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FOREWORD

The Institute of Metals Division (IMD)
of the American Institute of Mining, Met-
allurgical, and Petroleum Engineers (AIME)
and the AF Materials Laboratory, Research
and Technology Division, Air Force Systems
Command, Wright-Patterson Air Force Base,
Ohio, conducted a symposium on the Oxi-
dation of Tungsten and Other Refractory
Metals during the 1962 Fall Meeting of the
Metallurgical Society of the AIME, The
symposium, consisting of two sessions, was
held 31 October 1962 at the Statler~-Hilton
Hotel, New York City, Dr, E, A, Gulbransen,
Westinghouse Electric Corporation, was the
overall Chairman and Mr, Paul L, Faust
of the Physical Metallurgy Branch, AF
Materials Laboratory, was the Symposjum
Project Manager for the Alr Force., The
symposium together with this report cover-
ing its proceedings was initiated under Pro-
ject No, 7812, ‘‘Metal Surface Protection
and Deterioration,’’ Task No, 731202, ‘‘Metal
Surface Deterloration,’”” The manuscript was
released by the author 1 February 1965
for publication as an RTD technical report.

Nine papers were presented, eight of
which are included in this report, The paper
given by Dr, I, F, Walker, National Bureau
of Standards, on the subject T .chniques
for Studying Solid~Gas Reactions Above
1600°C** was not available for publication,

Mr. Faust and personnel of the AF
Materials Laboratory extend their thanks to
the speakers for their excellent presentations
and the members of the Corrosion Resistant
Materials Committee of the IMD for their
assistance in arranging the symposium,. They
particularly wish to express their gratitude to
Dr. Gulbransen for his assistance in pro-
moting the need for this meeting,

Publication of this technical documentary
report does not constitute Air Force approval
of the report’s findings or conclusions, It
is published only for the exchange and
stimulation of ideas,

This technical report has been reviewed
and is approved,

DO p

O. O, SRP, Acting Chief
Physical Metallurgy Branch
Metals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

This report consists of eight papers
presented at a symposium conducted
by the AIME and the AF Materials
Laboratory, Research and Technology
Division, Wright-Patterson Air Force
Base, Ohjo, on the Oxidation of Tungsten
and Other Refractory Metals, The

symposfum, consisting of two sessions,
was held 81 October 1962 in New York
City. Topics discussed included progress
in research and in experimental methods
in the Iinvestigation of the kinetics and
mechanisms of oxidation of tungsten,
tantalum, and columbium,
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INTRODUCTORY REMARKS

Paul L. Faust

Since World War II metallurgical research
at the AF Masterials Laboratory has been
largely a history of development of corrosion
resistant alioys, Although the intent of much
of the effort expended has been to produce
materials of superior mechanical properties
at elevated temperatures, the realities of
environment have demanded compromises, In
spite of the compromises a good measure
of success has been realized with the so-
called superalloys, and oxidation resistant
compositions with excellent mechanical prop-
erties have been achieved at temperatures
approaching the melting point of the base
metal, With the refractory metals such
compromises have not been so successful,
Those additives which benefit the oxidation
resistance of the matrix metal have a dis-
astrous effect on mechanical properties,
Compromises have been mude, of course,
D-38, for instance, a columbium-titanjum-
zirconilum alloy has neither good oxidation
resistance nor impressive mechanical prop-
erties at elevated temperatures, It does
~ cept asilicide coating rather well, however,
and should find application where ductility
and the short term oxidation resistance af-
forded by siliciding are more important
than strength, But no refractory metal alloy
has demonstrated properties at a high fraction
of matrix melting point which even approach
the excellent combination of mectanical and
chemical properties of the superalloys at
1600° to 2000°F. Alloy design becomes a
dilemma, particularly in the cases of tan-
talum and tungsten where density consid-
erations preclude use at temperatures much
below 8000°F, The heavy additions of alu-
minum, zirconium, chromium or other re-
active metals indicated for oxidation pro-
tection so depress the melting point that
the alloy is mechanically worthless,

Despite the obvious difficulties involved
in their use, mechanical properties, par-
ticularly high strength-to-weight ratios at
extreme temperatures, indicate a rather
broad use of the refractory metals and their
alloys in Air Force systems and uitimately

in commercial applications, Use of a co-
lumbjum in place of a nickel-based alloy
for jet engine turbine blades for instance
would permit an increase in turbine inlet
temperature of about 400°F, Improvements
in maxirum thrust and fuel consumption
realized thus woull far outweigh the dis-
advantages of increased engine weight,

Incorporation of molybdenum and colum-
bium alloys into re-entry vehicles for frontal
and near frontal structures will permit
the development of glide re-entry vehicles
with a2 minimum of expendable structure.

If any such applications are to be used,
however, catastrophic oxidation must be
avoided. Until recently, except for silicide
type coatings, there has been no process
for the protection of refractory metals,
and the silicides leave a great deal to be
desired.

Current coatings for molybdenum permit
perhaps 80 minutes of operation at tem-
peratures above 2000°F, Silicides for colum-
bium and tantalum have been even less
successful, And then there is tungsten,
Silicide coatings of tungsten fail at about
3300°F, the approximate lower limit of
utility of tungsten on a strength-to-weight
basis, There are new protective processes
being developed for the refractory metals;
but thus far they have not materialized.

We see then that the refractory metals
and their alloys have mechanical properties
which render them irreplaceable at extreme
temperatures combined with oxidation rates
which rcunder them useless for most ap-
pliocations of interest to the Air Force,

Beocause the problems are so acute and the
solutions so desirable, it was decided several
years ago to undertake detailed studies of
the kinetics and mechanisms of refractory
metal oxidation, The intention has been to
provide insights into probable methods of
protection and to establish actual oxidation

P
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range of temperatures and pressures
of oxygen and other oxidizing vapors.

Many investigations have contributed
to the body of data on refractory metal
oxidation independently of Air Force

e

supports It i8 ceriainly {rue, however,
that the burden of establishing a co-
herent picture has fallen to researchers
under AF Materials Laboratory spon-
sorship. The psapers which follow rep-

resent a measure of how far the
effort has progressed and how far it
has to go,
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METHODS FOR STUDYING HIGH TEMPERATURE
OXIDATION REACTIONS

Rudolph Speiser*
G. R. St.Pierre*

INTRODUCTION

The refractory metals react with the
components of the atmosphere;: O,, N_.
CO., and H_O vapor; and with the products
of fuel combustion to form oxides, nitrides,
and carbides, The chemical equilibrium
between the metals and the reactants deter~
mine what compounds and phases can be
formed while the rate at which these re-~
actions occur is determined by the details
of the kinetics of reaction, The conditions
under which the reactions are usually ex-
perimentally observed are such as to make
them quite irreversible resulting in complex
heterogeneous systems,

The reaction starts initially at the metal~-
gas interface and as the reaction proceeds
one or more layers of compounds may be
interposed between the gaseous environment
and the metal substrate. The products of
reaction may be solid, liquid, or gaseous,
The nature and character of the films formed
on the metal surface determina the rate of
transfer of reactants and products betwsen
the metal substrate and the gaseous environ-
ment,

To determine and comprehend the mecha-
nism of reaction, the pertinent chemical
equilibria and the reaction kinetics must
be studied. In this review, we are concerned
principally with the techniques used to study
the oxidation of the refractory metals Mo,
W, Nb, and Ta, Techniques nsed to deter-
mine the metal-oxygen phase equilibris, the
rates of oxidation, the defect structurs of
the oxides, and the volatile products of
oxidation are discussed,

R

METAL-OXYGEN EQUILIBRJA

For the most part, the oxidation of the
refractory metals has been studied at pres~
sures of oxygen in considerable =xcess of the
decomposition pressure of the least stable
oxide, i.e,, the highest oxide (the metal {on
in Its highest valence state), Thus, the
chemical potential of oxygen varies from
values in excess of that required to form
the metal oxide with the metal ion in its
maximum valence state, at the oxide-gas
interface, to zero corresponding to the pure
metal substrate, Hence, multilayered cxide
scales are formed upon the metal surface
making it difficult to sscertain the mechanism
of oxidation due to the complexity of the
system being studied, It is desirable to con-
trol and maintain the partiai pressure of
oxygen so that the several oxides of a metal
can be separately formed and investigated,
However, this goal requires a technique
where pressures of oxygen in the range
of 1072 atmospheres or less are accurately
defilned, maintained, and controlled, Direct
oxidation with O_ gas at these pressures
is nearly impossfble to achieve experimen-
tally; the most sophisticated vacuum pumping
systems can barely aftain this pressure, the
slightest leak or gaseous desorption from
the interior surface of the re-ction vessel
would raise the pressure several orders of
magnitude,

Partial pressures of O, 'n this range
can be obtained in certain instances by

use of gas-metal equilibria (References 1,
2, and 3) of the type,

XM +yH,0 = M, O, +yH, (1)

*Department of Metallurgy, The Ohio State University, Columbus, Obia
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g..d.

vai-i-y“Oz:ivixOy-i-yCO {2)
In this method the composition of mixtures
of H,O-H, or CO,-CO is adjusted over
the metal at a given temperature so that
the equilibrium composition is obtained,

The equilibrium decomposition pressures
of the oxides of the refractory metals are
tabulated in Table 1 for the refractory
metal oxides, It can be seen that MoO,
and WO, are easily reducible whereasNb_O,
and Ta, O, are reduced only with difficulty
even at elevated {emperatures with H_O-H
and CO,~CO mixtures, Moreover, excep%
at temperatures in excess of 2000°K, very
high ratios of H_-H O and CO-CO, are
required to obtain the oquilibria represented
by Equations 1 and 2 in the case of Nb and
Ta, The suboxides of these elemants require
even higher ratios, Thus, the phase equilibria
for the Mo-O and W-O can be conveniently
determined by equilibresting H_O-H_, and
CO_~CO mixturas with these metals and their
oxl?les, whereas equilibration of these gase-
ous mixtures with Nb and Ta would be very

]
*This statement can be easily demonstrated;

diificult to carry oui experimeniaily, Fur-
thermore, perusal of the data in Table 1
shows, that in the case of W, the ratios,
HQ-HQO and CO-CO,, are near unity over
a temperature range of 1000°K and likewise
in the case of Mo over a somewhat shorter
range, However, these ratios differ greatly
from unity in the case of Nb and Ta, This
means that the equilibruting gas mixtures
over Mo and W behave like buffered sys-
tems; small leaks or back diffusion of air
into the apparatus, cause little change in
the PHQ"pHQO or CO-CO, ratios*, Unfor-

tunately, the opposite is true in the case
of Nb and Ta.

In summary, the gas-metal equilibration
according to Equations 1 and 2 can be
successfully applied to Mo and W to deter-
mine the Mo-O and W-O phase equilibria
and the thermodynamics, but only in a
limitec fashion to the Nb-O system. Several
Investigators have applled this technique
to tungsten (References 4, 5, and 6), molyb~
denum (References 12 and 138), and niobium
(Reference 62),

‘PHZO +PH, AP

P =
H,0
since

If PH2 >> PH20, then
P

H
APy /Py o) = =—E= AP>>0,it P
4 (PHzO)

PHZO APHZ -sz APHZO -

2
P
H,0

AP,
Hg0
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Description of (zas-Metai Equilibration

P TSy PO
Tochnigus (Roleiencs ':)

In the case of W, the specific equilibria
involved are

0.5WO, (s)+ H, (g)=0.5W(s)+ H,0(g)  (3)

O.SWOz(s)+CO(q)=O.5W(s)+Coz(q) (4)

(s)4CO(g) =2 W0, (s)+ CO,(g) (5)

IO 49

%wzoo“(sncom):% W,40,,(8)+CO,(gK6)

I0WO, (5)+CO(g)= 5 Wpgq(s)+ COz(g) (7)

These equilibria can be combined with the
equilitrium reactions,

2H, +0, =2H,0 (8)
and,

2C0 +0, =2C0, (9)
to compute the standard free energies of
formation of the several oxides of tungsten.

Equilibration experiments are porformed
by determining the Hy O-H, or CO 4-COratio
in equilibrium with a particular pair of oxide
phases, Figure 1 is a schematic representa-
tion of the furnace and microbalance arrange-
ment employed. In each case a strip of tung-
sten or prepared single oxide compact is
suspended in the furnace., A controlled mix-
ture of A-H_ -H, O or CO~CO, ispassed over
the specimen. The oxidi zing ratio (CO,-COor
H, O-H, ) is adjusted to estabiish conditions of
specimen weight gain and then readjusted for
conditions of specimen weight loss, By slter-
nating from weight loss to weight gain it is
possible to adjust to a gas ratio for which the
specimen weight dces not change after pro-
longed holding. This procedure clearly estab-
lishes equilibrium conditions and is in no way
dependent on kinetic considerations because
the equilibrium gas composition is approach-
ed from both sides of equilibrium, X-ray
diffraction examination is used to verify the
phases present,

Apparatus

A furnace capable of operation in the
temperature range desired with a tempera-
tuce control of +1°C, For weight change
observations several balances of different
sensitivities and capacities; 0.1mgto 10 mg
sensitivities,

The CO-CO_ gas mixtures should be pre-
pared from commercial gases of high purity
and then further purified by conventional
gas trains, The ccmposition of the gas
mixture can be adjusted and determined by
the use of calibrated flow meters, orsat
analyses, and gravimetric analysis,

The A-H_-H_O are prepared from A and
H, of high pu.z"lty. The A and H, are addi-
tionally purified by standaxd prooedures,
metered and mixed, and. - vassed through
a water saturator held at « carefully con~
trolled temperature, The ratio of Py (_)--PH8

2

is varied by adjusting the relative amounts
of A and H, at a constant saturator tem-
perature in accordance with the Equatlonz

P
H, O y )i -2
PHe PT"’H 0 Ay

) (10)

The PH 0 is established by the saturator

temperature Pp is the total pressure and
ﬁA/nH is the ratio of the molar flow

rates of A and Ha.

Discussion

Care must always be taken when applying
this technique at high temperatures and kigh
partial pressures of H,O; under.these con-
ditions, Mo and W oxides form volatile
complexes with water, At high Pcn/Pco

2

ratios tungsten will tend to form carbides
(Reference 1C), In the correct range of
temperatures sand composition these dif-
ficullios can be avoided, Thermal segregation
of H, and H,O oan take place if there is
a staep temperamre gradient; preheating
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of the equilibrating gas will minimize
this effect (References 3 and 7). Mixing
a heavy gas such as A with the H_ will
also reduce un-mixing to negligible error
(References 7, 8, and 9), Instead of varying
the composition of the equilibrating gas
mixtura at constant temperature, on: ¢an
maintain the composition constant and vary
the temperature., A number of variants of
this method have been applied. For example,
Griffis (Reference 5) usad a closed dynamic
system in which the equilibrating gaseous
mixture {4, - H,0) was circulated by a
gau solenoid pump, Argon was not used as
a diluent and as & consequence a
troublesome thermal segregation problem
had to be solved,

Data obtained by the apparatus described
in this peper are shown in Figures 2 and 3,
while Figure 4 summarizes the W~0 phase
equilibrium at one atmosphere total pres-
sure deduced from these data,

Calorimetric Method of Determining
Thermodynamic Data

This method can be applied to the four
refractory metal oxides, McO,, MoO, {Ref-~
e: ence 14), WO, , WO, (Reference 15),Nb,O,
(Reference 17), and Ta_ O, (References 16
and 17), The results of combustion calo-
rimetry (Reference 18}, low-~temperature
heat capacity measurements (Reference 18),
and high~-temperature heat content meas-
urements can be combined with entropy
data to give the free energy of formation
of these oxides as a function of the tem-~
pexrature, The partial pressure of O, In
equilibrium with these oxides can then be
computed from free energies of formation.
This method is quite accurate for determining
the free energles of formation of the oxides
of highest valence, and less zccurate for the
lower oxides because of the difficulties
of their preparation, The intermediate oxides
of W and Mo have not been successfully
investigated by thiz method, nor does it
seem Ukely that the more stable lower
oxides of Nb and Ta can be profitably studied
by this procedure,

The enthalpies and free energles of for-
~aation of WO, and WO, determined by the

gas equilibration method (Reference 4) and
the calorimetric (Reference 18) method are
in excellent agreement and the data obtained
by St. Plerre et al. (Reference 4), for the
intermediate oxides W, O, . and W, O,q are
consistent with these data aYso.

Galvanic Cells

The galvanic cell is one of the most
precise methods of determining thermo-
dynamic quantities related to chemical equi-
libria, Kiukkola and Wagner (Refereunce 19)
developed a high-temperature galvanic cell
utilizing a solid electrolyte (ZrO, - 15 per-
cent Ca0O) and solid electrodes applicable to
oxygen concentration cells, I{ was shown
that the conduction was nearly 100 percent
ionic and independent of the oxygen pressure
and satisfactory results have been obtained
with this electrolyte inthetemperature range
750° to 1200°C., A cell for measuring the
oxygen potential corresponding to various
CO_/CO ratios is shown in Figure 5, Typical
data are shown in Figure 6, The vertical
coordinate gives the Py «s determined

2

from electromotive force measurements and
the horizontal coordinate the Py ascomputed

2
from the COa/CO ratio at 1000°C, The
agreement is excellent for this rather dif-
ficuit measurement.

Three types of oxygen concentration cells
used in this laboratory are shownin Figure 7,
Once again the equilibris pertaining to the
Mo-0O and W-O systems can be easily deter-

mined by this procedure, Gerasimov,
Vasileva, Chusova, Geiderich, and

Timojereva (Reference 20) have determined
the AF*’s for the reactions

W(sl+0,(g) = WO, (s) (1)

and

36 _ 2
T3 WO, (s)140,(g) =Wy Ogg () (12)

by the galvanic cell method, These daia are
in very good agreement with the data obtained
by St. Plerre et al, The application of this
method to niobjum and tantalum oxides 1is
more difficult due to the greater stability of




these oxides — side reactions with the solid
electrolyte occur more readily withthe more
stable oxides. Foster in this laboratory,
however, has successfully investigated the
cell

Cr Zr O | TaO,
Crz O3 CaO Tozog

Since tke oxides of niobium are less stable,
it is probable that these oxides would be
more amenable to study by this method than
the oxides of tantalum,

Solubility Limits

Solubility limits can be determined by
standard X-ray lattice parameter and met-
allographic meathods,

Vapor Pressure Method — Knudsen
Effusion (Reference 21)

The equilibrium between the refractory
metal oxides and their vapors have been
investigated by several vapor pressure tech-
niques, Effusion techniques can be applied
with success in the pressure range of 10-6
to 109 atmospheres, In this method, the
vapor flows from a space, wherc it is in
equilibrium at some given temperature with
a condensed phase, through an orifice into
a high vacuum (P< 10-€ Torr). If the pres-
sure is low enough, so that the ratio of the
mean free path in the vapor to the dlameter
of the orifice is greater than 10, the vapor
pressure is given by the relation (Reference

22),
_m 2T RYT
P =% ’/_——_M (13)

where m is the mass effusing per unit
time per unit area, M is the molecular weight
of the vapor, and K is Clausing’s (Reference
23) correction factor, which corrects the
effusion rate for the finite thickness of the
orifice. Recently, Hirth and Winterbottem
have shown, that vapor molecules impinging
upon the inner surface of the Knudsen cell
lid are adsorbed, diffuse along the surface

through the orifice to the external surface
of the lid to form an annular ring surround-
ing the orifice — desorption from this
annular ring leads to apparent rates of
effusion which are higher than the equi-
librium rate. Increasing the thickness of
the orifice decreases the magnitude of this
effect but increasea the size of the Clausing
correction, The thickness of the orifice
should be optimized so that the errors due
to these two opposing effects 18 minimized,
I the vaporizing coefficient differs appre-
ciably from unity, the apperent pressure
should be measured as a function of orifice
area and then extrapolated to zero area
to yleld the equilibrium pressure,

The rate of vaporization may be measured
in a number of ways (Reference 21): (1) total
weight change of the Knudsen cell for a
measured time janterval; (2) continuously
weighing while the cell is suspended from
a balance beam or a quartz spiral spring;
and (3) measuring a fraction of the vapor
deposited upon a target,

Howeve , .nambiguous vapor pressure data
cannot be obiained if morethan one molecular
species is present In the vapor phase;
the precise composition of the vapor phase
must be ascertained, In general, the vapor
in equilibrium with refractory oxides at ele-
vated temperatures is a complex mixture,
The most reiiable analyses of the vapors
effusing from a Knudsen cell have been
obtained with the mass spectrograph, Pio-
neering research of this kind was carried
out in the determination of the thermo-
dynamics of gaseous carbon molecules in
equilibrium with graphite by Chupka and
Inghram (Reference 25). Berkowitz, Chupka,
and Inghram (Reference 26) ascertained the
equilibrium of powdered MoO, and WO,
with their respective vapors by mass spec-
trographic analysis of the vapor effusing from
& Knudsen cell, These author: jhowed that
the principal gaseous species in the vapor
phase were the polymeric moleculss
(MoO and (WO,),, where n =3, 4, and 5.
Comb g the n.nnilysls of the vapor com-
position reported by Berkowitz e al,, with
their own rate of Knudsen effusion mess-
urements, Blackburn, Hoch, and Johanston
(Reference 127) calculated theth: 'modynamic
functions for several oxide-vap. : equilibria.

LR
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Blackburn (Reference 27) compared his re-
sults with those of Berkowitz (Reference
26), Ueno (Reference 28) (Knudsen effusion
and quartz balance respectively) ani Ariya
(Reference 28) (transportation metbod) in
Tables 2 and 3, The agreement between
the data obtained by these seve: al methods
is poor.

Inghram, Chupka, and their collaborators
(Reference 30) and others (see review by
Inghram and Devwart, Reference 30), using
the mass spectrometer in the study of
the thermodynamics of chemical reactions
at elevated temperatures, have generally
employed magnetic focusing mass spec-
trometers, Professor David White, Depart-
ment of Chemistry, The Ohio State University,
has developed the use of a Bendix Time-
of-Flight Mass Spectrometer in conjunction
with a Knudsen effusion cell to study the
equilibrium between condensed phases and
their vapors (Reference 31), The Metal-
lurgy Department, The Ohio State University,
kas also purchased a Bendix Time~of-Flight
Mass Spectrometer with a Knudsen effusion
cell attachment, This instrument (using pro-
cedures and modifications developed by
Professor White and his collaborators) is
being used to study the volatile complexes
of the refractory metal oxides with water
vapor, A brief description of the principles
of operation of this instrument follows,

Time-of~Flight Mass Spectrometer
(Reference 32)

A schematic diagram of the Time-of-
Flight Mass Spectrometer (TOF-MS) is shown
in Figure 8, Not shown is the furnace
containing the Knudsen effusion cell which
is directly coupled to the TOF-MS, Neutral
molecules from the Knudsen cell effuse
into the ‘on~-source region where ions are
formed by bombardment of the neutral par-
ticles by a pulsed (10,000 pulses per second;
beam of electrons of controlled energy.
Between electron pulses, the first grid in
the ion gun is pulsed to =270 volts for a
time sufficient to allow the ion bunch to pass
through this grid into the flnal grid, where
the ions are accelerated by a 2800-volt
potential, After passing through this grid,
the fon bunch moves 100 centimeters down

a field free ‘‘drift path’’ tube to an fon
detector, The geometry and potentials of the
apparatus are designed to yleld a time of
flight which is proportional to +/2m/e, where
m is the mass of the ion and ¢ is the ion’s
charge, Mass separation results only from
mass dependent velocities, ions with the
lowest mass-to-charge ratio having the
shortest tlme of flight, The ion detector
is a magnetic electron multiplier, The cutput
of the ion signal collector is displayed on
an oscilloscope synchronized with and trig-
gerod by signals from the mass spectro-
meter, Tie accuracy of tke TOF-MS is
greatly improved by the incorporation of an
analog output system so that the data can
be recorded as well as simultaneously dis~
played on the oscilloscope,

The furnace containing the Knudsen cell
is shown in Figure S, The Knudsen cell
can be either heated by electron bombard-
ment or by radiation, The temperature is
measured through an observation port by
an optical pyrometer sighted directly upon
the orifice of the Knudsen cell or by ther-
mocouples directly attached to the base of
the cell, Provision is also being made to
pass water vipor directly into the Knudsen
cell so that the molecular weight of volatile
refractory-metal-oxide-H_O complexes can
be ascertained, An exampfe of the resolution
attainable with the TOF-~MS is shown in the
determination of the vapor pressure of neo-
dymium (Reference 83, Figure 10). The
mass spectrum of the isotopes of neodymium
are shown and the experimental abundances
are compared with those published in the
Lterature,

Gravimetric Methods for Determination
of the Homogeneity Range in Refractury
Metal Oxides

Rigorously, all solid or liquid oxides
exhibit some degree of nonstoichiometry at
finite oxygen pressures and temperatures
above absolute zero; whether or not a ho-
mogeneity range is exhibited depends upon
the sensitivity of the measuremenis. The
metal-oxygen system, consisting of one con-
densed phase and a vapor phase in equi-
librium, is bivariant according to the Gibbs
phase rule, In this case the total vapor
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pressure as well as the partial pressurss
of the species in the vapor phase change
with the composition of the condensed phase
at constant temperature, When two condensed
phases andthe vapor phase are in equilibrium,
the system is invariant and the total pres-
sure, as well as the partial pressures of the
several molecular species in the vapor
phase, is independent of the composition of
the condensed phase, Gulbransen and his
coworkers (Reference 36) have attempted to
determine the composition limite for the
tungsten phases WO_,, W, ,O,, and WO,
by measuring the vapor pressure over these
oxides by the Knudsen effusion methcd, The
Knudsen cells loaded with powdered oxide
samples were suspended from a quartz
spring balance, The whole assembly was
enclosed in a high vacuum chamber and the
Knudsen cell was heated by radiation emitted
by a suezceptor heated by induction, Weight
changes were determined by measuring the
contraction of the quartz spring, They found
that above 120C°C the vapor pressure over
the heterogeneous system was independent
of the composition and a function of the
composition over the homogeneous system,
This behavior conforms to the phase rule,

Kofstad and Anderson (Reference 37) and
Kofstad (Reference 38) have determined
the relative defect structure of o«Nb. O
in the temperature range 750° to 120’0’5
by equilibration with oxygen in the pressure
range of 1 to 0,001 atm and at much lower
oxygen pressures corresponding to equi-
libration with mixtures of CO and CO,.
The relative deviation from stoichiometry
(oxygen deficlency) was measured gravi-
metrically, The oxide specimen was
suspended from a quartz spring and the
change in weight upon equilibration with
O, or CO-CO, mixtures was determined
from the change in extension of the quarts
spring, Brauer (Reference 39) estimates
that the oxygen deficiency lles withia the
composition limits, NbO,_, ; -NbO,, ., In the
temperature range 1350%{0°1400°6;

Similar studies by Kofstad (Reference
49) on Ta O, reveal a formula for this

oxide corresponding to Ta, O, _y (x = 0,006
to 0,006) in the temperature range 1200°
to 1400°C. The narrower homogeneity limits
for Ta,O,compared to Nb_O, 1is not sur-
prising since Ta,O, is mich more stable

than Nbi,()a .

Gas Entrainment

In this method*, a carrier gas flowing
over the ocondensed phase, is saturated
with vapor so that gas plus vapor is in equi-
libriumn with the condensed phase at a given
temperature; the vapor is then condensed
out of an accurately measured volume of
the flowing gas mixture, and finally, the
condensate is precisely weighed, (See Figure
11,) The flow rate of the carrier gas must
be carefully controlled; Lepore and Waser
(Reference 34) have shown that the flow
rate must be adjusted so that the apparent
vapor density (see Figure 12) is independent
of the rate of flow of the carrier gas, because
only in this cxse, is the carrier gas vapoer
saturated; at lower rates, the rate of dif-
fusfon of the vapor is greater than the flow
rate of the carrier gas so that the apparent
vapor density is higher than the density
corresponding to the vapor saturated gas;
at higher rates, the flow rate is higher
than the rate of evaporsiion from the solid
or liquid surface; consequently the carrier
gas can never be saturated with wvapor,

The partial pressure of a given molecular
species, {, in the vapor can be calculated
from the ideal gas equation,

Wi R

Pi = W ° "—v_' (14)
where Wi is the weight of species i en-
trained, Mj is the molecular weight and V
is the volume of carrier gas, Obviously
the amount and molecular weight of every
specie present in the vapor must bo as-
certained, Ackermann and his coworkers
(Reference 35) have used the entrainment
method to measure the vapor density in
oequilibrium with molybdenum trioxide and

*Als0 referrec to as the transpiration or transporation method,

e
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tungsten trioxide, These investigators as-
sumed that the composition of the vaper
in their experiments corresponded to the
trimer, tetramer, and pentamer trioxide
species reported by Berkowitz, Chupka and
Inghram (Reference 26) in their mass spec~
troscopic investigations of MoO, and WO,,
Ackermann, et al, (Reference Sg) compared
the results of their research with those of
other investigators in Table 4, The data
in Table 4 are in poor agreement; however,
there is satisfactory agreement between
the data of Berkowitz et al,, and Ackermann
ot al,

KINETICS OF OXIDATION

The experimental procedures generally
employed in the investigations of the kinetios
of oxidation are well known and voluminously
described in the litersture (see for example
Kubaschewski and Hopkins, Reference 41).
Certainly an extensive description of ex-
perimental methods related to this topic
i= not warranted in this review — only a
brief discussion of several topics of interest
to the authors is given,

Gravimetric Method

In this method, the ochange in weight
of the specimen is measured as a function
of time at constant temperature, Several
pleces of apparatus (References 4, 36,and
37), described in previous sections of this
paper, have been used to gravimetrically
measure rates of oxidation, The vacuum
microbalance devised by Gulbransen (Ref-
erence 42) is especislly worthy of mention
because of its high sensitivity (0.5 y gm)
and its rapid response,

In our laboratory there is a program under
way to measure the rate of oxidation of
tungsten to WO ;compactsofWO toW,, 0.
W, O W6 and ﬁnally. to oxi ze
tungsten in an afmoaphero that leads to the
formation of a multilayer oxide scale, The
aims of this program are being fulfilled with

the apparatus depicted in Figure 1, utilizing
the proper oxidizing mixtures of CO-CO_
or H,-H_ O, The pure suboxides of tungsten
are prepared by equilibrating the oxide
with the requisite CO-CO, or H, -HO
mixtures,

The same apparatus and technique can be
successfully employed to study the rate and
mechanism of oxidation of molybdenum;
niobium, possibly, if the required high ratio
of H,-H_ O can be controlled with sufficient
accuracy; and tantalum, probably not at all,

Gravimetric Methed: High Pressures
(Reference 43)

Apparatus and procedures for rate meas-~
urements at hyperatmospheric pressures,
over a considerable range of temperatures,
is described by Ong and Fassel, Jr., in
another paper in this symposjum*,

Gravimetric Method: Volatilization
of Oxides

Numerous investigators have measured
and noted the volatility of molybdenum (Ref-
erences 44, 45, 46, 47, and 53) and tungsten
(References 48 through 52) oxides at elevated
temperatures, The enhanced rate of volatili~
zation of the oxides of tungsten in the
presence of water vapor has been measured
by several investigators (References 49, 50,
54, and 55), In this laboratory (Reference
56), the apparatus schematically represented
in Figure 1 also has been used to measure
the rate of volatilization of the several
oxides of tungsten in the presence of water
vapor, Compacts of the different oxides of
tungsten were suspended from tke balance
u'm in a flowing gaseous mixture composed

H_-H_O-Ar, The H_~H O ratio was ad-
justeﬁ to corrospondto the et equilibrium oxygen
partial pressure of the suboxide under study,
Argon was used as a diluent—thus the partial
pressure of H O could be varied without
altering the oxygen chemical potential, The
data obtained by this procedure for the various

*See ‘‘High Pressure Oxidation of Refractory Meials—Experimental Methods and Inter-

pretation,?”’
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oxides of tungsten is presented elsewbere
in this symposium - all of the oxides of
tungsten seem to form stable gaseous hy-
drates at elevated temperatures, It can
be seen that the volatility rate of each
oxide Increases with an increase in the
partial pressure of H,O. These data are
discussed further in another paper in this
symposium (G. R, St.Plerre and R, Speiser,
“Reaction of Gaseous Syaterns with Tungst. n
at Elevated Temperatures??),

Diffusion

The solubility of oxygen in molybdenum
and tungsten is quite low, apparently un-
measurable, although sufficient internal oxi-
dation can occur (at grain boundaries) to
cause embrittlement, On the other hand,
the solubility of oxygen in columbium and
tantalum is high enough to be measurable
(References 57 through 60). Klopp, Maykuth,
Sims, and Jaffee (Reference 59) determined
the rate of solution of oxygen in niobium
by measuring knoop hardness across speoi-~
mens exposed to oxygen at elevated tem-
peratures, Assuming a linear relationship
between oxygen concentration and hardness,
diffusion coefficients were calculated from
Fick’s second law of diffusion, Klopp et al,
(Reference 59) expressed the temperature
dependence of the diffusity of oxygen in
niobium by the relation,

24,900
RT

where D is the diffusion rate in cm?® per
second, This result is in fair agreement
with data of Ang (Reference 58) who es-
timated his diffusivities from internal friction
measurements and obtained a value of 27,600
cal per gram for the activation energy.

