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The crystallographic properties of iridium at tempera-
tures from absolute zero to the melting point are
assessed following a review of the literature published
during the period 1907 to date. However, the theoreti-
cal values above 2000 K are considered to be tentative
because of the poor quality of the experimental ther-
mal expansion data in this region. Selected values of
the thermal expansion coefficient and measurements
of length change due to thermal expansion have been
used to calculate the variation with temperature of the
lattice parameter, interatomic distance, atomic and
molar volumes, and density. This data is presented in
the Tables. Comparison of the data available in the lit-
erature with the selected values presented in this paper
is shown in the Figures. The density of iridium at
293.15 K (20°C) is 22,562 kg mi™>.

This is the fourth in a series of papers in this Journal
on the crystallographic properties of the platinum
group metals (pgms), following two papers on plat-
inum (1, 2) and one on rhodium (3). Like these two
metals, iridium exists in a face centred cubic struc-
ture (Pearson symbol ¢f4) up to the melting point,
which is a secondary fixed point on the International
Temperature Scale of 1990,1TS-90,at 2719 £ 6 K (4).

In the low-temperature region, high-precision
experimental thermal expansion data for iridium are
only available up to 85 K and at 283 K (5, 6),and esti-
mated values in the region 85 K to 283 K are calculat-
ed from a relationship between thermal expansion
and specific heat as explained in the previous review
on platinum (1). The adoption of this procedure for
iridium is justified on the grounds that the equation
tends to give derived length change values in close
agreement with those obtained from experimental
lattice parameter measurements (7).

In the high-temperature region, there are major dis-
crepancies between the different sets of thermal
expansion measurements, and even the selected val-
ues of the thermal expansion coefficient for the pres-
ent paper are based on an equation which shows
abnormal behaviour (8).These problems were over-
come using a method described in Appendix A.
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Because of the quality differences between the
high- and low-temperature data they are considered
separately, with the low-temperature data used to
obtain the selected values at the pivotal temperature
of 293.15 K.

Thermal Expansion

Low-Temperature Region

In this region the thermodynamic thermal expansion
coefficient, o, for iridium is based on the measure-
ments of White and Pawlowicz (5) at 3 K to 85 K and
also at 283 K, except that the value at 283 K was
amended by White (6) to (6.45 + 0.05) x 108 K. The
thermal expansion coefficient can be calculated
from Equations (i) and (ii). The specific heat (Cp)
measurements for Equation (ii) are those selected by
Furukawa et al. (9), which were incorporated into a
review of the thermodynamic properties of iridium
by the present author (10).Equation (i) is accurate to
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+4 x 10719 K~! and Equation (ii) to +6 x 10 K™! rela-
tive to the experimental data below 85 K, but the
accuracy decreases to +5 x 108 K™! relative to the
experimental data at 283 K. Because the use of this
equation requires knowledge of the specific heat
values it can also be represented by a series of spline-
fitted polynomials, Equations (iii) to (ix), the results
of which agree with the values obtained from
Equation (ii) to within +2 x 10 K~!.The equations are
given in the box below, with derived values of low-
temperature crystallographic properties up to
293.15 K given in Table I.
On the basis of the expression:

100 x (8L/Lggs 15 k (experimental) = OL/L93.15 K (calculated))

where OL/Lyg315 K (experimental) 1S the experimental
length change relative to the length at 293.15 K and
OL/Ly93 15 K (calculated) 1S the relative length change cal-
culated from the selected values for o, the length

Low-Temperature Thermal Expansion Equations for Iridium
0-21 K: 0=8.65118 x 1071% T+ 5.00520 x 1072 73 + 4.80639 x 107" T° + 1.37616 x 101" T K1 (i)
21-283 K: o = Cp (2.68909 x 1077 - 2.49303 x 107! 7-9.14579 x 1077/T) K~ )
Low-Temperature Thermal Expansion Equations (Spline-Fitted Equations above 21 K)
21-34 K: 0=-852113x 107 + 1.65980 x 1077 T— 1.17940 x 1078 T2 + 3.65130 x 10710 78
-3.63215x 10712 T K (iiD)
34-76 K: o =2.44806 x 1075 - 2.49614 x 1077 T+ 8.68208 x 107 7% - 9.82859 x 107! 7°
+3.89835 x 10713 T4 K~ (iv)
76-119 K: o.=-7.13203 x 1076 + 3.02439 x 107 T—3.38171 x 107 7% + 1.99521 x 107! 73
—4.78135 x 10714 T4 K! )
119-154 K:  o.=9.96435 x 1076 - 2.67317 x 107 T+ 3.85366 x 10 7% - 2.15809 x 107! 73
+4.31205 x 107171 K1 (vi)
154-199 K: 0.=-1.51295 x 107 + 4.26825 x 1077 T = 3.42789 x 107 T2 + 1.27029 x 107! T3
- 1.79176 x 1074 T* K! (vii)
199-260 K: o =1.51734 x 107° = 2.02088 x 10~ T+ 1.52200 x 107 7% - 4.79684 x 10712 73
+5.51001 x 1071 T4 K! (viii)
260-293 K: o =-5.38056 x 107 + 8.46581 x 1077 T— 4.49981 x 10~ T2 + 1.06932 x 107! 7
- 9.55760 x 10715 74 K (ix)
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Table |

