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Abstract:

An investigation of oxidation of iridium wire in naturally-convected oxygen and air was performed in
the temperature range of 1675 to 2260°C (1948 to 2533°K) and the pressure range of 9.8 x 10*-8 to
1.32 atmospheres (7.5 x 10"-5 to 1000 torr). Two theoretical models were developed, each extending
over specific pressure ranges. One model described the surface recession rate at low pressures where
metal vaporization predominated the rate. The second model described the surface recession rate at
high pressures where it was assumed that diffusion of Ir(g), [rO2(g), and IrO3(g) through a gaseous
boundary layer controlled the rate. A close correlation between the experimental results and theoretical
calculations was achieved for oxidation in both oxygen and air.

Empirical equations that describe the temperature dependence of the free energies of formation of
IrO2(g) and Ir03(g) were developed. Results from these equations agree fairly well with results of
previous investigators.
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ABSTRACT

An 1nvest1gatlon of ox1dat10n of iridium w1re in naturally—convected
oxygen and alr was performed in the temperature rang of 1675 to 2260°C
(1948 to 2;33 K) and the pressure range of 9.8 x 10 -~ to 1.32 atmospheresg‘
(7.5 x 10 to 1000 torr). Two theoretical models were developed, each

‘ extending over specific pressure ranges. 'One model described the surface

recession rate at low pressures where metal vaporization predominated
the rate. The second model described the surface recession rate at high
pressures where it was assumed that diffusion of Ir(g), Ir0,(g), and
Ir0.(g) through a gaseous boundary layer controlled the rate. A close
corfelation between the experimental resulis and theoretical calculations
was achieved for oxidation in both oxygen and air. ‘ .
Empirical equations that describe the temperature dependence of the
free energies of formation of Ir0,(g) and Ir0,(g) were developed. Results
from these equatlons agree fairly well with reésults of previous 1nvest1—-_

~ gators.




CHAPTER I

INTRODUCTION

Charggteristics and Uses of Iridium

‘Iridium, the 77th element, is a platinum group métai. If is the only
‘elemental metal known to.man that poSsesées a low enoUgh‘oxidation rate
and a‘high gnoggh meltiﬁg point, 245400 (27270K), that it can be used un-
protected iﬁ an oxygen containing gas for exténded-?eriods of time at tem-
peratures gregter than‘2000°C. At temperatufes greater %han lOOOOC,‘irid— R
ium forms volatile oxides and.a bare su;facé‘iérléft behingd. VThié results
in oxidafion rates thaf‘éré lineér-with‘time.‘:

When c&mpared to other metals, ifidium is one gf thenmost Qorrosion
‘resisﬁant over a.widé rangg‘of temperatures and'cofrosive‘énvironments.‘
The corrosive environments included various acias, salt solutions, fused
‘ salts; molten metals, and ﬁolten metal oxides. |

Iridiuﬁ hés been used as heatingjelgﬁents in high temperafure‘fur—
naces, standardized high—temperature-thermocouples, and for érotective
coatings of 1éss expensive materials such as tungsten énd'tantalum base
al;oys‘ Potential applicatibﬁs for‘iridium afe leadiﬂg edges of reentry
A.sﬁace Vehicles,‘réactor coéponents, andlparts;ihurOCkets énq‘tﬁrbine.
engines. | |

Tridium aléo has.limitations, Being a pléﬁinum group metal, the
cost of iridium couid.befa factor restficting eitensive use. Weiéht
‘could be another constfaiﬁt. " Iridium is one of the mqst'densé (22.57

gm/cm3) elements known to man.  The very low emittance of iridium could
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restrict’its use as leading edges for reentrylvehicles.‘ The primary
means of heat dissipation from fhe:leading.edge is radiafion.- The low
emittance woula then restriat the heat dissipation. Thé emittance of .’
iridium can‘be enﬁanced by oxide overcoats and would.not present seribus'

problems to the use as a leading.edge material.,

Review of Prior Work

The brief review -of past work done on the oxidation of iridium
contained in the fdllowing resulted in conclusions used as a starting point
for the present studies.

Several sepérate investigators have studied the products of the"oxi-
dation of iridium and the therﬁodyﬁamios'involvéd in the formationabf these
. products. Cordefunke and Meyer_(l) studied the'oxidation of iridiuﬁ in
the temperaturé range of 1169 to 146200 (1442 to 17}50K).. They concluded
that IrOB(g) was the major-specie formed. Their rgsults were confi?med by
other workers (2,3).

Mass spéctrome£ric studies By Norman et al (4) resulted in their con-
clusion that IfOz(g) and Ir03(g) Qere the major species pf oxidation.- The
presence of Ir0(g) could not.be ruled‘out”¢9mplefely, If IrO(g) was pre-
sent; its partial pressure was estiméted to.be.lesé than 2 percent éf the.
partial pressure of Irog(g) at ‘the hiéhést tempe;éturg investigated. Tbé‘
work of Norman éﬁ_gl involved feeding ox&géﬁ.a£ 10~4‘atm into‘an‘iridiu%
‘Knudsen cell heated to 1557 - 1760°C (1830 - 2033°K). Standard-state

enthalpies and entropies of_formation for IrOQ(g) were repoffed~as 48.5.
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I_O}B_kcal/mol;mgnd.3.9~i 2.0 eu respectively. The standard-stase enthalpies
_;gnéent¥6piés:of‘formation for IrOS(g) were reporﬁed as 5.5 + 1.5 kcéi/mole
a;d =13.1 i}E.S eu réspectively. | » - | |
.Studiésfperformed by Olivei (5)-resulted in the conc#uéionS'that Iréé{g)
,aﬁd‘1r03(g) were the major spedies formed. ‘This:work was done oﬁer the.
pressﬁre‘range‘of lo_a'to 10—10 atm and- over the temperature range.of 86¢C
to 17860C (1153‘—-20530K). Mass spegtrometric studies in the tempe#ature-
. range of 627 o 2227°C (900 — 2500°K) yielded standard-state enthalpy and
entroyy_of formation for IrOB(g) of 6.0 kéal/mole end -9.5 =u respectively.
‘Wimber and Kraus (6) concluded that If(g)‘waé en important specie at
high temperatures and that IrO(g) contribufed very 1itfle‘tb the overall
" recession rate. . | |
Based upon-the conclusions of these.iﬁvestigators, ?he iridium-con—
taining épecies that significéntly_contributed‘to the oxidation rate were .

- fhought to be Ir(g), Ir02(g), and Ir03(g),




CHAPTER II

EXPERIMENTAL EQUIPNENT AND PROCEDURES

Experimental Materials

-Commercially pure iridium wire was purchasea in three lots. Results
_of mass spectrometfic and emission sPégtrograﬁhiC‘analysbs along with-an
indication of the sources and wire diameters are given in Table l. The:
major impurity in Lots.l and é'was tungsten at‘Ofé perceﬁf and 0.071 per-
cent respectively. The major impurities in Lot 3 were tungsten (0.02%)'
and barium (0.02%). The.analysbs did not include all known elements, bui
the ifidium content was estimate@ tp'be 99.3, 99.9, and:99.9 percenf in
Lots 1, 2, and 3 respectively.