D = 4,07 x 10=2e¢~

Kofstad, Kalvenes, Anderson, and Lunde
(Reference 61) determined the rate of dif-
fusion of Nb°® in sintered Nb,O;. Plane
surfaces of the sintered Nb,O, compacts
were coated with a thin layer s of Nb, O, con-
taining the radioisotope Nbe&; several specl-
mens were also made up as sandwiches
with the radioactive layer in the middle,

11

The diffusion anneal was of three days
duration ir a furnace supplied with a con-
tinuous ocurrent of oxygen, The samples
were then sectioned and the activity in
each section determined, A Geiger Muller
counter was used to determine the S-activity
and a scintillation counter to determine
this a~activity, It was found that Nb diffusion
ocourred principally by grain boundary mi-
gration, lattice diffusion being extremely
slow by comparison, This result is not
surprising, since Nb. O, is anoxygen deficient
lattice (Reference §I) oxygen ion migration
being the most probable mechanism of ion
transport through the oxide lattice,
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OXYGEN PRESSURE IN EQUILIBRIUM WITH OXIDES

TABLE 1

Easily Reducible

Reducible with Difficulty

MoO, WO, Nb, O4 Ta, Oy
Temp , °K 1C00 2000 1000 2000 10GO 2000 1000 2000
PO 10-177 108 10-=22 10-¢ 10~ 10-1 10734 10-3
3
P, /P 0. 036 0.48 1.¢ 0.49 108 114 5x108 580
H/ PO
co/Pco, 0. 025 0.44 1 4.8 105 500 4x108 2550
TABLE 2
HEAT AND ENTROPY OF VAPORIZATION OF Mo()a*
Te mp., AHT As AFgo0
Author °K kcal /7 mole o7 kcal 7 mole
of {(M00O,), e.u. of (Mo O3 )s
Ueno** 928 63.7 46.5 22,9
Ariya** 964 68.1 56.9 18.8
Berkowitz 850 80,0 65.6 21,0
Blackburn 900 l 79.7 67.8 18.7

*Blackburn, Hoch, and Johnston (Reference 27).

**The values for A F, o from Ariya (Reference 29) and Ueno {Reference 28) are corrected
to (MoOy), (£)-
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HEAT AND ENTROPY OF VAPORIZATION OF WO,

TABLE 3

T . AS 00
Author i:p kcal /mole . T kcal / mole
.
of (W03)3 of (WO4),
Ueno* 1368 112.6 57.3 34.2
Berkowitz 1368 130 69.5 4.9
Blackburn 1500 108.0 54.1 33.9

*Ueno's data are corrected to (WO, ), (8)-

TABLE 4

HEATS AND ENTROPIES OF SUBLIMATION AND VAPORIZATION
OF MOLYBDENUM TRIOXIDE

Investigators Temp,, °K AHT as*
(kcal mole™! (e.u. mote™!
of vapor ) of vapor)
Ueno 908-948 62.5 42.8
Ariya 941-987 67.0 53.3
Zelikman et al* 1178-1373%* 35.6 24.9
Berkowitz et al 810-1000 85.4 71.7
Blackburn et al 808-958 78.8 66.6
Ackermann et al 980-1060 87.8 73.0

*From boiling point and transpiration methods of liquid molybdenum trioxide.
From A. N. Zelikman, N, N, Gorovitz, and T. E. Prcsenkova, J. Inorg.
Chem. U,S,S.R 1, 332, (1956).

**Measurements made above the melting point.
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HIGH PRESSURE OXIDATION OF REFRACTORY

Ba o e e mm s

METALS — EXPERIMENTAL METHODS AND INTERPRETATION

W. M. Fassel, Jr. *
J. N. Ong*

A. M, Saul*

INTRODUCTION

Early in 1948, as part of a study on in-
cendiary magnesium alloys (Reference 1),
it was found that the ignition teinperature
varied with the oxygen overpressure in w
complex manner. The correlation between
the change in ignition temperature and oxi-
dation rate with alloying (Refereuce 2) sug-
gested that the oxidation processes influ-
enced the temperature at which active
combustion could occur. Numerous unsuc-
cessful attempts were made to explain the
observed variations using existing oxidation
theory as a basis (Referecnce 3).

At that time, it shculd be noted, no quan-
titative data was available on the oxidation
rate of any metal at )ressures above one
atmosphere (Le Chatelier reported that a
black oxide was formed on silver at 300°C
with 15 atm oxygen pressure (Reference 4)).

The principal theoretical analysis of the
pressure effect on the oxidation rate of
metals was that of Wagner and co-workers,
In their treatment, which had been experi-
mentally confirmed only for pressures below
one atmosphere, they suggested that the
oxidation rate would vary as some fractional
power (1/7 for Cu, 1/6 for Ni) of the oxygen
pressure at the gas/oaide interface. This
treatment (References 5 and 6) has been
reviewed in detail in a number of recent
publications (Refarence 7).

The surprising lack of data on the oxida-
tion rate of metsis at hyperatmospheric
prussures coupled with the inability of any
known oxidation theory to explain the observed
variation of the ignition temperature of

. ]
*Aeronutronic Division, Philco Corporation.
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magnesium versus pressure and the limited
theorctical work at pressure, suggested that
this area could fruitfully be explored.

DEVELOPMENT OF
METHODS

EXPERIMENTAL

Late in 1949, work was started on the
development of equipment suitable for the
continuwous quantitative measurement of oxi-
detion rates at high oxygen pressures. As
an initial goal, pressures'to 600 psia oxygen
at 1000°C were to be achieved with the equip-
ment.

Gravimetric methods were preferred be-
cause of their inherent simplicity and the
directness of the method. Volumetric methods
were not considered suitable because of the
difficulty in maintaining a leak-free system
at high pressures and in accurately measur-
ing the volume of gas consumed by any rea-
sonable technique at 40 atmospheres
pressure.

A number of possible gravimetric methods
were considered. For quantitative measure-
ments at hyperatmosrheric pressures, the
quartz spring balance first used by Leontis
and Rhines (Reference 2) for oxidation rate
studies has many advantages. None of the
more elaborate techniques considered then
or tried over the past 10 years aas proved
better and more trouble free than the simple
quartz spring microbalance.

The initial equipment designea to use this
technique at pressures to 40 atmospheres
is shown in Figure 1 (Reference 8).

r——
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The

T chrome V-wound $male was on=
closed in a steel pressure v..«l v.uipped
with a varisty of fianges ifor assembiy,
access to samples, observation windows,
and power leads.

2

While this unit was successfully used on
copper to 600 psia 02 at 900°C, a number

of difficulties inherent to the design were
encountered. One of the most troublesome
of these was the spurious oscillation of the
quartz spring balance. This became pro-
gressively worse with increased pressure
and temperature. Experimentally, it was
{ound that this problem could be substan-
tially reduced by decreasing the diameter
of the upper furnace section (N of Figure 1,
original 1.D, 4 inches) as well as the diameter
of the furnace tube. Locating the quartz spring
farther from the hot zcne also tended to
reduce the magnitude of the oscillations.
In addition tc the above problem, the massive
nature of the unit made repeirs difficult and

time-consuming,

Based on the above observations, the
furnace was cowpletely r=disigned. The gen-
eral arrangement of the pressgure shell,
weighing components, and furnace element
are shown in Figure 2. The sectional arrange-
ment of the furnace allows easy replacement
of any of the compornent parts. The most
frequent failures arc the heating elements
and thermocouples. The heating unit consists
of a 1-inch L.D. Alundum core (Norton No.
11756) 23 inches long. The core is wound
with three separate windings individually
controlled. The temperature of the center
winding is automatically coutrolled by a
Leeds and Northr p Speedomax control
sysiem which adjusts the power input from
a 15-amp powerstat. The upper and lower
guard rings, N, are controlled manually by
similar powerstats.

The guard ring heating elemeuts, N, ovar-
lap the end sections of M by about
1-1/4 inches. The overlapped section is
backed off 3/16 inch from the controlled
section by short sectors of a similar Alundum
core. This arrangemeut has been found to
give a very uniiorm temperature ove. .
4-inch length in the tube. Four thermocoupls:..
T, are used. The upper and lower

thermocouples in winding, M, are used i
adjust the power input to the guard rings,
N. Onc of the center thermonrouples controls
the winding temperature and the other is
used exclusively to measure the sample
teinperature. This couple is shielded by a
parabolic Alundum shield so that it effec-
tively ‘‘looks’’ only at the sample, as shown
in Figure 3.

Temperature checks using very fine
thermocouple wire welded directly to the
metal samples show the true sample tem-
perature to be within #1°C of the measured
sample temperature at 700°C. The thermo-
couple leads, S, through the furnace shell
are modified No. 18 spark plugs. The center
electrode was removed and replaced with
the appropriate metal or alloy to prevent
junction error.

Thermal insulation becomes a very serious
difficuity at higher pressures (above 300 psi).
This is apparently due to the increased
thermal conductivity of the oxygen. At pres-
sures above 600 psi, water cooling must be
used on the exterior shell.

Originally, teflon gaskets wzre used. Two
fajlures occurred. While the reason is not
knowr,, teflon apparently decomposes rapidly
to gaseous products at 80° to 100°C inoxygen
at 500 to 600 psi. It should, therefore, be
used with extreme caution under these con-
ditions. Garlock ¢¢900’* gaskets (compressed
asbestos) have been successfully substituted
in all regions where the temperature is above
35°C.

Figure 4 is a detailed drawing of the winch
mechanism and window block.

This basic design has been used success-
fully over the past fen years for a variety
of quantilative rate measurements at hyper-
atmos; heric pressures (References 9 through
16).

In 1958, the design was modified slightly
for McKewan to investigute the reduction of

Fezoa at high hydrogen pressures

(Reference 17). This unit was made entirely
of stainless steel to minimize corrosion by
water vapor formed from the reaction. In
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this moJdification, all power and thermocouple
leads were transferred to the top of the
furnace shell to simplify repairs,

Recently, a number of modifications have
been developed to extend the range and versa-
tility of this basic unit. The operating con-
ditions for the various types shown in
Figures 5, 6, 7, and 8 are summarized in
Table 1,

THE PRESSURE EFFECT

The variety of envirvonmental conditions
to which metals are being subjected, ranging
from oxidizing to reducing comnbustion pro-
duct gas mixtures and from high pressure
combustion chambers to high altitude flight
paths at temperatures from amblent to metal
melting points, has placed emphasis on the
necessity for experimental work to determine
the effect of gas pressure on the reaction
rate of metals. In general, the effect of gas
pressure on metal-gas reactions should be
considered from several viewpoints:
(1) thermodynamics and kinetics, (2) the
type of reactor used to conduct experiments,
and (3) the influence of pressure on product
phase stability.

Thermodynamics and Kinetic Considerations

Consider a simple chemical reaction in
which a metal, (Me), reacts with oxygen,
(02). to form one oxide product

o-lo+%02 = Ney 0 Mm

A general rate equation may be written in
the form

d{m/A)

Rate : m

o x, £,

- uy f (e, 0,1 (@

The definition of m is normally in terms
of reactant oxygen consumption (gm). A is
the area over which the reaction ocours

(em?); t 1s the time (sec); ky and k , are the

forward and reverse reaction rate constants;
and f([Me], (0,1), and f([MeaO‘_}) are
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functions of reactant and product concen-
trations respectively. The particular form
of the above functions will depend on whether
the kinetic mechanism is elementary, com-
plex, or chain (Reference 18).

At conditions not equivalent to squil'brium
one term in Equation 2 will normally pre-
dominate.

V/hen A F<O, the rate of decomposition of
the products is generally negligible and the
rate may be written '

dlm/A) |

(3)
a1

b f Comedton)

When the mechanism is first order com-
plex chain (Reference 19); Zquatica 3 may
be expressed as a function of oxygon con-
centration or pressure only

of con e fir) W

When A F>O0, k_ f([Me O, ])>k,/([Me],
[02]) and the corsumption of reactant may

proceed only when the reaction pruoducts are
continually removed from the reacticainter-
face.

dim/A) .
dt

Removal of the gaseous product species
is generally accomplished by ciffusion
through a gas houndary layer lyine bhetween
the bulk gas region and the reacwucn inter-
face. It is assumed that no mixiny occurs
in this layer and, therefore, a steady state
concentration gradient can be estsblished.
The rate of transport by diffusion ccross a
boundary layer of thickness, x, 18 given by
(References 20 and 21)

1(}1/!_)_ nor P-py,
Rate = TR \ 23 a(——%P_P) (5)

where M is the molecular weight of the
diffusing product species, D is its :iiffusion

coefficient (omz/loo) » & 1s the stojchiometric
coefficient of the metal, R is the gas constant

(cm3 atm/mol’K), T is the temperature at
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the reaction interface, {°K), x is the thick-

negg of the boundary layer of gas {cm), P is

the bulk gas pressure (atm), Pb is the par-
tial pressure of the diffusing species in the

bulk gas (atm) and P° is the partial pressurs
cf the diffusing species at the reaction inter-
face. If the rate of chemical reaction at the
interface is rapid relative to the rate of
diffusion through the boundary layer, then

p° represents the equilibrium pertial pres-
sure of the product species at the reaction
interface.

It is apparent that this type of reaction
will be sensitive to the nature of the flow of
gases around the specimen. Thus, under
dynamic flow conditions, the bulk gas is
characterized by an essentially constant
temperature and composition due to tur-
bulence — the greater the turbulence, the
thinner the boundary region. Boundary layer
thickness can be computed, in general, from
fluid dynamic considerations (References 20
and 22). In an open flow system, the bulk
gas remains relatively unsaturated with re-
spect to the gaseous product species; that
is, I;b remains quite smsil compared to P.

If P is also quite small compared to P,
then Equation 5 simplifies to

d{m/A) _ MDP°
dt © oRTx

(6)

In a closed flow system, the bulk gas
continues to recirculate and saturate with
respect to the gaseous product species.

Pb thus approaches P° and the rate of con-

sumption of reactant approaches zero. If
the bulk gas temperature is lower than the
temperature at the reaction interface, Pb

may actually exceed P° ifthe thermodynamic
stability of the gaseous product species in-
creases with decreasing temperature. As an
example, consider the reaction of graphite
at 2100°K with hydrogen at 16.7 atmospheres
to produce methane (Reference 23). The
equilibrium partial pressure of methane at

the reaction interface is 9.0 x 102 atmos-

phere, which also !s the upper limit for Pb

at 2100°K, At a bulk gas temperature of
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1000°K, for example, equilibrium partial
=1

pressure of methane is 2.8 x 10 * atmos-

phere. Thus, Pb can exceed P°. and a steady

state condition is possible in which carbon
or graphite redsposits on the original hot
surface. The situation is additionally com-
plicated in that graphite dispiays prefer-
ential crystallographic sites for reaction.
7hus, the hot surface available for redepo-
sition may be different than the surface
available for reaction with hydrogen. Another
example of a system exhibiting this type of
behavior is the Pt-0 system (References 24
and 25).

Pressure experiments, in some circum-
stances, may permit differentiation between
rate Equations 4 and 5 or 6, since in the
latter case, the effect of pressure on the
rate may be in direct proportion to the
effect of reactant pressure on product pres-
sure &8 determined by the equilibrium
expression for Equation 1 (References 24
and 25), whereas in the former case, this
will depend upon the nature of the inter-
mediate species and the type of rate con-
trolling procer.s.

Type of Process

For phase boundary and diffusion con-
trolled processes, Equation 4 takes the
following forms

d(m/)
dt

Rate

k0, (phase bouncary) (n

{
4
o S0 (B )

—!I'I!_ ( ditfusion ) 8)

t

1
tore = 2nh) (‘:;)/'

—,c'iﬁ-[ {interstitiol diffusion) (9)
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where k is the gpecific reaction rate cou-
-1 2
stant, (sec '), Cs(g./cm ) is ‘e intermediate

surface species concentraiion, Dox is the
diffusion coefficient of species diffusion
through the oxide (cmz/sec),AC ox 18 the

concentration difference of intermediate
species existing across the oxide
phase (g/cm3), pox is the oxide density,
Mob /M eaob is the molecular \ eight ratio

of the subscripted quantities, a«iid D, and C

i i
are the corresponding quantities for inter-
stitial diffusion of oxygen in the metal. The
prersure dependence on concentration in
each case will depend on the nature of the
intermediate species controlling the rate
of reaction.

Pressure Dependence un Concentration

The pressure and temperature dependence
on the intermediate species concentration
is normally obtained by assuming that equi-
librium chemisorption precedes the rate
determining step. For phase boundary re-
actions, the intermediate species is cherii-
sorbed oxygen and the expression takes the
form (Reference 26)

%

kK, P
by = C,° (-—'—2-—.72—) (10}
|+K.P02

where K_ = exp(ASs/R) exp-(AHS/RT) is

the equilibrium constant for the reaction:

1/2 02 + Site == Site''O. ASs andAH8 are

respectively the entropy and enthalpy of
adsorption, C; is a conversion factor

(gm/cmz), and ideality is assumed.

In Equation 8, ‘ransport of oxygen or
metal across the oxide is by means of an
anion or 8 cation vacancy gradient. Since
the vacancy concentration ateither the oxide-
gas or oxide-metal interface is usually
negligible in the above two cases, the value
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of AC is effectively thatl of either the con-
cantration of anion vacancies at the oxide-
metal interface or the concentration of
cation vacancies at the oxide-gas interface.

When vacancy formation is preceded by
oxygen chemisorption on the surface, the
following expressions for pressure cepend-
ency result (Reference 16)

o. Anion vgcancy or unionized cation

vacancy .
AC Aby =
vo or v'
%
KK P )
A (i)
b (M,x, P

b. Singly ionized cation vacancy

AL )"

Ay = ACY{ ——
L <|+a‘x" PR

c. Doubly ionized cotion vacancy

[ % K'K'“ Pyz 'Is
acy' = a0 ——r (B)

I Kk, PR

(12)

AC°, AC' and AC" areconversionfactors
(gm/cms) and K,, Kl' and K/ are the re-
spective equilibrium constants for the re-
actions:

K, K

a. Site---0 z= v'.+n.o or Sit---03= )
r,

b. Site- 0 == V‘+ o+ Ned ors
‘.'

c. Site-r 0 = '; + 20+ Nel

Equations 10 through 13 are characterized
by the fact that the intermediate spr les
concentration governing the rate of res.tion
is pressure insensitive at high pressures
and }ow temperatures and pressurc sensitive
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at low pressures and high temperatures as
indicated In Figure 9. When these transitions
occur, the reaction rate constant and the
concentration terms in Equations 7, 8, and
9 may often »e differentiated and enthalpies
of adsorption and vacancy formation may be
differentiated from the enthalpy of activation.
Pressure dependencies of the type re-
presented by Equation 10 have been shown
to be exhibited by tantalum (References 10,
27, 28, and 29), columbium (References 30,
31, 37, and 33), and tungsten (References 6
and 19); that of Equation 11 by cobalt
(Reference 15) and tungsten (Refererce 19);
and that of [Equation 12 by nickel
(Reference 16). Pressure dependencies for
oxides different from the type MeO may be
determined by standard methkods
(Reference 34).

Effect of Pressure on Reaction Class

Composite effects will arise if more than
one reaction occurs, either simultaneously
or consecutively. Us~ of the pressure vari-
able under thesa c¢.r. ~stances will permit
separation of these processes if their pres-
sure dependencies are different at constant
temperaiure (References 19, 27, 33, ard 35).

Influence of Reactor on Cxidation
Experiments

Equations 4 and 5 should be used under
the assumption that an unlimited supply of
both metal and reacting gas comprises the
system. Unrder experimental conditions the
metal coupon used is generallv small; how-
ever, area corrections to account for speci-
men depletion during reaction are generally
made so that data is normalized on an extended
area basis,

In a closed reaztor (volume constant), for
AF>0O reactions when the pressure of re-
actant, P, w3 large, the expression for the
amount of solid reacted with time takes the
form

PONY OA ¢
. Ay - - — |
Amih = — (1-exp o (1)
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and

0
This reaches a limiting : alue of P MV
0

aRTA
P'M

has an initial slope of ﬁ-ﬁ? from which the
10).

value D/x may be calculated (Fig.

For AF>0 reactions, if th~ p.:ssure
dependency is given by Equauon 19 for
example; the pressure of the reactor would
bs determined by the pumping speed, S,

(cm3atm/sec) according to (Reierence 36)

d [ °
R TR P I
x,v’z) AR o
(15)
(|+x,9“z P ]

using Equation 7, with the stoichiometric
coefficienis a and b, the molecular weight
of oxygen, M, the temperature of the gas,
Tg. and the reactcr volume, V.

This yields for the reactor pressure the
expressior

{
(B-P) + {: (- 3" e

where Po is the original pressure of the
reactor.

The variation of pressure with time is
shown in Figure 11 together with weight
gain plots of pressure insensitive (K s> 1)

and pressure sensitive (K g<< 1) phase

boundary reactions. It is seen that for equiv-
alent reaction times pressure sensitive re-
actions deviate from linearity, whereas
pressure sensitive reactions remain linear
virtually t- axhaustion of oxygen.

Effect of Pressure on Phase Stability

The effect of pressure on the phase sta-
bility of products of rea:tion is well known.
It appears worthwhile, however, to point out
that the form of rate equations will depend
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on the number and order of product phases
formed. Copper may be used as an ilius-
trative example. By referring to the P-T
diagram for Cu-O, Figure 12, it will be seen
that ie region I the reaction of Cuwith O will
invclve only evaporation of copper from the
surface with possible subsequent reaction
to form CuO(V) (Reference 37). In region II,
the growth rate of Cu20 is parabolic wita

a2 pressure dependence of either Equation 12
(Reference 12) or Equation 13 (Reference 5).

In region IN, the overall rate is parabolic

with CuO forming from Cu20. The overall

pressure dependence will be different since
although the formation rate of CuO is prob-
ably pressure dependent according to
Equations 11 or 12, the Cu20 formsation rate

is now pressure insensitive since the defect
concentration at the Cu20-Cu0 interface

will remain essentially constant. For pur-
poses of discussion, the effects of nucle-
ation and growth of the CuO from the Cu20

phase have been neglected. Similar consid-
erations apply for other metals although
most others are considerably less stable,
i.e., AF << O and lowering pressure may
not be expected to change the number of
product phases as * - ~ily.

In summary, the type of rate equations
encountered for various metal gas reactions
are presented in Table 2. The values of the
rate constants and pressure dependencies
for those metals which have been worked
out are given in the Appendix.

Example:

The oxida«on of molybdenum and tungsten
offers interesting examples wherein all of
the foregoing considerations should be taken
into account for a complete analysis.

At temperatures below the melting peoint
and at moderate pressures, both metals
oxidize according to the consecutive re-
actions

Mo+ 0y — Nely (AF<0) fn

MeD, + )4 0, — NeOg(,) (AF<0)  (1d)

u.ou.) — '; (Noos)n (vap)
(AH>0) (19)

Reaction (17) is diffusion controlled, re-
action (18) is phase boundary controlled and
reaction (19) is gas boundary layer diffusion
controlled, whose rates are given by
Equations 8, 7, and 6 respectiveiy. (See
Table 2.) Reactionz (17) and (18) exhibit
pressure-insensitive to pressure-sensitive
transitions in rate behavior in the case of W
and probably in the case of Mo (Reference 38)
according to Equations 10 and$
(Reference 19).

For reaction (19) the rate of evaporation

is proportional to the partial pressure 7t
cf (WOs)nnp. according to Equation 6 and
virtually insensitive to the oxygen overpres-
sure, P, as given in Equation 5andis related
to the enthalpy of evaporation, AHy.p
{Reference 39), by the Clausjus-Clapeyron
equation. The temperatures at which this
process becomes appreciable atatmospheric
pressure, for example, are from 950°C to
1100°C in the case of W and sbove about
850°C in the case of Mo. It is then that any
weight measuremont will become flow sen-
sitive either in a flow reactor or by con-
vective flow in a closed system. The volatility
rate of trioxide does not neueassarily affect
the overall metal reaction rate but failure
to account for the flow sensitivity of tri-
oxide volatilization has given rise to con-
flicting observations on the resction rates
of these two metals (References 22, 40, and
41).
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APPENDIX
Rate Constant Values For Tungsten

Phase - Boundary Process (woz + -'-'02 - wo, )

2
3 ,88C mg
3.6 x 10 ('F) 1000 (Tm‘) v, €y :7 x 10° mg/cm? nr
AH* = 45.9 kcal /mole
oxp (S4/ R )* : 2.2 x 1078
Ang : - 21.7 kcal /mole

Diffusion Process ( W+ 0, —» WO, )

2
3 ,sec 6 smg 1.3
=
Ahd = 68 kcal / mole
oxp i AS, /R £1.133 x 108
AH:: s -27.6 kcal/ mole
Rate Constants For Columbium
Oxygen~- Ditfusion Process (Cb + —2’- 0, - CbOy )
- ;
D;/z Cir =2.85% x 10 3 om/c:m2 seo 2
*
AH“ 2294 kcal/mole
Shase- Roundary P 2 (Cboy + (-"’—'-?-’l) 0, —- Cb,0
b - Roundary Process y . A 205
3(8ec 3(_m9 ° 7 2
3.6 x IC ( hr) 10 ('M) v'zc'z t €67 2 10 ' "mg/cm” hr
AN:2 = 56.92 kcal/mole
oxp (AS“/R). : 5.7 x 1074
An,,* 2 -44.66 kcal /mole

]
*Use Equation 10.

**Use Equation 11.
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5-2z
Phase -Boundary Procvss | (cbo, + (-—;—) O2 — Cbzos)
3.6 x 103(—!!-9-) 10° (ﬂ) vy CO° : 9.65 x 10" ¥mg/cm® e
hr gm sl sl
AH: s 59.52 kcal /mole

exp ‘Asn/'”.- 4.55 x 1012

A ".T -50.112 keal/mole
Rate Constant Values For Tantalum

Oxygen - Diffusion Process (To + -g- 0 -» ToOy)

| |
D, R ¢ 4.93 x 10> gm/cmZ sau 2

23.1 kcal /mole

*
AHM

_ 5-2y
Phase —Boundary Process 2 (TaOy +( ry )oz — 1’0205)
3.6 x 10° (—’—'3) 103 (l'—) v _CO

hr am s2 82

An.‘; 70.73 kcal /mole

-
exp ( As‘z/n)

8.4 x lo'cmg /cmz hr

1.19 x 106 :

"

Au.z' -64.0 kcal /mole

4 2 2's

Phase -Boundary Process l"‘(Tcl()z + (Lz—‘-)o —e To 0)

b vekgw, e e 4 w0

3 [sec m . - -] 2
3.6 x 10 (—-M )los(—i—'m) v, €O exp(AS /R)= 1.22 x 10°mg/em" hr
AH 4+ AH* = (8.3 kcal/mole
sl sl

. ]
*Use Equation 10.

**Rate constants not fully separable because of the lack of pressure-insensitive data for this
process.
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Rate Constant Values Foxr Cobalt

Diffusion Process (CO + K O, —= Coo)

2
3 [ sec 6/ m - 9 2 4
3.6 x 10 (—-h') 10 (m) Doxpox MOICOO Ac® = 3.85 x 100 (mg /cm hr)

AH: : 6§9.6 ( kccl /mols)

exp (AS“ /R)* = 6.1l x 1074

an " = -17.9 { kcal /mola)
ox

Rate Constant Values For Nickel

Diftusion Process (Nl + ',4 (J2 — NIO)

sec 6 (mg?
3.6 x 10 (-:'—) 1 (#) Dox Pox Mo/nio AC® exp ( AS. /R)*®

: 4.9 x 10" (mg% sem* nr)

50.5 ( kecal /mole)

Ant + An ™
d ox

*Use Equation 11,
**{/se Equation 12,
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HIGH PRESSURE FURNACE DESIGNS FOR SOLID GAS
REACTION RATE MEASUREMENTS
Pressure
Shell Heater and Temp. Range Range
Moidel Figure Material Type °c psia Atmosphere
I 2 Stecl Kanthal A-1 400-1200 | 0.1-1000|0,, No, Air
3 Zone Control
81 5 304 Stainless | Kanthal A-1 400-1100 | 0.1-600 |0,, N,, Air, H,
3 Zone Control
I 5 Steel Kanthal A-1 400-1200 | 0.1-600 |0,, Ngy, Air
Pt-40%Rh 800-1500 | 0.1-600 cm. N,, Air
IV € Steel Silicon Carbide 700-1600 | 0.1-~600 ow. Zm. Air
Tube
A% 7 304 Stainless | R, F. Induction 1000-2700 | 0.1-600 0,. N,, Air, H,
HC1, mmO. CO, Hf
VI 8 Steel and Split Graphite 1000-2000 | 0.1-100 |0,, Zw. Air with
Stainless Resistor and Argon Backing Gas
ZrCq9 Muffle
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Figure 3. -hematic Arrangement of Sample Thermocouple and Shield
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Figure 8. Split Graphite Resistor Furnace (Shown Without Mufile)
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INITIAL STAGES OF THE OXIDATION
OF TUNGSTEN AND TANTALUM

D. W. Rausch’
Ko Lo MOQ"Jd‘

INTRODUCTION

The kinetics of the gaseous oxidation of
metals have been studied extensively during
the past several decades, Experimental work
has veen concerned largely with the estab-
lishment of rate laws describing gross be-
havior, wiile the theoretical work has at-
tempted to rationalize these results interms
of reaction mechanisms (Reference 1), Few
theories attempt to describe the mechanism
for oxide films thinner than about 100 A,
With the development of the electron micro-
scope came the opportunity to observe and
determine surface structure in much finer
detail (i.e., to the limit of resolution, about
20 A), The experimental work which followed
greatly extendec the knowledge of spitaxy and
in a few cases was concerned with the spe~
cific problem of initial reaction kinetics
(Reference 2), This work demonstrated
beyond doubt the critical role of substrate
topography (including crystallogrephy and
local heterogeneity) and contaminaifon in the
initial reaction kinetics and nature of the
reaction product, More recently, the develop~
ment of the field emission microscope and
improved vacuum gauges has been responsi-
ble for extending the state of knowledge down
to atomic dimensions, The use of these
instruments has led to a greatly improved,
geaeral understanding of adsorption and
atomic mobility processes, and a rather
detailed understanding of these processes

involving oxygen on tungsten,

The purpose of the preseat w.-x is to
study that region of the reaction bitween the
adeorbed staie and the thin oxide flim state,
i.e., the nucleation and growth of oxide in
the initial stages,

Previous Work

The gross oxidation behavior of tungsten
has been reviewed recently (References 3
and 4) and rate laws for the oxidation of
tungsten (References 4 and 5) and tantalum
(References 5 and 6) are available, Since
detailed and precisely defined experimental
results of the oxidation kinetics of tungsten
and tantalum in the initial stages of reaction
are not available, a brief review of experi-
mental studies dealing with this problem in
the oxidation of other metals maybe inorder,

Much of the experimnental work which has
been carried out suffers from (1) a lack of
positive definition of the initial metallic
substraty, (2) a difficulty in cbserving ia
fine~enc:.th detail the surface structure and
topography, (3) an inability to achieve a
suifioiently low resction rate so that the
iritial stages can ‘zaly bs studied (for even

at oxygen pressur:3 as low as 10"6 mm Hg
a monolayer of ga: may be adsorbed in «
matter of seconds), and (4) the presence of
gases other than oxygen, Daspite these diffi-
culties and the resulting uncertainty in inter-
pretation, a number of significant obser-
v .ions have been made, The kinetics of the
initial reaction on copper has been studied
in some detail (Reference 7), The reaction
is characterized by three distinoct stages:
inoubation, nucleation, and lateral growth,
and after impingement and complete surface
coverage, bulk growth perpendicular to the
surface. The apparent nuclel exi~ on a
more-or-less undefined ‘fllm,’’ anua appear
simultaneousiy on a given crystallograptic
plane, The constancy of nuclel density with
increasing reaction time and the decrease in
nuclei dersity with increased substrate tem-
perature (at constant pressure) lead to the
conoept that each nucleus is surrounded by

* Department of Metallurgical Engineering, The Ohio State University
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a ‘‘zone of influence’* in which another
nucleus is not likely to form. The extent of
such & zone depends upon the rate of surface
diffusion and oxygen pressure, The kinetics
are markedly depeundent upon crystallogra-
phy. Other studies on copper, barium, iron,
and nickel (References 8, 9, 10, and 1l
respectively) are generally consistent with
this characterization of the oxidation process,

The role of substrate dislocations in the
initia? oxidation prccess is not well under-
stood (Reference 2), However, it appearsthat
certain impurities may be required in the
dislocations in order for them to act as pre-
ferred nucleation sites,

