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ABSTRACT

SECTION I: OXIDATION OF COPPER

An spparatus 1s described for continuous measurement of the rate of
oxidation of metallic materials at temperatures between 900° and 2100°C.
The samples, enclosed in an all-glass constant pressure flow system, are
heated inductively and a thermal conductivity cell of the type employed in
vapor phase chromatography is used to compare the oxygen concentration in
a helium stream before and after removal of a portion of the oxygen by
reaction with the heated specimens. Quantitative results obtained by this
technique for the oxidation of copper between 975° and 1044°C at oxygen
partisl pressures of 2-10 mm are in good agreement with previously reported
values, obtained by conventional methods.

SECTION I1: OXIDATION OF CARBIDES

For the highest carbildes of the metals of Groups IV-A (Ti, Zr, Hf),
v-A (V, Nb, Ta), and VI-A (Cr, Mo, W) of the periodic table, the results
of calculations of the pressures of carbon monoxlde and carbon dioxide over
an equilibrium mixture of metal carbide and the corresponding metal oxide
are given. On the basis of thermodynsmics, a coherent oxide film on the
carbide surfaces would be ruptured by evolution of CO(g) and COz(g) from the
carbide/oxide interface at temperatures above: 1230°C for Ti0z (rut.) on
TiC, 173G°C for ZrOz on ZrC, 1730°C for Ef0Op on HfC, 1230°C for V0= on VC,
83°°r for NbOz on NbC, 1030°C for Taz0s on Tal, 1130°C for Crz0= on CrxCsz,
and T30°C for WOz on WC. These are maximum temperstures for oxidation
resistance of the carbildes, BExperimental data cobtained under thls contract
and in other laboratories indicates that many of the carbldes oxidize
rapidly at even lower temperatures due to the poor adherence between oxide
and substrate. The most promising refractory carbide 1s HEC.
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SECTION III: OXIDATTON OF MOLYBDENUM SILICIDES

The oxidation of MosSi, MosS1is, and MoSiz between 1300° and 2100°K at
oxygen pressures of 2-20 Torr was studied by oxygen consumption and metallo-
graphic technlques.

SECTION IV: OXIDATION OF MISCELLANEOUS MATERIALS

The oxidation of Ws8i=x and WSiz was studled by the thermal conductivity
method at temperatures between 1600° and 2030°K.

A measurement of the rate of oxygen consumption of TagBey7 was made at
1664°K and an oxygen partiasl pressure of 8.4 Torr.

This report has been reviewed and is approved.
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KINETICS OF OXIDATION OF REFRACTORY METALS AND ALIOYS
AT 1000°-2000°C

SECTION I - OXIDATION OF COFPER

1. TINTRODUCTION

In the past 30 years, extensive studles have been made of the oxidation
of metals and alloys in the 300°-1000°C range, where the Wagner mechanism(l)
is frequently applicable after the first few minutes of reaction. A major
experimental tool for this work has been the vacuum microbalance,(a) which
permits continuous measurement of welght changes during oxldation, with a sen~-
gitivity of 3x10"7 g. Supplementary messurements of the electrical properties
of oxide films and diffusion through the oxide layers have given firm support
to Wegner's ideas. More recently, with the development of electron microscopy
and electron probe analysis, sttentlon has been directed toward the
earliest stages of oxidation, where Mbtt‘s(a) theory for the growth of thin
f1lms can be tested, but interest has again centered on pure metals st
temperatures below 1000°C.

The growing need for structural materlals for zpace and techneloglcal
applications in the 1000° and 3000°C range has emphasized the Iimportance of
fundamental studies of the oxidation process at higher temperatures. Theoretl-
cal extrapolations from oxldation behavior at low temperatures is, for the most
part, not possible, due largely to the enhanced volatility of slloy constitu-
ents and product oxides as the temperature is ralsed. Experimentally, many of
the low temperature techniques are either difficult to adapt or inapplicable,
and new methods must be developed.

As temperature increases, rates of chemical reactions are greatly
accelerated, and the possible container materials in which a reaction can be
studied become more and more limited. If the sample is a metallie conductor,
induction heating provides an excellent means for maintaining it at a high
temperature, while keeping non-conducting walls and supports relatively cool.
The cholce of inductlon heating, however, almost precludes the use of
continuous weighing techniques for following en oxidation reaction, since the
r.f. fleld generates an upward force on the heated sample. In this paper, the

Manuscript released by the author July 1962 for publication as an ASD Technical
Documentary Report. 1



use of & thermal conductivity bridge, of the type employed in vapor phase
chromatography, to compare the oxygen concentration in & helium streem before
and after reaction with an inductively heated sample pellet is described. The
method gives rates of oxldation directly and continuously with a sensitivity
of sbout 107" g/min-mi111volt, where voltage differences of the order of 0.0l
millivolt are readily detectable. Although the general technique wes first
suggested by E. R. Weaver of the Natlonal Bureau of Standards(h) in 1951, it
has received little attention for physlcal chemical Btudies(s) and hasg
apparently never been applied to oxidation kinetics.

2. EXPERIMENTAL

(a) Apparatus

A schematic dlagram of the apparatus in operation in thils laboratory
is shown in Figure 1. Samples under study are machined in the form of cylin-
derg, 0.8 em in dismeter and 0.3 cm in helght, and are mounted by polnt
contact with three alumina or thoria rods, 3 cm in length (L). The ceramic
support rods are in turn fastened with gold wire to an aluminum sample holder.
A screw at the bottom of the sample holder permits positloning of the pellet
optimally with respect tc the concentrator and r.f. coils of a Sylvania 5 kw
induction unit. The samples are completely enclosed in a constant pressure
flow system, constructed entirely of pyrex, except for a short length of quartz
tubing in the immediste nelghborhood of the pellet.

The flow system is of conventional design. Helivm from tank A flows
through a purification train of magnesium perchlorate, Ascarite, drierite, and
glass wool, B, that removes water vapor, carbon dioxlde, and dust. Flow rate
is measured with a dibutylphthalate capillary flow meter, D, flanked by liquid
nitrogen traps C and C'. Oxygen can be introduced into the helium stream at
partlal pressures between O and 20 mm by allowing the helium to flow through
heated Cu0 (E). The helium-oxygen mixture passes through a cold trap, G, at
dry-ice acetone temperature (-80°C), and enters the reference side of the
thermal conductivity cell at H. The stream flows through a second -80°C cold
trap at J, and over the hot refractory button L, where a portion of the
oxygen is removed by chemical reaction. The gas stream, depleted in oxygen,
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flows across a coarse glass frit N, that removes particulate matter, through
a dry-ice aceicne trap, O, and enters the sampling side of the thermal con-
ductivity cell, P. 'The stream is ultimately vented to the atmosphere at Q.

The two sides of the thermal conductivity cell, P and H, form two
arms of a Wheatstone bridge whose output ie fed Into a recorder.(6) The
recorder signal is, of course, proportional to the difference in oxygen con-
centration in the two sides of the cell, or to the rate of oxygen consumption
by the heated sample.

(¢) Calibration

(1) Optical Pyrometer and Flow Meter

An optical flat is blown onto the system at R, and temperatures
are measured by sighting an optical pyrometer on en image of the sample pellet
in a plane mirror. The pyrometer 1s calibrated against a General Electric
standardized tungsten filament lamp, viewed through the same optical flat as
the heated samples. Observed itemperatures are corrected for sgemple emissivities,
on the basis of literature data, if possible. In cases where emissivities are
unknown, they can be measured by comparing observed temperatures of the surface
of oxidized and unoxidized sample pellets with those of a blackbody cavity
drilled ultrasonically in the specimen. It 18 important to recognize that the
emigsivity correction 1s large; it amounts to 85°C, for example, for an observed
temperature of 1600°C on a sample with an emissivity of 0.6. 7) Surface
temperatures on the inductively heated specimens are wniform to + 5°C.

The flow meter can be callbrated in situ over the range 0 to
100 cc/m:!.n by water displacement from a Mariotte flaek. 8)

(2) Thermal Conductivity Apparastus

To establigh the relationship between recorder deflection and
oxygen concentration dlfferencee In the two sides of the thermal conductivity
cell, measured slugs of oxygen can be introduced into the helium stream by
means of s msnometric device (9) blown onto the main flow system at Z
(Figure 1). A typical recorder tracing for & single calibration point is
shown in Figure 2. The first peak occurs as the oxygen slug passes through

1L
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the reference slde of the thermal conductlvity cell, while the sampling side
ias filled with pure hellum. The first pesk declines and & reverse pesk is
observed when the reference s8ide 18 once more fllled with pure helium, and
the oxygen slug passes through the sampling slde. The area under elther peak
is proportional to the total weight of oxygen that was introduced. From the
area calibration factor in g/mm® and the measured recorder speed in mm/min,
peek helghts can be related to rates of change of oxygen concentration in the
sampling cell in g/min for congtant oxygen concentration in the reference
cell.

A ealibration curve for a Burrell 340—1&8(10) thermal conduc-
tivity cell operated from a 6 volt storage battery with a current of 300 ma
and a helium flow rate of 95 ml/min 1e given in Figure 3. The curve 18 Been
to be linesr, and to pass through the orlgin as expected. Separate calibrations
are required for each flow rate and current setiing. For the conditions
described here, & signal of one millivolt (full scale, 256 mm)} corresponds to
an oxldation rate of about 1.7 x 10-lL g/min. A calibration is reproducible to
+ 3.5%. The sensitivity is approximstely proportional to the square of the
current, and to the recliprocal of the flow rate. Gow-Mac(ll) hot wire and
thermistor celle have also been used successfully In work in this laboratory.

The ealibration given in Figure 3 was checked by using heated
Cu0(s) in equilibrium with Cuz0(8) &s a source of oxygen. The free energy of
decomposition of Cu0 to Cuz0 and oxygen is known to + 0.5 keal in the range
298°-l§00°K,(12) so that the equilibrium pressure of oxygen at & glven tempera-
ture i readily calculated. Up to 1300°K, the further decomposition of Cuz0
to Cu is comparatively insignificant. In order to determine whether equilibrium
conditions prevaill in the CuO tube the helium-oxygen stream wes passed from
the thermal conductivity apparatus into a Minoxo unit(l5) which measures small
partial pressures of oxygen electrolytically.(lh) Experdmental oxygen pressures
were in mgreement with calculated pressures to + 5%.
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(¢) Procedure

Samples are weighed, measured with a micrometer and placed on the
refractory fingers. The mounted pellet is poeitioned for meximum temperature
miformity, so that i1tes upper surface is slightly higher than the top of the
concentrator, and so that it rests eccentricelly in a gquartz tube, close to
the concentrator slit. The ground glass joint A' is replaced, and the system
evacuated with the mercury diffusion pump, V. When the leek rate in the
gystem ip less then 5p/hour, a flow of pure helium ies ptarted. The r.f.
power supply is turned on, and the semple pellet 18 heated, in order to degas
it, at a tempersture slightly higher than that planned for the oxidation run.
The degasaing procedure is monitored with the thermsl conductivity bridge,
and a negatlive pesk generally appears shortly after degessing begins, corres-
ponding to pure helium in the reference cell and releaged permanent gases in
the sampling cell. When degasseling has stopped, the gignal from the thermal
conductlivity apparatus drops to zero, and the power supply is turmed off to
cool the pellet.

The sample is rewelghed and remeasured after the degasslng procedure,
end the apparatus is once again pumped out. The helium flow is started and
the gtream 18 diverted through the heated Cu0. As the stream containing the
helium-oxygen mixture goes through the reference slde of the thermal conducti-
vity cell, a pegsk 18 seen with a broad plateau, whose helght is characteristic
of the pressure of oxygen in equilibrium with Cu0 at the temperature of the
copper oxide tube, The peak helght serves as a dally check on calibretion.
When both sides of the thermal conductlvity cell become filled with the same
helium-oxygen mixture, the signal from the bridge drops to zero, and the
oxidation mm is started. The sample is heated raplidly by induction to &
predetermined temperature, and an vmbalance is observed in the thermal conduc-
tivity brldge indiecative of the rate of oxyzen pick-up by the sample., When
reaction has proceeded for a definite length of time, the sample is cooled
rapldly at room temperature, weighed, measured, snd X-rayed. The highest ten-
perature oxidation runs in this laboratory have been made with HfC at 2100°C.



3. ANATYSIS OF THE FLOW SYSTEM

In this section it will be demonstrated semi-empirically that the
measured rate of change of oxygen concentration at the detector should in-
deed be equal to the rate of oxygen plck-up by the sample pellet, to &n
accursey of better than 1%, after about 5 minutes, in spite of the spatial
separation between reaction and detectlon sites.