The oxygen-used-in the present'studies was USP grade;. Niﬁrogen and
argon were the majbr impurities and were assumed to be inéft to iridium.
The oxygen content was typically 99.7 percentf

The air used in the present studies was‘atmospheric ahd was aséumea

to have an oxygen content of 21 percent (based upon a volume percent).

Experimental Apparatus and Procedure

The equipment used in thé present study is shown,écheMatically iﬁ '
Figure 1. An iridium wire specimen.5.6 cm long was ﬁounted horizontally
between two electrodes in a Cell.- The ogll, which‘had water-cooled
copper walls, had the internal dimensions of 2.5 x 7.6 x‘8.9'¢m. The céll
was provided with two sight ports éontainigg fOtgtable.opﬁical—quality'“ :

pyrex windows. Through one window, a timer-actuated camera fitted with a’
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Table 1. Analysis* of.Iridium Wire

Impurity Lot #1 + [ Lot #2 ¥ | Lot #3 1
Pt 19 |- 0.5 h 30
Rh 20 -~ 38.0 <50
Pa 10 11.5 .10

" Ru E 166 1.5 <50 .-
Au ‘ {1 . 0.5 10
Ag | 50 0.5 Q10
Pb {5 - <0.5 - €30
Sn 5 v <0.5 - <10

. Zn 10 | © 0441 {300

"~ PFe 170 b . 64 ) 30
Cu | 96 17l Qo
Si 43 6. - 10

. Mg 41 ‘ 1. <10
Ca | 78 o 0.61 ‘ <50
Al 14 3B {10
Ni 10 | 1.1 <10

Cr | 31 0.84 . | <10
Mn ‘ 10 : 0,69 {10
St <10 0.5 {500
B <50 0,0032 : 10
Co 10 1.8 <o
As <10 - 0.066 | = <300
Bi o Q - <o.5 <10
cd ‘ <5 . <5 | <300
W ‘ 6000 710 - 200
N - 50 ‘ 0.2 | . -

H 4 R -

0 70 0 8.3 | -

. Ta, o= ‘ 46 <500 -

 In - 0.26 | . <10
Zr - _ 1.1 - | <10
Ga - . 0.20 <10
v oo- - ‘ B -0;096 ‘ Q0
i - 0.49 | Qo0

X . - ‘ S 0.67 | -
Cl - ‘ 0.59 -

S - e.57 |+ . -
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Table 1 (continued)

Impurity |- Lot #1 +. Lot #2 ¥ | Lot #3 %]
. P 1 - 0.81 | = -
. Na - ‘ 2.2 | =
F - . . 0.27 -
c . . ‘ - ' 15.0 L -
Li- | - - 0.,00072 _ -
Ba , - ) 0.5 | 200

# Impurity.contents expfessed in parté‘per mil-
lion.- ' ’ ‘ S

+ 25.mi1 diameter wire drawn by Inglehard Ind-
. ustries, Carteret, New Jersey; ‘

'} 20 mil diameter wire drawn by Johnson, Matthey
& C¢., London, England. ‘
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telemicroscépeﬁ was used 6 record the wire‘diametefgaf 20x magnification.
Throﬁgh the-;ther window, a Leeds ana Northrup'Ségé—é‘opfical‘pyromgter
equipped with a 38-mm focal lépgth lens was used to detefaine the bright-
ness temperaxure of the wire. ZErrors in‘temperéjure measﬁrement would |
have'beeﬁ caused by céndensation\of'oxides on the windows, but-were elim-
inated by rotating the window to a clean sectién enly wheén a temperatufe
measureﬁgnt-was‘being made;"The window on the camerafsid; wés rotated to
a clean section immediately before a picturelwas taken and-immediately
after the pidture; retﬁrnéd‘to.the original poéifion.; Tﬁéikindows weré
cleaned’ahd polished betweeg runs.

The oxidation cell was mounted on top of a vertical cylinder 10 cm
- in diameter and 20 cm long. Oxidizing gés_was introduced. into the cylinder
at a péint 10 cm below the cell. Through one pressure tap, located 5 cm
abbve and rotated 900 from the gas inlet, an ioﬁ tube was uéed to measgre‘
low pressures. Through a second pressuré tap, located 5 cm below and
rotated 900 from the gas inlet, a capacitive manometer was used to measure’
high préssures. |

Immediately below‘the.cylinder ﬁaé mounted a'water—coqled1opfically—
dense baffle. A Varian/NRC Model M-4 (800 liter/sec).diffusion pump was
mounted .below the baffle. The baffle prevented a di?éct line'of‘sight of |
the.pump oil from fhe_pump into the oxidation»qell. By. means of a hose-

and tubing, the cutlet of the diffusion puﬁi‘waé connected to the inlet of

. a mechanical pump. -
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Pressures in the.system that were less than 1. 32 x 10 -4 atm {0.10 torr)
' were measured w1th a Westinghouse ion tube (oar+ number WL 7901) and Gran—
ville~Phillips Ionlzatlon Gauge Controller (serles LaA) system. Pressures
-in the system that were greater than or equal to 1.32 x 10 -4 utm (0.10 tﬂrr)
. were measured with a MKS Capacitance Manometer 77$f1000 and a MKS Baratron
™ Type 77 Pressure‘Meter. A signal from the measuring insfrument-was.usedr
as an inputg sigﬁal for a Granville—Phillips Automatdc Pressufe‘Controller
(APC) No. 0-00-216006. The APC oﬁerafed a gervo-driven vaive‘and'thus
regulated the - flow of the oxidizidg gas into the systen, .fefore entering
the system, the oxidizing gas passed through two driers (the first con- |
tained calcium sulfate hemidydrate and the second contaiﬁed anhydrous
megnesium perchlorate) and then through a Metheson No. 74 retametery

| Current from a Hewletf Packafd D.C. Poker Supﬁly 626QB was used to
self-resistance heat the iridium wire‘specimen;; The voltage‘across‘the

cell was measured with a aneyWeli'Digitest Multimeter Mcdel 333R:. Curreni
through the wire was measured with a General Electric D,Cé Anmeter with a
capacity of 50 amperes. fhe thermal exﬁansion of the wire'was accommedafed
by a cantilever sppiﬁg arrangemen; on'ode of the eleétrodés."The wire was
pfestressed to an cmount such-that when . the wife was at'the oxidation tem-}
perature it was atlnear zero stress.

