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Abstract:
The electrical resistivity and thermal expansion of iridium were measured in the range of 293-2275°K
and 891—2221°C respectively.

The electrical resistivity of iridium was obtained by measuring the dc-voltage across the specimen and
the voltage drop across a precision resistor which was in series with the wire specimen. The ratio of
voltages corresponded to a resistance ratio from which the electrical resistivity was calculated knowing
the length and diameter of the specimen. The following equation represents the results: pt (293-2275
K)=19.702 x 10"-3t - 2.586 x 10"-6 t"2 + 4.64 x 10"-9 t"3 - 1.08 x 10"-15 t"4 for the electrical
resistivity, pt, expressed in microhm-cm and the temperature t expressed in °K. The results of the
present study were compared with earlier studies, and an attempt was made to correlate the
experimental data to theory presented by Gruneisen. Mean temperature coefficients of resistivity were
calculated.

The linear thermal expansion of iridium was measured in the range of 891-2221°C by taking the
experimental data directly by visual means. The following equation was found to fit selected earlier
results and the present results oyer the temperature range of 30-2221°C: 100 (Lt-LO)/L0 = 616.7 x
10 6t+151.9x 10M-9 t72 - 28.16 x 10"-12 t"3 + 14.63 x 10"-15 t*4 for t expressed in °C. Thermal
expansion coefficients and average coefficients of expansion were calculated.
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ABSTRACT

The electrical resistiyity and thermal expan81on of iridium werne
measured in the range of 293<2275°K and 891-2221° C respectiyely.

The electrical resistiyity of iridium was obtained by measuring
the dc~yoltage across the specimen and the voltage drop across a pre-

" cision resistor which was in series with the wire specimen. The ratio

of voltages corresponded to a resistance ratio from which the electri-
cal resistivity was calculated knowing the length and diameter of the
specimen. The following equation represents the results:

(293-2275°K) = 19.702 x 1073: < 2.586 x 10702

+ 464 x 10067 - 1.08 % 10"k

for the electrical resistivity, P, expressed in microhm-cm and the
temperature t expressed in °K. The results of the present study were
compared with earlier studies, and an attempt was made to correlate
the experimental data to theory presented by Griineisen. Mean tempera-
ture coefficients of resistivity were calculated.

The linear thermal expansion of iridium was measured in the range

of 891-2221°C by taking the experimental data directly by visual means.

The following equation was found to fit selected earlier results and
the present results oyver the temperature range of 30-2221°C:

L ~1L o \ :
£ ° - 616.7 x 107% + 151.9 x 107%t% < 28.16 x 10723

O
+ 14.63 x 100k

for t expressed in °C. Thermal expansion coefficients and average
coefficients of expansion were calculated.
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Introduction

The electrical resistivity of iridium was studie&-by Powell, Tye,
and WOOdmanl in the range of 100-500°K. Other ayaiiable electrical
resistivity data  generally refer to témperatures below 500°K. The
values given in the "Thermbphysical Properties of High Temperature
Solid Materials"2 in graphical form in the raﬁge‘qf 75-1593°K are dis-
cussed later. (Values were obtained from the work of Poweli, gg_gi.B)
A need for additional resisﬁfvity data for iridiuﬁ at higher tempera-
tures brompted-making the resistivity measﬁrements presented in the
present paper.

As the experimeﬁtal dafa reported in the present paper were being
pbtained, results of a similar study made by Russian workers appeared
in the technical.literature. The electrical resistivity of’iridium
was studied by L'vov, Mal'ko and Nemchenko4 in the range of 80-1900°K.
Iridium samples were prepared by a powder metallurgy method (pressed
billets were sintered in -vacuim at a temperature of about 2500°K).
Electrical resistiyity data were obtained by the potentiometric method

and are compared with the results of the present study.

Specimen Analysis

Commercially pure iridium wire, 0.635 mm (25 mils) in diameter was

purchased from Engelhard Industries, Cafteret, New Jersey. Results of




3
a spectrographic'aﬁalysis* of Lﬁe wire aré contained in Tabie I along
with the results of a vacuum fusion analysis** for axygen, hydfogen,‘
and nitrogen. The total measured impurity'cdntent of the metal was
seen to be 0.028%. Although analysis did not include all known ele-

~

ments, the iridium content was estimated to exceed 99.95Z.

Experimental Method

The experimental equipment used in the present study was designed

"'such that the electtical resistivity was obtained by measuring the

dc~yoltage drop across the specimen and the voltage drop across a pre—
. +

" cision resistor which was in series with the wire specimen. The ratio

of voltages corrésponded to a resistance ratio from which the electfi~
cal resistivity was calculated knowing the length and diameter of the
specimen. Figure 1 is a schematic representation-of the experiﬁental
equipment. A ceramic plug Whiéh contained the iridium wire specimen

was made from a castable ZfO2 cement. The wire specimen was electri-

cally isolated from the ZrO, plug by passing the wire through:ThO2

2

thermocouple tubes, Th.O2 being used because of its high electrical re-

"sistivity at high temperatures. The section of the iridium wire speci-

men for which the resistiyity was measured was of uniform temperature

%Performed at the Matthey Bishop Co., Malyern, Pennsylyania .