If an oxygen slug spreads mainly by diffusion, and is essentially
wmeaffected by the flow, then the calibratior curves of Figure 2 can be fitted
approximately by an equation of the form:

c=c v, exp(-xZ/Dt)

VDT

and an effective diffusion coefficient D can be calculated from experiment.
In equation (1), c, 18 the known total mass of oxygen introduced into the

(1-1)

gystem, vy is the average linear velocity of the gas stream, x = x' - v, t
is & moving distance coordinate, where x = 0 {x' = v, t) is the point of
maximum oxygen concentration. IFf the time at which the highest oxygen con-
centration passes through the flrst cell is t;, and through the second cell
is tg, then the effective diffuslion coefficient can be caleculated from:

CEVE

Dtz - t2) = 22 (c2? - o3%) (1-2)
vhere cz end ¢y are the measured amplitudee in g/sec, at tz and ti respec-
tively. In the experiments reported here, the volume flow rate was maintained
at 95 ml/min. in a system constructed primarily of 8 mm tubing; therefore, the
average linear velocity v, is about 3.2 cm/see., The diffusion coefficient
calculated from egquation (2), with & number of pulses of varying concentration

is 61 ¥ 3 cm?/sec.

This diffusion coefficient may be used to compute n', the rate of arrival
of oxygen ges at the detector cell, for a given rate of oxygen consumption A (t
by the sample pelliet. If ., 1s the concentration of oxygen in the helium
stream prior to reaction wlth the refractory button, then the signal picked up



by the recorder is proportional to (no - n'). The unreacted oxygen may be
looked upon as & continuous series of sharp pulses emitted from the sample
reglon into the flowing stream. A sharp pulse of amplitude ni(ti) = n -
A(t1) that leeves the vicinity of the pellet at time t; will spread out by
diffusion, so that its concentration at a later time t at a distance x
dowvnstream from the source will be given by:

n = ny(ti) e-(x - vo‘t + vo‘tl)'g/)-l-D('b - ty) (1-3)
NETEICETY

Since the pulses diffuse into one another, the rate of arrlvel of oxygen at

the detector cell at any time t is the sum of contributione from all pulses

that left the pellet reglon between time zero, when the experiment started
and time t,; l.e.

t ~{2 - vt +vt1)®/4D(t ~ t1)

! = f n;(t;) e Q O dty (I-J-i-)
t1 =0 vV 4D(t - ta)

wvhere ¢ 1s the distance between pellet and detector. Since the integration

in (4) is generally difficult, it is convenient to substitute & sguare wave
for the exponential factor:

o8 = vt + v $1)%/4D(¢ - $1)

~0 for 0 < (t - 4y) <£=8
V D - 1) Vo
I-5)
Yo 4B g 145 (
55 for v < (t - 1) < v

~ 0 for (¢ - t1) > L2
[#]

where 5 = \/EEMWVO . Substituting (5) in (4), the observed signal should
be equal to:

10



)
t- 6 v
V‘o o Vo o £
- T —— o — - — -
n - 1"~ s 245 A(ty)dty = 55 5 At - = -yly  (1I-6)
t - (;——') - 0
o} vo

If Al - ;ﬁ- - y) can be expressed by & Taylor's series expansion in y, then:
0

a(n) (t - Tf»") 2m

Q0
Ro = m' = Al - i_o) * %-:1 m o &) (x-7)

where A(gm)(t - z/vb) denctes the 2m'> derative of A (t - z/vb) with respect
to (t - £/vo). Thus, if the summation in (7) is small, the signal at the
detector will be directly proportional to the rate of oxidation of the sample
pellet, but will be retarded by the time 1./vo that it takes a slug of gas to
travel from pellet %o detector.

If the sample oxldizes according to a simple rate law, (7) can be used
to estimate the magnitude of the experimental error in the detector signal.
For example, if A(t) = constant, (linear oxidation), all of the derivatives
in (7) vanish and the correct oxidation rate should be observed. If the
sample oxidizes parabolically, A(t) = kp/t%} where kp is the perabolic rate

constant, then (7) becomest:

. R = (bm-1) (hm=3 ). .. (1)k o
n, /- e T &) (1-8)
v
(o]

The error will be less than 1% of the signal at times (t - ) that satisfy
the relatlon: °
00 (bm-1) (bm-3). .. (l)kp 2m

e , RS _
m-1 22111 (2m+1)'.(‘b _ %_)ﬂmﬂ-l)[e (-v-o) < 0.01 kp/(t Vo) (I 9)

o]
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or

(bm-1)(bm-3)...(1) (& y2m <45 (1-10)
o]

51 22 (emel)t(t - %—)2’“ v
o]

Since the coefficients in (10) are all less than or equal to 1/8:

(bm-1)(4m-3)...(2) 5 _\2m Q g (ByPm 4 em .
m=1 221:1 (Zm+1)! (t - _i_)Em (vo) < mZ=l 1/ (vo) /(% VO) < 0.01
’ (I-11)

The inequality in (11) will be valid et times (t - %) for which:
o]

B 12 2 2 ] 1
/8 Y/ - ) B 2 Ry
o o 1- (/6 -3)
_ ° o _|
Thus, the signel should giveoxidation rate with an mccuracy of better than 1%
vhen (t - £/vo) > h(a/vo). For the experimental apparatus described in this
paper h(ﬁ/vb) 18 less than 3 minutes. Similar results are obtained if the

rate equetion is logerithmic. Thus, 1f the deta of the flrst 5 minutes are
disregarded, the cobserved oxidation rates are equal to the true rates, and sre

< 0.01 {1-12)

essentially unaffected by the physlcal sBeparatlion between reactlon zone and
detector.

L. OXIDATION OF COPPER

The lack of precise oxldatlon meesurements on simply behaved, well-
characterized systems above 1000°C mekes a detailed quantitative comparison
of our results with those of other workers diffiecult. Copper was selected
&8 the most gatlsfactory standard material.

The oxidation of copper between 900° and 1000°C at oxygen partisl pres-
sureg of 5-95 mm Hg wes studied by Baur, Brldges, and Fassell,(ls) who used
a spring system to follow the reaction. Thelr determination agreed



satlsfactorily with previous studies.(l6’17) In our experiments, rates of
oxygen pick-up are measured direetly, and hence the integral under the
thermal conductivity curve from time zero up to time t is proportional to
the total oxygen consumed up to that point. The results of thermsl conduc-
tivity messurements of the kinetics of oxidetion of pure copper between
977°C and 1044°C at oxygen partiaml pressures between 1.7 and 10 mm, are
plotted in Figure 4 as total oxygen consumption ve time. Included in the
seme figure are weight change data of Baur, Bridges, and Fassel (BEF),
Grilnewald and Wagner (GW), and Feitknecht (¥), who worked in the seme tem-
perature and pressure range. For the oxidation of copper, rate of change in
welght is preclsely equivalent to rate of oxygen consumption, since neither
Cu0 nor Cuz0 is volatile at the tempermtures of interest. Our results at
1044°C and an oxygen pertial pressure of 10 mwm are in good agreement with
those of (F) at 1020°C and 7.6 mm. Our results at 990°C and 10 mm are very
close to the (BBF) results at 1000°C and 10 mm. Our results at 977°C and
5.0 mm are similar to the findings of (GW) at a higher temperature 1000°C
and lower pressure, O.23 mm, and both lie above our results at 990°C and
1.7 m. If errors in weighing, in the determinatlion of the zero of time, and
in the measurement of temperature and pressure are tsken Into account, as
well a8 the average precision of results from a given laboratory of iy 104,
agreement in the experimental date from the four groups can be considered
very good. The date suggest that the rate of oxidation of copper lncreases

with both lncressing temperature and increasing pressure.

According to Jost, "If copper is oxidized at oxygen pressures below the
equilibrium pressure for the formation of Cu0 & uniform £ilm of Cug0 is
formed, 1ts rate of growth obeying the quadratic law except for the very
early stages of reaction."” The equilibrium oxygen pressure for dissociation
of Cu0 1s 10.86 mm at 900°C, 3L4.2 mm at 950°C, end 92 mm at 1000°C. There-
fore, 8ll of the experiments listed in Figure L were performed under
conditions where Cuz0 should be the sole oxidation product. If the rate of
growth of Cuz0 obeys the quedratie law,(lg)
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aZ?)
dt

= k2 & (1-13)

vhere &t is mensured welght change, A 18 specimen surface ares, t is tine,
and kp is a tempersture dependent proportionality constant (parabolic rate
constant). In general, equation (13) should hold if the rate determining
gtep in the oxidation of copper 1s diffusion of copper or oxygen through a
Cug0(s) layer, and if Fick's first law describes the diffusion proceas.(lg)
It 18 clear that at time zero, when the metal is devoid of sn oxide layer,
solid-phage dlffusion cannot be the rate controlling step. Therefore, equa-
tion (13) 1s not expected to apply in the earliest stages of oxidstion.
However, 1t might be applicable after a time t when the oxide layer has
built up to a thickness g , corresponding to a weight gain per unit ares

( Integrating (13) between limits (t ’(A ) ) and (t, 2 ), one finds:
A2 A2 N
(I') = kpt + EX—)O - kp‘i)_ (IT-14)

It must be remembered that equation (14) holds only for times t > t ; the
fitting of data from time zero to an equation of the form (A ) kt + B,
where B 18 an empirically determined constant, (18) 1e not Justified?on the
basls of the gquadratle rate equation. However, if the quadratic rate law is
obeyed once a sultable thickness of oxlide has been bullt up on the surface
of the metal, then a plot of (—) ve t should be a straight line provided
(Am) > Cmm) and t > to’ but nothing can be said about the form of the C——
v t plot up to time t_. The date in Figure 4 are replotted as(m) vs t
in Pigure 5, and it seems that they fit well to straight linea afiter times

that vary between 10 and 60 minutes, depending upon the temperature and pres-

)2

sure. Table 1 lists approximate valuee of t , G%E)o’ ¢, and kp computed by
least squaring the deta in Figure 5 for the lmat 15 minutes of each run, and
sdding polints up to the time that the computed siope differs from the final
slope by 1%. The last point added was taken as (t_, (ﬁ-‘-‘i)o), end k  es taken
a8 the aversge of the computed slopes back to that point. It is seen that a
layer of Cuz0(s), 50,000~100,000 2 thick, must be bullt up during the oxidation

15
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TABIE 1

THICKNESS OF OXIDE THAT MUST FORM ON Cu
BEFORE PARABOLIC RATE LAW IS FOLIOWED

®
g T
3] <
y E; 8
?j o H 'a o o< NE’
L] L] - —
E B p‘é" 4:0 %I-f: 0 N
(F) 1020 7.6 20.0 6.6 110,000  169.7
Thie work 1044 10 7.9 3.08 51,000 156.0
{GwW) 1000 1 26.0 7.5 125,000 159.%
(Gw) 1000 1.71 16.67 5.0 83,k00  114.8
This work 990 10 10.6 2.85 47,500 110.4
{(BBF) 1000 10 25.0 5.84 97, 400 106.7
(BBF) 950 10 30.0  5.4%1 90,300 76.2
This work 977 1.5 30.4 3.4 57,000 66.0
This work 990 0.87 9.3 7.66 128,000 64.0
(GW) 1000 0.23 41.6 4.875 81,200 53.6
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of copper before the true parebolic rate law (15) is followed.

(20)

Wagner derived the rate equation (13) and expressed the parabolic
rate constant kp in terms of the specific conductivity of the oxide fllm,
the transport mumber of cations, anions, and electrons, and the free energy
of the net oxldation reactlon. However, in comparing kp for the oxlidation of
copper, &8 measured in a direct oxidation experiment, with kp computed from
the mbove independently measured quantities, Wagner did not use the Integrated
equation (14), or the rate constants listed in Table 1. Instead, Wagner and
Grinewald fitted their data to an equation of the form:

%P(%@)? + 2B =t (1-15)

corresponding to a differential equation:

A
(™) 1
& = 1 2 m (z-16)
gt &)
P
. . (18,19)
which hag never been put on a firm theoretical foundetion. The

rationale behind {16) 1s that diffusion is not the sole rate controlling pro-
cess, but thet a phase boundary reaction at the Cu/Cuz0 interface also
influences the over-all reaction rate. Grinewald end Wagner(l6) plotted
t/G%E) vs %;5 which, if equation (15) is velld, should yield a straight line.
The curves are not straight lines for the data obtained at 1000°C and pressures
of 0.23 and 1.71 mm,(21’16) but become linemr after a weight of oxide of

2.5-5 mg/cm? has been built up. Approximetely linear behavior is chserved,
however, for the 1000°C data at 11 mm and 6% mm. It is the reciprocals of the
glopes of the linear portions of the t/C%E) vs (%g) curves that (GW) associate
with the theoreticslly dexrived kp. The avallable experimentasl data has been
plotted in this form, and results are listed in column 4 of Table 2. In
column 5, the parmbolic rate constants derived from equation (14) are listed.
In Figure 6, it is seen that plots of GEE) V8 vfff_ are also linear to a good
approximation, after an initial period, and in Table 2, column 6, the squares

18



TABLE 2

VALUES OF THE PARABOLIC RATE CONSTANT, kp(mg2/9m4-hr)