Low-Temperature Crystallographic Properties of Iridium

Temperature, Thermal Length Lattice Interatomic Atomic Molar Density,
K expansion change, parameter,  distance, volume, volume, kg m=3
coefficient, 8a/ag315¢« @, nm d, nm 103 mm?  10%m?
a, 10°K" %100, % mol™

0 0 -0.1326 0.38341 0.27111 14.091 8.486 22,652
10 0.014 -0.1326 0.38341 0.27111 14.091 8.486 22,652
20 0.090 -0.1326 0.38341 0.27111 14.091 8.486 22,652
30 0.43 -0.1323 0.38341 0.27111 14.091 8.486 22,652
40 1.06 -0.1316 0.38341 0.27112 14.091 8.486 22,651
50 1.82 -0.1302 0.38342 0.27112 14.092 8.486 22,650
60 2.55 —-0.1280 0.38343 0.27112 14.093 8.487 22,649
70 3.17 -0.1251 0.38344 0.27113 14.094 8.488 22,647
80 3.68 -0.1217 0.38345 0.27114 14.095 8.488 22,645
90 410 -0.1178 0.38347 0.27115 14.097 8.489 22,642
100 4.47 -0.1135 0.38348 0.27116 14.099 8.490 22,639
110 4.77 -0.1089 0.38350 0.27118 14.101 8.492 22,636
120 5.03 -0.1040 0.38352 0.27119 14.103 8.493 22,633
130 5.24 —0.0989 0.38354 0.27120 14.105 8.494 22,629
140 5.42 —-0.0935 0.38356 0.27122 14.107 8.496 22,626
150 5.57 —0.0881 0.38358 0.27123 14.110 8.497 22,622
160 5.70 -0.0824 0.38360 0.27125 14.112 8.498 22,618
170 5.81 -0.0767 0.38363 0.27126 14.114 8.500 22,614
180 5.91 -0.0708 0.38365 0.27128 14.117 8.501 22,610
190 6.00 -0.0649 0.38367 0.27130 14.119 8.503 22,606
200 6.08 —0.0588 0.38369 0.27131 14.122 8.504 22,602
210 6.15 -0.0527 0.38372 0.27133 14.125 8.506 22,598
220 6.21 —-0.0465 0.38374 0.27135 14.127 8.508 22,594
230 6.26 —0.0403 0.38377 0.27136 14.130 8.509 22,589
240 6.31 —-0.0340 0.38379 0.27138 14.133 8.511 22,585
250 6.35 -0.0277 0.38381 0.27140 14.135 8.512 22,581
260 6.39 -0.0213 0.38384 0.27141 14.138 8.514 22,577
270 6.42 -0.0149 0.38386 0.27143 14.141 8.516 22,572
280 6.44 —0.0085 0.38389 0.27145 14.143 8.517 22,568
290 6.47 —-0.0020 0.38391 0.27147 14.146 8.519 22,563
293.15 6.47 0 0.38392 0.27147 14.147 8.519 22,562
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change measurements derived from a smooth curve
fitted to the lattice parameter measurements of
Schaake (7) (from 4 K to 298 K) show an excellent
agreement with the selected values as presented in
Table I.By comparison, length change measurements
derived from the lattice parameter measurements of
Schroder et al. (11) (from 92 K to 1918 K) deviate
continuously from the selected values in this region,
the length change difference reaching —0.027 at the
lowest temperature of measurement (92 K). The per-
centage thermal expansion measurements of
Valentiner and Wallot (12) (from 98 K to 283 K) scat-
ter around the selected values, from +4.2% to —4.8%
(Figure 1).

