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T'OREWORD

This report vwas prepared by the Research Laboratories of Westinghouse Electric
Corporation under USAF Contract No. AF 33(616)-5770. The contract was initiated
under Project Mo. 7351, "Metallic Materials", Task No. 73512, “"Refractory Materials.™
The work was administered under the direction of the Materials Central, Directorate
of Advanced Systems Technology, Wright Air Development Division, with Lt. W. E. Smith
acting ds project engineer.

This report covers wofk conducted from August 1959 to December 1960.

The authors are indebted to Dr. R. J. Ruka for his help in x-ray diffraction
techniques. We are also grateful to I. Spitzberg for his assistance in making the
x-ray diffracticn measurements and in determining the oxidation rates of tungsten
at high temperatures.



ABSTRACT

This paper describes the results of studies related to the oxidation of tungsten
and its alloys.

The pressure of WO3 polymers over W0, was measured in a tungsten Knudsen cell
and found to agree with measurements in a platinum cell. Literature data for WO»
and W0, were combined with vapor pressures determined in this project to give
thennogynamic values for W)gOyg and WppOsg.

Tungsten oxidation rates have been measured from 800° 1700°C and in pressures
of oxygen between 2 x 10~1 and 10-2 atmospheres. The effects of oxygen pressure
indicate that the rate may be governed by oxygen dissociating to atoms at the reacting
surface. The oxidation rate is demonstrated to be independent of the oxide evapor-
ation rate. All of the evidence indicates that if an oxide barrier layer is present
at temperabtures above 800°C it must be very thin.

Studies on the oxidation of tantalum-tungsten alloys between 800° and 1200°C
indicate that the 50-50 alloy has the greatest oxidation resistance, oxidizing at a
rate as much as 10 times slower than tungsten alone.

PUBLICATION REVIEW
Tnis report has been reviewed and is approved.
FOR THE COMMANDER

I. PERIMUTTER
Chief, Physical Metallurgy Branch

Metals and Ceramics Laboratoury
Directa ate of Materials and Processes
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OXIDATION OF TUNGSTEN AND TUNGSTEN BASED ALLOYS

GENERAL INTRODUCTION

This report covers the results obtained during the past year on studies of the
oxidation of tungsten and tungsten alloys. A previous report+, WADC Technical Report
59-575, describes the work which was carried out during the first 18 months of the
project. The earlier study included: 1) Measurements of oxidation rates on pure
tungsten from 500 to 1300°C in oxygen pressures 10°1 to 10-3 atmosphercs. 2) Phase
diagram studies and vapor pressure measurements over the tungsten oxides. 3) X-ray
diffraction analysis of the oxide films. It was concluded that, a) oxidation is
diffusion controlled below 600°C, b) from 650 to 950°C the sample is covered with a
thin protective layer undernesth a cracked thicker oxide, c) above 1200°C and below
10-1 atmospheres the oxide vaporizes ac fast as it is formed, d) the four tungsten
oxides vaporize as polymers of WOs, e) the four oxides are WOz, W. 0058, W180)g, and
Vi0p, all with narrow homogeneity ranpes of about .04 oxygen a%oms?tungstcn atom at
1300°C, f) most of the oxide formed during oxidation is WO3.

During the past year the research on oxidation of tungsten and its alloys has
been continued by 1) measuring vapor pressure over WOo and mixcd oxides of tungsten
with hafnium and tantalum, 2) calculation of thermal properties of W180), and Wop0s8
from 298 to 1800°K, 3) mcasurement of oxidation rates of tungsten to 170800 and of
tungsten-tantalum alloys to 1200°C, 4) further study of the effects of oxygen pres-
sure and vaporization rate on the oxidation of tungsten, 5) x-ray and metallographic
studies of the oxide film.

Manuscript released by the authors Decenber 1960, for publication as a WADC Technical
Report.

WADC TR 59-575 Pt. II i



SECTION I. VAPOR PRESSURES AND THERMODYNAMICS OF
TUNGSTEN OXIDES AND MIXED OXIDES OF TUNGSTEN

INTRODUCTION

A necessary constituent of any study involving oxidation is a thorough knowledge
of the physical end chemical characteristics of the oxides. With this in mind, we
have measured the vapor pressures of the four oxides of tungsten and their phase
limits. This study reports: 1) additional data for the vapor over WO,, 2) an
examination of factors involved in establishing equilibrium between gas and solid,

3) thermodynamic values for the tungsten oxides, 4) research into the mixed oxides
of tungsten. i

The vapor pressures over WO; given in WADC-TR-59-575 were in fairly good agrce-
ment wilh those ob" »ined by previous authors, namely, Uen02, Berkowitz et al3, and
Blackburn et alt. However, there was some discrepancy among these data for the heat
and entropy of vaporization. Some of this discrepancy could be attributed to uncer-
tainties in the slope and intercept of the Van'ti Hocff curves at the 95% level. The
data obtained in the Technical Report was over a much broader temperature range than
the preceding work, leading to a pgreater level of confidence in the two thermodynamic
factors.. One source of error which was not considered is the presence of gas species
other than W 09. This occurrence would lead to changes in both entropy and heat of
vaporization, since the relative amounts of the other species change with temperature.
This effect is examined in ‘the present report.

Of the remaining tungsten oxides, i.e. WpgOsgg, W180L9, and WOp, only the vapox
pressure over WOo has been previously studied. In that research, by Blackburn, Hogh,
and Johnston, the heat and entropy of vaporization were inconsistent with the avail-
cble thermal data for WO, and W03. However, the vapor pressures over WOo given in
the WADC report were generally in accord with the appropriate themmal values. Since
these latter data vere obtained using a platinum Knudsen cell, there existed the
possibility Lhal equilibriuwm had not been attained inside the cell. For this reason
a tunpsten Knudsen cell is used in this study.

Until recently there has been some question about the compositicn of the stable
oxide phases of tungsten, as well as uncertainty about the thermodynamic data for
these oxides.

Cou}hlin‘3 has calculated thermal values for WOp, Wy03j7, and WO3 from estimated
heat content data, from heat of formation of WO3 found by Huff et aié, and from
reduction equilibria published by WBhler et al7 and by Shibata®. Since the phase
desipnated by Coughlin as W),017 is generally accepted by crystallographers? as w180h9,
new values for this phase can be calculated. A thorough study of WOo and WOz has
just been published by King, Weller and ChristensenlO®., This study includes iow tem-
perature heat capacity and high temperature heat content data for these two oxides.
Furthermore, there have been two recent reduction equilibria studies by Vasil'eva

et al'l and vy Griffis!2. This work includes values for WpgOsg which were missing
in the earlier research. Mahl3 has determined the heat of formation of both WO,

WADC TR %9-575 Pt. II 2



and woé and Beardlh has measurcd the enthalpy, heat capacity, and entropy of WO3
from O° to 1000°C. The entropy of wo3 at 2980K was calculated from low temperatire
heat capacity data measured by Seltz &t all>. No entrcpy data are available for
W18049 and W20058. King's data, when combined with the vapor pressurc measurements
in this research, permit calculation of more accurate thermal values for Wyg80)9 and
W20058 than has formerly becn pcssible. The values given in our last WADC report
were based on earlier, less complete data.

The possibility of finding alloys of tungsten with better oxidation resistance
than tungsten itself is another objective of this project. With this in mind, we
have attempted to find allcying additions in which the metal and its oxides would
satisfy some of the following conditions: 1) low vapor pressure compared to WO3,
2) high melting point, 3) formation of a stable mixed oxide with WO, and a conSe-
quent lowering of the W30g vapor pressure, U4) formation by the mixed oxide of a
coherent adhesive film on the underlying alloy.

The third condition is tested by determining w;Oq pressurc as a function of the
concentration of the added constituent. This procedure leads to the discovery of the
composition of the mixed oxides as well as to their cffect on the W30g pressure. 1In
most cases information about vapor pressures of the metal and its oxide, and about
corresponding melting points are available in the literature. The last condition,
formation of a protection oxide layer, is found by studying the oxidation of the
alloys. Further discussion of this problem is reserved for another scction of this
report.

APPARATUS

The apparatus used for this study is esscntially the samec as that described in
Section I WADC Technical Report 59-575. It is formed of a vacuum system constructed
of Pyrex tubing and metal Alpert valves. The furnace, which was scaled to the bal-
ance scction, consisted of a mullite tube heated by radiation from a thick walled
molybdenum susccptor. The susceptor was enclosed in a separately pumped vacuum
Jjacket to prevent it from oxidizing while it was being heated by a controlled induc-
tion furnacec. A susceptor wall thickness of 0.7 cm was necessary to successfully
shield the sample inside the furnace tube from the magnetic field within the induction
coil.

The molybdenum furnace has rccently becn replaced with a new vacuum furnacc
shown in Figure 1.  In this system the induction coil is inside a water cooled brass
shell which is pumped through a liquid nitrogen trap by a 720 l.oil diffusion pump.
The susceptor is made of tungsten in order to perform experiments at higher tempera-
tures. The principal limitation on temperature is the availability of gas tight
refractory ceramics. Alumina may be uscd to 1900° while stabilized zirconia is
useful to 2200°C. Counter balanced airplane cable is used for the furnace suspension,
permitting ready replaccment of induction coil, susceptor and furnace tube.

