore that tine relationship varies with the environmental oonditions,
although it is more likely thot basic disugreements exist between the various sota of work.

The films are generally bolivved to consist primarily of amorphous silica although at the
higher temperaturvs after long times and particularly in the presonce of water vapour orystalline

\
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tridymite or oriatobalite may rom(é’a). There %a evidence that the trmfox(-mation tp orystobalite
deoreases the protective properties of the filma(6). Several marker studies(2, 11+13) have shomm
that the films grow st the metnl/fxi e interface by the passage of oxygen through the films, There
has besn considerable speculation 44) as to the nature of the diffusing species although it is
acoepted that the diffusion is rate controlling when a parsbolic law operates., In support of the
theoretiocal analyses oorrelations have bern vbtained between the d;,fi‘uuion of gases through sil cg
and oxidstion rates for silicon and silicon carbide in oxygen\3»10) and silicon in water vapour(3),
The agreement inocludes activation energies as well as partiocular rates and involves a linear as
distinet from a logarithmic dependence of rate constant on gas pressure, For water vapour the

lower diffusion constant is more than counterbalanced by its high solubility in silics by comparison
with oxygen, thereby explaining the high oxidation rates with water vapour.

Information on the behaviour in carbon dioxide and carbon monoxide is restricted to brief
statements that the kinetios of oxidation of silicon carbide in ocarbon dioxide are similar to those
for om;ygon(5 s that silioon reaots with carbon dioxide sccording to & parabglic law but with an
extremely low rate constant and with the formation of extremely rough films 13 , and that silicon
oarbide is unattacked by carbon monoxide at temperaturea up to 1250 c(5 .

ACTIVE REGION The exaot mechanisms by which 810 forms under various conditions does not appear
to have been studied, in partioular it is not known whether silioca is always an intermediary,
However, several studies have demonstrated that silicon and silicon carbide reduce silica at 130 -
1500°C it gay be deduced that the reactions still ocour readily at lower temperatures. Hertl
and Pults\15s16) have shown that the pressnce of various gases inhibita the reduction by silicon
carbide, the effloacy of the gases deoreasing in the order NO, HC1l, Cl,, CO, N, These workers
deduced that the gases inhibited the desorption of the gaseous produotg and thgt in vacua the rate
determining step was the descrption of ocarbon monoxide., It should also be noted that silica filus
may be lost with the formation of 5i0 by the reverse of reaction (1).

'lasnbr(‘ 7 has analysed theoretioslly the active/passive transition for helium—oxygen mixturea
and caloulated the oxygen partiel pressures necessary to form and maintain a protective film of silica.
The pressurs necessary to maintain a film is naturslly less than that to foru it, but unfortunetely
from theoretical vonsiderstions alone, only a lower limit can be determined for the former pressure.
Por oxun]:%e st 1410°C, the melting point of silicon, oxygen pressures of 6,4 x 10> atm and
> 3 x 40™ atm are necessary to form and maintain reﬂ:”tlvely, films of siljca, Gulbransen et al,
have studied experimentally the ox%dation of silicon and asilicon carbide 19’ in low partial
pressures of oxygen at 1100 - 1300 C and obtalned good agreement with Wagner's theory on the partial
pressures required to form silica films. They nave also shown qualitatively that lower pressures are
requirea to maintain the films on silicon carbide snd have suggested that traces of carbon containing
gsses (s.g. CO,) markedly influence the oxidation and volatilisation of silicon by the formation of
thin surface f€lms of silicon carbide.

APPLICATION OF PREVIOUS WORK

PASSIVE REGION At high oxygen potentials ir particular with oxygen and carbon dioxide at
pressures sbove 10~ atm “he published data indicate that thin protsctiwre films of silica should
form on both silicon and silicon carbide at temperatures up to 1400 C with there heing no significant
corrosion of these materials. However, quantitative data on the extent of the attack by carton
dioxide are not available and oorrosion could become severe in the presence of water vapours An
aspect not clear from che previous work but which is of considerable importance in the application
of the data, is the influence of the preassure of the oxidant, in partioular in the case of water
Yapour,

With carbon monoxide it may be predicted that passive silica films will be formed according to
the reactions

31 + 200 - 5102+ZC

8i1C + 200 — 8102033

when the preasure of carbon monoxide pxceeds the equilibrium value. For 8xunple owith alligon oarbide
the equilibrium pressures are 2 x 10" ", 9 x 10~3 and 4 x 10~2 atm at 1000°, 1200° snd 1300°C
respesotively. However, at lower pressuces or with low retes for ine gas/solid interface reaction,
there is the possibility of 310 formation.

ACTIVE REGION In the sbsence, or with only a low partial pressure of an oxidising gus, corrosion
may bs severs with oorrosion rates several orders of megnitule greater than those cbtained in the
passive region, due to the formstion of vclatile apecies. ¥ithout an oxidising gas, pure silicen
may volatilise and silioon carbide may decompose to give silioon vapour and oarbon

3i(s) —> 8i(g)
8iC(s) ~=> 391i(g) + € creasel(2)

As atated in the previous seotions a low partial pressure of an oxidising gaz leads to the
formation of 3i0. The rete st whioh the materials oorrod= under these oconditiona is governed by tie
partial pressures of the gaseous speoies at the surface of the spacimens and the diffusion of the
gases to and from the surface. The equilibrium ges pressurea ssavcisted with the imrortant reactions
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are given in Figs 1 (20), The diffusion processes would be influenced by the presence of an inert
ga8, High vacus would faoilitate fast gas transport away from a specimen and eould be considered
to represent the worst case. The maximum free volatilisation rates in & vacuum can be calsulated
from the Langmuir equation

r oo ek B molea/cm2 sec.
ST

where p = partial preasure of vohtilising apeciu (atm)
M = molecular weight "

The penetration rates resulting from the volatilisation of siliocon from siliocon and silicon
carbide and Si0 formed by the relevant reactions, are given in Fig. 2. They represent maximum
values and oould be reduced in practice, possibly considerably, by reection kinetics, dy long narrow
diffusion paths, by the presunce of an inert cover gas and in the case of 810 by the supply of
oxidante With an inert cover gas the interdiffusion coeffiocient ( ) for the various volatile
species may be calculated from the equation

i
9,292 x 10""1:3/ 2 (%1 * %iz)

Dz ™ 2
Paypf (u'/‘1-2)
vhere o, , = molecular separation at collision @
P = tuius pressure (atm)
€, = energy of molecular interaction (erg)

£ (ld‘/£1 2) collision function evaluated by Treybal (21)

¢ and € may be calculated from the properties of gases such as viscosity, but if necessary they may
be estimated for each gas from the relationships

& = 05Ty, = 19T

9

3
a = OQBJSV orit

where T T . = oritical temperature and normal boiling point respectively (R)

orit sad bp

z
- 5
Vopyq = oritical volume om '/mole

It follows that when transport through an inert gas layer is rete controlling, the rate is
inversely proportional to the inert gas preasure and the thioikmess of ths gas layer.

As an example the maximum penetration rates for the reactions covered in Pig. 2 for vacuum,
have been ocalculated for a helium stmosphere at 20 atw pressure with a stugnant gas layer 0,32 mm
thick; the results are given in Fig. 3¢ Pointa of partioular note arising from these figures are
that the presence of oxygen atoms availible for the formation of $i0 oan increase volatilisation
rates by up to 4=7 orders of magnitude snd the inert helium atmosphere decreases the rates by factors
up to 407,

PASSIVE=ACTIVE TRANSITION REGION The minimum partial pressure of oxidant whioh will lead to the
formation of & passive silica film in flowing helium may be calo.ilsted from a modified theory of
Wagner. Firstly assume equilibrium between silicon or silicon carbide, silica and SiC,

S1 + 810, 7 2540
With oxygen as the oxidant the rate of transport of oxygen stoms to the surface

2o

2
D { a diffusion path for 0,)
0, I;’ﬂ'a %, 2
(Poz = partial preasure of (J2 in main gas streaz)

Rate of transport of oxygen stom: away as S10

Pgiy
D50 IS—-H (dsio » 1iffusion path for 810

(Pgyq = #quilibrium partial pressure of $10)

i, S - S e

NSO AN
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Under steady state conditions

D
I T R
10 “Dgi0 %, 02

With & turbulent helium gas stream dSic/dO =1
2
The minimum oxygen pressure therefore which will lead to the formation of a silioca film is

D
810 »p
P, *ZB, ¥
2 02

Similarly for carbon dioxide and weter vapour

D

310 p
P =222 Pgyo
%2 P,

D
= 2388 Pgyp

D0
2

The ratios of the diffusion coefficients in the equations may “e taken as 0.9, 1.2 and 4.0 for

oxygen, carbon dioxide and water vapour respectively in helium from which it follows that the oriiical
partial pressure of oxidant leading to the formation of a passive film is, within an order of magnitude
similar for all three oxidants sad approximately equal to ithe equilibrium partial pressures of Si0
given in Fig., 1+ The minimum values for the partial prissure of oxidant necessary to maintain s
preformed axide film may also be caloulated from Wagner's paper., However these calculations do not
appear appropriate here as the values applying in practice depend in a complex manner on the diffusion
rates of oxygen and siliocon in the silica films and hence lie between the cealculated minimum pressures

and the minimum pressures for a bare surface.

Y
HZO

In theory linited volatilisation may still ocour with passive silica films when the partial
pressures of oxidant are low but above the minimum values to stabilise the filma; <this volatilisation
results frop the dissociation of the ailica sccording to the reaction

810, —> 840 + 1}02

2

With this roasoning a given partial pressure of oxygen should result in a steady state film
thickness being achieved such that the rate of film formation matches the rste of volatilisation,.
With carbon dioxide or water vapour as the major oxidant the assooiated low partial pressures of
oxygen, given by resotions

co, — iog‘co eosers(3)

0 = ioz + H,
should snhance the volatilisation, However in practice the volatilisation is small and can usually

be neglected., Por example, with the minimum partial pressure of carbon dioxide nesessary ;o fora s

silica film at 1400°C the penetration rete resulting from volatilisation would be <& x 107 om/h for
both silicon oarbide and silicon in & flowing helium coolant at 20 atm.

H

EXPER IMENTAL FROGRAMME

In tha present experimental programme the behaviour of three materials, a self bonded silicea
oarbide, pure silioon carbide ccatings on urenium dioxide particles, undopuro silicon, has been
studied in various environments within the temperature range 1000 - 1300 C. The kinetics of silica
filn foreation have been determined for pure carbon dioxide at 0.4 and 4 atm, for water vapour at
0.013 and 1 atam, for oarbon monoxide at O« atm and tc a limited axtent for oxygen st 1 ate, Also
volatilisation retes in various vaous have boen obtained for silicon carbide with apd withoyt a
preoxidised surface.

TECHNIQUES Behaviour at substmospheric pressutes was studied by detereining ohenges in weight
of specimens in vaocuua sjorobalances. Ic cases of passive oxidation the oxidants were statio with
the oarbon monoxide and hydrogen formed being contirucusly oconverted to ocarbon 4ioxide and water
vapour in s bed of cupric oxide st 350°C in & separste portion of the apparatus. Other experiments
at 1 ata preasure utilised thermal balances with & ocontinuous flow of oxidaast. The silicon and
self bonded carbide material were suspended from alumina rods whilst the ailicen ocarbide ooated
particles were oontained in alumina oruoitles under pessiveting oonditions and in graphite eruoibles
in carbon monoxide and vaouum. Mullite resotion tubes were used although with water vapour thess
had to be sleeved with silioa to stop the tranafer of iron cxide from the refrestory to the spsoimens
by the water vapour.
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MATERIALS The self bonded material was fully dense and oconsisted of equal portions of a and g
silicon carbide with a small amount of free silicon. The uaterial was tested in the form (2 sections
out longitudinally from tubes 1.3 om dismeter 0.13 om wall thicknesss The inner surface was in the
as~received oondition whilst the outer surface was ground smooth, There was & rim 80um thick on the
inner surfaoe whioh was rich in the silioon phase, the volume concentrations of silicon in this rim
snd the remsinder of the materisl being 23 and 76 respectively.

The coated particles consisted of 800ua diameter, 99% dense spheres of uranium dioxide coated
first with o 30um thick layer of porous pyrolytic carbon, then a 60im thick laver of dense pyrolytic
carbon and finslly a 4LOum thick layer of § silicon carbide, The siiicon carbide was obtained by the
decomposition of methyltrichlorosilane in hydrogen at 1500°C and chemicsl anslysis indicated that it
might have contained some ( 68%) excess carbon.

The silicon was semiconductor grade >99.999% Si obtained from Kooh-Light Lsboratories in the
form ot small bars., Specimens in the form of disos were out from the bars on & slitting wheel and
degreased before testing.

RESULTS

PASSIVE REGION The formation of silica films in carbon dioxide or water vapour usually obeyed
s parebolic law up to at least 500h and in many instances up to 1000h exposure, although in some
oases during the latter stages of oxidation the reaction rate: decressed at a greater rate than is
predicted by a parabolic law. Far convenience therefore thes data are reported in the form of
parsbolic rate oonstants, the use of whioh could in some instances lead to over-eatimates of the
extent of the oxidation.