#**%Performed .at the Magnflux Testing Laboratories, Los Angeles,

California

T T ™ =T
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TABLE I ANALYSIS OF THE IRIDIUM WIRE

(Amounts of Impurity Elements Expressed in PPM)

Pt 15 Sb <10 Fe 87
Pd 5 As <10 Pb Sl
Rh 54 Bi <ol Mg 5
Ru 25 B 5 Mn 1
Os <3 Ccd <l Mo 1
Au 3 Cr Sl Ni 3
Ag e, Co < 1 Si 7

Al 9 Cu 2 Te <10

Sn

T

Zn

Ca

<10

30

i




~— 11.4 CM -
*R,=0.1 2 % 0.0l % ! »

e DIGITAL <+

R,=10 Q VOLTMETER _, POTENTIOMETER

Figure 1. Schematic Representation of the Experimental Equipment
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and was located a distance of one centimeter from the end of the Th02

9 sight .tube was also incorporated in the

plug and thus allowed measuring the higher temperatures with a Pyro-

thermocouple .tubes, A Zr0

Micro~-Optical Pyrometer and the lower temperatures by insertion of a
chromel-alimel thermocouple. Pyrcﬁeter_calibration factors were ob-
tained using a Milletron Pyrometer Calibration Standard coﬁtaining a
lamp calibrated by the General Elect%ic Co. (with all measurements
traceable to the National Bureau of Standards); The iridiumvwire:
specimen was connected in series with a 0.1Q * .01% prec;Sion resistor.
The circuit was completed with a 100 resistor and 1.5 dc volt power
supply. Both resistors were made from Manganin wire having a tempera-
ture coefficient of resistivity of 10 ppm/°C and thus'were unaffected
by the small changes in room temperature.

The wire specimen was prepared by fusion—wélding* two lA—gm
iridium lead wires to another piece of the iridium wire having a length
of 34Icm. The room—temperature length of the reference section (7.96 cm)
of the iridium wire was accuraéely determined from its Weight; diameter,
and a publisheds'value for the density equal to 22.49 g—~c‘mm3 after the
reference section was cut froﬁ the syéteﬁ at the conclusion of thgv

" series of resistiyity measurements. The diameter of the wire was

#The fusion-welding process is .described in Appendix A.
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measured optically to *Il using a Gaertmer Cathetometer,_and.ﬁhe
weight determined with a precision of *0,1 mgm. Measurement of ghé
wire diameter before and after the .series of resistivity measurements
yielded no detectable change. Copper lead wires were fusion-welded

to the ends of iridium wires extending from the ends of the ThO, tubes;

2
the copper-iridium thermal EMF over the range of 0-100°C was reportea
to be only l.lﬁy/°C. Differences in the temperatures ofhthe four Ir-Cu
junctions was minimized by diréctiﬁg a stréam of air across the junc-
tions which were in close proximity. ,

Prior to makipg the resistivity measurements, the reference
section of the specimen was given a recrystallization anneal by heating
in argon to approximately 2300°K for.60 minutes in the high—temperature
furnace described later.

In preparation'for the measurements at specimen tempefaturés in
the range of 293—1241°K; the plué containing the wire spécimen was
placed in a -type 54341-A Lindberg HevifDugy furnace haying a maximum
operating temperature of 1283°K. After sealing, the furnace was
continuously flushed with argon to prevent oxidation of the specimen.

.
The furnace temperature was controlled with a Variac sliding-contact
autotransformer and was monitored with a digital millivoltmeter
connected to a Platinel TT thermocouple installed in tﬁe‘fprnace.

Continuous specimen temperature readings were proyided by a Digitec dc

millivoltmeter connectéd to'a chromel-alumel thermocouple placed next
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to the iridium wire specimen: §6£h thérmocouples had an ice-bath '
reference, After the furnace témperature‘had.stabilized, the tempera-~
tures indicated by the separate' thermocouples were nearly the same.
The'vol%age drops across the reference:section of the wire speciﬁen

(VW) and the precision resistor (VRl) were determined using a Honeywell

model 2745 potentiometer with a precision of +0.001 millivolts after

preliminary values were obtained using a digital voltmeter (Hewlett
Packard Model 3440A having a precision of *0.01 millivolts). The use

of the digital voltmeter (and two double—ﬁole double~throw switches)

allowed apprbximate-voltage values to be measured quickly; subsequently

the‘values were measufed preciseiy using the poteﬁtiometer, thus allow-
ing a rapid data-collecting procedure. The error due to a ﬁery slow
drift in the current and voltage provided 5y the dc power supﬁly was
eliminated by alternatély and repetitively megsuring V% and VRl'
Repeated measurements at the same temperature were reproducable to
*+0.005 milliyélts.