As opposed to the lack of experimental
work on the kinetics of the initial oxidation
of tungsten and tantalum, oxygen adsorption
and mobility on atomically clean tungsten
have been the subject of numerous investi-
gations (References 12, 13, 14, and 15).
Since these studies have been reviewed
elsewhere (References 4 and 16) cnly the
pertinent expe: mental details and general
results will be mentioned here,

Primarily two experimental methods of
approach have been used in the studies of
oxygen adsorption on tungsten  field emis-
sion microscopy (electron and ion), and
flash filament techniques, All of these ex-
periments have involved the deposition of
oxygen on the substrate at room iemperature
or below and the subsequent reaction of the
contaminated substrate in ultrz.-high vacuum

(10-9 mm Hg to several orders of magnitude

lower) at temperatures between 4° and
~2000°K, Mobility experiments have gener-
ally been carried out below room temper-
ature, while desorption experiments involve
higher substrste temperatures. Desovrpiion
experiments aim to relate desorption tem-
perature with pressure rise in the vacuum
system as the reaction takes place, or with
change in the electronic work function of the
various crystallographic planes on the sub-
strate,

It has been determined that two chemi-
sorbed monstomic layers are formed below
room tempr.rature, About 80 percent of the

first layer is formed without activation and
is generally immobile, This layer is charac-
terized by a variation in coverage (l.e.,
surface density of adeorbed species) and
hinding energy with crystallography., The
average binding energy of the first layer is
about 160 «cal per mole (subject to a
20 percent variation), This layer is stable
under high vacuum to about 1000°C, Each
tungsten atom in the surface is belleved to
contact only one oxygen atom, with each
oxygen atom contacting several tungsten
atoms, Such an arrangement permits =2
second, less-tightly bound, chemisorbed
layer on planes other than the most densely
packed {110} in body-centered cubic. The
second layer is considerably less stable
and is desorbed above 300°C in high vacuum,

Additional molecular oxygen may be ac-
commodated in a physisorbed state a{ low
temperatures, but even the complete second
chemisorbed layer seems to be formed with
difficulty at room temperature {.e., rela-
tively high oxygen pressures are necessary).
Above rcom temperature undissociated oxy-
gen is believed to be slowly taken up by the
chemisorbed layer in a manner resembling
‘sglow oxidation,?” Mobility within the chemi-
sorbed layer is observed at 130°C and above,
Oxidatior and descrption apparently take
place simultaneously abo:.3 809°C in the
ultra-high vacuum environment, Neither
nucleation in the chemisorbed layers nor
nucleation of a second phase has been
observed, Arguments have been presented
for the existence of oxide microcrystallites
(References 15 and 17), probably WOS’ but

are not without contradiction (Reference 12),
A clear differentiation between the adsorbed
state and oxidized state has not been revealed,

Tha Preseat Work

As compared to the fleld emission work
described above (namely, oxygen deposition
at low teraperatures and subsequent heating
in the absence of gaseous oxygen), the present
work is concerned primarily with the course
of reaction on tungsten and tantalum sub-
strates above room temperature with oxygen
from the gas phase (l.e., conditions under
which appreciable oxidation is expected),
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The field electron emission microscope is
ideally suited to such a study for the following
reascns:

a, Electron emission, a result of quentum-
mechanical tunneling of electrons through the
iteld deformed potential baircier at the
surface, is dependent upon crystallography
and is8 extremely sensitive to surface
contamination,

b, Atomicully clean and reproducible sur-
faces can be achieved on tungsten and
tentalum emitier-substrates by heating to
temperatures bhetween 2000° and 2600°C,

c. All major crystallographic planes are
present on the approximately hemispherical
emitter-gubstrate,

d. High magnification and resolution are
readily achieved, The inherent resolution
in the depth cdimension is one atomic layer
and about 20 A in the lateral dimensions,

e, Observations can easily be made during
the course of the reaction since the reaction
takes place in the microacope,

The major disadvantage imposed by the
use »f the microscope is that the size of
most crystallographic planes on the substrate
is relatively small,

The results and experimental techniques
described in this paper represent the initial
efforts in an experimental program aimed
at elucidating the role of substrate temper-
ature, topogrephny, and cxygen pressure in
the kinetics of oxidation in the iritizl stages,

EXPERIMENTAL PROCEDURE

The field electron emission microscope
is essentislly an ultra~-high vacuum device
because the field emitter~tip (l.e,, the
metallic substrate or specimen) is relatively
fragile and it is easily destroyed by lon
boawardment, In the presence of relatively
high pressure, this destructior rmnay result
from the high electric field required for
emission, A number of excellent reviews
of field emission and ultra-high vacuum
techniques arc available (References 16, 18,
19, and 20) so a brief dsscription will
suffice here,
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The vacuum system used in this work is a
general-purpose, all Pyrex, ultra-highvac-
uurn system several liters in volume larger
than the diffusion pump. It contains in series
a mechanical forepump, three-stage oil dif-
fusion pump, zeolite trap, two Bayard-Alpert
lonization gauges, two liquid nitrogen traps,
and a two-filament gettering bulb containing
a tantalum-titanium and a molybdenum getter,
For this work the system is operated as a
dynamic system (i.e,, it is open to the
atmosphere through the forepump) in order
to rapidly pump out the large amounts of
oxygen required for the substrate reaction.
Baking, outgassing, gettering, and lonization
gauge pumping routinely produce vacua in

the low 10~ mm Hg range,

The field emission tube, Figure 1, 1s
constructed of a 250 ml Pyrex flask (F)
containing on the inside a transparent
electrically conductive coating (C) furnished
with an externai lead (E). This coating, which
serves as the anode, 18 covered by a calcium
tungstate fluorescentscreen (S), The emitter-
tip (T) is welded to a tungsten loop (L) which
serves as the resistive heating circuitfor the
tip through the two external leads in the
four-lead graded glass seal (G). The re~
maining two leads in this seal are used
for potential leads (PL) in moasuring the
temperature of the tip,

The emitter-tip itself consists of a short
length of 5~mil diameter commercial grade
tungsten or tantalum wire which is electro-
lytically polished to a fine smooth point
sufficiently small that it cannot be resolved
at 500X (l.e,, several thousand A diwmeter).
After assembling the emission tube, joining
it to the vacuum system, and attaining ultra-
high vacuum, direct current from storage
Latteries 1is passed through the heating
circuit in order to out-gas the tip-loop
assembly and anneal the tip.

Temperature is meeeured by continuously
vecording the potenidal drop across the
section of the heating loop contained between
the potential leads, This potential drop is
obtained w«# a function of temperature by
potenticmetrically measuring tha resistance
of the section of the heating loop over a
range of temperatures mesasured optically
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and by assigning tempersatures to additional
resistance values measured below the optical
pyrometer range ov the basis of the well-

estabiished variation in the resistance of

tungsten with temperature, Temperatures
reported in this work are estimated to be
accurate within £20°C,

Two methods of providing oxygen for the
reaction are used. For prassures under

1075 mm Hg, a silver bead (B) supersatu-

rated with oxygen and containedon a platinum
loop (P) in a sids arm (A) 18 heated resist-
ively to release oxygen. A polyethylene-
asbestos jacket is placed around the sidearm
and, prior to heating, is filled with liquid
nitrogen, Since the silver bead cannot see
the tip (i.e., substrate), all oxygen evolved
must strike the cold walls of the sidearm
prior to entering the emissjon tube, and is
thus purified, For oxygen pressures of

1075 mm Hg and above, commercial grade

oxygen is leaked into the vacuum system

from a reservoir at about 10~ mm Hg
through the diffusion pump, zeolite trap, two
liquid nitrogen traps, and gettering region.

Pressures were measured with Bayard-
Alpert ionization gauges, Due to the geometry
of the system, a correction was applied to
such measurements when the silver bead
tecnnique was used in order to account for
the much greater flux of oxygen at the
emitter-tip than at the ionization gauge, The
correction factor was determined by ob-
serving the length of time required for the
emission pattern to change from the clean
pattern to some arbitrary state of contamina-
tion under two conditions: reaction with a
relatively high and stable residual oxygen
pressure (achieved by incomplete removal
of oxygen admitted from the reservoir),
and reaction with oxygen from the silver
bead at constant flux, Assuming, then, that
the total number of molecules which have
impinged on the surface is the same in both
cases

PAt = kP, At (1)

where P and t are respectively ionization
gauge pressure and time of reaccion, with

the subscript s referring to the reaction
using the silver bead, and K is the correction
factor, Such a factor must be determined for
each preasure level at which the silver bead
is employed. The values of K determined in

this work ranged between 10° and 10°, The

accuracy of pressures corrected in this
manner ig estimated at plus or minus a factor
of throe,

High voltage is supplied by a 0 to 30 kv
filtered DC power supply with external line
regulation, Applied voltages are measured
by a calibreted panel meter estimated to
be accurate within +2 percent full scale,
A General Radio Company 1230-A electrome~
ter measures emission currents between the
anode lead and ground, The accuracy of this
meter {s better than +1 percent,

The experimental sequence is as follows:

a, Clean tip by heating to temperatures above
20C0°C,

b, Cocol to room temperature and apply field,

c. Repeat “a.’” and ¢b,’”” until clean pattern
18 observed,

d. Photograph emissicn pattern (a Polaroid
camexra with close-up lens was used in this
work with 3005 speed film),

e. Measure currents and voltages, turn field
off, and

f. Heat tip to reaction temperature and
activate oxyger flow,

After the desired reaction time, the oxygen
flow is stopped, the tip cooled to room temper-~
ature, and the above sequence with excention
of step “a,’* is repeated, It 18 necessary not
to apply the high field to a heated emitter-tip
during the course of reaction as drastic
rearrangement on the surface of the substrate
is noted.

The extent of contamination by residual
gases may be estimated from the idnetic
theory of gases by

J = PGZ#mKT)'i, moleculer cm " ® sec ™' (2)
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where J, P, and m are respectively flux,
pressure, and mass ol the gaseous species,
and k and T have the usual mesaning, Assuming
the residual gases to be oxygen at

P=10"" mm Hg and T = 860°K, a mo olayer
would be formed in about 15 mimrtes for a
sticking coefficient of 0.1 (independent oi
coverage) on a step-free, smooth surface.
Since about ons minute is required at room
temperature between consecutive reactions
in the experimental sequence outlined above,
contamination by residual gases is not very
extensive. However, this reaction is checked
periodically, independent of the measured
pressure of the system, by permitting a
cleaned tip to react with the residual gases
and observing the rate of reaction as mani-
fested by changes in the emission psttern.

Recovery of ultra-high voccuum is essen-
tially instantaneous after the activationof the
silver bead due to the small volume ratio of
the emission tube to the entire system, and
the large pressure gradiant (indicated by the
large values of K), Aiter oxygen from the
reservoir has been admitted (producing the
characteristic large pressure rises thruugh-
out tlie entire system), it is necesssary to
activate the getters to reduce the oxygen

8 mm Hg range.

pressure rapidly to the 10

Image magnification is deternined either
by direct measurement ¢ ‘he emitter-tip
radius in the conventional slectron micro-
scope or by assuming a value of the average
eloctronic work function of the clean substrate
(these values are fairly well established as
4.5 ev and 4.1 ev respectively for tungsten
and tantalum) and calculating the radius from
the Fowler-Nordheim equation (Refer-
ence 21). In either case the magnification is
determined after crystallographic pol&s have
been determined in the emission pattern by
calculating the ratio of chord lengths between
poles on the pattern and on the emitter-tip.
In the present work, magnification is given
in terms oft{wo,} the chord length or dis-

tance between the easi’y identified {100} poles
which lie on a plane intersecting the points of
emergence of these poles on the surface of
the tip and parallel to the phno of the photo-
graph (i.e., the central {110} plane). Thuse
distances ars estimated to be accurate within
420 percent.
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RESULTS AND DISCUSSION

Figure 2 (a) and Figure 2 (b) are field elec-
tron emission patterns from clean tungsten
and tantalum emitter-tips respectively. The
shape of these tips is essentially conical with
a smooth hemnispherical end. Since the radius
ot this hemisphere {8 on the order of several
thousand A, the tip isusually a single crystal.
One of the unique features of such ashape on
a single crystal of this size is that all major
crystallographic planes are present. The
low-index {110}, l?11} and {100} planes in
body-centered cubic crystals are the most
densely packed and exist as flat facets on
the surface. The regions surrounding these
planes as well as other low~index planes are
comprised of steplike terraces of low-{ndex
plane edges, with each terrace becoming
narrower as the distance from the pole of the
low-index piane increases, High-ir iex planes
on the surface are made up of the edges
of low-index plane terraces and are conse-
quently quite rough. Regions of transition
from terraces of one plane to terracos of
another often consist of rows of atoms pro-
truding above their surrcundings and con-
tacting fewer neighbors than other surface
atoms,

Since the electronic work function (@)
varies from plane to plane as a result of
the different coordinations, electron emission
is a function of crystallograph; and per-
mits the indexing of the major crystallo-
graphic regions in the emission pattern,
Recognition of the twofold and t{hreefold
poles in each of the patterns in Figure 2
leads to the indexing of all other positions.
These are the usual patterns obtained from
drewn tungsten and tantalum wires which
exhibit marked {110} texture, A ste
of the low-index poles in the cubic 3 110}
projection is given in Figure 2(c). The
central, low-intensity, high ¢ region of the
pattern {s denoted as the {110} region and
contains the flat {110} plane at its centsr.
The fourfold {100} pirnes are also charac-
terized by lvw-inteusity slectron emission,
but the {100} regions are highly emissive.
The less densely packed {111} planes mani-
fest their correspondingly lower ¢ by high
intensity emisaion, Threslow-intensity{ 211
planes appear around the threefold {11
pole in the tungsten pattern but are not

. B
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discernible in the tantalum pattern. Since the
group VI metals tungsten and molybdenum
exhibit identical clean patterns ss do the
group V metals tantalum and niobium, the
differences in the two types of patterns may
be rationalized in terms of the effect of the
d-electrons (Reference 22).

The adsorption of residual gzses at

8 x 107 mm Hg on a tungsten substrate s
room temperature is shown in the seque:
of Figure 3. The applied voltage and accum .-
lative reaction time are given for each
photograph in the sequence. Several obser-
vations are noteworthy., First, relative
emission intensity in the various regions
of the pattern is not preserved as adsorption
takes place (this corresponds to a dispro-
portionate change ing of the various regions).
Second, emission intensity changes gradually
or continuously from one region to another,
And finally, adsorption takes place quite
slowly after iritial coverage has Leen
achieved, Based on the flux calculation made
for oxygen, Figure 3 (c) represents a coverage
of about one layer. In view of the known
dirficulty with which multiple adsorbed layers
are formed on tungsten at room temperature
and above and at low pressures, Figure 3 (d)
and (e) could not represent more than several
layers on the most heavily covered planes.
At higher pressures, substantial amounts
of adsorbate are observed on tungsten
(Refarences 13 and 14) in the undissociated
physisorbed state. The existence of pre-
ferred sites for such adsorptionis apparently
responsible for a small degree of highly
localized variation of emission intensity over
large regions of the pattern, It should be
noted that no such variation is apparent in
Figure 3.

Tantalum Reactions

The emission patterns obtained in aseries
of isothermal reactions at~2606°, 830°, and
1130°C are shown in Figures 4, 5, and 6,
respectively.

The patterns of Figure 4 were obtained
during an attempt to clean the substrate by
heating ~ 2600°C. Patterns (a), (bj, and (c)
show the emergence and subssquent location
of a grain boundary which revealed itself

as a result of evaporation of tantalum from
the substrate. Since the position of the grain
boundary did not change significantly after
further evaporation, the surface of the grain
boundary is parallel to the axis of the emitter-
tip at the emitting end of the wire. The
appearance of the clean tantalum patiern is
verified by such evaporation patterns. The
values given for £ 500 &PPLY to the distance

{100} poles on the same grain,

Figure 4 (d) demonstrates the eifect of
residual gas adsorption on the substrate
of Figure 4 (c). Figure 4(d) resulted from
an eight-hour exposure to the residual gases

at a pressure of 1 x 1778 mm Hg. There
are several similarities between the patterns
obtaired from tunsten, Figure 3, and tantalum,
Figure 4 (d). Gradual changss in emissicn
intensity from region to region on a particu~
lar grain are observed in buth cases. Like-
wise anincrease inthe average¢gaccompanies
adsorption in both cases, This is deduced
from the higher voltage required by
Figure 4(d) relative to 4(c) to achieve
only a fraction of the emission current
of 4(c). (The emission current of 4 (c) could
not be obtained in 4 (d) due to a voltage leak
in the emission tube.) In Figure 3 the
increase in ¢ is manifested by a decrease
in emission at constant voltage.

A dissimilarity between the adsorption
patterns of tungsten and tantslum is also
noted. Figrire 4(d) exhibits the highly lo-
calized changes In emission intensity
mentioned before but not present in Figure 3.
This is indicative of the physisorbed state.

Since the grain boundary of Figure 4
presented a rather unususl opportunity to
study its effect on oxidation, this tip was
subsequently reacted with oxygen as shown
in Figure 6. The reaction was carried out

with oxygen at 10™° mm Hg and the substrate
heated to 830°C. Figure 5 (a) represents the
clean substrate after cleaning at~2400°C
at the beginning of the reaction. Figure & (b)
exhibits eight, randomly located, small,
more or less circular and highly emissive
regions, after two minutes of exposure io
oxygen. As opposed to the adsorption
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patterns, a discontinuous change in emission
intensity is apparent between the bright spots
and the adjacent regions on the substrate.
Figure 5 (c) and Figure 5 (d) show the subse-~
quent growth of the bright spots upon continued
exposure to oxygen. These resultz may be
interpreted in terms of the ‘‘fleld en-
hancement”? effect which is discussed in the
following paragraph on the important matter
of differentiating between the adsorbed state
and a crystalline second phase.

Adsorption from the gas phase onto aclean
substrate is envisioned as a2 process com-
prised of (chronolcgically) wesax physisorp-
tion, diffusion to either desorption or trap
sites, and either desorption or chemisorption;
the chemisorption step being preceded by
dissociation in the case of a polyatomic gas.
Trap sites are usually considered to be sites
of local heterogeneity such as surface vacan-
cles and ledges, While certain regions onthe
emjtter-substrate do possess a greater
density of such sites (e.g., the rough high-
index planes and areas of transition from
one crystallographic region to another),
generally speaking, these sites are dis-
tribited more or less randemly over the
substrats, Since the resolutiop of the mi-
croscope 18 normaily about 20 A in the plane
of the substrate, the process of chemisorp-
tion is characterized in the emiasion pattern
by gradual changes in emission intensity
with respect to both time and position on
the substrate,

Physically adsorbed molecuies, being less
tightly bound, often find themselves pro-
truding above the surface to a greater
degroe than chemisorbed atoms. Such a
protrusion’on the surface may give rise to
local field enhancement (by virtue of its
reiatively small radius of curvature) and
resulting increase in localized emiassion and
magnification, The slight variation in local-
ized emission in Figure 5 (d) is probably the
result of this effect,

Transformation from the adsorbed siate
to a c¢rysialline second phase, however,
being & firgi~order phase transformation, is
accompazisd by a decrease in the Gibbs
free energy of the system as well as discon-
tinuities in the first and higher orderderiva-
tives of the free energy (l.e., eniropy,
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enthalpy, volume, etc,). Accordingly, elec-
tronic properties generally exhibit a discon-
tinuity accompanying the transformation, and
on this basis a discontinuity in electronic
work function is expected. Whether or not
such a discontinuity can be observed in the
emnission pattern depends upon the size, the
shape, and the position of the volume under-
going transformation. In genersl, a region
of dimensions smaller than the resolution
limit will not be defined in the pattern.
However, if the shape of the transformed
volume is such that protrusion above the
surrounding surface exists, increased magni-
fication resulting from field enhancement
may permit the observation of such adiscon-
tinuity. The net effect, then, is a result of
the work function discontinuity and field
enhancement, with the latter usually pre-
dominating.

On Figure 5 the bright spots exhibiting
sharp smission discontiruity at their per-
iphery are interpreted as being the result
of the formation of & distinct crystalline
second-phsse, i.e., oxide nuclei or micro-
crystallites. One of the interesting features
of this ssquence is that the variation in
emission over the surface of the substrate
is rather continuous (except at the periphery
of the nuclei). This is indicative of relatively
low oxygen coveragze in the adsorbed state
after nucleation hae occurred., The size of
the bright spots in Figure 5 (b) corresponds
to several hundred A in diameter, but cannot
be interpreted as the size of the nuclel if
field enhancement exists., The existence of
field enhancement is established in this case
by the observation that the relalive size of
the bright spots on a particular pattern is
not independent of applied voltage. (While
this_effect i nct shown in the photographs
of Figure 5, it will be shown in a subsequent
reaction.) On the uther hand, fisld enhance-
ment does not affect the measurement of
distances between nucleating centers. This
distance appears, to be on the order of
several thousand A,

At higher substrate temperatures the gen-
eral features of the reactiun change only
slightly. However, higher pressures are
required to achieve nucleation of the oxide
in a reasonable period of time., This may
imply that a critical degree of surface

o ey
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coverage is required {Reference 23) and
that, as the rate of desorption from the
surface Increases at nigher temperatures,
the length of time to reach the critical
coverage alro increases, Figure 6 shows the
reaction at a substrate temperature of

1130°C with oxygen pressure at 1074 mm Hg.
Again crystallites are observed to grow and
tc increase heir number with continued
exposure, The pattern of 6 (b) is not easily
interpreted at this stage of the experimental
program, but it strongly resembles desorp-
tion patterns obtained by heating a tip, which
has been saturated at low temperatures in
ultra~pigh vacuum (i,e., in the abasence of
an appreci~ble amount of oxygen in the
gas phase) to temperatures above 700°C
(Reference 24). With respect to the diastinct
second phase nbserved later in the reaction,
Figure 6 (b) represents a state of the surface
during an incubation period.

Unforturately, emission currents became
dangorously high when the voltage >’ 6 (c)
and 6(d) was increased in an attempt to
increase the emission from the substrate.
Further evaluation of the role of the grain
boundary was, therefore, not possitle.
Despite the appearance of ¥igure 6 (d), it is
not certain whethe: oxide grew across the
grain boundary or not. At lower voltages
many of the irregularly shaped oxide regions
of Figure 6 (d) appeared to divide themselves
into approximately circular regions. 3uch
an effect would be ootained if fleld enhance-
ment (and increassd magnification) existed
at two protrusions located close together. The
apparent absence of preferential oxidation
at the grain boundary is most likely the
result of a local surface deficienzy of
oxygen arising from diffusion into the grain
boundary.

Another interesting feature of the rucle-
ation and growt! process on tantalum is
observed in Figares 6 (c) and 6 (d), i.e., an
increase in field enhancemeni with in-
creasing growth. This phenomenon is re-~
vealed by the beuavior of the second largest
bright region in Figure 6 (c) as it grows and
becomes the brightest region in Figure 6 (d).
The appearance of this region in the photo-
graphs of Figures 6 (c), 6 (d), and 6 (e) is a
bit misleading in that a sharply defined
high-intensity circular spot is observed
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visually, with other less highly emitting
spots in its proximity., Upon decreasing
the voltage of Figure 6 (c), the intensity of
all spots diminishes until no emission is
visible at 15 kv. After further growth
(Figure 6 (d)), the spot becomes much more
intense at constant voltage and remains
correspondingly more intensa as the voltage
is decreased to 12 kv (Figure 3 (e)).

The sharply defined circular bright spots
are most likely the result of emission from
a protrusion in the shape of a surface oé
revolution, For such a protrusion compose
of ths substrate phase and approximated
by a spherical segment, a calculation of the
local field sb-ws that enhancement should
increase as the radius of the protrusion
increases from~6 to~ 40 {on a tip of
~1000 A radius), then decrease upon further
growth (Reference 26). Interpretation of the
present observations, however, must account
for the discontinuity in electronic properties
dus to the existence of a second phase as well
as the size and shape effect. The observation
that rome regions exhibit continued increase
in field enhancement with further exposure
to oxygen may be partially explained by a
relatively greater growth rate in a direction
perpendicular to the substrate than parallel
to it (i.e., whiskerlike grewth). Such growth
could also expl«in why some nuclel appar-
ent’y disappear with increasing exposure
time (Figur~ 6(c) and 6(d)). The large
stresses imposed by the high fileld might
easily tear a fragile microcrystallite from
the surface.

While the random occurrence of nuclei
18 sometimes assumed to be ralated to the
random occuriznce of dia. - :ations on the
substrate, the presence of dislocations on
the substrate surface in the present ex-
periment (Refersnce 26) is unlikely due to
the high annealing temperature employed.
If the dislocation density of the annealed
single crystal is takea as 105 to 106 per
cm2 (Reference 27) and the surface area
of the observable portion of the emitter-

tip is taken as 10°0 ¢m? (calculated from
the known tip radius), it is wpparent that
the probability of findir- 1 dislocation on
the substrate surface is vc:y low,
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Future =xperimental work utilizing the
conventional electron microscope may reveal
the true shape of the protrusions, and with
the aid of electron diffraction it may he
possible to identify the second phase,

The above description of tantalum reactions
is characteristic of the high pressure experi-~

ments (i.e., pressures above 10 ~ mm Hg).

In the pressure range of 1084610 5 mm Hg,
the description which follows for tungsten is

generally valid for tantalum as well,
Tungsten Reactions

The tungster-oxygen reactio:

128 been
studied uver the pressure rauge of 107° to
10" mm Hg with the substrate at temper-
atures Letween 30° and 1200°C, Each photo-
graphic sequence contains emission patierns
obtained at constant current. However,
slightly different current levels have been
used in the various sequences in order to
optimize the appearance of subtle changes in
the patterns.

Characteristic of the reaction on sub-
strates Lalow 400°C are the sequences given
in Figures 7 and 8 (at room temperature and
400°C respectively)., With the exception of
Figure 8 (f), the reactions were carried out

at an oxygen pressure of 7 x 1078 mm Hg.
Significant differences between the two reac-
tions are not apparent, In both cases the
average ¢ of the entire surface increases
with time. And in both cases an ‘‘end point??
in the reaction sppears (Figures 7 (e), 7 (f),
8 (d), and 8 (a)), after which changes take
place very slowly (if at all) at this pressure.
Assuming a constant aticking coefficient of
0.1, five to ten minutes should be required
for the tightly bound layer to form at rvom
temperature (Figure 7(c) and 7 (d). The
existence of an ‘‘end point” siguals the
attainment of a saturated state, i.e., &
metastable equilibrium between adsorption,
desorption, and diffusion into the lattice.
The longer time required to reach the stage
of Figure 7(c) and 7 (d) at 400°C is a mani-
festation of the smaller sticking coefficient
and increased rates of the thermaeally acti-
vated processes giving rise to the =qui-
librium, In view of the difficulty with which
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the complete second layer is formed at
room temperature and Jow pressurs, the
saturated state in this case represents be-
tween one und two layers. The existence of
highly preferred sites for adsorption is
manifestod by (1) the rapid decrease of
intensity In ‘e atomically rough {211} re-
gions and (2) the alight variation in emission
intensity on a highly localized scale. The
latter effect is also noticed in Figure 8 {f),
which represents the ‘‘end point” of the
reaction at 400°C at an oxygen pressure of

g -4

10"° mm Hg. This pattern differs only in
its clear definition and low intensity of
low-index planes from the corresponding
pattern (not shown) obtained at room temper-
ature, In these cases, however, the variation
in emission intensity on a locslized scale
is the result of physisorption,

The reaction on substrates at higher tem-
peratures is characterized by a completely
different series of events, In the first place,
a physically adsorbed state is not apparent,
Even the course of chemisorption is changed
and is more difficult to analyze due to the
increased rate of all thermally activated
processes such as diffusion and desorption.

Figures 9 and 10 correspond to the
reaction of oxygen at pressures between

10% and 1077 mm Hg on the tungsten
substrate at 750°C. Figure 9, with oxygen

at 1077 mm Hg, shows that the reaction
begins in a manner similar to the low tem-
perature reactions. This similarity is pot
long lasting, Figure 9(f) represents an
‘‘end point’’ under these conditions, as the
pattor.. and voltage-current characteris ics
do not undergo further change upon o©in-
tinuing the resction., While the tightly boiind
layer is known to be stable in this temper-
ature range, the extent and nature of
additional adsorpticn from the gas phase
is unknown. Figure 9(c) can be identified
as the pattern corresponding to approxi-~
mately one layer on the basis of the de-
sorption work described in Reference i5.
Assuming a constant sticking coefficient
and calculating the flux by Equation 2, a

value of 10~2 for the average sticking coef-
ficient is obtained, Even if the sticking
¢+ «fficient remains unchanged after the first




layer is formed, not more than several
layers could be present on the tip
(Figure 9 (e)). The most outstanding feature
of the patterns in Figure 9 is the absence
of emission discontinuity on a localized
scale.

Figure 10 corresponds to the reaction at
the same temperature with the oxygen pres-

sure increased to 10”° mm Hg.

At these higher pressures, the reaction
apparently passes through the adsorbed
stages of Figure 9 initially, passes through
the ‘‘end point’’ of Figure 9 (f), and on to the
stages shown in Figure 10(c),10(d), 10(e), and
10 (f). The localized emission discontinuities
in the {111} regions of these patterns must
be interprsted as being the result of the
field enhancement effect at protrusions which
are very closely spaced, i.e., oxide nuclei
c: microcrystallites, Nucleation apparently
takes place simultaneously at many sites:
the centers of which seem to be space
about 100 A apart, While growth from or
crystallographic region into another is not
in evidence, nucleation in the {110} region
is observed after a lenger incubation period
than in the {111} regions. In Figure 10 (f)
most of the current i8 drawn from the
protrusion giving rise to the bright circular
spot, thus permitting relatively less current
to come from the crystallites in the {111}
reglon. The crystallites in the {110} region
exhibit some of the same growth character~
istics as were noted in the tantalum oxidation,
l.e., an increasing field enhancement effect,
an increase in number, and the disappearance
of some crystallites; thus indicating that some
nuclei apparently prefer to grow away from
the surface,

A similar course of events is noticed in
Figures 11 and 12 for oxygen pressures of

10”7 and 107% mm Hg respectively and a
substrate temperature of 1000°C, Figure 11
is characterized by an ‘‘end point” and the
absence of highly localized emission discon-
tinuity, The reaction at the higher pressure
(Figure 12) apparently passes through these
initial stages, reachos a critical coverage,
then nucleates oxide at highly preferred sites
in the {100} as well as the {111} region.
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The oxidized state shown in Figure 12 (d)
may also be achleved by heating (in the
absence of oxygen In the gas phase) a tip
which has been oxidized at lower temper-
atures, Figure 13, typical of such a trans-
formation, shows a sequence of pattern
changes which resulted from the heating
of the oxidized tip of Figure 10 (f) at 750°C,
then 1000°C in the ultra-high vacuum,
Figure 13 (a) is the pattern after heating
the tip of Figure 10(f) for 23 minutes at
760°C, Figure 13 (b), 13 (c), and 13 (d) resulted
from additional treatment at 1900°C of atotal
of 1, 5, and 95 minutes respectively.
Figure 13 (c) is quite similar to Figure 12 (d).
While Figure 13 (d) could result from descrp-
tion and evaporation, the effect of residual
gases over such a long period of time is
difficult to evaluate and, hence, does not allow
an unambiguous interpretation,

To rationalize the occurrence of oxide in
different crystallographic regions of the sub~
strate as a function of temperature, further
experimental work is required, The interpre-
tation of such work must take cognizance
of the variety of oxides which are known to
exist in the tungsten-oxygen system {(Refer-
ence 3) and, particularly, the well-established
transformations in WO,;.

At higher oxygen pressures (i.e., above

10°% mm Hg), results such as those shownin
Figure 6 for tantalum are also obtained for
tungsten, At present it is not possible to
fully interpret tr-se results bhecause under
the present experimental conditions the
reaction is occurring too rapidly to observe
the initial stages. These results are probably
the consequence of preferential growth of
oxide crystallites normal to the surface after
the surface is well oxidized,

CONCLUSIONS

This work has demonstrated that the field
electron emission microscope is extremely
well suited for studies of nucieation and
growthin the initial stages of oxidation because
of its inherent high resolution, its ability to
define atomically the cleanliness of the
surface prior to oxidation, its extreme sensi-
tivity to contaminants on the surface, and its
deflnition of all crystallographic planes and
regione on the substrate., While the present
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work doee not permit a complete and detailed
description of the intial oxidation kinetics, a
number of distinguishing features of the
process have been observed, and these
features allow the following qualitative de-
scription,

The surface product of the reaction of
gaseous oxygen on tungsten and tantalum
substrates depends critically upon substrate
temperature, crystallography, and oxygen
coverage. The nucleation of oxide is pre-
ceded by adsorption and may require a
critical coverage of adsorbate. Growth of
these nuclel is characterized by lateral and
perpendicular extension. The overall process
appears toc be a surface reaction which gives
rise to rather pronounced protrusions above
the surface,

The tungsten-oxygen reaction below 400°C
and at oxygen pressures as high as

107° mm Hg is characterized by stable

adsorbed states with no apparent tendency
for oxide formation, At temperatures between
400° and 1000°C, an oxide is nucleated after
the adsorption of at least a monolayer.
Nucleation occurs on preferred regions of
the substrate, initially {111} and {1004,
depending upon substrate temperature.
these reglons, nuciel appear more or less
simultaneously at sites which are on the
order of 100 A apart,

The general characteristics of the nucle-
atlon of oxide on tantalum are the same as
those for tungsten under approximately the
same conditions of pressure and temperature.