An interpretation of the weight gain dats together with a comparison of the behaviour of silicoun N
ocarbide with silicon, necessitates lmowledge of the behaviour of the carbon in the asilicon carbide
on oxidation of the silioon atoms., Accurate data on this point onuld only be obtained for oxidation
by water vapour where any carbon released to the gas phase formed carbon dioxide which could be
subsequently collected and measured., The results given in Table I dexmonatrate that within experimental
error the carbon freed from the silicon atoms by the formation of silica, transferred to the gas
phase rather than remaining as carbon within the specimen or reasoting with free siliocon to form fresh
silicon carbide. Here it should be noted that the carbon release excecded slightly the predicted '
velues, especially when the presence of the free silicon in the tube material is takes into account;
however the limits of error are such that further discussion of this point is not warranted other
than to suggest that the discrepanoy oould be mssociated with a slight excess of carbon in tls oarblde
materialse On the basis therefore cf Table I, together with the published litersturs, it has been
assumed that the carbon is transferred stolohiometrically to the gas phsse during silics film
formation in all the environments, and the parabolic rate constants have been presented for convenience
in terms of the calculated silica film thickness,

TABLE I
Release of ocarbon from silicon carbide oxidised in water veapour
at 0,013 atm
Wt Carbon released Predioted carbon*
Material Cxidation conditions u‘/g;i'n g/ om? release u‘/“z

51C tube 1300°C 496h 128 + 10 85 + 1 764 6
" . 1200°C 381h 8 210 47 &4 M 6
. o. 1000% 500h 4+ 5 841 282+ 3
S4C particles 1300°% 592n 137 + 20 954 2 82 4 12
. " 1200%C 4758 120 3 10 Toxt B 6
" " 1000°C 743k IV 29 4 274 3

® The predicted carbon relesse is based upon the assusptions that the surface is composed
esntirely of stoichiometric SiC and that oxidation of the ailicon atoms results in the
release to the gas rhase of the associated carbon atoms.

The results odbtained for carbon dioxide at temperatures of 4 -4 }oo°c are summarised in
Pigs & together with the data published for oxygen by Motsfeldt (10 o Appreciadle scatter was
obtained whioh it is delieved results primrrily fros the asall amount of reaction, ERasential
features of the results were that thare was no significant influenne of oarbon dioxide pressure
over the renge 0,1 -~ 1 sts and the resctivitiss of silicon and ailioon carbide were aimiler st ¢
1200 ~ 1300°C, indicating that the release of aarbon :o the ges phase, and therefure its pastage
through the silica films, 4id not affect the protective properties of the films, slthough thare was
an indication that ailicon aight be more resctive than its cardids at 1000°C, The rete constants
published for oxygen st 1 sts were greater than those odbtainsd for ocarbom dioxide by a facto: of
approxisately 20, whilst the sctivation energies for the two gases were oimilar. To ensure that
the behaviour of the materials under investigation was typioal of the materials covered in the

L
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previous studies, their behaviour in oxygen at 4 atm at 1200°C was determined and as shown in Fig.4
wes found to agree well with the data summarized by Motzfeldts In view of the belief of Gulbransen
et al, that carbon is transferred t- silioon from carben oontaining gises, two experiments were
oarried out with silicon in carbon dioxideolabelled with 14C, The oo, 'itions were 355h at 1ooo°c,
and 43h at 12009 followed by 490h at 1300°C. The finsl weight geins were 110 and 60 pg/cm?
respectively, Surface counting gave the cerbon plok-ups as 0,06 pg/cm2 for both specimens
demonstreting that the carbon transfer representel <0.4% of the weight gain,

The behaviour in water vapour has been studied over the temperature range 1000~ 1300°C at
0s013 and 41,0 atm pressure., The parabolic rate constants obtained are summarized in Fig. 5 together
with the data of Deal and Grove for silicon in {1 atm of water vapour, Unlike the resulte for carbon
dioxide there was a pronounced dependence of the rate constant on pressure of water vapour with the
valuss for the lower pressure being of the same order as those for carbon dioxide, The slight
difference in behaviour between silicon and silicon cerbide obtained in carbon dioxide at the lowest
temperaturs, 1000°C, was accentusted such that silicon was substantially more reactive than its
carbide at both pressures at this temperature, but not at higher temperatures. The protect*ve
character of the silica reaction product incressed with temperature as the log (k) against T Plots
for silioon cerbide (Pig 5) appeared to flatten at the higher temperatures or in the case ° of
silicon, had a positive slope such that reaction rates decreased us the temperature increased. To
obtain more information on the influence of pressure experiments were o ed out with silicon at
1000°C in which the pressure was increased from 2.6 x 107 to 2,6 x 10™¢ atm during the oxidation,
The parabolic plota (Fig. 6) demonstrate the marked pressure dependence and corfirm the greater
resotivity at the lower temperature. All the results on the influence of pressure for silicon
have been plotted in Fig., 7; the graph demonsirates that the dats may conveniently be expressed by
an equation

ka.pn

where n equals 0,67 at both 1000° and 120000. The limited results available for silicon cerbide
indicate that a similar dependence on pressure applies for thls material,

A selection of the specimens oxidised in carbon dioxide and water vapour was exausined by the
Weissenberg X-ray camera technique to identify the silica corrosion producte In no instance was
evidence obtained for ths presence of appreciable amounts of smorphous oxide. With both silicon
and silioon carbide in water vapour o cristobeiite was the predominant phase, FPor silicon in water o
vapour the presence or one line indicated the presence also of a quartz or tridymite at 1200 - 1300°C
whilat two broad diffractions at 4495 and 3.6 A indicated an unidentified phase for temperatures
of 4000 ~ 1200°C, With silicon in carbon dioxide diffraction lines were obtained on various
specimens corresponding to both a oristobalite and tle unidentified phase.

The primery experiments with carbon monoxide were carried out with the gas at 0.1 atm for
100h in & micrcbslance. The self bonded carbide was exposed at 1000° and 1200°C and the coated
particles at 1000°, 1200° and 1300°C. In all instances the weight changes were small and could be
represented by a gain or loss within the limits of error of 4 40 ug/om, With a pressure of 0,013
atm appreciable weight losses were obtained due to the formation of 3i0; experiments with 1
lsbelled gas estsblished that the Si0 was formed by reaction with gaseous iapurities in the containment
rether than with the carbon monoxide as carbon was not depoasited from the gas phase.

ACTIVE REGION The initlal experimsnts on active oxidation were carried out with a specimen
of the self bonded silicon carbile tube trom which the majority of the free silicon had been gemov‘.d
by prior heat treatment in vaouum ai 300 = 1400°. This specimen was heated in vacus of 107° - 10~7
atm obtained with retary and mercury dirfusion pumps and a liquid nitrogen trap and the rate of weight
loss determined ovar the temperature range 1000 - 1300°C. The rates were linear and not moticesbly
dependent on the partial pressure of gas in the system within the abuve range. They were aturiduted
sole.y to reaction at the geometric surface, the contribution from the pores created by the remcval
of the silicon being considered amall, as the mean free path of the gas molecules was large by
ocmparison with the dimenaions of the porea, and metallographlo evideac- indicated no enlargement of
the pores during the experiments. The rates are suzsariszed as & function of texperature in Pig, §,
together with the maximum theoretical rate which could be obtained by dissociation of silicon carbide
aoccording to reaction 2. The high values obtained indicated that appreciable amcunta of S10 were
forwed under these conditionse. Purther oxpericents in which a tantalum getter was placed in the
naighdbourhood of the specimen oonfirmed this view, in that the rates were lowerwd by a fector - 1C
whilet the gas presaure was reduoed to 1C°/ - 10'9 atm by the getter, Thete lower rates ocould atill
be due to 310 formation or to dilssvoiation of silicon carbide acocrding tc reaction 2 together @ith
the volutilisation of amall isolated particies of silicon freed by either of the other two reactions.
To distinguish the latter possibility experiments were carried ocut at 1200° and 1300°C with zilicon
ocarbide coated particles in a te orucible in the gottered systems The weight loas was not
measuruble {i.c. rate < 0.t h) at 12009 but was signiffoant at 1300°C (Pig. 6). Proms these
regults it was concluded that the dissooistion of silicon carbilée say take place to & limited extent
at 1300°C but does not ocour at 1200°C,

To obtain data on the reduction of silisza by ailiocn carbide, the specissn of the tube material
used in the previous experiments wes oxidised in air at 1200°C snd its voletiiisation behaviour thyn
studied in the getered system. The retes of weight loss obtzined were 0,37, L+10 and 30=%0 .g/oa‘h
st 1000°, 1200° 4 1300 respectively, and hence were slightly less than those for the unoxidised
silioor ocarbide in the ungettered system. On completion of the reduction the reteg returned to the
original values for the unoxidised nate-ial in the gettered system (e.g. 0.6 .g/omh et 1200°C).
Linited experiments with the particles preocxidised in cardbon dioxide at 1300°C sonfirwed the previous
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dats at 12 °c, with & rate of 26 ug/ow?h, but gave no significant reaction at 1000°¢ (1e0s rate
< 0ot pg/omh),

DISCUSSION

The results obtained have fully substantiated the excsllent protactive charaster of the silica
£ilms forwed on silicon end silicon carbide. The high resctivity of water vapour by comparison witlh
other environments and the inert behaviour of carbon monoxide are in agreement with previous work
whilst the dats obtsined on the influence of partial pressurs of water vapour represent & owrpromise
between the various sets of published work. However a clear inconsistincy arises with the reaction
rates for silicon in weter vapour decressing as the temperature incrsases, such that the parsbolic
rate constant for 1200°C and 1 atm pressure is less than the value given by Deal and Grove by a
fector of 10¢ No explanation can be offered for this discrepancy altlough it should be pointed out
that high rates comparable with those of Deal and Grove were obtained for both silicon and silicon
cartide at 1200°C when the water vapour wes contaminated with air. The unusual temperature dependence
mst be due to differences in the structure of the films at different temperatures, leading to nore
protective films at the higher temperstures. The indication of ’OI' tridymite or quarts at the
higher temperatures topether with the observation of Jorgensen ©) that oristobalite has poor protective
properties is consistent with this reasoning.

A point of ccnsidersbi- fnterest is the mechanism of growth cf the films. Karker experiments
previcusly have dewcnatrated that growth occurs at the inner fila surface with the passage of oxygan
through the films, Yowwvar, the mechanism by which this 2iffusion occurs is not xnown although it
must be tied to the forma in which the cxygen enters the silica. On the Wagner lattice defect model
oxygen ions wruld diff'use bv attice vacanc:es and the rarabolic rate constant woull be alrost ‘n=
derendent at' p, . Alternatively the gas<s couudl dissolve in or react with the silica and then
diffuse as 2 molecules, icns or atwms, Fcr exam;le water va our could react to form hydroxyl ions
according to the reaction

51 -0+ H0 —> 204"
For these .atter ossibilites the :arehiulic rate conctants would be directly proportional to gus
gressure for the diffusien of pas aniecules cr ;rorortions’] to the square root of rressure for
oxygen and water va cur lissoived a3 otoms or nydirc -l ions respectively, In this context the lata
for carbcn dioxide and oxypen may be conveniently comparei cn the basis of oxygen :artial pressure,
with carbon dioxide at 0,1 atm the -artial rressure of cxygen ‘n the yas accordiny to reaction 3 i-
3 x 10~ atm at 1200°C, The :i{ff.rence in rate constant between cxyren at 1 atm and carbon 1ioxide
at C.1 atm is approximateiy a factor of 20 and -ence if the corrcsion in both cases is governed by
the oxyyen :otential of the yus, the ie 2ndence .n the ux gen rartiai pressure loes no. :gree with
any of the ;roporals., The high resctivity of water va:our althcugh it rus a low oxypen poteatial
estab.ishes that & specia. mechanism aryiies for this corrodant, he formation and dirfucion of
hyiroxyl ions aprears the most _ikely mecrunism ~ith the 99-87 dej.exdence for the rate constant
rather than pat¢ indleating that not ull the hyiroxy: icns are identica. sad abls to partake in
the yrowth of 2 the films,

Other points of interest which are probably related are the mechanisms of transfer of carbon
through the films to the gas phase during the oxidation of silicon carbide and the reasons for the
different reactivities of silicon and silicon carbide in water vapour at 1000°C. None of the data
homever provides positive information on these points.