For the data taken at épecimen temperatures- in the range of 1585-
2275°K, thé plug containing the specimen was installed in a Zr02
refractorY.£ube which was in turn located inside the tantalum heating
element of a high~temperature furnace to which argon was fed. The

argon was passed through a purifier containing calcium turnings held

present. ' The purified -argon was then introduced into' the furnace.

_at approximately 925°K. to remove any traces of oxygen and water vapor -.-
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A cast Zr0, cylinder and heat-reflector discs were placed in the

2
refractory tube beneath: the wire specimen. These discsjcombleted an
enclosure for the wirej; when .heated, this enclosure closely approached
being a black-body cayity such that the pyrometer readings were assumed
to correspond to true temperature. Temperaturé measurements were
taken with a Pyro-Micto-Optical Pyrometer, which was sighted through
the sight tube located in the plug (the pyrometer was calibrated by
sighting through this same sight tube onto the calibration lamp
mentioned earlier).l Voltage measurements for séeciﬁen temperature
éxceeding 1585°K were made using only the digital voltmeter (thus,
voltage dropsiin the range of 13~21 millivolts were measured with a
precision of *0.0l1 my). Repeated measurements at the same temperature
were reproduceable to *0.05 mv.

The results of resistivity measurements at 77-273°K and the pro-

cedure employed in their determination are contained in Appendix B.

Results and Discussion

The electfical“resistiyity‘databetained in the present study in
the range of 293-2275°K are presented in Table IT and Figure 2. All
of the data tabulated by LYyov, gg‘ggﬁ, are also shown; their tabulated
'valueé are in good agréement with those of tﬁe ﬁrésent~study, with
maiimum deviation being less'than 5.2%. The da;a'points presented

A

graphically by L'vov, et al,.at the higher temperatures were noticed to
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TABLE II MEASURED AND CALCULATED RESISTIVITY VALUES AND ANALYSIS

Temperature, °K Measured p Calculated*p Deyiation, 7%
293 5,62 5.66 0.70
294 504 5,68 1.04
301 3.73 5.81 1.46
425 8.15 8.23 0.95
428 8.22 8.29 0.81
465 9.14 9,02 -1.33
627 12.33 1.2 31 -0.14
630 12.39 123538 -0.11
633 12.44 12.44 -0.01
677 1322 13,37 1.10
7AW 14,30 14.22 -0.55
835 16.76 16.82 0239
836 16.98 16.85 -0.78
838 17.02 16.89 -0.75
905 18,58 18.43 -0.82
996 20.51 20.58 0.34
999 20.79 20.65 -0.66

1093 23,03 22.96 -0.29
1200 25.43 25.70 1.06
1201 25.69 25,72 0.14
1241 26.66 26.78 0.44
1585 36.85 36.40 -1.23
1743 41.17 41.10 -0.18
1789 41.74 42.49 .19
1875 44 .64 45.10 1.04
1975 48.34 48.16 -0.38
2051 HL52 50.48 -2.03
2261 55,02 56,77 3.18
2275 58.48 57.18 -2.22

#Values calculated from Equation (1)
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Figure 2, The Temperature Dependence of the Electrical Resistivity of Iridium
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be increasing at a'gre;ter ?aﬁe'fhén those of the present study. This
effect was probably not due tp.a‘diﬁference in purity, since the purity
of the iridium was nearl?‘the same in both:studiés, (L. %vov, gg_glj
reported a purity of 99.96% Ir with impurities of Na-0.01, Si-0.0l1, and
the Platinum group-metals—O;OlZ). The differénce iniéhe preparation of
the specimens could, howeyer, presenf a possible explanation. The
Iridium samples used by thov,.ég_gl, were prepared from powder by
sintering pressed billets in a vacuum at a temperature of about 2500°K.
This process left voids which at high temperatures could effectively
inc%ease the electrical resistivity. L'YOV"EE~é;’ point out, théugh,
that an atteﬁpt was made to take the effect of residual'porosity‘igto
account. The wire specimen used in the present study would have
" considerably fewer and smaller voids foilowing the_plastic deformation
involved in making the wire,

Values of ‘the resistivity reported in "Thermophysical Properties -
of High Teﬁperature.Solid Materials“z, if shown’oanigure 2, would lie
above the Valués from the present study but below thoée"feported by

L'yoy, et al. These yalues were reported in graphical form and there-

~

fore an accurate representation of them was somewhat uncertain.
Although no purity content was given, impurities of Rh (0.02-0.05),

Ru (0.002-0.005), and Pd (0.001%) were reported.