Weight changes of the Knudsen cells were measured by a quartz spring balancc

scaled inside the vacuum system. Springs with sensitivitics of 14 and 41 pg/lO
were used.

WADC TR 59-575 Pt. II 3
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Knudsen cells were econsiructed orf 3 mil platinum and 5 mil tungsten sheet. The

latter was used for WOp measurements while all other runs were made in platinum cells.

SAMPLE MATERIAL

Tungsten trioxide was obtained by dehydrating tungstic acid at 800° in air.
The impurities in weight per cent as detemnined by spectroscopic analysis were: Al,
ORG02; ©d, 950085 Co, 0.008; Cr, 0,005 Fa, 0.0065 Eiy OO0 W) ©0038; 5, |0.008;
Sr, 0.002; Ti, 0.020; V, 0.020; Zn, 0.004. Tungsten dioxide was made by mixing tri-
oxide and metal and heating in a sealed platinum bomb at 1500°C for 1/2 hour.
X-ray analysis of this material indicated weak lines for wlgou as well as WOp lines.

The oxygen-tungsten ratio was found to be 1.96 from chemical anhalysis. The impurities

in the tungsten were: Ca, 0.001; Cu, 0.004; Fe, 0.002; Si, 0.001; Mo, 0.00k; Nb,
0.010; Zr, 0.040. Mixed oxides were made by mechanically combining W03 and the
second oxide in an agate mortar. The mixture was then rcacted in a sealed platinum
containzr for 1/2 hour at 1500°C. These materials were used: TapO5, 99 .9+4%; Ti0,,
99.9%; and HfO,,, 96.4%. The latter compound had the following percentages of impur-
ities: Al, 0.040; B, 0.001; Cr, 0.006; Fe, 0.200; Mg, 0.030; Mn, 0.00k; Ni, 0.002;
P, ©.002% S1, 0.1160% T .0.60x ¥, 0.002;" snd Zr0,, 1.800.

PRCCEDURE

A weighed Knudsen cell was filled with oxide powder, re-weighed, and suspended
from a spring balance inside the evacuated system. The change in spring extension
as a function ol time at constant temperature was recorded. A traveling microscope
was used Lo measure spring extension and length was converted to weight change by
using a calibration curve for the spring. The orifice area was found by taking a
photomicrosraph of the orifice and measuring the area of the magnified hole with o
planimeter, then reducing to the original areca with the appropriate magnification
factor. This proecedure was necessary in the case of the tngsten sample because of
the irrepular hole which was drilled in the cell. These arcas were also corrected
for the Clausing factor due to hole thickness and thermal expansion of the metal.

1

g i : .
Pressures vere calculated from the rate of pgas effusion, FYY using the formula,

& it 21RT
b TRy (1)

where m is the weight of the elffused gas in time t {from an orifice of corrected area
A, R is the gas constant, T the absolute temperature, and M the molceular welght of
the Fes specldas.

The terberature was meéasured with a platirum vs platinum 10%-rhodium thermo-
couple enclused in the bBottom ¢f the molybdenum susceptor. The therocouple was
calibrated as a function ct temperature and dislance from the bottom of the tube,
and was standardized apainst u second thermocouple inseried into the ullite tube.
The calibration curve was then uSed Lo computeé the temperature of the rin. 8ince

WADC TR 59-575 Pt. 11



the sample temperature changed as the cell moved inside the furnace tube, it was
necessary to correct the pressures to a single temperature. This was done by use

of' the foilowing forrmla
- . nm  JemRt (. a (TaV—TQ (2)
& ¥ . T

where

log P=—=—+B8B (3)

T is the temperature of the sample, and Ty, is the average temperature for the
complete measurement.

RESULTS

1. Vepor Pressures over Tungsten Oxides

The vepor pressiures over WO, measured with a tungsten Knudsen cell, are given
in Table 1. These values were calculated assuming that the gas phase was all W3O9.
In fact, this is not the case, for there are significant amounts of polymers of WO
over WOp in this temperature range as will be discussed in more detail later. The
vapor pressures determined with a tungsten cell are 26% lower than those measured
/ith a platinum cell.

TABLE 1
W3O9 Pressure over WO2 in a Tungsten Knudsen Cell
Temperature Time Weight Loss Effective Area® W.0_. Pressuye Atm.

O Sec. Le em@ x 103 39 x 10
1526 3532 4969 5.63 8.35
1567 1535 6160 5.64 2h.2
1586 2039 13973 5.6h 41.5
1604 641 8206 5.64 .7
1624 358 8217 5.6k 140
1630 155 5166 5.6k 204
1663 15k 11203 5.6k %)
1664 128 9560 5.6 460
1669 57 11634 5.65 1270

aArea of Knudsen cell multiplied by Clausing factor and corrected for thermal
expansion.

WADC TR 59-575 Pt. II 6



Table 2 lists estimated amounts of the gas spceies over W02 and WO3 at 150600.

TABLE 2
Estimated Percentages of Gas Species over WO2 and W03 at 1506OK
Gas Species % Over WO, % Over W03

wo3 3ol 0.0095
W 0¢ 13 k.1
W.0 8l 6C

3% 2
w,l_o12 0.16 27

J D
wsols 0.037 0.21

These fipures were derived by assuming the following values for the heat and
entropy of sublimation of WO, to the given species.

3

TABLE 3
Estimated Heat and Entropy of Sublimation of W03 to the Given Gas Species
AI11.500 A‘5'1500
Gas Spceies kcal/mole of gas kcal/mole of gas

w03 115 ho

w206 120 56

W.0 121 6

3% 83

Whol2 151 1

- 6

Ub.ol5 167 82

The heats of vaporization to Wy01o and w5015 wvere taken from Berkowitz et al.3
The entropies of vaporization to tetramer and pentamer wcre determined from the
ratios of these speeies to W309 at 1492°K as given by Berkowitz ct alG while the
entropies for the first two speeies are cstimatecs by Aekermann et alll, fThe heat
for W05 was based on the assumption that its pressure is 5% of the trimer at 1492°K.
(Berkowitz estimates that both monomer and dimer are less than 5% of the trimer.)
The heat of vaporization of the monomer was based on the supposition thai the heat
of dissociation of dimer to monomer is 110 kcal/mole. In an analogous system,
Blackburn et al found the heat of dissociation of Mo30g (g) to 3 MoO3 (g) to be
220 kcal.

The equilibrium constant at a given temperature for the various species in
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equilibrium with WO (s) may be celculated from Table 3. ‘The ratios of these species
cver V0o is then ca%culated from the total pressure over VO,.

In WADC Technical Report 59-575, the heat and entropy of vaporization of WO, to
W30g were given as AH = 123.6 Xk kcal fmole of W30g and AS = 65.5 e.u. /mole of W30g.
These values were derived from the slope of the log P vs l/T curve without correcting

for the presence of other species. The corrected heat and entropy of vaporization
of WO3 to W3O9 are

OH

121.3 # 1.9 keal/mole of W30
and .

= 63.2 e.u./mole of W0q

It should be pointed out that only thermodynamic values for the trimer and tetramer
have been measured. Hence the correction to the slope of the Van't Hoff plot as well
as the percentages in Table 2, are necessarily tentative.

A least squares fit of the values obtained using a platinum cell in Technical
Report 59-575 gives for the reaction

9/2H0, (8) ——= 0 (g) + 3/2W (s) (%)
AH = 151.3 # 6.4 keal/mole of Wy0q
and
= 76.3 e.u./mole of W30g

while the values given in Table 1 give for reaction (4) using a tungsten cell

= 152.8 + 8.9 kcal/mole of W0g

and

= 76.6 e.u./mole of W30g

wvhere the spread in AH is calculated at the 95% confidence level. The data obtained
with the tungsten cell are about 9% greater than that calculated from free energies
derived by King et all® for WO, and WO (See Tables 4 and 5). The heat and entropy
of vaporization for reaction ( ) may be calculated from King's data and the heat and
entropy of vaporization of WO3 That is

Aﬂaﬁoocal ASléOOcal

5/2 WO, (§) —=3 W03 (s) + 3/2 W (s) 27,600 9.9
3 W, (8) — W50q (g) 123,600 65.5
9/2 W0, (8) ——= W30g (g) + 3/2 W (s) 151,200 75.4
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This excellent agreement for the heat and entropy msy be compared to those
given by Blackburn et 21" for the same reaction in a platinum cell. Blackburn found
AH = 90.2 keal and OS = 40.5 e.u. frole of Wy0q. The data from this research is
plotted in Tigure 2 along with Blackburn's gaza. It is believed that the principal
reason for the large discrepancy ln these two sets of data is the fact that Blackburn
et al atterpted to measure the disproportionation of WO, at temperatures where
equilibriun in the solid phase is not readily attained. Measurements of vapor pres-
sure as & functicn of oxide composition have shown that the solid phase does not
approach equilibrium below 1200°C at a rate equal to or greater than the effusion
rate of W20q (g) from the Knudsen cell. TFigure 3 shows data obtained at 1150°C.

The dasheé gine shows the expected curves as determined at higher temperatures. The
lack of agrcement indicates a failure to attain equilibrium. The gas phase presents
no difficulties since the pressure measured over W03 by both Langmuir snd Knudsen
metheds are in excellent agreement at 900°C. (See WADC TR 59-575.)