Under certain conditions {i.e., the higher
pressure experiments in which the pressure
of the entire vacuum system exceeds

10> mm Hg) the distribution of oxide crys-
tallites has been observed to be random over
a surface exhibiting relatively low coverage.
The distance between adjacent crystallites
is sppreciably larger under these conditions
than in the lower pressure experimenis,
This result is probably due to contamination
of possible nucleation sites on the surface
by gases other than oxygen which were
present in the systam as a consequence of
the experimental technique utilized to produce
high oxygen pressures, The apparent absence
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of preferential nucleation at agrain boundary
ig probably the result of a local deficiency
of oxygen on the surface caused by diffusion
into tte grain boundary.
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(a) 20.4 kv; T ~ 2500°C for 1 min,; (b) 18,6 kv; T 5 2600°C for 9,3 min,
£,50=7x1034

d) 22,8 kv; after emitter-substrate of (c)

. ;
(©) é&o kv;gT 1023620%: for 1 ming; ™" pod reacted with residual gases at
100 7% 1x1o-8mmngforshr;£m=9x1o33.

Figure 4, Tantalum Evaporation at High Temperatures and Reaction With Residual Gases
at Room Temperature
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(a) 19.8kv;t=0 (b) 22.2 kv; t = 2 min,

(c) 23,0 kv; t = 6 min, (d) 23.0 kv;t =21 min,

Figure 5. Isothermal Tantalum-Oxygen Reaction Sequence for Substrate Temperature
of 830°C and Oxygen Pressure of 107% mm Hg (-emo =9 x10° A)
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(c) 746 kv;t'mm’ (d) 8.3)(V;t-15 min,

Figure 12, Isotnermal Tungsten-Oxygen Reaction for Subsirate Temperature of 1000°C and
Oxygen Pressure of 10°% mm Hg (2100 - 4x10° A)
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(2) 8.1 kv; after additional 23 min  (b) 7.7 kv; after additional 1 main,
at 750°C at 1000°C

(c) 7.4 kv; after additional 8 min, (d) 6.4 kv; after additional 165 min,
at 1000°C at 1000°C

Figure 18. Substrate of Figure 10 (f) Heated in the Absence of Appreciable Oxygen in the Gas

Phase; Fesidusl Gas Pressure = 7 x 10™° mm Hg (£, = 4 x 10° &)
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INTRODUCTION TO THE AFTERNOON SESSION

. Perimutter

This morning Mr, Paul Faust discussed
some of the reasons why studies of the
oxidation of refractory metals are impor-
tant to one of mankind’s most challenging
frontiers, the overall area of Aerospace
Technology, This afternoon we will continue
to have an opportunity for discussion after
each paper, In addition, time has ).een set
aside for an overall discussion period in
which I would like us to attempt to turn our
attention from the specifics of individual
papers to the broader aspects of the im-
plicatiors of this work and what we should
be doing in the future, In particular, I don’t
think it impertinent for me to suggest that
we extend our thinking beyond what would
constitute additional good science to a con-
sideration of what ars the practical irapli-
cations of our current knowledge and the
work now going on, and what additional
fundamental work might be most likely to
ylald practical implications in the future,
I ask that we prepare ourselves to consider
and discuss questions such as the following:

a. Where do we stand with respect to our
overall understanding of the mechanisma of
oxidation of these refractory substances?
Is intensive further work likely to yleld
information of practical significance? Are
there any major gaps in our knowledge? is
there any need to study oxidation by atomic
or lonized species?

b, From our current knowledge of oxida-
tion mechanisms can we draw any inferences
of possible routes to follow toward the
development of oxidation resistant alloys
or is this a forlorn hope pre~doomed to
fallure? Must we accept high oxidation rates
even at moderate fractions of the melting
point?

C. Does our developing knowledge about
high temperature oxidation of pure metals
yleld any information of direct value to the
problem of developing oxidation resistant

coatings?
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d. Obvicusly, we will, at some stage, want
to intensify our study of the kinetics and
mechanisms of oxidation of typical coating
systems relative to work on the pure metals,
I take it as self-evident that a background
of studies on the pure metals had to be
accomplished before we could starttounder-
stand these more complex systems, However,
can we draw even vague inferences relative
to the coating problem from the work on the
simple metals? The press of many of our
development problems is such that some
fundamentsally grounded inferences, howaver
speculative, are better than a completely
empirical approach,

With this as an introduction, let us proceed
with this afternoon’s program;

Where should we be going in the future
and what inferences might be drawn from
this work, or even of work that mightbe done
in the future? I think that a group such as
our symposium group is exceptionally well
qualified to accept this challenge, and to
have the background and imagination to
speculate about the reduction to practice
possibilities before a relatively complate
ebicidation of the fundamentals has made
them self-evident as well as to speculate
about which additional fundamental inves-
tigatione might prove to have the greatest
practical implications, Don? misunderstand
me, I well recognize the danger of such
speculation, and realize that efforts to ex-
plore such ideas should supplement rather
than replace a logical, thorough and steady
development of the ovarall underlying
science, I submit, though, that progress in
science as well as in technology would he
slow indeed if it relied only on a methodical
approach, What, therefore, should be the
work which the Air Force and other agencies
support to make the most rapid progress in
both a scientific and technological sense,

I should like to offer some ideas of my
own, and I do this in the full expectation
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that you will consider them as clay pigeons
to be shot down, if you will. I will also pose
some further questioas.

I think some work on the oxidation mecha--
nisms of pure metals should continue with
emphasis being placed upon determining the
kinetics and mechanisms under temperature,
pressure, flow rate, and time conditions
such as indicated earlier by Mr. Faust.

I also believe that the time has come to
start studying the kinetics and mechanisms
of oxidation of alloya of these refractory
metals. Such work will, of course, benefit
from the knowledge we have gained from
the pure metals, Studies of alloys might
give us ideas for oxidation resistant alloys
or components of coating systems. However,
which are the most significant systems to
study from either a fundamental or eventu-
ally, from a practical viewpoint?
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When considering oxidation resistant alloys
or coatings we are naturally interested in
the formation or deposition of an oxide.
It might be well to undertake studies of
various types of oxide structures, similar
to the molybdates or niobates, which might
be of importance here. Whenever we consider
the formation of such oxides or their inter-
action with high temperature oxidizing en-
vironments which may include other reactive
components such as water, we are brought
face-to-face with the general lack of higr
temperature thermodynamic and kinetic data.
This overall lack has been well recognized
for some years and large amounts of effort
have gone into increasing the background
of information here. However, the difficulty
of obtaining such data, and the extent of data
which might be useful if acquired, presents
us with an almost bottomless pit situation,
and I ask you to suggest which specific
kinetic and thermodynamic data might be of
most significance.
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FOUR TYPES OF OXIDATION PROCESSES IN THE
OXIDATION OF TUNGSTEN

E. A. Guibransen®
K. F. Andrew*®

F. A. Brassart®

INTRODUCTION

A number of studies have been made on
the oxidetion of tungsten below 1200°C. A
review of these studies was made by personnel
of the Westinghouse Research Laboratories
and published in 1960 (Reference 1).

Langmuir (Reference 2) was the first to
study the reaction of tungsten with oxygen
at temperatures above 1200°C. Tungsten
filaments were heated electrically in iow
pressures of oxygen and the reaction followed
by observation of thc pressure. Filament
temperatures between 1070° and 2770°K were
used, Langmuir’s results showed an increase
in reaction rate up to the highest tempera-
ture. The rate of reaction was found to be a
linear function of pressure below a pressure

of 10 3Torr.

Perkins and Crooks (Reference 3) used
a modified Langmuir method to study the
oxidation of tungsten. Direct electrical heat-
ing was used with the rate of oxidation being
determined by direct measure of the surface
recession. One feature of this work was the
finding of a decrease in rate of surface
recession above 1900°C. This inversion in
the rate of surface recession was related
to thermal dissociation of tungsten trioxide.

Our study is directed toward an under-
standing of the mechanism of oxidation of
tungsten from 1150° to 1615°C over a wide
pressure range.

EXPERIMENTAL

Kinetic studies of ika oxidation of pure
tungsten were made using a sensitive weight

*Westinghouse Research Laboratories
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change method and an oxygen consumption
method.

Microbalar.ce

Since large weight chunges were occurring
during oxidation a gold plated Invar beam

balance of low sensitivity was used. The
beam of the balance was 14.5 cm long and
weighed 46 gm. Calibration of the balance
gave a sensitivity of 60 micrograms for a
0.001 cm deflection at 7.25 cm using a
weight of 0.83 gmm. The specimens were
suspended using a 2 mil nickel-chromium
alloy wir. in the cold zone and an 8 mil
section of platinum wire in the hot zone of
the furnace tube.

Pressure Measuring System

Oxygen consumed in the reaction is de-
termined by measuring the rate at which
the pressure of a calibrated 150 cc reser-
voir decreases as oxygen is leaked into the
reaction system to make up for the oxygen
used by the reaction. The leak valve was
purchased from the Granville-Phillip
Company of Pullman, Wash’ngton. The pres-
sure change of a reservoir is measured
directly in mm of Hg {Torr) and the weight
of oxygen used is calculated from the gas
laws.

The masajor difficulty with this method is
that no distinction can be made between
oxygen consumasd to form an oxide film,
oxygen consumed to form the volatile oxide,
or oxygen absorbed by the furnace tube.
A combination of weight change and oxygen
consumption methods enables one to com-
pletely describe the reaction,

- n o
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Furnace Tube=s

The furnace tubes, having an outside di-
ameter of one inch, were of high purity
vacuum tight alumins and were purchased
from McDanel Porcelain Company of Beaver
Falls, Pennsylvania, The tubes were closed
at one end and attached to the vacuum system
by means of a flange and a rubber O-ring.
The balance housing and furnace tube details
are shown in Figure 1.

One major difficulty was found in using
ceramic furnace tubes for tungsten oxidation
studies, Alumina was found to react with
tungsten trioxide vapor as shown by dis-
coloration of the tube and subsequent crack-
ing, At 1600° the furnace tubes crack after
exposure to tungsten trioxide vapors for
10 to 15 minutes, As a result only
1 or 2 experiments can be made on a given
ceramic tube, At Jower temperatures the
tubes have a longer life but cracking occurs
at all temperatures used in this work,

Kanthal-Super Furnace for 1600°C

With the development of Kanthal-Super,
furnaces can be built to operate at 1600°C
for long periods of time, Kanthal-Super is
chiefly molybdenum disilicide witk a binder
and is produced according to powder metal-
lurgical processes in the form of rods of
circular cross section, When heated the rods
can be formed into suitable hairpin-shaped
heating elements,

The specific resistance of Kanthal-Super
is low and increases rapidly with tempera-
ture, For elements of a 6 mm diameter a
current of 125 to 130 amperes is required
for an operating temperature of 1600°C.
Since the material is brittle and of low impact
strength below 1100°C, it is necessary to
keep the furnace above 100C°C or at one-half
of its operating voltage., The furnace is
10-1/2 inches square and 13 inches high,
The hot space i= 2 inches square and 6 inches
long,

Temperature Measurement
Temperatures were measured using

Pt/Pt +10% Rh thermocouples, The thermo~
couples were calibrated at seven points
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between 400° and 1200°C, Temperatures above
1200°C were determined by extrapolation of
the calibration curve,

When the balance was used, it was im-
possible to measure the sample temperature
directly. The temperature was measured by
a thermocouple placed inside the ceram)
tube near the sample, When the oxygen con
sumption method was used, the thermo-
couple was mounted directly onto the speci-
men, Comparison was made between the
temperatures on the specimen and at a
point in the furnace tube near the specimen,
All temperatures were corrected to the
temperature at the specimen, The thermo-
couple arrangement is shown in Figure 1,

Specimens and Analyses

Specimens were machined from pure tung-
sten rod, They weigh about 0,825 gm and

have a surface area of 0,680 cmz. These
specimens have a dumbbell shape with hemi-
spherical ends, Sharp edges were avoided,
A loop of platinum wire around smaller
diameter of the dumbbell-shaped specimens
was used to support the specimens,

A spectrographic analysis of the tungsten
showed the following In parts per millions
Si, 1; Ti, <100; Mn, <4; Sb, <10; Fe, 8; Pb,
<4; Mg, <1; Al, 1; Ni, 4; Be, <1; Sn, <4; Cu,
1; Ag, <1; Zn, <10; Co, <10; Cr, <4; Ca, 1;
B, <4; Nb, <100; Mo, <100; V, <100; Cd, <4.
An unreacted specimenis shown in Figure 2A.

Specimen Preparation and Pretreatment

The pure tungsten samples were machined
from rods that had previously been center-
less ground, After the samples were
machined, they were polished through
4/0 polishing paper and washed in petroleum
ether and pure ethyl alcohol. When only
pressure device measurement® were made,
the samples were suspended from a glass
hook in the top of the balance chamber,

Betweer successive experiments it was
necessary to bake the ceramic tube for about
twenty minutes at or slightly above the tem-
perature of the next planned experiment,
This was necessary to gvoid reaction between
the clean tungsten sample and oxygen
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released from the tube during the heat-up
of the specimen, Absorbed WO3 vapor was

also expelled from the tube walls during
this tube pretreatment,

Performance of Furnace Tubes and Vacuum
System

The performance of furnace tubes at tem-
peratures up to 1175°C was discussed earlier
by Gulbransen and Andrew (Reference 4),
Two criteria were used: (1) the actual pres~
sure achieved at a given temperature after
pumping for a definite period of time, (2) the
apparent leak rate of gases into the closed

resction system in units of cm® sec™t sTP.

Table 1 shows the performance of atypical
alumina furnace tube for temperatures be-
tween room temperature and 1600°C, If the
gas accumulating in the reaction system
volume of 2,6 liters was considered to be
20 percent by volume of oxygen, an estimate
can be made of the oxygen gas building up
in the system, These calculations are shown
in Table 1,

Method

Experiments were run ueing the Invar
microbalance in combination with the pres-
sure measuring device, For runs in which
the weight changes went beyond the limits of
the balance, the pressure apparatus alone
was used,

After the specimen was brought to tem-
perature, pure oxygen was admitted to the
system from a precharged reservoir to the
desired pressure, Weight changes were ob-
served with a micrometer microscope as a
function of time, Pressure changes in the
reservoir were also noted as a function of
time by means of a Wallace and Tiernan
pressure gauge, A leak valve was used to
maintain the pressure inthe reaction system,

RESULTS
Classification of Oxidation Phenomena
The results of this and earlier studiss on

tungsten may be confusing unless the various
phenomena associated with oxidation are
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systematized, Four basic types of oxidation
phenomena occur: (1) Below §00°C oxidstion
results in the formation of an oxide {dlm or
scale which adheres to the metal, There is
no evaporation of tungsten trioxide, (2) Be-
tween 600° and 900°C oxide scales form.
Large cracks appear in the oxide. Edge
type of reaction is pravalent, Evaporation
of tungsten trioxide is negligible, (3) Be-
tween 950° and 125%°C oxide scale is formed
with large cracks, Evaporation of tungsten
trioxide also occurs which makes an analysis
of the oxidation data difficult. (4) Above
1250°C oxidation occurs without foxrmation
of an appreciable oxide film or scale,
Evaporation of tungsten trioxide occurs as
rapidly as it is formed.

This study is concerned largely with Type 4
oxidation, It is essential to first consider the
basic facts differentiating types 3 and 4.

Type 3 Oxidation

Figure 3 shows a typical oxidation curve
for tungste: -t 1150°C and 19 Torr oxygen
pressure, Curve A shows the weight gain
measurements using the balance while
curve B shows the oxygen consumption meas-
urements, Both measurements are plotted

in mg/cm2 versus time in minutes, Using
curves A and B the actual oxygen in the
oxide scale and the tungsten lost by evapo-
ration can be estimated, Curve C shows the
calculated oxygen in the oxide scale; 90 per-
cent of the oxygun reacting remains as oxide
scale on the metal,

To relate the weight gain in mgm/cm2 to
oxide thickness in Angstroms, a frctor of
67,500 was used, This factor was calculated
assuming a density of 7,16 for tungsten
trioxide and a surface roughness ratio of
unity. These calculations have three limita-
tions: (1) the surface ares changes, (2) crack-
ing in the oxide may occur, and (3) lower
oxides may form, Calculations on Figure 3

show a thickness of 6.75 xlOGA or0.,675 mm,

Fi~ure 2B shows a jhotograph of a speci-
men oxidized at 1150°C and 5 Torr oxygen
pressure, Although rounded cylindrical

specimens were used, Jarge cracks developed
in tle oxide scale,

[TREEON YOI TN
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Curve B of Figure 3 can be used to cal-
culate the weight of tungsten reacting and
the surface recession rate, Surface reces-
sion is defined as the decrease in the dimen-
sion of the metal a8 reaction proceeds, The
weight of tungsten reacting is calculated by
multiplying the weight of oxygon used by the
factor 3.83, This assumes the oxide is tung-
sten trioxide, The surface recession in
angstroms is related to the oxygen reactad

in mg/cm2 by the factor 19,840,

Another interesting calculstion is to com-
pare the actual value of tungsten tricxide
evaporating with tbe theoretical value for a
vacuum, Vapor pressure studies of tungsten
trioxide (Reference 5) were used to calculate
the theoretical value, Table 2 shows a com-
parison of the actual weight loss to the
theoretical value, The result is given as a
percentage of the theoretical value, A p~~
centage of 1.8 was calculated.

Type 4 Oxidation

Figure 4 shows both oxygen consumption
and tungsten weight loss curves for the
reaction at 1250°C and 38 Torr oxygen
pressure, Figure 4 also includes the results
of the calculated weight losses of tungsten
based on the oxygen consumption curves,
The agreement of the calculated values with
the weight loss measurements supports the
direct use of the oxygen consumption meas~
urements to calculate surface recession
rates, The type of calculations made for
Figure 3 can be applied directly to Figure 4,

Figure 5 shows an oxygen consumption
curve for the reaction at 1615°C and 19 Torr
oxygen pressure, Figure 5 also includes a
welght loss curve calculated from the oxygen
consumption curve, Since the surface area
of the cylindrical specimen is changing
rapidly, calculations on the surface recession
are more complicated but they can be made.
These are not presented here,

Table 2 shows a comparison of the theo-
retical weight loss values with the experi-
mental values found ‘or the 1250° and 1615°C
experiments, At 1 15°C the percentage of
theoretical was 0,0026, This analysis
suggests that vaporization of tungsten trioxide
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was not the rate controlling mechanism for
thie temperature range,

The agreement of the experimental weight
losa curves with values calculated from
oxygen consumption measurements estab-
lishes the following basic facts about the
oxidation mechanism above 1250°C: (1) tung-
sten trioxide is formed directly in the re-
action, and (2) tungsten trivxide evaporates
as fast as it is formed,

The transition between Type 3 and Type 4
oxidation was not sharp and was a function
of temperature and pressure, The transition
conditions must be established before weight
loss curves could be calculated from oxygen
consumption data,

Effect of Temperature

Figures 6, 7, 8, and 9 show the effect of
temperature on the oxidation of tungsten for
four pressures, 5, 19, 38, and 100 Torr oxy-
gen pressure, The measurements cover the
temperature range of 1150° to 1615°C, Due
to the rapid r-action rates observed the
longest reaction time was 70 minutes, The
curves show the rate of oxidation in terms
of weight less of tungsten, Except for the
very fast reactions at the highest tempera-
ture, the data were taken with both the Invar
beam balance and the oxygen consumption
apparatus, For the fast reactions, only oxy-
gen consumption was measured, The tungsten
weight loss curves were calculated, All data
were calculated on the basis of the original
areas >f the specimen, The decrease in
reaction rate observed with time in curve B
of Figure 9 at 1615°C was directly related
to the change in surface area of the specimen,

Figure 2A, B, C, and D show photographs
of the unreacted and oxidized tungsten spect-
mens, The photographs show the Type 4
oxidation phenomena,

Figure 6 shows the effect of temperature
for a pressure of 5 Torr. Linear weight
loss curves were found at all temperatures
between 1150° and 1615°C. The maximum
amount of tungsten lost in these experiments
was 19 percent of the original sample weight.
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Figures 7, 8, and 9 siiow the eifect of
temperature at 19, 38, and 100 Torr oxygen
pressures, respectively, Curves A, B, and
C of Figure 7 were talien with the balance
while curves D and E were calculated from
the oxygen corsumption measurements. A
maximum reaction of 27.6 percent was found
for the 1615°C experiment, Curve A shows
a different time course for the reaction than
curves B, C, D, and E. This behavior was
noted for all of the experiments at 1250°C
at pressures ahove 5 Torr, A basic change
in the reaction mechanism occurs above
1250°C for oxygen pressures greater than
5 Torr,

In Figure 8 curves A and B were taken
using the balance whiie curves C and D
were calculated from oxygen consumption
data, Curves C and D show an inversion in
the rate of reaction with the 1465°C run
being faster than the 1615°C runs, This is
ascribed to the small temperature coeffi-
cient for the reaction and to the diffficulty
of obtaining reproducible results, Due to
the rapid rate of reaction, only two measure-
ments were made at 100 Torr oxygen pres-
sure as shown in Figure 9. Forty-four
percent of the sample reacted with oxygen
at 1365°C in 3 minutes,

Table 3 shows a summary of the initial
rates of tungsten weight loss taken from
large scale plots of the data, Figure 10
shows an Arrhenius plot of the data, The
rate data are scattered for the hightempera-
ture runs due to the high heat rates associ-
ated with the reaction. The inversion seen
in kigure 8 does not change the implications
uf Figure 10 which shows the rate of reaction
increases with temperature at all pressures,

The data of Figure 10 were nsed to esti-
mate a heat of activation of 14,300 cal per
mole, Curves B and D were drawn with the
same slopes as A and C. It is noted that the
data at 1250°C above 5 Torr oxygenpreesure
are not consistent with the higher tempera-
ture data, This suggests a change in the
mechanism of oxidation near 1250°C,
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An empirical equation similar to that used
by Perkins and Crooks (Reference 3) was
used to interpret the results:

aw

n_ -AH/RT
T e

:Kp

Here STW is the initial rate of tungsten waight

loss in units of gm em™2 sec™l; AH s the
empirical heat of activation in cal per mole;
P is the pressure in Torr; T is the absolute
temperature; R is the gas constant, and K
and n are constants, To determine n it is
necessary to consider the effect of pressure
on the oxidation reaction,

Effect of Pressure

The effect of pressure on the rate of
oxidation is shown in Figures 11 through 15
for temperatures of 1150° to 1615°C, All
weight loss values were calculated on the
basis of the initial surface area of the sample.
Figure 11 shows the results at 1150°C for
pressures of 2 to 49 Torr, Pressure has a
major influence on the rate of oxidation,
For temperatures of 1150°C and higher,
pressure is the major factor in determining
the kinetics of oxidation, Thus, in Figure 11
a weight gain was observed for the higher
oxygen pressures and a weight loss for the
lower pressures, Curves D and E are of
Type 3 oxidation since tungsten trioxide is
evaporating from the oxidized sample,
Figure 12 shows the results at 1250°C, All
experiments show a weight loss, with the
rate of weight loss increasing with oxygen
pressure, The oxygen atmosphere was not
inhibiting the reaction although the evapo-
ration of WO3 was probably slowed down,

This effect is discussed later,

rigures 13 and 14 show the results at
1865° and 1465°C. Nearly linear weight loss
curves were observed, Again, the strong
effect of pressure was found, Figure 15
shows the results at 1615°C, The decrease
in rate of weight loss with time can be re-
lated directly (o the surface area of the

Cas = T —
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specimen, The trend of the curves in
Figure 15 shows ihe 2 and 5 Torr runs vui
of line with the general trend of the results.
This is due to a lack of reproducibility in
temperature of the sample or in the flow of
gases in the furnace tube. No change in
mechanism should be deduced from these
two curves.

Figure 16 shows the effect of pressure

on the initial reaction rate‘gtE versus log

pressure plot. Four temperatures were con-
sidered in Figure 16: 1365°, 1465°, 1545°,
and 1615°C. The following equation was de-
rived from the data of Figures 10 and 16:

14,300
RT

aw

= 1.9 X 107" P e

This equation fits the results for the tem-
perature range of 1365° to 1615°C and for
pressures of 5 to 38 Torr to abovt10 percent
accuracy.

DISCUSSION
Summary of Kinetic Work

In our earlier studies (References 1, 5,
and 7, the primary chemical reaction of
pure tungsten was studied using thin cylin-
drical specimens. Above 1250°C and at
pressures up to 38 Torr of oxygen the weight
change curves showed no ecvidence of an
initial pickup of oxygen to form an oxide
film. This does not eliminate the possibility
that an adsorbed oxygen layer is formed
since the weight change associated with an
adsorbed oxygen monolayer would not be
meas'ired using our present methods. The
observed weight loss curves were nearly
liear with time, For a short pariod of
reactuion the data could be fitted to the
equation W = Kt, where W is the weight loss

in mgm em™2, K is a constant, and t is the
time. For longer periods of t.me, surface
area changes occurred which decreased the
rate of weight loss.

The initial rate constant K could be fitted
to an exponential function of temperature,

ie, K = Ze'AH/RT

. A heat of activation of '
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14,300 cal per mole was found, while the
frequency factor Z has the units of grams
of tungsten reacting per square centimeter
of area per second.

The effect of pressure on the oxidation
of tungsten was studied between 1150° and
1615°C. The results could be fitted to the

equation K = apl‘l where K is the rate con-
stant, p is the pressure in Torr, and a is a

constant. The value pl‘1 suggests that the
reaction was npearly a linear function of

pressure.

Combining the temperature and pressure
rate laws, we have the final empirical rate
equation

_ 14,300

aw
T RT

at - 1.9 X 50‘3 p"' e

Here % ig the initial rate of reaction in

grams per sec per cm2. In terms of atoms
of tungsten reacting we have the equation

14,300

I RT

=6.2 X 10" P e

2

d

c.

$

This equation predicts a rate of reaction

at 1615°C and 76 Torr of 1.6 x 10%°
2 -1
S »

atoms

cm ec

Any proposed mecnanisin must account
for the following experimental facts: (1) a
nearly linear dependence of the rate of re-
action on pressure, (2} a linear time depend-
ence during the initial stages of reaction,
(3) a very low temperature dependence above
1250°C, and (4) the very high absolute values
for \he rate of reaction.

A surface reaction may be separated into
at least five distinct processes, the slowest
of which determines the rate of reaction:
(1) Transport of the reacting gas to the sur-
face, (2) Chemisorption of the gas, (3) Chem-
ical reaction at the surface, (4) Desorption
of the reaction preducts, and (5) Transport
of the reaction products into the bulk phase.




In general, process~s 1 and 5 are dif-
fusion mechanisms an. if these are rate-
controlling, the temperature dependence of
the reaction rate may be expected to vary

with Tl/ 2 where T ie the absolute tempera~
ture, Further, surface reactions usually
have activation energies of > 30 Xcal per
mole while gas diffusion processes have
much lower values (Reference 6).

The low temperature dependence of the
rate of oxtuation, the linear time dependence,
and the pressure dependence suggests that
for temperatures above 1250°C the oxidation
of tungsten is limited by transport of oxygen
gas through the boundary layer of reaction
products to the reacting interface,

Temperature Rise of Sample

Because of the rapid oxidation reaction
the specimentemperature will increase above
the ambient temperature, This can be esti-
matad as follows, Consider a tungsten sample
welghing 0.81 gm and having a surface area

of 0.68 cm? reacting with oxygen at 4% Torr
pressure at 1465°C, The experiment shows

a weight loss of tungsten of 2,87 x 107
gm sec™l, This 1s equal to 4.22 x 1075

gm of W cm™2 sec™t or 2.30 x 10~ moles

of W cm™2 sec-l.

The heat of formation of W03.AH R
£wo3

at 1700°K is -184,75 Kcal per mole of WO3

{Reference 7). From the same report we
note the heat of sublimation, AH at
O3
1500°K is 121 Koal per mole of W309 or
40,3 Kcal per mole of W03. If we make a

hea{ balance of the formation and evaporation
processes we have AH + AH =
&wo fwo

3 3
~154,7 Kcal per mole,
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We can now calculate the net heut re-
leased at the sample as 2,4 cal per sec.
Using the value of heat capacity given by
Kubaschewski and Evans (Reference 8) for

tungsten as 8,81 x 102 cal/*C/gm we cal-
culate a temperature rise of 63°C/sec with-
out radiation losses,

To evaluate the temperature rise we need
to know the heat losses, At 1400°C the major
heat loss is due to radiation, Estimates from
data given by McAdam (Reference 9) shows
that natural convection plays a very minor
role at 1400°C,

Radiation losses can be e¢valuated using

Planck’s equation h_ = C_¢ (I° - Ta¥).

Yere h_ is the heat rate in cal cm™2 sec'l,

€ is the emissivity, C_ = 1,354 x 1072

cal em™2 deg"4 sec™?, T 18 the sample tem-
perature, and Ta is the furnace tube wall

temperature,

Since the emissivity of the sample and
walls differ we use the following relation
to calculate an average emissivity€ .

A
| [ | [
_.‘:—+_. —-_._'
€ € Ay [‘2 ]
1

Herez—— is the ratio of diameters of speci-
2

men and tube, €q is the emisasivity of the

ceramic wall, and ¢ 1 is the emissivity of

A

the sample, If ¢ 2 is nearly 1 and u‘xlis
2

small, the second term becomes small com~

pared to the term 4~ . For this case €xe,o
1

We will calculate the temperature rise

for two values of the emissivity, i.e., € 1%

1.0 and 0,50, The first case is when the
tungsten sample has a thin fllm of oxide on

Ay

[ T2
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the surface, and the second case refers to
a brighter surface. Using €1 of 1,00 and

Ta 1738°K we calculate aAT of 113°C
while using a value of € of 0.50 we cal-
culate aAT for the sample of 207°C.

Experiments with the thermocouple
mounted on the specimen showed temperature
incrrases of 15° to 20°C, much less than
those calculated above. The reason for this
discrepancy was not clear., Faperima=ntally
it was difficult to mount the thermccouple
so that the specimen tempcrature was actu-
ally measured. On the other hand, no burnup
was observed, which suggests thuc the tem-
perzture coefficient of the reaction was
small or that the calculated temperature
rises were not taking place. The effect of
temperature on the rate of oxidation between
1400° and 1600°C was small which limits
the reaction and prevents burnup.

Decrease in Surface Recession
Rates Above 1800°C

Perkins and Crooks (Reference 3) have
reported that the rate of weight loss of
tungsten in air at 1 to 18 Torr oxygen pres-
sure decreases above 1800°C. These experi-
ments utilize observations on the diameter
¢i rods undergoing reaction. Perkins and
Crooks relate this inversion to a thermal
dissociation of tungsten trioxide. Two facts
suggest that these results must be accepted
only with reservations. First, thermochem-
ical calculations besed on the d:ta of King
et al.(Reiference 10) show thsat all the tung-
sten oxides are stable. Second, Langmuir
studied the oxidation reaction fcr pressures
in the micron range where the effect of
oxide dissociation would be acv< readily
observed. Using a pressure change method,
Langmuir’s results show no indication of
an inversion in the rate of reaction at
1800°C. It would appes.r that the direct meas-
urement method should be investigated and
tha results compared to cxygen consumption
5N weight loss measurements. One expla-
netion for the decrease in 1ate of reaction
observed by Perkins and Crooks (Reference 3)
is that the boundary layer resisiance to
diffusion changes with temperaturc, It is
possible that the molecular species W309,
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WOa change with increasing temperature
to give more W03 which would provide a

more effective barrier for oxygen to diffuse
to the reacting interface.

SUMMARY AND CONCLUSIONS

The reactions of tungsten with oxygen as
a function of temperature and pressure vary
greatly. Four types of behavior were noted:
(1) formation of a protective oxide film,
(2) iormation of a nonprotective oxide scale,
(3) simultaneous formation of an uxide scale
and vaporization of tungsten trioxide, and
(4) formation of tungsten trioxide gas without
formation of an appreclable oxide filin or
scale.

Types 3 and 4 oxidation curves were
studied in detail by both the weight change
method nd oxygen consumption measure-
ments. Loth measurements are required
for type 3 oxidation curves to determine
the course of the reaction. Above 1250°C,
all of the oxidation rate curves followed
Type 4 behavior. Experiments on Typs 4
oxidation curves showed that surface re-
cession values could be obtained directly
from weight change measurements or by
calculation from oxygen consumption meas-
urements.