v

Prior to making a run, the wire was cleansed in acetone, mounted be—
| SR B
“l‘ :

tween the electrodes, and glven an anneal for thlrty mlnutes ‘at 2260°C

(2533 K) in an argon atmosphere. The purpose of the anneal,was to.elim—'
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inate récrystallization and grain growth during oxidation énd-to attain an
electrical resistivity néarly éonstant with time. This anneal ‘was given
only to each new section of wire. After the anneal, the system was evac-
uated and then backfilled with the desired oxidizing gas. Tﬁe‘systém was
again evacuated, leak:checked, and refilied'with the oxidizing gas to the
desired presépre level. Once the pfessure stabiliZed,‘the iridium wire
specimen was brought up to the oxidation temperature by,slqwly increasing
the current through the wire. Once the temperature had stabilized, a
series of ten film exposufés-were made’at a preaetermined'time interval.
The time interval was selected such that approximétely_O.Qg54 mm (1 mil)
was removed from the diameter of the wire during theutotal time of the
run. The film waé then femoved,.develéped, and allowed to dry for a min-
imum of 2 hours before the images of the wire were measured. The images -
were measured by an instrument that consisted of armodified cathetometer,
high intensity light source, and a Gossen Luna-Pro-Exposure Meter. 'The
telemicroscope of the cathetometer wés modified fo inclﬁ@e,a‘0.0S mn (2 mil)
slit at the reticle plane. Each frame was measured at ﬁhree loéations,
(the two ends and the center of the image). The averagé diameter was con—
vérted to an actual diameter by using a conversion factor. The conversion
. factor was obtained from the measurement of an image of a féference rod.
of 0.0655 cm‘(25.8 mil) in diameter."Thg,repeatabiiity of é'single diameter
measurement Qas i-é.OS to 0.1 percenfs' As&mmetry of thélwi%é wés detérmiﬂéd.

by Wimber and Kraus (6) to always be less than I.2‘bercentf A




CHAPTER IIX

’

TRUE WIRW: TEWPERATURE DETERMINATIONS

A thérmocouple technique used by Halvorson and Wimber {7) to defermine
. the rélationShip between measured pyrometer temperature and true wire.tem—
perature was modified based uﬁon the work of McLaren et al (8). The tech-
nique used in the present studies cbnsisted of fusion welding each of tﬁe'
lleads of an Ir-Ir4ORh thermécpuple to an ifidium wire specimen which was
mdunted'between‘the.électiodes of thé,ceil. ‘The'spgcimen was;self—résis—
fance heated by an AC powér:supély. An'R—C_filfering,circuit was used to
block the AC voltage from the digital millivoltmeter which was used to meé—
sure the thermocouple emf.. fhe thérmbcouple output was taken as an indica-
tion of the true wire femperathre at the point where the Ir40ORh lead of the
thermocouple was attached to the specimen. This pqinﬁ is also thé location
where the specimen temperature was mégsured‘with an optical pyrometer.

Tabie 2 contains a suﬁmary of the pyrométer'tempgratures'measuréd -
through a window and the correspbnding true wire températurekfor wire heat-

ed in oxygen or air.
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Table 2. Results of’True Wire .
Temperafure Determinations

Pyrometer H True Wire
Temperature*, °c (K). Temperature,“oC (k) -
1500 (1773) | 1675 (1948)

11615 . (1888) : 1820 (2093)
1730 (1903) | 1965 (2238)
1850  (2123) 2110 - (2383) .
1965  (2238) | © 2260 (2533)

* Measured through a 3/16 inch thick shadow-
graph-grade, optical-quality pyrex window.
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CHAPTER IV

FEXPERIMENTAL RESULTS

Figure 2 consistS‘of‘a plot of the diameter meazurements versus time
for'a.tyﬁical run. The surface recession rate ié calculated‘by di#iding
" the slope of the straight line by mi%us fwo.-'Figure 3_cdétains the hea_
sured surface recession rates at temperatures in tﬁe range bf‘l675 to 2260
oC_(l948 $o0 2533°K) and over the pressure range-df 9.8;k 10—8 to 1.32 at-
mospheres (7.5 x 107 4o 1000 torr) fbr oxidatién in oxygen. For sake of
clarity not all tlie results are shown. Figure 4 contains the measured
surface recession rates in thé temperature range of 1675 9 2260°¢C (1948

-8

to 2533°K) and over.the pressure range of 9.8 x 10~ to 0.66 atmospheres
(7.5 x 1072 to 500 torr) for oxidation in air,

Table 10 in the appendix contains a summary of gxperimental'cbnditions
and recession rates for work done in-oxygén by Krgus (9)’gnd the p?esent
invésfigatér, Table 11 in the appendii-contains a summéry of these same -
parameters for work done in air By this investigatgr..

Analysis of either the Figures 3 and 4 or-the Taﬁles 10 and 11 in thé ‘

appendix fevealed no apparent difference in fheuoxidation beha&ior of the

'various lots of wire.




2110° ¢

50 x I102TORR
-AD = 03070 x I072CM
9 O.SOd DAVG = 04894 X |0~! CM
v y -_03070 1072
= 20X90 X660.0
© 0491 X =0.2580 x 1076 CM/SEC
o
L
- 048}
L
= ;
= O
o 047
1 | | | | - J
O . 660 5940

TIME (SEC)

Figure 2. Example of a Rate Graph

71




LOG (RECESSION RATE, CM/SEC) .
b ¢ o & ¢ 3
l I

e
O

O - 1675°C (1948K)
A - [965°C (2238K)
O - 2110° C (2383K)

)

B = 226000 (2533K

OPEN SYMBOL=LOT |
CLOSED SYMBOL=LOT 2 .
FLAGGED SYMBOL=LOT 3

J EQi4,
] l J

L EQ I3

EQ 2 J

] | | | |
R U R T S S e
LOG (TOTAL PRESSURE, ATMS)

Figure 3. Experimental Results and Theoretical Correlation

for Oxidation in Oxygen

‘!
%
t e




I |
9] D

o)

1
09

LOG (RECESSION RATE, CM/SEC)
© <

53
3

O-1675° C (1948 K)
A=1965°C (2238K)
- 0-2260°C (2533K)

P

le EQ I3 e EQ 14 1, EQ 2

1 | |

»

B 5o
| LOG (TOTAL PRESSURE, ATMS)

Figure 4. Experimental Results and Theoretical Correlation
for Oxidation in Air

OPEN SYMBOL =LOT | =

7Y 2 - CLOSED SYMBOL=LOT 2
FLAGGED SYMBOL=LOT 3

(o))




CHAPTER V

THEORETICAL RATE CALCULATIONS

The theoretical surface recession rates were calculated from three
different eQuations. Each équation was valid over a specific pressure
range. The three pressure ranges were high pressures (P 24 x lO—4 atm),
low pressures (P _’,,x'lO"5 atm), and intermediate pressures (3 x 10;5

CP<4x 104 atm).

Theoretical Rates at High Pressures

"At high pressures (P > 4 x 1074

atm), where a boundary layer is
present, the oxidation rate was found to be ﬁest described as being con-
trolled by diffusion of the iridium—containiﬁg species through the bouna-’
ary layer (6). The consumption of the iridium metal is equal to the total

flux of iridium-containing species and thus the oxidation rate, expressed

as a surface recession rate, is represented by the following equation:

¥ =2 Ak, P,
1 Gi i .