For the sctive region reaztion rates of silicon carbide in poor vacua were high as expected,
but were considerably less than thc maximum theoretical rates in Fige 2 (i.e. by a factor of 105)
shiowins (Lat reaction was not controlled by th: gaseous diffusion of SiC away from the specimen,
Also the rates were unlikely to have been controlled by the suppl: of oxidant a3 they were not
significently affected by gas pressure, However their similarity with the rates of reduction of
preforsed silica films 40 high vacua indicate that during active oxiiation ailica is an intermediary
and the solid/solid reaotion i3 the rate det~ruining stup. Purther it zay be deduced from tie work
of Hertl and Pults that the sloveat step in this reaction is the desorption of the gaseous products,
and that the basic considerations .n the previous section on tho active-passive transition are not
applicable in their preavnt forr.
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SUMMARY

THE OXIDATION PROPERTIES OF NIOBIUM were studied in the temperature range 350° -~
600°C at an oxygen pressure of 380 Torr. Particular emphasis was placed on
correlating the reaction products with the oxidation kinetics. The oxidation
rate in this temperature range is predominantly time independent, and a sharp
change in the temperature dependence of this linear rate has been detected at
440°cC. On the basis of kinetic and metallographic evidence it is considered
that above this temperature the linear rate is of the type known as "paralinear
in which the reaction rate is controlled by the diffusional properties of the
oxide layer in contact with the metal phase. Below 440°C the morphology of the
reaction products is quite different and it appears that the reaction rate is
controlled by a surface reaction at an oxide-gas interface. After long periods
of oxidation at temperatures above 440°C a localized breakaway reaction occurs.
This breakaway rr~action is an extreme form of grain boundary attack and causes
severe specimen self-heating. However, no evidence was found of a fundamental
change in the rate controlling mechanism throughout this transition.
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THE OXIDATION BEHAVIOUR of niobiuwmn has been stadied by many workers, and the
‘literature was reviewed most recently by Kofstad (l). Niobium exhibits unusual
oxidation features, for at each temperature and oxidation pressure the oxidation
rate is found to follow a complex series of time laws. Tnis paper describes an
investigation into the oxidaticon hehaviour of niobium in the temperature range
350°-600°C, at oxygen pressures near atmospheric, for times from 10 secornds to

1 month. The field under study is characterized by a time independent rate

(linear reaction rate law), which is preceded by a period (a few minutes at 600°C
and days at 350 C) of non-linear behaviour. After extensive oxidation at
temperatures above 440°C a second breakaway reaction occurs. The major part of

the weight gain is associated with the formation of niobium pentoxide although
oxygen is also consumed by the formation of sub-oxides and by solution in the metal
phase. Although there is good agreement between previous studies on the rates of
oxidation and types of time laws observed at various oxidation conditions, there is
no ajreement as to the physical events nor the nature of the rate controlling steps
associated with each stage. Particular areas of disagreement are: (i) the reaction
products formed during the pre-transition period, (ii) the mechanism of the
transition to linear oxidation kinetics, (iii) the rate controlling step during
linear oxidation.

Earlier work by the author on the morphclogy of the products of reaction
elucidated the mechanism of oxidation in the temperature range 625°C~-825°C. 1In the
temperature range 720°-825°C (2) it was found that the niobium pentoxide scale grows
protectively when not too close to sharp changes of radii c¢n the specimen, and that
the parabolic rate constant of its formation was pressure sensitive. Extension of
this work to lower temperatures (3) where the parabolic oxidation breaks away to
linear kinetics revealed that during the initial parabolic oxidatior period the
scale appears compact, and at the transition to linear kinetics the scale blisters
and cracks. Scale formed during linear oxidation grows in a series of crude layers.
Because of the correlation between the morphology of the oxide scale with the
variations ir the weight gain curve it was proposed that the oxidation reaction
was an example of the class of oxidation reactions known as "paralinear" in which
a layered oxide scale emanates from the growth of the oxide to a critical thickness,
cracking and regrowth of the adherent oxide to the critical thickness when the
cycle repeats.

The columnar grain structure across the layered niobium pentoxide scale
indicated that there would be no pause in the reaction rate associated with the
nucleation of new oxide layers, and further, the layer of oxide in contact with
the metal phase was not observed to be significantly thicker than the other layers.
It follows that the "paralinear" oxidation rate X! should be related by the mean
oxide layer width, w , to an underlying parabolic rate constant, kp, for the
reactioa by the equa%ion

Kl = Kp/wc

Kp and Xl are defined by the equations w2
w

Kpt + a
Kit + b

respectively; w is the weight of oxygen absorbed at time ¢, and a and b are
reaction constants.

The good agreement found between the cderived parabolic rate constant,
Kp, and that measured from weight gain determinations, Kp,, confirmed the para-
linear mechanism, indicating that the rate of reaction is controlled by diffusion
across the layer of oxide that is in the process of growing. This agreement has
been improved (Fig. 15) by the use of a more recent determination of the density
of T-Nby0, (notation of Schafer et al. (5)), by Terao (6).

Below 625°C the disappearance of layers of ¥b0 and Nb0O, from the
reaction zone causes an abrupt increase in the linear reaction rate and the derived
parabolic rate constant Kp. Although the scale formed during linear oxidation had
esseniially the same morphology as that formed at higher temperatures, the diffi-
culty in obtaining an initial parabolic rate constant, Xp,, prevented confirmation
of the continued operation of the paralinear oxidation mechanism. This paper
describes a further study of the pre-linear and linear behaviour in the temperature
range 450°- 600°C, and extends the morphological study of the reaction products
down to 350°C.

EXPERIMENTAL: THE NIOBIUM SHEET used was produced by Fansteel and had a strong
{100}<011> annealing texture. An analysis of the major impurities as supplied by
the manufacturer is shown in Table 1, Specimens we.'e cut in the form of squares
measuring approximately 2 x 2 x 0.1 cm. Unless othcrwise stated, specimens were
prepared for oxidation by abrasion up to 600 grade silicon carbide paper, followed
by electropolishing for 30 sec in a nitric acid - 30% hydrofluoric acid electrolyte
at 24v using a carbon cathode,
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The kinetics of oxidation were examined in a volumetric type of
apparatus, Experimental runs were initiated by admitting oxygen to a specimen
brought to temperature under vacuum. Estimates of self-heating during reaction
were made by embedding the head of a Pt/Pt-Rh thermocouple in a small hole in each
test specimen. After reaction all the specimens were examined metallographically.

EXPERIMENTAL RESULTS: A SERIES OF SPECIMENS waaz oxidized at 380 Torr oxygen at
approximately 25 deg C intervals over the temperature range 450°- 650°C to measure
specimen self-heating. These specimens were not prepared beyond abrasion on 600
grade silicon carbide paper. The difference in temperature between the specimen
and furnace was found to be a complicated function of oxidation time and tempera-
ture, and examples are shown in Fig. l. The curves show a variety of inflexions
depending upon the furnace temperature, but duplicate specimens at the same
temperature agree very well both to the time of occurrence and size of the in-
flexions. The significance of these results will be considered from two points of
view, (a) the effect of self-heating on the kinetics of oxidation, and (b) the
insight given to the events occurring during oxidation.

Below 52E5°C self-heating is small and kinetically insignificant. At
550°C the initial temperature rise of 25 deg C falls to within 5 deg C of the
furnace temperature.after 110 seconds, but after 30 minutes of oxidation the
temperature slowly rises to 10 deg C above the furnace temperature over the next
100 minutes. This slow rise is attributed to thermal insulation of the specimens
by the growing oxide scale. Above 575°C the slow temperature rise due to
"blanketing" is important immediately after a second temperature maximum occurring
at 3 min oxidation. Specimen temperatures are always at least 6 deg C above the
furnace temperature and later in the reaction this rises to 20 deg C., Above 625°C
as described previously (3), only one temperature maximum occurs and the specimen
then cools to within a few degrees of the furnace temperature. The breakaway
reaction occurring at long oxidation times (7,8) causes large self-heating effects
and a consequence of this will be discussed later.

Measurements of self-heating at various oxygen pressures were made at
586°C on specimens in the fully blanketed condition, and these values are given in
Table 2. Also given in Table 2 is the enhancement in rate to be expected from the
known temperature coefficient of the reaction due to this self-heating. Although
the enhancement is not large it should be incorporated in detailed studies of the
mechanism of the effect of pressure on the rate of reaction.

At temperatures below 525°C a notable feature is the occurrence of a
second temperature maximum higher than the first. For instance at 500°C the first
peak at 12 sec with a temperature of 1.2 deg C in excess of the furnace temperature
is followed by a second maximum of 6.9 deg C at 14 sec. Examination of specimens
suggest that the first peak is caused by the initial oxygen adsorption (9) and the
second peak by the major oxide nucleation event. Traces of this behaviour can be
seen on the initial temperature rise at temperatures up to 600°C, see Fig.7. 585°C
curve.

One of the main purposes of this work was to look for protective oxide
formation early in the reaction so that measured values, Kpj, could be compared
with parabolic rate constants, Kp, derived from the subsequent linear rates of
reaction. For this discussion it is useful toc know that the oxide layers formed
during linear oxidation were about 1li thick at 400°C increasing to about 2u at
600°C, i.e., weight gains of 1.75 to 3.5 x 10-4g(0)cm~2 respectiveiy. Series of
specimens with different surface preparations were reacted in 380 Torr oxygen for
short times in the temperature range 400°- 600°C., At temperatures below 500°C for
weight gains of less than 3 x 10=3g (0)cm=2 the metal grains showed bright inter-
ference colours. These films have been observed previously (9,10), but have
eluded identification. At weight gains of about 5 x 10-5g(0)cm~2 isolated growths
of niobium pentoxide were observed, and lateral spreading and thickening of these
growths, to the extent of layering several times took place at longer reaction
times, Fig. 2. Several grains vere remarkably slow to change to the rapid
oxidation mede, remaining with a gold coloure¢ interference film in one instance
for 30 days at 350°C. X-ray examination indicated that the oxidation resistant
grains had a (100) orientation agreeing with the results of Pawel et al. (ll).
Changing the surface preparation to abraded or mechanically polished speeded the
transition to rapid cxidation but did not prevent uneven attack in the early stajes.
The influence of specimen preparation on the kinetics of oxidation is seen in
Fig. 3.

At 550°C after 10 seconds of oxidation, polished specimens still showed
anisotropic o.idation to the extent of gold grains. Ground specimens oxidized
more uniformly, but because of the irregularity of the interface the first layers
that formed had no long range continuity and were very thin. At 600°C polished
specimens formed a uniform layer of niobium pentoxide within the first seconds of
reaction. As far as can be determined within the confines of the non-isothermal
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reaction conditions the oxide grew at a parabolic rate with a rate constant of
4.0x1079g(0)%.cm™4.sec™®. Later in the reaction this oxide blistered and cracked
away from the metal in a manner quite analogous to the paralinear behaviour
observed at higher temperatures (3).

To examine the morphology of scales formed on specimens reacted for
longer times a series of specimens was oxidized at 380 Torr at approximately
25 deg C intervals over the temperature range 350 - 600 C to a weight gain of
about 0.02g/cm~2. Further specimens were oxidized as required for specific times
and temperatures. The initial stages of typical weight gain curves are shown in
Fig. 4. and as far as can be estimated there is good agreement between these values
and previous investigations (7-15). After the formation of about 10y of niobium
pentoxide the reaction rates are time independent and the values of Xl obtained
are plotted in Fig. 5. An abrupt change can be seen in the temperature coefficient
of the reaction at about 450°C, and much of the remainder of this study is concerned
with observations relating to this transition. After reaction for several hours
at temgeratures above 450 C the second breakaway reaction reported previously by
Kolski (7) and by McLintock and Stringer (8) was obuerved.

A striking change in the morphology of the niobium pentoxide scale
was observed between specimens reacted above and below 440°C, whereas changes
within the temperature ranges 440°- 600°C and 250°- 440°C are comparatively minor.
The scale formed on specimens reacted in the high temperature range is thicker at
specimen corners and edges than on the main faces, Fig. 7a. The scale contains
blister type fractures running parallel to the surface over distances of at least
one metal grain diameter giving the scale a laminar appearance. Fig. 6. The width
of these laminations, w, , is used to derive the parabolic rate constant kp and it
was therefore important to determine that the scale is sound between blisters.
This was verified from the appearance of the scaie in the scanning electron
microscope, Fig. 9. The metal-oxide interface is comparatively flat on a micro-
scopic scale, Fig. fa and only part of the adjacent layer of oxide appears dark
in polarized light, Fig. 8b.

In contrast the scale formed on specimens reacted in the low temperature
range does not show enhanced oxidation at specimen corners, Fig. 7b. The structure
of the scale varies in appearance with the reaction temperature. At 430°C blisters
are present but do not appear to be joined by cracks, Fig. 1l0a. At 375°- 400°C
the scale is crudely layered but does not contain klisters, Fig. 10b, whilst at
350°C the scale appears similar to that formed at 430°C. The metal-oxide interface
is flat on a macroscopic scale but is irregular on a microscopic scale to the
extent that there are detached pieces of metal in the oxide. Fig. Bc, 1In polarized
light the dark, non-stoichiometric oxide is more extensive than at higher tempera-
tures, Fig.8d.

Plateiets of a sub-oxide were observed in the metal phase of specimens
reacted at temperatures above 440°C. At temperatures between 525°- 600°C platelets
are numerous and predominantly alligned at 45° to the metal-oxide interface,
whereas platelets formed between 440°- 525°C are less numerous and tend co be
alligned either parallel or perpendicular to the interface. These changes may be
associated with the transition of the platelet structure from Kb!/, to Nb0,
reported to occur by Norman (16) as the temperature is lowered. Platelets per-
pendicular to the metal-oxide interface cause lines of pores tc form in the oxide
scale by a mechanism described and discussed by Stringer (17). These pores do not
cause the laminated structure, but are incorporated in it, Fig. 11, so that
oxidation at low temperatures is isotropic at all times. (Fig. 6). At higher
temperatures oxidation is initially isotropic but after the formation of many oxide
layers grains with platelets at approximately 45° to the ‘nterface oxidize more
rapidly. Fig. 12, It is considered that platelets initiate early failure of the
protective scale on these grains thus causing a faster oxidation, rather than the
more rapid oxidation of certain metal plants as suggested by Kofstad and Kjollesdal
(15).