— - o
Hl g 5
3 8 ;
1 :; »
8 r—li)d MQ{ Mﬂ-l §
g g ~ H g
e g s
L ° - <q ] 3]
4 - 3 A Yl 3
Ig-"l( = =X ] A4 St 5"-‘4 &)
(F) 1020 7.6 - 169.7 % 17.0 196.8 132.k4
This work 1044 10 158.9  156.0 ¥ 15.6 161.6 144.8
(ow) 1000 11 178.0  159.4% ¥ 15.9 179.4 134.0
(GW) 1000 1.71 122.8 1k.8 f11.5 127.8 93.6
This work 990 10 123.0 110.k ¥ 11.0 122.% 2127.0
(BBF) 1000 10 1%.8 106.7 ¥i10.7 127.8 130.8
(BEBF) 950 10 81.5 T6.2% 7.6 83.4 100.3
This work 977 1.5 1049 66.0 % 6.6 99.6  8L.3
This work 990 0.87 1%31.8 64.0¥ 6.4 g2k 80.0
(aw) 1000  0.23 79.1 53.6% 5.4 2.6 6.9
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of the slopes of these lines are listed. In column 7, parabolic rate con-

stants caleulated from the theoretical equation:(Ql)
kT 1/8 8
k =20CZ) o) by [p / (0=/%) - o (02/0} ] (1-17)

In {17), & is the volume of Cug0 per copper ion, T ig the electrical
conductivity of Cuz0 at an oxygen pressure of one atmosphere, ti is the
transport number of cations in Cuz0 at the experimental temperature, p(0z/X)
ie the ambient oxygen pressure, p(02/0)} is the oxygen pressure calculated
from the equilibrium 2Cu + 1/202 ;;:f: Cuz0 at the absolute temperature T, k
is the gas constant, and e is the charge on the electron. If m-k-s8 units are
used for ell quantities, and p is in atmospheres, then k_ ie given in m%/sec
of Cug0. Calculated values of kp converted to mg®/cm*-sec of oxygen are
listed in column 7 of Table 2. The conductivity values were taken from
Dinwald and Wagner,(ee); other values In the literature are as much as a
factor of two higher.(25) However, the spread smong single crystal samples
found by 0'Reefe and Moore i1s alsoc of the order of a factor of two. Dlnwald
and Wagner(ee) measured the transference number of Cu® in Cuz0 at 1000°C and
obtained valuee between 4 and 5 x 10”%. The lower value was used for the
calculation reported here. Thus, the theoretical values in column 7 can be
considered minimm values; true values might be &s much as 100% higher. If
errors in the experimental oxidation rates are teken intoc account, as well ae
errors in the conductivity dete needed to compute rates from equation (17),
agreement between calculated and experimental rates is falr. It must be
emphasized that the parabolic rate law i described by the differential
equation (13), and only by that equation, or by equations derived directly
from it., In the derivation of equation (17), it is assumed that phase boundary
reactions have proceeded to equilibrium, end it is shown thet equation (13)
is8 followed. Therefore, it 18 columnse 5 and T of Table 2 that must be
compared to test the validity of the theoretical model, in spite of the fact
that the agreement might be glightly better if experimental results were

taken from column 4 or 6.
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Equation (17) predicts that at constant temperature, k_ should be a
linear function of pY/O(0s/X), with k_ = 0 when 21/8(02/x) g 8(02/0).
The original (GW) k_ data, listed in column 4 showed a perfect linear
dependence on ple(ga/X) with intercept at pl/7(02/0). This was considered,
at the time, adequate agreement with the theoretical prediction. However,
(BBF) failed to confirm the 1/7 power dependence, as seen in Figure 7, where
both sets of data are plotted. In point of faet, probable experimental
errors of & 10% effectively mask differences in pressure dependence between

pl/h(OE/X) and pl/B(oa/x) at the present time.

5, CONCLUSIONS

The thermal conductivity detector provides a convenient method for
monitoring oxddation reactionse in e constant pressure flow system. It is
partliculerly well sulted for continuous measurement of rates of oxygen con-
sumption by inductively heated samples, since the reaction zone can be
meintained at temperstures between 1000° and 2100°C, while the remainder of
the spparatue is kept at low temperatures.

In cases where both volatile and non-voletile products form during

oxlidation, a single measurement of weight change or oxygen consumption does

not suffice to define the reaction completely. For such systems, microbalence

and thermel conductivity technigues should provide supplementary data.
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KINETICS OF OXIDATION OF REFRACTORY METALS AND ALLOYS
AT 1000°-2000°C

SECTION II - OXTIDATION OF CARBIDES

1. INTRODUCTION

The high melting points of the carbides of groups IV-A, V-4, and VI-A
of the periodic table make these materials potentially attractive for high
temperature structural applications. The practical usefulness of the
carbides, however, depends to & large extent upon their stability in oxygen-
contalning atmospheres. A valuable thermodynemic basis for selection of
carbides with the greatest promise for good oxidatlon resistance was published
by Webb, Norton, and Wagner in 1956, In the present report, the Webb, Norton,
Wagner eriteris are applied to a prediction of the behavior of the carbldes
of groups IV-A (T4C, ZrC, and HEC), V-A (VC, NbC, and TaC), and VI-A (Cr=Cz,
MoC, and WC) in oxygen atmospheres at temperatures between 1000° and 2000°K.
The available experimental evidence 1s presgented, and discussed in the light
of the theoretical consideratlons.

>. THE THEORY OF WEBB, NORTON, and WAGNER (www)(l)

In general, a metal carbide will show good oxldation resistance only if
& dense adherent oxide film forms on the carbide surface snd acts to restrict
oxygen access to the alloy. Since the oxides of carbon are permanent gases,
it 18 clear thalt protection can only be afforded by the formation of an oxide
of the metallic element. Webb, Norton, and Wegner, therefore, consider the
gystem of a metal carblde MeCx in contact with metal oxide Nboy, in the pre-
sence of oxygent

MeC
p 4

MeOy | 0z

If the metellic oxide reacts with the carbide to form CO(g) or COz(g) at the

raxecx/r«xeoy phage boundary, and 1f the resultant gas pressure is sufficiently

high, then the oxide may be ruptured end thereby loge its effectivenecss as a

barrier to further oxildation of the alloy. At high temperatures, equilibrium

might be expected to be attained rapidly at the alloy/oxide Interface, and in
26



this case, the CO(g) mnd COz(g) pressures, Pap 80d Py s can be computed from

of the reactions:

the standard free energies AF (1) and AF (2)
¢ (alloy) + I Meo () = cO(g) + L Me (alloy) (1I-1)
¢ (alloy) + %-Meoy(s) = C0z2(g) + %'ME (alloy) (1I-2)
Thus, 1
AF° = -RT 1n M (II-j)
W) »
ey
1Y
AP, \ = BT 1n 202 Me
(2) e

vhere &, and a, are metal and carbon activities respectively at the alloy/

oxlde interface?

The position of equilibrium will obviously depend upon the relstive
stabllities of the s0lid metallic oxide and the gasecus carbon oxides. If
c0{g) and COg(g) are very much more stable than Meoy(s), go that the sum of
the equilibrium pressures, (pco + pCOE)’ igs higher than the ambient pressure,
then the outburst of CO{g) and COz(g) 18 very likely to rupture the oxide
film. If this happens, oxidation of the carblde ie likely to proceed more
rapidly than oxidation of the corresponding pure metal.

If the metallic oxide is very much more stable than the earbon oxides,
then reactions (1) and (2) will not proceed to the right to any large extent.
In thls case, the carbide may be oxidlzed more or less rapidly than the
corresponding metal depending upon the specific oxidation mechanism. If the
metallic element in the alloy ie oxidized preferentislly, then the activity
of carbon at the alloy/oxide interface mesy become higher than the activity of
carbon 1n the bulk alloy. The resultant activity gradient may provide the
driving force for diffusion of carbon backward into the bulk alloy, possibly
with the formation of new carbide phases. The net oxidation rate should not
be very different in this case from the oxidation rate of the pure metal,
except for a small effect due to lowered metal activity, provided, of course,
that the coheslon between oxide and substrate is equslly good for metal and
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carbide. If unreacted carbon remains at the oxlde/alloy interface, then its
activity may increase sufficiently with time to shift the equilibria in (1)
and (2) towards the right. In fact, rupture of the oxide film might even
occur after a time. The evolution of CO(g) and CO=(g) might stop, however,
ag the carbon setiviiy was lowered once agaln., If carbon is soluble in the
oxide lattice, then carbon at the oxide/alloy interface might migrate across
the oxlde layer, and evolution of CO(g) or CO2(g) could occur at the oxide/
oxygen interface without destruction of the protective oxide fllm adjacent
to the alloy. The effect of carbon on the defect concentration in the oxide
would determine whether the observed oxldation rate would be greater or less
than that for the pure metal.

5. APPLICATION OF THE WNW TREATMENT TO THE HIGH TEMPFERATURE OXIDATION
OF CARBIDES OF GROUPS IV-A, V-A, and VI-A

Equations (1) and (2) are difficult to apply precisely due to the lack
of experimental data for the activitles of metal and carbon across the homo-
genelty range of the carbide phases. It is therefore mgsumed in the ealcula-
tions that the carbide composltion is that of the alloy in equilibrium with
pure graphite. The carbon activity in the original alloy may therefore be
taken as unity. The pressures of CO(g) and CO=(g) calculated from equations
(3) and (4) on this assumption are therefore meximum permanent gas pressures.
If the actusl carhon activity in the alloy is less than one, then it becomes
more probable that the carbide will show a degree of oxidation resistance.
The metal actlvity is given by the ratio pr/PeMb’ vhere p, 18 the vapor
pressure of metal over the MeC-C two phase reglon, 1.e. the equilibrium metal
pressure caleulated from the equationt

MeC(s) - Me(g) + C(s) (I1-5)

and. p'Me 18 the vapor pressure of metel over pure metal a% the same

temperature:
Me(s) - Me(g) (11-6)
The standard free energles of reactions (5) and (6) are therefore given

respectively by:
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AF°(5) = -RT 1n p (xx-7)

= = °
Therefore:
Pa\ - AF® = ~AF° = -RT 1n -
(5) (6) £,MeC ®Me (11-9)
where aF°f MeC 18 the integral free energy of formation of the metal carxbide.
2

() Mtanivm Carbide, T™4C

The free energy of formation of TiC, as given by Kubaschewski and
Evens, 2) and the activity of titanium over the TAC-C two phase region
calculated from equation (9), is tabulated as a function of temperature in
columns 2 and 3 of Table 1. Columns L, 5, and 6 give free energies of
formation of Co(g),(B) 002(8)(3) and TiOg(B),(h) vwhile columns T and 8 glve
the equilibrium pressures of CO(g) and COz(g) calculated from equetions (3)
and (4) with MeOy(s) = ™0z (rut.), and ay = 1. It is clear that if a dense
coherent rutile f£film forms on the surface of T™.C, 1t will nct be ruptured by
evolution of CO(g) and C0z2(g) up to about 1500°K.

Quantitative experimental data is availsble only up to 1000°C
(1273°K). However, there is genersl agreement(5’6’7) that the oxidatlon of
TiC is parabolic, to a good approximstion, above TO0°C, and that the rate is
controlled by diffusion of oxygen across & layer of Ti0Oz of the rutile struc~
ture. It 18 extremely interesting that although the formation of CO(g) or
C0z(g) a% the oxide/metal interface is thermodynamlcally unfavorable, carbon
1s consumed at the same rate as titanium.(l) It was suggested by Webb,
Norton, end Wegner(1) that caxbon from the alloy dissolves in the oxide st
the TiC/Ti0p 1n{erface, diffuses through the T10z, and is oxidized at the
T102/0z interface. Since Ti0z(s) 1s an oxygen deficient semi-conductor,(e)
and T4C and Ti0 are known to be mutually soluble, it was not unreasonable to
postulate some carbon solubllity in the MOz lattlce. By chemical anslysis
of the oxide film formed on T4C at 1000°C in pure oxygen at 760 Torr,
Nikolaiski(s) showed the presence of about 0.16% C in the Ti0g layer.
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™, °K

ACTIVITY OF Ti OVER TiC-C AND THERMODYNAMIC DATA FOR TiC-Ti02

TABLE 1

£,C By Meco Fro00p Yemoe  Poo Peo,
1000 -k1,%40 8.955::10'10 -47,859 -94,628 -182,960 9.5;»95::10'6 1.3#3::10'6
1100 -k431,12L 6.567:;10'9 -h9,962 -94,658 -177,675 2.368;:10'1* 5.064::10'9
1200 -40,808 3.758::10'8 -52,049 -94,681 -173,458 2.529x10"3 1.234x10"7
1300 -40,hoe 1.582x1077 54,126 -gh,701 -169,220 3.120x102 1.928x10°°
1400 ~L40,176 5.1425x10’7 -56,189 -g4,716 -~165,022 1 069::10':L 2.000x10"7
1500 -39,860 1. 577x10‘6 -58,241 -9k, 728 -160,915 4.6u46x107t 1.&71::10'1*
1600 -39,54k 1+.015x10'6 -60,28%F -9L,739 -156,610  1.733 8.981:{10'h
1700 ~39,228 9.177::10"6 -62,315 ~94,Th6 -152,k22 5.424 4.273:;10“5
1800 38,912 1.905%10™°  -64,335 -Gh,750 -148,1%2 14.99 1.728x107°
1900 -38,596 3.670x1077 66,349 -94,751 -14h,005 36.92 5.933x10™2
2000 -38,280 6.602x10"° -68,353% -94,752 -139,950 81.7% 2.212x10™"
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However, a complete study of the diffusion of carbon through Ti0z remains to be
done. The most direct method to demonetrate the significance of carbon diffu-
gion in the oxidation process would be to oxidize a semple of C'* enriched TiC.
An autoradlograph of the oxidlzed surface would indicate whether diffusion of
carbon occurs primarily by grain boundary or bulk diffusion, while a stripping
and counting procedure could be developed for quantitative measurements.