(1]
where A is an equivalent weight (mass of iridium consumed per mole of dif-
fusing specie formed) divided by the density. of iridiuﬁ, kGi is the mass
transfer cbefficient for the iat'h specie, Pi is thé partial pressure of the
ith specie at the inner surface of the boundary layer, and % is the surface
receésion rate.

The partial pressures of the different species at the inner Surface.

of the boundary layer can be calculated from the respective equilibrium

constants (treated as unknowns) and the oxygen partial pressure. Equation




.1, then, becomes:

R ¢ - A(k. K. P. +k. kK p 2 ey

* = Alkgp K Po2 t kg3 Xy Po2 T+ kg Pyl - [2]
.2 3

the equilibrium constant for the formation of IrOBKg), PM is the vapor

.where K, is the equilibrium constant for the formation of Iroz(g),_K is

pressure of the iridium metal at the inner‘surfaée of the boundary layer,

and P, is the partial pressure of OXygen.-

0,

The partigl pressﬁre of iridium metal can be calculated from the em; '

pirical vapor pressure equation of Honig and Kramer (10);

10g(760 Py) = -8464..67/'13k + 65.5812 log(T, )

. ‘ ; -7 2 -
- 0.0100272 T, + 5.44981 x 107' T,° : [3]

‘where P, 'is the vapor pressure of the metal in atmbspheres,énd Tk-ié-the

M

temperature of the wire in oK.
The mass transfer .coefficients ban_be calculated from an expression

which was obtained from the Chilton-Colburn equations (11).
. . &)
h P C @D . 2/3 L
k. . = ) D V1 ) o
Gi P . - [4]
R T, C @ Py .

where h is the convestive heat-transfer coéfficient, P is the total pres- -
sure, R is the ideal'gas constant, Tf is the film temperature (the arith~-
metic mean of the wire temperature and the ambient temperatuxje),-'(}D is' the

specific heat of the oxidizing gas at constant pressure, ? is the density
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of the'oxidiziﬁg gas, PBﬁ is the logarithhié‘mean,pressure of the nondif-

fusing oxidizing gas (thus, P_. =2 P), k is the thermoconductivity of the

BM
cxidizing.gas, and Dvi is the gaseous diffusivity for.théﬁithrspedie.h
The prOpefties for the two.oxidizing'gaSes were'leésfusquares curve-—

fit over a film-temperature rarnge of 1000°K to 140G°K foi -original data

(12,13). Tables 3 and 4 contain. the resulting equations and an'ihdication ‘

1

of'the effectiVenessvof the fit. The mean free path eqﬂati@hs fof‘each
éas were deveigpped from the Dushmaﬁ eéuation,(l4);

Theé convective heat-transfér coefficieﬁt was.evafgé%ed fromxtwo'dif—A
ferent equafions for the Nusselt number, the Madden—Piret (15) eguétipﬁ*'
and~the Drake et al (16) equation. In subsequeﬁt computer calcplations,.
it was found that the Madden;Piret équation yielded a siightly better
éorrelation between‘calculated and experimental receésiqn“rates.

The Madden-Piret equation for. the.Nusselt number is: |

Nu = _ , | 2 N _
' 1n(6.82/'Ra1./3)' + Bk (¥ + 1)u c, D~ 1n(1l + 2¥/D)

h D
k

where X ic the mean free path in the gas, D is the diameter of the wire,
.«.is'the thermal accommodation coefficient (treated as an:anknowﬁ), Cv is
the specific heat at constant volume for the oxidizing‘g@s, and Ka is the

dimensionless Rayleigh number. The Rayleigh number is the product of the

Grashof‘aﬁd Prandtl numbers:
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Table 3. Properties of 2ir

1000% ¢ T £ 1400

| VPPOPerty ‘ J Relation Max. % iéviatioﬁ’
Density : ' ' . o
' : = © y P T o
(gm/cm3) P 'O 3539 /'f o . 0 911
. ISpecific Heat _— o 041825
(cal/gm/°k) ’p = 00113 Ty _- 0.082
Viscosity . ) -6 . 0.5849 . .
~ (gn/sec/am) M= 12313 x 107 T o o.081
Thermal Conductivity -6 . 0,7022 i
] (cal/cm/seo/oK) k=1.239 x 10 Tf._ ' - 0.31
Specific Heat Ratio |, . =0.0585 -
'_‘(dimensionless) = 2‘001'Tf o C . -0.018
. ffean Free Path _g p 1-0849
| (em) A= 1.5347 x 10~ 'f | -
P

NOTE: P islthe'total pressure in atmospheres.

T, is the film temperature in %K.




%)
et

Table 4. Properties of Oxygen

- -O.: 0.
1000k { T, < 1400°%K

‘Property 3 ‘ .Rélatiqn | Max. % Deviation
Density N | ' AR
Specific Heat o 0.117 ‘ | .
- (cal/em/%k) - : Cp'— 0.116 T, | 0.21
[Viscosity : -6 . 0.650 ~
(gn/sec/cm) 53 x 10T DT G
Thermal Conductivity . - -7 _ 0.7738
) (cal/cm/sec/oK) k = 8.12 x 10 Tf e 0.65
Specific Heat Ratio -0.0359 - - .
(dimensionless) ' F,=.l,682 Tf o S 0.08
iiean Free Path -8 7 1.15 -
(cm) A=1.074 x 100" f -
. P : ¥

NOTE: - P is the total pressure in atmospheres.

Tf is.the film temperature in %%,
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Ra = Gr Pr

(g ¢° 2@ ATRE) (0, p) | [6]

where g is the acceleration of gravity, ! is the coefficient of thermal
expansion for the oxidizing gas, andAT is the difference between the
‘wire temperature and the ambient temperature.

Dvi’ the gaseous diffusivity, was calculated from the Wilke-Lee

modified Hirschfelder-Bird-Spotz equation (17):

[10.7 -12.46(1/Mi + l/M)f/2] lO_4 Tf3/2(l/Mi + 1/i)/2 :

DVi P" 2 I [7]
12 *p
where
‘ . ‘ . oLth Lo
Mi is the molecular weight of the 1" diffusing specie,
M is the molecular weight of the oxidizing gas,
+ S '
1o = (ro)l (ro)2, the collision diameter for collision between
2 .
the oxidizing gas molecule and the molecule of an iridium con-
taining specie,
(r )1 = 1.18(V0)1/3, collision diameter for collision between oxidiz-

ing gas molecules,

(} )2 = 1.18(V0);/3,‘collision'diameter for collision between mole-
cules of an iridium containing specie,

(Vo)l is the molal voluﬁe of the oxidizing gas,

(v )2 is the molal volume of the iridium containing specié,
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; L oy / ‘-Oo . o . i y
= 0.673(k Tf/élo) 324, collision  integral for diffusion (re-

ID ‘

sult of a least-squares curvefit of original data (9)),
612 is the energy of molecular interaction,
k is the Boltzmann constant (1.38 x 10?6‘ergs/°K){“

The value of El? wéé'calculaﬁed from the equation:.