In agreement with Mclintecck and Stringer (8) the breakaway reaction
observed after long periods of oxidation is sssociated with the formation of a
powder oxide at a relatively small number of sites on thz metal surface. These
sites are usually at edges or ends of specimens but are coccasiocnally found in the
centre of main faces. Macroscopically the sites are hemispherical cavities,
Fig. 13, but in detail the surface of the cavity shows extreme grain boundary
penetration, Fig. 1l4. In some cases ¢orains of metal are parted from the surfoze
and oxidize from all sides within the cavivy. There is no doubt that the
damaging cracks follcw grain boundaries in the metal, and they progress at a
fairly slow ratc for oxygen-penetrated metal shows clearly in partially polished
specimens round all parts of the crack tip. The large volume of oxide that forms
on the side of a crack apparently opens it further, allowing oxidation on the new
surface and the wedge to be driven deeper. The comparative rarity of pits and

their more frequent occurence near the ends of specimens suggests that unusual
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stress conditions are required rfor their initiation and growth., Once started,
the strain at one grain boundary triggers those adjacent and the cavity spreads
spherically from the point of initiation.

The mechanism by which the first pit forms is not known; grain boundaries
do not normally show enhanced oxidation and defects in the original specimen
preparation should have been passed by the receding metal interface. Platelets
oxidize more rapidly than the metal, see Fig. 11, and Stringer (18) has suggested
that cracks start at such points and run to grain boundaries. However, Kolski (7)
reports that the breakaway reactiou occurs at temperatures as low as 400°C, at
which temperature platelets are not onserved.

DISCUSSION: from the morphological and kincetic evidence presented there appears
to be an abrupt change in the mechanism of the linear oxidation rate of niobium
at cemperatures above and below 440°C. Only at temperatures close to 600°C is the
linear reaction rate preceded by a period of parabolic behaviour that can be
associated with the growth of a protective niobium pentoxide layer. At lower
temperatures cxide growth in the initial stages is too irregular for weight gain
data to be so interpreted. The excellent agreement of this one data point, Xp,,
with that derived from the linear rate at this temperature, Kp, Fig. 15, and the
supporting morphological features of the reaction, leave little doubt that linear
oxidation in the temperature range 440°- 600°C is the result of a "repeated
parabolic" or "paralinear" scaling process. Hence the mechanism of oxidation is
a natural extension of that observed at higher temperatures as shown in Fig. 15,
and described previously (3). The inversion in the temperature coefficient of
the parabolic rate constant as the temperature is decreased from 625°- 600°C

was shown to be associated with the disappearance of layers of #¥b0 and ¥b0p from
the reaction zone and the appearance of the metastable platelet phase ¥b0,. Tkis
causes an enhancement of the oxygen concentration gradient across the jrowing
oxide layer and hence a larger value for the parabolic rate constant.

A consequenc: of the paralinear mechanism is that the linear oxidation
rate in this temperature range is sensitive to any variations that can affect the
prctective layer width; such as the presence of suitably oriented platelets or
the stress conditions at specimen corners. In particular the conditions prevailing
during the growth of the oxide from 2u - 10w at temperatures below 550 C allow the
protective layers to form and increase in range and width; hence the rate of
oxidation falls throughout this phase of the reaction.

At temperatures below ¢440°C in contrast to this behaviour, it is
observed that the rate of oxidation continually increases from the time of the
appearance of the first growths of niobium pentoxide in the interference colour
film to the establishment of the steady state oxidation rate. The oxidation rate
is apparently precportional to the area covered by growths. Further, as the rate
is completely insensitive to stresses in the oxide caused by corners on the
specimens, it is deduced that the oxidation rate is truly linear in that the rate
controlling step is an interface reaction. The phase change T-TTNby05 was
considered as an alternative explanation for the abrupt change in oxidation
characteristics. However, an x-ray diffraction study of the oxides showed that
this transition was quite gradual, in agreement with the results of Terao(19).
The scale is T-Nb,0. when formed at 600°C and a mixture of T and TT-Nbp0; at
350°C with no marﬁeg change in the vicinity of 450 C.

Supporting evidence for the proposed change in mechanism is obtained
by consideration of the anomalous temperature coefficient of the steady scate
oxidation rate shown in Fig. 5, as the temperature is lowered from 445°- 430°cC.
A paralinear rate is an average rate of oxidation, being composed of much faster
rates when a layer is new, and slower rates as it approaches the layering width

w, » However, at 430°C the gphase boundary reaction does not permit the faster
oxidation rates thus inhini:zing the paralinear mechanism. At higher temperatures
where the paraline:: .-¢: «.sm can first operate it therefore results in a slower
linear or average “in. wha. Liie sustained maximum obtainable at lower tempera-
tures.

Furth- ¢ .f~itr.i.on about the phase boundary control of the linear
oxidation reacti.: . »ra temperature range 350 - 440 C can be obtained from
observations ma:: . »uiz-sections of reacted specimens. The thick band of
non-stoichiometr::. J« adjacent to the metal interface and the extreme
irreqularity of /- ...terface, Fig. 8c,d, indicates that in this region the
oxygen activity ¢ ‘ieat is small and t oxygen potential very low. Hence the
phase boundary ~. .->lling the reaction rate is at an oxide interface in contact

with molecular -.<ygen. In which case the metal-oxide interface should more
closely approach equilibrium conditions than at higher temperatures, and as
platelets are apparently absent the possibility arises of the reappearance of
the oxides ¥b0 and Nb0,.
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It is difficult to be certain about the absence of very thin layers
but for the following reasons the oxides Nb0 and NL0O, are thought not to be
resent.

1. Microhardness curves of the oxygen grad.ent in the metal core
axtrapolate to surface hardnesses similar to thos:: in specimens containing
platelets which is a value much higher than that from specimens known to contain
layers of ¥b0 and Nb0j,.

2. A diligent search on taper sections o" oxidized specimens using
scanning electron microscopy failed to detect these oxides.*

3. Calculations of the kinetically expected thickness of Nb0 (Appendix
1) showed that this thickness was no greater (and therefore the oxide no more
likely to form) than that calculated for specimens oxidized in the temperature
range 450°- 600°C when this oxide is absent.

If the oxides ¥bu and Nb0O, are abscnt, the guestion then becomes,
"Why are there no platelets?" ¥bo, ¥s known to be stzble in this temperature
range (9). Calculations of the oxygen concentration gradient at the metal-oxide
interface (Appendix 1) indlcate that the volume of oxygen super-saturated metal
at this interface is similar to that in which platelets are observed when oxidizing
at higher temperatures. Superficially it appears that conditions should be
favourable for their formation.

The breakaway reaction at long oxidation times, which was shown to be
due to an extreme grain boundary attack, was also associated with severe specimen
self-heating, i.e., at 555°C an extra 45 deg C at 380 Torr oxygen, and 65 deg C
at 760 Torr oxygen. The enhancement in rate due to this temperature rise is more
than sufficient to reduce the apparent pressuvre sensitivity of the post-breakaway
reaction rate to the pre-breakaway value reported by McLintock and Stringer (8).
For this reason, and because the oxide forming on the exposed grain surfaces has
many of the growth characteristics of the oxide forming on a free surface, it is
considered that the observed oxidation rate is still under diffusion contrsl in
the oxide and not,. as postulated by tiuese workers, to a change in the rate
controlling mechanism.
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APPENDIX 1.

CALCULATION OF THE OXYGEN GRADIENT in the metal at the metal oxide interface and
the kinetically expected thickness of NbO.

Thanks are due to Dr. G.W. Cox of the Australian Atomic Energy Commission,
Lucas Heights, Australia, who provided this analysis (20).

The solutions presernted are integrations of Fick's Law in a phase with a
linear boundary movement. The assumption is made that the linear oxidation rate
starts from time zero and so provides reasonably accurate solutions only at some
time after the transition to lincar kinetics.

The concentration penetration ¢ at some time t at a distance :» from the
metal surface is

C=%C, [exp (-mx)erfe(x/2VDt - %mVDt)+ erfelx/2/Dt + ./5?ﬂ

where Co surface concentration

nmo= K1/D
Kkl = rate of movement of the interface
D = diffusion coefficient of mobile species

Differentiation of this equation and substitution of x=0 gives the gradient
at the surface of the metal as

%% z=g = 3C, -m.erfe(-%mV/Dt-2 .exp(—thgt)
vnDt
The equation describing the thickness of the ¥b0 laver 8z 10 is
pe o ZubeCube
Nbo Y
8Chbo-ne K * 05 3z zao
where DNbo D are the diffusivities in the ¥b0 and #Nb phases,
2
ACNbo-;b the change in oxygen concen-ration from N¥bG to the metal surface
%g £=0 the oxygen concentration gradient at this surface.

This equation makes the assumption that the rate of growth of ¥b0 is small
compared¢ with the movement of the metal oxide interface.

As neither D nor AC is known accurately, their product was estimated
as a function of teﬂggrature ?ng observations of NL0 thicknesses in specimens
which had been reacted at higher temperatures, whure the layers were comparatively
thick and uniform (21). These thicknesses were used with the appropriate interface
movements to calculate the product (DAC)N‘O' The line of best fit on an Arrhenius
plot was found to be: b

(DAC),, = 3.2 x 10°% exp (-25,400/KT)

Nbo

This relationship with values cf D_ (22) and Co (23) was used to calculate
the kinetically expected thickness of ¥b0 in specimens in which ¥b0 could not be
cbserved.
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Dependence of the excess specimen tenmperature and the calculated rate
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Oxygen Pressure

Specimen temperature above

Oxidation rate

Torr furnace temperature °C enhancement
50 2 1.08
100 6 1.16
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Temperature of niobium specimens above the furnace temperature as a
function of time at several furnace temperatures.

(a)

(b)

Cross sections of specimen oxidized at 431°C, 380 Torr oxygen for 60
min. showing uneven oxidation, (a) Magnification 200X, (b) Etched,
Magnification 1000X.
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Fig.

Fig.

6. Cross section of specimen oxidized at 450°C, 380 Torr oxygen for 1443

min. showing a typical laminated scale.

(a)

(b)

7. Cross sections of specimens comparing
440°C. (a) 575°C, 380 Torr oxygen, 29
(b) 430°C, 380 Torr oxygen, 385 min.

Magnification 150X.

edye effects above and below
min. Magnification 200X.
Magnification 250X.
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b.1l

b.2

Cross sections cf specimens comparing the metal-oxide interface above

and below 440°C. a) 625°C, 3B0 Tosr oxygen, 65 min.
Torr oxygen, 385 min.

light., Magnification 1000X.

b) 430-C, 380

a.l, b.l, plain light, a.2, b.2, polarized

.
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Fig. 9. Cross section of specimen oxidized at $00°C, 380 Torr oxygcn for 140

min. showing the scale structure at high magnification. Magnification
10,500X.

(L)

Fig. 10. Cross sections of the scale formed cn specimens oxidized below 440°C
showing the scale structure at high magnification. (a) 425°C, 380 Torr
oxygen, 1275 min. Magnification 5,750X. (b) 40l1°C, 1380 Torr oxygen,
4090 min. Magnification 10,700X.
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Fig., 1ll. Cross section of specimen oxidized at 550°C, 380 Torr oxygen, for 240
min. showing the incorporation of sub-oxide plates into the scale.
Magnification 5,500X.

Fig. 1l2. Cross section of specimen cxidized at 550°C, 380 Torr oxygen for 240
min. showing the development of anisotropic oxidatiou. Magnification
25X.

rig. 13. Cross section of specimen oxidized at 444°C, )80 Torr oxygen, for 2040
min. showing a site of breakaway oxidation. Magnification 35X.
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(b)

Fig. 14. Cross zsection of specimen oxidized at 450°C, 380 Tor: oxygen for 1443
min. showinj details of sites of breakaway oxidation. (a) Etched,
Megnification 200X. (b) Polarized light, Magnification 1000X.
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Fig. 15. Dependence of the derived and measured parabolic rate constants of
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SUMMARY

Nickel-base superalloys, utilized extensively in the hot componenta of jet engines, are subjected
to environmental conditions which vary widely dependent on a number of factors., Principal among
the critical variables are temperature, pressurs, gas velocity, and gas contsminstion due to inges-
tion of gaseous, liquid and solid compounds,

The basic oxidation behavior of Ni-base superalloys is briefly reviewed. Typical alloys are
evaluated as to type of oxades (both surface anu subsurface) formed, matrix chemistry changes
during oxidation, effecta of surface preparation and gas velocity,

The pheny.° n of accelerated axidation (hot corrosion) is reviewed. The effects of NaCi in the
atmosphere and sulfur in the fuel on the surface stability of typical alloys sre examined. Exsmples
of accelerated oxidation encountered in service are presented. The various theories which have
been developsd to explain the "hot corrosion’ reactions are oxamined and cosrelations with eaperi-
mental ohservation are attempted,
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NICKEL-BASE SUPERALLOYS are used axtensively in the Lot componeats of aircraft turbine ergines
because of their unexcelled combination of high-temperature strengtn aud corrosion rosistance.

The ailoys derive their streagth primarlly from the precipitation of = coherent M _ {Al, T1)
compound and, becsuse of the high stability of the Drecipitate, uselful strengths ate retrined to
at least 0.75T,. Further atrengthening iz obtained through sdditions of refractory metal e¢laments
which solution-harden the aatrix and stabilize carbide pracipitates. The structures of the alloys
are thus relatively simpie, consisting of gamma prime and carbide precipitates in a Ni-bas? matrix,
The chemical compositions of the alloys, however, are quite complex, gerasrally consisting of over
10 eloments intentionally added, The compositions of typical ailoys are listec in Table I,

As a renult of the complexity in chemistry the oxidation behavior of the alloys ia alsc cumplex.
The alloying elements form axides and nitrides of varying stability and cemplexity. Surface and
subscale reaciicns vary not only with chumical composition of the alloy but also with time and
temperature of exposure, envirocament and surface condition. In spite of all the probleas involved,
an isproved understanding of the fzctors which control the uxidation behavior of the alloys is
critical to the developaent of improved alloy«. The development of alloys with higher strength has
gererally procecded without too much cencern for oxidation behavior. In the past few years, however,
the development of alloys with improved oxidation resistance has received increasing emphasis
because oxidation resistance has been approaching the statvs of a lafe-limiting property. This is
partially a result of the projected incraased in life of aircraft engines. Critical parts auch as
turbiue blades must exhibit lives of thouv ~nds of hours rather than hundreds.

