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Abstract:
The oxidation rate of iridium wire in force-convected oxygen was investigated at temperatures in the
range of 1600-2200°C, pressures in the range of 3.5-1,000 torr, and oxygen flow rates in the range, of
0.56-148.8 liter/min (STP).

Attempts were made to correlate experimental, results with three derived theoretical, models, resulting
in only limited success. Experimental data at 1600 °C, 1905°C, and 2200 °C was then least-squares
curve fit to three separate empirical equations. Subsequently all of the experimental data were curve fit
to an empirical equation containing a velocity, pressure, diameter, and temperature dependence. 



Statement of Permission to Copy

In presenting this thesis in partial fulfillment of the re

quirements for an advanced degree at Montana State University, I 

agree that the Library shall make it freely available for inspec

tion. I further agree that permission for extensive copying of

this thesis for scholarly purpose may be granted by my major pro-
\

fessor, or, in his absence, by the Director of Libraries. It is 

understood that any copying or publication of this thesis for fi

nancial gain shall not be allowed without my written permission.

Signature

1 Date 2 % ^ /  2 4 , / j 7 2



THE HIGH TEMPERATURE OXIDATION OF IRIDIUM 
IN A FORCED CONVECTION OXYGEN ATMOSPHERE

by
CLAIR RUSSELL TEMPERO

A thesis submitted.to the Graduate Faculty in partial 
fulfillment of the requirements fpr the degree

of

MASTER OF SCIENCE 

in

Aerospace and Mechanical Engineering

Approved:

Head, Major department 

Chairman, Examining Committee

Graduate Dean

\

MONTANA STATE UNIVERSITY 
Bozeman, Montana

June, 1972



iii

ACKNOWLEDGEMENTS’

Thanks are expressed to the United States Atomic Energy- 

Commission which funded the research program from which this pres

ent study was undertaken,..

Gratitude is also expressed to Dr,. R 0- E. Powe, Aerospace and 

Mechanical Engineering Department, for use of the computer sub

routines used in the data analysis and -curve fitting and for 

serving on the thesis' committee,-

Thanks are also- expressed to Dr, EV H. Bishop, Aerospace and 

Mechanical. Engineering Department, for serving on the thesis 

committee,.

I am especially grateful to Dr, R, T, Wimber, Aerospace and 

Mechanical Engineering Department, who, in addition to serving as 

chairman of the thesis committee, made this report possible through 

his support and guidance,-



iv.

Page

TABLE OF CONTENTS

LIST OF TALLIES *  • •  •  •  »•' » /  *  » * » »■ . .  . .  .  V

LIST OF F J . G UR JiS * * * D » o e  *  * @ @ * * 0 4 :  * .  . . vi

ABSTRACT • • » < > »  « « •  »  •  » ♦ - » ■ » » •  « <> *  »  0 0 » « . . . vii

INTRODUCTION ................................................................................ ,  ................... . . .  I

THiiORETICAL MODELS 0 «■ 0 »  » 0 @ *  *  # < * - » » •  » @ *

SPECIMEN ANALYSIS ................. .... 12

OXYGJiR ANALYSIS e ® e e ' * # a o e ' # e o e e o - ® » * o 0 ® • ©• 13

EXPERIMENTAL EQUIPMENT ........................................  ......................................... . . . . . 0 © © 13

EXPERIMENTAL PROCEDURE . . . . . . . . . . . . . . . . . . . . . .  19

EXPERIMENTAL RESULTS .  . . . . . . .  ......................................... . . . . . . .  22

CORRELATION OF DATA WITH THEORETICAL MODELS . . . . . . . .  26

EMPIRICAL CORRELATION OF DATA . . . . . . . . . . . . V
J 0

S UMMARY e # d » » » ® - ® ® o o - » ® e ® o * o » e e - e 0 .  « 55

BIBLIOGRAPHY o ® © ® ® ® ® ® ® ® © * * ® © ® ® ® © © a © © 3 ^BIBLIOGRAPHY



V

LIST OF TABLES

Table ' Page

I. ANALYSIS OF THE IfiIDIUM WIRE . ............

EXPERIMENTAL RESULTS FOR THE OXIDATION OF 
IRIDIUM WIRES IN UNDILUTED, FORCED CONVEOTED
O X Y O e N  » » » # O - O - O O  O O  o o o o  O O O  O O

IIIo RESULTS OF CURVE FITTING ALL EXPERIMENTAL 
DATA TO EQUATION 23 . . . . . . . . . .  ..

O-  O l 4 "

O O 23

. O- 3 4



vi

LIST OF FIGUSES

Figure Page

Ie SCHEMATIC DHAWIWG OF EXPERIMENTAL EQUIPMENT . .. . . . . 1$

\



ABSTRACT
vii

The oxidation rate of iridium wire in force-convented oxygen 
was investigated at temperatures in the range, of 1600-2200.°C, 
pressures in the range of 3.5-1,000 torr, and oxygen flow rates 
in the range, of 0.56-148.8 liter/min (STP).

Attempts were made to correlate experimentaL results with 
three derived theoretical models, resulting in only limited 
success. Experimental data at 1600 eC , 1905*0, and 2200 0G was 
then Ieast-squares curve fit to three separate empirical equa
tions. Subsequently all of the experimental data were curve fit 
to an empirical equation containing a velocity, pressure, dia
meter, and temperature dependence..



Introduction

Iridium is the only metal with a sufficiently high melting 

point and sufficiently slow oxidation characteristics to be used 

unprotected in air for any reasonable length of time at tempera

tures in the range of 2000 °C to 23000C. Although iridium is not
A

perceptibly oxidized at room temperature, heating in an oxygen 

bearing atmosphere to about 600 0C produces a thin'oxide film. At 

temperatures greater than about 1000*C iridium displays a weight 

loss which is linear in time as the result of the formation of 

volatile oxides.