High-Temperature Region

In the high-temperature region, dilatometric measure-
ments of thermal expansion for bulk iridium have
been determined by Holborn and Valentiner (13)
(from 1335 K to 2004 K),Krikorian (14) (from 298 K to
2273 K) and Halvorson and Wimber (15) (from
1164 K to 2494 K). Lattice parameter measurements in
this region were reported by Singh (16) (from 303 K
to 1138 K) and Schroder et al. (11) (from 92 K to
1918 K). Since the metal used by Halvorson and
Wimber was only ~99.5% pure, and may have con-
tained ~0.5% tungsten, Wimber (8) gave revised
results in the form of an equation which also incorpo-
rated the measurements of Singh. However, this equa-
tion showed a maximum in the derived thermal
expansion coefficient, a, at 2399 K with a steady
decrease above this temperature. This was caused by
the derivative of the thermal expansion coefficient,
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do/dT,showing a maximum at 1351 K.This is consid-
ered to be unnatural behaviour since increased ther-
mal vibration and the onset of thermal vacancy
effects in this region should all lead to a positive
increase in thermal expansion, especially for dilato-
metric measurements. The results of Wimber agree
closely with those of Singh but not with those of
Schroder et al. Since the latter also show poor agree-
ment with the selected values at low temperature, the
values of Wimber are preferred despite the contami-
nation of the sample used.

In order to overcome the unnatural behaviour of
the equation given by Wimber the procedure given in
Appendix A was adopted. This allowed equations for
length change and thermal expansion over the range
from 293.15 K to the melting point to be developed
(Equations (x) to (xiii)).The derived values are given
in Table Il. However, these equations are based on the
assumption that do/dT does remain constant above
1351 K and that increased thermal vibration effects
do not cause an increase in this value. Comparison
between the calculated values selected here and
experimental values from the literature up to about
2000 K would suggest that this is a reasonable
assumption, but above 2000 K this assumption
becomes more speculative and it is for this reason
that calculated values above this temperature are
considered to be tentative. However,because do/dT is
assumed to be constant this can be considered to
represent the “crystallographic” thermal expansion as
given in Table Il. Thermal vacancy effects would
become evident in dilatometric measurements and
would cause dao/dT to increase notably above about

5 - — Fig. 1. The percentage
Thermal expansion coefficient: differences between the
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0.7 of the melting point, which in the case of iridium
would be above 1900 K. The generation of thermal
vacancy corrections are considered in Appendix B,
but the calculated values must be considered to be
highly speculative. However, they have been estimat-
ed using Equations (xiv) and (xv), and are given in
Table Il in order to compare with the crystallograph-
ic values above 1900 K shown in Table II.
On the basis of the expression:

100 x (8L/Lyg3 15 k (experimental) = OL/L293.15 K (calculated))

which is plotted against temperature in Figure 2, the
abnormal behaviour of the equation given by Wimber
(8) begins to become evident above about 1900 K,
with the deviation from the selected dilatometric val-
ues in Table Il reaching —0.070 at 2500 K. By compar-
ison, the original values of Halvorson and Wimber
(15) are nearly all lower than the selected values,with
a trend which reaches a maximum deviation of
—0.071 from a smoothed fit.The dilatometric measure-
ments of Holborn and Valentiner (13) from a
smoothed fit show a curved deviation, from +0.027 at
1419 K falling to -0.050 at 2004 K, and can be consid-
ered to be in poor agreement with the selected val-
ues.The four values of Krikorian (14) also show sinu-
soidal deviation, being up to +0.032 at 1273 K before
plunging to —0.095 at 2273 K.
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Length change measurements derived from the lat-
tice parameter measurements of Singh (16) are in
excellent agreement with the selected values but the
measurements of Schroder et al. (11) show relatively
poor agreement, deviating up to +0.046 at 1000 K to
1100 K before falling to —0.056 at 1918 K (Figure 2).
This represents a direct comparison between these
measurements and the combined measurements of
Singh and Wimber incidental to the fitted curve.

Note that the length change differences in the text
and in Figure 2 are given directly as:

100 x (8L/Lggs 15 k (experimental) — OL/L93.15 K (calculated))

rather than as percentage values because of the
potentially ambiguous representation of length dif-
ferences either as incremental values (8L/Lsyg3 15 ) OF
as total length values (L = (1 + 8L/Lyg3 15 ), which
would lead to large differences in derived percent-
age values unless the definition is specifically stated.
This is not required with the method used which is
also conceptually more satisfactory:.