In service, many superalloy componelt: wure uiposed tc a variety of environmental conditions.
Generally the atmosphere crca*:is by the produr :s of combustion is of high velocity and contains

0;, !L, CO , HO and perLaps SO or Ha SC . ihe components are also subject to foreign particle
21 ~sion lnﬁ rlﬁid temperature c}cle.. : s

It is the purpose of this paper to criticailly examine the oxidation-corrosion behavior of nickel~
base zuperallovs ia aircraft gas turbines, %o establish the general level of present understanding
and to pcint ou’ areas where further study is needed,

BASIC OXIDAJON SEEAVIOR

The Ni-biiw superalloys are based ca Ni-Cr and Ni-Cr-Al alloys and their oxidation behavior can be
closely reiated to taese sys®ems. The effects of Cr + Al on the oxl?r}ion of Ni are indicated in
Figure ., Bel.w about lUR, Cr increases the rate of oxidation of N1 . Up to about 3% Cr the
reacrion data {it Wagner's wechanism of oxidation as would be expected by the addition of a high
valence Cr ion to u p-type metal deficit divalent lauttice. At higher Cr levels the presence of
spinel uxide in the snner NiO zone as well as the complexirg effact of internally oxidized Cr O
particles does nut allow & good fit with the Wagner mechanisz, At higher Cr levels ( > 10%) 3
either Cr O ¢r a Nilr O spinel oxide i8 responsible for the reduced oxidation rate, Some dispute
over which 3¢ these tho'oxides is the controlling oav has not been resolved, It is quite possible

that both oxides are prasent and in some cases one oxide is atabilized over the other depending on
the presence of trace elements,

The &ddition of Al to Ni and Ni-Cr alloys increases the oxidation resistance. Basec on the Wag.er
mechanisn, it might be expected that in Al-Ni alloys, due to the trivalent nature of the Al ion,

the rate of oxidation would be increased in the region where Al is soluble in NiO, This effect has
not been experimentally observed in alloys containing as little az 1% Al, This is apparently due

to the very low dissociation pressure of Al 0 which precludes Al solution in NiO. The oxides formed
on Ni-Al alloys are A1 0 ( & or Y), NiAl ©® 3pinel and KiO, Comparing the results of various
studies, it is likely %hit at low temperaiu?es thin films of Al ¢ form and subsequently become over-
grown with spinel and NiO., At high temperatures G Al O appeari %o form at the exclusion of other
phases, The beneficial effect of Al on the oxidation® bdhavior of Ni-Cr alloys has been ascribed to
the formation of more protective Ni~Al O spinels a3 well as adherent Al O films ne{ﬁ)to the metal/
oxide interface which in the presence %I‘Cr can be stabilized to lower t%mieratures.

The oxidation behavior of turbine blade alloys is somewhat more complex than the simple alloys
outlined above. In order to obtain a sufficient understanding of the alloys, careful studies
utilizing a(zug?er of analytacal tcols are necessary. A number of superalloys have been well
documented, "’ As an example of a typical alloy the behavior of U-700 alloy is here briefly
reviewed. The rates of oxidation of U-700 from utilization of thermo~gravimetric techniques are
shown in Figure 2, It is apparent that the oaidation rate is controlled nov by a single process,
but perhap: several, Initially at all tomperatures a linear rate law is obeyed. It is tfollowed
by nearly parabolic kinetics at most temperatures. However, an inversion in kinetics is noted at
1900°F where, atfter a time, the rate of oxidation decreases and becomes less than at 1800°F, The
reason for this wil. become apparent upon establishing the identity of the oxiaes which are formed,
From the results of the studies a time-tamperature diagram can be constructed toc show the oxides
formed, The resulting diagram for U-700 alloy is shown in Figure 3,

During initial oxidation at 1600 to 1800°F, a continuous film of 0t=-Al O forms with smailer aruas
of Cr O nucleating over grain poundary and twin boundary areas. The® aluminum is cdepleted from
the mdti1 ad jacent to the oxide-metal interface and little further growth of the Al O occurs,

Cr 0O continues to form as Cr diffuses along short-circuits such as grain boundaries,® The initial
peridd of linewr oxidation i8 believed to reflect the formation and lateral growth of CrQOa

S
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colonies while the Al O film retains virtually a constant thickness. At longer times, the
contioual solution of’C¥™> converts the G/Al O film into an (Al, Cr) O solid solution. Subsequent
parabolic oxidation then causes growth of thd ¥11n and 1ts continual ¥n¥ichment In Cr. At the same
time, subscale Al O ard TiN are formed because of & high deqree of stahility of the compounds and
a low rate of diffudion of the metal ions to the surface.

Prolonged exposure at 1600-1800 (rogion 3) results in Cr O , spinel and overgrowths of TiO as

well as subscale Al O, TiN and z coaplex Mo-Ni attride.” Xt higher temperaturcs 1800-1900°F
(region 4), the avlilibllity of Al i3 greater dus to solution of the Ni_~A} (gamma-prime phnse).
The resulting scale which contains only traces of Cr O consists pxedoﬁinntely of spinel (NiAl O )
which contains a high aiuminum content., &#ote also thal no subscale products are formed in the®
1800-1900°F temperature range. This is due to the high stability of the Al-rich surface oxide.

At higher temperatures, the Al conceatration is not sufficient to establish and maintain an Al-rich
oxide and as a result Cr_ O, NiCr O spinel and N1O are formea at the surface, with subscale Al O
and TiN. The decrease 12 Zxidatidn'kinetics at 1800-1900°F is explained by the formation of a
surface oxide rich in Al which erows slowly and whose extremely low dissociation pressure rroecluaes
the back diffusion of oxygen into the alloy in amounts gufficient to produce internal oxidation.

Other Ni-hase superalloys exhibit oxidation behavior similar to U-700 except in most cases the
1800~-1800°F inversion is absent. In U-7C0 the Al content (4%) and the Al/Ti ratio (4/3) are ir .(he
proper range to oxhibit.the inversion. Rene' 41 alloy does not exhibit the effect as indicated in
Figure 4 because of unfavorable chemical composition. Rene' 41 contains only 1.5% Al and a low Al/Ti
ratio (1,5/3). Among the many factors which are important in the oxidation of mcst metals and alloys
is the method of surface preparation used. We might expect that in the case ol U-700 alloy, cold
working of the surface would increase diffusion rateisgnd reduce the temperaturs at which internal
oxidation is eliminated, This effect has been aoted. In other alloys such as Rene' 41 we expect
and obtain increased internal oxidation when the surface is abraded prior to test,

The kinetic studies outlined above, while establishing the type of scale and subscale products
formed do not accurately predict the performonce of an alloy. Other major factors which contribute
to increased oxidation are:

1. Oxide spalling
2. Fxces~tve localized intergranular oxidation
3., Oxide voiatilizaiion

Due to cyclic temperatures encounter in service, oxide spalling can result in greatly increased
oxidation rates. In general, during cyclic tests the oxidation rate of most superalloys .is
increased by a factor of up to about 4 to 1. The effect of cyclic exposures on.the oxidation rate
of U-700 is indicated in Figure 5.

Preferential oxidation of grain boundaries can result in doep penetration and in some cases act as
nuclei for fatigue cracks,

In aircraft engines the gas velocities are much higher than in most laboratory tests, Higher velo-
cities can increase the rate of formatiou of vclatile oxides, presunabl, by removal of protective
boundary layers. Many of the superalloys form Cr O -rich surface oxides bezause of thLe high Cr
agutents, In a high velocity gas stream a volstile species CrO3 is 1ormed by the reaction:
2Cr0 +20 ind 4 ur0
FRE) 3 3
More stable oxides such as Al O or the spinels such as MnCr O are prererred for high temperature,

high velocity applications, Aioi this reason the Al/Cr ratic®id an alloy is extremely important,
since it will determine which oxide predowminates at high temperatures,

ENGINE OXIDATION

In gas turbines, in addition to the normal oxidatinn processes encountered, an additional mode of
attack can occur. As a result of contamination of the gds stream, accelerated oxidation, also
termed "hot corrosion’ occurs. A number of comprehensive igyiews of the "hot corrosion” problem
have been published, the most notable being one by Hancock, In spite of the volumious literature
on the subject, the basic mechanisms by which "hot corrosion” occurs hove ot been nomplete!"
defined. This is in part due to the wide range of contaminants, variations in materials, wnd
differing time -~ temperaturc regimes encountered in various equipments. In the airc afc engine we
can limit our discussions principally to atmospheric contamination by 3odium chloride and sulfur
contamination in the fuel, although carboneceous deposits also can contribute to accelerated at*acik,
The actual engine environment is difficult to desigibe but it is known that [naso‘ is f rmeu by
reaction between Na in the air and S in the fuel.

A series of typical microstructures showing oxidation which occurrad during cervice i3 shuwr in
Figure 6, The structures range Irom those oxpected during normal oxidatiou to those exhibiting
moderate and severe sccilerated oxidation. The microstructurcs vary widely Lecause of widely
differing service conditions, Pronounced internal sulfidation occurs in some cajes whero overall
attack is slight. In other cases very little internal sulfidation is evident even vhan corrcsioun
is moderate, Depietion of Cr due to reaction with carbonaceous deposits to forw carbides tends

to increase the oxidation rate, particularly in grain boundaries, This form ol attack is sometiave




called "green rot" due to the characteristic color of the resultant oxide. A turbine blade which
exhibited severely accelerated oxidation is shown in Figure 7, The phenomenon is characterized by
voluminous NiU formation and internal sulfidation,

The corrosion reaction is markedly temperature dependent as indicated in Figure 8 compared to
normal oxidation behavior. It is generally believed that the critical temperature regime is depen-
dent on the presence of Na SO condensate., At higher temperatures the dew point is exceeded and
condonsation does not occu%. ‘As a result, the reactivity decreases and eventz,}ly is controlled

by more normal oxidation processes, Recent work by Bornstein and DeCrescente indicates that a
shift in the critical temperature range should occur as pressure is increased due to a shift in

the vapor-condensate transition temperature as indicated in Figure 9.

The mechanisms involved in the corrosion reaction have not been completely defined. It is clear
that reaction co.sists of two steps. First, breakdown of the normally protective oxide scale must
occur, This event can result from mechanical abrasion, spalling of the scale due to thermally
induced stresses or fluxjang of the oxide by the liquid corrodent. Secondly, oxidation proceeds at
an extremely rapid rate in the absence of a protective cxide., Considering first the breakdown of
the surface oxide, it is likely that all three mechanisms can operate, Losas of the scale will
expose material which i8 somewhat depleted in the less noble elements required for scale re-forma-
tion, However, loss of surface scale during normal oxidation does not usually result in cata-
svrophic oxidation. Therefore, fluxing of the surface oxide would appear to be a necessary coundi-
tion for catastrophic attack, In this way the re-formed oxide films are dissolved as fast as they : \\
are formed,

Next, it is critical to explain the catastrophic pature of the attack, In early work, Seybolt(S)

postulated that internal sulfidation caused depletion of Cr from the matrix thereby reducing the

oxidation resistance, However, this can only bc a contributing factor since complete depletion of

Cr or ocher 1esiggoble elements would not be expected to result in catastrophic attack, R3cent )
work by Seybolt indicates that sulfur may not be a necessary nart of the reaction, having pro- '
duced accelerated oxidation by reaction with NaCl. JIn a Ni-20 Cr alloy, reaction with molten salt

resulted in migration of Cr to the surface to form non-adherent, granular and thus non-protective

oxide: . The loss of alloy constituent caused a counter current flow of vacancies which condensed

into an interconnecting pore network filled with the Na compound. It is suggested that since the

salt penetrates into the structure, the loss of Cr does not require intermetallic diffusion over

long distances, but instead corrosion products are largely removed by solution of alloying metals

as ions in the pore-salt network, Seybolt presented evidence that suggests thet an integral part

of the catastrophic process is recrystallization, occurring in the porous zone, and that in the

Ni-20 Cr alloy Ci diffuses down grain boundaries of the grain network to be depcsited at grain

boundary-pore intersections as Cr ions. The concentration gradient of Cr ions in the salt phase

forces Cr diffusion out to the surface where the higher effective oxygen pressure forms Cr O .

Seybolt's proposed mechanism seems capable of explaining the catastrophic oxidation which %c%url;

however, it probably should be modified for the case of Naaso‘ - alloy reactions,

Turning to the effects of alloying elementa, there is general agreeniga)that the higher the Cr

content, the greater the resistance to hot corrosion., Bergman et al found that slloys readily

susceptible to corrosion contain leas than 15% Cr while the better alloys contain 18 to 21% Cr.