It was sugpested in the preceding report that the failure to reach equilibrium
at lover temperatures was due to a diffusion controlled reaction. However, diffusion
control occurs only if the heat of diffusion is greater than the heat of vaporization.
Such a condition is not involved here, because equilibrium is attained at higher, not
lover termperaturcs. Hence, the activated process controlling the reaction at low
temperatures must operate at greater sneed than the effusion rate gt high temperatures,
and at a lover rate than the anticipated effusion rate at low temperatures. This sit-
uation requires the activated process to have a heat of activation in excess of 152 kcal
(the heat of disproportionation of W0p (s) to W + W Og () ). In terms of other pro-
cesses vhich have been studied, such as surface diffusion, adsorption, desorption,
this is an unusually high value for a heat of activation. Heats of diffusion usually
fall between 10 and 80 keal. The parzbolic oxidation of tungsten, which appears to
occur initially at lower temperatures, yields a heat of diffusion between 30 and 60
kcal/mo]c ol oxygen. Since this reaction reguires 1 1/2 moles of oxygen for the
formation of w309 from WO,, i.e.

M0, (s) + 3/2 0, (g)—>U 04 (&) (5)

the heat of activation should be belween 45 and 90 kcai. Another possible explan-
ation is nucleaticn and growth of the other phases. Very little research has been
done on this process, so the limits of the heats of activation are not known.

Although the values for the W3O (g) pressure resulting from disproportionation
of ngﬁug and W20058 to W309 (g) end” the next lover oxide vere given in WADC TR 59-579,
thermedynamic values were not given. Since these will be used to calculate free
encrgiecs of formmation for the tungsten oxides, the values are pgiven below.

For %3- V18049 (s)—->w309 (g) + % Vo, (s) (6)

OH = 122.0 + 2.9 kecal/mole of W30q

and

2

= 59.6 e.u./mole of W30q
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AH

128.3 + 9.8 keal/mole of W0q

and

LS

]

66.5 e.u./mole of W30

where the uneertainty in the heat of vaporization is at the 95% confidence level.

2. Thermodynamies

King et 2110 have measured the low temperature heat eapacity and high temperature
heat eontent for WOp and W03. They have tabulated these two functions in the range
where each was measured as well as the entropy at 238.15 and at high temperatures.
These authors have also ealeulated the heat and free energy of formation for WO3 and
W0o. Their values are presented in Tables U4 and 5.

TABLE &
Heat and Free Energy of Formation of Wo3lo
Temperature ~-AH ~AF°
°k keal/mole of W04 kcal/mole of WO 5

298.15 201.45 182.65
400 201.25 1762
500 200.9 il o o)
(00 200.45 163.85
700 200.0 157.75
800 1818: 5 1585
900 199.0 145.85
1000 198.5 139.95
1650 . 198.25 137.05
1050 197.85 137.05
1100 197.65 134.15
1200 197.15 128.4
1300 . 386. 7 122.65
1400 196.25 1740
1500 195.75 10 35
1600 195.25 105.75
1700 194.75 100,48
1745 194.55 97.65
1745 177.0 97.65
1800 176.35 95.15
1900 175.25 90.65
2000 17h.2 86.25
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TABLE

Heat and Free Energy of Formation of w021°
Tcmpgraturc ~AI1 N
K keal /mole of Wo,, keal/mole of Wo,,

298.15 140.95 127.6
400 140.8 123.05
500 140.6 118.65
600 1h0. 3 114,30
700 139.95 110.0
8n0 139.6 105.75
900 139.2 101.55
1000 138.85 97.35
1100 138.45 93.25
1200 138.05 89.15
1300 137.65 85.05
1400 137.25 81.05
1500 136.8 . 77.05
1600 136.3 73.1
1700 1857 69.15
1800 135.0 65.25
1900 134.25 61 .k
2000 133.4 57.6

The values given in Tables I and 5 when combined with the vapor pressures over
the four oxides may be used to caleculate thermal values for the two intermediate
oxides, w130“9 and ”20058- The following equations were used for w180h9’

AH16OOcal ASlGOOc.u.
3)7% W30q () + fg WO, (8) —» 1_18 W18049 (s) -29, 760 -15.21
il 3
%% W (s) + i% 0p (g)-——>-%% Wo5 (s) 141,010 -40.10
13 4 1
= o3 (s) —»—Sﬁ 509 (8) +29,760 +15.70
1% W (s) + f% oé (g)—» i% Wop (s) -37,860 -10.97
)
W (s) + é% On (&) ~=p i% W18049 (s) -178,870 -50.88

In calculating the heats of vaporization for the two inteimediate oxides it was
assuned that the value found for WO, would yield quaqtitics with better internal con-
sistancy than those found experimentally (Equations 6 and 7). The spread for each of

WADC TR 59-575 Pt. II 13
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these heats determined at the 95% level includes the heat for ¥W03. Thus it is not
possible to eliminate the supposition that they all are equal. If the heats of
vaporization of W03, WpoOsg and W8049 are equal, it follows that the heats of for-
mation of the two intermediate oxides are a linear function of their oxygen concen-
tration. The entropy for vaporization of V18049 and w20058 wvas calculated by least
squares givirg the value used at 1600°K. Since the heat &f formation at 1600° is a
linear function of the oxygen concentretion, the same procedure may be used at 298.15
where the values are again determined from Tables I and 5. An average heat capacity

term ACp was found by dividing the difference in these two heats by the temperature
interval.. That 1s

600 T Allgg

ACp = ~{1600-298) (®)

The heat of formation then is

Ll = OH + ACST (9)

wvhere AH 15
(o}

JANG|

08 ~ 2981C

! (10)

The free energy of formation is

AF = AHO + AC T - TAS

7 208 ~ TACP 1n T/298 ()

wvhere AS298 is found by calculating AF at 1600 from Ay 600 @nd ASy¢ng. The free
encrgy equation for

W (s) + 2 0, (6) —= 5 wigong () (12)

AF = - 185,960 + 87.99 T - 10.20 T log T (13)

The thermal values for the formution of w180h9 are given in Table 6.
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TABLE 6

Heat and Free Energy of Formation of 1/18 W g0)g

Tempgrature -AH -OF°
K keal /mole of 1/18 W1g0)q keal/mole of 1/18 W1g0yg

298.15 184 .650 167.25
100 184 .20 161.40
500 183.75 155.70
600 183.30 150.15
700 182.85 Ly, 7O
800 182.40 139.25
900 181.95 133.80
1000 181.55 128.55
1100 181.10 123.30
1200 180.65 118.05
1300 180.20 112.85
1400 179.75 e 1% o]
1500 179.30 102.55
1600 178.85 : 97.45
1700 178.4%0 92.h0
1800 178.00 87.30

Using the same procedure for VpnOgg the following reactions are needed:

AH16OOC8..1 ASlGOOe.u.

16 1 ALy %
7% W309 (&) + =5 189 (8) — 55 0058 (s) -26, 360 -13.48
16 2k 16
o W (s) + 55 05 (g)'———"ég wo3 (s) -124,960 -35.80
16 ., § 16 3
55 h03 (J)———>-7§ W30g (g) +26, 360 +13.92
9 h9 il
35 W (s) + o 0p (g)———-§6 W) 8049 (s) -64, 390 -18.32
w(v)+29—o ()——>—l—wo (s) 18 68

5 a3 R 123 50 20 58 S -149, 350 25)30c

ACp and A8298 are calculated as they vere for W180“9 and substituted in equation 11
to give the free energy of formation of 1/20 WoaOsg

OF = - 196,770 + 92.57 T - 10.60 T log T (1)

Table 7 pives the free energy and heat of formation of 1/20 w20058 using equation 1h.
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TABLE

Heat and Free Energy of Formation of 1/20 w20058

Tempgrature -AH -AF°
K keal/mole of 1/20 Wpy0sg keal/mole of 1/20 Wy,0Osg

298.15 195.40 177.05
400 194.90 170.90
500 194 .45 164.90
600 194.00 159.05
700 193, 55 153.30
800 193.10 147.50
900 192.60 1%1.80
1000 192.15 136.30
1100 191.70 130.70
1200 191.20 125.20
1300 190.75 119.70
1400 190.30 114,25
1500 189.80 108.85
1600 189.35 103.45
1700 188.90 98.10
1800 188.45 92.80

3. Tungsten Oxide Pressures over Mixed Oxides of Tungsten

Two refractory oxides have been reacted with WO3, and the vapor pressure of the
mixture determined by rate of effusion at a constant temperature. The added oxide
is limited to a few compounds by the following considerations: a) the oxide must have
& vapor pressure less than WOz, b) the melting point of the oxide must be greater
than wo3, c) the metallic component of the oxide must be one which can be alloyed
with tungsten. Thils requires a metal with a low vapor pressure. With regard to con-
dition (c), cxperience has shown that an alloying eclement with a vapor pressure
pgreater than chromium is lost too rapidly at the alloying temperature to remain in
significant amounts in the tungsten.