Oxidation isotherms obtalned in a number of laboratories are plotted
in Figures 1 and 2, as welght galn per unit area squared v time. Results ob-
talned by three investigators in times less than seven hours are shown in Figure
1. The excellent mgreement between Mﬂnster(6) and Nikolaiski(S) mey be due in
part to the fact that both sets of measurements were done in the same lasboratoxy.
Semsonov and Golubeva(T) reported thelr date in terms of thickness of the solid
oxide film. This wae converted into (welght gain/area)® prior to plotting in
Figure 1 by multiplylng the density of rutile. Agreement among the three workers
ir good at 900°C. At 800°C, Samsonov!s measured rate of oxidation is lower than
that found by Nikolaiski and Mimeter; at 1000°C, Samsonov's rate is also well
below the rate measured by Minster or Nikolaiskl at even lower temperatures, 925°
and 950°C. In spite of the discrepancies in the quantitative rates, there is
concurrence that the oxidation of TiC(s) is parabolic between 800° and 1000°C
at tlmes up to 7 hours. The parebolic rate constants derived from the slopes of
the lines in Figure 1 mre plotted against the reciprocal of absolute temperature
in Figure 3. The activation energy for oxlidation calculated from all of the
points of this Arrhenius plot is 58.6 kcal/mole. The smeller activation energy
(46.1 kcal/mole) reported in Nikolaiski's paper is the result of including points
taken at 600° and 650°C.

In Figure 2 are plotted the results of experiments that extended to
times of 10-300 hours. At the longer times, significant departures from parabolic
behavior are in evidence. Nikoleiski'ls data have been transferred from Figure 1
to Figure 2 and extrapolated as strailght lines for purpose of comparison. There
18 good mgreement between Nikolaiski(?) and Macdonsld and Rensley'?) and between
Nikolaiski(?) and Webb, Norton, and Wegner(*) at 900°C, up to sbout 4000 minutes.
There 1s considerable disagreement, however, between the last two groups and
Macdonald and Ransley(d) on the rate of oxidstion at 900°C. The welght changes

found by Macdonald and Ransley at 900°C exceed those measured by Nikolaiski at 925°C.
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At 1000°C, agreement between Macdonald snd Ransley and Webb, Norton, and
Wagner is good, although the latter group used a T1C0.63 compogition and

the former group presumably used & startlng materlal closer to stolchio-
metric ™C. The (WNW) data for stoichiometric T4C at 1000°C seem ancmalous
in view of the fact that the cbserved rate ie initially lower than that
reported by Nikolalski at 950°C. Furthermore, it 18 not clear why the rate
of oxidation of the carhon rich TiC should be lower than that for the carbon
deficient TiC, c5. The oxldation rate of the pure metal (carbon free) is
sbout the same &s that of the TiC, ., carbide at 1000°0. ) me values of
kp for pure titanium are included on the Arrhenius plot in Figure 3., The

upper curve wae constructed from the data of Xinna and Khorr,(lo) taken in

(ll) at an

pure oxygen at 760 Torr. The lower curve is that-of Jenkins
oxygen pressure of 3 Torr. Although k, in g%/em*-min ig somevhat smaller
for the carbide then for the pure metal, 1t must be remembered that the net
welght gain of T1C{s) 1s compounded of a weight loss due to evolution of
¢o(g) and COz{g) as well as a weight gain due to formation of TiO2(s). Only
the latter process occurs In the oxldstion of the pure metal. Therefore,
the total nmumber of moles per unlt area of metal or alloy consumed per unit
time is very similar for both Ti(s) and TiC(s). The similar temperature
dependence of the parabolic rate constants for oxidation of Ti{s) and TiC(s)
suggests s pimllar rate controlling dtep for the oxidation of metal and car-

bide, probably diffusion of oxygen through T10z (rut.).

(b) Zirconium Carbide, Zr(

Columns 2 and 3> of Tsble 2 give the activities of carbon and zir-
conium over ZrC as a function of temperature, computed from extrapolation of
the vapor pressure data of Coffman, Kibler, and Riethof(le) on ZrC, combined
with date for the pure elements from Stull and Sinke.(lj) The free energles
of formation of CO(g) and COz(g) are listed in columns 4 end 5.(3) The free
energy of formation of Zx0z, computed from the data given by Kubaschewski
and Evans, (2) is given in column 6. In column 7 sre tabulated the equilibrium
pressures of CO(g) and COz2(g) et the ZrC/Zr0- phase boundary, celculated from
equations {3) and (4) with the Zr activity given in column 3 and a carbon
activity of one. Up to 2000°K, & ZrOz(s) film formed on the surface of ZrC
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TABLE 2

ACTIVITY OF Zr OVER ZrC-C AND THERMODYNAMIC DATA FOR Zr(C-ZrOz

T,°K ¢ 57 Fe oo Fr,e0p e, zr0, Peo Poos

1000 8.128x10 L.207x1071 -47,850 -o4,628 -213,530 2.105x107° 2.601x1072°
1100 1.021x102 1.747x10°% -h9,962 -9k,658 -209,156 1.089x10°°  1.071x10~LT
1200 1.201x102 5.970x10°° -52,049 -9h,681 204,808 2.818x1077  1.535x10" %0
1300 1.462x107° 1.698x10™° -54,126 ~9L, 701 -200,483 J+.365x10"6 1.ooTx10"Jj
1400 1.674x1072 %.140x107° -56,189 94,716 -196,179 k.520%107°  3.6e2x10”
1500 1.905::10“2 8.995x10"7 -58,241 -gh,728 -191,896 5.&20;:10"1‘ 7.980x10 "
1600 2.118x10°2 1.7719:10'“ ~-60,28% -94,739 -187,631 1 990:»;10‘3 1.189x10"7
1700 2.34hx1072 3.228}:10'” ~62,315 -g4,Thé -183,385 9.375x10'3 1.279;;10‘8
1800 2.5568x1072 5.520x10™" 64,335 -9k,750 -179,155 3.775x10°2  1.0M7x107T
1900 2.782x10° B.97hx10™" -66,349 -9k, 751 ~-17h,680 1.292x10°L  7.hh7x10”T
2000 2.992x10° 1.585::10'3 -68,353 -9k,752 ~170,737 3.732x10™ - 5.664::10’6
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would not be ruptured by evolution of CO(g) or COz(g) at the alloy-oxide
Interface.

The experimental results on the oxidation of Zr{ unfortunately
indicate that a compact adherent fllm of ZrOsz is anot formed on the surface
of the alloy, and that the oxidation is therefore not diffusion controlled.
The rate of oxldatlon of ZrC powders was measured ap a function of oxygen
pressure and temperature ag part of s doctoral dissertation of R.W. Bartlett.
Above L450°C, the oxidation rates were found to be linear, with an activation
energy of 45.7 keal/mole. The prineipal solid oxidation product was cubic
2r0z, although minor smounts of the monoclinic phase were found as well.
Nothing is said 1n the sbstract about the rate of carbon loss during oxidation,
and the thesls, although ordered, hae not yet arrived.

(14)

Watt, Cockett, and Hall (20) made & Bingle weight change measurement
of 49.8 mg/em® on & solid semple of ZrC of density 6.20 gfcc and 4.8% porosity
exposed to a stream of dry air flowing st 5.3 em/sec, for 30 minutes at 800°C.
No conclusions could be drawn with respect to oxidation mechanism.

In the course of the present contract, the oxidation of ZrC was
studied at temperatures between 1126 and 2200°K at oxygen partial pressures
in helium of 2 to 26 Torr. The cylindrical samples, 0.8 cm in dismeter and
0.3 em in heilght, were febricated from the elements by a process of sintering
and zone melting.(ls ) The materisl had a density, measured from total mass

and geometric volume, of 6.0 T 0.4, compared to a theoreticel X-ray density
of 6.4k g/cc.(l6)

The experimental apparatus used for oxldation studies at high tem-
peratures in this laboratory has been desecribed 1n detail In Part I of this
report. However, modificailons were requlred for the study of refractory
carblder., Normally, the stream of helium and oxygen 18 passed through the
reference glde of a thermal conductivity cell, over the hot refractory pellet,
where some of the oxygen 1g removed by reaction, and through the sampling
gide of the thermal conductivity cell. The signal is thus proportional to
the rate of oxidation of the sample pellet. In the case of carbides; not only
is the etresm that emerges from the reaction zone depleted In oxygen; it
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18 slso enriched in CO(g) and CO=(g), both of which will contribute to the
bridge signal. A weighed Ascarite trap for the removal of COz(g) was inter-
posed between the reaction site and the sampling side of the thermal
conductivity bridge. Thus, a mixture of CO(g) and 02(g) entered the thermal
conductivity cell, and the signal from the bridge was proportional to the
rate of oxygen consumption minus the rate of evelution of CO(g). (The sigpal
is called positive when the concentration of gas is higher in the reference
cell than in the sampling cell, and negatlve when the situation is reversed. )
The exit stream from the thermal conductivity cell was passed over Cud
turnings at TOO®C to oxidize the CO{g) to COz(g), and the COz(g) 8o produced
was adsorbed in a weighed Ascarite bulb. Finally, additional information was
obtained by weighing the pellets before and after oxidation.

The date obtained is summarized in Table 3., The first column
identifies each sample pellet. The second column gives the weight of each
pellet after it had been degassed at 2200°K in pure helium until the signal
from the thermal conductivity cell indicated that no permanent gases were being
evolved. The third column glvee geometrlc surface areas, calculated from
micrometer meapurements of the height and dlameter of the cylindrical pellets.
The fourth column records sample densitles, computed from welghts after degas-
8ing and pellet dimensions. Columns 5, 6, and 7 record the pellet temperature,
assuming an emissivity of 0.7, oxygen partial pressure, and carrier gas flow
rate, respectively, for each oxidation run. The duration of the experiment is
given in column 11, and the net weight change, total CO(g) produced, and total
C02(g) produced in this time are given in colummns 8, 9 and 10, respectively.

From the meesured quantitie® in columns 8-10, the derived quantities,
total carbon consumed and total zirconium consumed, in columns 12-14 can be
computed, if the nature of the oxldation products 18 assumed. From the observed
welght changes In the Ascarite bulbs, it is known that both CO(g) and CO=(g)
form durlng oxidaticn. In addition, & white nonadherent oxide, with X-ray pat-
tern of monoclinie Zr0s, is visible on the surface of the sample pellets after
reaction., If it is assumed that the only oxidation products are C0x(g), CO(g),
and ZrOz(s), then the total carbon consumed, c, is calculated from the measured
weilghts Ve0s and Wy, of COz(g) and CO(g), respectively.
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) fol _
e = Tc6-] WC‘O;:_» + 7507 Yoo (11-10)

where the symbols in brackets represent molecular weights. The totel welght
of zirconium, z. that has been converted to oxide is calculated from the

measured welght chenge, LAY and the derived carbon consumption:
z = hb +c] (IT-11)

The ratio of the number of grams of zirconium consumed to the number of grams
of carbon consumed during oxidation 18 given in column 1k of table 3. The
ratic is seen to have an approximately constant value of 7.5 t 0.2. Since the
corresponding ratic in the ZrC starting materisl ie 7.6, it would appear that
the oxidation of ZrC is stolchiometrlic and non-preferentiml. That is, for
each zirconium atom converted to oxide, a single carbon atom is also converted
to oxide. In column 15, the rete of oxidatlon is seen to be highest for pellet
XII-1. In all of the other runs where welght data is given, more than 90% of
the oxygen pessed over the refractory pellet reacted with it, and the reaction
was probably controlled, therefore, by the rate of arrival of oxygen gas at
the sample surface, For XII-1, the supply of oxygen was sufficlent to permit
a significant determination of oxidation rete.

Weight change data is not given for pellets XII-8, XII-5, and XII-3
because at the relatively low temperatures of these experiments the pellets
were broken apart by the oxldation process. At the end of each experiment,
the grain boundaries of Zr(C were Been to be outlined by a white maeterial, pro-
bably Zr0z. The growth of the oxide in pre-existing cracks and grain boundaries
of ZrC undoubtedly creates enough atress to fracture the carblde. Bartlett(lu)
indicates that oxygen diffuses substitutlonally for carbon in the ZrC lattice.
The oxygen msy then segregate to grain boundaries and precipltate as Zr0s(s).