The effect of Al additions on the corrosion behavior of Ni-base alloys is not clear, Both high:

and low resistances to corrosive environments have been obtained with high Al alloys, It is suggested .
that if a continuous, adherent aluminum rich oxide is formed, resistance to Na ig) attack may be
high. It is however difficult to obtain good Al O adherence on Ni-base alloyi. N Also, the rate

of Al O formation is extremely slow and the resbllant thin film may b€ easily disrupted mechanically
or byar%actlon with the Na compounds. In Ni-Cr-Al alloys, the presence af Al may accelerate the
coerrosion reaction once the surface oxide is rendered non-protective., Through the mechanisa
suggested by Jeybolt, Al would tend tc reduce the elfective oxygen pressure in the pores due to Al-0
reaction, thereby speeding up the rate of Cr-ion aiffusion outward.

Titanium additions were found by Bergman et 1l to be beneficial in improving cosrosion resiatance
even th.ugh Ti generally ceduces tho resistance to normal oxidation. It is possible that at high
Ti levels the foraation of Ti-rich oxides may occur at a faster rate than can be removed ty reac-
tion w:th Na SO . In this regard the Ti/Al ratio appears to be important, A number of nev alloys
have recontl§ blen deyeloped with increased Ti/Al rativs, Alloys such as U-710, and IN-738 exhibit
improved corrosion resistance compared tn U-700 and Inconel 713C.

RECOMME NDAT 1 ONS

In order to de ‘lop Ni-base supura loys with improved combinutions of strength and surface sta-
bility, A much better undere’aniiig of the interactions between alloy chemistry and actual or
stmulated engine environments r'st be -hiained., In order to obtain higher strength alloys, reduc-
tions i{n Cr seem unavoidable. 71he levols of other critical olvments such as Al, Ti{ and r.fractory
eliwents must be adjusted to make up for the reduced Cr and majintain adequate surface stability,
Fu ther atudies of rare-varth type elemonts nddttx??a)nppour warranted since they have been found
t¢ tmprove both oxidation and corrosion resistance . In the evaluation of materials, conditions
cloavly approximating those oncountered in ssrvice must H utilized tu obtain the proper relation-
ships betwgen contaminants and oxide formation and reduction,




12-4

REFERENCES

1. C. Lund et al, "Oxidation of Nickel and Cobalt Base Superalloys", DMIC Report No, 214,
March 1, 1965,

2, C, Wagner and K, Gruenwald, Phys. Chem., B40, 455 (1938),

3, W.C, Hagel, "Proceedings Second, Int'l Conference on Corrosion”, 1963,

4. G, E, Wasielewaki, "Oxidation of Ni and Co Superalloys”, G.E, Co., R6BAEG141, January 1968,
S, 8. T. Wlodek, "The Oxidation of Rene' 41 and U-700", Trans. AIME 1964, p. 107,

6. P. Hancock, "Corrosion of Alloys at High Temperatures in Atmospheres Consisting of Fuel
Combustion Products and Associated Impurities", London, 1968,

7. M. A, DeCrescente & N, S, Bornstein, "Formation and Reactivity Thermo-dynamics of Sodium
Sulfate with Gas Turbine Alloys", Corrosion, Vol. 24, May 1968,

8, A. U, S8eybolt and A, Beltran, "High Temperature Sulfur-Oxygen Corrosion of Ni and Co",
Amer, Soc. for Testing & Matl's, STP-421, Septewber 1967,

9., A, U, Seybolt, "Mechanisms of Salt-Induced Accelerated Oxidation of Ni-20Cr Alloy and
Stainless Steels', GERL Report 69~C-223, May 1969,

10, P, A, Bergman, C. T. Sims, A, Beltran, "Developmant of Hot Corrosion Resistant Alloys
for Marine Gas Turbine Service”, Amer. Soc. for Testing and Matl's, STP-421, September 1967

TABLE I

COMPOSITI(NS OF TYPICAL Ni-BASE SUPERALLOYS

Name - _Composition (Wt. %)
€t Co Al T4 W Mo Ta B or [ Othur

U-700 145 15,0 4.3 3.8 - 4.2 - 015 - .10

Rene' 100 2.5 150 53 4.2 - 3.0 - 018 06 .17 10V
Rene' 41 19.0 1.0 1.5 3.4 - 10,0 - .008 - .08

1-nx 13,0 - 6.0 0.7 - 4.5 - 012 20 a2 200
U-800 19,0 18,0 3.0 3.0 - 4.0 - .006 - .08

¥-710 18.0 13,0 2.3 5.0 1.3 3.0 - .03 - .07

IN-738 16,0 8.5 3.4 3.4 2.6 1.7% 1,78 .01 .10 17 0.9 Cd
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Fig.3 Simplified summary of the four main phenomelogical stages of oxidation encountered by Udimet 700,
Subscale and scale reaction products expressed as numerater and denominator of a quotient which
identifies the reaction species in each region. Note absence of internal oxidation in Regions 1

and 4. Scaiing kinetics linear in Region I, parabolic in others, except 4 where weight gain
reacnes a constant value in some 1,000 minutes
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SUMMAR™

Normally the Gibbs-potentiel ¢f the reaction between metals and oxygen is much
higher than that{ of any other reactions between solids and gases and, therefore,
this prccess takes place in gases with oxygen contents of 20 % or less, especially
in air.

The pnenomeron of selective or preferential oxidation of the one or the other
alloying element is one of the most interesting facts regarding the rate of oxi--
dation processes. It has teen discussed in detail on the system of iron-chromium
&lioys which may be thought to be a model of temperature-resistant slloys.

Another important influence has to be attributed to the adhesion between tihe
metallic surfacs and the oxide scale. It proved to be true for all heat-resistant
alloys that diffusion processes are determining the rate ¢f{ oxidation. Consequent-
ly, the growing scale acts as a protective layer, the efficiency depending on the
concentration of lattice defects in the oxide scale. But the protective effect
will be small unless the demand for a suificient adhesion is satisfied.

A thira point of view is the plastic flow of oxide layers which influences the
kinetics of oxidation reactions. It reduces the cooling stresses and may ceuse the
oxide scals to remain in tight contact with the metal in spite of the formation of
holes due to the preferred migration of metal ions to the outer surface.

A considerably different situation is observed if “*he content of oxygen in the
surrounding atmosphere is not as high as to Form pure oxide scales. Other reactions
can take plai.e, for example, the attack by gases cuntaining nitrogen, carbon, or
sulphur. In many cases reactions are observed running at very high restes: catastro-
phic oxidation processes due to the f« mavion of mclten phases. Finally it has been
discussed the so-called green rot oxidation arising from internal oxidation of
chromium, especially obtained in furnace atmospheres either alternating between
carburizing and oxidizing.
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OXIDATION PROCESSES OF METALS often are marked by the formetion of coherent oxide
layers acting as a barrier between the metal surface and the oxygen containing
gas. The high values of the free energies of oxides are responsible for the
phenomenon that moat of the.scsles arising at high temperatures sre oxides end

not cther possible reaction products as, for instance, nitrides. Already a very
low content of oxygen in the surrounding atmosphore is sufficient for this scaling
process and in most ceses of annealing in air the existence of oxides as sole
reaction products should be observed.

SELECTIVE OXIDATION

Another guestion is the composition of oxide srules or, in other words, the extent
of selective oxidation. This problem has been .eceiving considerable interest
during the past ten years. In view of its importance specifically with regard to
reaction kinetics the following deals first of all with questions connected with
gelective oxidation. The specially interested reader may be referred to two
summarized representations (1, 2). It is quite clear that the growing oxide scale
acting as a barrier will have important influence on composition and consequently
on nature and concentration of lattice defects in these layers. Furthermore, some
otuaer factors are interesting, as scale density and adherence, oxide volatilizatinm,
blisterlng and craciing phenomena, ani so on. In other words, selective oxidation
and the extent of preferred oxidation of one or the other component of alloy
respectively is an essential point of view with regard to oxidative attack at high
temperatures. Selective oxidation not at last determines the rate of the hetero-
genous chemical reaction.

Oxide layers formed by oxidation of alloys may be composed as followss
1. The oxide of only one componeut of the alloy has been obtained; hence, only

gelective oxidation had taken place.

2. The reaction product consists of a mixture of insoluble oxides.

3. Seversl oxides reacting together are obtained and spinels are formed which
either alone or more frequently together with an excess oxide produce the pro-
tective layer.

4. The oxide consists of several layers of differenv composition.

The case of nearly exclusive selective oxidation certainly is the most important
one with regerd to considerable reduction of the oxidation rate at increasing
thickness of the layer. This is realized best in the case of an alloy containing
an oxidizable base metal and a noble metal. Thermodynamic facts allow only the base
metal component to be oxidized at higher temperatures. But also in other cases
very exclusive selective oxidation is frequertly observed and that the more probabla
the more the free energies of the oxides differ. Beside thermodynsmic facts there
are kinetic problems which may influence the preferred oxidation of a component of
alloy as far as a sufficient diffusion rate of this specially oxygen affine element
in the metallic phase is & nccessary precondition. Add to that other fectors of
influence as cemposition of alloy, temperature and oxygen pressure of the environ-
ment, test time, structure of the oxide lay2r, and the diffusion rates of the
components contained in the layer. It was above all Wagner (3) who has dealt in
detail with the qualitative and quantitative relations of selective oxidation.

This kind of oxidation is observed at high temperatures at some resistance
alloys as CraAl 25 5 (iron rest) which shows, moreover, clearly the influence of
the temperature on the extent of selectivity. Annealing of such alloys in air or
oxygen prcduces practically pure Al,0; as may be proved by X-ray examination and
chemical analysis. Kornilov and Sidor?shin (4) observed with an analogous alloy of
30 weight % of chromium & different oxidation process at medium and higher
temperatures. In the first case a mixture consisting of the spinele FeAl,Q, and
FeCr-(04 is obtained. With increasing temperature finally selective oxidalion of
aluminum becomes predominant. Up to temperatures of about 1000°C y-Al ig formed,
beyond that a-Al»0x. Concentration of aluminum decreases nesr the surlface of the
alloy and diffusion from the bulk materisl becomes important. Determination of the
lattice constants {table 1) of the oxides obtained at different temperatures shows
ciearly the facts described before.

Table 1: Lattice constants of oxide layers on FeCraAl (4)

Temperature, °C 1400 | 600 | 700 | 8OO | 1000

Lattice constant, £ l 8,328] 8,195 | 8,077 | e.oso‘ 7,882

According to ASTM-card-index (5) the lattice constant of y-Al,03 ia 7,90 R whereas
the spinels FeAl,04 and PeCry04 show lattice constants of 8,1?3 ani &,348
respectively.

While testing the alloy for oxidation at 1200°C in long runc with alternate
heating and cooling at intervals of 12 and 42 hours, Kornilov (4) carried out
chemical and X-ray analyses of the cracked off portion of tihe oxide film. He has
shown that it -consiste of 98,7 % of alumina, the rest being chromic and ferric
oxide.

These wmall sdditions of blackening oxides are extraordinarily important and
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useful. They influence the spectral emissivity €(A,T) of the oxide film in such a
way that the difference between true temperature end temperatures measured e.g.

by means of a selective-radiation pyrometer is only small, Quantitative estimation
supplies the following result which has been proved experimentally in scme
analogous cases (6):

According to Wien's approximation to the law of radiation by Plunck the following
compendency exists between true temperature Ty, brightness temperzture Tp, and
spectral emissivity e(A,T)

A

<2

1.1
)\=0.65.10'4 cm is the effective wavelength of the monochromatic screen ol the
selective-raudiation pyrometer, cp=1,44 cm.deg is a constant.

The spectral emissivity of puge Al50; is 0,14 +0,05 at 1100 - 1600°K (7) and
a true temperature of, e.g., 12007°C corrésponds to AT=T1-T2 = 1709C, whilst an
alloy of CrAl 25 5 with normally developed oxide layer shows an emissivity of
0,86 (Bg end therefore only a difference of 15°C is found for the same temperature
T4=12000°C.

1 In this case the mentioned additions of oxides hav: nc aisadvantaxgeous in-
fluence. Their valency is congruent with that of the bulk oxide and there is no
influence on the lattice defect concentration and the rate of oxidetion.

The advantage of the formation of an extensively pure layer of A120 at high
temperatures is the excelien. .rotective effect of just this oxide due %o its low
lattice defect concentratiovi. As the concentrations of defect ions and electrons
are equivalent in pure oxides, it may be advantageous to know their conductivities.
Then in some cases it may be possible to make predictions about the protective
effect of the concerning oxides if neglecting different eiectron mobilities in
different oxides. Tatle 2 shows the electric conductivities of metal cxides at
1000°C (9). Simultaneously has been indicated whether the oxides %elong to the
n-type or p-type conducting systems (10),

In t(A,T) =

Table 2: Electric conductivities o  some oxides at 1000°C

Oxide Be0 Alp03| Cal 5i02 | MgO NiOo Cr,03 Col Cup0 | Fe0
x, Q" em! 1079 [ 1077 [ 1077 | 1078 1 1075 | 1072 | 107! | 10! 10t | 10*2
Conducting n n n n n p P P P p
gystem

Supposing the formation of pure oxides in compact form and of an oxidation rate
depending on diffusion processes the oxides left in the table about up to MgQ in-
cluded are expected to have particularly good protective properties owing to their
low conductivities. Yet, this does not apply on principle as a number o! other
factors sre of more or less essential influence. Anyhow, the distinct protective
effect of BeQ, Al,0z, and S5i0p is generally known and ugsed for many materials.