™ L e 1




13
The present data was correlated by the analytic expressions of .

the form:

P, = a +.bt +.ct2‘+.dt3‘+ ves o (&)

where pt is the electrical resistiyity expressed in microhm—cm, t is
the temperature in °K. The mean temperature coefficient was defined

by the following relatiomship:

% ve " 1000(p, - P, / e (t - to} 5 : (B)

Wﬁere aayg is the mean, temperature coefficient between 273 and t °K
agd °y is the electrical resistivity at 273°K, which is £, The
expgrimental data obtained in thg present study were expressed in the
analytical form of Equation (A) for various temperature ranges and
various orders ﬁy meéns“of the least-squares method of curve fitting.

The following equations were obtained:

b, (293-2275°K) = 19.702 x 1073t ~ 2.586 x 10702

+ 464 x 1079% ~ 1.08°x 107 2" (L
p, (203-2275°K) = 1.105 + 13.962 x 1073t + 6.455 x 1072

~ 0.760 x 1077¢3 2
o, (293-2275°K) = 0.2883 + l6;887,xk;0"?t

+ 3,651 x lbf6t2"i> | -
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p, (293-1241°K) = 18.574 x 1073¢ + 1.242 = 107 °¢2
+0.881 x 10 > (&)
p, (1200-2275°K) = -9.909 + 29.409 x 1073 - (5)

Error aﬁalysis for Eéuafions (1) through (5)’yielded the following
maximum deviations éf the -values calculated by means of the respective
equationsAfbr thé experimental data points:

Eqn., (1): ‘Maximum deyiation over tﬁe‘fénge‘293«2275°K; 3ﬂ18%
Eqn. (2):° Magimum deviation over the range 293-2275°K: 3.39%
Eqn. (3):Z Maximum deviation o&er the range 293-2275°K: 3.847%
Eqn. (4)* Maximum deviation over the‘range 293-1241°K:  1.60%
Eqn. (5): Maximum déviation over the range 1200~2275°K: 2;84% ‘

Deviation of thé individual values calculated by means of Equation
(1) are included in Table TI.

‘For maximum accuracy over the entire range of 293-2275°K, usiné a
single expression, Equation (1) should be used. TIn the same temperature
range, only a sligﬁt decrease in accuracy (3.39 és 3.182) is observed .
by using Equatibn'(Z) and.a'modesp additional decrease in-accuracy |
(3.84 vs 3.39%) by using Equétion (3) while calculation of wvalues is
simplified because of the lower order of Equafions (2) and (3). TIf the
data are broken up into” two temperature ranges, Equations (4) and (5)

best represent the experimental data with mifimum error.
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For the éOnveniénceiéf’theﬁre;é;r in using the present data, .
.Tables ITT and IV are inclﬁded,' Table TIL contains the electrical
resistivity values at 100°K.intervals. Table IV contains the mean‘

' temperature coefficiénts for the electrical resistiyity of dridium at
100°K intervals.

An atﬁempt was made to correlate’ the experimental data to the
theorylpregented by Grﬁneisen7, who defined the parameter U equal to
p/T (where p is the resistivity at a temperature T), with O
asymptotically approaching a 1iﬁiting value, 0%, at high temperatures.

Ie

The following theo¥etical equation was presented:

o
goo 4 X

_20 [F etae  ux
X o eg -1 e -1

where X = /T, with © being thé characteristic temperafure.

The resistivity data obtained in the present study were divided by
the respective temperatures, ana the resultant 0 values were plotted
versus temperature. However, the plotted values did not .asymptotically
approach a limiting.valué, therefore no correlation with his £heory
was possible. When Ltyov's, et al, resultant O values were plotted
versus temperature, there was eyen less tendency for the ¢ wvalues to
converge upon a limiting'yalue, Lack éf correiation'to the theory pre-—

sented by Grineisen might he associated wi;h_g_?rogressiyely changing

value for the characteristic temperature, as was suggested by L'vov,

et al.
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TABLE III ELECTRICAL RESISTIVITY VALUES FOR TIRIDIUM

Temperature, °K p,* microhm-cm’
293 5.66
300 579
400 7.74
500 S
600 11.75
700 13.86
800 16.04
900 18531

1000 20.68
1100 23.14
1200 2510
1300 28.35
1400 31.10
1500 3393
1600 36.84
1700 39.81
1800 42.82
1900 45.87
2000 48,92
2100 511596
2200 544597
2300 79

*Values calculated from Equation (1)
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TABLE IV MEAN TEMPERATURE COEFFICIENTS OF ELECTRICAL
RESISTIVITY OF IRIDIUM