Typical curves of extent of oxidation ve time constructed from the
thermal conductivity data are reproduced in Figures 4-7. The ordinate in each
cage 1s proportional to the number of grams of oxygen consumed to form colg),
C02(g), and ZrOz(s) minus the number of grams of CO(g) produced at the seme

10
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time. Since neither zirconlum nor carbon appears to be oxidized preferen-
tially, the rate of formation of ZrOz(s) must be equal to the sum of the

ratee of formation of CO(g) and C0=(g). If, in addition, the rstio of Co(g)
to C0z(g) in the product gas stream is independent of time, then the ordinate
will be proportional to the number of grems of oxygen consumed or to the
number of grams of ZrOz{e) or CO(g) or COz(g) produced. In any case, a linear
rate law appears to be followed under the conditioms of the present experi-
ments, The lack of oxldation resistance of ZrC is due, not to the rupture of
a protectire £ilm by the evolution of CO(g) or CO=(g), but to the failure of

& dense, ccherent, protective film to form at all,

The oxidation of pure metallic zirconium ie described by a cubie
equation between 575° and 950°C, at an oxygen pressure of 760 Torr, while
the oxidation of ZxC seems to be linear under similar conditions.(lh)
Furthermore, the oxidation product on Zr is monoeclinice ZmOa,(IT) while on ZrC,
the cubile medification of the oxide is formed.(lh) In 30 minutes at 800°C,
metallic zirconlum would be expected to show a weight gailn of 1.75 mg/cma,
compared to the weight gain of 49.8 mg/cm® observed for ZrC.(eo) At 1126°K,
the oxidation of ZrC, ss shown in Figure L is linear; the oxidation of Zr is

cublce.

(e) Hafnium Carbide, HFC

The general similarity between hafnium snd zirconlum might be
expected to extend te the behavior of the respective carbides in oxygen at
high temperatures.

The free energy of formation of HEC(s) and the activity of hafnium
over the HFC-C two phase region is given in columns 2 and 3 respectively of
Table 4. The thermodynemic data for HfC were estimated by Thomas and Hayes,
and the activity of hafnium was computed from equation (9). The free energy
of formation of Hf0pz(s), also eBtimated by Thomas and Hayes,(ls) is tabulated
in column 6, and the calculated equilibrium pressures of CO(g) and COz(g) at
a HfC/HfO- phese boundary sre given in columns 7 and 8 respectively. Agein,
88 In the case of the other group IV-A carbides, TiC and ZrC, a film of HfOz

would be thermodynamically stable over HPC well above 1000°K. However, a

(18)
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TABLE 4

ACTIVITY OF Hf OVER HfC-C AND THERMODYNAMIC DATA FOR HfC-HfOz

,°K AF, mec Bgr  “Froco(g) Fe,cog “Femeoe Poo Peop
1000 -43,500 3.34ex1071° _47,859  -9k,628 -221,700 9.660x107° 5.382x10™
1100 -43,300 2,543x%10"7 ~4g, 962 -9L,658 217,500 h.esoxlo“s 1.628x10“16
1200 =43,100 1.158::10—8 -52,049 -94,681 -213,400 9.490x10™ 1 1.7h2x10'11‘
1300 -43,000 5.998:f:1o“8 54,126  -9k,701 -209,200 1.360x107°  9.80kx10™%
1400 -42,800 2.113::10'T -56,189 -94,716 -205,200 1.25Tx10-h 2.781x10'1l
1500 -h2,600 6.296x10°1 58,241  -9h,728 -201,100 8.748x107¢ 5.21hx10710
1600 -42,500 1.586x10“6 -60,284  -94,739 -197,100 u.76ux10“5 6.781x10"7
1700 -42,300 3.691::10"6 -62,315 -9h, 746  -193,100 2 087x10™2 6.520x10‘8
1800 -42,100 T.822x10°° -6L,337  -94,750 -189,100 1.202x10°2  k.593x10""
1900 -42,000 1.h9lx10"5 ~66,349 -9L4,751 -185,100 2.525x10’1 5.1h7x10'6
2000 -41,800 2.733x107° -68,353  -94,752 -181,200 T.117x10°T  1.336x1077



sufficient CO(g) pressure to rupture the oxide film might be generated at the
HPC/HEfOz interface at temperatures around 2000°K.

Data on the oxidation of BfC(s) are extremely sparse. In the course
of the present program, a single run was made at 2305°K at an oxygen partial
pressure of 4.2 Torr in helium, with a total pressure of 760 Torr. The
reaction was monitored with the thermal conduetivity bridge, but no attempt
was made to determine separately the oxides of carbon in the product gas stream.
A net weight gain of 0.0189 g was obgerved in a period of 98 minutes, for a
sample with & geometric surface area of 1.850 em®. In Figuree 8 and 9, the
sbscigsa 18 proportional to the total number of grams of oxygen consumed in
the formation of HfO=(s), CO(g), and CO2(g), minus the number of grams of
co(g) and CO2(g) evolved. The ordinate is time in Figure 8 andy/ t 1in
Figure 9. If the rete of oxidation of hafnium from the alloy 1s equal to the
rate of oxidation of carbon from the slloy, and if the ratio of CO(g) to CO=(g)
is constant with time at a glven tempersture of oxidation, then the abscissa
in the figures is proportional to the rate of conversion of the alloy to the
oxides of the constituents. The oxldation rste appears to be paraboliec,
although it may prove to be linear if carried to longer times. Further work
with HfC was postponed because the avallable commercial samples were porous
and contaminated from the start with Ef0z, while at the same time, a synthesis
progrem begun in this laboratory(lS) promieed to provide better specimene in

the near future.

(d) Vanadium Carbide, VC

Columns 2 and 3 of Table 5 give the free energy of formation of
VC(s) and the sctivity of vanadium over carbon r%;? VC. For VC(s), AHf,298
and 8298 were take?lggnm Kubagchewskl and Evaens;
teken from Kelley. For the elements, Stull and Sinke's tables were used.
Column 6 of Table 4 gives the free energy of formation of V=0x(s), as calcu-
lated from Kubaschewskl and Evans' tables,(e) and columns 7 and 8 give the
equilibrium presgures of CO(g) and CO2~(g) at an essumed VC/V=0s phase boundary.
It is clear that above 1500°K, V=0s in contact with VC is unatable with respect
to decompositicn to V(s) and CO{g), and rupture of a dense film of V=20x(s),
if it formed, would be likely to occur as a result of interaction.

heat capacity data were
(13)

kT
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ACTIVITY OF V OVER VC-C AND THERMODYNAMIC DATA FOR VC-Vz(s

TABLE 5

T,°K  AF, g By oo Feoono Feva0,  Poo Poo,

1000 -13,243 1.285x10™ -47,859 -9k,628 -237,4%00 1.257x107° 9.119x10
1100 -13,093 2.51«3)3:10‘3 -49,962 -94,658 -231,785 2.060x10™" 4.309x10™7
1200 -12,908 l+.h81x10"5 -52,049 -94,681 226,170 2.084::10“35 8.598:;10‘8
1500 -12,730 7.277::10’3 -54,126 -9L,T01 -220,555 1.h74x10"2 1.150x10'6
1500 -12,550 1.103%10° -56,180 -9k,716 -214,940 7.823x107° 1.080x107°
1500 -12,357 1.589x1072 -58,2h1 -94,728 -209,325 3.314x10°F 7.480x1077
1600 -12,200 2.164x102 60,284 -9k, 739 -203,710  1.162  L.126x10""
1700 -12,000 2.876x107° -62,315 -9%,7h6 -198,095 3,549  1,828x107°
1800 -11,786 3.719:{10-2 -64,337 -94,750 -192,480 14,71 6.8214x10™0
1900 -11,585 4,665x1072 -66,349 -94,751 -186,865  22.60 2.227x1072
2000 -11,340 5.781x107% -68,355 -94,752 ~-181,250  49.16  6.357x107°
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The available datum is semi-quantitative in nature,(go) end con-
gists of & single measurement of the weight change of a VC(s) specimen after
one-half hour in flowing dry air at 1073°K. The sample was prepared in the
form of a cylinder, 0.64 cm in diameter and about equally long, by hot
preseing. The material contained 13.5-14% total carbon, of which about 1%
was free carbon, compared to & theoretical welght percentage of 19.05% carbon
for stoichiometric VC(s). The hot pressed material had a density of 5.04 g/cec,
a 6.2% porosity, and a surface area of 1.76 cm®. The specimen was heated at
1073°K 1in a quartz tube in a stream of dry air flowing with a linear velocity
of 5.3 cm/sec. The cbserved weight gain after 30 minutes was 41,7 mg/cm®.
The authors do not indicate whether CO{g) or COz(g) was evolved, or whether
a dense s0lld oxlde formed on the surface of the sample. The net weight
change, however, was approximately the same as that observed by the asuthors
for ZrC(s) exposed under similar conditions.

The oxidation of pure vanadium metal hag only been investigated
between 400° and 600°C. If the data'lT) ig extrapolated to 800°C, & welght
gain of 1.1 mg/cm? ie predicted in & period of 30 minutes. The carbide thus
appears to be oxldized more rapidly than the corresponding metal, although an

extrapolation over 200°C must be accepted only with greatest reservation.

(e) Nicbium Carbide, NbC

Free energy of formetion and activity data for NbCG(s) are given in
colums 2 and 3 of Table 6. Column 6 gives the free energy of formation of
NbO2(s), and columns 7 and 8 give the equilibrium CO(g) and COz(g) pressures
for reactions (1) and (2) with MEO = NbO2. Thermodynamic data for NbC and
NbOz were taken from Kubaschewski and Evans.(g) A diffusion barrier of NbOz(s)
might be bullt up on & surface of NbC at temperatures up to 1100°K, but above
this temperature, rupture of the NbOz(s) film would destroy 1ts effectiveness
In reducing the rate of oxidation of carbide.

Again, the only available experimental datum is that of Watt,
Cockett, snd Hall, 20)
7.51 g/cc and a porosity of 3.9%. The observed net welght change sfter 30
minutes at 1073°K in dry air, flowing at 5.3 cm/sec, was 56.8 mg/em®. No

conclusions about oxidation mechenism can be drawn from thie single measurement.

51

who used a hot pressed sample with a density of



TABLE 6

ACTIVITY OF Kb OVER NbC-C AND THERMODYNAMIC DATA FOR NbC-NbOo

T,°K OFe we  Pmo e co Fe,000 Femwo,  Poo Paos
1000 -39,23%0 2.720x10‘9 -47,859 -9k4,628 -146,850 5.021x10'2 1.h55x10’3
1100 -39,850 1.24ex10™C -49,962 94,658 -142,780 5.008x107% 2.260x107%
1200 =ko,k455 h.357x10"8 -52,049 -9L,681 -138,749 3,275 2.201x107+
1300 -41,090 1.256x10'7 -54%,126 -gLk,701 -134,733 16.86 1.505
1400 -41,73%0 3.,101x107 1 -56,189 -94,716 -130,738 66,43 7.766
1500 -L2,370 6.801x10" 1 -58,241 -94,728 -126,763 5.166x10° 31.94
1600 -43,020 1.5h7x10“6 -60,284 -94,739 -122,805 6.062x10°  1.098x10°
1700 -43,670 2.&62x10‘6 »62,315 -94,746 -118,86% 1.1;95::103 3.2h5x102
1800 44,320 4.208x10°° 64,337 -gh,750 -11%,939 3.318x10°  8.uskxicS
1900 -4h,970 6.795x10‘6 -66,349 -gh,751 -111,029 6.7hux105 1.982x103
2000 -45,630 1.0k4x10™ -68,353 -94,752 -107,132 1.273x10LL h.265x105
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However, the pure metal under the seme conditlons would have shown s welght
galn of about 9.9 mg/cm?.(El) Therefore, the carbide does Indeed seem to
oxidize more rapidly than the metal.

(f) Tentslum Carbide, TaC

Columns 2, 3, 4, 5, 6, 7, and 8 of Table 7 glve, respectively, the
free energy of formstion of TBC,(2> the activity of Ta over carbon rich TaC,
the free energles of formation of CO(g),(3) COg(g),(j) and Tagos,(e) and the
equilibrium pressures of (0(g) and CO2(g) for the interaction between Taz0s(s)
and TaC(s). On the basis of the WNW eriteria, a film of Tag0s on TaC would
be ruptured by evolution of CO(g) and COz(g) at temperatures above 1300°K.

No extensive measurements are avallable on the kinetics of oxidation
of TaC. A single welight change determination at 800°C wes made by Watt,
Cockett, and Hall(eo) in the course of thelir survey of the oxldation resilstance
of cerbides, and & measurement of weight changes, CO(g), and COz(g) evolution

at 2159° was made during the course of the present contraect.

At 1073°K, on the besis of the WNW criterion, a protective film of
Taz0s(8) might be stable on the surface of TaC(s). A hot-pressed TaC sample
with a density of 13.10 g/cc and & porosity of 6.5% was heated in a quarts
tube &t 1073°K in a stream of dry elr, flowing at 5.3 cm/sec, for 30 minutes.
The net obeerved weight gain was 103 mg/cm?, about twlce that obgerved for
ZxC, VC, and NbC, exposed under similar condltions. However, it must be re-
membered that Zr and Nb form dioxides, ZrOp and NbOz, V forms a lower oxlide,
V0i1.5, while Ta forms & hligher oxlde, TaOs.s. Therefore, the number of moles
of metal consumed per sguare centimeter during oxidation of the carbldes is
in the ratio of 4.1:2.8:2.8:2.5 for Tal:VC:NbC:ZrC, essuming simllar weight
losses due to evolution of CO{g) and CO2(g) for all four materinls. The
experimental data does not indicate whether a film of Taz0s(s) was built up
on the carbide surface, but the 1mplication is that oxldstion wag rapld and
non-protective. Pure tentelum would have shown a weight change of about

(22)

11 mg/em® under the same conditions.