iog P/Py versus the WO, concentration in mixed oxides of tantalum and hafnium
are plotted in Figure 4. 1In this case, P is the measured pressure of W309 while Pgq
is the W309 pressure over WOg. Each system was measured at a constant temperature.
The W3OQ pressure over the W-H{'-O system decreased smoothly to sbout one quarter of
that over pure WO3. The decrease in pressure to 25 mole % WO3 is equivalent to that
calculated from the entropy of mixing in an ideal solution. Below 25 mole % the
measured pressure is higher than that calculated from the entropy of mixing. There
wvas no evidence for the formation of a steble compound in this system. An explanation
for the failure to form a stable mixed oxide is the large size of the hafnium +h ion,
ebout 207 greater than W +4. This exceeds the generally accepted rule that ionic
substitution in a lattice 1is only likely to occur when the ionic diameters are within
15% of each other. The observed decrease in the W30g pressure over this system could
Le due to the fommation of the solid solution as suggested above, or perhaps to some
rate limiting factor such as effusion through the remaining HfO, powder.
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In the Ta-W-O system the W30g pressure decreased to about 2.5% of the pressure
over WO3 at 63 mole % W03. There is a break in *he curve at this point followed by
a further decrease in the W20qg pressure with Ta. 05 enrichment. This break occurs at
an oxygen/metnl ratio of 2.%38. This is very c%osc to the oxygen-metal ratio in
W18049, suggesting that the compound formed may be a tantalum substituted tungsten
oxide with composition TajpWgOyg. As further evidence for this hypothesis the level
of the W3O9 pressure over wlgohg is indicated in Figure %4, along with the additional
lowering of the pressure in Talow80h9 caused by the entropy of mixing. The measured
pressure is in Tairly good agreement with thal calculated over TaloW80h9- The shapes
of the curves on either side of .the break suggest that this compound forms a solid
solution with W03 on the one hand, Ta,O, on the other, and a narrow 2 phase region.
A curve calculated on this assumption i5 in falr agreement with the measured curve.
The measured curve falls below the calculated curve and decreases much more rapidly
al the tantalum-rich end. Here again, as in the Hf-W-0 system, evaporation limiting
factors may influence the schape of the curve. Analysis of the starting material and
of the residuc of a measurcment at 1200°C on the Ta-W-0 system indieates that less
than 1% of the vapor consisted of tantalum oxide.

DISCUSSION
The vapor pressure over WOp as measured with a platinum cell is in fairly good
agreement with that measured with a tungsten cell. It was assumed that equilibrium
in the platinum cell mipght be hampered bhv the solution of tungsten in platinum.
However, the results indicate that this effect, or others, only resulted in a prassure
difference of 26%. The results of bolh mecasurements yield values vhich arc in good
agreenent wvith the thermal data for Vi0p and WO3. The earlier vapor pressurc measure-
ments of Blackburn, Hoch and Johnston were found to be in error duec to failure to
attain equilibrium in the solid phase at temperatures below 1200°C.

The amcunt of gas species other than W20g has been calculated from estimated
heuts and entropies of vaporization. Of the three other species only one, W)035, has
been measured aecurately. There is a lack of eonsistency among the thermal values
for the four species estimated in this research. The uncertainty in the correction
to the thermal values for Wq0qg is such that the magnitude of the heat and entropy
could be increased rather than decrcased should more aceurate values be available.

The heal and free cnergy of formation of the wlgohg and W20058 have been calcu-
lated from literature data and the vapor pressures measured here. In making these
calculations the gas phase over the oxides was assumed to eonsist entirely of WzOgq.

A caleulatlion was made for WO, at 1506°K in which the gas species is significantly
different from that over WO03. The free cnergy of formatlion was computed by consid-
erins the other species. In this cuse, there vwas less than 2% calories difference
betveen the two methods of calculation. Since there is considerable doubt about the
ithermal values for the other species, and since the maximum error is less than 250 cal,
there is no justification for a more eomplex treatment of the data than has been uscd
hege.
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SECTION II. KINETICS OF OXIDATION

INTRODUCTION

In an earlier studyl the kinetics of the oxideation of tungsten sheet and wire
specimens were studied between 500 and 1300°C over the pressure range of 101 to 10-3
atmospheres of oxygen. The results showed: 1) A protective oxide was formed below
(00°C. 2) From 650-950°C a protective oxide scale was formed initially. After
recaching a certain thickness the oxide secale cracked away from the metal at local
areas which gave easy access of oxygen to the metal and a linecar rate of oxidation.
3) Between 1000 and 1300°C the mechanism of oxidation changed with temperature and
pressure. At 1200°C and higher, the rate of oxidation was determined by the rate at
which oxygen arrived at the surface, by diffusion of the volatilized oxide away from
the surface and by geometrical considerations of the sample surfaee area.

Two difficulties were encountered in the earlier study. First, the sheet speci-
mens had a laminar structure and therefore oxidized more rapidly at the edges. This
vas observed for oxidations above 800°C. Seeond, sinee the wire specimens were only
9 mils in diameter, the metal was quickly consumed by oxidation.

In this study: 1) a modifiecation of our earlier microbalance method is described
for extending the range of the oxidation experiments and for elimination of the edpe
Lype of reaction, 2) measurements are presented on the oxidation of pure tungsten rod
samples over the temperature range of 950 to 1200°C and for oxygen pressures of 0.01
o 0.10 atmospheres, 3) measurements are presented on the rate of oxidation of three
tungsten-tantalum alloys from 800 to 1200°C at 0.1 atmospheres of oxygen pressure,

4) @& new method is described for the study of the kineties of oxidation of tungsten
based on oxypen eonsumption of the metal, 5) crystal structure studies are made of
the oxide scales and, 6) an interpretation of the kinetie data is developed.

EXPERIMEITAL ~ MICROBALANCE SYSTIM

1. Microbalance

A new type of balance was designed to utilize tungsten specimens weighing up to
10 . The beam and support were designed to fit the conventional microbalance reaction
system. Iavar metal was used in the construction. The over-all length of the beam
was 14.5 em and the weight of the beam was about 46 gm. The Invar balance was gold
plated and is shown in Figure 5. Calibration of the balance showed a sensitivity
ren~ing from 88.9 pd 10'6 @n/0.00l en deflection for a specimen weight of 0.9680 gn
to %3.5 x 1077 m/0.001 em deflection for a 5.2256 sample. The specimens were
nlaced in a small platinum bucket suspended by a platinum wire from_ the beam end.
The techniques used were similar to those used in our earlier studyl.

2. Samples
The pure tunisten speeimens were machined from rod. The alloy specimens were

machined from small buttons vhich had been prepared by the arc melting of pure powders

WADC TR 59-575 Pt. IT 10



aouejeg Jeau|-- ¢ b4

From

WADC TR 59-575 Pt.



——

in an argon atmosphere. They were then polished through h/O polishing paper and
washed with petroleum ether and alcohol. Photographs of the unreacted specimens are
shown in A and C of Fipgure 6.

A speclrographic analysis of pure tungsten showed the following in partis per
pilddenmt i, = 10; Mb, < 100; Mo, € 40; Fe, 15; 81, 10; B, € 10§ Be, 1 ¥n, € 1;
May < 0w, € Llog 'kl = li0g V, € hO; ¥, <€ 5; Cu, 255 dg, €14 Ca, < 1.

Kinetic studies werc made on pure W, 50W-50Ta, T95W-25Ta, and 90W-10Ta. The alloy
compositions are nominal weight percents. The sizes of the specimens were varied
depending won the amount of reaction expected. The purc W spccimens weighed from
0.4613 s Lo 0.954h gms with surface arcas from 0.505 em® to 0.700 cm?.

RESULTS

1. Kinetic Study

A. Effcet of Temperatlure

The Invar balance was used to study the reaction of W-Ta alloys with oxygen and
ihe effect of pressurc on the oxidation of tungsten at 1200°C. The alloy data arc
summarized in Table 8.

Due to the vaporization cf WOz at 1100°C and above, it was nccessary to corrcct
the data obtained using thc balance. Il was assumed that the rate of loss of oxide
by vaporization is linear. To find the amount vaporized, the oxide scale was removed

mechanically and the remaining tungsten was weighed. The amount of oxide formed is
then

(. -y WHO3) (15)
wvhere Wi is the weight of unrcacted tungsten, VWp, the weight of descalcd metal, 11(V0 %)

and M(W% are the molecular weights of WO3 and W, respcctively. The amount of oxide
renaining on the sample is

¥ =" (16)

vhere Vi, is the weight of the specimen after oxidation. The difference between 19
and 16 is the weight of oxide lost by vaporization. This is divided by the time and
sample area and added to the mecasured weight change to obtain the oxidation curve.
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10 X 0 10 X
A. Unreacted W B. W oxidized at 1050°C

1.6 cm of Hg of O2 - 80 min.

10 X 10 X
C. Unreacted W-Ta alloy D. 90W - 10Ta alloy oxidized at
1000°C - 7.6 cm of Hg of 0,- 2hr.

Fig. 6 --Photographs of W and W-Ta Specimens
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TABLL 8
Effect of Temperature on Oxidation of W Alloys 7.6 cm of lig of Oxygen

Wt. Gain (wg/cmz) at Time (min)

Temp.

Alloy Sa 30 60 120 180
90W-10Ta 900 ! 1h.6 28.8 42.8
1000 bl 2h.2 h9.3 --
1050 13.3 28.2 5k, 1 -
1100 * 23.4 h8.7 -- -
1200 * 56.6 98.6 - --
T5W~25Ta 900 . 5 T4 12.8 17.2
1000 10.3 17.8 31.0 43.1
1050 16.1 30.0 40.8 3k,
1100 * 36.3 66.1 -- --
1200 * 56.5 98.6 180.0 --
504~ 50Ta 800 1.3 2.9 2.6 3.2
900 2.0 h.5 7:5 i
1000 6.7 9.4 13.8 17.2
1000 5.2 T4 10.5 12.9
1000 &:3 8.8 12.5 1k.9
1100 e AELB(E 16.2 20.2
1200 12.3 e 24, 1 29.2

¥ Wt. gains corrected for loss of WO3 by vaporization.