The Lattice Parameter at 293.15 K

The values of the lattice parameter,a, given in Table IV
represent a combination of those values selected by
Donohue (17) and more recent measurements.
Values originally given in kX units were converted to

—-2.35176 x 10718 75 - 1.75600 x 107

- 1.17588 x 10717 T4 K

+4.84024 x 10720 75 - 1.84421 x 1073

+2.42012 x 10719 T4 K!

SL/Lyg315k = 8alazgs 5 + (1/3)e®-5689 = 36643/1)

2\ - (6.5689 — 36643/
O(:kdilatometric = Oc*lattice + (12214/T )e( D

High-Temperature “Crystallographic” Equations for Iridium (293.15 K to 800 K)
8alasgs 15k = 5.13336 x 1078 T+ 4.709895 x 107 T2 — 8.04620 x 10712 T3 + 7.338225 x 10715 7

o = 5.13336 x 105 +9.41979 x 10 T - 2.41386 x 107! T2 + 2.93529 x 10714 T3

High-Temperature “Crystallographic” Equations (800 K to 2719 K)
dalases 15 = 6.59054 x 1070 T— 1.075625 x 10 T2 + 1.78108 x 107'2 T° - 4.665925 x 10716 T4

o = 6.59054 x 109 - 2.15125 x 10 T + 5.34325 x 1072 T2 - 1.86637 x 1071> T3

Estimated High-Temperature “Dilatometric” Equations (1900 K to 2719 K)

)

(xi)

(xii)

(xiiD)

(xiv)
(xv)
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nanometres using the 2006 International Council for (18, 19) conversion factor for CuKa;, which is
Science: Committee on Data for Science and  0.100207699 + 0.000000028, while values given in
Technology (CODATA) Fundamental Constants angstrdms (A) were converted using the default ratio

Table Il
High-Temperature Crystallographic Properties of Iridium

Temperature, Thermal Length Lattice Interatomic Atomic Molar Density,
K expansion change, parameter, distance, volume, volume, kg m3
coefficient,  8afayg315¢ @, nm d, nm 103 mm3  10%m?
o, 108 K" x 100, % mol™
293.15 6.47 0 0.38392 0.27147 14.147 8.519 22,562
300 6.48 0.0044 0.38394 0.27148 14.149 8.521 22,559
400 6.61 0.0700 0.38419 0.27166 14177 8.537 22,515
500 6.73 0.137 0.38445 0.27184 14.205 8.554 22,470
600 6.90 0.205 0.38471 0.27203 14.234 8.572 22,424
700 7.12 0.275 0.38498 0.27222 14.264 8.590 22,377
800 7.41 0.348 0.38526 0.27242 14.295 8.609 22,328
900 7.75 0.424 0.38555 0.27262 14.328 8.628 22,278
1000 8.12 0.503 0.38585 0.27284 14.362 8.649 22,225
1100 8.51 0.587 0.38617 0.27307 14.397 8.670 22,169
1200 8.92 0.675 0.38651 0.27330 14.435 8.693 22,112
1300 9.34 0.767 0.38686 0.27355 14.475 8.717 22,051
1400 9.78 0.863 0.38723 0.27382 14.516 8.742 21,988
1500 10.21 0.964 0.38762 0.27409 14.560 8.768 21,922
1600 10.65 1.069 0.38802 0.27438 14.606 8.796 21,854
1700 11.10 1.179 0.38845 0.27467 14.653 8.824 21,782
1800 11.54 1.294 0.38889 0.27498 14.703 8.854 21,709
1900 11.98 1.413 0.38934 0.27531 14.755 8.886 21,632
2000 12.41 1.537 0.38982 0.27564 14.809 8.918 21,553
2100° 12.85 1.665 0.39031 0.27599 14.865 8.952 21,472
2200 13.28 1.798 0.39082 0.27635 14.924 8.987 21,388
2300 13.71 1.935 0.39135 0.27673 14.984 9.024 21,301
2400 14.14 2.077 0.39190 0.27711 15.047 9.062 21,212
2500 14.58 2.224 0.39265 0.27751 15.112 9.101 21,121
2600 15.02 2.375 0.39304 0.27792 15.179 9.141 21,028
2700 15.47 2.531 0.39364 0.27834 15.249 9.183 20,932
2719 15.56 2.562 0.39375 0.27843 15.262 9.191 20,913

aThe values above 2000 K are considered to be tentative and are given in italics
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Table Il

High-Temperature Bulk Properties of Iridium?