Presumably the Iow lattice defect concentrations oand by tnat aiso electric
conductivities of tne oxidesof comparatively unnoole elements are based ou tuhe
nigh oxygen-aftinity of those elements. It is believed tnut tne egquilibrium con-
centration of ions in intersatitis. lattice positions aud excess eiectrons in n-
type conducting systens (tre oxiues indicated left in tubie 7) decreuses wit: in-
creasing oxygen-affinity of tne concerning metul. The conditions are more conpli-
cated with p-type conductins systems where the stebility of the various possible
valencies of the concernin:; metals sr2 very important and cannot be directly
overlooked with regerd to the tarnishing properties of the oxide scales,

In the right part of the table Crp0. represents sn exception us it shows re-
nmarkable protective effect in spite of §uite zocd conductivity. Tnis may be based
on the nseculiarity of the defect phenomens of this oxide (11). With regard to the
diffusion rates within the layer it may be noted that Cr,03 shows u special
irr.eularity. It is to be assumed that not all cation defecta in the lattice are
produced at one of the two phase bounderies und, consequently, are not subject
either to 8 concentration graldient and directed diffusion.

Often also chromium oxide is formed aa nesrly excluaive oxide phage, tor
instance with FeCr-alloys with chromium contenta »1% € in the temperature ran.ce
between 1000 and 1300°C (12). Below 13 % of chromium the spinel FeCr,04 ia obyerved
prepcnderantly provins the imporiant influence of only smnl! differencies in con-
centration. Other authors, however, indicute also uther oxide compomitions. ln-
doubtedly this disagreement {3 connected with the ditffereut conditions chosen as
test time, stmosphere, and impurities of alloys. Also the formed uvxide {ilm in-
fluences internal oxidation which occured notably durins formution of the apine!l,
but had not been observed, on the contrury, if s pure Cr,Uus luyer iz formed.

OXIDATIUN vk FaCr-ALLOYS

Oxidation of FeCr-ulloys is probsbly the reuction system exumined vest and it seems
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useful out of the present results and interpretations to list the most essential
ones and check them with regard to their general application. Pirst of all must
be stated that all authors agree in saying that parabolic kinetics are generally
observed for all compositions and temperstures. By that the preliminary conditions
for the Wagner theor:, of oxidation are acc-.mplished and, in particular, diffusion
processes in the oxide film on the conditi-n of chemical equilibrium at the phase
boundaries are the rate controlling steps of the entire reaction. This secures in
principle the posaibility of an influence on the oxidation rate by impurity ions
in the sense of Wagner and Hauffe (13). Whittle and Wood (14, 15), for instence,
believe that the slow increase of the oxidation rate with growing chromium con-
tents could be due to the decreasing concentration of Fe -ions. Solution of
lower valent cations in Crp03 would, corresponding to the equation

2 FeO + 1/2 ogg) = 2 Fea'(CT) + 2 ®+0r,y04

(wvherein Fee'(Cr) means a bivalent Fe~ion at a regular lattice site and @ an
electron hole), resultsin a concentration growth of electron holea and by that %n
a8 concentration decrease of cation vacancies. On the other hand they imegine Pe-’*-
ions tc be in solution exerting no influence according to the Wagner-Hauffe
valency rules. Yet, in this case the dependence of the oxidation rate on the Cr-
content would, indeed, have to be causcd by the composition of the oxide layer
congisting of metal-deficient p-type Cr50z aud oxygen-deficient n-type Pe 03. They
consider it poesible that, taking a certain concentration of iron, an optimim
content of lattice defects in Cr203 is obtained.

And finally the concentrations”of vacsncies st the alloy/oxide interface de-
pends on the chromium conteat of tne alloy. This concentration of vacancies de-
creases, while the concentration gradient in the oxide increases with growing
chromium content at the phase boundary. Consequently, with incressing chromjum
content the rate of oxidation must also grow.

It maybe noted (16) that at constant oxygen preasure the chromium activity

‘decreases at the metal/oxide interface with decreasing concentration. The con-

sequence is & dezressing chromium activity gradient within the oxide scale causing
the diminution of the oxidation rates at smaller chromium contents.

According to Caplan and Cohen (17), on the contrary, the chromium content
would not notably influence the oxidation behaviour. They show, for instance,
that the oxidation rate of Fe-26 % Cr is comparable to that of pure chromium.
Their exsminations to clear up the discrepancies were only partially successful.
They particularly referred to the considerable influeunce of surface treatment.

Whenever selective oxidaticn is observed, depletion of the preferentially
oxidized element in the metallic surface must occur at the same time unless a
concentration equelization heppens quickly enourh, Correspcnding examinatioas
have been carried out recently by meane of the electroa probe microsnalyser.

Fig. 1 shows the results by Wood and Whittle (i4) with a FeCr-alloy of high
chromium content. Inside the alloy the chromium content drops starting from the
initial concentration towards the phase boundary alloy/oxide in order to rise to
about the value of stoichiometric Crp0x of 6t,5 weight % in the oxide layer. The
iron content shows just reciprocal relations. The variations of the chromium con-
tent in the practically pure oxide phase Crp03 can be attributed tc the inadequate
regolving power due tr the size of the X-ray 8ource and to microporosity and
relief polishing. In c(ontrast to the important depletion of chroamium with that
slley of very high chromium content it is remarkable that an PeCr-alloy containing
only 26 % of chromium does not show any mentioneble changes of the alloy con-
centrations under the same conditions, altnough pure C2203 is formed in this case
as well.

This phenomenon is explainable too by the different oxidation rates: the
higher the reaction Tate the Jreater is the demand .Jor tie prefersbly oxidized
element at the pnuse bouncary alloy/oxide and by that alau the nrobability of de-
pletion. In this ccnnection it must, however, be mentionea tuat it is almost im-
possible to datermine exuctly the concentration grudientis in an ailoy in a distance
from the phuase boundary alloy/oxiue of only a few microns (1c).

A similar result of electron probe microanalyses may be demonstrated on the
busis of the sulphurizetion of & Co-20 % Cr-ailoy. Trhe same test conditions weuld
have caused severe attack or tne Ni-2¢ € Cr-heater al.oy due to formation of the
Ni-NisSo-eutectic, the melting point of which is 6459C., Pig. 2 sacws the contenta
of Co, Cr, and S after annealing in dried H,-HpS containing 65 % H,S. The sum of
the concentrations of these three elements {upper curve) has beer determined at
the positions indiceted and the measuroments are seen to have been carried out at
very ccmpact msterial. Remarkable deviations of some concentration, as, for
instance. at 700 pum, find their equivelent in en inverse deviation of the con-
centration of some other element. Above about 450 ym & sudden diminution of the
chromjum content is found which finally decresses to zero. This was likewise ob-
served after asnneslinx for 15 and 60 min. respectively under the same conditions
and aprplies also teo corresponding NiCr and PeCr-=lloys. They all consist of two
layers, the inner one adiiering fost to the s..oy and consisting mainly of CrS,
the outer one without any conteni of chromium.

//—J
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The formation of two layers of different composition is being observed in
other cases as well., Reported by Saunders and Pryor (20), for instance, the oxide
film on Cu-~3 ¥ Al-alloys formed at 450 - 750°C consists of an inner layer of y-
Al50, and an outer one of Cu,0. Both oxides are insoluble together and diffusion
of cObpper-ions through Al,01 is possible. If the formation of two layers is ob~
served, an inner layer idgnzical with the oxide of the unnoble alloy component
and an outer layer identical with the oxide of the basic metal are the constituents
of the scale.

Particularly complicating with regard to the discussion of the test results s
the fact of blistering and spalling of the growing oxide, as cbserved, for instsnce,
with FeCr-allcys. This may occur during isothermal oxidation, certainly during
cooling, above a certain thickness of layer. No agreement exists regarding the

uestion which of these two possibilities will be right. Whereas Caplan and Cohen
?17) assume that the siresses in the oxide arise during isothermal oxidation and
could be accounted on enion diffusion, other authors (14, 15, 16) emphasize that
the .culing streases would be responcible for the spalling behaviour. Westbrook
(21) tends to the latter assumption reveasling only & small effect of stresses
arising during oxidation at constent temperature. He observed that hardneas of
modt common oxides drops strongly at temperatures higher than about half the ab-
solute melting temperature. This would be 860°C for Cr,03 and above thias tempera-
ture plastic deformation should be possible, Since the same behaviour of the oxide
layers is being observed, however, alao after oxidation st far higher temperatures,
the cooling effect proves more probable.

INFLUENCE OF MINOR ELEMENTS

The cooling effect is also evident by the results obtained by Betteridse (22) who
examined snme NiCr 80 20-alloys in &n intermittens oxidation test similar to the
ASTM-Specification B 76~39. In these teste wires of about (¢,9 mm dismeter were
suspended vertically and heated electricelly reducing the heating current every 2
minutes from the value required to maintain the wire at the normal test temperature
to a value maintaining the wire at 2 lower tempersture. The lower one has teen
varied from slmost room temperature up to close to the upper temperature. The re-
sults (Pig. 3) are remarkable in two different respects. Firstly, exceeding of

certain temperature differencies Tupper°Tlower shows decreasing lifetime indicating

the damage of the oxide layer happening during cocling down. A small difference
between upper and lower annealing temperature hae no disadvantageous effect. On
the contrary, the lifetime increases first as the advantage of the lower mean
value of the temperature compensates more than enocugh the resultirg thermal
stresses and their consequences.

Secondly, the figure demonstrates essential dilferences in the behaviour of
the two alloys which differ with regard to the cslcium and cerium contents, thus
sLowing different resistance to oxidetion at hiah temperastures. The influence of
these additions is shown also in the useful life under the normal intermittent
test conditiona of 37 and 606 hours respectively at 11759C. With decreasing lower
limit tempsrature a maximum lifetime is reacaned the earlier andi the following re-
duction the more considereble, the amaller contents of these minor elements are
used. It m~y be noted,for instance, thet the alloy containing such additions at a
lower temperature of 1000°C showed still nearly the higneast lifetime attained in
these eoxperiments of spproximately 1000 hours. But the alloy without additions
ehowad only a lifetime of less then 100 hours under the same conditions. ¢

Those additionsl elements prove efficient to such extent that nowadays no
heater alloys are produced any more in which this poasible quality improvement
would not have been widely realized. They casuse conaiderabie improvement in ad-
herence of tne oxide layer, eitner by improved adaption ol the oxide luttice to
the metallic substrate or by better keying of both phases {(23). In any case, owing
to their very high oxygen sffinity they concentrate in the form of their oxides ai
the inside of the scales, ard, conseguently, only those elements can be effeciive,
which are solved in metallic form and therefore diffusible.

This may be one of the reasons why some authors have different views on the
composition of oxide lsyers on NiCr-alloys since, on tue one hand, pure alloys and,
on the other hand, commercisl ones have been examined. QOther reasons sre o!f course
the testing conditions, particularly the test time, and by that the oxjde thick-
ness (24). Thus it seems not surprising that if taking slloys with Cr-contents

»10 %, the oxide layer either consists mecinly of the apinel NiCr,0, {25, 26}, or,
under certa.n conditions, the formation of Cry0, is otaerved (27, 25), or, as a
furv-er possibility, doth constituents were fouad (24). Own tests with commc=Cial
NiCr-slloys containing 20 and 30 % Cr were carried out at 1200°C, a temperature
which car. only be reaslized using slloys improved by minor elements. These tests
prove that thicksr oxide luvers show heterogénous composition and consiat pre-
ponderantly ¢f Cr,05 and NiCr;0,.

Comparirg the oftidation behSVLour of NiCr-slloys of chromium contents 220 %
with PeCr-alloys of the same chromium contents, it {8 interesting to see that in
the latter cese no spinel phase has been observed. The different compositirns of
oxjde layers of the one and the other alloy system may be assuzed to cause the
Gifferent oxidation resistsnco. Perhsps it would be possidle to improve the
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FeCr-alloys by addition of some minor elements. Tedmon (29), for instance, succeoded
in improving the oxidation resistence of PFe-25 % Cr alloys by add.ng 0,1 to 0,5 %
of lithium. Obviously the influence of lithium consists . redueticn o1 cation
vacsncies in Cr 03 and by that the reduction of the diffusion rate c.” chromium-ions
through the acaie. The Y?raBolii rat? constant vbtained fur an PFe-25Cr-0,%Li-allsy
at 1300°C was 7,0 x 10”'' gécm~%sec~', whereas with the corgeep ndin% lithium-free
alloy there had been found a rate constant of 5,0 x 10-10 g<cm~"sec” .1It ghou d

be of interest to compere the latter value with the value of 6,9 = 107 % géem” sec-!
(30) indicated for pure chromium at the same temperature. The gond conformity

shows only the oxide layer being responsible for the oxidation rate, whether it is
formed on pure chromium or, for instance, on Fe-25Cr. Apparently the influence of
iron-ions at such high temperatures may be neglected. This corremponds to results

on the oxidation of the alloys Fe-27Cr and Pe-59Cr reported by Whittle and Wood (15)
who found the greater *the differences of the parabolic rate consetants are, thes

lower the temperature is. This is shown in tabie 3 for rune of 5 hours.