Iridium is presently available commercially as iridium and 

iridium-rhodium alloy wires, used as heating elements in high- 

temperature furnaces and as standardized high-temperature thermo

couples. Iridium has fairly good high-temperature strength proper 

ties, but is not used as a, primary, structural material in large 

applications due to the high cost of iridium metal. Considerable 

effort has been expended in the development of iridium coatings 

intended for the protection of less expensive high-temperature

structural, materials having very poor oxidation resistance,
1 2  3including graphite , tungsten , and tantalum base alloys . Work

to date has demonstrated the potential of iridium in coating form

in applications including leading edges of re-entry space craft,

components in rocket motors, and nuclear reactors.
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Wimber has provided a fairly complete resume of previous 

work which is briefly summarized below.

Several workers have investigated the composition of the prod 

ucts of oxidation of iridium and 'the thermodynamics of the equi

libria involved. By passing oxygen or oxygen-nitrogen mixtures

over a boat containing iridium metal at atmospheric pressure and
5"temperature in the range of 1169-1462*0, Cordfunke and Heyerv

found IrO., to be the main volatile oxide^ They also found values

of equilibrium constants that were slightly higher than values
6obtained by Alcock and Hooper and also those obtained by Schafer

7 8and Heitland . Holburn, ..Henning, and Austin studied iridium foil

self-resistance heated to 1670 C in slowly flowing oxygen, air,

or nitrogen containing 1.-77%oxygen, at atmospheric pressure. They

concluded that IrO^ was the main gaseous oxide specie formed.-
9Norman, et al conducted a series of mass spectrometric 

studies of oxidizing iridium by feeding oxygen into an iridium 

Knudsen cell heated from 1557 to I760 0C while bombarding the ex

isting gaseous species with a stream of electrons. The Ir , IrO , 

IrO^+ and IrO^+ions were detected.. These workers concluded that

IrO and IrO were the main volatile oxides present in their stud- 2 5
ies. They also obtained values for the standard-state enthalpy 

and entropy changes for. the formation of IrO^Cg) of +48.5- 0.8 

kcal/mole and +5.9- 2.0 eu and for IrO^(g), values of +5.5- 1.5
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kcal/mole and -13.1- 2.5 eu_ In an independent study, Margrave**"^ 

considered the formation of Ir^O^ from which he concluded that it 

is a minor species at high temperatures.

There have been a number of kinetic studies of the oxidation 
of iridium in recent years..

Phillips"*"*" studied the oxidation of # inch diameter by Ji inch

long iridium specimens in air moved only by natural convection in

the temperature range of 650-1300 °Ce. He obtained an activation
12energy of 9.2 kcal/mole_ Krier and Jaffee studied the oxidation 

of rectangular shaped iridium specimens in slowly moving air in a 

vertical furnace tube at 1000-1400°G. They obtained an activation 

energy of 16 kcal/mole..
Criscione,"*"^ e_t al, studied the oxidation of J6 inch diameter

iridium rods in oxygen and argon-oxygen mixtures at a total

pressure of 710 torr and temperatures of 1150-1900 °C. Rates of

recession of the hemispherical end of the rod were measured for a

relatively wide range of mass ,velocities for the gas flow.. An

activation energy of 23 kcal/mole was obtained..
14'Kuriakose and Margrave. performed experiments on iridium 

foil. (0.002-inch thick) at temperatures of 1010-1301°C and on 

iridium wire (0,010-inches diameter) at temperatures of 1198-
O i  ■2217 Ce The specimens were resistance heated in a vertical one- 

inch pyrex tube in oxygen or oxygen-helium mixtures at one



atmosphere total pressure with downward gas flow parallel to the 

specimen. They observed an increase in activation energy from 

12»5 to 30-33 kcal/mole with increasing gas temperature at a hot

wire oxidation temperature of 1600 °Ge In addition to the above, 

activation energies, the various workers have observed values of 

1.2., 1.34, and approximately 1.5 for the exponent in the. exponen

tial dependency of the oxidation rate on oxygen partial pressure.

Although the above variations in results indicate that the 

overall process of the oxidation of iridium is quite complex, 

several meaningful results have, been obtained. The volatile 

oxides IrO^(g) and IrO^(g) appear to be the major species formed 

with IrO(g) and Ir^O^(g) being possible minor species, at least 

under some conditions. Seasonably good values for A S and AH 

for the two major oxides have been determined and are expected 

to vary little, with changes in temperature; allowing values for 

the equilibrium constants for both major species to be calculated 

over a reasonable temperature range with a .fair degree of accuracy

None of the above studies has led to a characterization of the 

oxidation process which would allow taking into account the 

effects on oxidation rate of varying the temperature, oxygen 

partial pressure, total pressure, flow rates, specimen size and 

specimen configuration. For this reason the present study was 

undertaken in an attempt to determine a theoretical model that
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would describe the dependence of the oxidation process of iridium 

on the above parameters^.

' .r
Theoretical Models.-

/Under conditions where all oxides formed are volatile, metals 

in general are considered to oxidize in the following manner::

I. Bulk transport of the oxygen-bearing gas from a source to 

the general vicinity of the metal being oxidized,

20 Diffusion of oxygen through the gaseous boundary layer 

adjacent to the surface of the metals 

3, Adsorption of oxygen from the gas phase onto the surface, 

4o Reaction on the surface (including possible rearrangement 

and migration processes) ,

Desorption, of the oxide(s) from the surface and 

6o Diffusion of the oxide(s) through the gaseous boundary 

layer with possible further chemical reaction within the 

boundary layer of one oxide species with a different 

oxide species and/or oxygen.

The rate at which the reaction process takes plane is con

trolled by one or more of the above steps which are slower than 

the rest of the steps. Environmental conditions determine which 

of the above steps controls the reaction process. Thus a change 

in environmental conditions may result in a change in the step(s)



which control the overall oxidation process.