The effect of temperature on the oxidation
of tungsten was studied for four pressures
over the temperature range of 1250° to
1615°C. The initial rate of weight loss
values followed an exponential function of
temperatuie. A heat of activation of
14,300 cal per mole was estimated.

A study of the effect of pressure alsc
was made. The following rate law was found

to fit the data, K = ap>'L.

The following empirical rate law equation
was determined for the data:

_ 14 300
RT

Q

w

ey~

t

:1.9x10°% p'' e
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An analysis was made of the kinetic dsta
and the several possible rate limiting pro-
cesses, It was proposed that for tempora-
tures above 1250°C and for oxygenpressures
above 5 Torr that the rate-limiting process
is the transport of oxygen through a boundary
layer of geseous reaction products,

Apr analysis made of the heat effects
associared with the high rates of cxidation,
For the oxidation at 1465°C and 49 Torr
oxygen pressure the experimental valus for

the tungsten weight loss was 4,22 x 10"3

gm cm™ sec™l, The heat rate for this rae

of reaction was 24 cal/sec, Assuming the
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heat was removed by radiation, a tempera-
ture rise of 113°C must result if the tungsten
surface was assumed to have an emissivity
of one, The high heat rates associated with
the rapid oxidation reaction may account
for the scattering in the experimental re-
sults,
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TABLE 1

PERFORMANCE OF ALUMINA FURNACE TUBE AS FUNCTION OF TEMPERATURE

Temp. Initial Apparent Leak Rate %gen E(Anvalent_alt
°C Press. (Torr) cm3 sec™! STP 20% of gas gm sec
R.T. 1x 1078 1.487 x 1077 0.385 x 10710
1400 1x 107 7.18 x 1077 1.86 x 10710
1500 1x107° 14.87 x 1077 3.85 x 10710
1600 8 x 1072 9.84 x 1075 2.55x 1079
TABLE 2
COMPARISON OF ACTUAL TUNGSTIC OXIDE LOST WITH
THEORETICAL VALUE IN VACUUM
Experimental Weight Loss of WO3 Percentage of
Conditions in Time t Theoretical
Temp. | Pressure | Time t Exptl. Theor. 9
°C Torr Seconds gm/cm2 | gm/cm
1150 19 3900 0.044 2.4 1.8
1250 38 720 0.150 6.5 2.1
1615 19 480 0.340 12900 0. 00°%
TABLE 3
SUMMARY OF OXIDATION KINETICS
o0t Rate cm2/sec x 10%) of Weight Change
Temp. T* 10 (gmi at Pressure (Torr)

C 15K 2 5 9.5 15 19 38 49 100
1150 7.027 -0.17 -0.19 — ~—— +0,21 +0. 39 0. 37 -——
1250 6. 566 -0.54 -0.89 -1, 08 ——— -1.331 -2.1 -1.1 -3.4
1300 | 5.357 | --- — | -2.2 — | -2.8 — - —-
1365 | 6.105 -0. 53 -1.3 -2.6 - -5.1 -10,7 -15.0 ~-42,.5
1400 | 5.978 | --- -~ | -3.6 - | -5.0 —- ——- —
1465 5. 753 -0. 70 ‘1' 6 —2. 7 -30 8 —7. 7 -19. o "27. 0 -
1520 | 5.5717 | --- —— —- —- -— —- — —
1545 | 5.500 | --- | -2.0 - — | -s.0 —- - -—
1615 5. 296 4.2 -2.6 | -10.0 —— -10.8 -18.9 -—— -
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Photographs of Tungsten Specimens

Figure 2.
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Figure 4. Oxidation of Tungsten, 1250°C, 38 Torr O,
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Figure 12. Effect of Pressure on Oxidation of Tungsten, 12560°C, 2 to 100 Torr 02
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THE REACTIONS OF GASEOUS SYSTEMS WITH

TUNGSTEN AT ELEVATED TEMPERATURE
Gecrge R. St. Pierre*

and

Rudolph Speiser*

INTRODUCTION

The destruction of tungsten in gaseous
environments at <levated temperature has
been studied extensively (Reference 1). In
an esrlier paper of this report, ** the authors
review high-temperature techniques useful in
studying refractory metal systems. In this
paper, experimental data is presented to

. demonstrate the processes of oxidstion and

vaporization of tungsten operative in the
W~0O-H and W-O-C systems,

: Fortunately, the thermodynamic prop.:rties
i of the condensed phases of the tungsten-
' oxygen system are well known (Reference 2).
i . Figure 1 shows the tungsten-oxygen phase
.. equilibria at low temperature. Alithough
‘““W3O” has nct been isolated as a stable
phase at an atmospheric pressure of one
(Figure 4), it is shown in another paper in
this symposium. On Figure 2 ara shown the
CO9~CO ratios for stabilities of the tungsten
oxides at higher temperature. The WC field
is outlined for comparison. The lines bounding
the WC field are calculated from the heat
of formsation determined by Huff, Squitieri,
and Synder (Reference 4). The recent work
of Gleiser and Chipman (Reference 5) on the
free energy of formation of WC i8 in agree-
ment with the lines. The line of W-WOq
coexistence has been determined with
CO-COy gas mixtures up to about 1225°C
(Reference 2). Above 1225°C, Ebihara (Ref-
erence 10) found that it was impossible to
equilibrate W and WOg with CO-COg gas
mixtures, From 1225° to 1450°C, it was
found that tungsten metal remained bright
in CO9-CO atmospheres that would be

expected to develop oxide scales, Further-
more, tungsten specimens suspended on a
balance arrangement exhibited rapid weight
loss in this range. Surprisingly, it was found
that the tungsten speciruens did not lose
wel -t uatil a eufficiently high CO9-CO ratio
was achieved. At a critical ratio the weight
loss became quite large. In every case it
was possible to stocp the loss of weight by
reducing the CO4-CO ratio to a point below
the line shown on Figure 2. The line between
W and the gas field should not be interpreted
as an equilibrium effect. In all probability
the line drawn represents only tke condition
at which the kinetic rate of formation of a
complex W-O-C gas species rapidly in-
cresses, Clearer examples of this behavior
will be shown for the W~-O-H system. Un-
fortunately, the composition and structure of
the W-O-C gas molecule remain undeter-
mined. Certainly it is not the casbonyl,
W(CQ)g, at such a high temperature. Only
careful molecular mass determinations can
resolve the uncertainties hers.

SCALE FORMATION ON TUNGSTEN

The solubility of oxygen irn tungsten is
known to be extremely low. In fact it is
impossible to detect any changes in the
mesasursble properties of tungsten associ-
ated with oxygen saturation. Therefore, the
oxidation of tungsten can be considsred to
begin with condersed oxide scale formation
and/or complex gas species formation, The
studies of Webb, Norton. and Wagner {Ref-
erence 6), Gulbransen anc, Andrew (Referance
7). Meuli and Spretnak (Reference 8), and
Perkins and Crooks (Reference 9) have

*George R. St. Plerre, Junioxr Member AIME, and Rudolph Speiser, Member AIME, are
Assoclate Professor and Professor, cespectively. in the Department of Metallurgical Engi-
neering, The Ohic State University, Colurabus, Ohio.

**See ‘‘Methods for Studying High Temperature Oxidation Reactions,’? Figure 4.
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demonstrated many of the rate character-
istics at moderate to very high temperature
and moderate, .001 atmosphere, to high
oxygen pressure. Figure 3 presents data at
very low effective oxygen pressures obtained
at Ohlo State University by W, T. Ebihara
(Reference 10). The upper four curves are
for CO9~CO ratfos in the W1gOyg range.
The lower two curves were obtained under
conditions for which only WOy can form.
The curves shown in Figure 3 and data
obtataed at other temperatures and pressures
establish the protective behavior of WO,.
The rate of growth of the coherent WO, layer
on tungsten under these conditions can be
given in terms of a parabclic rate constant.
On the other hand the Wyg04g which forms
on WO, In these cases s nonprotective,
The W;g04g forms whiskers which afford
no barrﬁer to continued penetration of oxygen
to the WO9-W;g049 interfaces. For the
conversion, WO9-W;4049, & linear rate con-
stant can be presented. Long oxidation runs
established that the transport of tungsten
through the WOg lattice is much greater
than that of oxygen. Following the classical
procedure developed by Wagner, a defect
model of the WO lattice is determined. The
model is that WOg i8 a tungsten-deficit,
cation~-hole structure. With each cation va-
cancy (missing W4* 1on) there are assoclated
four single electron holes to maintain elec-
trical neutrality, l.e., the defect structure
mgy be considered to consist of missing
W*" lons and WS* ions in the ratio of one
to fou-, With this model, a mass action
expression can be derived for the dependence
of the cation hole concentration on oxygen
pressure, Consider the reaction:

4

+
5w +0 t O+ +40,

2(¢) . + WO, (1)

where 0,,4+ represents a cation vacancy and
Oe- represents a W9+ fon. For reaction
(1), an equilibrium constant may be written*

Co+ ° ‘o

K : {2)

Equation 2 is based on the following assump-
tions: (1) the composition of the oxide does
not deviate greatly from stoichiometric WO,;
(2) the oxygen pressure is low enough for
ideal gas behavior to be assumed; and (3) the
activity behavior of O+ and 0Oe follow
Henry’s Law within the homogeneity range
of interest. All of these assumptions are
quite reasonable, Equation 2 may be reduced
further by noting that

Coe *4%Cp4 -
From which,
‘.5 .
K :4 CD + Pol

The concentration of cation holes may be
given by

, s
Chos * X woz (3)

The unidirectional flux of tuagsten through
the WOy layer may be written as a first
order equation In the cation hole concentration
in accordance with the representations of
Flek’s First Law:

J ,_D_"_Eni 14)
w O

In Equation 4, concentration is expressed In
numper of vacancles per urit volume, x I8
the distance measured in the direction of the
unidirectional flux, D i{s the phenomenological
diffusion coefficlent defined by Equation 4,
and Jyy {8 the unidirectional flux of tungsten

*The standard states chosen are the following: For w4+, stoichlometric WO, at 1 atm
total pressure; For 02. diatomic oxygen at unit fugacity; For O+, the mﬁnﬁely dilute
solution of cation vacancies in stoichiometric WOq at 1 atm total pressure; For O , the
infinitely dilute solution of W+ jons in stoichiometric WO, at 1 atm; For WO,, stofehio-

metric W02 at 1 atm pressure,
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through the oxide. If ¢ designaies the thick-
ness of the WOg layer st any time, then

dé 0Cphy
—— O :_D -.__.g..—
cw dt NW’;:{ ( d! )‘zc (5)

where Cw 123 the concentration of tungsten
in the oxide expressed in atoms per unit
volume. The distance x in Equations 4 and
5 is measured from the metal-metal oxide
interface. Equation 5 simplifies when it is
recognized that Jy can be taken as constant
through the cxide. Furthermore, the variation
of D with CQ+ can be neglected. From the
foregoing statements it follows that

étgy
ox
is constant within the oxide and

i
%o+ | tw . _Sp.-Cor

= . 2 -

(6)

where C°gy and Cim are the vacancy con~
centrations at the oxidizing interface and at
the metal interface, respectively. Equations
5 and 6 can be coinbined to yleld the dif-
ferential equation for parabolic behavior.

cogq-c!
and
Con4-Cigs
§d€ = O Cw - dt (8)

andfor ¢ =0att=20

C°g+ = Cps

G )t (9)

€2 - (20

i11

Equation § can be combined with Equation 3
to eliminate vacancy concentrations.

¢? - (ZK D )(P°‘/"-P‘ 178y 4 (10)

02

P‘O2 and Pio g T the oxygen pressure at

the WOz oxidizing interface and the equilib~
rium oxygen pressure for coexistence of
W and WOg, respectively. A ‘‘parabolic rate
constant’’ can be defined

¢2 2k'p ol/5 i 1/5
- = —————— - P i)
h ( HPSs 0, ) (

Kk z
p
Cw

For a fixed oxidizing atmosphere, oxygen
pressure, and temperaturs, the growth of the
oxide scale is predictad to be parabolic.
Furthermore, Equation 11 predicts that the
defined constant, kp, increases linearily

with the difference, (P"J 1/8 - Plo 1/ 5).

Because the scale thickness is a linear
function of the gain in specimen mass per
unit area attributed to the WO, layer, a
constant in terms of specimer mass, kip,
has the same properties as k;,. Figure 4
shows the variation of the parabolic rate con-
stant for WC, growth in {zrms of the oxygen
pressure em ?byed. It is clear ths! the model
described ‘s consistent with the observed
kinetics. Unfortunately, the oxidation rates
at the low oxygen pressures employed are
very low and it is impossible to eliminate
scatter in the data. Nevertheless, the fit
is quite satisfactory. The temperature de-
pendence of the parabolic constant {3 com-
plicated indeed, An examination of tue terms
in Equation 11 immedistely establishes that
the Arrhenius equation could not be expected
to describe the variatiox of k.p with tem-
perature except when P' >~> I:"‘i v 5‘

Oy 0,

A linear rate constant for thes conversion
of WO, to W1g0.9 has also Laen calculated
from &e data a.nd plotted iz Figure 5. The
relationship of the date obicined in thie
system to that obtained at{ much ligher

FROELTNUND Bk s Moo .




ML-TR~64-162

oxygen pressures is indicated. It should be
pcluted out that the high oxygen pressure
studies jinvolved scales of W50z and WOg.

VAPOR PHASE REACTIONS

The volatile character of tungsten and its
oxides has been recosm’~ . for many years
(Reierence 11). The -7 - recent literature
har included opera.'.8 which suggest a
mavked slfect of water vapor on the stability
of the co.iensed tungsten oxide phases (Ref-
erences 6, 12, and 13). The outsianding efforts
of Blackburr et al. (Reterences 14and 15) and
Berkowitz, Chupka, and Inghram (Refarence
16) kave .aelped to obtain the species dis-
tribuiton and thermochemical properties of
the tungsten-oxygen 1aolecvlzs: Wg3Og3
W4019; and W5035. The thesis research
of Bishop, Pool, and Battles (References 17,
18, and 19) has been directed at determining
the quantitative nature of the reactions which
occur between tungstun and its oxides and
water vspor, Ficure € displays typical re-
acted tungsten samples observed by Baitles.
The samples were exposed to HsO-Hg atmo-
spheres of oxygen potentisl just slightly
above that required for equilibrivm co-
existence of W and WOy. The samples lost
mass rapidly because the oxids formed on
the surface was converted to vapor species,
It is particularly interesting to ncte the
appeararce of the macrorcopic oxide on the
suriace. Clearly, preferred rogions exist
for oxide growth. However, the prusence of
macrescopic oxide on thes tungsten surface
i8 not necessary for tungsten to show marked
vapo.: loss, Figure 7 show= that the vapor
logs is very high at oxygen pressures well
below those required for stability of con-
densed WOq. Figures 7 and & display curves
of constant temperature ard water vapor
pressure, In going from left to right on the
graphs, hydroge\ is replaced with argon
to vary the effective oxygen pressurs in the
gas stream passed over the particular turg-
sten specimen. The specimens, suspended
on a balance airangament, were weighed
semicontinuously (% chtain tho linear rate
constants plotted in the figures. The rate
of vapor loss rices rapidly as the effactive
oxygen pressure is increseed toward the
equilibrium value fo. W-WO. coexisiunce.
(The arrows at szo/PB2' 1.1on Figura7.)

117

Often a distinct change in slope of the vapor
loss curve is observed at the equiiibrium
point; however, the vapor loss rate does
not iucrease greatly above the equilibrium
point. The curve for 8.0 inches Hg on Fig-
ure 7 does not exhibit a discontinuity at
the W-WO» equilibrium point but does exhibit
an irre ity at the WOy -~ W1504g point.
(Again arrows have been added ?or 3ema.r-
cation.) The effects of tempersature and water
vapor pressure on the vapur loes are strongly
indicated by the curves of Figures 7 and 8,
The vapor loss rates of oxide compacts have
beer studied by Bishop and Battles. These
correlate very well with the vapor loss rates
of tungsien undergoing simultaneous oxidation
and vaporization, The data of I‘attles shown
in Figures 9, 10, and 11 have been marked
on Figure 8. The short horizontal dashes by
the curves at PH20/PH2= 1.9 are the cor-

rected vapor ioss rates observed on the
oxide compacts. In this range the tungsten
is lnsing mass as rapidly as the WO2 can
be vaporized.

The rationalization of these observations
and those of the other contributors mentioned
is made difficult because of tue lack of
information regarding the composition and
structure of the wvupor species forming.
Although the vapor loss rate is observed to
vary linearly with the water vapor pressure
over the range of conditionr studied, it is
aot valid to infar that a simple first order
mechanism can account for the behavior,
Many complex reaction sequences can be
proposed which approximate to such ilnearity
over narrow ranges of reaction variables,
For example, consider that the first step
in the vaporization reaction is the adsorption
of HyO on the oxide surface:

h>0(y) 2 H20(q4d4) (12)

The classicel Langp 1ir grestmant for mono--
layer sdscrption caz be applied to estimate
the fraction of rvallable adsorption sites
occupied, {, for a given plizG’

dn
ot (13,
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Equation 13 azsumes that the adeorbed H,O
reacts slowly with the substrate to form
volatile species, Therefore, the adsorbed
HoO comes to the equilibrium with the vapor
and

PH,0
f = ——g—-—' ('4)
PH2°+¢I

where a = Kj /K,

Under conditions for which the surface is
far from saturatei the occupation concen-
tration is proportional to PH o only, If
2
the volatile reaction is first order in the
concentration of adsorbed H50, tae oteerved
vapor loss rates would be expected to vary
linearly with PH o The foregoing treatment
2

can account for the observed behavior b:i
can not be relied upon until additional mech-
anistic studies establish {ts validity, Further-
more, tke nature of the growth of oxide
crystals on tungsten must be resolved, In
this conneaction, the rescarch of Moazed and
Rausch d.scribed in this symposium is
very decisive,

SUMMARY

Although much remains to be determined
abou’ the intsractions of tungsten with oxi-
dizing gas mixtures containing Gs, CO,,
and Ho0, considerable information i3 accu-
mulating about the W-O-H-C sy~tem, In
this communication some nf the dataobtained
at Ohio State University .~ been presented
and an attempt has been ..ade {0 rationalize
the ohservations. The areas of unoertainty
have been pointed out to indicate fruitful
tuture investigations,
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QYIDATION OF TUMCESTEM AT It YRA UICH TEMDERATURES
Roger A. Perkins®
William L. Price*
Donald D. Crooks*®
INTRODUCTION

Serious oonsideration is being given to
the use of tungsten in high temperature
applications above the 1limits of awvailable
protective ocoating systems, Components ca-
pable of operating at temperatures to 3000°C
(5430°F) are being deeigned, manufactured,
and tested today. Although oxidation-resist-
ant ocatings are ne~ded for extended use at
high temperatures in air, absolute protaction
from oxidation {s not mandatory for a num-~
ber of applications, Costings may not be re-
quired where kigh~-temperature exposure
ocours at a low partiz: pressure of oxygen
for a relatively short time, For example,
uncoated tmgsten is used sucocessfully at
temperatures approaching its melting point
in the norzles of solid propellant rocket
engines, Although products of combustion
contain oxidizing gases, exposure time is
approximately 1 to 2 minutes and loss by
oxidation is negligible, Leeding cdges and
heat shields of hypersonic re-entry vehicles
will operate at temperatures of 1200° %o
3000°C (2190° to 5430°F), Heailng occurs in
static and high veloocity air &t pressures of

10~¢ to 20 mm Hg for pertods of 10 to 150
minutes (Rsference 1), If aurfacs reoession
by oxidation under thees conditions is smail,
it ~an be tolereted by proper design, Ixsome
cases, rafracicry oxide coatings msy be usod
to restrict the access of alr and to reduce
the oxygen pressure afthe metal-oxide intar-
face,

The successful application of this approach
to the use of tungsten at ultra~high tempera~
tures demands a precise knowledge of oxida-
tion behavior under the anticipated eaviron-
mental oconditions, The purpose of this in-
vostigation (conducted as partof the Lookheed
independent research program) was toobtain
rais data for the oxidation of tungsten from
CNRERE

1300° ‘o 3400°C (2370° to 6150°F) as a funo-
tion of oxygem preesure and gas dynamics
and to obtain an improved understanding of
reaction kinetics that will be of theoretical
as well as practioal utility.

REACTION KINETICS AT HIGH
TEMPERATURE

There have been only a fevs investigaticas
of the oxidation of tungsten at temperatures
above 1300°C (2370°F) and pressures beiow
one atmosphere, Past intsrest in this subject
has been for ths usc of tungsten a3 filaments
in lamps and election hubes. Limited daia
have been obtained for fine-wire and ribbon
filamenta at temperatures to 2500°C (48:0°F)

in oxygen atpressures of 10°7 010°2 mm Hg.
Oxidation data usually are reported in terms
of collision efficieacy (E) which is defined as
the ratio of the rate of removal of oxygen

molecules from the surface as woa to the

rate of arrival of oxygsn at the surface
(3.5 x 1o”poz(sz'r)‘1/’). Rates are ex-
pressed ax mclecules/om>/sec with Py In

mm Hg, These data can be conveited to ra
of tungsten loss (Rw) by the following re-

lation:

R, =4275E P gm/cmzlmh ()

This assumes that the arrival rate of cxygen
is a function of pressure and the tamperature
of the resction vessel, (T =~ $00°K), Laagmuir
(Reforence 3) has shown that ¢l pressures

beiow 10™2 mm Hg, the arrival rate of oxygea
&t the surface is not perosptibly influsaoed
by the fllamen! tomperature,

* Materiais Sciences Laboratory, Lockhsed Missiles and Space Company,
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Langmuir (Referenae 2) conducted tha firat
high-temperature, low-pressure oxidation
study in 1918, The rats of clean~up of oxygen
in a sealed bulb was n.easured by e pressure-
drop technique., The rate of oxidation was
found to be a linear function of pressure and
an exponential function of tempersture, The
collision efficiency increased with tempera-
ture in the :manner of an Arrhenius relation

as follows:
25940

E=57.54x10
This expression in terms of the rate of
tungster: loss expressed in the units of the
present. work is given by

(2)

R

w=2.>6 e

0 up(-Z?ZOO/RT)gm/cmz/min
2

Above 927°C (1700°F) the oxide vulatilized
without dissociation, leaving the surface
clean and bright, At temperatures above
1800°C (2720°F), the measured rates were
less than those predicted by the Arrhenjua
equation,

{3)

In 19569, Eisinger (Reference 3) reported
on t' > oxidation of tungsten from 927° to
2127°C (1700° to 3860°F) in oxygen at pres-

sures of 1070 to 10”7 mm Hg. Collision
efficiency was de.ermined by messuring the
pumping action of high purity single crystal
ribbons, Curves of resction probability vs
temperature could be described by the Arr-
henius equstion at low temperaturas but
reached a maximum and then decreased with
increasing temperaturs, This behavior was
attributed to a decreas: in atickingprobabil-
ity of oxygen on tungsten resulting in re-
duced prohabilily of oxide formation at high
temperature, The Ilow=temperature data
agree with those of Langmuir, giving an
apparent heat of activation of 25,000 cal/mol,
Uni‘ke Langmuir’s results, collision effi-
cliency was found to be preesure dependent,
and the pressure dspendency of rato of oxi-
dation was not linear,

Becker, Becker, and Brandos reported on
simiiar studies in 1961 (Referer.ce 4), Results
of tests from 927° to 22237°C (1700" to 4040°F)

in oxygen at pressures from 10 10”7 mm
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Efzinger, The collision efficiency was found
to increase, pass through a maximum, and
then decrease with iacreasing temperature,
This behavior was atiributed to changes in
the sticking probsiility and heatof dezorption
of oxygen on tungsf{en as a function of tem=
perature, Oxygen was described as adscrbing
in two distinct states or layers, For thefirst
layer, the sticking probability (S) was con-
gtant at 0,14 with an energy of desorption
of 106,000 calories, In the sscond layer,
S=004 with an energy of desorption of
653,000 calories, Two rate equations wers
derived from theoretical considerations and
experimental data, In the range from 927° to
1327°C (1700° to 2420"F), the first laysr was
filled and the seoond layer coverage de-
creased to zero as temperature increassd,
The collision efficieacy is given by

-938%
Ez60%10 |

which oonverted to the units of this work
becomes

Hg ware similar ¢o thoss of

{4)

Po oxp(-25400./RT) gm /em% min
2

Ry ® 2%6 (5)

The rate equstion is very close io that of
Langmuir's which was obtsained by & fit of
experimental data to an Arrhenius equation,
From 1727° to 2127°C (3140° %o 3860°F) the
first layer is partially filled and the coverage
decrezses to zero with increasing tempera-
ture, The rate equatioa becomes

+6060
0.5

ez0.n P20 (6)

which can be converted to

Ry=0-47 P! axpl+27700/01; gm/cmmin  {T)

Thus, at high temperaturss rates are pre-

dicted to increase with P1+5 but to decrease
with temperature, Becker et al, also showed
that carbor as an impurity in tungsten oould
acceleraty ihe rate of oxidation by increasing
the concentration of adsorbed oxygen on the

surface,
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phenomenon was conducted by Anderson
(Reference 5) in 1962, Oxidation behavior in
the region of the rate maximum was studied
from 1677° to 2327°C (3060° to 4220°F) in

440 7.6 x

10°° mm Hg, The results were similar to
thcse found by previous investigators, Ip the
temperature range from 1877 to 2327°C
(3410° to 4220°F), rate of tungsten lots was

observed to inciease with P021‘26 and

to decrease with increasing temperature,
Rates were found to depend on the oxygen
atom concentration on the surface and varied
with pressure to the 1.0 to 1.5 power de-
pending cn surface coverage, Heats of acti-
vation were negative and decreased from
-14,000 to -20,000 calories as pressure de-
creased,

ranaont invaatimatisrn nf
. WA wa

sAANT L Sas vV s vamtavairas

oxygen at pressures of 7.6 x 10

Only two direct studies of oxidation be-
havio: above 1300°C (2370°F) at higher pres-
sures have been repurted. Perkins and Crooks
(Reference 6) studied the uxidation of tungsten
from 1300° to 3000°C (2370° to 5430°F) in air
at 1 to 15 mm Hg pressure using a surface
recession technique, From 1300° to 1700°C
(2370° to 3090°F) rates could be described
by

0.82 2

Ry~ 145F exp(-31500/RT) gm/cm™/min (8)

) 02

Oxidation rates reached a maximum at about
1760°C (3180°F) and ther decreased with
increasing temperature, Although the curves
resemble those obtained at very low pres-
sures, the rates are considerably less than
would be predicted from equations that have
been cited, As will be shown, oxygea depletion
in the reaction chamber i{s responsible for
the observed behavior and the measured rates
are characteristic of the system, rather than
of the material,

Blackburn et al. (Reference 7) in 1981 re-
ported on the oxidation of tungsten in flowing
21 percent oxygen, 79 perceni argon at one
atmosphere from 800° to 1700°C (1470° to
3090°F), Rates were determined by oxygen
consumption techniques, At temperatures
above 1350°C (2460°F) the oxide was found
to evaporate as fast as it formed, Oxidation

a wew asawa

according to an Arrhenfue relation with acti-
vation energy of 21,000 cal/mol, The mecha-
nism wae assumed to be that postuleted by
Langmuir at low pressure; however, the
observed rates are considerably less than
those which would be predicted by Equations
3orb,

By considering the oxidation of tungsten
as a series of consecutive reactions, Ong
(Keference 8) derived from kinetic theory
and experimentel data the following rate
equation:

rate was found to increase with temperature

a'=s.lsx|o°r 05 oxp(-1270/TImgzcm¥ne  (9)

%urm)
which in termr of this work beoomes
R,23567

1 0 0.5 oxp (- 20200/RT) gm /¢ mzlmln
2(NN)

This equation adaquately reproduced rate
data from three independent investigations
at pressures from 1 mm to 15,800 mm Hg
and temperatures from 700° to 1300°C (1290°
to 2370°F)., Although the temperature-de-
pendent tarm is similar to that of Equstions
3 and 5, the pressure-dependent term and
constant are significantly different, The rates
would be considerably lowar ian those pre-~
dicted by cther eqguations, The validity of
Equation 9, however, has not beeu checked
at higher temperatures and lower pressures,
Similarly, it is not known if Equations 3 and
5 will adequately express rates at pres-

sures above 10”2 mn,

{10)

One of the objectives of the present work,
therefore, is to determine whether a chang=
in mechanism occurs as a function of pres-
sure, The similarity of rate behavior at

pressures sbove 1 mm and below 1072 mm

in terms of temperature dependency suggests
a common behavior over a wide pressure
range, Discrepancies in preasure depend-
ency, however, need to be clarified and re-
solved, Also, the existence of a maximum in
rate vs temperature at presgures above
10"% must be confirmed, A pressure range
of 101 to 5 mm Hg was selected for thie
study to provide a logical extension of prior
work at reduced pressures,
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Materials

The tungaten used in this investigation was
commercial ground seal rod procured from
the General Electric Ccm pany. This material,
desiguated as Grade MK, is - fine-grained
partially doped tungsten whi: .s 99,95+ per-
cent pure. Principal impuriti ..nclude 0.002,
0.0025, and 0.002 percent, *espectivuly, of
carbon, oxygen, and molybdenum, All other
impurities are leas than 0.001 percent each.
The rods were 0.11inch iz diameter by
7 inches long and waere centerless ground
with a surface finish of 6 to 8. A few tests
were made with Grade 218 ground seal rod
which §s a fully doped material that is,
after heating at high tempersture, coarse
grained compared with Grade MK.

Medical Grade tank oxygen 99.96+ percent
pure was used in most of the tests. A num-
ber of tests were made with Linde Comp
Rasearch Grade oxygen which is 99.29+ per~
cent pure. No effects from the impurities
in the gas on rates of oxidation were detected.
Tests in air were made with-normal atmos-
phere passed through a molecular-sieve
column. Changes in relative humidity of the
air had no discernible effect on rates.

Equipment

All tests were conducted in a surface re-
cession rate apparatus dasigned and built by
Lockheed Missiles and Space Company
(Figure 1), Specimens were heated by direct
resistance using alternating current at 100 ¢o
300 amperes and 5§ to 15 vo!ts, The rods
were positioned vertically in water-cooled
electrodes with slip-fit expansion joints to
prevent buckling during heating, A water-
cooled wrought-copper T-section 5 inches
in diameter by 14 inches high was used for
the reaction vessel, Total volume of the
system including pipes and ballagst chamber
was about 17 liters, Two sight ports were
provided for measurement of tamperature
and rcd diameter, A 1397 B Welch pump and
an MCF-309 diffusion pump were used in the
vacuum systém and an ultimate pressure of

1075 um Hg with a leak rate of less than
1 micron/min was achieved,
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All measurements were msade in a plape
at the approximate center of the specimen,
For most i{ests, a uniform hot zone 1 to
2 inches long existed in the centrsl section
of the rod. Temperature wus measured with
a micro-optical pyrometer compensated for
emissivity and sight glass effecta (Figure2),
The pyrometer calibration curve was checked
by measuring the apparent melting points of
six pure metals fastened to the surface of
the rod, Further checks were obtained by
measuring evaporation rates of tungsten in
vacuum which were compared with published
evaporation rate data, The appareat tem-
perature at which the rods melted alsc was
determined for a calibration point, Rod
diameters ocould be measured continuously
with a filar micrometer eyepiece attached
to & 4X telescope with an accuracy of
+0,0006 inch,

Pressure in the reaction vessel was
measured continuously with a Decker Cor-
poration Model 311 Absolute Pressure Meter.
The instrument is calibrated from 0,01 to
30 mm in six ranges, Calibration of the
gauge was checked weekly against a Wallace
and Tiernan Model FA 160 Absolute Pres-
sure Meter, This in turn was calibrated
every two months against a seccndary stand-
ard,

Procedura

Tests were conducted in air and oxygen
under three different conditions: static, tur-
bulent, and {mpinging, For static tests, the
gas was admitted through a diffuser located
in the malan vacuum line, The sysiem was
pumped continuously and the gas leak rate
was balanced against the pumping rate by
micrometer leak valves to achieve any de-
sired chamber prsssure, This may be viewed
88 a quasi-static condition in which no
measurable degree of turbulence or fiow {5
created in the reaction chamber, Tests in
turbulent atmospheres were oonducted by
admitting the gas leak directly into the
reaction chamber while continuously pumping
the system, The gas was introduced from a
ring manifold oconcentric with the upper
eiectrode with jets directed to the chamber
walls, In high velocity flow (impinging) tests,
g2s was admitted from a ring manifold
concentric with the specimen near the center
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lins, Twelve jols arranged iike the spokes
of 2 wheol were trained directly on the
specimen surface at a distance of about one-
half inch, Gas leak and pumping rates were
adjusted to provide sonic velocity (1140 fps)
at the exit plane of each jet. The dynamic
pressure vs static chamber pressure was
measured to determine gas velocity at the
surface of the specimen. This varied from
200 to 900 fps depending on static chamber
pressure. For all impinging tests, the pres-
sure reporteu is the stagnation (total) pres-
sure of oxygen at the surface.