€,,/F = ((€,/R)(€,/R))/?

where €l/E is known for the oxidizing gas (for 0, = 113.2%, for air = 97.0
oK)enuiGZ/E was determined for the différent‘diffusing species from the

rélatioﬁ:
62/k = 1.92 T

T 1is the melting temperaturé of the oxides, treatéd as an unknown in this
analysis (but. known to be greater than 1383°% for Ir0, (18,19)).

The coefficient, A, of Equation 2 was. calculated from the equation:

A = 192;2 gm-Ir,consumed/mole diffusing sﬁeqie formed

PIr, Tk '

where

| B T | ' -
Ir, T
T Ty (1 +AL, /100)3 '
- ok

AL, the percent linear thermal expansion, was calculated from the equation:
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K _AL%:_égmyxlo.qk

.which was the result of gurvefittigg the thermal-expansivity results of Hal- ..
Evor;on and Wimbef:(Y). | | |
| A successive—substitufion.coﬁﬁuter method_ﬁas—uséd to determine thé

.optiﬁum values of each of the unknowns, o<, KZ’KS’ and Th, for ‘the experi-
mental reSulﬁs of oxidation. This was done only for the results in okygen
at high pressures. From_this method, it was found'that'bxide—melting;tem—'
pefafures in thg-range of 1400 to 1800°K had very little effect on the-re-
sults. As a melting temperatpre‘of 1400°K'dia.yield very slightly better‘
results, it was chosen‘as'the 6xideﬂme1ting.temperatures.

The accbmmodatibn coefficient and the eQuilibrium‘cbﬁstants were func-
tions'of wire temperature. The optimum values of.the accommodation coef--
ficient were-least-squarés éurvefit over thé ;emperature range of,194é TO

2533°K. The resulting equation for « was:

o = 335.631 - 0:488564 Ty + 2.55837 x 1077 1, °

- 5.57098 x 10;6'Tk3 + 4.03322 x 10_12‘Tk4 | 9]

(maximum deviation of the equation from opfimum"values‘was;0,0Q0249%)ﬂ The
free energies of formation were calculated from the equilibrium constants
by using the equation:.

ZSF}9'=(—R T " 1n K)/1000

k

i

. whereZlFfo is the free energy of formation, R is the ideal gas constaﬁt,

o~
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-Tk is thé!abéoiute wire temperature,vandlK‘is the‘equilibrium coﬁstanﬁ.}
Values of.‘the free¢ energies of formatién bbtaihed from the equilibrium coﬁ; a
stants were also least-squares curvefit over-the-tempefature range of 1945

to 25330K. Thé'resulting equations were:

AF [1r0,(g)] = 541.458 - 0.668736 T, + 2,91610.
8 o3

k

x 1074 Tk2 - 4.27297 x 10~

, kcal/mole [10]
(maximum deviation was 0.26%), and -

liFfé[IrOB(g)J = 214,180 - 0.298810 T, + 1.49832

X e
x 1074 Tk? - 2.41895 x 10 8 TkJ, kcal/mc;e : [11]}

(maximum deviation was 0.27%).

These empirical equatiqns were used in the‘calculatién of surface.re—
cession rates for oxidation in.oxygen. Numerical values for the 6alculatea
rates at the experimental conditions are pféseﬁted in‘Tabie‘lO in the ap-
pendix. Hecession rates cqlculated from Equation 2 for a wire 0.0559 cm
in diameter are représented by curves shown in Figure 3. |

The degree of correlation between the experiméntai‘;nd calculated rates
ié ghbwn in Taﬁie 5 ‘To‘perfofm this aﬂalysis, the neceésity to aevelop é‘
method that would ﬁstandardizef the réies Yo a common_diametér ar0se.:”This '
was neCeésary as the experimental and c&%cﬁlatgd rates ar;‘dépendent upon
the-wire diameter; The diameter‘dépendency-ﬁaévfound to be‘described_gy

raising the diameter of the wire to a power (result of least-squares curve-
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Table 5. Effectiveness Qf the Finél Correlation for Rates
in Oxygen at Pressures Greater Than 4 x 10 atm.

‘ . | Approxihate Correlation
Temp °C Experimental Scatter, % | Disparity, %
1675 5.3 | 68 -
1820 4.4 4.3
1965 5.1 7.7
2110 9.3 . 8.0
2260 12.4 13.2
loveral1 7.4 8.4
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fi{ of data by Kraus (9)). Table 6 contains a summary of the powers and - °

B .

the respective temperatures.. -

‘Tablé'6.TuExponent of ‘Diameteér Useéd in
Determining the Diameter Dependency

Wire Temp % . Exponent of ﬁiameter w!
1675 -0.70
1820 ' S -l
1965 . -1.26
2110 S 1.1l %
2260 -1

* Estimaﬁed_values

The wire diameter chosen to represent the standardized valiie was 0.055G -m
(an'averagé wire diameter). To clarify the calculations made in deterinining

a standardized rate, the following-equation may be referred to:

%_ = %(0/0.0559)™

wheré X is the standardized rate, X is the actual'rate~f§r a wire diaﬁeﬁer

D, and o is the appfopfiate power from Téble 6. 1
The "épprbximate éxperimental scatter” is the average absolute devia-

tion of ﬁhe‘standardized rates frﬁmithe mean at a given itemperature and

pressure. The "correlatioﬁ dispafity" is t%e average aﬁsolute aifferenée

between actual experimental rates and rates caICulatei‘ﬂrom Bquation 2

(using experimental temperatures, pressures and diameters).
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Récession'rates in air were calculated using the same ‘equations (with

the appropriate equaﬁions representing-the*properties_df air and the par-
tial pressufe of oxygen). Numerical results f;r.fhése'caiculatiqhs are
'.‘preséntéd in Table 11 in the apbendii; Figure 4 shows a'cﬁrve represént—
ing the fecession rates of a wire 050559 cm 'in diwnatef caléulated from
.Equation 2.

Limitations on the fanges of validity for these eqqaﬁions are depen—l‘
dent upon %hie range of validity for.the Chilton—Colburh;équafion (Equgt;on

4) and the Madden-Firet equation (Equation S)w Equation 4 is valid for

‘ Prandtl numbers in _%he range of 0.6 to 100 and for Schmidt numbers (M/()DV’. )

in the range of 0.6 to 2500. Equation 5 is valid for'Rayleigh numbers in -

1.

the range of 1078 40 1071, The Prandtl, Schmidt, and Kayleigh numbers in

the present study were in the ranges of 0.731 to 0,732, 1.5l to 1.90, and

4.98 x 10”8 to 1.9 x 1071 respectively.