Under forced convection conditions, the bulk transport of the 

•oxygen bearing gas (step I) would not be expected to control the 

oxidation rate. Under conditions where the oxygen partial 

pressure is a sizable portion of one atmosphere, iridium has a 

relatively slow rate of oxidation so that the inward diffusion 

of oxygen through the boundary layer (step 2) would not be ex

pected to control the rate of oxidation. Kinetic studies in 

general indicate that an increase in temperature causes a slow 

surface reaction rate to speed up so that eventually the slow 

step in the overall oxidation process becomes diffusion through 

the boundary layer, (i.e. change in rate controlling step from 

step 4 to 'steps 2 or 6 in the above listing). Increasing flow 

rate decreases the effective thickness of the boundary layer and 

increases the diffusion rates so that a process initially under 

diffusion control might change to control by surface reaction 

rates. Increasing the pressure increases the rate of surface 

reaction in many systems but decreases the gaseous diffusivities 

so that a change from surface control to diffusion control is 

possible.

By noting that any one of the above steps could be expected 

to control the oxidation process and by considering IrO^(g) and 

IrO^(g) as being the principle oxides, Wimber was able to derive
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a theoretical surface recession rate equation that would be 

expected to be applicable at all temperatures where all of the 

oxides formed are volatile. His complete derivation of this 

equation, from which the final equation is listed below, can be 

found in his first annual,report on the high-temperature oxida

tion of iridium."^

+M^ k_K„P9 #
Gl "2 “G2”3~0

1I1Sipo 2 *2
. (27jM

3/2

(Z)

P
M2K3Po /

(2 M1RT)1̂ (2 M2RT)^
+ Mi  kGl+M2 t G2V o ^

where and M2 are effective equivalent weights having a value 

of 192,2 grams iridium consumed per gram mole of IrO2 .or IrO^ 

formed. and M2 are the molecular weights of IrO2 (g) and

IrO^(g) respectively', k ^  and k^2 are mass transfer coefficients 

corresponding to the diffusion of gaseous IrO2 and IrO^ through 

the boundary layer, andp is the density of iridium metal at the 

oxidation t e m p e r a t u r e i s  the'equilibrium constant for the 

overall reaction of gaseous oxygen with iridium metal to form 

IrO2 , K2 is the equilibrium constant for the overall reaction of 

gaseous oxygen with iridium metal to produce gaseous IrO^, K^ is
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the equilibrium constant for the overall gas-phase reaction of

H is the ideal gas law constant, and T is the absolute tempera

ture. x

The above equation was subsequently modified and two new• 

theoretical models introduced."**^in the hope of obtaining a 

theoretical correlation that would compare with experimentally' 

obtained data. Two different rate equations were obtained for 

each of the three models by making two different assumptions: 

(l) the gaseous oxides once formed at the inner surface of the 

boundary were assumed to enter into a gas phase equilibrium 

reaction or alternately (2) the gaseous oxides were assumed to 

form completely independently of each other and diffuse'through 

the boundary layer without reaction.

The original model above is characterized by the following 

equilibrium reaction equations:

IrOg and oxygen to form IrO^, Pq ^ is the oxygen partial pressure

Is'+ 02S(g) S  |s - Og (Fast) (2)

js - Og IrOg5 (g) ( s W ) (3)

(4)
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(S' - O+js  - O2 ->,2 IrO33Cg) (Slow) (5)

where the the subscripts for the gaseous species denotes a

location immediately adjacent to the surface of the iridium metal 

and thejS and IS ' denote surface reaction sites on the iridium 

metal. Assuming equilibrium reaction between the gaseous IrO2 , 

IrO-,, and 0 at the inner surface of the boundary layer followed 

by diffusion led to the following equation:

, A(kGl + kGE1S pOp̂  (klbKlP0 + k2bK2P0 )
X.= 2 . 2 2 « (6)

(klb + kE b S pO- + kGI+ kG2K3P0_ ^

where A is an effective equivlent weight equal to 192.2 grams of 

iridium consumed per gram mole of IrO2 or IrO3 formed divided by 
the density of iridium at the reaction temperature, and and 

k,^ are specific reaction rate constants for the reverse reactions 

in Equations 3 and 4. If it is assumed that the two 'oxides form 

and diffuse independently, the following equation results:

"kGlklbKlP02
3/2

k̂Gl + Sb^

+ kG2k2bK2P02 

(kG2 + Sb)

(7)

A second model was developed which is described by the follow-=

ing equations:
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ajs + O^p 2 |S - O (Fast) (8)

2|S_0 IrO^s) (Slow) (9)

| S-O + Ogg^ - 4  IrO33Cg) (Slow) (10)

From this second model the following rate equation was obtained

by assuming an equilibrium reaction between gaseous IrO^, IrO^, 

and Og at the inner surface of the boundary layer followed by 

diffusion:

jukGI+kG2V o ^  i klfP°2 ♦ k2fP°2
3/2

fX=
(1+WP0 ^)2 (1+WP0 1/4)

(11)

kGl+kG2K3P0 + / 2̂ pO2
K1 (1+¥P021 ) (I+WPq }i) Kg

Using this same model with the assumption that the .gaseous IrOg 

and IrO^ form independently and diffuse through the boundary 

layer without reacting resulted in the following equation:
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I
X=

A' kGIpO2kIf

(I + WP0/ ) 2 [kai+klf/ic1a +wp0 ^)2]
2

AkG2P02^  k2f

a +"p0 [ ^ 2+k2/ K 2(i+wp^^)]

(12)

In the above two rate equations, and k2 ,̂ are specific reaction

rate constants for the forward reactions in Equations 9 and IOs 

and W is the product of a proposed equilibrium constant and the 

ratio of two activity coefficients.