Temperature e h

‘ avg

; Range, °K oL
273 -~ 300 ’ 4,044

273 -~ 400 3.801

273 - 500 3.798

273 -~ 600 3. 826

273 -~ 700 3.876

273 - 800 3,933

273 - 900 3.999

273 - 1000 4.074

\ 273 -~ 1100 4151
‘ 273 - 1200 s 232
\ 273 = 1300 4.316
273 - 1400 4.399

| 273 - 1500 4,482
273 - 1600 4.565

273 = 1700 4.644

273 - 1800 & 72

273'= 1900 4.786

273 - 2000 4,848

273 - 2100 4.901

273 = 2200 4.946

273 - 2300 4.980

*aavg was calculated using Equation (B) with po = 5.22 calculated
from Equation (1) at 273°K (an experimental value of 5.20 was

obtained at 273°K)
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Summary
The electtical resistiyity.of iridium was measured in the range
of 293-2275°K. The following equation’ represents' the results;

o, = 19.703 x 103  2.586 x 107%t% + 4.64 x 10 0¢°

~1.08 x 107124

for the electrical resistivity, pt, expressed in microhm~-cm and t

expressed in °K. Mean temperature coefficients of resistivity were

calculated.
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Introducdtion

The thermal expansion of iridium was studied recently by Singhl
in the range of 30-865°C using the X~ray diffraction technique. The

following equations represented his results:

_ -6 _ _
a, = 3.8383 +23.52 % 10 't + 4.92 x 10 9.2 4 0.89 x 107123
6 = 6.13 x 1070 + 2.56 x 107t + 0.70 x 1022

t
where a, is the lattice pafameter in R at t°C and at is the coefficient
of thermal expansion. Earlier studi‘es2 made by Holborn and Valentiner
(1907) in the range O to 1000°C are discussed later. Other available
data3-"5 on the expansivity of iridium either refef to low temperatures
. or average values over large temperature ranges. A need for expansiv-
ity data for iridium at temperatures ranging to 2200°C prompted making

the expansivity measurements reported in the present paper.

Specimen Analysis

Commercially. pure iridium wire, 0.635 mm (25 mils) in diameter,
was purchased from Engelhard Industires, Carteret, New Jersey. Results
of a spectrographic analysis® of the wire are contained in Table I

along with the results' of a -vacuum fusion analysis** for oxygen,

*Performed at the Matthey Bishop Co., Malyern, Pennsylvania
**%Performed at the Magnflux Testing Laboratories, Los Angeles,

California
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TABLE I ANALYSIS OF THE IRIDIUM WIRE

(Amounts of Impurity Elements Expressed in PPM)

Pt 15 Sb <10 Fe 87 Sn Kk
Pd 5 As <10 Pb <l TL 6
Rh 54 Bi gL Mg 5 Zn <10
Ru 25 B 5 Mn 1 Ca 7
Os <3 Cd Sl Mo 1 0 30
Au 3 Cr Shik Ni 3 H 1
Ag <L Co i Si 7 N 1D

Al 9 Cu 2 Te <10
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hydrogen, and nitrogen. The total measured impurity content of the
metal was seen to be 0.028%. Although the analysis did not include

all known elements, the iridium content was estimated to exceed 99.95%.

Experimental Method

The experimental equipment used in thelpresent study was of a -
simple design which allowed taking the experimental data directly by
visual means. On one side of a chamber, a 12.7-cm diameter pyrex
window was provided. Through this window expansivity measurements
were made with a Gaertner cathetometer and te;emicroscopé with a
precision of * 1 micron. The window was checked quantitatively fof
optical quality at wvardious 1oca£ions by measuring a lined g;id. No
change in the measured length of a selected line segment was detected.

On the opposite side of the chamber was located a view port
containing ‘a pyrex window of optical quality. Through this window
temperature ﬁeasurements were taken with a 8630 series Leeds aﬁd
Northrup optical pyrometer provided with a 3.8-cm focal-length lens,
which provided a magnified image of the wire specimen. The temperature

range was extended below that obtainable with this pyrometer by use of

a Pyro-micro optical pyrometer.
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The electrical current used to‘self«resistancelheap the wire
specimen was éupplied by a 20:;1 step~down transformer in series with a
constant voltage power supply, the current being controlled by two
Variac sliding-contact autotransformers in sequence, The electrical
current was passed into the Ehamber by means of water—-cooled copper-—
ailoy terminals which were electrically isolated‘from the chamber by
means of vacuum—tight teflon gaskets. One end of the wirer specimén was
rigidly clamped to omne terminal while the other end of the wire was
passed through a polished ruby watch bearing into a mercury pool located
in the other terminal. This arrangement allowed unrestrained thermal
expansion of the specimen to occur in the absence of stress and buck-
ling deflection.