The normal test procedure was to evacuate

the system to less than 10™% mm Hg and beat
the rod for 10 minutes at 2000°C (363C°F).
This conditioning treatment was used to de-
gas the system and to provide a upiform
metallurgical condition from speciraen to
specimen. A new speclmeén was used for
euch test. After cond'tioning, the tempera-
ture was adjusted to the run temperature
and the gas admitted. Approximately 18 sec~
onds were required to adjust pressure and
temperature to the set values. Zero time was
taken at the point when pressure reached
about one-balf the set value. This usually
occurred within five seconds after admitting
the gee. At the end of test, the gas leak and
power were turned off simultaneously. Final
time was taken at the point when pressure
had dropped to one~haif the set valus.

Surface recession at the sight pointis one-
half the difference betwsen initial and final
dismeters as measured by micrometers.
ﬁ:ﬁoa were caiculated by the following re-

tion:

.tz 1 am 7em?/ min )

where Do and Df aro initial and final dia-~

meters in inches and { is total time in
minutes, This relation also assumes a plane
surface and does not take surface roughness
into zccount, All rates are expressed as

gm/cma/mln and can be convertad to surface
recession in inches/min by dividing by 49,
Initially. diametsr was measured continuous-
ly by optical telescop2 and plotied as rate
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Gurves W oObDiaia & mean or average rate,
However, it was found that surface recession
was perfectly linear with time so that the
messurement of initial and final diameter
was sufficient to establish an accurate rate,
Total time of testing varied from 2 to
60 minutes depending on temperature and
pressure,

RESULTS

Rate Reproducibility

Early in the sxperimental program it was
discovered that oxication rates varied mark-
edly with crystallographiccrientation (Figure
3), Originally smooth surfaces developed
well-defined crystel facets after a few-
minutes exposure ic sir or oxygen at high
temperature, The exient of faceting was
temperature depeadcat and tonasd w HSoomc
less pronounced on £ macro scale at higher
temperatures, At temperatures above 2800°C
(5070°F) surfaces having a mirror finish
were often produced, However, at high
magnification even these surfaces were found
to be far from smooth {Figure 3), Cylindricel
single-cryatal rods f{ormed square <ross
sections and developed well-defined pyramids
on the suriace during oxidstion at low pres-
surs,

As show’n in Figure 4, this bshavior had
an effect on the ability to measure rates in
sn accurate and reproducible manner, The

rate of surface recession in un/omz /min 18
indicated on the figure, For single-crystal
rods, rates varied from 0.0235 across the
“squarec® fooes to 0.03190 acroes the *diago-
nal,®” For polycrystalline material the re-
sults were 8 roughened surface and uneven
receasina, it hecame particularly difficult
to measure reoession in oosrse-grained
tungsten due to the oriemtation effect. The
rate for Grade 218 tungsten as shown in
Figure 3 varied from 0.0302 to 0.0338 de-
peading on the point of dismeter measure~
ment, In fine-grained material, Grade MK,
the effect was averaged and specimens re-
tained a fairly cylindriocal cross section with
miniraum surface roughness, It is for this
reason that Uis iype MK fine-grained rod
was solected for al! test work,

. - — g P
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The reproducibility of rate measurements
in three different ranges of temperature and
| easure for tungsten in turbulent oxygen is
stiown in Table 1, The two major sourcee of
error were in control of specimen tempera-
ture and in measurement of p:essure, The
temperature can be measured to within +5°C
but is difficult to control due to changes in
cross section of the rod with tims, It is con-
trollad by edjusting the current aud tends to
drift in an unpredictable manner, This will
cause rete variations in consecutive tests
ae Well as in tests conducted at later datec,
The effect will be most pronouned in regions
where rates are very sensitive to tempera-~
ture changes, Thus, at 1627°C (2960°F) and
0.22 ram, most of the variation was due to
errors in temperature, Pressure on the
othsr hand is easy to control within close
Iimits but the absclute vale for any gauge
reading may vary due to drift in gauge cali-
bration, Experience revealed that significant
drifts in calibration could occur within the
course of several dayse, At least weekly cali~
bration checks were required togive repro~
ducibie dats, Consecutive tests proved quite
reproducibie and errors appeared mostly on
a day to day basis, At 1960°C (3560°F) and
0.92 mm, five consecutive runs were repro-
ducible to within +1,4 percent, The day to day
variation, most likely due to pressure shifts,
resulted in a +5 percent reproducibility, On
the average, most rate data were reproducible
to 10 percent and were within calculated
2-sigma limits, The greatest variability was
found at low temperatures where rates Srd a
high temperature dependerncy,

Reactioas in Air

in order to obtain rate data that could be
appiled directly to oxidation problems in
aerospace structures, initial tests werecon-
ducted in static and moving air at low pres-
sure, The prelimindary re ults of thic work
which were published in 1961 (Reference 6)
indicated that rates in static air reached a
maximum at about 1750°C (3180°F) and then
decreassd with increasing temperature, This
behavior has been studied in more detail at
a pressure of 5 mm Hg and found to be the
result of oxygen depletion which ocours under
static or mildly turbulent . "‘{oas.

At the satart of oxidation, the tungsten
rapidly oconsumes oxygen which must be

13C

repienished by diffusion or mass transport
from the air lilet port, If the system volum 2
is small and the inlet port is remote from
the chamber, rrtes of oxidation can be
Iimited by transpc.t of oxygen to the reaction
chamber, Evidence that thig, in effect, does
occur under quasi-static conditions was pro-
vided by noting that rate curves were not
linear with time for tests beyond 20 to
30 minutes, As shown in Figure §, the slope
of the rate curve in static air {ncreased with
time. The rate after 60 minutes of test was
alirust double that for the initial 10 minutes
of test,

Samples of the atmosphere in the reaction
vessel were taken at various time intervals
to determine if changing oconceutration of
oxygen was responsible for changes in rate,
A gas sample of about 100 ml was drawn
into an evacuated buib and analyzed on a maes
spectrometer to determine the ratio of oxygen
to nitrogen, These ratios are expressed as
perceant 02 in the mixture. Samples were

taken from near the surface cf the specimen
and near the wail of the chamber during test,
Analysis of the air before test gave 02 values

of 19 t» 21percent, As shown in Figure 5, the
“rir* near the surface of the rod after five
minutes of test ccntained 11.9 percent 02.

Cxygen concentration &t the chamber wal)
wat 8lightly greater but atill below normal,
indicating that a general depletion of oxygen
in the syrtem had occurred, After 30 minutes,
the concentraticr {ncreased to 14.6 percent
and it the eni  one hour it had reached
16,3 percent. Thuu, the increasa of rate with
time is shown to be due to an increase in
oxygen conceniration with time,

The oxyge~ content of the atmosphere is
governed by a bulance between the rate at
which the spectmen will consume oxygen
and the rate at which oxygen cun be suppiied,
If the rate of consumption at a given tempera-
ture exceeds the rate of tramspert in the
sysiem, the ga+4 in wie chamber {8 rapidly
depleted of ox:grn. The rate of consumption
then drops un.., a balence is _hieved, Nor~
mally, a steady~state condit.on where con-
sumption rate equals trensport rate should
be ;eached at son.ireduced oxygenpress ire,
However, in this type of toat the total surface
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arenr and the average femperature of the
specimen decreas2 with time, Constant tem=~
perature is muaintained only at one point on
the surface. The total rate of oxygen con-
sumpticn at any pressure, therefore, will
decrease with time, cauging a shiit in the
balance point to higher oxyger pressures,
The net effect {8 sn increase in the rate of
oxidation at the point of measuremen! where
temperature 1s held constant,

If thig analysis is correct, then the oxygen
coancentration in t¥ - zas should decrease
with increasing spuuanen temperature, To
verify this, eamples of the atmosphere were
taken for annlysis after four minutes of
testing at temperatures from 1350° to 3000°C
(2460° to 5430°F), As shown in Figure 6,
oxygen conceniration decressed from = high
of 19 percent at 1377°C {2510°¥) to a low of
2.4 percent at 2690°C {4630°F),

These data are gemi-quantitative and ars
not an absolute measure of oxygen concen-
tration at the surface, They clearly show,
however, thiet the rate maximum and the
decrease in rate withincreasing temperature
in static air is due to oxygen depletion of the
atmosphere, Such rate data are characteris-
tic only of the system and do not reflect
the true oxidation behavior of tungsten, For
tests in air, it is necessary {0 increase the
rate of transport of oxygen in the system
until it {8 not rate-limiting over the tem-
perature range of interest,

Increased rates of gas transport wr—e
achieved by admitting air directly to the
reaction chamber to create turbulence, and
by impluging air on the sampls, The results
of tests at 5 mm Hg are given in Figures 6
and 6, The rate of oxidation is significantly
increased when turbulence {8 created; how-
ever, depletion of oxygen rear the surface
still occurs, This {s shown by nonlinearity
of the rate curve and by comparison with
impinging air data, Rates in impinging air
were linear with time and were higher than
those In turbulent air, At 2400°C (4350°F),
the impinging alr rate was 20 times the
static rate and 3 times #“a turbuleat ratn,

The rate data in impinging air at
6 mm Hg revesl three different regimea
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of oxidation behavior with increasing tem-
perature:

1, From 1300° to 1760°C (2370° to 3260°F}),
rate increased with temperature by an Arr-
henfus relation with an apparent activation
energy of 43,900 cal/mol.

2, From 1760° to 2630°C (3200° to 4770°F),
rate Increased with temperature by an Arr-
henius relation with an appurent activation
energy of 24,606 cal/mol,

3. Above 2630°C (4470°F), rate increased
to a maximum at 2710°C (4910°F) and then
decreased with increasing temperature, The
apparent heat of activation decreased to zero
and became negative with increasing tem-
perature,

Reactions in Oxygen

To further explore the role of gas trans-
port on oxidation behavior and to establish
the validity of ratee in !mpinging air, tests
were made in static, turbulent, and impinging
oxygen at a pressure of 1,1 mm Hg, These
data are compared with those from tests in
impinging air at 5 mm Hg (902-1.05 mm) in

Figure €, At an oxygen pressure of 1,06 to
1.1 mm KHg, .he rates of oxidation from 1300°
to 235C°C (2370° to 4260°F) as measured
under four different conditions, static, turbu~
lent, impinging oxygen, and impinging air,
are identical, Gas velocity vp to 900 fps had
no measurable effect on kiretics, The data
show that under these conlitions gaseous
transport of resctants and products is not
raie~limiting. Data obtained in oxygen can
be used directly to predict rates in moving
air at velocities approaching Mach 1, Oxygen
pressur® under dynamic conditions must be
taken ag the total or stegnation preszure of
oxygen at the surface, Although it is believed
that no effect of velocity will be found at the
higher flow rates characteristic of atmos-
pheric re-emntry, extrapclations of the data
should be used with a degree of caution.

At oxygen pressure of 1,05 to 1.1 mm Hg
and temperatures above 2300°C (417¢°F), a
ma—~ked lependency of rates or gas velncity
was indicated, In static oxygen, the rate
reached a maximum at 2466°C (4470°F) and

——
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In {mpinging oxygen at 230 fps, the rate
maximum was reached at 2710°C (4910°F)
followved by a similar drop withtemperature,
Although it is possible that the position of
the rate maximum will be shifted to stil]
higher temperatures with increased flow,
the data suggest that a limiting condition i8
being approached. The rate maxmum for
impinging air (v = 900 fps) occurred at the
same {emperature as thet for impinging
oxygen (v = 230 fps) at equivelent oxygen
pressures {Figure 6), The fourfoid incresse
in velocity had little effect and ectuslly re-
sulted in lowered values of ouxldation rate,

Pressure Dependency

The pressure dependency of the reaction
of tungsten and oxygen was studied from
0.11 to 3.0 mm Hg at 13¢ = . 3360°C (2370°
to 6060°F), and from O.. 21 mm Hg at
two selected temperatur. . A3 shown In
Figure 7, the curves of log rate vs 1/T have
identical form at pressures from 0,11 to
3.0 mm Hg. The curves as drawn represent
en average fit of all the dats, and good
agreement of data points with lines of uni-
form slope at each pressure is shown, The
appareat heats of activation are the same as
those reported for tests in {mpinging air:
43,900 cal/mol below the rate transition aud
24,500 above, The apparent hsats of activation
at temperatures above the maximum rate
range form -21,100 to ~13,800 cal/mol, the
slope dacreasing with reduced pressure,

Since the slopes in the linear region
are paraliel for =all pressures, the pres-
sure dependency of reaction rate is constant
over the tempeiature range of constant
slope. The position of the C.uves shows
that the pressure deperdes~y is higher at
temperatures above the rute transition point
than at those below, Similarly, pressure
dependency beyond the point of maximum
rate i3 higher than that beiow.

Pressure dependency has been measured
for each of these three regione as shown in
Figurs 8, A plot of log rate vs log predsure
should be linear with a slope, N, equal w0 the
pressure dependency of the reaotion, In the
low temperature (high activation eaergy)

TEgion, URORUOD TAWS Wab proporiional o
oxygen pressure to the 0,69 power, At1627°C
(2960°F) in turbulent oxygen, pressure de-
pendency deviated from 0.59 at about 2 to
3 mm Hg and became smuller with increasing
pressure, Under impinging conditions, i1t was
conr'ant at 0,59 with increasing pressure to
10 mm Hg. This behavior suggests that trans-
port of reactants or products cun be a prob-
lem 1n oxygeu atmospheres at pressures
above 2 to 3 mm Hg, At 1627°C (2960°F) and
a pressure of 0.2 mm Hg, the rate transition
point is crossed and pressure dependency at
ijower pressures increased to th¢ value cor-~
responding to that of the second region,

In the second (low activation erergy) region,
pressure dependency at 1960°C (3560°F) was
constant at 0.82 from 0.1 to 10 mm Hg, The
same value was fourd {n turbulent and im-
pinging oxygen. At about 8 mm Hg pressurs,
the rate transition point i8 crossed and
pressure dependency at higher pressures will
drop to a value of 0.59 which is characterig-
tic of the first region, Thus, it can be seen
that at constant temperature the dependency
of rate on pressure will change whenever
the point of rate transition is crossed, This
must{ be taken into account when data are fo
be extrapolated to higher or lower presgures
from any given point,

The pressure dependency at a temperature
beyond that of the rate maximum was not
constant with pressure under turbulent con-
ditions, At 2984°C (5400°F), the value of N
approached 1 at pressures helow 0,10 mm
and approached 0.8 at apressureof 1 mm Hg.
In impinging oxygen, the value of N was
close tv 1.0, inlicating a linear dependency
on pressure in this region,

DISCUSSION

There are many similarities between the
resuits of this investigation and tbose of
others conducted at much lower pressures,
We used Eisinger's aad Anderson’s data to
compare the effect of temperature cn oxida-

tion rate at oxygen pressures from 1078 1o

3.0 mm Hg (Figure 9), The low-temperature
portion of Eisinger’s data fit en Arrhenius
rate equation with an apparent activation
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ensrgy oi aboui 25,000 cai/mol, The vlope
of the 8econd region from our work
(24,500 cal/mol) i in excellent agreement
with that value, Similar values were re-
ported by Langmuir and Becker. None of the
other investigai ons at low pressure detected
the rate transition to a high activatioa energy
region at lower temperatures, However, if
the temperture for rate transition as deter-
mined in this investigation 18 extrapolated
to lower pressures, it can be seen that the
other investigations were not conducted at
sufficiently low temperutures to detect th

break, s

One possible exception i8 the work of
Langmuir which was conducted at low enough:
temperatures but i{n which no break was
found. Direct comparison with Langmuir’s
data may not be valid, however, since the
pressure was changing from 5x1672 ¢
2 x10”% mm Hg during his test, All the
other studies were made at pressures which
were constant or varied over a small range,
In order to develop a complete picture of
oxidation behavior it will be necsssary to
study reactions at pressures below

10 1 mm Hg in the temperature range where
a rate transition would be expectad, The
existence sr absence of such a break will
have an important bearingon any mechanistic
interpretation of results,

The pesition and shape of the curves in
Figure § sugrests a cornmon behavior pattern
over the entire range of pressures, If this is
true, then it should he possible to correlate
the rates and the position of the maximum
rate with pressure and temperature, The rate
of oxidation at the point of maximum rate for
these three independentinvestigationsiscor-
related with oxygen pressure in Figure 10,
The agreement is surprisingly good, con-
sidering the very wide range of pressures
and rates and the differences in experimaental
procedure, This correlation shows that the
maximum rate of oxidation is close to a linear

function of oxygen pressure {rom 10% &

1 mm Hg. The maximum rate can be predicted

by the following simple relation:
Rnax = 0-295 F’QzI '»0.8 om /cmzlmin

(12)
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The temperature at which the rate maxi-
mum will occur is plotted vs the oxygen
pressure in Figure 11, It can be seen again
that an excellent corrc¢lation exists betwuven
the results of three difierent investigations.
The values from this investigation in turbu-
leat oxygen deviate from the linear relation-
ship at pressures above 0.11 mm Hg, With
{mpingement of oxygen, the point of max-
mum rate shifted to higher temperature apnd
approached the linear relation, The reletiion
between temperature and pressure for the
point of maximum rate can be expreesed as
follows:

?
P =2.557 %10 exp(-104,000/RT) (13)

%

Further correlation of the resuits of ‘the
three investigations was obtained by the com-
parison of calculated and experimental rates,
By using an empirical equation fitted to the
experimental results of this investigation
{Pg, = 0.11 to 3,0 mm ‘Hg), the rate of oxida-
t! ‘“was calculated for a point on the linear

u of the log rate va 1/T curves for five

.t pressures from 1.2 x 10"% o

. «qam Hg. The results together with vaives
.4dlculated from the equation derived by
Becker from theoretical considerations are
presented in Table 2, An excellent correlation
between measured rates and those calculated
from the equation derived from our data is
shown, Calculatec and experimental rates
agree with 120 percent over a three miilion-
fold range of pressure and a 950°C range of
temperature, The magnitude of rates which
are accurately predicted varies by a factor
of almost ten million, Values calculated
frecm Becker’s equation give fair agreement
at low pressure but deviate from measured
rates at higher pressure, They are too high
by a factor of 10 at pressures of 0.1 to
3.0 mm Hg although this is reasonable agree-
ment considering the range of values,
Langmuir’s equation similarly yields in-
creasingly poor fit with measured rates at
increased pressure,

The foregoing comparisons clearly suggest
that a common mechanism exists in oxidation
of tungsten over an extremely wide range of
tempersture and pressure. Becker has pro-
posed a mechanism based on the fractional
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coverage of adsorbed oxvgen atoma. Atoms
are envisioned as chemiscrbing in two dis-
inct layers with the energies of adsorption
or desorption bieing lower in the second layer
than in ihe first., Similarly, the energy of
formation and desorpudon of the oxide is
ectimated to be lower in the second layer,
The transition from two layers to one layer
18 postulated to occur inthe regionof the rate
miximum, The theory predicts that the
rate should decrease with increasing tem-
perature {(emergy of -27500 cal/mol} ai low
coverage (8<1) and increase with pressure
to the 1,5 power, At high coverage (6 >1), the
rate should increase with temperature
(snergy of +25300 cal/moi) and be a linear
function of pressure, The relation of pres-
sure and temperature for a monolayer cover-
age (9=1) as derived by Becker is shown in
Figure 11, Goocl agreecment with the curve
for the points of maximum rate is indicated.
The slope of 106,600 cal/mol 18 defined by
Becker as the heat of adsorption of oxygen
on tungsten when the oxygen atom coverage
{s & monolayer or less,

Although Becker's theory prediots the cor-
rect dependence of rate ontemperature in the
vicinity of the rate maximum, it cannot be
accepted as a valid description of reaction
mechanism without additional proof. Any
mechanistic explanation of the experimental
data must be consistent with all aspects of
the observed behavior over the entire range
of pressure, Specifically, theory musat account
for the following observations:

1. The rate of oxidation is a fractional
rsther than linear order of oxygen pressure,
This fact most likely accounts for the in-
abllity of previously derived rate equations
to accurately predict rates over a wide range
of pressure,

%, The temperature and pressure de-
pendency of rate at temperatures below the
maximum point change as the tsmperature
is decreased.

3, The maximum rate occurs at snoma-~
lously low tempersatures at high pressures
and its position {8 influenced by gas velocity,
(In this case, velocity per se may not be the
factor responsible for the change since in~
creasad velocity is accompanied by decreased
gas tem,srature,)
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tation; however, the magni*ude of dependence
decressos with increased temperature,

i =
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The overall problem of develeping an
adequate mechanistic explanation of observed
rate data {8 complicated by micro and macro
faceting of the surface due to orientation
effects, Three sources of error result in a
significant difference between measured and
true rates of the reaction, The surface aiter
a few-minutes test resembles a mountain
range (Figure 3), Peaks and valleys are
formed as each crystal orientation exposed to
the gas assumes its own characteristic rate
of recession, On clcse inspection, it can be
seen that the surface consists of a multitude
of small plane areas that intersect at well~
defined crystaliographic angles, Since the
amount of metal removed is measured at
the peaks, the weight loss i3 less than the
true vaiue by the amount of material which
has been removed from the valleys, If the
grain size 18 small and the surface recession
large, this difference becomes negiigible,
/ more serious error results from the fact
that the measured rate is based on recession
of the peaks rather than on recession of the
plane faces where the reaction occurs, A
geometrical analysis will show that the peak
of a pyramid which is growing shorter by
recession of {ts four plane faces will be
receding at a faster -ate than each face,
Thus the measured -ate of recession is
higher than the true rate of the reacticn,
The major error results, however, when the
rate per unit area i{s based on an assumed
plane aurface areas whioh is much smalier
than the true surface area exposed to the
gas,

The considerations given above imply that
when marked faceting of the surface occurs,
the measured rate of reaction is significantly
larger than the true rate of reaction, Since
the degree of faceting decreases with in-
creasing temperature, significent changes
in slope and measured valuee of activation
energy and pressure dependency can occur,
This problem has no bearing on the value of
the dsta for engineering purpot:s. However,
if the data are to be used in developing a
mechanistic explanation, a serious guestion
as to the validity of calculations caa be
reised, A study of rate as a function of

T T T ™ .
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orientation and true surface area would be
helpful in resolving the questions that have
been rajged, In addition, continuing work on
adsorption and desorption, effects of gas
temperature and velocity, and identitication
of oxide vapor species is needed to develop
a completely adequate theory,

The results of this investigation are pre-
sented in summary form in Figure 12 and
fill a primary need for engineering data for
many potential uses of tungsten, They are
expressed as equations which define (1) the
bo! ndaries where changes in rate behavior
occur and (2) the rates of oxidation within
each region of uniform behavior as afunction
of pressure and temperatvre, A low temper-
ature boundary that describes the limite for
formation of a visible oxide film on tungsten
also is presented, Due to a large change in
emisgsivity, it was possible to determine the
maximum temperature for any pressure at
which solid oxide exists as a visible film or
scale on tungsten, The oxide has besn tenta~
tively i{dentified as Wlso 49 by its charac-

teristic red-violet color, This {s an impor-
tant boundary for applications in radiatively
cooled structures since z major change in
emissivity occurs, The defining equation is
in terms of oxygen pressure; however, in
air, the boundary i{s 2 function of the total
pressure, It is not known whether a change
in temperature dependency of rate will occur
on cressing this boundary,

The applicability of laboratory test data to
performance In operational environments is
always an {mportant consideration where
marked differences are apparent, The daita
presented encompass the effects of pressure,
temperature, and flow, The range of applica-
bility and limitaticns of the data have besn
cited, Two important factors in atmospheric
re-entry applications, however, have not been
incorporated in this work, These are the
gas temperature and molecular dissociation,
The gas which strikes the surface cf a re-
entry structura has been heated to very high
temperatures in pasaing through the shock
wave, and the oxygen probably is dissociated,
The laboratory studies are based on the re-
action of a heated surface with a molecular
gas that is ciose to room temperature at low
pressure, Practically all other oxidation data
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are from tests where the gas and mexal are
at the same temperature, If the rateis deter-
mined by a reaction on the surface rather
than by the impact of gas molecules with the
surface, then the effect of gas temperature
usually will be negligible, Langmuir found
that reactisu rate was determined by the
temperature of the metal and was not affected
by variations in gas temperature over a
300°K range, Additional work is needed, how-
ever, to prove conclusively the independence
of rate on gas temperature,

The effsect of dissociation of the gas before
striking the surface is unknown and is a
factor that shouid be investigated. If the heat
of adsorption of oxygen is afactor in determ-~
ing rates as proposed by Becker, thendisso~
ciation would have a significant effect.

COKNCLUSIONS

1. The rate of oxidation of tungsten from
1300° to 3350°C (2370° to 608U°F) in air or
oxygen at pressures below 6 mm Hg i3 equal
for the same partial pressure of oxygen, Rate
is a function of meta! temperature, oxygen
pressure, and crystal orientation,

2. In static or slowly moving air at all
pressures and in oxygen at pressures above
3.0 mm Hg, rates may be limited by transport
of oxygen to the surface, High velocity flow
is needed to provide a known and oonstant
pressure of oxygen, When a constant oxygen
pressure is mainteined at the metal surface,
gas velocity up to Mach 1 has no effect on
the rate of reactioa,

3. At temperatures ahove & boundary
defined by

Py
R LIS 16'® exp (- 23500/RT)
)

a2 visible oxide scaie dies not form or
tungeien in oxyger at low pressure, In air,
the boundary is dafined by the total pressure,

4, At temperatures above thecoxide-scale
boundary, rate of metal lo2a is described by
the rslation

Ny 288 B, 059 oxp (- 42663/RT) gin /errt

2

/min

.




ML~TR-84=162

5., A transition in rate behavior occurs
&t a boundary defined by

R 1082 x 10'® exp (- 93500/ RT)
>

At temperatures above this transition,
rate of tungsten loes is described by

the

Ry 20 p™82 oep (- 24500/0T) gm/ecme/min
6. The rate of oxidation reaches a maxi~
mum &t a temperature defined by

7

P =2,537x10 exp(-1040LO/RT)

%

The maximun: rate of metal loss ai any
pressure is given by the relation

1.08

q;m/c:m2

R /min

s [
W 0.295 B

%

At pressure above 10~ mm Hg, behavior
near the temperature of maximum rate is
influenced by gas velooity,

7. At temperatures above the rate meaxi-
mum, the rate of metal loss increases as a
linsar tunction of oxygen preasure and de-
creases with temperasture,

§, A oommom mechanism appears to
exist in the oxidation behavior of tungsten

at high temperatures in oxygen at pres-
sures from 10~° to at ieast 10 mm Hg, The

empirical rate quations in conclusions 5 and
6 above will accurately predict rates which
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vary by a factor of up to 10 million in this
pressure range,
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TABLE 1
REPRODUCIBILITY OF OXIPATION RATES

TURBULENT OXYGEN

1627°C - 0.22 MM HG

DATE - 5/17/62 5/2i/€2 1/31/62
0.00717 0.00882 0.00874
0.00980 0.00923

AVG.- 0.00875 218% 26°=20%

1960°C~ 0.92 MM HG

DATE-  7/30/62 9/14/62 9/18/62

0.0756 0.0716 0.0737
0.0777 0.0733

0.0763
0.0767
0.0765%

AVG.- 0.0752 5% 20°= 82%

2755°C - 3.0 MM HG

DATE - 6/20/62 9/11/62 9/18/82
0465 0.402 0.420
0409

AVG.- 0424 t97% 20r=11.6%
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| - SPECIMEN

2 - PRESSURE PORT
3- TEMPERATURE PORT .
4- MEASURING TELESCOPE )
5- WATER-COOLED ELECTRODE
6- COOLED REACTION CHAMBER
7- GAS LEAK SYSTEM

8- HIGH VACUUM VALVE 10- FORELINE

9- ROUGHING LINE I1- DIFFUSION PUMP

FIGURE 1. Oxidation Rate Apparatus
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TRUE TEMPERATURE - °C
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FIGURE 2. Pyrometer va True Temperature Calibration
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WEIGHT LOSS- 6M/CM2
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FIGURE 5. Effect o Gas Dynamics on Oxidation Rates in Air
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FIGURE 6. Comparieon of Oxidation Behavior in Air and Oxygen
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OXIDATION BEHAVIOR OF TANTALUM AND
NIOBIUM AT HIGH TEMPERATURES

Per Kofstad*

INTRODUCTION

A mgajor shortcoming of tantslum and ni-
obium as high-temperature materials is their
pronounced reactivity with oxygen and other
gases at elevated temperatures., In oon-
sidering applications of tantalum and nioblum
and their alloys as constructional materisals
at high tompsratures a detailed inowledge
and understanding of the oxidation behsvior
of these metals is required,

The oxidation behavior of niobfum and
tantalum have many features in common,
Both exhibit a oomplex oxidation behavior
which involves oxygen dissolution in the
metal and formation of various oxide phases
whick include those of metallic and higher
oxides. The relative importance of the varicus
part-processes which oconstitute the total
oxidation: reaction is dependsnt cn temper-
ature, oxygen pressure, and time of oxidation,

Studies at this laboratory on the oxidation
of tantalum and niobium are described aud
discussed in this paper. Tantalum is oon-
sidered first because in the author’s opinion
the oxidation behavior of this metal is
somewhat better understood at present,
Niobium is considered in less detail sinoce
many of the more general conclusions and
interpretations for tantslum also apply to
niobjum, More detailed reports on various
aspects of the oxidation behavior of these
metals have been published elsewhere
{References 1 to 8),

OXIDATION OF TANTALUM

Oxidatior of Tantalum at 500° to 609°C
Oxidation of tantalum below 600°C initially

approximates a parabolic stage. This is fol-

lowed by a breakaway oxidation which be
comes linsar. These features are shown in

Figure 1 which gives results of gravimetric
oxidation rata measurements in 1 atm of O2

at 50C° to 575°C (Refersnce 4). The parabolic
‘‘incubation’’ period for the breakaway oxi-
dation becomes shorter with increasing tem-
perature. At and above 800°C the incubstion
period becomes too short to be observed in
the gravimetiic measurements,

Oxidation during Incubation

During the incubation period oxidation
involves oxygen dissolution in the metal and
formation of the metallic oxide phases of
tantalum (suboxides) Taoy and 'l‘aoz (Ref~

erences 4 and 5). 'I‘aOy has only been observed

after oxidation at and balow 500°C, During
the early stages of the incubation pericd no
'l'azo5 has beea detectsiion the metal surface.

The initial oxidation of tantalum may thus be
described by the following equations:

.,zoz(v’snem'_mﬂs.q. 1

chemisorbed
O,pym* T8 diffusion, v\ _0 solid sct'n  (2)
and
Ta-0 sol.sol'n—bToOy—vToOz (3)

The metallic oxide phases grow es oxide
platelets and wedges into the metal
from the surface. 'l‘uoz grows as plateiets

paraliel to the 320 wsets of planes of the
metal (References 7 and 9). An example of
TaO, formation is shown in Figure 2, which
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refers to a tantalum speciman oxidizad for
1300 minutes at 600°C and 0,01 Torr 02
(Reference 7).

Microhardness traverses on oxidised spec-
imens have shown that the oxygen penetration
into the metal agrees with caloulated values
(Reference 10) using the diffusion coefficient
of oxygen in tantalum, 0 0.0 exp (-27700/RT),
as determined from internal friction meas-
urements, Furthermore, lattice parameter
measuremants directly on oxidized surfaces
{References 4 and 5) have indicated that
during the inoubation period the oxygen ocon-
centration at the metal surface reaches
G to 7 atomic wsight percent,

In terms of ths above mechanism it is of
interest to compare theoretically estimated
woight gains due to oxygen dissolution alone
with the expsrimentally measured values,
The amount of dissolved oxygen may bs es~
timated from the equation (Reference 11)

n=1.1284,/ Dt (c'aco) (4)

where ¢ s reprassnts the oxygen conce~tration
at the metal surface :nd S the oxygen

impurity content in the metal, By using a
valus of 6 atomic weight percent for the
oxygen conoentration at the metal surface,
the oalculated weight gain due to oxygen
diseolution at 500°C is givon by the broken
lire in Figure 1, The estimated and measured
weight gsins show agreement, thus confirming
the proposed mechanism. The weight gain
above thst of the oxygen dissolution is
furthermore ooncluded to reflect the for-
maticn of Taoy and Taoz.

it should be noted that oxygen concen-
tration of 5 to 7 atomic weight percent exceeds
the equilibrium solubility of oxygen in tanta-
lum at these temperatures., Vaughan et al.
(Reference 13) found an oxygen scluhility of
2.8 atomic weight percent at 800°C. However,
this latter solubility refers to tantalum-
oxygen solid solutions in equilibrium with
ra,os. The presently observed conoentration

(8 to 7) has been found either when only

ad 11 - -
trecas of or when no '2‘3205 at all has boen

detected un the surface. Thus the high oxygen
concentrations probably pertain %o an equi-
libriun: of Te-O sgolid solutions with TaO .