A third model was characterized by the following equations. 

k„
lrS + °2S Ir02S(S> (13)

, - M  (.)Irs ♦ 3/2 O2* -  IrO35^) 
k2b

(14)

This model, derived assuming an overall-reaction approach without 

specification of the intermediate adsorption, surface reaction, 

and desorption processes .led to the following equation by 

assuming an equilibrium reaction between gaseous IrO2 , IrO^, and 

0 at the inner surface of the boundary layer followed by diffu- 

sion:
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X= (15)

Assuming independent formation and diffusion of the gaseous IrO^ 

and IrO^ yielded the following equation:

X= + (16)

Experimental data used in evaluating the validity of the 

above models was obtained using iridium wire specimens and

was designed to have a well characterized velocity profile, 

capability to operate at reduced pressure, and the:capacity--to 

permit a large variation in gas flows, as well as a means of - 

varying specimen temperature. By varying these parameters, it 

was hoped that the actual processes that control the oxidation of 

iridium could be determined.

Specimen Analysis

All oxidation studies were conducted using commercially pure 

iridium wire, initially 0.635 mm (25 mils) in"diameter. This 

wire was purchased from Engelhard Industries, Carteret, New

equipment as described in the following sections. The equipment
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Jersey. Results of a spectrographic analysis of the wire, 

performed at the Matthey Bishop Co., Malvern, Pennsylvania, as 

well as the results of a vacuum fusion analysis for oxygen, 

hydrogen, and nitrogen, performed at the Magnflux Testing, 

Laboratories, Los Angeles, California, are contained in Table I.

The total measured impurity content of the iridium wire was

0.028%» The iridium content was estimated to exceed 99»95% 

although the analysis did not include all known elements*.

Oxygen Analysis

The oxygen used in the present study was commercial .USP grade, 

typically of 99•7% purity with nitrogen and argon as the primary 

impurities along with traces of water vapor*

Experimental Equipment

The equipment used allowed placement of an iridium wire in a 

vertical position, perpendicular to a horizontal oxygen stream 

free of turbulence with a reasonable length of wire exposed to 

constant velocity conditions. A heating current was then passed 

through the wire to obtain the high temperatures used in the 

oxidation studies*.

Figure I is a schematic representation of the experimental 

equipment. The oxygen stream was passed through a.two-stage 

pressure regulator followed by two driers (in series) containing



14

TABLE I, ANALYSIS. OF THE IRIDIUM WIRE
(Amounts of Impurity Elements Expressed in PPM)

Et 15 Sb . <10 Fe. 87 Sn CL

Pd 5 As <10 Pb <1 Ti 6

Rh 54 Bi ' <1 Mg 5 Zn <10

Ru 25 B 5 Mn I Ca 7

Os <5 Cd <1 Mo I 0 50

Au 5 Cr <1 Ni 5 H I

Ag <1 Co <1 Si 7 N • 15

Al . 9 Cu 2 Te <10
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calcium sulfate hemihydrate and anhydrous magnesium perchlorate’ 

respectively. From the driers the gas passed to a rotometer; 

three different rotometers were used to allow oxygen flows from 

0.5 liters/min (.025.CFM) to 150 liters/min (6,7 CFM). After 

passing from the rotometer, a multi-turn micrometer needle valve x 

was used to regulate the gaseous flow prior to its passing 

through a second valve providing rapid on-off type action. The 

oxygen then entered the apparatus through a horizontal injector 

mounted on the end of the oxidation chamber.

The injector consisted of a circular tube provided with a 

baffle and a series of stainless-steel screens provided to 

eliminate turbulence introduced into the gas stream as it ini

tially entered the apparatus. The series of stainless-steel 

screens consisted of one 20-mesh screen, two 40-mesh screens, and 

one final 100-mesh screen. The final portion of the injector was 

necked down and connected to a one-inch by 7/8-in-ID copper tube 

terminating approximately one-eighth inch from the oxidizing 

wire at its center.
17Hot-wire-anemometry work was conducted with the injector in 

place to determine velocity profiles under varying flow and 

pressure conditioned. The velocity was found to be constant in a 

0.25 to 0.6 inch-diameter region for the flow conditions studied. 

The turbulence level was found to be equal to or less than one
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percent throughout the range of flow rates investigated. The 

above anemometry work also provided a means of determining the 

relationship between center-line velocity and gas flow..

After passing over the oxidizing wire the gas stream passed 

through a water cooled condenser trap followed by a liquid- 

nitrogen or a dry-ice-acetone-cooled trap, all of which were 

designed to remove a major portion of the volatile iridium oxides 

from the gas stream. 'The dry ice trap was used at pressures- over 

200 torr due to the tendency of the oxygen'stream to liquify, 

caused by a higher boiling- point for oxygen at this pressure than 

for liquid nitrogen at atmospheric pressure. Following the two 

traps, the gas stream passed through a motorized diaphragm valve 

used to provide- continuous pressure control of the system. ' The 

gas then passed on through a manually operated one-inch bellows- 

type vacuum valve and left the system through a 42511iters per 

minute (15VCFM) capacity vacuum pump.

The heating current of 15 to 55 amps in the wire was obtained 

by passing AC line current through two yariacs connected in 

series, followed by a 20:1 stepdown transformer. The current was 

regulated by pre-setting one variac for maximum sensitivity and 

then using the other variac to make necessary adjustments of the 

wire current to maintain the experimental wire temperatpre. The 

wire temperature was monitored by sighting on the wire with a
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8630 series Leeds and Northup optical pyrometer provided with a 

3.8-cm focal-length lens..

Continuous measurement of the pressure within the oxidation 

chamber was provided by a Baratron model 77M-XBP capacitance 

manometer. The above unit was also used to provide a control 

signal for a Leeds and Nor'thup Electromax PAT-type controller 

Which regulated the motorized diaphragm valve through a Model 

10218 Barber-Colman type MP drive unit. The output signal from 

the capacitance manometer was continuously recorded during 

oxidation experiments using a Leeds and Northup Speedomax-H 

recorder. Also incorporated in the equipment, although not shown 

in Figure I, was a second vacuum pump (of 25 liter/min, 0.9 CFM 

capacity) used to provide a static reference vacuum for the 

capacitance manometer.