The wire specimen was prepared_bj fusion~welding two short pieces
of the iridium wire (at a separation of 2.1 cm from each other) to‘a‘
piece of the wire haying a length of 11.4 cms. Cutting of the attached
wires .produced two opticaltreference points which extended approximately
0.6 mm from the surface of the specimen (the magnitude of the cooling
effect pfoduced by the reference points was measured; at the highest
specimen téﬁperatures, the temperature was constant oyver the 2.1 cm
reference section to within % 7°C),

After the specimen was mounted in the chamber, the latter waé
evacuated and back~£illed with argon twice. The chamber was filled with

argon at a pressure of ca 50 torr in excess of atmospheric pressure at
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all times when the specimen was heatéd. Prior to makiné the expansion
measurements the‘speqimen was given a_re;rystéllization danneal by
heating to 22OO°C‘for440’minuteé.m While making the expansion deter-—
minations, the specimen was held at éach temperature level until
equilibrium occured. SEquential-ﬁeasurements‘of the length of the
heated reference sectién agreed within 1-2 microns.

A separate experiment was conductéa to determine the-relationship’
between the observed temperature and the corresponﬂing‘true wire temp-—
efatures. Each of the legs of an Ir-Ir 40'Rh‘thefﬁocouple (calibrated
by Engelhard Industries with traceability to the National Bu?eau of
Standards) was separately fusion Welded to a second.spgcimen of the
iridium wire such that a separation of approximately 2 mm existed
'betﬁeen the points of attachment of the two legs. The pyfométer was
sighted on the specimep at the point of-attaéhment of "the Ir 40 Rh
wire while the specimen was self-resistance heated‘in argon. The
thermocouple EMF (read with a HoqéyWell 2745 potentiometer, * 1 1 volt)
Qas translated to a temperature taken téfbe the true wire temperature
at the point of attachment of the Ir 40 Rh thermocoﬁplg leg; Thg true
wire temperatures thus oytéined were estimated to be accurateé within
% 20°C. The extent of the drift of the thermocouple oufput due to
diffusion during the brief periéds at the higher temperatures was

measured by repeating the series of measurements and was found to

L.
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correspond;tg.a.téﬁperature'error of’éé;lO°C. Correction  -for the
drift was then made. ‘

Calibration factors for the pyrometers and loss factors for the
window due to reflection and absorption were obtained using a Milletron
Pyrometer Calibration Standard containing a lamp célibrated by the
General Electric Co. (with all measurements traceable fo the NBS).

Use of the calibration factors and loss factors allowed'obsérved
temperatures.to be conyerted to true b?ightness temperatures (which
would be appreciably lower than true wire temperature because of the
low emittance of'iridium). Resultant emittance values proyided con-—

. firmation of the accuracy of the true—wire-temperaturé determinations
by comparison of the emittance values with éhose determinedyelsewherea
Kuriakose and Margrave6, using a blackbody method, 6btained values of
0.30 £ 0.04 for.the emit;ance (0h65 1) of iridium wire heated in argon
to temperatﬁres in the range’of 1180-1760°C. A value of 0.29 * 0.0%
.was obtained in the present study ig the same température range at
virtually the same wave length (0.655 ﬂ in the present study) and

thus suggests confirmation of the accuracy of the true-wire-~temperature

determinations.

Results and Discussion
The expansion data obtained in the present study in the range of

891-2221°C are presented in Table IIL and Figﬁre 1, The data range
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TABLE IT MEASURED AND CALCULATED EXPANSION VALUES AND ANALYSIS1

Temperature Measured* Calculated*#* % Deviation
e % Expansion % Expansion

30 .0182 .0186 2.41
133 .0808 .0847 4.77
235 1563 v 1530 -2.11
338 .2162 2249 4.03
440 2022 .2989 -1.08
552 .3856 23833 = <59
655 4637 .4639 .05
767 .5497 .5548 +92
865 .6409 .6371 = 559
891 .670 .659 -1.58
1077 .834 .825 -1.09
1177 +919 <918 - .06
1192 «923 +933 1.06
11229 el .968 1.84
1236 . 984 975 - .88
1394 1.106 1.134 252
1460 1.190 L3203 10
1477 18256 1.221 ~2.77
1615 15382 373 - .64
1718 1.500 1e493 - .50
1798 15975 1589 290
1905 738 1,724 -~ .86
2025 15875 1.884 47
2061 1.940 1.934 -~ .32
2113 17992 2.007 ol d
2221 2,174 2.166 =35

*Measured values in the range 30-865°C are Singh's wvalues

#%Values calculated from 4th order equation (Eqn. 3)
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LINEAR EXPANSION, PERCENT
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= RESULTS OF X-RAY STUDY, REF. |
= RESULTS OF PRESENT STUDY

EQUATION 3 OF PRESENT STUDY

Figure 1.