Theoretical‘Rates at Low Pressures

At low pressures (P £.3 x 10“'5 atm), the rate was assumed to be con-

trolled by the vaporization of the iridium-containing species., The flux

(moles of vapor molecules that leave a surface per unit area and time) can-

be calculated from the Hertz-Langmuir equation as modified by Knudsen (20):

v

. -1/2
J =e Peq(z’TM RTk)

where J is the flux,zxv is the vaporizetion coefficient (in_the'present

studies assumed equal to one), P;q is the equilibrium pressure’pf the specie,
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M is the molecular weight of the ‘specie, R is the ideal gas constdnt, and

?k is the absolute temperature of the wire. Peq for the oxides Iro,( ) and

2\'C>
IrOz(g) can be calculated from the respective equilibrium ccnstant and the

partial preSsure of oxygen. The equilibrium constants in turn can be cal-

culated from the free energies of format¢on (Equatlons 10 and ll) The

vapor pressure of. the 1r1d1um can be calculated flom EQUuthF 3.

A surface recession rate is expressea by:

g

5N

ST Y R
: i
G&r,.T; )
where.di is the flux of the ith specie and QIr o is the density of iridaum
B < . R
at the temperature Tk (calculated from Equation 8). Equatiocn 12 was reduced

‘to the form: . o

- 44.30p_(192.2/1)Y/2 + 0.8573 K, P, (224.2/3)"/?

2
+ 0.8002 K, P 1. 5(240 2/T 1/27

3 2 tTf 'y [13]

Where X is the surface recession rate, Pm is the vapor pressure of the irid-

iuh‘metal, Tk is the absolute wire temperature, Ké is the eqhilibfium‘ébne '

-stant for Ir02(g), K3 is the equilibrium constant for Ir03(g), and P is

2
the partial pressure of oxygen. )

A simple computer program was used-to calculate recession rates at the
experimental conditions, both in oxygen qndﬁinmair.' The results are prgé; .
sented in Tables 10 and 11 in the appendix respectiyely, The resulte for

both oxygen. and air are shdwn graphically in Figures 3 anc 4 respectively.
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The degree of éorrélation between thefexperimental'and,éaiculated rates in -

oxygen is indicated in Table 7.

Table 7. Effectlveness of the Final borreiatlgn for Pates
' Ln Oxygen at Pressures Less- Thav 3 x 10 ta

Ve

o. o Correlawlon
Temp C Experimental Scatter, % Dleparlty, % .
1965 ~~ 10.0 . 12.0
2110 ’ 16.9 e _ 17.3'"
2260 18.9 , 21.6

Overall - 15.5 - 17.3

The "experimental scatter" is the'average absolute déviatiép of the exper-

-imental receséion rate from the meaﬁ-ét a given temperature.and bréé;ure.
Limitations on .the range of validity_for these Ealéglafions deﬁends

upon the range of validity for Equation 13. -Equafibn 13 is valid for pres-

sures less than 3 x 10—5 atm (based upon .a Knudsen number -cf 5 (21)).

Theorefical Raﬁe‘Calcﬁlations at Intermediate Pressures
The oxidation rates in the.intermediate pressure range-(} b'd 10-5<: P

-4

<4 x 10 atm) were assumed to be.controlléd by a combination of vaporizéu

tion and diffusion of the various speciess Several combinations of the re-

. cession rates as calculated by Equations 2 and.l},‘were:tyie@ in an attempt

by e
o

to describezthelnaﬁes in-the~intermediateﬁpréSSﬁre rangé; Of the equatibn§

- tried, the following yielded ‘the bést correlation between.experimeptaliénd
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calculated rates:

log(%) = 24.030 log(ky) + 3.781(1ég(iD))2 + OJ193(log(iD))3

- 15.155 log(x ) - 2.548(1og(iv))2 - 0.131(1og(iv))3j+ 15.762 [¥4]

where'ib is fthe rate as calculated by Equatioﬁ 2 and‘ié:is the rate as 9al—
culated by‘Equation 13. Thésé.equations usedlto descriﬁe fhe'recessidn rates
at the intermediate pressures were obtained‘by léast-squargé curvefitting
with respect-%o the experimental recession rates in ‘the intefmédiate pressure.
range.

A'simple coﬁputex program was used to calculate rgé;ésion rates at.the
experimental conditions, in both oxygen‘and air. Thae re;uits are presented
in Tables 10 and 11 in the apﬁendix respectively. Curvec representing the
surface recession rate in oxygen and air for a wire 0.0559 cm in diameter are
shown in Pigures 3 and 4 respectively. The degree of correlation between
experimental rates and rates calculated by Equation 14 iS'indicafed in Table
8.

Table 8. Effectiveness of the Final Correlétigg for Rates in Oxygen
at. Pressures in the Intermediate Range (3 x 107 { P {4 x 10" atm)

Approximate " Correlation

Temp °C Experimental Scatter, % Disparity, A

1965 4.2 9.8 :
2120 . . 252 - 32.0 :
2260 - . 20.0 2148

Overall . 19.8 ‘21,2
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An indiéation of the correlation (over the pressure range of 9.8 x
10—8 1o i.32 atm) of the experimeqtal‘and calculated rates in- oxygen is
présented in Table 9. |

Table 9. Effectiveness of the Final
Correlation for Oxidation in Oxygen

Approximate Correlation

“Temp °c Eiperimental Scatter, % Disparity, %,
1965 . 7.8 . 9.1
2110 15.6 _ 16.7
2260 ~15.8 ' o 17.3

Overall ' 12.8 14,2




CHAPTER VI

DISCUSSION OF RESULTS

Examination of Figures 3 and 4 revealed no visible differenees in the
oxidation behavior of the iridium wire from Lots 1, 2, and 3. ‘This is.suB—
stantiated nemerically by Tabies 10 and 11 iﬂ the appendix.

Examination of Flgure 3, along with Tables 6, 7, 8, and 9, revealed
that an effective correlatlon between the experimental and theoretlcal
recession rates for oxidation in oxygen was achieved. As‘there were‘too
few data points for o#idation iﬁ,ai?, an analysis for the ekperimehtal
gcatter could not be performed. An examination of Figure.4‘indicates that
the correlsation between the experimental and theoretical fecession rates
was effectiVe.

When considering the uncertainty of + 6 0 to 6.5 kcal/mole for work
done by Norman et et al, + 0.9 kcal/mole for work done by Ollvel, and + 0.3
to 0.7 kcal/mole for the present studies, the free energies of formation
for Ir0O (g) agree fairly well. When considering the free energies of for-
mation for Ir0Q (g), the disparity between the results of the present
studles and the results‘of Norman et_al is greater. Ollvel reported no
free energies of formation‘for Ir02(g). The resﬁlts.ef Olivei and the

present study, which have the lesser uncertainties, are in closest agreement,




CHAPTER VII

SUMMARY |

There is quite good agreément between experimental and theoretical
surface recession rates for oxidation in both oxygen and air. The
theoretical rates were based upon empirical ééuations for the free ener-—
gies.of formation of the species involved in the oxidation‘process. The
results of these empirical equations are also in quite good agreemént
with the results of previous investigators..

'Ir(g), Iroz(g), and IrO3(g) were thought to be the major species
involved in the surface recession of the wire. At low pressures (P < 3
x_lO_5 atm), the rate was assumed to be predominated by the vaporization
of the various species. ‘For high pressures (F’> 4 x 10§4‘atm), the rate
was thought to be controlled by'gaseoﬁs diffusion. of fhe various species
through a boundai-j layer. At the intermediate pressure (3 x 10-—5 < P < 4
‘x_10—4 atm), the rate was_assumed to be‘controlled'by a combination of

vaporization and diffusion of the species.