At 2432°K, Tez0s{s) would be expected to undergo extensive reaction
with Tac{s) to rorm C0{g), COz{g) and Ta (elloy). A hot pressed TaC(s)
pellet,(gj) with a density of 11.48 g/cc and & surface area of 1.754 cma, wasg
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TABLE T

ACTIVITY OF Ta OVER TaC-C AND THERMODYNAMIC DATA FOR TaC-Taz0s

T,°K Fp mec g &Fp,c0 FFeo0n Frmaz0s  Poo Poog

1000 -37,983 5.09hx10’9 -47,859 -9L,628 -385,100 8.912:-:10'” ll-.590x10_7
1100 -37,611 3.1427::10'8 -49,962 -94,658  -375,L405 1.001x10"% 9.015x10“6
1200 ~37,213 :1..691m10"'r -5k4,049 -9L4,681 -365,785 1.701x10° % 1.049:;10'1+
1300 -36,794 6.607x.10'7 -54,126 -g4,701  -356,245 5.9lu+xlo‘l 8.241::10‘1‘
1400 -~36,352 2.1J+2x10“6 -56,189 -gh,T16  -3L46,775 1.640 4.731::10'3
1500 -35,801 5.971x10°C -58,2h1 -9k,728 -337,370  5.571  2.118x10°2
1600 ~35,k11 1.1+72x10'5 -60,28% -9L,739 -328,020  16.10 7.Tuhx10'2
1700 ~34,913 3.208x107° -62,315 -9h,7h6 -318,730  %0.73  2.409x10" L
1800 -34,397 6.730x107° 64,337 -9k, 750 309,490 1.242x10°  6.531x107
1900 -33,870 1.282:;10’1L -66,34%9 ~oh, 751  -300,305 1.906::102 1.578

2000 -33,325 2.501::10“4 -68,353 -94,752 -291,160 3.597::102 3,459
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heated for 108 minutes at 2432°K in a stream of dried helium and oxygen, at

a total pressure of 760 Torr, oxygen partlal pressure of 6.8 Torr, and flow
rate of 58.6 ml/min. A net weight loss of 0.0399 g/em® was cbserved, while
the amounts of CO{g) and CO2(g) evolved were 0.659 g/em® and 0.,0359 g/em®,
respectively. The ratio of pressures of CO(g) and COz(g) found experimentally
tPogp = 28.811. The corresponding ratio for CO(g) and CO=z(g)
in equilibrium with TaC(s) and Taz0s{s) is larger than 100:1. It therefore
geems llkely that some oxidation of CO{g) to COz(g) occurred in the gas phase.
For the equilibrium:

was therefore Pag

co(g) + 3 Oz(g) = COa(e)

the ratio of pg,, at 298°K and an oxygen partial pressure of 6.8 Torr is

ip
10744, while at 2&8351{, the corresponding ratio is 0.2 at equilibrium.

The total carbon loss from the TaC semple due to vaporization of
co{g) and CO2(g) was 0.0242 g/em®, while the net observed weilght loss was
0,0399 g/cm?. Therefore there must have been & minimum tantalum loss of
0,0107 g/cm® during the course of oxidation. The vaporization behavior of
Paz0s(8) in the pregence of oxygen has not been investigated. The vaporiza-
tior of TaO(g) or Talz{g) by reaction of Tex0sz(s) with Ta (alloy) or C
(alloy) at the alloy/oxide interface would not account for the cbserved rate
of tantalum weight loss. The existence of a TasOs(g) species in the vapor has
not been demonstrated but is certalnly possible at high oxygen pressures.

If the oxidation of TaC were non-preferential it could be expressed
at any time t by a stoichiometric relationship of the form:

TaC + (£ - 2) 02 -3 Taz0s(s) + b0O(g) + (1 - b) C2(g)  (II-12)

vhere b 15 an unknown number of moles. For simplicity, we denote:

nuber of g/em® of Taz0s(s) formed between time zero and time t

n

¥

2

number of g/em® of CO(g) formed between time zero and time t

x = number of g/em® of CO2(g) formed between time zero and time t
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Then, we assume that the rate of formation of Tas0s{8) 18 governed by a simple
law;

&y _ -
3 = k £(y) (11-13)
where k 18 a rate constant, and £(y) 18 some function of y, commonly a con-
stant (linear growth) or 1/y (parsbolic growth). Since stoichiometry alweys
obtains, we must have:

% =2b k £(y) [ngos (T1-14)
and
& . o(1-0) x 2(y) gl (11-15)

vhere the symbols in brackets are molecular weights.

The signal from the thermal cconductivity bridge in the carbide
experiments is glven by:

_ [50] a4y [0] 4z  [20] dx 4z
Signal = A Ypaz05]1 a ' [co] a ' [00e] ot  at (11-16)
where A 1s & proportionslity constant to convert millivolts %o g/ cm®-gec, and
the instrument sensitivity is assumed equal for CO(g) and 02(g). Substituting

the rate expressione in (13), (14), and (15) into (16), one finds:

Signal = [ﬁzos {[50] +2b[0] + 2(1-b) [20] - 2b [co]} (IT-17)

Introducing molecular welghts into (17), the signal is given finally by:

Akf

as0c 144 - 88b]

Signel =

Slnee b must be smaller than or equal to one, the signal would have to be
positive if the reaction were stolchiometric. Since the signal was negative

during the entire experiment, the oxidation of TaC(s) cannot proceed, under
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the conditions described, so that the rate of oxidation of tantalum is

exactly equal to the rate of oxidation of carbon. There must be preferentlal
oxidation of one component. Free energy considerstions suggest that there
should be preferential oxidation of carbon. Since TaC has & wlde range of
0.85 to TaCl‘O(e), diffusion of carbon from the
bulk alloy to the alloy oxide interface, under the actlivity gradilent created

as the carbon becomes depleted through oxldatlon, is highly probable.

0} 0] [20]
Figure 10 18 & plot of A.{%%EEEET Y+ Tl *t COg z-zpvey T,

The abscisgsa are obitalned by integration of the signal between times zero and
t. After sbout 25 minutes, the data can be approximasted by a straight line,
which could indlcate that the rates of formation of both Maz0s(s) and the
carbon oxides are diffusion controlled, although the net rate of oxidation of
carbon is larger than the rate of oxidation of Ta. X-ray analysis of the
oxldized pellet sBurface revealed lines for ¢~ and p- Taz0s5, as well as lines

homogenelity, extending from Tel

for pure Ta metsl, serving to confim the assumption of preferential oxidation
of carbon.

(g) Chromium Carbide, CrzCpz

(2 2 19) the

activity of Cr over carbon rich CrzCz, the free energles of formation of CO(g),
COE,(5) and Cr203(8)(2’19) and the equilibrium pressures of CO{g) and COz{(g),
for the interactions between Crz0s(g)} and CrsCz(s). At an ambient pressure of
one atmosphere, rupture of a potentially protective Crz0x(s) film would be
likely at temperatures above 1300°K.
(24)

Table 8 gives the free energy of formation of CrsCs,

Kosolapova end Samsonov measured the oxidation rates of powdered
and hot-pressed CrxCz(s) in oxygen at temperatures between L400° and 1000°C.
For the powdered samples, the rate of oxidetion wag followed by measuring the
amount of COx(g) evolved during exposure in a flowing oxygen stream. The rate
of gas evolution was approximately parabollc with time. The suthors fall to
indicate whether €O(g) was also generated, and whether a sclid oxide formed

a3 well. Bince the surface areas of the powdered specimens are not known, the
results on powders cennot be directly compared to results on dense fabricated
samplea. With hot-pressed cylinders, no welght changes could be detected

in two-hour exposuree between 800° and 1100°C, but the authors do not atate
o7

(3)
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TABLE 8

ACTIVITY OF Cr OVER CrxCa-C AND THERMODYNAMIC DATA FOR CrsCz-CrzOs

I T &Fe 0
1000 ~19,890 5.570x10”2 -47,859
1100 -19,550 5.087x107° -k9,962
1200  -19,048  6.993x107° -52,049
1300 -18,458 9.250x10°> -54,126
1koo  -17,716 1.199x10’l -56,189
1500 16,800 1.515x10°% 58,241
1600 -16,029 1.866x107% -60,284
1700  -15,021 2.27hx107% -62,315
1800 -14,912 2.495x10°% 64,337
1900 -13,621 3.008x10°% 66,349
2000 -12,295 3.569x10C  -68,353

AFf,GOE

-9k, 628
-9k, 658
-9h4,681
"91": 701
"'9]4‘1 716
-9k, 728
-9k, 739
-9k, T46
-94,750
-9k, 751
-9k, 752
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AFe or05 _ Pcoo Poop
~205,650 2.801x10"LL h.536x10'8
-199, 440 3.85hx10_3 1.52hx10“6
193,250 3.321x107> 2,138x107°
~187,000 2.039x107% 2.201x107"
-180,810 9.&98::10’l 1.587x10’3
-174%,600 3.567 8.672x10'5
-168,120 11.49 h.osaxlo'e
-162,180 30.83 1.380x107%
155,970  79.34%  4.833x107:
149,760 1.721x10° 1.291
-143,550 5.hh0x102 3.113



whether a thin protective f1lm of Crz0s(s) wae responeible for the observed
behavior. Watt, Cockett, and Hall(eo) also failed to detect a weight change
in 8 Cr=Cz sample that had been treated for 30 minutes in oxygen at 800°C.
However, they do report the formation of a green film of Crz0s(s) on the
carbide purface.

Quantitative welght change measurements on hot-pressed ssmples of
CrxCz At 900° and 1000°C are plotted in Figure 11(20) as (wt. gain/area)® vs
t+ime. The points are transcrlibed from a small and sparsely ruled graph.
The materisal used for the experiments contained 13% total carbon and 8L-86%
chromium, compared to theoreticel values of 13.3% snd 86.7% Cr. The specimens
had a density of 6.31 g/cc and a porosity of 5.4%. The experiment consisted
of heating the samples in a quartz tube, and passing dry air over them at a
rate of 5.3 cm/sec. Unfortunately, the suthore cobtained no information on
the important question of carbon loss as CO{g) or COz(g). Included in Figure
11 are the weight change curves for pure chromium metal under similar condi-
tions. The carblde 18 seen to show somewhat greater oxidation resistance than
the metal, possibly because of the lowered metal activity, possibly because of
a better adhesion of the oxide to the subetrate,

Above 1100°C, the oxidatlon resistance of CrxCz(s) is expected to
break down due to rupture of the Crz0x(s) £ilm by evolution of CO(g) and
C02(g). During the present contract, the oxidation of dense samples of
Cr302(25 was studied at temperastures between 1660° and 1900°K and oxygen
preasures of 4 to 9 Torr. Results were indeed very different from those at
the lower temperatures. A summary of the data obtalned is given in Table 9.
Column . gimply ldentifles the sample, column 2 gives the original weight of
the unoxidized pellet after heat treatment at 1870°K for a sufficient time to
remove permenent gas impurities; colums 3 and 4 give sBurface areas and
densities of the samples calculated from micrometer dimensions and weights;
colums 5 and 6 give the temperature of the pellet (assuming an emissivity of
0.6) and the oxygen partial pressure during the oxidation experiment; column T
gives the volume flow rate of the helium-oxygen mixture; columns 8, 9, and 10
give the net weight change of the pellet, weight of CO(g) evolved, mnd welght
of C0z(g) evolved after oxidation for the times listed in column 11, Column 12
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gives the total number of grams of carbon oxldized in each experiment,
caleulated from the memsured weights of CO(g) and COz2(g).

For pellet X-23, at 1662°K, if we assume that the only products
are CO{g), CO2(g) and Crz0x(s), then the net weight change is given by the
number of grams of oxygen picked up to form Crz0=(s) less the number of
grame of carbon lost as CO(g) or C0z=(g). From the data, we calculate, then,
that 0,0087 of chromium were consumed in experiment X-23. Thus, the chromium
to carbon welght ratloc in the product oxides is 3.3, compared to a ratio of
6.5 for the chromium to carbon ratio in CrzCz. Thus, carbon appears to be
oxidized preferentially in CrsCz at 1662°K at an oxygen pressure 8.9 Torr.
X-ray analysis of the oxidized surface revealed the presence of the lower
carbide Cr,Cs, as well a8 Crgz0s. Above 1770°K, the net weight loss ig very
much larger than the loss in weilght due to vaporization of CO(g) and COz(g).
Therefore, some chromium must obviously enter the vapor, probably as an oxide,
but possibly, to some extent, as the metal, which subsequently becomes
oxidized in the gas thase. The experimental CO/COz ratio in the product gas
gtream is very much smaller than the equilit.ium ratio over a Crz0x-CrsCa

mixture. Thie is probably due to oxidation of CO(g) in the vapor.