The wire oxidation took place in a rectangular water-cooled 

chamber having dimensions of 1X3X5# inches. Each 3X3# inch side 

was fitted with a sight port having a rotatable window. Through 

one window of Shadowgraph grade pyrex the above mentioned optical 

pyrometer was sighted onto the wire. The second window, also of 

Shadowgraph grade pyrex, allowed viewing the specimen through a 

MlOlA Gaertner microscope n.nd Beseler Super D single-lens-reflex 

35-mm motor-driven camera, used to obtain film images of the wire 

at 20X magnification. The exposure and film advancing process
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for the camera was cyclically actuated by a Lafayette model 

51013T timer. The films thus provided a timed sequence of photo

graphs of wire diameters from which oxidation.rates could be 

determined,. The electrical current used to heat the wire speci

men was passed through the walls of the chamber using water- 

cooled copper-alloy terminals which were electrically insulated 

from the walls of the oxidation chamber by means of teflon gas

kets. One end of the wire specimen (2 3/16 inches in length) was 

clamped in the top terminal and the other end passed into a 

mercury pool contained in the second terminal; allowing for ther

mal expansion of the wire without deflection.

Determination of the sequence .of wire diameters on the film 

was obtained using a clamping frame to hold the film between two 

glass windows and a Gaertner cathetometer fitted with a Gossen 

Luna-Pro light meter and microscope attachment. An aluminum- 

foil diaphragm having a 0.002 inch wide slit was placed at the 

reticle plane of the microscope mounted in the cathetometer.

This light meter and slitted foil diaphragm arrangement allowed 

the diameter of the wire ,to be determined within about - 0.1%.

Experimental Procedure:

Oxidation experiments were done on wire specimens initially 

25 mils (0.635 mm) in diameter cut into 2-3/16 inch lengths and •
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having a flat area ground near one end for a reference as to wire 

orientation. The wire was first placed in the oxidation chamber 

and annealed for J4 hour at 2200 0C in an argon atmosphere to 

relieve any stresses. The wire was then mounted in a rotational 

fixture outside of the oxidation chamber along with a drill stem 

of known diameter. A picture of the drill stem was then taken 

along with pictures of the wire at an orientation of 0°, 45®,

90e , and 135°to the orientation when in the oxidation chamber.

All pictures were taken at a location on the wire even with the
I

end of the drill stem which corresponded to the approximate 

center of the wire. The wire was then mounted in the oxidation 

chamber and the chamber closed to the atmosphere.

After sealing.the chamber, it was pumped down, checked for 

air leaks and back-filled with argon. The chamber.was again 

evacuated and an oxygen stream introduced into the oxidation 

chamber. Alternate adjustments were then made between the needle 

valve on the rotometer and the valve on the vacuum pump to get 

the correct flow and the approximate pressure in the system.

Once the approximate pressure had been obtained the controller 

unit and motorized valve were used to make final adjustments of 

the pressure.

Following.the above procedure to establish the correct flow 

and pressure conditions, the wire was brought up to temperature
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by applying a voltage through'one of the variacs while observing 

the wire through the pyrometer. The camera was subsequently 

actuated to take pictures at predetermined intervals.. Character

istically from 0.5 to 1.0 mil was' removed from the wire for any 

given oxidation run which consisted of 10 exposures and ran from 

five minutes to one hour, depending on values of pressure, temp

erature and oxygen flow. Plus-X Pan film was used with the 

camera set at from 1/60 to- 1/250 second exposure time.

Following the run, the wire was again removed from the cham

ber -and the sequence of rotational pictures again taken of the 

wire at the same location as before the oxidation run. After 

concluding the oxidation run the film was developed and allowed 

to dry for about two hours to minimize shrinkage during the film 

reading process. The above mentioned cathetometer was then used 

to read the film; reading each exposure in the middle and on both 

edges so that an average value of the diameter on each exposure 

could be obtained. From the readings taken with the wire in the 

rotational fixture, the rate of axidation of the wire at 4-5* ,

90 , and 155 could be compared with the oxidation rate of the 

wire in the same direction as the oxygen flow stream. The se

quence of values of diameter obtained for the oxidizing wire were 

plotted versus time, and a straight line was fitted to the points. 

From this graph an oxidation rate was determined.
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Experimental Results

Initial oxidation studies were conducted using an infrared 

pyrometer' to regulate wire temperature in the range of 1600- 

2200 0C, In August, 1971, it was discovered that the pyrometer 

output had been drifting by as much as 200 °C even though the 

instrument appeared to be functioning properly,. This excessive 

drift rendered all of the previously taken data invalid so that 

data had to be re-taken using an optical pyrometer. The experi

mental data that was subsequently compiled is listed in Table II. 

The data is arranged in the order of increasing temperature with 

the data at each temperature arranged according to increasing 

pressure^

The parameters effecting the oxidation rate of the iridium 

w,ire specimens were; oxygen pressure in the oxidation chamber 

surrounding the wire, mass flow rate of oxygen over the wire, 

surface temperature of the oxidizing wire, and wire diameter. In 

order to find the effect of each of these parameters on the 

oxidation characteristics of the test specimens, several different 

series of runs were conducted in which one of the parameters was 

varied while holding the other parameter essentially constant.

This was done for wire diameter while holding oxygen flow, pres

sure, and temperature constant (fiuns 14-18). Pressure dependency
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Table II. Experimental results for the oxidation of iridium 
wires in undiluted, forced convected oxygen.
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I 1600 0.00461 2105.00 3.49 5.12 0.070
2 1600 0.0658 ■ 147.4 .3.48 5.45 0.153
3 1600 0.1316 ' 73.7 3.48 5.70 0.202
4 1600 0.329 29.5 3.48 6.30 0.255
3 1600 0.658 '14.7 3.47 3.79 0.550
6 1600 1.295 7.37 3.43 4.40 0.612
7 1750 1.290 7.37 3.20 4.83 0.888
8 1905 0.00575 2320. 5.52 4.24 0.385
9 1905 .0.00570 ~ 2320. 5.48 4.71 0.380