‘This again infers that 'r.oz is metastahble.

It shotld alsc b» noted that supsrsaturations
of oxygen in tantalum are necessary fo
initiate oxide mucieation. During later stages
of the reaction and as large amounts of
'I‘ago5 are formad on the surface, the oxygen

conoentration at the metal surface decresses
and probably approaches tiie solubliiity char-
acteristic of Ta-O solid solutions in equilib-
rium with '1‘.205 (References 4 and 5).

Breakaway Oxidation

The f{irst traocs of T‘zos are formed

during the later stages of the incubation
period and occcur in spots and local areas
on the suiface, Breakaway oxicdation is as-
sociated with heavy '1‘0.205 formation,

Furthermore, electron micrograpbs and
optical examination have revealed nmumerous
cracks and blisters indicating that the oxide
has little or no protective propertiss (Ref-
ference 4). If the surface oxide is removod
the characteristic pattern of TaO. is re-

vealed, as shown in Figure 2, These studies

also indicate that 'I‘a,O5 is foamed on the

TaO_ platelots (Reference 7). This oxide
growth results in separaty Ta205 nuclei and

it is concluded that this is th:¢ cause of the
disoontinuous and porous 'I‘ano5 scale under
thess conditions,

Oxidation at 800° to 1000°C

Above 800°C 1 change .n the kinetics
takes place; iritial oxidation again bscomes
parabolic, and is followeu by an approxi-
mately linear oxidation (Referenoce 8). The
initial parabolic oxidation at various oxygen
pressures at 900°C is shown in Figure 3.

Conourrently with the change to a
parabolic-linear oxidation shove 800°C there
is a change in the reaction scheme. Although
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Taoz is thy intormediate reaction product

below 800°C, X~ray diffraction measurements
indicatse that TaO gradually becomes the
intermediate reaction product above this
temperature. However, TaO {s only present
in trace or smali amounts at the metal-
oxide interface (Reference 8).

At these temperatures (above 800°C) X-ray
diffraction moasurements of the tantslum
lattice parameter indicate that the oxygen
concentration at the metal surface is approxi-
mately equal to the solubility limit for Ta-O
solid solutions in equilibrium with Taaos.
On this basis calculated weight gains due to
oxygon dissolution alone have been astimnated
by the use of Equation 4., The values are
indicated by the broken line in Figure 8, The
weight gain due to oxygen dissolution is of
minor importance compared to the total
weight gain except at the very initial stage
of the reaction, However, the importance of
oxygen digesolution increases with decreasing
oxygen pressure,

Initial Parabolic Oxidation Ab~ve 800°C

During the parabolic stage above 800°C
'I‘azo5 ie the main reaction product, and it

is concluded that the initial parabolic oxi-
dation sbove 800°C is governed by a rate-

determining transport of oxygen ions through
the thOs scale according to a Wagner-type

mechanism,

The parabolic rate oconstants for '1‘1.20!s

formation at 900° and 1000°C are dependent
on ¢ n pressure, as shown in Figure 4,
At 900°C the parabolic rate oonstant is pro-
portional to po';u at and above 1 Torr O,.

From 1 to 0.1 Torr O2 there is a relatively

large drop in the value of the parsbolic rate

constant, and at 0.1 to 0,01 Torr O2 the

parabolic rate oonstant is essentially inde-
pendent of oxygen pressure, At 1000°C 2
similar change in oxygen prossure depend-
ence takes place between 10 and 1 Torr Og.

173

The change in oxygen pressure depsndence
is probably relited to the defect structure
of T‘zos (Reference 13). This oxide has

been found to be a p~conductor at oxygen

pressures close to 1 atm C)2 and an n-

conductor at lower oxygen pressurea, It has

been proposed that '1‘11‘20!s has an anti - Frenkel

defect structure involving oxygen interstitials
(p- ) and oxygen vacancies (n-type). At
900° and 1000°C the p~ntransitions take place
at 0.8 and 8,5 Torr 02. respectivoly, and the

transition pressures are indicated by the
stippled vertical lines {n Figure 4. The
rasults suggest that the change in oxygen
pressure dependence of the parabolic rate
constant ocours &t oxygen prassures oorre-
sponding to those of the p-n transitions, and
the results are thus in general agreement
with Wagner’s oxidation theory. On the basis
of this model, the defect structuze of the
T‘zos in the scale predominantly involves

oxygon vacancies at pregsures lowsr than
those of the p-n transition, while above this
pressure an outer layer of the scale also
consists of 'I‘azo5 predominantly involving

interstitial oxygen,

The parabolic rate constants both abo7ve
and below the p-n transitions have an acti-
vation energy of 45 koal/mole (Refersnoe 8).
It i» ooncluded that this activation energy
corresponds to that of oxygen vacancy
ditfusion.

Breakaway Oxidation Above 800°C

The transition from parabolic to linear
oxidation sbove 800°C exhibits a breskawsy
type of behavior at the higher oxygen
pressures, This may be seen in Figure 8
which shows the results of the gravimetric
oxidation rate measurements at various
oxygen pressures at 1000°C. On the basis
of thess measurements it is oconcluded that
the transilion is a result of a breakdown of
the protect ve scale through cracking due
to siresses in the oxide scalss. Metallo-
graphic examinations of oxide scales ca
specimens oxidised well into the linear
region also suggest a porous scale. At the
metal-oxide intexface traces of an oxide
apparently different from the bulk oxide
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were also observed, snd by comparison with
the X-ray diffraction measurements it iz
concluded thet these reflect the presence of
TaO.

Oxygen Pressure Dependence and Mechantsm
of Linear Oxidstion at 500° to 1600°C

An Arrheniug glot of the linear rate constant
in the temperature range 500° to 1000°C is
g#hown in Figure 6, At one atm 02 A reversal

in the temperature dependence takes place

at about 700° to 750°C. At 100 Torr (32 the

oxidation rate is approximataly indepandent

of temperature, and at 10 Torr O2 and below,

no reversal occurs, At all pressures the
linear rate consiant increases rapidly with
temperature above 800°C,

A plot of the linear rate constant at
500° to 1000°C as a funcilon of oxygen
pressure is shown in Figure 7, The linear
rate showe 2 varying deperdence on the
oxygen pressure and & comparison of
Figures 6 and 7 shows that the reversal in
temperature dependence may be censidered
to arise from differences in the oxygen
pressure dependence above 10 Torr 02.

A oonsideratior of temperatures below
800°C, whare TaC, is the intermediate re-

action product, reveals that the ~ nesr rate
constant tends to become independent of
oxygen pressure at low temperaturers
(e.g.. 500°C) and high oxygen pressures,
out is proportional to the square root of the
oxygen pressure aihigh temperatures (700°C)
and low oxygen pressures. This oxidation
behavior is interpreted in terms of an oxygen
chsmisorption equilibrium prior to the rate-
determining formation of 'rm,‘,os from TaCz.
This may be written

site +1/20,9' Er o—3ite (%)
or

K
O-~-site + Taoz-—y T°2°5 (6)

Equation § involves chemisorption of oxygen
on 'l‘aO. and Equation 6 denotes the

rate~-dstermining formation of ’I‘a,‘,‘O5 which is

proposed to be governed by nucleation and
growth of 'I‘u.205 nuclei, The duration of the

incubstion period discusaed abave s con-
cluded to he the result of the time luag &2-
sociated with the nuclsstion and grewth of
'I‘a.zo5 nuclei (Referencs 4).

According to Equations 5 and 6 the linear
rate of oxidation is giver by

ok Kp:)/z

. 2 (7)

lin (RT ,I/Z + Kp“a
2

where a is the number of available chemi-~
sor, Jon sites.

In the limiting cases Equation 7 reducesio

ok Kpuz
0 /72 e
k“n= 7 whenrn(RT} >’>Kpo (8}
{RT) 2
and to
k. zak  whenKp'/? » (rT)"2 (9)

lin

Thus at high temperatures and iow oxygen

pressures the rate of Ta, O, formation will

276
become approximately proportional to p(;gz.

but at low temperatures and high oxygen
pressures 'I'az,o5 formaticn will he approxi-

mately independent of oxygen pressure,
The experimenial results below 800°C

give the vaiues (Reference 4) for X and
sk as follows:

ker20 exp (14_%0_0)0“6 ak=1TX10 "axp(-'—'i—“i.-o)

(when expressing POg in atmospheres and

R inliter-atm/°C/mole °C). Calculated valuos
of klin (Equation 7) are given by the dotted

lines in Figure 7. A good agresment is
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obtained betwesn the experimental results
and the asmimed model,

The above value of K gives a neat of
chemisorption of ou.ygen of

AMH = 128.8 kcal/moie
chem:

From Equstions 7-93 we gsee that the linaar
oxidstion has an activation energy of
71.1 kcal/mole when klin {s independent of

oxygen pressure (Equation 9) and an apparent

activation /energy of 6.7 kcal/mole when
1/2

“n & PO

imiting conditions the activationenergy con-

tinually changea from 71,1 %0 6.7 kcal/mole

{Figurs 6).

{Equation 8). Between these

At and above §90°C the oxygen pressure
depanderce of the linear rate constant is
irterproted in terms of a similar model.
The only differen.e rrom the above treatmant
is that TaO i{s .he intermediate reaction
product above 890°C. The oxygen pressure
depondence n y thus }e described by an
equation which is equal to Equation 7 but
which contuing different values for a, k, and K,

For the results at 80C* to 1000°C it is not
equaily easy ‘o estimate values of the parame-
ters in Equation 7. Furthermore, Figure 10
shows that the apparent activation snergy
increases from 800° tc 10060°C. This is
interpreted us reflecting a gradual transition
in the )ixidation mechanism from TaOz to

TaO as an intermedists reaction product, In
terms of Equation 7 thie means that the
number of chemisorption sites (TaO zites)
alzo gracually increases with temperatur«
at 800‘ to QOO!C

The Reveraal in Temperaiure Dependsnce

In the sbove discussion the reversal in

tamperature dependence at 1 atm O2 and

750°C has already been interpreted as a
result of the change in the oxygen pressure
dependence associated with the transition
in reaction r -chanism, An additional inter-
pretation may also be made in terms of a
decreased thermal stability of Tao with
increasing temperature,
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When 'I‘:QO5 is formed via Taoz according

to Equation 7 it has been assumed that the
rate of formation of TaOz is much faster

than that of Tuzog. i.s,, that the surface

under all conditionz is ‘‘saturatsd’” with
TaOz. However, if the thermal stability

of Ta® z decreases with increasing temper-

ature, the situstion may arise when the
concentration of TaO . begins tc affect and

iimit the oxidation, 'I‘a()z is formed from

Ta-O solid soluticns and is aiso simultane-
ously consumed through Taao formation,

The concentration of TnO may thus be
described by
d{Tad_} i72
z > -
T 2 kn ko po (10)
2
‘n which kn denotes the rate of formation,

f.e,, the rate of nucleation and growth of
'I‘aOz nucle! from Ta-O solid solut'on, and

k denotes tho rate of depletion of Tao

t.hrough Tag O, formatior; at 700°C K, l

proportioral to Do/:

If the thermal stabllity of Taoz decrvagos
with increasing temperature, kn wiil, ac-

cording to the general theory of nucleation
and growth of nuclel, have an aciivstion
energy which decreases with tamperature,
Thus as temperaturs is increased, kn will

become of the same order of magnitude as
that of ko. The occurrence of a reversal

will be dependent on the oxyzen pressure
because of the term X, p'h « At high oxygen

Og
pressures, the value of k, p" 2 i relatively

O¢
large and may thorafore caus® a reversal;

at low oxygen pressures the term kop%,’;z will
sppreciably

bo of miror importance, will not
affect the conocentrsation of 'rao‘. and will

cause no reversal in the temperature de-
psndence as observod in the kinetic studies.

NN i
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Comparison with Previcus Investigations

Oxidation of tantslum under conditions
similar to those of the present study has
previcusly boer studiad by other investigators
(References 14 to 16).

Peterson, Fassesl, and Wadsworth (Ref-
erence 14) found tantalum to cxidize linearly
at 500° to 1000°C at oxygen pressures from
1/2 to 40.8 atm, The oxidation was interpreted
as invoiving an equilibrium adsorption
process prior to the rate-determining step.
The oxygen pressure depondence was fitted
to s Langmuir Type I adsorption isotherm,

Albrecht, Klopp, Koehl, and Jaffee (Ref-
erence 15) found that the reaction in one
atm O2 follows s linear rate in the temper-

ature range 500° to 1250°C, At 1000°C the
reaction followad a square root of pressure
dependenoce,

A compsrison between the present results
and those of Peterson et al. and Albrectet al,
is shown in Figure 8, There isfair agreement
between the results of the three atudies, The
resulls of Petarson et al. and Albrecht et al.
also suggest reversals in the tsmperature
dependence,

Ong (Referecnce 17) has presented a theo-
retical discussion of the oxidation Lehavior
of tantalum, In this treatment the oxide scale
is considered nonprotective and the inter-
mediate species involved in the rate-
determining step is assumed tc be interstitial
stomic oxygen in the metal in the immediate
region of the meatal-oxide interface., It is
furthermore assumed that the concentration
of interstitial oxygen is related to ths oxygen
pressurs through an adsorpticn squilibrium
cn the surface. Dilute solution of oxygen in
tantaium are also considered non-ideal by
sssuming that attractive interactions exist
between intorstitial oxygen atoms,

By estimating and assuming valuea {for the
enthalpy of adsorption of oxygen, the entropy
and anthalpy of solution of oxygen in tantalum,
and the interaction ensrgy between intaratitial
oxygen atoms, Ong Las calculated values for
the linear rate constant as a function of
temperature and oxygen pressuse, The value

at 0.5 atm O2 is showr as a stippled curve

in Figure 8. Ong’s treatment predicts a
cusp or a reversal in the temperature de-
pendence at all oxygen pressures and main-
tains that thes reversal takes place at
decreasing temperature as the oxygen
pressure decreases,

Ong’s treatmentdoes not givs a satisfactory
description of the present experimental
results. In the suthor's opinion one of Ong’s
fundamental assumptions also appears ques-
tionable. This refers to the assumption that
the concentration of interstitial oxygen in the
mutal is related to the oxygen pressure
through an oxygen adsorption aquilibrium at
oxygen pressures around cne atm, Thus by
extrapolating Pemsler’s results (Refer-
ence 18) on the thermodynami::# of the inter-
action of tantalum with exygsa, the partial
pressure of oxygen over tantalum containing
2 aton. ¢ weight percent of oxy en is approxi-

mately 10732 0 1024 stm at 700°C. Thermo-
dynamically, tantalum should thus be satu-
rateu with oxygen at any oxygen pressure

above 10722 gt 700°C, Although kinetic con-
siderations are very ‘mportant in this
connection, there appears to be no reason
why the tantaium metal at the metal-oxide
interfaca should be anything but saturated
with oxygen at pressures of aboutone atm O,‘.

OXIDATION OF NIOBIUM

Oxidation at 400° to 600°C

The oxidation bshavior of niobium in many
ways closely resembles that of tantalum,
Thus oxidation of niobium below 500°C in-
volves an initial incubation period followed
by a breakaway approximating linear oxi-
dation, Hurlen has shown by continuous
X~ray diffraction measurements directly on
rescting specimens (Refrenoes 1 and 2) that
the oxidation during the initial stage con-
stitutes oxygen dissolution in the metal, In
addition the formation of two metallic oxide
phases (suboxides) of niobium, Nbox and

Nboz, also occurs (Raferences 1, 2, and 7),
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The latter phase is isomorphous with
'I‘AOz {Reference 6). The oxidation during

the initial incubation period may thus be
written

w20 oo

|
2 {n

chemisorbed
and

diffusion

Ochem+lb——-—-—->lb-0 sol.soln -a-noo;-ubol (12)

Hurlen reports that NbOx could only be

found or. specimens oxidized at temperatures
up to 400°C. NbO_ 18 easily observed on

specimens oxi{dized at reduced oxygen
pressures at 400° to 500°C and is formed
as oxide platelets extending into the metal
from the metal’s surface., One example of
the NbO_ formation is shown in Figure 9

(Reference 7). Both the metallographic sx-
amination and X-ray diffraction measiire-
ments suggest that the (100) plane of NToOz

is parallel to one of the (i00) planes of the
metal 1sttice (Reference 6). This is different
from the metal-suboxide platelet cxidation
relationship for the corresponding tantalum
system, Nbog has not been found on speci-

mens oxidizad above 600°C,

Lattice parameter detsrminations on
specimens oxidized during the incubation
period indicate that the cubic lattice param-
eter of niobjum at the surfsoe may reach
values as high as 3,328 to 3,540 A (Ref-
erences 1 gnd 3), These results compared
with Seyboit’s (Reference 19) values of the
lattice parameter as a function of oxygen
conoentration indicate that large apparent
supersaturations of oxygen in niobium occur
during the incubation period, It is proposed
that these large oxygen solubilities reflect
niobium-oxygen solid solutions in ‘‘equi-
librium’ with NbO . and NbO . rathsr than
with NbO,

The transition to hreakaway oxidation is
associatad with Nb205 formation in spots

on the surface, while the breakaway oxidation
involves the formation of a heavy and
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porous szos scale, It is probabie th&t NbO

and NbO, also are formed as intermediate

resaction products. Electron micrographs aud
optical examination show that the scale
contains iarge numbers of crackr and vol-
carolike blicters (References 1 to 3) which
suggesats that the scale has little or no pro-
tective propertias. At 550°-~600°C the oxide
also spalled uuring oxidation (Reference 8).

Oxidation at 600° to 800°C

At temperatures above 600°C there is a
change in the kinetics and under thiese con-
ditions the initial oxidation esxhibiis (as de-
scribed before) a protactive paraboliciike
behavior, which i{s followed by an almost
linear oxidation. This is shown in Figure 10
which gives results of oxidation rate meas-
urements on niobium at 700°C (Reference 3).
NbOz is no longer observed at the metal-oxide

interface at these temperatures (Refer-
ences 1 to 3); rather, on specimens oxidized
at reduced oxygen pressur.> we find NbO
and NbO2 as intermediate reaction products

(Refererices 1 to 3). Thus it is concluded that
at these temperatures the reaction scheme
changes from

[T so!.eot'n-lboi-»lbﬁ-»lboz—b Ibzos (13)
to
Nb-0 sol.sol'n —»Nbo—-moz —=Nb, 0, (14)

Lattice parameter measurements on the
metal gurface of specimens oxidixed at re-
duced oxygen pressures at 700°C have give
2 lattioe parameter v-lue of about 3.3.4
(Reference 3). Thus the oxygen concentration
at the metal surface is smaller compared to
lower tempsratures, Behavier equivalent to
that discussed above was elso observed for
tantalum, This decresase in the oxygen ocon-
centration is due to an absence of NbOz

under these oconditions and, as a remuit, ‘he
oxygen oonceniration at the metal surfioe
now aporoaches the value characteristic of
Nb~O solid solution in equilibrium wiii NbQ,
An estimate of the relative importance of the
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oxygen dissolution is shown as abroken curvs
in Figure 10. The values have been eatimated

sasuming D = 2,12,10™% exp (-36,800/RT)
(Refesrence 27) and C, = 0.7 atomic weight

pe -cent o) oxygen (Reference 21), The esti-
mates indicate that oxygen dissolution is of
mincr Importance comgared to the total
we.ght gain under these conditions,

At the higher oxygsn pressures Nb205 is

the main reaction nroduct under thess con-
ditions and it is believed that the protectivs
oxidation reflects g ratc -determining trans-
port of oxygen through the )»«--Nb,b,o5 scale,

Unfortunetely the defect structurs of ¥-Nb O

is not known, but this oxide is isgmorphous
with B~ Ta,O, and it would not be unreasonable

to assume that the two oxides also have the
ssme defect structure, The same intsr-
pretation would thus epply to the initial para-
bolic cxddetion of niobium at 600° to 800°C as
1t would for tantalum at 800° to 1000°C.

The linsar oxidation following the initizl
paraboiic stage exhibits &t the higher oxygen
prossures a broakaway type of behavier, This
is also evident from Figure 10, It is thus
concluded, s&s in the case of tantalum, that
the parabolic-lingar transition reflecis a
breckiown of the protective scale. The re-
sulting linecr oxidation s furthermore inter-
preted to be governed by the rate of nucleation

and growth of Nb205 et the metal-oxide

interlace beneath the cracks in the oxide
scale.

Oxygen Pressure Deperiapce and Mechanism
of Linear Oxidation at 43¢ to 800°C

As shown by many inve t.gators the linsar

oxidition of niobium at one atm O2 exhibits

& reversal in the temperature dependence
at about 600°C (Referonces 3, 22 to 24). An
Arrhenius plot of the linear rate constant
at 500° to 800°C at 1 atm O, is shown in

P
Figure 11 (Reference 3). At 76 Torr
Gulbrazsen and Andrew (Reference 25) found
the oxidation to be approxiinatsly indspendent
of temperature at about 6G0°C, and at lower
oxygen pressures such reversals are abeent

(Raference 3).

A plot of the linear rate constant as &
function of oxygen pressure is shown in
Figure 12 (Reierence 3). The reverssl may,
as in the case of tantalum, be ccnsidered to
be due to & change in the oxygen pressure
dependence at the higher oxygen pressures.

Below 600°C the oxygen pressure depend-
ence of the linvar oxidation also closely re-
sembles that of the oxidation of tentalum,
As suggested by the results in Figure 12 and
as demonstratad by Hurlen (Reference 1 and 2)
the linear rate constant becomes approxi-
mately independent of oxygen pressure at
low temperatures and high oxygen pressures

and is proporticnal to p%)/zz at low oxygen

pressures, Thus the oxygen pressure de-
pendence and the oxidation mechanism may
be described by an equation equivalent to
Equation 7, The only difference between
niobjum and tantslum iz that the oxygen
pressure dependeroce is higher than p&z
above 100 Torr O, at 600°C in the case of
nichium. This unexpuctedly large oxygen
pressure dependence is not fully understood,
but it is believed to be associated with the
change in reaction scheme and mechanism
(from Equation 13 to 14) at this temperature.

At 700° to 800°C the same gradual change
occurred in oxygen pressure dependence as
it did for tantalum ai 800°t¢ 1000°C, The oxi-
dation mechanism is intarpreted in aquivaient
terms. The reversal in tomperature depend-
ence is furthermore concluded to be a
result of the change in oxygen pressure
dependence associated with the change in
the reaction scherne at sbout 600°C, As for
tantzlum, an additional interpretation may
be 1aeds in terms of descrihed thermal
stability of NbO‘ and, on oxidation, reaction

governed by nuclestion and growth of oxide
nuclei, A more detailed discussion of such
a mechanism has been given elsewhere
im’emnﬁ@ 23).

SUMMARY AND CONCLUSIONS

The oxidation behavicr of njobium and
tantaluzz helow 1000°C are closely simi’ar.
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The initial oxidation at low temperatures
(<500° to 600°C) involves oxygen dissolution
in the metal and the iormation of metallic
oxide phases, The initial stage is followed
by a breakaway oxidation which is associated
with pentoxide formation on the metallic
oxide phases,

At about 600° and 8G0°C for niobium and
tantalum, respectively, there is a change in
the reaction mechanism, Above these temper-
atures the metallic oxide phases are no longer
found at the metal-oxide interface, Concur-
rently, the initial oxidation, wiich primarily
involves pentoxide formation, is approxi-
mately perabolic, and we conclude that during
this . tuge the reaction is governed by a rate-
determining diffusion of oxygen through the
pentoxide scale, The parabolic stage is fol-
fowed by a near linear oxidation, which is a
result of a breakdown of the protective
properties of the scale,

Arrheniug plots of .he linear oxidetion rate
constants show reversals in the temperature
dependence at orie atm O2 at abhout 800°C and

700° & to 760°C for niobium und tantalum,
respectively, At lower oxygen pressures
corresponiing reversals are absent, The
reversais are concluded to be a result of
the change in oxygen pressure dependence
associated with the changes in the reaction
schemes at corresponding temperatures, An
additional cause of the reversal may be a
decreased thermal stability of the metallic
oxide phases which are intermediate reaction
products at lower temperatures,

At temperatures above 20° to 700°C and
at oxygen pressures above about 0.01 Torr,
oxygen dissolution is of minor importance
compared to the total weight gaic duving
oxidation, However, the oxygen dissolutic.,
which is governed by the rate oxygen diffusion
into the metal as long as oxide is present on
the surface, is relatively rapid, Because
dissolved oxygen has adverse effecis on the
mechanical properties of nicbium and tanta-
lum, the oxygen dissolution is an important
part-prooess in considering constructional
applications of these metals,

In attempting to alloy niobiura and tantalum
for betior oxidation resistance, aprimary aim
must be to reduce oxygen ¢'isolution and the
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rate oxygen diffusion in the metals, Only after
achieving this should such alloying additions
be oonsidered as will favor the formation of
protective films on the surface,
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Figure 2. High-Vacuum Annealed Tantalum Oxidized at 0.01 Torr Og and 600°C
for 1300 Min. (250X) (Surface polished and etched after oxidation.
Platelsts of Ta0, with surface cxide of Tay0g. (Reference 7)
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Figure 3. Parabolic Plot of Initial Oxidation of Tantalum at 8¢0°C (Reference 8)

163




ML-TR-64-162

Pag ) Torr
001 0.1 1 10 100 760
I LA i T | 0

s 20t .
£
'E

§ 1o} ..
o

g |

§ 5k ® ) -
'E 1000¢

/

8 /

é” 2L / Yoo -
] r—‘ﬂ—J ~ kpo< po,

§ vy 900"

% T ¢ 4

c |

3 A

Y

‘6 0.5 ~ // =

.

% o——0

3

S Q¢ | 1 L L 1 L -{
& -2 -1 0 A 2 K]

L0G po,, Torr

Figure 4. Parabolic Rate Constant for Taq0y Formation at 909° to 1000°C as
a Function of Oxygen Presvure - (Reference 8)

FUH

-

P TRl
[Is,:—k




ML~-TR-64-163

-Y Y T Y \ Y T t
w o S
80 - =
70 9 .
%0 [18tm.0q i
sob f 'OclTorr / ]
«0r / 10 Torr "

Weight gain, mgcm"

A

20 40 60 8¢ 100 120 %0 160
Time,min.

» \gure 5. Linear Plot of Oxidation of Taatalum at 1000°C as a Function of Oxygen Pressure
(Reference 8)

164




ML~TR-84-162

1C00C WC“j'Cm 75?'C 700°C 650°C &600C  550°C SG‘J'C
T T T - T+ P

'o 174 4

e
—
T

mg cm~? min*

Linear rate conetant, k.,

£
R

Figure 8, Arrhenius Plot of the Linear Rate Constant of Oxidation of Tantalum at 1 Atm, 100,
10, 1, 0,1, and 0,01 Torr 03 (Reference 8)

165




ML-TR-84-18%

LINEAR RATE CONSTANT, k;.mg cm™* min™
8 —
| { ]

<
—_
L]

oomt—
1

001 0l ! 10 100 760

POy, Torr
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Oxygen Pressure (Refersnces 4 and 8)

166

- 0’-' - —




ML~-TR~84-162

ngm:sogcmmmcm-cm 60T S60°C 503'6

'0"' L4 T v v 3
A .
|
\ !
O\ ' 3
N 4
£
-«
§ § !
d =L
% o 1stm0y m}o\r?\----"\ N
—
v Present work
i O - 18m0y , Aldrecht o at.
-1
g oo~ ’-u:mi :}P«cm ol a. -
==~ 05&tm.0ytheoretical curve, Ong. C'>
[ e [} i 4
) 0 %0 no Y

¥

Figure 8, Arrhenius Plot of Linesr Oxidation of Tantalum .at 500° to 1000°C (Referencs 3)

HIORY Bl s AU e NI TN -

167

p‘“wh [




ML~TR-64~162

Figare 9. High-Vacuum Annealed Nioblum Oxidized at 0.01 Torr Og and
500°C for 1440 Min. {(400X) (Surface polished and strongly etched
after oxidation, (Reference 7)
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LINEAR RATE CONSTANT M9/cmimin.

Figure 12, Linear Rate Constant of Oxidation of Nicbium at 500° to 800°C as a Function of
Oxygen Pressure
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BASIC FACTORS IN THE DESIGN CF
PROTECTIVE COATINGS FOR TUNGSTERN

INTRODUCTION

A number of formidable problems have
to be overcome before the fulli potentiai of
tungsten and tungsten-base alloys as
structural materials cen he realized, On a
sirength-to-weight basis, they look partic-
ularly promieing at temperatures above
1500°C and are possibly the only metallic
materiale which have reasonshble strength
at 2000°C and sbove, However, many poteatial
applications call for long service lives in
oxidizing environments (Reference 1) and
therefore their poor high-temperature oxida-
tion resisiance is a severe limitation,

Althcugh a number of studies of ¢he in-
fluence of alloying on the oxidation resistance
of tusgsten have been made, the volatility
of the ungsten oxides negates the possibility
of producing a satisfactory dilute alloy with
good high-temperature oxidation resistence
by the application of Wagner-Hauffe prin-
ciples in order to modify the defect structure
of the tungsten oxidee (Refsrence 3), Con-
siderable attention is being paid at present,
therefore, ic tha development of protective
coatings for very high temperature use,
Some of tiose already developed by basic-
ally empirical programs can copfer protection
for ocasiderable pericda at temperstures of
up to 1800°C {Referenc2 2}, but so {sr ncne
are able to withstand tamperatures in excess
of 2000°C for reascnable times (Referenos 1},
CPECEETEED

In addition to the tachmological difficul-
ties, such as the developraent of techniques
for the spplication of acherent, pore-free
coatings, come of the present lack of suc-
cess may bz the poor definition of the
phenomene that are of primary importance
in determining the behavior of coatings at
high temperatures, An analysis of the per-
formance of high-temperature ooating sys-
tems bLeing conducted for the Aeromautical
Systems Division (Reference 4) suggesis
that this iz ihe caze, and san attompt has
bees. made tc define the relevant phenomena,
From a practicel viewpoint, however, it is
not sufficient meérely to identily the phe-
nomenas; their relative importance must aisc
be conzidered, An aitompt will be mads to
do this, and the pctential of some existing
coating systems will be cvalusted and the
typss of ooatings which might be developed
in the future will be discusaed,

REQUIREMENTS FOR KIGH-
TEMPERATURE COATINGS

An ideal cocating is one that forms a solid
{or extromely visoous) inert and imperme-~
able barrier between 2 oxidizing environ-
ment and the protected substrate. Although
this is easy to satate, thico combination of
properties needed to achieve this ideal are
exceadingly complex, Many types of coatings
have beea investigated (Referenoce 1), butone
class has bean found to be mors suocessful

General Telephone & Electronios Laboratoriee, Inc,

**Lawrence Radistion Laboratories, University of California,

***Copper Products Development Association,
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than the others for most environmental
coaditions, metal coatings, particularly inter -
metallic compounds, diffusion-bonded to ths
protected substrate, These compowids are
usuglly ocomposed ol metals of widely dif-
foring reactivities, proteciion being ocon-
ferred through the oxidation characterisdc
of the most reactive metal, This wiil be
the only type to be coneidered,

The success of this type of coating has
been achieved ceven though it is not inert,
Upon exposure to air, any metal surface
is covered by oxide, and poasibly nitride,
layers; furthermore, reactions occur be-
tween the ocoating and the substrate and,
indeed, are a necessity if good adheremnce
is to be obtained, It is highly desirable,
therefore, that the products of these re-
actions as well a8 the initial ooating should
be solids or extremely visoous liquids at
operational temperatures,

As well as chemical reactions, purely
physical prooesses may proceed at signi-
ficantly rapid rates at high temperatures
and therefore must be counstdered, the most
important of these beirg diffusion and vapori-
zation, One factor which controls the rate
of oxidaticn through a protect! re oxide filia
is diffusion eithesr of cations or anions
through the oxide. At low or intermediate
temperatures, the rate becomes small after
s filim of reasonable thickness is formed,
but at high temperature (and the tempera~-
tures for protection of amgsten certainly
fall in this catagory), the rate of diffusion
can be the factor which coctrols time to
faflure. In principls, the rate of gaseous
permeation is also of importsnce, but, ex-
cept in a few special cases, this may be
ignored in practios provided the coatings sve
several mils thick and lives of many thouesnd 3
of hours are not expected, These - partures
from the ideal rvle out the pussibility of
developing an infinitely durable simple
coating consisting of an inert layor,

The structures of actual protective cos*ing
systems are far more oompiex thes those
of the ideal system discussed, Multilayer
coating systems have ofien proved to be
the most successful snd, in practice, even
coatings applied &3 a single layer beccme
multilayer during servios, due {o reactions
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with the environment and the substrate, A
WSi2 coating on tungstem, for exampie, de~

genersates from a two-layer to a five-layer
system, Movingin from the external surface,
these are:

i. An outar layer of uxide which, if formsd
at high temperature, 18 mainly 8102.