© CHAPTER VIiI

: ' SUGGESTIONS FOR FUTURE WORK
A search for a better equatidn describing the surface recession raie
in the intermediate pressure range is in order. The equation at present

(Equation 14) does not allow for a smooth transition bver the entire pres— .

.“sure range. (ne possible equation that should‘bé invéstigated is

P-P ‘ P, ~-P
% = g+ £ %
. P, =P P, - P

wher.eP‘.,L is-thé pressufe'ét the upper limit'ﬁf validity forlﬂéuation 13, -
P2 is the lower 1imit‘of validity for Equation 2, iD is the recession rate
as calculated from Enuatibn 2, and iv is the recession rate as'balculated

by Eqpation 13. This tgpe of equation forces a smoéoth tranéition“over the
entire pressure range but the quélity of the fit of this equationiwith re—
- spect to the experimenfal data is unknown at present;

it'should be kept in mind that this type'of equation is the'reéuif‘of

assuming that.the recession rate in the'intermediate'pressure range is con—

trolled by a combiration of vaporization. and gaseous diffusion.
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APPENDIX A -

Table 10. Experimental Conditions and Experimental
and Calculated Recession Rates for Oxygen

Run Lot Temp. Press.

Avg. Diam. Experimental

Calculated

No. No. (%) (Torr) . (cm) Rate (cm/sec) Rate (cm/sec)
1* 1 1675 1.0E 00  0.0409 3.52E-07 3.10E-07
2% 1 0.0610 2.44E-07 2.42E-07
3* 2 0.0492 2.50E-07 2.77E-07
4% 2 ©0.0523 . 2.68E-07 2.6TE-0T7

. 5% 1 1.0E 01 ~ 0.0616 5. T0E-07 5.46E-07
6% 1 . 0.0640 5.35E-07 5.29E-07
T™* 2 0.0465 6.29E-07 6.82E-07
8% 2 0.0498 6.58E-07 6.46E-07
9% 1 1.0E 02  0.0582 1.46E-06 © 1.58E-06

10% 1 ' '0.0614 1.50E-06 1.51E-06

11*% 2 0.0509 1.58E-06 1.74E~06

12% 2 0.0474 1.60E-06  1.84E-06

13% 1 1.0E 03 0.0522 6.34E-06 - 6.90E-06

14* 1 0.0615 - 5.89E-06 6.25E-06

15% 1 0.0567 . 6.51E-06 6.56E~06

16% 1 " 0.0516 . 7.28E-06 6.95E-06

17% 1 0.0463 8.15E~06 " 1.44E-06

18% 1 0.0401 9.38E-06 8.17E~06

19% 1 0.0574 7.84E-06 6.51E-06

20% - 2 0.0506 7.07E~06 7.04E-06

21% 2 1820 1.0E 00  0.0497 4.53E-07 - 4.56E-07

20% 2 0.0521 4.25E-07 4.478-0T

23% 2 0.0463  4.96E-07 4.68E-07

24% 2 5.0E 01  0.0609 1.79E-06 1.83E-06

25% 2 0.0656 1.58E-06 - 1.73E-06

26% 2 0.0457 2.26E-06 2.28E-06

2% 2 1.0E 03  0.0428 9.56E-06 9.90E~06

. 28% 2 0.0464 9.32E-06 ' 9.40E-06

29% 2 0.0494 " - 1.01E~05 9.03E-06

30 1 1965 T.5B-05  0.0609 9.47E-09 - ' 1.27E-08

31 2 0.0499 1.21E-08 1.27E-08

321 . 0.0563 1.138-08 1.27E-08

2 5.0E~04 0.0459 © 1.60E-08

33

1.35E-08
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Table 10 (continued)

Temp.

Run Lot Press. Avg. Diam. Experimental Calculated
No. No. (%) (Torr) (cm) Rate (cm/sec) Rate (cm/sec)
34%* 1 1965 5.0E<04 0.0616 1.12E-08 1.35E-08
35% 1 0.0569 1.11E-08 1.35E-08
36 2 1.0E~02 0.0495 ~ 3,12E-08 3.21E~08
37 2 - 0.0476. 3,09E-08 3.21E-08
38 3 0.0496 - 3.41E-08 3.21E-08
39 2 5.0E-02  * 0.0477 6.51E-08 8.71E-08
40% 1 0.0618 - 9.80E-08 8.73E-08
S41* 1 0.0652 7.73E-08 8.74E-08
42 2 1.0E-01 0.0500 1.55B-07 1.50E-07
43% 1 0.0538 1.53E-07 1.50E-07
44% 1 0.0502 1.57E-07 1.50E-07
45% 1 1.0E 00 0.0479 8.05E-07 7.62E-07
46% 1 : 0.0517 5.46E~07 7.43E-07
47% 1 0.0547 6.80E-07 7.28E-07
48% 2 0.0505 7.458-07 7.49E-07
49% 2 0.0480 - 7.7T6E~-07 7.62E-07
50% 1 1.0E 01 0.0455 2.61E-06 2.29E-06
51% 1 0.0552 2.15E-06 2.00E-06
52% 1 0.0638 1.62E-06 1.80E-06
53% 1 ~0.0600 1.76E-06 1.88E-06
54% 1 0.0583 1.97E~-06 2.00E~06
. 55% 1 0.0519 2.13E-06 2,09E-06
56% 1 0.0489 2.57E-06 2.188-06
57% 2 0.0518 2.30E-06 2.09E-06
58% 1 1.0E 02 - 0.0406 5.11E-06 5.05B-06
59% 1 0.0532 3.68E-06 4.12B-06
60% 2 0.0516 3.57E-06 4.21E-06
61% 2 | 0.0489 3.97E-06 4.39E-06
62% 1 1.0E 03 0.0604 1.07E-05 1..04E-05
63% 1 0.0634 " 9.48E-06 1.01E-05
64% 2 0.0504 1.19E-05 1.17E-05
65% 2 0.0463 1,27E-05 1.23E-05
66 2 2110 7.5E-05 0.0446 4.79E-08 1.04E-07
67 1 0.0517 1.06E-07 1.04E-07
68 3 0.0436 1.44E-07 1.04E-07
69 2 5.0E-04 0.0483 7.70E-08 1.06E-07
70 1 0.0318 9.80E-08

1.06E-07
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Table 10 (continued)

Lot Temp. Press.