10 1905 0.01316 985.00 4.08 ' 6.35 0.303
11 1905 0.1316 27.1 1.12 3.43 0.602
12. 1905 0.1316 49.9 2.07 3.-86 0.-650
13 1905 0.1316 89.6 3.71 4.18 0.672
14 1905 0.1316 99.7 4.13 6.35 0.471-
15 1905 0.1316 99.7 4.13 5.75 0.53716 1905 0.1316 99.7 4.13 5.32 0.574
17 1905 0.1316 99.7 4.13 4.65 0.648
18 1905 0.1316 99.7 4.13 3.84 0.717
19 1905 0.1316 108.7 4.50 5.90 0.528
20 1905 0.1316 122.0 5.05 4.86 0.600
21 1905 0.1316 171.0 7.08 5.46 0.618
22 1905 0.1316 220. 9.11 , 6..40 0.602
23 1905 0.1316 220. 9.11 6.30 0.603
24 1905 0.329 - 433. 45.03 3.98 2.00
25 1905 0.355 598. , 66.98 5.69 1.63 ‘
26 1905 0.527 940. 156.0 4.6l 2.77-
27 1905 0.619 1083. 211.2 3.07 5.00
28 1905 1.300 12.4 5.08 5.25 1.29
29 1905 1.280 16.7 6.75 4.44 1.44
30 2050 1.250 7.37 2.74 5.58 1.44
31 2200 0.00461 1740. 2.26 5.97 0.467
32 2200 0.0658 124. 2.29 6.29 1.09
33 2200 0.1316 63.1 2.34 4.22 1.63
34 2200 0.329 25.8 2.39 4.-85 1.54
35 2200 0.658 13.7 2.55 5.40 1*73
36 2200 1.30 7.37 2.72 6.08 2.10
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was determined by holding oxygen flow and temperature constant 

(Buns 1-6; 8-10; 14-20; 28, 29; 31-36).- Oxygen flow rate effects 

were examined by holding pressure and temperature constant 

(Runs 10-23). Temperature effects were studied by holding oxygen 

flow and pressure constant (Runs 6 , 7, 28, 30, 36).. No attempt 

was made to keep diameter constant in the above oxygen flow, 

pressure, and temperature studies due to the necessity of using 

each wire in a number of runs in order to conserve on a limited 

supply of iridium wire.. '

Variations of pressure and oxygen flow appeared to have very 

little effect on the visual appearance of the wire specimens. 

Theiiridium specimens acquired a bright shiny appearance when 

viewed with the unaided eye. However, oxidation temperature did 

have an effect. At 1600 °C preferential oxidation of individual 

grains caused faceting which could be easily distinguished. This 

same effect was also apparent at 1750 eC but to a lesser extent. 

Above this temperature the oxidation appeared uniform so that 

individual grains could not be distinguished. When viewed under 

a microscope at 200X magnification the oxidized iridium wire 

surface appeared to consist of a network of ridges and valleys, 

indicating that there was preferential oxidation in some regions 

even at higher temperatures. However, there was no grain boundary 

relief at higher temperatures to indicate preferential oxidation
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in these regions. In all of the above studies the iridium wire 

remained approximately circular in cross-section even though in 

many cases its diameter was decreased to approximately one half 

of its initial value through successive oxidation runs.. In all 

cases the eccentricity in diameter after repeated runs' was less 

than 5%«

In the above studies the maximum pressure of I..516 atmosphere 

(1000 torr) was limited by the upper range of the capacitance 

manometer, and also limited some what by the ability of the 

equipment to handle pressures above atmospheric pressure. With a 

positive pressure in the system the sight ports and nitrogen trap 

which were designed to operate under vacuum conditions permitted 

oxygen leakage out of the system. The minimum pressures that 

could be reached were limited by the flow capacity of the vacuum 

pump at reduced pressures. The lowest pressure attained was 

0.00461 atmosphere (3.-5 torr) at a flow of 0.56 liter/min (STP).

The maximum temperature attained was- 22000C although, conceiv

ably temperatures up to. the melting point of iridium (2443°C)

Sbuld 'have been approached. However, at this temperature, 

oxidation rates would be so rapid that they would be difficult to 

measure. The lower temperature limii of l600°C was necessitated 

by the above mentioned faceting problem which made it difficult 

to determine oxidation rates accurately below this temperature.
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2The maximum mass velocity of 0.211 gm/sec/cm at 190$*C was

limited by the capacity of the regulator on the oxygen tank.

There was no lower limit on oxygen flows that could be obtained
2although a minimum value of 0.00112 gm/sec/cm was used at 1905°C, 

This minimum value was used because it was desirable to keep 

Reynolds number values above approximately 0.1 so that existing 

heat transfer curves could be used in correlating experimental 

data to the derived theoretical models,
I

Correlation of Data with Theoretical Models

Initially rates were calculated using Equation:;:! (p, 7) and 

compared to the rates obtained experimentally at 1909*0, (Table II), 

Values of predicted rates calculated using this equation were 

found to be approximately an order of magnitude lower than the 

experimentally measured values,- Accordingly the rate equation 

was modified, corresponding to Equations 6 ,. 7, 11» 12,-15» and 16 

(p, 9-12), A Sigma VII digital, computer was used to fit the 

experimental, data at 19050C (Table II) to each of the above
r''

equations. A variety of methods were used to correlate the

data to each of the equations as discussed below.

Equation 6: The first attempt at correlating the data was
l8by using the Chilton-Colburn relations to calculate values 

for k.,. and k_ using the gaseous diffusivity data for carbonui. lac
dioxide in air using the molecular weight and molecular volume
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dependencies contained in the Arnold equation. ^ Values for

and , which should have been constants, were found to vary

over a wide range and values of were negative. Treating k ^

and kgg as unknowns and assuming that k ^  equalled 0.946 k^^,

based on the Arnold equation, in addition to treating k ^  and k^^

as independent unknowns also'resulted in negative values for k_, .Id
However, in Equation .6 , negative values for k ^  have no meaning.

. Equation 7: k^^ and were both treated as unknowns and

data were used in sets of two to provide simultaneous equations. 