Table 3: Cumparison of short-term parabolic rate constants for Fe~59%Cr
and Fe-27%Cr at 800 - 12009C (5 h velues)

4 1

Temperature, °C Parabolic rate constant, gzcm' sec”
T Fe-59%Cr Fe-274CT

600 1,9 x 107 ¢ 1,4 x 10°17
900 1,1 x 10~ 3,7 x 10
1000 5,3 x 107 1,4 x 10710
1100 7,0 x 10710 4,1 x 10°1°
1200 1,4 x 1077 1,2 x 1072

According to examinations carried out by Evans (31) the asnalogous comperison
applies @lso to pure chromium and Ni-20%Cr-heater alloys, of course only on the
condition of pure chromium oxide formation. This statemeat refers, moreover, only
vo the reaction at constant temperature, whereas cyclic tests are not expescted to
show conformity of results due to differential spalling of the oxide scale. This
corresponds to the observation of conforming oxidation rate of three Ni-20%Cr-
alloys continuously oxidiged (32). The same alloys, owing to different contents of
small amounts of S8i, 2r, Ca, Al, and Mg, differ essentially in intermittent oxi-
dation tests showing ASTM-liletimes of 25, 86, and 157 hours respectively. The
results are given in Fig. 4. The broken-line curve applies to all three alloys at
continuous annealing, the other curves to intermittent annealing.

Analogous observations are also concerning other elloys as, for instance,
Fe-27%Cr-5%il-~alloys both with and without a cerium addition. Pig. 5 shows the
good conformity of the rate constants at constant temperaturs, whereas the ASTM-
lifatimes differ about by the factor 5 (33).

PLASTIC .LOW OF OXIDE SCALES

According to the axplanatinus given before two things are prominent with regard to
the oxidation rate of metallic materials at high temperstures; the composition of
the oxide layer produced, on the one hand, and its adherence to the metallic sur-
face, on the otaer hand. A third point, firally, is to be mentioned which refers
to the plastic flow of the oxide layers. Oxides generally are very brittle sub-
stances which, nevertheless, may show aslight plastic behaviour, especially at high
temperatures. This property is important for two reasons. PFiret, stresses in the
oxide layer as produced at chenging temperatures because of the differentisl ex-
pansion coefficients of alloy and oxide, can be equalized more or less by a plastic
flow of the cxide layer. The second reason refers to the mechanism of metal oxida-
tion which in most casee is charecterized by diffusion of cations and electrons
through the oxide layer towsris the phase boundary oxide/gas. Tne consequence of
vhis directed transport of metal should be the formation of cracks and holes at
the phase boundary slloy/cxide. Plastic flow aay be effective ageinst thie porosity
by maintaining, at least partislly, the contact betwesa umetellic substrate and
oxide layer. These phenomena have been tested metaodically »t pure iron (34, 39),
the behaviour of which under oxidising conditions av hign temperaiures has been
%ngjrprotod by different plaetic behaviour of the various iron-oxide modificetions
3 .

The possibility of plastic flow depends, deasides the properties of the nxide
iteelf, strongly on the shaps of the metallic dpecimen ss different geometric
shapes cause differential flow resistence, A very usuel form to epply the heatar-
slloye is thet of round wires. Unfortungtely, in this cese inward flow of oxide to
f111 up the davities srisen inatde is nearly impossidle for geometric reesgons. At
the edges of etrip-shaped wmsterial only little plestic deformstions may occur
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because two oxide layers meeting perpendicularly upon another become very stiff,
In these positions, the contact between the two phases gete preferably interrupted
and further oxidation is suspended or at least retarded.

REACTIONS IN CONTROLLED ATMOSPHERES

So far considerations related mainly to the behaviour or temperature-resistant
alloys in oxygen-containing gases. Yet, there is a steady increase of annealing in
certain controlled atmospheres which are suited, for instance, for carburization

or decarburization of materials, for nitriding, and for brazing, or which shall

only just inhibit oxidation of materials. Furthermore, often reactions with other
substances are possible originating, for instance, from unsuited ceramic meterials
or combustion residues of fuels thus preventing the normal formation of a protective
oxide layer. In such cases, the requirements to the resistance-alloy in an electric
furnace are quite different. Possibly the protective effect of the oxidelayer is

not sufficient to prevent elements as carbon, nitrogen, and sulphur - and these

are only the most important ones - to get contact with the metallic surface and

to diffuse into the alloy. There, they react mostly just with those elements re-
quired for the formation of outer protective layers which, therefore, are not
available any more for this purpose. Another consequence is frequently a consider-
able lowering of the melting point of the alloy which, eventually, may cause
instantaeneous destruction. By that the most essential disadvantages of such possible
attacks have already been quoted. Perhaps they have to be reduced by ressonable
medifications of the conditions, specifically c¢f the composition of the annealing
atmosphere, by constructive methods, choice of suitable alloys, or even by the
development of alloys with higher resistance, under special conditions.

Especially the formation of molten phases results in any case in a catastrophic
increase of the oxidation rate. The term of "catastrophic oxidation" (36) intro-
duced first for reactions with low-melting oxides as MoO; and Vo0g ougnt to be used
generally for all reactions which are forming, outside o; inside, " locally or wide-
epread, molten phases. Beginning of the melting process is observed along the grain
boundaries into the bulk materiel. The diffusion rate of all elements taking part
in the chemical reaction is esaentially higher in molten phases than in solid state,
and the reaction rate increases correspondingly. Furthermore, partial melting at
grain boundaries may diminish the bond between the grains of the polycristalline
metal atructure and so may cause vigorous deformations as a result.

Those appearances of catastrophic oxidation referring to the following four
poseaitilities of attack have been best examined because of their frequent occurence
in practice:

1. contact of low-melting oxides with the scale of the temperature-resictant
material,

2. sediments of elkali-sulphaies in the presence of S0z on iron-containing alloys,

3. sulphur attack,

4. carbon attack,

Amongst the low-melting oxides it is specifically the vanadium oxide V;0g5 which
shows itself already a melting point of only 715°C and eutectic mixtures o% ihis
oxide are known with a number of other oxides (37). For this reason it is one of
the moot aggressive conatituents of heavy fuel oils, used, for instance, for gas
turbines or heating of boilers. Up to the present no possibilities have yet been
found to prevent effectively this type of chemical attazk. Searching for suitable
alloys, for improving inhibitors, and for protecting coetings has not been very
successful.

Subject to similar heavy chemical attacks are heat-resiastant steels which may
be aleo in contact with combustion gases and are used, for instance, as basic
meterial for superheater pipes in steam production planis. They are often subject
to attack caused by alkali-sulphates which in presence of SO3 may react witih iron
oxide according to the equation

F0205 + 3 K2$O4 + 3 SO.5 2 2 K3Fe (504)3

forming complex sulphate-compounds (38). Subatansaa of this type give accelerated
corrosion at temperatures cf about 600 up to b00"C (39). This critical teuperature
range resches from the malting point of this compound, which can be lowered by

K-804 depending con the S0Ox-content of the furnace atmosphere to uabout e€o0c’c, up oo
1%- éoconpouition tcmperaguro (40). Hence, also in nis case ii is the liquid

phsse which causes catastrophic effects increasing (e diffusion rate and - ss in
other cases too - may possibly dissolve oxide scales. S0,-formavion is cetalytically
accelerated by iron oxide and flue ash (41). Prom Pig. 5 1t can be seen that such
sttacks zay be very savere. It whows the weight-lomses of @ Cb-stabilized CrNji-astee.
embedded in K,S04 with and without an additicn of Fe,0,, depending on the tempera-
ture (42). Tha snnesling atmosphare has been an Soj-éoacninxng mixture of sir end
water Japour of a dew point of 1659C. The corresponding resuits tor hot embedded
specimens have slec been recorded. Above 600°C the weight-lces i.ucreases viyorously
in case of embedment whereas it decreases agein st sbout dUU®C. Tie reduced attack
in case of eadedment in K;30, and Pe,03 is due to partiasl resction of the 303 with
the iron oxide of the enbeddtn& Ilt.;lll. snd therefore leas 803 ie available for
reaction with the oxide layer.
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Sulphur-attack on nickel-containing temperature-resistant alloys is mostly
very severe. Mainly, if HpS is present in the annealing atmospheres even in a
small concentration, there will be heavy domages. Billington (43) reports of severe
sulphur-attack on Nimonic 75 that arises from the contact with an insulatirg
matarial containing onliy 0,04% S. The depth of local corrosion in & few hours at
$00°C was more than 1 mm.

The reason for the low resistance of nickel-containing alloys to sulphur-con-
taining en\v ronment is ihe formaiion of the eutectic phase Ni-NizS, with a sulphide
concentration of about 80 weight %. The melting point of this eutectic mixture is
645°C, Actually preferred formation of chromium sulphide ought to be expected as
the stendard free energy of the formation of Cr3 corresponding to

2 Cr +2 HZS =2 CrS + 2 H2

is given by AG® = -76.660 cal at 800”’s (44) whereas Ni S, shows an analogous value
uf only -23%.750 cal (45). There exists no unanimous viéw about the modification of
the chromium sulphide produced, especially as CrS, the lowest sulphide, dissociates
upon cooling at some as yet undefined temperature, but presumably below 10003C, to
Cr7Sg and chromium (46). Some other sulphides, especially Cr,Ss may also be stable.
Their AGO-values are unknown, but Seybolt supposes they woulg ge less negstive
{(less s*able) than tnat of CrS, According to the different AGP-values of %tue sul-
phides of nickel and chromium one must imagine the corrosion process as follows
(43): The first sulphur diffusing into the metal would combine with the chromium

at the surface and grain boundaries. As soon as chromium-depleiion has reached
locally a certain extent, nickel sulphide is produced and by that the catastrophic
reaction will be startei. Fig. 7 shows severe sulphur attack on a NiCr 80 20 heater-
alloy. The widespread branching of the low-melting phase causes simultaneously
intense brittleness of the materisl. Tne outer zones show the additional influence
of the oxygen which is present in all annealing atwospheres converting the sul-
phides into oxides.

Finully, it is still to be mentioned that cardon lowers the melting pointi of
alloys on the basis of nickel-chromium. If these tTemperature-resistant materials
are used in controlled atmospheres carbon in contac* with the metallic surface can
diffuse into the alloy. Koster and Kabermann (47) have examined melting equilibria
in the ternary system nickel-chromium-carbon and found several eutectic pheses in
the temperature range between 1045 and 13059C. Hence, in this temperature range
catastrophic reaction is possible. This does 1ot apply tc nickel-free, ferritic
heat-resistant alloys, as, for instance, Fe-25%Cr-5%Al, which do not show any
menticnable decrease of the melting point in the case of carbon-absorption. These
alloys, on the contrary, ere sensitive to nitrogen which mosily is & main component
of controlled atmospheres. As there is only little oxygen present and corresponding-
ly less protection by oxide layers is given, nitrogen can easily diffuse into the
alloy. Due to the high nitrogen atfinity of aluminum they react to form AlN within
the bulk material and further formation of the AlpOz-layer at the surface is
yuestionable at all. -

The following possibility seems to be suitable to overcome the difficulties
and ought to be exemined as to its technical realization. Carbton attack is inevitable
but that of nitrcgen is not. Generally, controlled atmospheres are obteined by
partial combustion of natursl gas, propan, or similar gases, with air. By using a
gag-oxygen combustion mixture instead of an air-contsining one, a nitrogen-free gas
would be obtained. Then the use of iron-chromium-aluminum alloys would be possible,
especially a8 lhese alloys are alan lecs sensitive to sulphur then the alloys con-
taining nickel,

Finally, it is still to be mentioned another resction which runs at an abnormal
rate although it does not concern the formation of molten phases: the green rot
oxidation. This one has been observed with alloys on the basis of nickel-chromium
in gases of low oxygen content and is characterized by the inner oxidation of
chromjum exciusively. Eapecially furnace atmospheres alternating between carburieing
and oxidizing may lead to this type of attack. The subsurface oxidation prevents
the formation of en external oxide scule. The surface swells and cracks and the
alloy becomes brittle and can be broken easlly, snowing a typical green iracture.
Fig. ¢ shows an Ni-20%Cr-alloy destroyed by green rct oxidati'n. The heterogenously
composed and complete.y loosened ouier layer being strongly ferromagne.ic because
of ita higkh nickel content cannotl sive any essential protection against the pru-
ceeding attack.

The last years efforts huve been mude to develop alloys showing hi,ner resistance
to all attacxs possible {n controlled atmospheres, vspecially to nitrogen, cesrbon,
sulphur, and gre2n rot oxidation., For this purpose, tiere has been mude use of ex-
periences yatherwd by the UL-Nuvy with nicsel-chromium-csst ailoys of hign chro-
mium contents used aa tube support materisis in oil fired marine buiiers. The
corrosion cuused by fuel ashes nss been diminishes strongly with these siloys com-
pered with all other siloys used so far. These experiences sugxested tne development
of heater slioys witn nhisher chromium-contents. Becuuse of tne misc.bilitly gap in
the Ni-Cr-slloy aystem tne chromium-content has %0 be .:iZited to ubout 30 wei.nt %
of chromium, thus sssurin, this wlloy to be a:tusted witlin tue y-reciin above
60L°C up to its ameitin. point. A tinsl estimution of tn3 qualiily of thnis alloy under
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various conditions seems 8till premature. Anyhow, the advantage of the high chro-
mium content has already become clear in some cases wlere this alloy has been used
in controlled atmospheres. The alloy Ni-30%Cr shows, moreover, under normal work-
ing conditions, especially at high temperatures in air, a heat resistance being at
least equivalent to that of the best classical nickel-chromium-heater alloys.
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Fig 8 Ni-807 dr-alioy, destroyed by creen rou oxidation
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