The vaporization rate of WO3 as a function of pressure was measured at 1000,
1100 and 1200°C. This data is shown in Figure 7 along with some values taken from
Speiser‘sl7 curve determined at a pressure of one atmosphere. It was believed that
these curves could be used to correct the balance data. liowever, at 1200°C and
pressures less than 0.1 atm. the vaporization rate of the oxidizing samples (as
determined above) was less than that in Figure 7. At 1200°C and 0.1 atm. the vapor-
ization rates were about the same. This suggests that oxidation is independent of
the vaporization rate, since at lower pressures the oxidation rate is not fast enoupgh
to produce the vaporization rate of pure WO3.

The corrections to the weight gain curves for vaporization of oxide were made
on W, 90W-10Ta and 7THW-25Ta, but not on the 50W-50Ta samples. The oxide scale on
the latter samples adhered to the metal so tightly that it was impossible to remove
without also removing metal. The curves for S0W-50Ta represent the difference between
oxygen reaction and oxide loss. The oxide loss is Wbelieved to be less for SOW-50Ta
than for the others. The oxidation rate of these samples will be measured during
the next year with the induction furnace apparatus described in the following section.
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The effect of temperature on the oxidation of alloys 50W-50Ta, T5W-25Ta and
90W-10Ta is shown in Figures 8, 9 and 10, respectively. The results are graphed as
weight gain versus time plots for three hour runs.

In Figure 8 are plotted the weight gain curves for the oxidation of the 75W-25Ta
alloy over the temperature rance of 900-1200°C. These appcar to be more linear than
the curves of the 50W-50Ta alloy. With the exception of the 50W-50Ta alley and at
temperatures of 1100°C and above, correcctions were made to our final weight gain
curves for the loss in weipght due to the vaporization of WO3.

The wcight gain curves for the 90W-10Ta alloy are scen in Figure 9. The curve
Tor the 1200~C oxidation shovs a slight decrcase in the rate after the first few
minutes of oxldation. In general the shape of the curves is linear.

Figure 10 shows the oxidation curves of the 50W-50Ta alloy for the temperature
ranze 800-1200°C at an oxygen pressure of a tenth of an atmosphere. The curves
indicate a decrease in rate as the reaction proceeds. In curve B, a slight increase
in rate may be seen after about two hours of reaction. Examination of this specimen
indicated that this was due to the exposure of some fresh metallic surface to the
oxymen atmosphere during the course of the oxidation.

A comparison of the oxidation of W with these three alloys at 1200°C and 0.76 em
of oxygen 1s plotted in Figure 11. Pure tungsten oxidizes the fastest and 50W-50Ta,
the slowest., The 75W-25Ta and the 90W-10Ta show the sane rate of oxidation.

B. Effect of Pressure

The Invar balance was used to oxidize tungsten in the pressure range of 0.76 cu
to 7.6 em of oxygen and the results are tabulated in Table 9. This data, obtained at
1200°C, is plotted in Figure 12. The oxidafion rate from these four measurements is
plotted in Fipure 13 along with Langmuir'sl data for lower pressures. In addition
Lo these values, three measurements were taken from the rate of weight loss of tungsten
wvire reacted at low pressures with oxypgen reported in WADC TR 59-5751. The latter
weipht losses of WO3 were converled to oxygen reaction by multiplying by h8/231.86,
the ratio of the oxygen to oxide molecular weights. Lanp;muirl found that the oxi-
dation rate is proportional to the collision rate of oxygen on the surface at pressur
below S0up. A least squares fit to data from this research gives the following:

log K = 0.h33 log P - h.93 (LTY

where K is the oxidation rate in r-cm'g-occ'l and P is the pressurc in mm. The coef-
ficient for log P is 0.433 + 0.225, determined at the 9% per cent level. This broad
recion of uncertainty includes the value 0.5 which wvould be the case if the higher
pressure oxidation were controlled by the rate of dissociation of molecular oxygen
to atoms. More accurate data is required to definitely estiablish the pressure sensi-
tivity of the oxidation rate. Further investigation ¢f this problem is planned.

WADC TR 50-575 Ft. I1
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Fig.8—Effect of temperature on oxidation of 75W-25 Ta alloy,
900°C-1200°C, 7.6 cm of Hg of Oa.
A-900°C, B-1000°C, C-1050°C, D-1100°C, E-1200°C
(curves A,B and C not corrected for vaporization of WOx)
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Fig. 9—-Effect of temperature on oxidation of QOW-I0Ta alloy,
900°C -1200°C, 7.6 cm of Hg of O,.
A—3S00°C, B-1000°C, C-1050°C, D-1100°C, E-1200°C.
(curves A,B and C not corrected for vaporization of W03)
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Time (min.)
Fig. IO-Effect of temperauture on oxidation of SOW-50 To alloy.
800°C-1200°C - 7.6 cm of Hg of O,
A-800°C, B-900°C, C-1000°C,
D- 110G, E=12Z00™¢C.
(curves A,B,C,D and E not corrected for vaporization
of WO4)
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O 20 40 60 80 100 120 140 160 180
Time (min.)

Fig.l—Oxidation of W and W-Ta alloys, 1200°C, 7.6 cm of Hg cf O3.
A-Pure W, B-90W-|0Ta, C-75W-25Ta, D-50W~-50Ta.
(curve D not corrected for vaporization of WO3)

WADC TR 59-575 Pt. II 29



VADC TR 59-575 Pt. II z()

200 . CURVE 517138
D
‘60 - - - — e L — S——

120

Wt. Gain (mg/cm?)

80 [0.0] 120 140 160 180
Time (min.)

Fig.12-Effect of pressure on oxidation of tungsten, 1200°C,
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TABLE

Effect of Pressure on Oxidation of Tungstcn-l2OOOC

“Wt. Gain (mj/sz) at Time (min)

02 Pressure

cm of Hg 30 120 180
7.6 blug . e =
3.8 99 --- c-- g
1.9 €1.5 118 == -
0.76 37 73 138 187

dcorrected for Wt. loss due to vaporization of W04 by calculation.
“Corrected from vaporization curve for HO3. (See Ticure 7).

2. X-ray Study

The scules on selected specimens were examined by X-ray diffraction. A 9 cm
Unicam canera with i Kg radiation was used. The d-spacings are plotted in Figures
1k throush 16. In cach case the d-spacings and intensities of the unknown oxide are ;
camared to: 1) Masneli'slY values for the low temperature form of WOs, 2) Magnelifs<®
svalues for Wy30L9 and, 3) X-ray data obtained in this research from a sample believed
to be a nixed oxide with composition Tag, Gw.h“02.72. The values for Ta,Og were not
included since the agreement with these lines was not as good as for the tﬁree chosen.
A-ray speelra of the loosc outer oxide removed from two samples of 90W-10Ta are pre-
sented in Fipure 14%. Samples of oxide scale from the outside surface and from material
next to the T5W-25Ta alloy were used for the diffraction lines shown in Figure 15.
The surf'ace sceales frem two 50W-50Ta samples were used for the lines given 'in Figure
16. A1l of the above samples were heated at temperature in a vacuum from 10 to 15
minutes after the conclusion of the oxidation run. This may have resulted in partial
reduction of the oxide scales by their rcaction with the underlying metal. We have
shown in the vapor pressure measurements that equilibrium is not readily established
in the colid phase below a temperature of 1200 to 125000. This may account for the
failure to find identifiable phases.

Although the patterns were similar to those of tungsten oxides, no clean-cut
identification could be made. Significant differences In mumber, position and inten-
sily of lines were pbserved. No oxides of tantalum could be identified although
spectrogranhic analysis of the scales showed tantalum was present up to as much as
00 per cent. The results of the analysis are shown in Teble 10. This evidence seens
to indicate the scales are a complex oxide such as WyTayOp in which tantalum has
replaced tungsten.
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TABLE 10

ctvorraphie Analysis of Oxide Films

(TR A i

Tesn. WL, N nee¥* W03 Loss a",'lJ Te b% Ta
Specimen G w‘/vm” mg/cm2 Analytical Calculated
90W-10Ta 1100 62.3 BT 16.0 7.8
9CW-10Ta 1200 L5 5L 0) 2.5 TS
T5W=-25Ta 1100 58.8 588 39.2 19.6
THH=-24%Ta 1200 38.9 1h1.1 SR 19.6
50W=-50Ta 1200 29.2 -- 0.0 39.8

aError estimated 10-20 per cent of amount present.
Per cent Ta assuming Ta-W ratio in oxide same as in alloy.
*Uncorreeted for evaporation.

3. Metallorraphie Study

Randon specimens wvere chosen for metallographic examination. The results are
shown in Firures 17 through 19, and Table 11 summarizes the information. No conclu-
sive interpretations can be made from these few results. Worthy of note is the lack
of penetration by the oxide along crystallographic planes of the metal.