2. A layer of W5813 formed from thsoriginal
WSiz coatllng by the prefereatial oxidation
of silicon,

3. The residue of the original W812 coating,

4, A layer of W5813 formed from the original

WSI2 coating, due to the diffusion of silicon
into the tungsten substrate,

8. The ftungsten substrate which i8 now
alloye with silicon,

Both the oxide scale and the zones ad-
jacent tc the scale and the protected sub-
sirate thickez with time and, eventually,
the initial coating reservoir will be con-
sumed entirely. In effect, a coating ia pro-
tective no longer once this occurs, since
oxygen diffusing through the external oxide
will come into contact with either the pro-
tected subetrate or a layer which is leaner
in the reactive element than the original

coating material, WSSi,, in the case of WSi2

coatings, By definition, the substrate has
a poor oxidation resistance and, in practice,
tis compounds or aiioys forming {he zones
adjacent to the outer oxide scale and the
protected substrate are seldom asoxidation-
resistant as the initial coating, Therefore,
knowledge of the rates of consumption of the
original layer by oxidation and reaction with
the substrate is of importancs, The rate of
yvsporigation may be significant, and this
too must be taken into consideration along
with any physiological effects that may be
produced ~y the ocoating system,

The lack of ultra-high temperature kinetic
dsta means that reaction and vaporization
rates have to be estimated by extrapolation
of whatever data is available for lower
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tamperatures, For meaningful extrapola-
tior., the mechanisms controlling the pro-
cegeas at operationsl temperatures must
be known and must be identical to those
operative at the tsmperatures for which
data is available, Assumptions that tae me-
chaniams are the same at high and low
temperatures are perticularly hacardous
with respect to oxidation reacticus, Pro-
vided that these reservatiois ~re borame in
mind, however, it iz possible {o deduce
some of the fautora determining the pro-
tectiveness of ooating systems at 2000°C and
above from the known behavior of meiallic
coatings at jower temperatures. The fore-
going arguments have indicuted Ciat the main
groups of factors are those controliing
coating environment reactions, ooating-
substrate reactions, and material loss by
vajor transport,

FACTORS DETERMINING THE EFFICACY
OF COATING SYSTEMS

It is nct always a simple task to determire
the relative importaroes of the phenomena
mentioned, sven in demonstrated protective
coating aystems, and therefore all of them
must be oconsidered as potsntial causes of
fallure in an aitempt to predict the behavior
of untest( ! sysiems, At temperatures above
1900°C, where no proteciive systerms now
exist, i is neceszaary t: extrapclate that
which is known ca eac* of the phanomena,
in an aticmpt to arrive at some judgment
as w0 which factors are more important,
Through knowledge of what these facts are
and of their temperature dependence, it
should >« possible to estimate if a specific
coating system will be useful at tempera-
tures atove 2009°C, For the sake of clarity,
each of ths phenomena will be considered
separataly,

Reactions with Environmeat

The reaction of most metals with air at
low temperatures produces a oompact, ad-
herent axide fiim forming a barrier between
the reaciants, The rate of reaciion and film

ho 3 Y

growth is then governed by the rato of dif-
fusion of tis reactants and, at verr low
temperstures, by the rate of intsrfacial
reaciion, Urder these oircumstances,
oxiGéation proceeds slowly, scmetimes slmost
infinitesimally slowly, At hightemperatures,
however, many materiais react rapidly to
produce crumbly, porous, or even volatile
oxides, /. change trom one type of reaction
to the other can ocour quite suddenly during
en isothermal oxidation run, or as & result
of a slight temperature increase, and give
rise 0 a marked incresse in the rate of
oxidaticp and a changa in the type of oxide
fiim growth law obeyad,

This change inoxidation behavior, break-
away, is highly undesirable if the oxide is
to form part of a coating system. The mech-

breakaway have boen atudied for a few
materiale only, and while factors such as
vaporizaiion of the metal substrate, phase
changas, oxide solution and re-precipitation,
and lattice mismatch of the oxide and metal,
have bee suggested as causes, no general
pattern has yst emerged. No matter what
the cause, however, it is generally found
that the proocesses resulting in a change to
a linear oxide growth law involve rupture
of the protactive oxide ezczle, due io the
growth of stresses at the oxide-metal inter-
face or within the oxide itseli, Even though
the mechanios of breakaway are not under-
stocd complstely, the cunditions under which
it oocurs have bYeen definod for many oxides
growing from theéir parent metals in ‘erms
of time, temperatuwre, oxide thickness, gas
oomposition, and pressure, Unfortunately,
mapy of the very refractory oxides which
oculd be employed ir ocoating systems for

formstion and growth ‘rom their parent
metaly at quite low tamperatures (Referonoes
5=17)%.1f thace cxides are to be employed
in actual ooating systems, means will have
to be developed for the prevention of break-
away, The achievement of this objective is
of major importance to thn developmemt of
future ocoating systems,

*(Figure 1,) Although straight lines are drawn iu the figure, this may be xa owarsimpli-

flioation of the data; kinks, and even temporary reversals, in plots of temperature versus
the logerithm of the time at which 2 linoar oxide goowth law is obayed, being knowa to

occur for some materials,
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Even if breakaway could hs preventsd or
delayed and the films grown by diffuston-
controlled processes at high temperaturss,
oxidation of the protected substrate would
occur ultimately when all the coating ma-
terial had been converted into its oxide
or oxides, since inward diffusing oxygen
ifons would then come into cdirect contact
with the substrate. Althoughk the onret of
this could be delayed by the use of thicker
coatings, indefinite delay is impossibls. The
rates of coating destruction due to diffusion-
controlled reactions with the environmentcan
be estimated Ly extrapolation of low tem-~
perature data, if it is assumed that the
controlling diffusion mechanism is not tem-
perature-dependent. Data i3 presented in
Figure 2 (References 5-20) for a few metals
forming refractory oxides, and it gm be
seen that oxidation wili consume 10°° 0
10! gram atoms/cm-? of all the metals
choser uring 2 one-hour exposure at 2000°C,
Thus, a coating of zirconium or beryllium
with a typical thickness of 0.1 mm will be
entirely consumed in just about cnes hour
at 2000°C, ever if reactions with the sub-
strate do notoccur. If reasonably thin ceatings
capable of conferring protection for con-
siderable periods at 2000°C are to be de-
veloped, therefore, this diffusion-controlled
rate must be decreased either by reducing
the defect conceatration of the lattice, or
by changing the lattice itself. At the very
high temperaturss involved, the abunderce
of thermal vacancies is probably such that
impurity doping will have a negligible offect
and therefore it may be necessary tc alter
the lattice structure. One of the most prom-
ising ways of changing the structure would
be to attempt to form some of the complex
refractory oxides which have been ignored
80 far in this discussion. It is far from
simple, however, to suggest what complex
oxides should be formed; although many «re
known to be refractory, few, if any, of those
presently identified are as refractory as
thoria and hafnia. Furthermore, relatively
little is known about diffusion processss
in, or the growth kinetics of, compiex oxide
films,

For the sake of simplicity snd compleie-
ness, the data presented in Figures 1 and 2
refer to the oxidation of pure mstais. How-
ever, oxcept for the platinum-group, it is
unusual for pure metals to he used as coatings,
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intermstiallic compounds such a3 silicides
and aluminides being far more typical. In
ths selection of compounds as coating
materials, it is usually assumed thet thermo-
dymamic factors determine which oxide will
be formed. It is not always easy, however,
to define which axide has the greatest thermo-
dynamic stebility when the substrate is an
ailoy or compound, The formation of a given
oxida automatically depletes the binary metal
substrate of the rore reactive spacie and
hence alters the relative thermodynamic
stabilities of the components in the system,
The depletioi of the reactive spscie wiil be
particularly severe at the oxide-metal inter-
face, but diffusion of the depleted eloment
from the richer interior will tend to homog-
enize the :aaterial. Ultimately, a state o
dynamic equlibrium will be attained and

concentration of the reactive specie at the
interface, and hence theo relative thermo-
dynamic stabilities of the various possible
oxidation products, will be determined in
part by the reclative rates of depletion by
formation of oxide and diffusion from tha
richer regions of the substrate (Reference
21). The influence that depletion can have
is well illusiratad by tha efiecta of stoi-
chiometry on the oxidation of intermetallic
compounds: at 1600°to 1400'C.W812prcduces

a protective film of silica when ths compound
is stoichiometric, but a nonprotoctive film of
silica and tungsten oxides when the compound
is silicon-lean (Reference 2).

Layer growth during the oxidation of a
compound is a complex process, since it

is a special case of diffusion in & ternary
system in which one component is a gas.
While the sequence of layers In a binary
syatem is determined soleiy by the relative
thermodynamic stabilities of the phases and
can be predicted simply by drawing an iso~
thermal line across the appropriate ~hase
diagram, thiz is not necessarily true of
layer growtk internary systems (References
23-24), The present atate of our knowlodge
cf ternsry diffusiom processes is far from
adequate and, in fact, for a detailed under-
standing of layer growth in aternary system,
we are almost complutsly dependeut upon
the work of Clack and Rhinezs (Reference
24) in the Al-Mg-7Zn systems., While theso
workers formulated a number of rules and
conclusions on the basis of their experi-
mental data, no othsr experimental work
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{8 known which can confirm or contradict
their validity. If the Al-Mg-Zn system is
typical, however, the relative rates of aif-
fusion of the components affect not only the
kinetics of layer growth, but also the com-
position and phase sequence of the layers.
A quantitstive evaluation of the importance
of this effect is, regrettably, virtually im-
possible for actual coating cystems, at the
moment.

Vaporisation

Three veporization prooessee can affect
the behavior of a coating system; vaporiza-
tion of the protective external cxide film,
reactice with the euvironment to producs
volatile products, and vaporization from an
internsl layer. Even the ocommonest form
of vapor phase loss f~om ocoating systoms
(evaporation of the external cxide layer)
is undesirable, since thinnirg of this layer
leads to an increased oxidation rate. It is
importsnt, therefore, tc be able to predict
the rates under actual service conditions.

Estimates of vaporizstion ratss into a
perfect vaouum can be made through use
of the Langmuir equation (Refarence 38)
it the equilibrium pressures and molecular
weights of the vaporizing specie are known,
For most refractory oxides these are iow,
since their vapor pressures at2000°C are 10-*
to 10-% mm (Reference 26), The rsates are
aven lower if the enviromnient i3 not a
perfect vacuum, since many of the vapor-
izing molecules are reflected back onto the
material surface, Under these oiroum-
stances, the actual rate is ocontrolled by tha
speed of diffusion of the vaporizing mole-
ocules through the khlanketing layer of the
environmental gus above the vaporizing sur-
face, This will gepend in part upon the tem-
perature and the molecular density, and hence
the pressure 1is of great importance
in practice, This depandence is well illua-
{rated by Gulbranvsen’s (Reference 27) recent
measurements of the vaporization of W’Oas

the vaporization rate into an enviromment
at one-atmosphere pressure is two to three
orders of magnitude less thun that pre-
dicted by the Langrauir equation for the
temperature range employed, 1000° to 1200°C,
The actual rates also decrease if the maote~
cular welight of the environmeantal species
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is increzsed, Convercely, a high omviroa-
mental gas vslocity reduces the daoth of
the blanketing layere and results in e
increased rats of waporisation, As well as
simple evaporation, vaporisatica may be
promoted by ochemical reastions betwsea
the ooating zad the omvircameant, A pre~
viously formed proteotive sxide iczyer may
dissociate when the enrireamaatal temp ra-
ture is raised or pressure deorsased or,
for exampls, the product of the oxidation
proooss may be volatils, In both of these
cases, the effect of increasing environ-
mental pressure cofien is to suppress iko
harmful rsaction cdue to oither a change
iz the thermodynzmic stabilities of {he re-
actants or, simply, to an iacreased en-
vironmental blanketing effect, Thus, the
rate of vaporization due to dissociation alone
can be expeoted to docrsase steadily with
increasing eavironmental pressure. Oz the
other hand, vaporization due to a chsmiocal
reaction producing volatila compounds will
increase initially with increasing cxygen
pressure, since the rate of reactioe dspends
on the rate of oxygesa arrival, but ultimately
the rate should decrease with increasing
pressure, siace oxygen arrival will! be im-
peded by a blanket of the volatile spediss.
Thus, a maximum in the rate of vapor-
ixation ocan occur at a ocertain pressurs,
increases or decreases in whiohk both reé-
duce the rate of vaporisatioa,

Vaporisation at an internal interfsoe is
extremeoiy harmful to coating stability, since
it may cause disTuption of the protactive
external oxide layers or modify the oxide
growth mechanism, Two types of vapori-
zation can ooour internally, siivple evapora-
tion of one oomponent or ths vaporizstion
of the products of the reaction baiween two
laysrs, Examples of thess two pnoessss sro
the ovaporatiom of the chromium subgirate,
which has been suggested to be responsible
for the breskdcwn of proteciive oxide film
growth on that metal at 806* to 900" C (Refer-
enoce 28), and the interaction of silica and
the substrete io produce volatile ailioon
monoxide which is thought to cause the -
kling of silica films at hizh temperstures
(References 2 and 29),

In any ons ooating system, more than cas
vaporization process 3an be of importance.
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o gilica lagsr and the subatrate oan ooour,
as we have commented already, but zimple
evaporatica cf cllica, desoctation into silicon
monoxide, and the preferential formation of
eiliose moaexids are slso of imporismce,
The relative hicportsace of ezoh of these
prooesses depexd not only ca temperaturs,
but alse ca the Bl effeots of em-
vircamental pressurg, It is dfficult to pro-
diot &2 actual rates whea blanketing effecis
can be sigmificsnt, but a qualitative idas
osm be gained by uss of the Langmulr
oqguation, Figura 3 aressats thess caisulatsd
rates for ailica evaporation and dissociation
as a functioz of temperature, The rates for
the eilica-silloide reaction are diffi-ult to
caloulats besause the thermodynamios of
the reaction are unkmowa znd will depend
oz the particular silicide inyolved, Further-
more, the calculsted rate. for that vapori-
zatiom prooess wili deviate from the actual
ratee oven more than ususl hecause ma-
terial loss can oocur caly whexn the moncxide
has pamsed tbhrough the outer viscous silica
layer, snd the rate of bubbling through this
layer will be the controlling factor evem
whea the savircament iIs a vacuum,

Coatiag-Substrate Reactions

Exoept insofar as thsy promots adher-
eace, oocating-substrate reactions are not
desirable, since they may resuit in the formea-
tion of volatile or iquid phases at the coating-
substrate Iniorface, or a change in the com~
pesitica of the oxiée fllm formed on the
externel surface, Even il the reactions will
not have these bharmful effeots, they wili
denlete the eifective ocosting thicknzss, While
expsrimentul date and mechanisiis studles
cf iow temperaturs golid~solid reactions are
pleatiful, little quanti’ative high-temperature
datz are available fo: reacticns hetween
tuagstesn a=d possible coating materials,
An excoptioa of direct pertinenoe which might
bs meetioned is the recent work of Passmore,
et al(Referenns 30j), who have bhesa studyizg
the infer~diffusion of umgsten and a sumber
of metals (Tabio 1). Nevortheless, soms
ocnoluricas as to the vomtrolling footors can
he drawn, the foremoat of which i3 that
reaciion and diffusion kinetios are =¢ fast
at 2000°C sad above that say thermo-
dynamioally fsvored roactics will ocour o
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an appreciabie extent jn a rsasonsbly short
time,

Unfortunately, high-tsmpsrature thermo-
dynamic date for many reactions of intarest
are unknown and csn bs fcund oaly by
hasardous extrapolations, Du2 io the pogsible
existsnce of unidmatified oompounds which
may be produced during intermediate stagsa
of the reaction und the sometimes marked
sflects of minor variations in ths reacilon
environmant, it is often dffiouit to speoify
the exact nature of reacticas, The litera-
ture oontains many reports of the existence
of nsw, oomplex compounds, and it is
reagonable to assume that mors will be
found, some of which may be involved in
vital intermediate resactions. Furthermore,
some reactions, such as that between aluming
and “mgsten, are renderedpossible by slight,
gimost negligible, changus in the caviron-
maatal _tmosphere; the standard fres emergy
fo~ the resction

2 Al + WO

W+A
+l20 3

3

is about + 100,000 cal/gram mole at2700°K,
but Steinitz and Resnick {Refereace 31) noted
2 vigorous reaction in argon which had besn
passed over ice at -40°C and no reaction

in completely dry argon.

Even whea the chemiocal reaction involved
ocan be written withprecision, thermodynamic
caiculatione car still lead {0 errorecus con-
clusions 1f it is asssumed automatically that
the reactants are stoichiomstric, This fact
has been emphasized reoently by
Kubaschewsk! (Reference 2%) in a revisw
in which he peinted out as sn example that
ths standard free saergy of formation of
T10, wac lowered by 140,000 cal/gram mole

by a 0.6 atomic peroamt deviation in the
oxygen conteat,

Our ability to eatimste the likelihood of
reactions iz actual systems at high iem-
poratures is far from being satisfactory,
So many unknowna factors may influence
the progress of a reaction that it is most
difficult to predict !is course, As Mergrave
szid recently, ‘“When ths totaily unexpested
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HIGH-TEMPERATURE POTENTIAL OF
PLATINUM-GROUF METAL AND SILICIDE
COATINGS

Having discussed t:e requirements of coat~
ings and delined somo of ths factors which
determine their usefulness al high tempersa-
turses, it is mow posaible {o attempt to pre-
diot the high-temperature ospabiiities of
actuel sysiems, Two such systems of parti~
cular inisrest are platibum~group metal
coatings, bascauss of their geeming approach
to the ideal of an imert hsrrizr; and iater-
metallio silicides, bocause these ars by
far the most guocceasful tyoe of high-lem=~
peraturs ocatings developed so0 fox,

Platinum=-Group Metal Costings

The reporitsd low-tempsrature bhehavior
of these costings suggests thst taeir high-
temperature usefiinezs will depsad upon
four factors; the minimum salidug tempera~
turs of the noble motal-tungsten systam, the
rate of coalleg-substrazie reaction, ths rate
of ooating erosion in oxygem, sad the rale
of permeation of oxygen through the coating,

Although the ilumgsten-noble metzl phase
diagrams are not wall keows, the meliing
points of the ncble metals are, Cn this hasis,
platioum and rhodium ars of mar e
terest only bacauge their msling tompera-
turas srs below 2080¢°C, Ths probabllity of
harmful coating-gsubstrate reactions can be
sstimated from daia on ths high-temperature
rsaction kinetics of noble wmetal-tungsten
couples, The availablo dats (Table 1) suggest
that the exient of reaction dsoroases with
increasing refracterinsws of the noble metal,
Therefore, «8 far as coating stability innon~
oxidizing envirenmeénts is coacermed, it is
desirable to useé ia9 mors refractory noble
motals such as {ridium,

It s unfortumate that the susoeptibiiity of
platinum-group metals to erogicn In oxidixing
envircmments finorasses with Increasing
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reiractwrinsss over Gortain  wmpeérature
ranges., Ar tac teomperatures of interest
ali the platinum~group oxides are volatile,
end therefore the meximum possible raiss
of erosion can be calculated from the vipor
pressure data of the oxides by ums ni ths
Langmuir eguation. Although the data ars
somewhat !imited, they indicate that the
crosicn rater of noble metals at 2000°C will
be substantial and may be as high as several
grams/om /hr (Figure 4) (Referesce 34),

Although pormally ¢f miror signifiosnce,
the permeabliiity of noble metals to cxyges
canzot be ignored, since they are kmowan o
ofier very little reaistance to the paesage
of inert gases, Only one papsr (Refersncs
35) iz known which desls with the permaatica
of oxygen through a noble metal, and even
teis {8 qualitative in nature, since it re-
ported that uo permeation through platinum
could be detected at 1435°C when 2 mase
speoctrometor wag used, It wap estimatsd
that ths rats must ha?a boen less than
2 x 10"" om®/sec/em® arse/mimn thick-
noss/atmospheric pressure  differance,
Studles of olethnum-~group metal coatings
provids qua.: 1tive confirmation thet oxygen
permeation is not 2 significant factor (Ref-
erence 36),

Oa ths besis cof s information, slthough
admitiedly somewhat gkimpy, !¢ seems up~-
iiksir thet platinum metals, as such, can be
devsicpad as succeasful coalings for tungsten
at 2000°C and above, The use of noble metal
slioya siill remains a possibllity, but there
ie not suflioient raguisite date o aitempt
an sveluation at tole Hme,

Silicide Coatings

Siiiside ooatlngs. probably the most suc-
cessiul daveloped ro far, are normally pro-
duced by diffusing silioon Into the refrastory
metal substrate, thus formizsg molybdesaum
eilicide iaysrs on molybdsnum, tungeten
silicide layers oa hungaten, sad sc g,
Since thers {8 no reason, fn principle, why
M@Slz, for exampls, sould not be used es

2 coating for tungsiea prowided that modified
applioation teohuiques were adopied, silicides
in gonaral will be considered and not merely
those of tungsten,
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All silicide coatings suffer from one major
Umitation, an aaomalously rapid rate of
oxidation over well dsfined low-tamperature
ranges. Bacause of sim/iarity in sppoarancs
of fallad silicide ccatings to the low-tem~
perature tin trapsformatica, this {2 coften
calied “pest.”” Althovoh the onget of pest
can someiimss be - ' by modifylng
the ooatiag by the .. ' other ma~
torfals (Rofercsce 3, ot be pre~
vented, The high-temporature ospabliities
of sillcide, however, are excsiiont, An B~mil
coatlag of ‘WS&Q, for imstancs, can protect

tungsten for ss long as 30 bours at 1800°C
(Reference %Zj. The factors which logloally,
and in praciios, 2et the weful upper tem-
perature limit of siliclde ocoatings, ars re-
fractoriness of the ocating compruents, the
rate of coaversion to oxids, ths neceseity
that this oxide i= silics, the ralte and loca-
tion of vapor phase material losgs, and the
rate of reactions within the coating aad
between the costing and the substrate,

The refractoriness of silicide coatings
depends on the melting points of the initial
coating material and all the products of the
reactions with the substrats and emvircn-
ment, The unoxidized coating is generally
composed of thin iayers of the silicon~lean
silicids, a wide layer of the most silicon-
rich intermeotallic in the binary system,
This silioon-rich intermeatallic i8 converted
into lower =ilicides and silica during oxida-
tion (Figure 5) (Referenne 2). Since the
phase diagrams of the binary siiicon systems
are fairly well known, the refractorinecss
of the silicide layers in the coating system
can be estimated, The refractoriness of the
oxide focrmed, however, is a more complex
quantity to estimate, even if {i is assumed
that {t is pure silica, The vizcosity of liquid
silica rath~r than the melting point of the
solid oxide is the important parameter in
practice because silicide coatinge often are
used at temperatures above the melting
point of silica, Data on the high-temperature
viscosity of silica sre not pleantiful, but what
there is (Reference 37) indicates that silioa
is relatively fluid in the temperature range
2050° to 2500°C (Figure 6),

Unfortunately, it czannot be assumed witu
certainity that the oxide formed on the
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gliioide oosting surfaces {3 purs silics,

ginos the oxidation of such a coatling i3 &
spocial case ol layer growth in a ternacy
system, In praotios, however, it i not
upresscaable t assume that the oxide is
basiceally eilios, since the free emergy ¢~
formation of tkat oxide {s far greater than
that of the comwon oxides of the refractory
raetals, and 8 glassy appecrance of the

very high~temperature oxidation products
of siiloldes has been repcrted, These glasay
fiims are not prone to breakaway, poesibly
due fo thelr excellent ductility, but rirtusily
o high-tempsrature kinetlic growth data is
available, although it is known that the films
do not grow to great thicimesazes. These
ozsorvations, however, are in scesming dis-
agresment with the results of permeatiou
studies of silloa and silica~base glassea using
insxrt gases, and a rer =t study of the per-
meation of oxygea through vitreous silica
{Reference 38), which suggest that the glassy
oxide films formed at high iemperaturss
will be poor diffusion barriers,

The reason why the glassy {ilms on silicides
are found not to be very thick in praotice
may be that vapor phase loss of silica ig
appreciable, This could occur by two pro-
cessea: simple svaporation, or through de-
composition into volatile silicon monoxide.The
tnermodynamics of these processes have been
studied fairly extensively (References 39 and
40) and thereforse it i3 a2 =imple matter o
galn an ides of ths maximum, Langmuir,
evaporatior raws (Figure 3J). Silicon mon-
oxide may be formed alro by reaction of
silioca with the metallic silicide, a pos-
sibility to which particular attendon mus?
be paid since this reaotion occurs at an
internal interfece and may lead fo early
coating fallure dus to the disruption of the
outer protective laysr of silica when bubbles
cf silicon monoxide pazs through it, The
thermodynamics of silica-silicide reactions
ara unknown, but it is interesiing to note
that the standard free energy of the resction
between silica and pures silloon iz zero,
sud the ailioca meonoxide pressure is one
atmosphere, at 1928 £ 5¢°C, a temperaiure
at which bubbling of tungstsn silicide coatings
has been noted (Reference 2),
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Although ins data is far from being com-
piets, it iz possible fo conoclude that the
upper tomperature limit of silicide coatings
is probably about 2600°C or evea below, The
bagls for this is the ocaloulated rates of
sllica vaporisation, sbout 2 gram/om?/hr
at 2006°C in vacuum, reactions between
giiice and ths siliclds coating at 1900° to
2000°C, the melti: 3 poiats of the silicides,
and the decroasing viscosity of silica,

FUTURE COATING SYSTEMS

Maither the seerningly ideal platinum=~-group
masial ner the very succescful silicide ocoat-
ings are likely to be of more than limited
use at 2000°C and above, It will beneoessary,
thersfore, tc develop sntirely new typss of
coatings., On the basis ~f the provious con-
sidersations, it should be possible to pradiot
the gunersl nature of these new systems and
to irdicats scme of the factors that will
dstarmine thoir high-temperature potertial,

Ths prims reguiremant of an:- ooating
system i3 thsat all hs components; including
the oxide layer, shouid be refractory, This
{n itsolf limits sevarely the number of avail-
able materialz from whick a selaction can
ke made, If & minimum oxide melting point
of 2800°C is adopted as = oriterion of re-
fractoriness and it iz assumed that simple
oxides wili ba formed by the reaction with
the eavironment, the orly avaflable materials
are those forming Thoz. moz. Uoz. Mg0,

Zrﬁg,, Ce‘.)z, Ca0, and Be(. Unfortunately,

at least ane of thess oxides, Mg0, is of doubt-
ful refractoriness due to {ts vaporization
st high tempersztures (Referemce 41), The
refractoriness of Be0 and Ca0l at high tem-
peratures may also be 2omething of an
{llusion under many conditions, due to the
readiness with which theyhydrate (Referenco
41),

Most successful ooating systems as mesn-
tioned befcre are esscztially imtsrmetallic
cempounds of two metals with widely different
activitios, the most reactive being s parent
of the desired proftecHve oxide. Thus, tho-
rides, stc., are logically the most promising

types of materizals for ultra-high tempera-
ture coatings, It cannot be ssumed, bow-
ever, that the cxidation of any thoride will
result in the procducticn of 'I‘hoz, svem though

thoria and the otker refractory oxides are
thermodynamioally very stable. A ocertain
amount of exysrimentation may be rsoceasary
baiore it io possible to seiect suitable com-
pounds, A better understanding of the mecha-
nism of ternary diffusion would, of courze,
greatly easze the selection ditficulties,

Even if the desired refrsctory oxides
are produced, protection may not be con-
furred, since they fail to grow fron. thelr
parent moatals by diffusica-controlied pro-
cesses at quite low temperatures (Figure
1), and it is reasonable tc expeoct that thie
will =also be ftrue of their growth from
intermetallic subztrates. Before actual
coating can be developed, means must be
found of ciroumveniing or delaying break-
away, but lack of understanding of the basic
mechanisms i{nvolvad makez the prediction
of these mesns somewhat hazardcous, It may
be significant, however, that a uumber of
liquid and semi-liquid cvatings have been
reporieé receatly, thelr sucocess being de~
rived, posiibly, from a decressed stress
at the oxide-substrats inturface {Refsrences
42 and 43). 1t may be necetsary, therefore,
to employ nun~refractory materials in future,
if it is wished to form oxide films which
grow by a refrzciory diffusjon—ocntrolled
mechanism,

Dat2 on the diffusion-oomtrolled growth
of oxides at 2000°C and above is lacking,
but extrapolation of low-temperaturs data
sugpests that it will be rapid (Figure 2).
It will probably be nocessary, thersfore,
to decresaze the rate of diffusion
ths oxide fllms if protection is to be ob-
tained for long times. Due to the largs
conceuntration of thermal vecancies at high
temperatures, this modification may kave to
be o change in the strioture of the oxide,
or pernapé even oomversion to a complex
oxide, rather than merely a decresse in
the atructure~-sensitive deicst noroeatration
preduosd by doping,

Data ou the nmature and rate of high-
temperaturs oxide-suvbutrate and tungsien
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coaling resotions ars sparse, even
for the coatings composed of pure metals
rather than intermetallies (Table 1), In fact,
any discussiona as to the mest suitable ma-
torials hagsed on these factors would be
speculative, Two other factors, however,
must b con' - 4 even Lefore attampting
tc produce ..,ating which will form the
oxides mentwwned previcusly: toxioity and
radioactivity. Th% and 002 are both radio-

active and, to an extent, toxic} BeC ig& mark-
edly toxic,

On the basis of the types of information
briefly indicatei g2 far, the most prefer-
able type of new coal g gystem would ke
one which oxidized to form a protective
film of Hf02 or Zrez. These systems are

the moet promising because of the re-
fractoriness of the oxides, their ralative
lack ¢! proneness tu breakaway, the low
rateg of vaporization of the oxides, their
resistance to hydration, and their lack of
wxicity and radivactivity, Befors these
syztems can be defined in terms of metal
composition, certain minimum requireraents
must be met, It must be shown either by
experimentation or by theoverical caiculation
thel the metsl coating will react to form
she desired oxide, wnd the incidence of
breskaway rmust he deleyed or Mrcumvented,
Thexe requirements cacnot be achieved easily
at present, and future development programs
wili be considersbly hampered unless a
bettsr understandin~ of diffusion prooeases,
internary systems, and breakaway can be
gaincd, The other processes, vaporization,
ooating-substrate reactions, etc,, are of
importance only if the desired oxide can
ks grown by 2 diffusica-conirolled process,
*{ seem. , therefore, that wo.kers involved
ip coating developmert programe will hooe
to pay particular attanticn to the progress
of basic rezearch on these iwo processes
‘¢ avoldabls dslaym are not tc be encouantered,
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TABLE 1 (Reference 30)

SUMMARY OF INTERDIFFUSION MEASUREMENTS ON COMBINATIONS
ANNEALED AT 1700°C

Intermedigte Phase Width Zone Width
(in Microns) After Total Diffusion (in Microns)
Combination 1 8r 4 Hrs 1 Hr After 4 Hrs
W-~Re 2 6 60 60
W-0Os 2 e 30 50
W-Ir § 12 50 60
W-Rh 14-20 - 60-90 -
W-Pt 8 -- 110-209 ——
w-Hf ] -- 25 --
w-v -- - 60 -
W-Zr 15 -- 120 -
W-Cb 0 0 15-40 50
w-Cr 0 0 159 7320
184
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+ = Uranium oxidized in O, ~Ref. 5,6,7

X — Thorium oxidized in O, - Ref. 8

O - Zirconium oxidized in air - Ref. 6,10, i1, 12.
&® - Zirconium oxidized in O, - Ret. 13, 14, 15,
A - Hofnlum oxidized in air ~ Ref. iG

1000 ¢ & - Hatfnlum oxidized in O~ Ref. I7
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Figure 1. The Conditicns Under Which the First Deviations from Parabolic Graw.h
Occur for a Number of Refractory Oidos
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A - Uronium oxidized in 0, - Ref. ~5~7
[J - Thorium oxidized in O, —Ref. 8, 18

1072 p— \ O -~ Beryllium oxidized in O,~Ref. 20
\ \ X — Zirconium oxidized in O and air— Ref 9-15, i9
\ \ \ + — Mofnium oxidized in O, and air —Ref. 16-17
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Figure 2. The Coasumption of Ssveral Metals, During the First Hour of Diffusion
Controlled Oxide Growth, 28 a Function of Temperature
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Figure 3. The Rate of Vapor Phase Loss of 8109 into a Perfect Vacuum Due-to The
Reactions

(1) Si02¢ -» Si02g
(2) 8102¢ -+ 810 g+1/2 0gg
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-

Note: Solid lines show the range of temperatures over which
experimental data is available, dotted lines are extra-
polations. Calculated from the data in Referance 34.
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Figure 4. The Maximum Thecretical Errosion Rates in Air of Piatinum, RhoAfum, and

Iridiam
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Structure of W Si% Coating on Tungsten After 13 hoars

at 1650°C. (250X)

Figure 5. The Appearaace of Oxidized W 8ip Coatings
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