Calcuiated

Run Avg., Diam. Experimental
No. No. (OC) (Torr) (cm) Rate (cm/Sec) Rate (cm/sec)
71 2 2110 5.0E-04 0.0420 1.22E~07 1.06E-07
72 3 1.0E-02 0.0496 1.32E-07 1.37E-07
73 3 0.0503 1.32E-07 1.37E-07
141 , 0.0573 1.30E-07 1.37E-07
75+ 2 5.0E-02 0.0489 2.58E~07 . 1.62E-07
76 2 0.0480 1.22E-07 1.62E-07
77 1 0.0604 1.90BE-07 1.63E-07
78 2 1.0E~01 0.0482 4 .26E-07 . 2.32E-07
79 2 0.0499 2.32E-07 2.33E-07
80 1 0.0630 2.17E-07 2.35E=07 -
81 3 '1.0E 00 0.0483 1.22E-06 - 1.45E-06
82 3 '0.0495 1.06E-06 1.43E-06
83% 2 0.0581 ¢1.358-06 1.35E-06
84% 2 0.0550 1.49E-06 1.38E-06
85% 2 , 0.0491 1.21E~06 1.44E-06
86% .2 5.0B 01 0.0625 4 .81E-06 4.77E=06
87* 2 0.0569 5.09E~06 5.12E-06.
8B¥ 2 ‘ ~0.0513 6.05E-06 5.54E~-06
89* 2 1.0E 03 0.0626 1.29E-05 1.44E-05
g9o* 2 . 0.0583 1.50E-05 1.51E-05
g1* 2 -0.0540 1.58E~05 1.58E-05
92 3 2260 T7.5E-05 0.0471 7.49E-0T 7.15E-07
93 2 : 0.0488 6.24E-07 7.15E-07
94% "1 0.0564 3.47E-07 - 7.15E-07
g5% 1 ‘ 0.0650 - 6.66E-07 7.15E-07
- 96 2 5.0BE-04 0,0468 6.59E-07 7.17E-07
97 1 0.0621 3.87E-07  T.17E-07
98% 1 0.0605 5.15E-07 . 7.17E-0T .
99% 1 0.0586 2.66E-07 7.17E-07
100 3 1.0E-02 0.0452 8.56E-07 7.73E-07
101 3 © 0.0465 8.12E-07 7.73E-07
102 1 0.0603 7. T5E-07 7.73E-07
103% 1 5.0E~02 0.0521 7.81E-07 5.85E~-07:
104% .1 ©0.0529 4.54E-07 5.85E-07
105% 1 . 0.0651 7. T4E-07 - 5.86E-07
106% 1 1.0E-01 0.0572 8.81E-07 . 6.91E-07
107* 1 0.0522 7.28E-07 6.90E-07
108% 1 0.0613 5.30E-07 6.92E-07
1 - 6.90E~-07.

109%

0.0517

© 6.35E-07
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Table 10 (continued)

Run Lot Temp Press. Avg. Diam. Experlmenfal Calculated

. No. No. (%) (Torr) - (cm)  Rate (cm/sec) Rate (cm/sec)
110%¥ 1 2260 1.0E 00 0.0544 1.49E-06. 1. 87E-06
111% 1 ' 0.0561 1.67E-06 . 1.85E-06
112% 1 0.0644 1.93E~06 1.79E~06
113*% 1 0.0584 1.83E-06 1.84E-06
114% 2 0.0481 1.96E-06 -  1.92E-06
115% 2 : 0.0481 2.40E-06 . “1.92E-06
116% 1 1.0E 01 0.0564  5.83E-06 . 5,74E-06
117% 1 S 0.0567 5.33B-06 . - 5.72E-06
118 2 ‘ - 0.0501 5.61E-06 6.19E-06

S 119% 2 0 0.0463 6.30E-06 ' 6.50E~-06
120% 1 1.0E 02  0.0488 1.32E-05 .  1.24E-05
121% 1 - 0.0494 6.84E-06 1.23E-05..
122% 1 0.0597 6.52E-06 1.07E-05
123% 2 0.0516 8.73E-06 1.19E-05
124% 2 0.0513 1.08E-05 1.19E-05
125% 1 1.0E 03 0.0475 3.59E~05  2.87E-05

S 126% 1 : 0.0639 2,20E-05 . 2.38E-05
127% 2 0.0478  2.82E-05 2.78E-05

2

- 128%

0.0416 3.29E-05 © 3.14E-05
% denotes runs performed by Kraus (9)
+ denotes the run represented in Figure 2 .

NOTE: Comguter notation of 7. gOE—O5 corresponds to either 7.50 x.
Torr or 7.50 x 10 cm/sec. )




Table 11.

APPENDIX B

Experimental Conditions and Experimental
and Calculated Recession Rates for Air

Lot Temp. Press. Avg. DPiam. Experimental

Calculated

No. No. (%) (Torr) (cm) Rate (cm/sec) Rate fcm/sec)
1 3 1675 5.0B-01 0.0462 3.12E-08 4.05E-08
2 3 -~ 5,0B 00 - 0.0500 9.63E-08 8.61E-08
3 03 ,  0.0498 7.90E-08 8.64E-08
4 3 ~ 5.0E 01 0.0496 1.73E-07 1.75E-07
5 3 ' 5.0E 02 0.0481 6.05E-07 5.28E-07
6 3 0.0493 5.28E-07 5.19E-07
7 2 1965 T.5E-05 0.0469 1.71E-08 1.26E-08
8 2 5.0E-04 0.0495 9.67E-09 1.28E-08
9. 2 1.0E-02 0.0508 1.35E-08 1.67E-08 .

10 2 - 0.0493 1.02E-08 1.67E-08

11 2 7.5E=02 . 0.0499 6.80E-08 3.50E-08
12 3 : 0.0478 3.32E-08 3.50E-08
13 2 5.0E-01 0.0509 1.07E-07 1.06E-07
14 2 5.0E 00 0.0505 3.38E-07 3.44E-07
15 2 0.0502 3.32E-07 3.46E-07
16 2 5.0E 01 0.0473 5.51E-07 6.55E-07
17 2 ' 0.0458 6.65E-07 6.72E-07
18 2 '5.0E 02 0.0502 1.22E-06 1.24E-06
19 2 0.0502 1.12E-06 1.24E-06 -
20 2 2260 7.5E~05 0.0474 5.358-07 7.14E=07

21 2 0.0461 8.62E-07- T.14E-07
22 2 5.0E-04 0.0475 8.26E-07 7.15E-07
23 3 0.0481 6.61E-07 7.15E-07
24 3 0.0480 7.88E-07 T.158-07
25 2 1.0E-02 0.0502 7.30E-07 7.27B-07

26 2 T.5E-02 0.0491 8.558-07 . 4.77E-07
27 2 5.0E-01 0.0485 6.85E-07 4. T3E-07
28 2 0.0449 6.94E=07 4.78E-07
29 1 5.,0E 00 0.0566 9.52E-07 1.01E-06
30 2 o 0.0489 9,66E-07 '1.10E-06
3. 2 0.0463 1.03E-06  1.13E-06
32 2 5.0E 01 0.0491 1.63E-06 1.98E-06
33 1 0.0602 1.29E-06 1.70E-06
34 2 5.0E 02 0.0499 2.87E~-06 3.50BE-~06
3% 1 ‘ 0.0618 3.03E-06

2.57E-06
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