TABLE 11

Metallographic Examination of Oxidized W and W-Ta Alloys

Oxidation
Tgmp. Wt. Chapge Metallographic Results

Specinen ( mg/cm‘ and Oxlde Phases Present

W 1100 116.8% 3 Phases-No metal penctration

W 1200 168.6¥% 2 Phases-Slipght metal penetration
O0W-10Ta 1100 68.0% 1 Phase-Metal penetration
To5u-25Ta - 1100 99.6% 1 Phase-No metal pecnetration
S50W-50Ta 1200 29.2 2 Phases-No metal penetration

¥Corrected for vaporization of WO3.

DISCUSSTON - MICROBAIAICE SYSTIEM

The equation WM = kt was used to descrile the rate of oxidation where W = weight
tain, k = oxidation rate constant, t = time and n = slope of logarithmic plot of the
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1100°C, 25 min.

100X 500X
1200°C, 35 min.

Fig. I71--Photomicrographs of metal-oxide interfaces, pure tungsten
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100X
90W-10Ta, 1100°C. 85 min.

100X 500 X
75W-25Ta, 1100°C, 100 min.

Fig. 18 --Photomicrographs of metal-oxide interfaces, 90W-10Ta and 15W-251a
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1200°C. 180 min. 500X

Fig. 19 --Photomicrographs of metal-oxide interfaces, 50W-50Ta




data. The Uype of oxidation is determined by the value of n. Parabolic oxidalion
rates give a value Tor n of 2 and for linear rates n = 1.

To determine values for n, leogarithmic plots of weiphl galn vs time were made,
and the slopes of the lines were determined. Flrures 20, 21 and 22 show the plots
for the 50W-50Ta, and 90W-10Ta alloys, respectively. The results are swmiarized in
Tabile 12. The values fcr n indicete the oxidation of the ®=lloys is not readily char-
seterized by either the parabolic or lincar rate laws. IHowever, the 90¥W-10Ta and
TAl-25Te semoles appear to oxidine at a rate whizh is almost linear while the 50W-50T¢
gpecimens onddize at a rete which is nearly oaranvolic. The latter daata has nol been
corrected for W03 weight loss.

Figure 23 shows the effect of tenverature on the linear rete ccnstants of the
three W-Ta alloys. The lires were delermined by a least squares fit.

TARL 12

<

Sumnary of Kinetie Deta for Oxidalion of W Alloys, 7.6 cm of Hg of Oxygen

Tems. inear Rate Constent, mq/cmg see Ixpontial Constant - n

°c GOW-10Ta ToW=-25T'a 50W-50Ta  9OW-10Ta  75W-25Ta  50W-50Ta
500 - - 0.107 ——— - N TO
<00 3.98 1538 0.889 1.03 1 o 1S
1000 6.07 3.3 0.94% 1.1 1.33 1.93
1050 5.89 7.01 —— 1.13 1,16 -
1100 .29 13.32 1.14 1.18 §IROLN 2.06
1.200 23.88 22.78 1.50 1.3h L.21 1.91

BAPLRECIMETAL - PRESSURE MEASURING SYSTIM

The exverimental resulis of this study and our carlier study have shown thatl
velpht chanpe methods pive an ineouplete pieture of the oxidation reaction when bLiolh
oxidation aind volatilization of the oxide oecur. To overcome this difficulty un
oxyren consupplion method was devised. 'The apparatus was designed to measure oxy;cen
consunption by measuring the rate at which the pressure in & reservoir at 1 atmospherc
decreased as oxygen was bled throush a leak valve into the reaction system. Tae
nressure in the reacticn system could be muintained at a constant value between 5
and 79 rut of He pressure. TFigures 2k and 25 show lhe apvaratus. Issentially the
microbalance assembly was replaced Ly a calibreted vessel and three Wallaece and
Tiernar presgure gauges.

In Vipure 20 pgauce 0-5080 measures the pressure in the calibrated reservoir at
the Gepinning of the experiment end in the entire calibrated volume during the course
o the exveriment. The smaller gaugzes 0-50 and 0-400 measure the pressure at which
the tunsslen is reaeling. The oxyien enters the reaction system through the variable
leak wetering velve designated 3.

WADC TR 30-57Y5 Pt II Lo
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Fig.20- Effect of temperature on oxidation of SOW —-50Ta alloy,
9C0°C-1200°C, 7.6 cm of Hg of O».
A-900°C, B-1000°C, C—I1i00°C, D-1200°C.
(above curves not corrected for vaporization of W03)
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Fig.2l —Effect of temperature on oxidation of 75W-25Ta
alloy, 900°C-1200°C 7.6cm of Hg of O».
A-900°C, B—1000°C, C-1100°C, D~-(200°C.
(curves A and B not corrected for vaporization of WO3)
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Fig.22- Effect of temperature on oxidation of 90W-I10Ta alloy,
900°C —-1200°C, 7.6cm of Hq of O»p.
] A-900°C, B-1000°C, C-1100°C, D-1200°C
(curves A and B not corrected for vaporization of WO4)
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The sample and tube details are shown in Ficure 25. The alwnina tube vhich
contains the samnle is attached to the vacuwa system by means of {lanpges and rubber
O-rinms. fn alweina support is used to hold the saples. The furnace temperature
is muintained to + 1.500 by the use of a calibrated high sensitivity controller and
a calibrated Pt-Pt + 10 per cent Rh thermoeouple.

The somples were machined £rom high purity rod. They were then polished through

h/O cnery paner and vashed wvith petroleum ether and absolute aleohol. The ends were
rounded to reduece edre eff'eets noted in the pest. The speeimens wveiphed abont Q.C mns
i U2
[t

and had surface arees of approximately 3.9 em<.

Durinr a typical experiment a known pressure of oxygen was placed in the reservoir.
The svecinen was heatled to temperature by means of a box resistance furnace raised
around the tube and the platinua furnace wrapped on the tube. At a predetermined
temperature the desired pressure of oxypen was admitted to the reaetion vessel. 'This
pressure was read periodically on pauges 0-50 or 0-h00 showvm in Figuve 26.

The flow of oxypgen from the storage rescrvoir to the reaetion vessel to maintain
a consltont reaction pressure was controlled manually by means of the varieble leak
valve 3 in Figurc 26. '

In a typical analysis of an cxperiment, let P4y be the pressure in the storace
system having in this case a total volume of 258.1 ce. Let P,. be the pressure in the
reaction system having a volume of 372.2 cc. P4 must first be correccted for the
dilution el'fect caused by exnansion into the reaetion vessel. 'This is done by means
o' the lormla

PV, = PgV, + PV, (18)

where Pe is the dilution pressure in the reservoir, P;j is the initial pressure in the
reservoir, Ppr is the reaction pressure, Vg is the original volume; and Ve is the
reaction volume, Rearranging Lhe above cquation gives

Vr

Py = B, =¥l = (19)
g~ A% =" gn

FFor o reaetion pressure of 13.6 ma a correction of 22 ma is caleculated. In order to
deternine ms/en® of oxysen reaecting AP is read fronm gauge 0-5080 in Fipure 30 and
corrected.  For a sample with a surface arca of 3.89 en® a pressure change in the
reservolr of 1 mm i equivalent t? a weight pain of 1.119 x 10™% ,j,m/cm2 of orygen
consumed . Therefore, 1.119 x 107" AP = mns/ch of oxygen reacting.
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1200 and 1250°C at 0. 5 em of Hg of oxygen. The oxidation curves indicate the rate of
ciidation 1s decreasing with time. Tisure 28 from our earlier sludy shows the oxidu-
tion of wire samnles from 1200 to 130000 al a vressure of 1 mm of Hg of oxypen as
determined by the microvalance method. The miorobaluncq.mcthod indicates the differ-
ence Letveen oxyeen consumption and lozs of 3 3 frem the coxidized sanple. The pressure
nethod indicates only oxysen conswwtion. Flgunx;?Y and 28 should not be used for
pracise calculations since the oxygen pressure was not the same. With the wire
specimens shown in Ficure 28 most of the tungsten was oxidized, vhile in the rod specl-
mens shown in Ticure 27, only a small fraction of the sannle wag reacted.

DISCUSSI0N ~ FRESSURE CHANCE METTIOD

Adthourh a number of experinents were made with this apparatus, experimental
difficulties were encountered. The variusble leuk valves evaileble were found to he
inadequate For controlling the pressure in the reaction geystem. This wmade it dilffi-
cult to obtain good exgerimental datle.

It was also found that tungsten should not be in contact with 2lumine or other
cerwnic melerials ot temperatures above 1100°C, Tungsten tricxide solid and alumina
appear o form a eutectic mixture with a melting peint below 1200°C. This dilficulty
wvas overcome by usine a platinum liner in the alumina furnace tuhe.

Tungsten triexide vacter was found to react with the alumina Turnece tule as
shovn by & discpleratidn of the tuke. Afller an appreciable exposure of the tube Lo
tungsten trioxide vapor the furnsce tube was Tound Lo crack end Lo leak.

The: pressure change method is probably satisfaclbory for the stuly of Ffeast oxi-
dattion redelicns: eapeciaelly when used in confitnction with the.microbwslaxge pethod.
This wilkl he tried im the: Tuture whéen hetisr verighle leak wvalves howone arvegllable.