This approach yielded negative values for either or both of k ^  

and k^k, again yielding meaningless results.

Equation 11: Initially the Newton-Haphson iterative tech

nique was used in an attempt to solve for k ^ , k^, and VJ; however, 

the method failed to yield any results. Subsequently a least 

squares treatment was applied along with a trial and error method 

by arbitrarily assigning W values over the range of 10 to IO+"*"̂* 

Once again, values for k ^  and k ^  were negative, and furthermore, 

variation of the values used for VJ had little effect on the values
• o

of X obtained from the calculations.

Equation 12: Initially the Newton-Haphson iterative tech

nique was appliedi again without success. Subsequently a least- 

squares treatment in conjunction with a trial and error method 

was used, resulting in meaningless negative values for k ^  and
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After algebraic manipulation Equation 12 was treated by a 

least squares technique; however, the method^ was ineffective 

because of the excessive number of unknown terms contained in the 

manipulated equation.

Equation 15: Using the least squares curve fitting tech

nique again yielded negative values for k_^e The Newton-Haphsoh 

iterative technique yielded negative values for both k̂ .̂-.and k^e

Equation ' 1 6 The least squares' curve fitting method yielded 

negative values for k ^  with considerable scatter in the values 

obtained. The Newton-Eaphson ,iterative method also produced 

negative values for both k ^  and k In this case any negative

values were again meaningless.

Once it was found that no satisfactory results could be 

obtained using the above models, a different approach was taken,. 

It was assumed that the overall reaction rate was controlled 

entirely by the diffusion rate of gaseous IrO^ and IrO^ through 

the boundary layer after forming at their equilibrium partial 

pressures at the inner surface of the boundary layer. This 

approach yielded the following equation:

X=A
3/2

kGlKlP0 + kG2K2P0 ,c.
(.17)

The two gaseous diffusivities contained in the mass transfer 

coefficients ( k_n and k_„ ) were treated as unknowns and the
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Arnold equation used to obtain a relation between the two. The 

data points at 1905°C were then used to obtain an average value 

for each of the two diffusivities. These average Values were 

then used in conjunction with Equation 17 to calculate values of 

X. When compared to experimental values, 57%'of the calculated 

rates were within±5% , and 83% within±10% of experimental values. 

The possible formation of gaseous IrO and Ir^O^ in addition 

to the above two oxides was also considered. Using estimates of 

standard-state enthalpies of' formation (105 kcal/mole for IrO 

and -2 kcal/mole for Ir^O^) and standard-state entropies of 

formation (20 eu for IrO and -22.1•eu for Ir 0 ) obtained from
f. V

the JANAF tables^; equilibrium constants were calculated corre

sponding to the following reaction equations:

Ir + % IrO(g)

2 Ir + 3/2 Og(g)^±IrgO^(g)

(18)
(19)

Using the Arnold equation interrelationship, for the different

gaseous diffusivities (Dv^^ =0.924Dv ^ q ; Dv ^ q =I.102Dv ^ q ;

Dv t „ =0.771DvT ) and correlating the data in the same mannerIr 2^3 IrO2
as was done above for diffusion of IrO_ and IrOT resulted in a■ 2 3
correlation similar to that obtained for the case involving 

diffusion of only two oxides..
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The correlation of the above theoretical rate expressions 

with the experimental data had not been as effective as hoped.

No meaningful correlations were obtained for Equations 6, 7, 11, 

12, 159 and 16. Only limited success was obtained with Equation 

17» Tt was felt that none of these theoretical rate expressions 

were as effective as was possible, based on the repeatability of 

the experimental data. Apparently, the actual oxidation char

acteristics of iridium are more complex than had been supposed»

In the hope of being able to at least quantitatively relate 

the effect of wire diameter, oxygen flow rate, pressure, and 

temperature on iridium oxidation, emphasis was next turned to 

trying to empirically fit the experimental data.. It was felt 

that, in addition to giving a better fit to the experimental data, 

this approach would smooth data (eliminate effects of scatter) 

which might enhance correlation with theoretical rate equations. 

Empirical correlation would also allow prediction of rates for 

engineering design applications..

Empirical Correlation of Data

Since no attempt was made to hold wire diameter constant in 

the experiments conducted, the dependence of oxidation rate on 

diameter was first determined. A least squares curve fitting 

program was used with data from runs 14-18 at 1905°C in which all
I

parameters were held constant except for wire diameter. The
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oxidation rate was found to be proportional to wire diameter to
i

the -0.820 power with all data points lying within±5% of the 
equation.

Once the effect of wire diameter had been determined, runs 

1.4-23 were used to find the effect of oxygen flow rate on oxida

tion rate. The oxidation rate was found to be proportional to 

oxygen flow to the 0.310 power with 80%. of the data within *10% of 

the equation and all of the data within*15%,

Effects of wire diameter and oxygen flow rate (exponents 

obtained at 1905°C were assumed to be valid at other temperatures) 

were then combined with the effects of pressure at 1600 0C (Runs 

1-6), 1903*0 (Runs 8-29), and 2200*0 (Runs 31-36). At 1600*0, 

the oxidation rate was found to be proportional to pressure to 

the O.367 power with 83% of the data withiiii5% of the equation 

and all of the data within±10%, At 1905®C rate was proportional 

to pressure to the 0.249 power with 86% of the data within±10% of 

the equation and all of the data within±15%. At 2200*0 rate was 

proportional to pressure ,to the 0.240 power with 83% of the data 

within ±10% and all of the data within ±20%,

The final form of the "best fit" empirical equation for each 

of the three temperatures listed above is shown below:

1600°C:

X = (2.40 X 10~6) if*820p*367^.310 • (20)
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1905 0:

X..= (4.?8 X IO"6) D-e820Pe2^9Mf-510

2200 C:
X = (1.21 X IO-6) D-e820Pe2^0Mf*510

(21)

(22)
where X is the iridium wire surface recession rate (cm/sec),

D is the wire diameter (cm), P is the oxygen pressure (Atmospheres)., 

and Mf is the oxygen flow rate (gm/sec/cm ). In all cases values 

were calculated using the above experimentally determined values 

in Table II,

In the above empirical equations, the oxidation rate and 

wire diameter relation was assumed (as was rioted earlier) to be 

independent of oxygen flow, pressure, and temperature, and the 

oxidation rate and oxygen flow relation was assumed to be inde

pendent of pressure and temperature. These assumptions appear to 

be approximately true, based on the quality of fit of the ex

perimental data..