(h) Molybdenum Cerbide, MoC

Neilther thermodynamic data nor kinetic data are available for the
mongearbide of molybdenum, and insufficient data is availlable for calculation
of mctivities over the Moz(C phese., One might guess that the oxldation
behavior of MoC should be very much like that of WC.

(1) Tungsten Carbide, WC

Table 10 gives, in successive columns, the free energy of formation
of WU(E), the activity of W over carbon rich WC, the free energies of forma-
tion of CO(g),(j) COa(g),(s) and WOE(B),(QS) and the equilibrium pressures of
C0{g) and COz(g) for the interaction between WO»(s) and WC(s). Even at
temperatures as low as T00°C, it is clear that WOz(s) 1s not thermodynamically
stable in the presence of WC(g), and high pressures of CO(g) and C0=(g) are
expected at the alloy/oxide interface. The same conclusion obtains for WOx(s)
in contact with WC(s).
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TABLE 10

ACTIVITY OF W OVER WC-C AND THERMODYNAMIC DATA FQR WC-WO2

T,°K & we o e co ¥rc0e Fewoe  Poo Pcoz

1000 -8,700 1.260x102 -47,859 -94,628 -97,350 5.90L 19,72

1100 -8,660 1.910::10'”2 -49,962 -94,658 -93,250 33,25 99.54

1200 -8,620 2.701::10'2 -52,049 -94,681 -89,150 1.593x102 3.?58x102
1300 -8,580 3.620x107° ~54,126 -9%,701 -85,050 b, 666x10° 1.155::105
1400 -8,540 4.643x10™2 ~56,189 -94,716 -81,050 1.285::.105 2.904::105
1500 -8,500 5.79x10°° 58,241 -9k,728 -77,050 3.083x10° 6.456x10°
1600 -8, 460 7.006::10'2 -60,284% -94, 739 ~73,100 6.546:;105 1.282::101‘L
1700 -8,420 8.291::10‘2 -62,315 -gh,7h6 -69,150 1.270::10LL 2.535::10l+
1800 -8,380 9.627::10"2 -64,337 ~94,750 -65,250 2.259:{10lL 5.935::101‘
1900 -8,3h0 11.01::10’2 -66,349 -94,751 -61,400 3."(58:clolF 6.186x101+
2000 -8,300 12.11x1072 -68,353 -9L,752 ~57,600 5.909::10lL 9.162::101*
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Data on the oxidation of WC(s) were reported in the original paper
of Webb, Norton, and Wagner, (1) and are reproduced in Figure 1°2. ILinear
oxldation behavior was found at 700° and 1000°C. A comparison of the obgerved
weight changes with the measured carbon loss as CO(g) or COz(g) indicated
stoichiometric oxidation behavier (i.e. for every atom of carbon converted to
oxlde, an atom of tungsten was also converted). The principal tungsten oxide
formed seemed to be the yellow WOs(s). No evidence was found for the pregence
of W02(s), the principal oxide formed on pure tungsten in the seme tempersture
range. The rate of oxidation of the carbide is higher than that for the pure
metal under comparable conditions, due, perhaps, to rupture of a potentially
protective oxide f£1lm by evolution of CO{g) snd COz(g).

4. CONCLUSIONS

For the highest carbides of the metals of Groups IV-A, V-A, and VI-A of
the perlodic table, caleulations heve been mede of the preesures of carbon
monoxide and carbon dioxide over an equilibrium mixture of metal carbide and
the corresponding metal oxide. Table 11 summarizes the practical results. The
carbides consldered are listed In groups of three in columm 1 and their melting
points are tabulated In column 2. On the basis of melting polnt alone, one i=
Justified in considering all of the refractory carbides (except for CraCgz) for
applications up to 2500°C. ZrC is potentially useful up te at lemst 3000°C,
NbC and TaC up to 3500°C, and HEC up to at least 3800°C. In the presence of
oxygen, however, not a single one of the pure carbides holds any promise of dls-
playing oxidation reslstance above 2000°C., In fact, only ZrC and HfC have the
potential of sustaining a protective metal oxide film at temperatures above
1250°¢,

In column 3 of Table 11, the oxides which commonly form on the purface of
the pure metals at high temperatures are listed. If the same oxlides were to
form on the carbide surfaces, reaction beiween the oxlide and carbon in the
alloy substrate might result in the formation of CO(g) and COz{g) in sufficient
quantities to rupture the oxide film. On the assumption that equillbrium l1s
established in finite time at the cerblde/oxide interface, the pressures of
C0{g) and COz(g) to be expected at the phase boundary can be calculated from
known thermodynsmic data. In column 4, the temperstures ere listed at which
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TABLE 11

POTENTTALITY OF CARBIDRS FOR OXIDATION RESISTANCE

Most common oxide Maximum temperature
formed on the metal of stabllity of
Carblde Melting Point during oxidation oxlde on carblde,®C
IV-A
TiC 3140 T102 (rut) 1230
ZrC 3540 Zx0z 21730
REC L1160 HfO02 1730
V-A
Ve 2810 V20 1230
NbC ca. 3900 NbO2 830
TaC 3880 Taz0¢ 1030
VI-A
CrsCe 1890 Crz0s 1130
MoC - MoOg -
WC 2870 Wo= 750
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the sum of the pressures, Pco + PCOE’ for the oxide in column 3 in equilibrium
with the carbide of colum 1, become approximately equal to one atmosphere.
Above these temperatures an oxide film would be ruptured by evolution of CO(g)
snd C0z(g) and would therefore not serve as an effective diffusion barrier to
protect the carbide surface against rapid oxidation. If equilibrium is
established at the carbide/oxide intexrface, and the chances are good that it
w1ll be established rapidly particularly as the temperature of interest in-
creases, then the temperstures in column 4 are really maximum temperatures

at which the pure carbide can be used in oxygen-containing atmospheres. Thus,
it would be fruitless to try to improve the oxidation resistance of TiC at
2000°, for example, by improving the adhesion between Ti0a(s) and the substrate.
For ZrC, on the other hand, it might be worthwhile to learn to grow dense,
coherent, non-porous films of ZrOz, and to bond them 1n some way to alloy.
Such filme do not grow naturally on ZrC, but if they could be formed, they
should be thermodynamically stable to above 2000°C, and could meke it possible
4o use ZrC in oxidizing stmospheres for high temperature applicatlons.

The extent of reaction between oxide and carbide to form the voletile
oxidee of carbon defines an upper limit for the usefulness of carbides in
oxidizing atmospheres, provided of course, that phase boundary equilibrium is
established, If there 18 a kinetlc barrier to the attaimment of equilibrium
at the carbide/oxide interface, then the carbilde mey be stasble in oxygen at
higher temperetures than the ones given in column 4 of Table 11. Interaction
between oxide and cerbide might be slow, for example, if the metal-carbon or
metal-oxygen honds can be broken only with greai difficulty. Alternstively,

B plow reaction might be due to a Bteriec barrler at the interface to the forma-
tion of the activated complex intermediate between reactants and products.

While failure to reach equilibrium might force an upward revision of some
of the temperatures of maximum stability given in column 4, the more usual
situatlion is that, for a number of reascns, the carbildes will react repldly
with oxygen at temperatures below the listed cnes., The oxidation of TiC can
be described by a parabolic rate law up to 1000°C, but it has not been studied
above 1230°C where rupture of the rutile purface £ilm should occcur. Zrl
appears to oxidize mccording to a linear rate law at temperatures sbove 450°C.
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Thus, ZrC displays none of the oxidation resistance that would be predicted on
the basis of the thermodynamic stabllity of ZrO=(s)} over ZrC. The reason is
undoubtedly that the ZrOz(s) film which forme on the surface of ZrC 1s porous
and non-adherent. HfC, on the other hand, should be investigated in further
detail, since both the WNW criteria, and the preliminary experimental work
that was done in our laboratory suggest that a protective oxide film might be
formed up to high temperatures.

All of the Group V-A carbides oxidize more rapidly than the corresponding
pure metals, even at temperatures as low as 800°C. Thig again is probably due
more to the morphology of the oxide f£ilm than to the rupture of s potentimlly
protective film by gas evolution.

The oxidation behavior of the Group VI-A carbldes ie substantially as
predicted on thermodynamic grounds. CrxCz shows excellent oxidation resistance
up to at least 1000°C, and in fact, oxidizes somewhat less rapidly then pure
metalllie chromium. Above 1300°C, the green Crz0=(s8) no longer protects the
carbide surface from oxidetion, and CO(g) and CO=(g) are evolved in eubstantial
quantity. WC oxidizes l1inearly at T00°C and above, at a rate higher than that
for the pure metal.

From the point of view of understanding carbilde oxidation, further work
18 needed on CO{g) and CO2(g) evolution, as well as net weight change, in the
nelghborhood of the temperatures of meximum stability glven in Table 11. In
the tempersture range where parsbolic behavior is in evidence, oxldation studies
should be made on C'* enriched carbides to determine whether carbon dissolves
in the oxlde lattice during the course of oxidation, Better thermodynamic data
for the activity of metal and carbon across the homogeneity renge of the car-
bides of Interest would permit more accurate calculations snd predictions.

From the polnt of view of applicatlon, BfC i1s the only refractory hard
metal carbide that holds any promise in oxygen sbove 1400°C, where the steels
begin to fail. The other carbides would haeve to be protected with costings.
ZrC might be protected with ZrOz, if it could be applied satisfactorily, and
if the phase transition did not destroy 1te effectiveness. The other carbides
would have to be protected with oxides or mixtures of oxides of foreign
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elements; VC for example cannot be protected by V=03 at 1500°C, nc matter
what the morphology of the oxide is. Thus, from thermodynemic considerations,

&8 selection can be made of the useful directions for kinetic and coating
gtudies.
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KINETICS OF OXIDATION OF REFRACTORY METALS AND ALLOYS
AT 1000°-2000°C

SECTION IIT - OXIDATION OF MOLYBDENUM SILICIDES

1. INTRODUCTION

A sumary of the experimental work on the oxldatlon of molybdenum sili-
cides completed under the present contract and reported in ASD-TDR-62-20§(1)
and in our Quarterly Report No. 8(2) ig8 included in this section. Misprints
and errata that have been found in the latter report are corrected in this

one.

2. ISOTHEEMAL MEASUREMENTS OF EXTENT OF OXIDATION vs TIME

Curves of total oxygen consumption per unit initial sample surface area
at temperatures between 1500° and 2100°K are given for Mo=Si, MosSiz and
MoSlz in Figures 1, 2, and 3, respectively. The curves can be fitted approxi-
mately by an equation of the form:

Q=q1-e™)
where q 18 total oxygen consumption per unit area up to time %, and Qb and &
are temperature and composition dependent parameters. Values of Qb and ¢
calculated from the experimental data are given in Table 1 for each of the
molybdenum gilicides. The initial oxidation rate is given by (Qoa), gince for
short times %, Q =~ Qbat. The maximum oxygen plck-up after infinite time is
Qb' From the point of view of experimental measurement, the larger the value
of @, the more rapldly 1s the limiting rate approached.

For each of the sillcides, Qo decreases with increasing temperature
between 1300°* and 2000°K, and o increases, Thet is, the higher the temperature,
the more rapidly is & protective glass bullt up on the siliclde surface, and
the lower are both the net weight loss and the total oxygen consumed. Although
the final lipmiting ratee are as low for Mo=Si and for MosSis as for MoSiz at
the highest tempermtures the net extent of oxidation prior to formation of a
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TABLFE 1

EMPIRICAL EQUATION FOR THE OXIDATION OF MOLYBDENUM SILICIDES

Material

Mo=S1

MogSix

MoSig

T, °K

1349
1564
1856
1999

1406
1651
1885
2071

1303
1627

1917

Q=9 (1-e

Qx10°, g/ en®

10,000
4,340
2,740

5,000
1,740
370
348

584

118
39

T

ot

o, min™*t

0.009
0.036
0.085

0.009
0.106
0.043
0.30

0.019

0.159
0.54

Qbaxlos, g/em®-min

66
90
156
233

45
184
16
104

T+3
19
21



protective film is highest for Mo=Si, less by & fector of about six for
MogSix, and reduced by another factor of about six for MoSis.

Figure L} shows the oxidetion of MoSip at 2000°K, where the condensed
oxide is almost certainly & liquid. A protectlve oxide layer haes indeed
formed, but five times more oxide has been consumed prlor to the bend than
at 1627°K, and the protection does not last. A sudden incresse in oxida-
tion rate occurs after about 100 minutes, followed by the re-establishment of
a protective layer.