It also appears that if the temperatire is to Le exiended upwards some way mMmise
be Tournd te limit the redelion of tung@gsten Lrisdide with the ceramic Lorndife tube.
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Fig.28-Oxidation of tungsten, wire sample, 1200°—
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GECTION ITI.  OXIDATION OF TUNGSTEN AT NICH TIMPERATURLS

APPARAIUS

Since we have had difficulty measuring oxidation rutes at temveratures above
1200° in the two systems described above, » third sysitem vas designed for these
studies. This apparatus is shovm in ™iguaes 29 and 30. It consists of a water
cooled Pyrex vurnace tube in wvhich thie sanmie is held on the tiv of an alumina ther-
mocouple protection tube. The leads to the thermocouple are brought out through a
press seal in the bolitom of a ground glass cap which is Titted to the bottom of the
furnace tube. Since the sauple is heated inductively, the thermocouple leads are
shiclded to filter out induced r.f. current. The success of the filtering is demon-
strated by the lack of chanpe in the e.m.f. of the thermcouple when the induction
furnace is turned on and of'f.

The souple, in the form of o pellet 0.5 inches in diameter and 0.795 inches long,
is oxidized in a stream of arpgon and oxywen. The amount of gas flowing through the
system is neasured with a flow meter, and the concentration of oxygen in the gas
exhaust 1s measured with the oxypen reuge deseribed below. A glass wool plug keens
oxide powder from being swept through the oxygen gauge. A window protected by a
shutter pernits temperature measurement with an optical pyrometer.

The oxyren pauge is shouvn schenaticenlly in Figure 31. It consists ol a pas tight
stubilized zirconia tute through vhiceh the pgas nixture is flowved. Platinuwa eleetlrodes
are scaled inside and outside the tube to nmeasure the e.m.f. of the oxypren conecentra-
tion cell. A themaocouple measures the temwerature at Lhe clectrodes. Compressed
alr, flowed outside the tube, is used as the oxymen standard. The cell leads attached
Lo the electrodes are shiclded vith 3 nil platinwn sheet., The gauce 1s heated with a
controlled furnace to between 800 and 1000°C to decrease the resistance of the zirconia
tube, permitting a small current to bie drawvn from the cell.

The current from the oxypen cell is passed throuch a decede resistance box and
into a Leeds and Horthruo current anplifier. The outnut from the current amplifier is
fed to a 10 MV recorder. This arrancsement pemmits continuous recording of a wvide
range of voltapes [rom the oxygen cell.

. b} 1
The oxyren eell was developed atl this Laboralory by Welssbart and Ruku“l. Iv
embodies the principles of a concentrution cell of the Lype

Pt, O (pl) | sulid oxide| 0, (v,), Pt

vhere the solid electrolyte is (Z105) js(Ca0) ., the oxygen pressure p; is that
flowing Lhroush the: tube, and p, is the referente pressure, in this case, oxygen in

o

air. The w.m.f. of the cell for the reaction
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Ir. measurements made by Weissbart and Ruka the gauge showed a very small error ( < 1%)
at 100 mm, the pressure measured here.

SAMPLES

The sample material was obtained in the form of ground 1/2 inch tungsten rods
which had been formed by swaging sintered powder rods. The material was quite dense
and free of pores. The principal impurities as determined from spectroscepic analysis
are in ppm: Ca, 10; Cu, LO; Fe, 15; Si, 10; Mo, < h0; Nb, < 100; and %r, < 40. The
rods were cut into 3/h inch lengths, both ends were rounded by grinding, and holes
were drilled approximately 2/3 of the way through for mounting them on the thermo-
couple tubes,

PROCIEDURL

The samples were cleaned in NaOH, rinsed, dried, weighed, and placed inside the
furnace. The furnacc was evacuated and {illed with argon. The sample was brought up
to temperature and the argon-oxygen mixture was flowed over the sample. In some
measurenients the arpon-oxygen mixture was flowed over the sample from the beginning.
There was a lag between the time the sample started to oxidize and the time the
oxypen-argon mixture reached the oxypgen gaupge. This lag was pgreater when argon vas
displaced by the mixed gases end, of course, it also depended on the flow rate.

Flow rates less than 300 cc/min were found to require more than 8 minutes to displace
the arpgor.. Iiipgh flow rates lowered the temperature of the pguuge below the temperature
measured with the thermccouple. At lower gaupe temperatures this became more pro-
nounced and was compensated for by measuring the e.m.f. of a lnown oxygen coneentro-
tion and calculating the true temperature of the gaupge for this flow rate.

buring a measurement, the e.m.f. was recorded continuously, while the temperaturc
and flow rate werc controlled manually. The temperature was usually held to within
SP 20° yhile the Tlov rate was within + 10%. These quantities were recorded and a
mean lemperature and flow rate were used @o churacterize‘gmch experiment.,

mixture. . ‘ =

13

At the conclusion of a measurement the sumplé vas cooled ir the flowing pgas
; >

RESULTS
Measurcnents were wmade using two nrocedures: 1) the sample was heated inductively

in a stream of cold gas, 2) a platinum suscepicy, as shown in Fipure 30, was hecated
inductively and this in turn heated the samole and pgas by radiation and convection.
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The results of the experiments on the samples heeted inductively betwecen 800 and
1700°C are shewn in Figures 32 and 33 and tabulated in Table 13. All but three of
these measurements indicate a linear oxidation rate. The three deviates occurred at
1470, 1478 and 1698°C.

TABLE 1

Oxidation of Tungsten Samples in One Atmosphere of 21% 05=79% Ar
Samples Heated Inductively

Temperature Time Rate
e Minutes g-cm"e-uec’lx lO6
807 35 5.83
£o8 92 3.80
1026 31 BT
1218 38 63.3
1226 30 e T
1h70 27 233
1478 30 213
1698 25 37

Oxidation may be expressed by the equation

e ki )

where W is the velght gain of oxygen/cme, k and n arc constants, and t is time. Ior

a lineeyr rate, the cexponent n is 1, and for a parabolic oxidation rate, n is 2. The
values of n for these three runs are: 1.25, 1.15, and 1.07. ©Oince these mumbers arc
closer to unity than they are to 2, the values may be considered to represent a lincar
rate.

Samples from these measurements are shown in Figure 34. The fact that the oxidc
rrows either from the metal or from a very thin oxide layer next to the metal is sup-
pested by the oxide structure on the sample oxidized at 1218°C. Here the oxide growvs
normal to the surface, leaving a ridge at the line where the ends are rounded. At
higher temperatures the oxide formas a loose shell around the sample, as in the case
of the 1666°C measutement. The oxide in this case apparently vaporizes from the metal
condensing on the inside of the oxide shell. The ridge observed at lover temperaturces
is evidently filled by the condensing oxide gas.

Figures 35 and 36 present the results of measurements made with the swnples
heated Ly radiaticn from the inductively heuted platinum susceptor. All bul the
measurement at 1396°C indicate linearity. The value of n for the deviating case 1s
1.1h, or again the oxidation rate is quite cleose to being linear. The rate constants
are tabulated in Table 1h. Figure 37 shows oxidized sammles after removal from the
furnece. In sone of the measurecments heated by Induction there was a reaction betlween
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Fig. 37 --Tungsten oxidized in 21% O2 - 19% Ar. Samples heated by radiation
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TARLE 14

LIPR P I ) . U r, ¢
Cizidation of Tungsten Samples in One Atmosphere of 200 Go-7C .
Sarmples Heated by Rediation

Tonperature Time .
“e Minutes geen S -nes Ty
i3 s5h.5 273
1053 26 1.
1108 27 5 T~
15077 23.5 19 .2
i 10.5
1906 ol Tl
T 25365 Gl o
Che aluming tube and WO->. This was much more promeunced whan the ghe &Kl sambi

‘
heated Ty radiation. The sample oxidized at 1W77°C, exhibited in i mve 37, stilt
Iins part of the theraocouple attached to it. The reaction betwecn Vg and aluaina
is cvident, al the point where the tube enters the sample. These two oxides anpen.:
Lo sy o lovw melting cuteetic., The samples in these measurements lost more onxide
LY wamarisction than theose heated in cold gas. The oxide remiiming on Lthe s:aydle
also mreenred Lo be somewhat more coherent, aslthourh in neither case wos there evi-
denee that Lhe oxide of'fered a barrier to oxygen gos.

"o detcrniine the amount of vaporization occurring during the oridation proeess,
smumles were welghed efter removal from the furnace. TFrom the initiel weight, final
weirht and cutent of oxidation, a calculation could be nade to deternyine the amount
ol' Y04 losl, Come oxidation measurements were cheeked by removin:: the oxide mechani-
cally ana veirhine the tunpgsten which was left. The weight of turnuniten conswned
could then be compared to the oxygen conswmed. Differcences were less than 15%. The
case with vhich the yellow W04 oxlde was removed arain indilcwetes that this oxide
could not fora a brotective layer. However, the thin layer of blue oxide was much
more diff'ienlt to remove. The blue oxide is believed to be ngohg.

Pirure 38 shows the rate of formation of WOs and its rate of evanoration during
oxidation, as calculated above., At temperatures” above 1350°C the uvilde avpears to
evaporate as fast as it 1s formed under the conditions of these cixneriments. What is
more important is that the curve representing the rate of formation does not change
slope above the intersection of the evaporation curve. This indicates that: 1) the
rate of o:xidation of tunssten is independent of its evaporation rate, and 2) the WO3
does not form a protective layer. The latter conclusion may be drawvn from the fact
that the thickness of the W04 layer decreases toward zero above 13%0. This data
shewrs Lhat the rate of oxidalion without any significant amount of W0, vresent is
controlled by the sane activated proecess as it is with thiek layers of VO3 present.