After obtaining the above empirical equations for the three

different temperature levels, an attempt was made to curve fit

all of the data to one equation by including a temperature

dependency in addition to the other parameters.. Based on a

modification of the Arrhenius equation, the rate would be expected

to depend on temperature (in addition to D, P , and Mf) accord-
— Q+PAV oc /3 Y

ing to the relation X = A*exp^ )D P Mf where A. is a constant
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(possibly dependent on temperature), Q is an activation energy,

P is the pressure, AV is a change in volume for the activation 

step, Elis the universal gas constant, and T is the absolute 

temperature. Different forms of this above equation were tried 

along with different forms of exponents on the pressure.. 'The 

following equation appeared to give the best fit with the ex

ponents on and P as well as the values of A V , Q, and the

coefficient A being solved for using the same least squares curve 

fitting program as used above:

(4.4-5 X IO"7) T-exp
,-23,840 + 84op)g-.820p.243M ,277 (23)

where Q is in cal/mole, B is in cal/gm-mole-°K, T is in degrees
o 2

Kelvin, P is in atmospheres, D is in cm, and is in gm/sec/cm .

The results of curve fitting the data in Table II to the 

above equation are contained in Table III. Oxidation rates 

calculated using this equation were found to be within±10% of 

experimental values for 75% of the data; within±20% for 92% of 

the data; with only.one data point off by more than ±25%»- The 

Reynolds numbers, Re = VD/1 , where D is diameter and values of 

viscosity (/•) and density (/*) for oxygen are at the film temp

erature (average between the wire surface temperature and free 

stream temperature), are also included in Table 111 to demon

strate the range of Reynolds numbers (0.070-13.10) covered by the
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Table III. Results of curve•fitting all experimental 
data to Equation 23«

Run
No.

Experimental
Rate

(i o ~5cm/s e c)

Calculated
Rate

(10-5 CM/SEC:)
Difference

(10™5)
Percent
Difference.

Reynolds
Number

I 0.070 0.089 -0.019 -21.4 0.3552 0.153 0.164 -0.011 -6.5 0.376
3 0.202 0.190 0.012 6.6 0.3934 0.255 0.228 0.027 11.-8 0.4352 0.550 0.441 0.109 24.8 0.261
6 0.612 0.529 • CO.083 15.6 0.299
7 0.888 O.816 0.072 8.8 0.293 .8 0.385 0.380 0.005 1.4 0.426 ■
9 0.380 0.347 0.033 9.6 0.46910 0.303 0.287 0.026 9.0 ' 0.47211 0.602 0.597 0.005 ' 0 .9 0.07012 0.650 0.641 0.009 1.4 0.145

13 0.672 0.706 -0.034 - -4 .9 O.28214 • 0.471 0.516 -0.045 -8 .8 0.477
15 0.557 - 0.560 -0.023 -4.1 0.43216 0.574 0.597 -0.023 -3 .8 o.4oo
17 0.648 0.667 -0.019 -2 .8 0.35018 0.717 0.780 -0.065 —8.1 0.289
19 0.528 0.562 -O1. 034 -5 .9 0.484
20 0.600 0.680 -0.080 -11.8 0.447
21 0.618 0.679 -0.060 -8 .9 0.704
22 0.602 0.639 -0.037 -5 .7 1.06
23 0.603 0.647 -0.044 -6 .8 1.0524 2.00 1.91 0.09 4.9 3.26
25 1.63 1.62 0.01 0.3 6.94
26 2.77 . 2.78 -0.01. -0.2 13.10
27 5.00 4.46 0.54 12.3 11.81.
28 1.29 1.40 -0.11 -7 .9 0.488
29 1.44 1.73 -0.29 -16.5 0.546
30 1.44 1.63 -0 .19 -11.8 0.268
21 0.467 0.435 0.032 7.4 0.229
32 I.09 0.807 0.28 35.1 0.244
23 1.63 1.54 0.29 21.0 0.167
24 1.54 1.56 -0 .02 -1.5 0.196
35 1.73 1.82 -0 .09 -5.2 0.23336 2.10 2.22 -0.12 -5.4 0.280
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experimental work.,

Equation 23 fits the experimental data fairly well and can 

be used for temperatures in the range of 1600-2200° C Perhaps 

better agreement could be Obtained with Equation 23 if:the ex

ponent on pressure were made to include a temperature dependence 

because as was shown earlier, the influence of pressure on 

oxidation rate varied with temperature. Several attempts to 

include a temperature dependence were tried [exponents on pres

sure of the form C^/T, C^Tm , C^/(T-C^)n J, however, with no 

increase in accuracy over Equation 23,

Summary

The oxidation rate of iridium wire in oxygen was measured in 

the range of l600-2200°C under- varying pressures with various 

oxygen flows perpendicular to the wire surface. Attempts were 

made to correlate■the experimental results with three theoretical 

models without any apparent success, indicating that the oxidation 

process was more involved than was supposed. Subsequently, the 

data was fitted to the following empirical equation:
L ( 4 A 5 X 1 0 - 7) T .= x p ( - ^ A M ± 8 4 0 P )D- .8 2 0 p .243f t f .277 ( „ )

where temperature (T) is in degrees Kelvin, pressure (P) is in 

atmospheres, R (universal gas constant) is in cal/gm-m.ole-°K,

wire diameter (B) is in centimeters, and the oxygen flow rate
® 2 
(M) is in gm/sec/cm .
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