4 8 12 16 20 24
TEMPERATURE X 1072, °C

The Temperature Dependence of the Thermal Expansion of Iridium
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was extended to include -yalues down to 30°C by using values reported
by Singh.l Values reported by Holbern and Valentinerz,_if shown on
Figure 1, would lie above the -yalues presented. These poinfs were
not included because the iridium used Wés of undétermined purity and
the wire was under tension during the eipansion-measurgments. The:
elongation due to the tensile stress would have been superimposed on
the thermal expansion and would havé increased in magnitude with
increasing temperature. Values reported by Krikoria'n5 were also not
includéd because no:experimeﬁtal procedure or purity information was
indicated in his report, which was stated to be of a preliminary
nature. Singh used "Specpure'" iridium powder in his X~ray diffraction
study; this material was ;ssuméd to be spectroscopically pure and as
such would be of higher purity than the wire material used in the
present study (the wire used was of the highest purity available for
iridium in wire fo?m). | |

The data of Singh combined with the present data were correlated
by analytical expressions of the following form:

T ot ) BT S B A)

L
o

where Lt = reference length at t°C and LO = reference length at 0°C;
100 (L, ~—~.LO)/LO is .referred to as “percent expansion". The thermal
expansion coefficient and ayerage coefficient of expansion were defincd

by the following relationships, respectively:
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t LO dt}f - (B)
(e = r——-A—va-eq— '
avg LdAt , ©)

The experimental data were expressed in the analytical form of
equations ,(A) and (B) for warious orders by means of the least-squares

method of curve fitting. The curye fitting included Singh's data.

The following equations were obtained:

Percent Expansion = 575.1 x 10“6t + 175.3 x 10'—9t2 )
. ~6 L9, 2
Percent Expansion = 647.3 x 10.7t + 71.9 x 10
+ 33.7 x lOlet3 o (2)
. -6 -9 2
Percent Expan31on/= 616.7 x 10 "t + 151.9 x 10 "t
- 28.16 = 10123 + 14,63 x 107¢" 3)

—

Differentiation of Equations (2) and (3) -after division by 100

yielded the following expressions for the thermal expansion coefficients:

o, = 6.473 x 1070 + 1.438 x 107 + 1,011 x 107122 (4)
o, = 6.167 x 10“6,+ 3.038 x 1070 ~ 0.8448 x 107 2¢?
+0.5852 x 107773 ‘ (5)

Exrror analysis for Equations (1) thrqugh_(B) yielded the following

maximum percent deviations of the-values calculated by means of the
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réspective equations from the experimental data points:

Equation (1): Maximum Percent Deviation, range 30-2221°C = 7.34
Maximum Percent Deviétion, range 655-2221°C = 3.29
Equation (2): ,Maiimum Percent Devyiation, range 30-2221°C = 8,22
Maiimum Percent Deviation, range 940—2221°C = 2.75
Equation (3): Maximum Perpent Deviation, range 30-2221°C = 4,77
Maximum Percent Deviation, range'440;2221°c ; 2.77
Deviation of the wvalues calculated by means of Eqdatioh (3) from each
of the experimental data points is included in Table II.
For maximum accuracy over the entire range of 30-2221°C.
Equation (3) should be used. In the range 440-2221°C an almost negligi-
ble gain in accuracy is obtainable by using Equation (2) while calcula-
tion of values is simplified because of the léwer order of Equatidn (2).
For the convenience of the reader in using the présent data,
Tables III and IV are ;nciuded. Table III contains the percent expan-
sion and thermal expansion coefficients of iridium at 100° intervals.
Also included in Table ITI are values calculated by means of Singh's

equations. Table IV contains the average coefficients of expansion

of iridium at 100° intervals.
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TABLE III PERCENT EXPANSION AND THERMAL EXPANSION COEFFICIENTS OF IRIDIUM

Temperature % Expansion* % Expansion** o, X 106h a, X lOGK*
) (Singh) (écﬂl) (Singh)
25 +0155 .0154 6.24 6.19
100 .0632 .0626 6.46 6.39
200 «129 «128 6.75 6.67
300 .198 .196 702 6.96
400 .270 .267 7528 7:27
500 344 .341 7055 77259
600 421 419 7. 81 7.92
700 .500 .500 8.08 8527
800 OB 2 .584 8.36 8.63
900 .667 8.64
1000 755 8.95
1100 .846 9527
1200 .940 9.61
1300 1.038 9.97
1400 1.140 10637
1500 1.246 10.80
1600 1.356 1126
1700 1471 114497
1800 1592 1231
1900 1 +72:8 12.90
2000 1.850 | 135155
2100 1.989 14.24
2200 21,135 14,99
2225 255173 i 7

*Values calculated using Equations (3) and (5)

%*%Calculated using Singh's Equations
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TABLE IV AVERAGE COEFFICIENTS* OF EXPANSION OF IRIDIUM