Pisure 39 compares evaporation rates of WO, under three dif'ferent conditions:
1) in a vacuwi, 2) in ) atmosphere of dry air uSing Spelsert's’’ data, 3) evaporation
in 1 atmosnhere of argon and oxyren. In the latler two cases, for the same cvaporation
rate there is aporoximately 90° dit'ference in the temperature. Part of this difference
could e due to error in temperature measurement.
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In these experiments the thermocouple used to measure temperature was checked
aceinst an optical pyrometer sighted on a black body hole drilled in the top of a
tuncsten specimen. When the platinum susceptor was used the difference in the two
tenperature measurements was no greater than the reproducibility of the pyrometer
reading. In the case of samples heated inductively, i.e., without a susceptor, the
pyrometer reedings were about 28° higher than those read with a thermocouple. These
calibrations were carried out in an argon atmosphere and the correction made to the
appropriate measurements. It appears that thermocouple error without a susceptor was
due to heat losses through the protection tube.

There is no reason to question Speiser'817 evaporation measurements in 1 atmos-
phere of air since evaporation rates in lower pressures of oxygen reported earlier
(See Fipure 7) are in excellent agreement with his data. However, the possibility
exists that the surface temperatures of the two samples are different. 1In the case
of evaporation of WOz there is a heat loss of about 120 kecal/mole of W Og, whereas
in the case of oxidation of tungsten and evaporation of WO, there is a net heat gain
of around h70 kcal/molc of W 09 produced. This would require, in our experiments,
that a thermal gradient of aéout 70° (dividing the 90° difference in amounts propor-
tional to the heats of combustion and evaporation) exist between the thermocouple
Junction and the surface of the metal.

This possible error, around 70°, would apply to oxidation rates also. Since
measurements of surface temperatures in these experiments is not feasible, causes of
such a discrepancy cannot be definitely established.

FMirure WO presents a comparison between the linear rates of oxidation achieved
by each of the two methods, i.e., heating induetively and radiantly. Both measure-
ments were made at the same pressures. [From the slopes of these curves, heats of
activation of 21.0 + 1.0 and 23.4 + 2.9 kcal are calculated for the inductively and
radiantly heoted samples, respectively.

The measurerents made with the platinun. susceptor are about 1/2 as fast as those
in which the hot sample reacted with a cold gas. Fipure 13 shows the variation in
the rate of reaction of tungsten with oxygen as a function of the oxypgen pressure at
1200°cC. Hovever, as Lan[:muirl8 established at lower pressures, it is not the oxygen
pressure vhich determines the rate of reaction, but the rate at which molecules strie
the surface. Since, at a given pressure, the rate of striking is inversely propor-
tional to the square root of the temperature, a hot gas should react more slowly than
a8 cold gas at the same pressure. If the pressure dependence discussed earlier
(Lquation 17) is converted to collision frequency dependence and applied to this
case, the difference betwecen the two curves may be calculated. When this is done,
the mean ratio of the rate of reactlon of the radiantly hecated sanple to the induc-
tively heated one is 0.71 as comnared to the observed value cf 0.48. On the other
hand, if the rate of oxidation is directly proportional to the collision [frequency,
as found by Langmuir at lower pressures, then the mean ratio of the two rates would
be 0.46. Thus, there is a significant difference in the results oblained by the two
heating methods and this difference is apvarently due to the collision frequency of
the gas with the sample. This treatment does not consider the possibility that a
Llanket of ;a8 near the inductively heated saunple may be at a higher temperature than
that at the walls of the water cocoled container. This effect would decrease the
difference between the two curves below the observed differential.
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Some data obtained by SpnischQ are also plotted in Fipure 40, These fall vithin
our scatter fcr the radiantly lLeated samples. 1is data vere obtained under conditions
sinilar to curs, that is, his samples wvere heated by radiation and oxidized in a gas
mirxture vith a total pressure of 1 atmosphere.

PMirure bl compnres samples heated inductively in Q.2 atmospheye oxypgen and 0.8
atmosohere argon vith values calculated from Langmuirlt at 5 x 1072 jun of On for a
tunpsten filament in a cold gas. Lanpgmuir found that the oxidation rate of tungsten
between £00 and 2500°C was proportional to a temperature dependent constant multiplicd
Ly the %ollision frequency of oxygen molecules with the metal surface. The pressure,
5 x 107< m, is the upper limit at wvhich this relation was observed. Inasmuch as the
tvo curves are parallel, it scems reasonable to essume that the swue mechanism is
operatine for both pressures. A heat of activation of 22.h + 0.8 keul for Langmuir's
curve agreess well with our velue of 21.0 + 1.0 keal at higher pressures. At the lover
pressures used by Langmuir there were probably no more than a f'ew monolayers of oxide
on the tungsten surface, especially at the higher temperatures. This is further con-
tirmation that a thicker layer of oxide is not nrotective since the activation enexrgy
for a “elean" surface is practically the same as that found with a considerable waount
of oxide on the surface. Iurthernore, the low pressure measurenents strongly sugecest
that neasuremerits at higher temperatures in 0.2 atmosphere 0o and 0.8 atmosphere Ar
will follow the extrapolated curve presented in Figure U4l1.
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SECTION IV. SUMARY AND CONCLUSIONS

In this report we have presented the results of investigations into the following
areas: 1) the vapor pressure over V0o, 2) rate limiting factors in vaporization pro-
cesses, 3) thermodynamics of the tungsten oxides, ) oxidation rates of tunpsten-
tuntalun alloys between 800 and 1200°C, 5) oxidation rates of tungsten from 800 to
1700°, end 6) effects of oxygen pressure and oxide cvaporation rates on the kinetics
of tunusten oxidation. 1In the course of these inquiries severul picces of equipment
huve been designed, including: 1) a device for measurement of oxidation rates by
deteraining ¢as conswmption, 2) a high temperature vacuum induction furhace, 3) an
Invar vacuun balance, and ) a new apparatus for making high temperature oxidation
rate studies.

The pressure of Wi0g measured over WO, and W is virtually the same in elther
tungsten or platinum Knudsen cells and is consislenl with the thermal properties of
WO, and HOB' Tailure to avproach equilibrium in the solid phases al a rate greater
than the cvaporation rate at temperatures below the 1200 to 1250°C range is believed
to bLe caused by an sctivated process of high activation energy e keal). It is
sugeesled thal this procedure may be nuelecation and/or growlh of' the other phases.

Free cnergy and heat of fomiation are calcululad for the two tungsten oxide
phases, V)0 q and Ugoogg, frem vapor pressures obtained in this study and from liter-
ature daloe. These values are believed to be more reliable than previously reported
cstinates based on less complete data.

A eontrivance has been produced to measure oxidation rates by determining the
rale of pressuce decline in & reservolr which feeds a constant pressurc reaction
vesgel., 'he deviee has nol always performed satisfaclorily, for the micrometer valve
used Lo Lleed the reservoir was faulty, and the alumina furnace tube in vhich tungsten
samples were oxidized has reacted with the tungsien oxide. This situation can be
remedied by using an autlomatic constanl pressure manostat and by lining Lhe aluminag
furnace with platinuwa.

A new vacuum balance has been constructed of Invar (a material with a very icw
themmal expansion coefficient) to study oxidation rates of tungsten and tungsten-
tantalum alloys. The tungsten measuremencs were made Lo determine the kinetic effects
of oxyren pressure. Althcupgh there is considerable uncertainly about the mensurations,
it appears that rate may be controlled by disscciation of Op to atoms. At lower
pressures Lanymair found that the rate of reaction is proporticnal to the frequency
of collision of oxygen molecules with the surface. More accurate data are needed Lo
establish Lhe pressure dependence of the oxidation rate.

Meesurenents on the tungsten-tentalum alleys indicate Lhat addition of Lantalun
improves the oxidation resistance of tunssten. At 1200°C G0W-10Ta and (5W-25Ta cach
oxidige at hOﬁ of the tungsten rate, whlle the oxidalion rate of J0OW-50Ta anpear:s to
be atout 10 of tunigsten alone. Sone question of the accuracy of this latter mensure-
Ré&Rt axists; since thé guantity of HO3 lost vy eveporation is not known. Furlher
study of the %0-50 alloy is planned.
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Apparatus for the measurement of oxidation rates up to 1700°C has been constructed.
In this equimaent the oxidation rate is determined Ly measuring the oxygen concentra-
Ltion in a known mixture of argon and oxygen after it has flowed over the sample. The
owddation of tungsten belween 800 and 1700°C has been found to be independent of the
oxide evaporation rate, to be linear, to result in either no protection or the forma-
tion of a very thin barrier layer and to forn an oxide which grows from the metal or
o very thin oxide film. If a protective oxide layer is formed, it is probably W,g0)q.
llowever, the identification by x-ray diffraction of oxides other than WO; is uncertain
due to the apparent fellure of the solid phases to come to equilibrium w%th ad jacent
orxide layers. The principal evidence for the presence of a protective film is the
strons adherence of a purple scale Lo the underlying metal. On the other hand, neither
lhe shape of ihe kinetic curves nor ilhe evident resemblance in mechanism between this
vorlk and Longmuir's low pressure measurements supports the hypothesis that a proteetive
layer is present at high temperatures.
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