5. _PRESSURE DEPENDENCE OF OXIDATION RATE

At sufficiently low oxygen partisl pressures, a protective glass will
not be stable in contact with the melybdenum silicides due to vaporization
of 510(g) sccording to the reaction:

i Si(aSi) + 1 5102(s) = s10(g) (I1I-1)

where Bay is the setivity of silicon in the siliecide alloy. The importance
of resction (1) in the oxidation of silicon alloyswas polnted out by Wagner.(j)
Oxygen molecules striking a sillcide surface are expected to react rapidly,
particularly at high temperatures. Therefore, the oxygen pressure at the
alloy/gas interface, poz, willl be very much less than the oxygen pressure in
the bulk of the gas phase, paz. The rate of transport of oxygen towards the

gilicon surface, under the concentration gradient created by the reactlon, i1s:
| I -]
' =20y, » 02/502 RT

where DOg 18 the diffusion coefficient for oxygen molecules and 502 is the
effective thickness of the boundary layer for oxygen diffusion. A similar
equation obtains for the transport of Si0(g) away from the alloy into the
bulk gas. According to Wagner, & steady state will be established in which
the transport of oxygen towards the alloy as Oz(g) will exactly balance the
transport of oxygen away from the alloy surface as Si0{(g). Since the ratio

of 55 0 to B o can be expressed in texme of the corresponding gas phase

51 0
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d{ffusion coefficients, one finds a relationship between the S10(g) pressure
at the alloy-gas interface, Pgi0 and the bulk oxygen pressure, paaz

D i
810.2
e _ 1 ( E=V -
P02 - 2 (D02 ) PSio (III 2)

S10z2(s) can only form on a silicide surface if Pg;o 18 larger than the equili-
brium pressure Ps10(eq. ) for reaction (1) at the experimental temperature.
Equivalently, from equation (2), 5102(s) will be stable on & silicide surface
only at ambient oxygen pressures greater than %(DSiO/DOE)E Ps10(eq. )’ The
ratio of diffusion coefficients is approximetely 0.6L4. With a silicon activity
of unity at the alloy~gas interface, an ambient oxygen pressure of 4.6 mm
should be necessary for formation of an Si0z2(g) layer on the silicide surface
at 1400°C. At 1600°C, the calculated oxygen pressure needed for formation of
S102(8) 18 23 mm. If the silicon activity in the alloy is less than unity

(as 1t generally will be), then the theoretically required oxygen pressures
for formation of a protective glass wlll be lowered correspondingly.

In the course of the vresent study, an MoSiz(s) pellet was heated to
1683°C in a flowing stream of helium-oxygen at & total pressure of 760 Torr,
oxygen partial pressure of 1.6 Torr. Oxidation was linear over & peried of
an hour, and there was no evidence for formation of a glassy layer of SiOz(s)
on the silicide surface. The net observed weight loes during the experiment
was 0.0116 g, and the total oxygen consumed was 0.00867 g. If the correct

oxidation reaction were:

Mofiz(s) + g 02(g) —» MoOs(g) + 2 810(g)

then the ratio of net weight lose to total oxygen consumption would be 1.9.
The experimentally measured ratic is 1.3. The discrepancy is probably due to
oxidation of 510(g)} in the gas phase to Si0z(s), which condenses on cool walls

in the reaction chamber.

The sherp change in oxldation mechanism at low oxygen pressures was

(%)

corroborated by Perkins, et. al., in work on MoSis coated molybdenum.
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They failed to see a continuous glassy protective oxide at pressgures below
5 Torr.

4. METALIOGRAPHIC EXAMINATION OF OXIDE FIIMS

(a) MosSi

The surface of an Mo=51 sample prior to oxidation is shown in
Figure 5, and gives evidence for the presence of & second phase, probably the
a-s801id solution of silicon in molybdenum. Figures 6 and 7 show polished
cross-gsectione of the same sample after oxidation at 1564°K at an oxygen par-
tial pressure of 9 Torr for 115 minuteg. In Figure 6a, the second phase is
8till plainly visible in both substrate and the oxide. The growth of the
oxide around the second phase inclusions is clearly seen in Figure 6. This
configuration could hardly have been observed unless the oxide grows, at
least in part, by diffusion of oxygen inward from the atmosphere towards the
oxide-alloy interface. Thus, the C~phase appears to have served as an inert

marker during the course of the experiment.

After oxidaetion, the MosSi pellet was covered with a flaky white
oxide, vhich constituted the bulk of the product. However, the outer scale
was not adherent, and much of it was lost during the preparation of the sample
for microscople examinetion. In Figure Ta, an attempt is made to focus on a
portion of the outermost scale separated by & crack from a more adherent oxide.
Figure Tc focuses on the subscale once more &snd indicates the uniform thickness
that was obtained over most of the surface of the sample. The clear abrupt
break in the oxide layer has not been explalned. Figures Tb and 74, at higher
magnification, show the morphology of the subscale -- areas cof columnar growth
interspersed among apparently amorphous areas. Figure Te shows a portion of
the oxide that has grown into the substrate to a considerable extent.

In Figure 8 photomicrographs of cross-sectiong of MosSi oxldized at
1856°K are shown. A smooth outer oxide, and an inner colunmar one are visible
in Figures 8a end 8b. In Figures 8c and 8d, regions of amorphous oxide that
have grown around second phase incluslions in the alloy are shown in addition

to the smooth and columnar reglons.
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FIGURE III-5 Mo3Si , AS POLISHED, 90X
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FIGURE II- 6 CROSS - SECTIONS OF Mossi OXIDIZED AT (564°K
(400X)
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c. 750X

FIGURE IIT - 7

b. 400X
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e. 750X

CROSS-SECTI%{:IS OF Mo, Si OXIDIZED AT 1564 °K
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Tae X-ray patterns of the sample surface after degassing at 1600°C
showed lines for molybdenum. After oxldation, the semples exposed at 1349°
and 1564°K showed the strongest lines of 510z &8s well as those of Mo, while
the sample exposed at 1856°K showed only the lines for Mo. The faillure to
observe 8i0z in X-ray at the highest temperature is undoubtedly due to the
glassy nature of the film, rather than to the absence of silica,

(b) MosSis

A metallographle examination was made of the MogSiz sample oxidized
at 1651°K, oxygen pressure of 8.5 Torr. Figure 9a 18 a view of the sample
immediately after sectioning, and before polishing. A thick outer scale and
a dense coherent inner one are visible. It is evident that oxidation has been
most extenslve at the edge of the sample pellet; en originally sharp edge is
plainly rounded after reaction. Flgure 9b shows the opposite corner, after
polishing, at higher magnification. The inner and outer sceles are now brought
out sherply. The bright layer immedistely mdjacent to the alloy surface 1s
probably not & separeste oxlde phase, but belongs to the inner oxide layer. In
Figure 9, ¢ and d, both oxide layers can again be seen, and the uniform thick-
nees of the Inner scale is striking. The second phase inclusions seem to
oxidize at the same rate as the bulk of the semple. It 1s interesting to note
that oxide does not appear to have grown down into all of the cracks in the
specimen, even those that intersect the surface.

Photomicrographs of MosSis, oxidized at 1885°K are reproduced in
Figure 10. Here there appears to be an outer granular oxide, and a layer of
smooth oxide growing into the alloy. Filgure 10a, particularly interesting,
shows the growth of smooth oxide into a crack to a depth identical to that in

the surrounding asound alloy.

X-ray anelysis of the samples after degassing showed the lines for
MozSi. After oxidation at 1651°K, a dark glassy layer covered the sample
surface, and X-ray lines for Si0z and Mo were picked up. At 1885°K, a dark
grey glassy layer again covered the surface, and the strongest X-ray lines
for Mo, Moz51, and Si0z were found.
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c. 170X d. 170X

FIGURE III- 9 CROSS - SECTIONS OF Mo5 Si3 OXIDIZED AT 165I°K
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FIG -
URE IIT - I10 CROSS-SECTIONS OF Mo,Si, OXIDIZED

AT 1885 °K
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(¢) MoSio

Metallographic examination of the MoSir sample oxidized at 1627°K
failed to reveal any oxlde layer, although the surface of the sample was glassy
in appearance, and gave X-ray lines for 510z, as well as MoSis and MosSla.
Cross~sections of the oxidized spamples are ghown in Flgure 11. The apparent
surface layer does not look like an oxide, and may be a silicon deficient
region that develops during degassing. Cracks that seem to intersect the
surface show no evidence of having been filled 1n with oxide.

In Figure 12, photomlcrographs of MoSiz oxidized at 1981°K are
shown. In thig cage, the rate of supply of oxygen wae smalier than the
reaction rete in the early stages of exposure, and therefore the extent of
oxidation prior to formation of a dAlffusion berrier was higher than usual
for this temperature. Reglons of amooth oxide and regions of selloy inter-
spersed with oxlde grains are seen in both 12a and 12b. In 12b, smooth oxide
is seen to partiaslly fill cracks in several places.
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a. 170X

b. 170X

FIGURE III — Il CROSS—SECTIONS OF MoSi2 OXIDIZED

AT 1627 °K
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KINRTICS OF OXIDATION OF REFRACTORY METALS AND ALLOYS
AT 1000°-2000°C

SECTION IV - OXIDATION OF MISCELLANEOUS MATERTIALS

1. TUNGSTEN SILICIDES

(a) WgSis

Curves of oxygen consumption ve time for WsBiz at temperatures of
1635°, 1763°, 1871°, and 2001°K are shown in Figures 1-5. At 1635°K, the
degree of oxldation was greatest and formation of a protective glasa was not
apparent. However, since the rate of oxidation did fall from 22.6 x 10™S
g/min-cm® after 60 minutes to 12.1 x 10™° g/min-cm® after 120 minutes, a
diffusion barrier might be bullt up in longer exposure times. In Flgures 2-5
the oxidation behavior is seen to be approximstely independent of temperature.
The limiting oxygen pick-up is 4.3 : 0.9 g/cmg in the plateau region. The
pattern, familiar from the work on molybdenum silicides, of rapld initial
oxidation rate that levels off to an imperceptible value after 40-60 minutes
is in evidence, The rates In the final stages are below the limit of detecta-
bi1lity of the thermal conductivity method, or less than 107% g/min.

(b) Wsiz

The oxidation behavior of WSi-z was studied at 1693°, 1793°, 1902°,
and 2030°K with the results shown in Figures 6-9. At the three lower tem-
peratures, curves of the customary form, indicative of protective oxidation,
are obtalned. Final rates of oxidation were once again too small to be
measured. The 1llmiting total oxygen plck-up is 1.1 t 0.5 g/cm?. In general,
net welght losses and total oxygen consumed were somewhat less for WSiz than
for WsSis. At 2030°K, the integrated curve of Figure 9 does not show a
platesu region. The thermal conductivity curve of oxidation rate v8 time at
2030°K clearly shows that the rate of oxidation is initially high, drops
rapidly and fluctuates randomly sbout & low average value. The increases and
decreases of oxdidation rate in thias region may be correlated with a rupture

of the glassy film due to evolution of S10(g), and subsequent repair or
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FIGURE IIf -9 OXIDATION OFfF WSi2 {(X1-23) AT 2030 °K
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gelf-healing. Small brown mushroom-like projections on the surface of the

glass after oxidation provide further evidence for this type of mechanism.

(¢) Comparison between Molybdenum and Tungsten Silicides

Between 1700° and 2000°K rates of oxygen consumption after one
hour's exposure are lower for both WsSis and WSiz than for MoSis, the most
oxidation resistant molybdenum siliclde. Net weight changes on oxidation,
however, are higher for the tungsten compounds than for MoSlz under comparable

(1,2) guggestea that WSis 1s

conditions. Previous weight change measurements
inferior in 1ts oxldation resistance to MoSis. In point of fact, the tungsten
compounds are &8 good or superior to the molybdenum compounds, and the higher
weight chenges for WSiz and WsSis reflect the higher molecular weight of W

and the higher density of the tungsten silicides.

X-ray lines for Si0z(s) were detected after oxidation of all of the
tungsten siliclde samples, but were picked up only occcasionally for molybdenum
s8ilicide samples, when & protective oxide had formed during exposure. The
barrier oxide may therefore be more erystalline over WsSis and WSip than over
MoBis., For MoSiz, total oxidation decreases markedly with increasing
temperature, below the melting point of silica. For the tungsten silicides,

the temperature dependence 1s not pronounced.

2. TANTALUM BERYLLIDE, TasBejs

(3)

and a single meagurement of oxygen consumption ve time wes made st & temperature

of 1664°K (assuming an emissivity of 0.6), and an oxygen partial pressure of

A pellet of TezBeir was kindly supplied by the Brush Beryllium Co.,

8.4 Torr. Results are plotted as oxygen consumption vs time in Figure 10, and
ag oxygen consumption vs the square root of time in Figure 11. It is clear
that the rate of oxidetion does decrease with time, and that therefore a pro-
tectlve oxide 18 probebly developing on the beryllide surface as reaction
proceeds. However, there 18 insufficient data to determine definitely whether
oxidation becomes diffusion controlled once a sufficiently thick layer of
80lid oxide has been bullt up, or whether a rate law slower than the parabolic
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might f£it the data over s longer period of time., Because of the limited
facilities for handling beryllium compounds in this laboratory, no attempt
was made to characterize the oxide film by X-ray or metallographic examina-
tion. Although the observed total oxygen consumption of 0.0365 g in a period
of 186 minutes, for a solid sample with original weight of 0.9617 g, is
conglderably higher than that observed for MoSiz under comparable condltions,
nonetheless, the protectlve nature of the oxldation process makes Ta-Beiz

a promising material for further study.
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