Temperature o X 106, "CHl Temperature o x 106, °C“l
avg avg

Range, °C Range, °C
25-100 635 25-1300 8.02
25-200 6.50 25-1400 8.18
25-3G0 6.64 25-1500 8.34
25-400 b7/ 25-1600 851
25-500 6.91 25-1700 8.69
25-600 7.04 25-1800 8.88
25-700 7.18 25-1900 9.08
25-800 193L 25-2000 9.29
25-900 7.45 25-2100 951
25-1000 759 25-2200 9.74
25-1100 Tt 25-2225 9.80
25-1200 7 w87
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Summary
The linear thermal expansion of "iridium was measured in Ehe range
of 891-2221°C. The following equation was found to fit selected
earlier results and the present results over the temperature range of

30-2221°C:

- 616.7 % 1070t + 151.9 % 10°2¢% - 28.16 x 10723

+ 14.63 x 10"t

for t expressed in °C, Thermal expansion coefficients and average

coefficients of expansion were calculated:
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APPENDIX A

A capacitor discharge welder wﬁich.consisfed of two parallel
16,500 ﬁ F capacitors in series with a 10 ohm, 8.5 amp reostat was
used for the'fusionjwelding process. The reostat provided partial
control over the discharge time. The welding was done in air and
consisted of two iridium~iridium welds and four copper-iridium welds.
The separate wires, which were to be welded together, were placed in
the circqit of the capacitor discharge welder and positioned such
that a small air gap existed where the welded junction was #o be made.
When the air gap was closed, the capgcitors would discharge causing
an electric arc to.pass between the wires at the junction sight,
Through trial and error, selected yoltage and resistance séttings were
established for each of the different type welds. The voltage and ohm
values indicated below represent those settings which at the time
produced the Best results.,

The iridium~iridium welds were done at a ‘65 volt setting and a
1 oh£ reostat setting. At these high values, a hot arc was formed.

If the speed to contact was fast, a solid‘and rigid.joint could be
established. Using this procedure, a solid joint was made during one
of the welds, but during the secqnd weld, the time to contact was

apparently too slow, and the-arc melted through the main wire. After

repeated attempts, another solid joint was formed.
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The copper—iridium welds were done at a 70 volt setting and a 4
ohm reostat setting. Since copper has a much lower melting point than
that of the iridium (1083 vs 2443°C)*, the copper would melt back
during the welding attempt.  To form the juncéion, the copper wire
was forced onto’ the iridium wire during the discharge to cause the

copper to solidify around the iridium wire,

*Melting point temperatures obtained from Handbook of Chemistry

and Physics, The Chemical Rubber Co., 52nd Edition, 1971-72, P. D 142
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APPENDIX B

\

The electrical resistiyity data for iridium in the range of

77-273°K were measured by placing the plug which contained the wire

A

_specimen into an insulated Thermos bottle containing a low temperature

liquid-~LN L02, solid CO, and acetodne,or ice water. 'I‘he'LO2 was ob-

2? 2

téined by passing gase9us oxfgen into a flask surrounded by‘LNz. A
chromél-alumel thermocouple, referenced to an ice bath, was placed
through the sight tube into the low‘teméerature liquid. The electfical
resistivity was obtained‘by measuring the dc~voltage drop across the
specimen (VW) and the voléage drop across a precision resistor (VRl)
as before. The voltages were determined using a Honeywell model 2745
potentiometer with a precision of *0.001 millivolts. Repeated measure-
ments at the same témperature indicated that the values were repro-
ducable to £0.003 millivolts.

The following table contains the electrical resistivity values
obtained from the expérimental'meaéurements:

ELECTRICAL RESISTIVITY VALUES FOR IRIDIUM AT LOW TEMPERATURES

Low Temperature Liquid Temp* O ,
°K microhm—cm
Liquid nitrogen " 77 .85
Liquid oxygen : ‘ 88 _ 1.13
Solid carbon dioxide-acetone 183 3.38

Tce water 273 , 5.20

L pee

*Temperatures for LNy and LO; were determined using their respec-

tive boiling points corrected for atmospheric pressure.
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These data points were not included in the data analysis ahd
curve fitting because the chromel-alumel thermocoﬁﬁle was apparently
ineffective in determining the temperature of LN2 and LO2° (Tempera-
tures measured with the thermocouple fof LN2 and LO2 were as much as
- 16°K lower than those reported in the aforementioned tabig. No
reasonable explanatioﬁ for this temperature difference was found.)

Data analysis and curve fitting of the data points in‘the range
of 77-999°K indicate that the;v;lﬁes sighted are not unreasonablé.
The following analyticgl expression was found which best fit the data
points in the range of 77-999°K:

P, = =725 + 21.143 10t

where P is the electrical resistivity in microhm-cm, and the tempera-
ture t in °K. The maximum deviation for this equation was 6.36%

and occured at the lowest temperatures.

5, 4T )‘ } . % *
i e PRI >
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