Temperature, Thermal Length Molar Density,
K expansion change, volume, kg m=

coefficient,  8a/azg315¢  10°m?

o, 108 K" %100, % mol™’
1900° 11.98 1.413 8.886 21,623
2000 12.44 1.537 8918 21,553
2100 12.90 1.666 8.952 21,471
2200 13.38 1.799 8.988 21,387
2300 13.90 1.938 9.024 21,299
2400 14.49 2.083 9.063 21,209
2500 15.16 2.234 9.103 21,115
2600 15.97 2.393 9.7146 21,017
2700 16.95 2.562 9.191 20,913
2719 17.16 2.595 9.200 20,893

3All values are estimated

bThis table is considered to be identical to Table Il below 1900 K

0.100207699/1.00202. Lattice parameter values were
corrected to a 293.15 K base using the values of the
thermal expansion coefficient selected in the present
review. Density values in Table | were calculated
using the currently accepted atomic weight of
192.217 + 0.003 (20) and an Avogadro constant of
(6.02214179 + 0.00000030) x 10?® mol™" (18,19).From
the lattice parameter value at 293.15 K, selected in
Table IV as 0.38392 + 0.00006 nm, the derived selected
density is 22,562 + 11 kg m™ and the molar volume is
(8.5195 +0.0042) x 105 m3 mol~'. In Tables | and II, the
interatomic distance, d, is equal to a/N2 and the atom-
ic volume to a’/4. The molar volume is calculated as
the atomic weight divided by the density.

Notes on the Density of Iridium

In the literature the density of iridium is often quoted
as 22,650 kg m™ at room temperature. This value was
originally derived from the 1933 measurements of
Owen and Yates (21). They actually obtained
3.8312 kX at 291 K for the lattice parameter,which was
combined with the then-accepted atomic weight of
193.1 in order to obtain this density value, which was

99

quoted as being at 293 K. In 1953, the atomic weight
was adjusted to 192.2 (22),which is close to the mod-
ern value (20). Swanson et al. in 1955 (23) published
a density value of 22,661 kg m™ which was still based
on the old atomic weight of 193.1. Reviews by
Crabtree (24) and the present author (25, 26) have
since established the density of iridium at room tem-
perature as 22,562 kg m™. Updated atomic weights for
the other elements have now similarly been used to
produce an up to date table of lattice parameters,
densities and molar volumes of the other elements,
and this is available on request from the author via
the above E-mail address.

Summary

The thermal expansion data available in the literature
for iridium up to about 1350 K is acceptable, but
above this temperature the data becomes increasing-
ly tentative.The data is definitely unsatisfactory above
2000 K, and new measurements such as dilatometric
or lattice parameter measurements will be required
in the high temperature region in order to replace the
current speculations.
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Fig. 2. The difference between the length change calculated from the selected values
for the thermal expansion coefficient and the experimental length change, obtained
from the measurements of Holborn and Valentiner (13), Krikorian (14), Halvorsen and
Wimber (15), Schréder et al. (11), and Wimber (8), in the high-temperature region

Table IV
Lattice Parameter Values at 293.15 K

Authors (Year) Reference Original Original Lattice parameter,
temperature, units a, corrected to
K 293.15K, nm
Owen and Yates (1933) (21) 291 kX 0.38392
Swanson et al. (1955) (23) 299 A 0.38395
Schaake (1968) 7) 298 A 0.38397
Singh (1968) (16) 303 A 0.38390
Schroder et al. (1972) (11) 297 A 0.38386

Selected value for the present paper

0.38392 + 0.00006
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Appendix A

High-Temperature Thermal Expansion

The equation given by Wimber (8) reaches a maximum in the derived quantity do/dT at 1351 K. However,
in practice da/dT will either increase or remain constant above this temperature.Since the actual increase
cannot be predicted, it is assumed to remain constant at the value of 4.36 x 10 K2.The thermodynamic
thermal expansion coefficient above this temperature is therefore given by Equation (xvi):

o =3.68327 x 1076 + 4.36 x 10 TK™! (xvi)
and the relative length change can be calculated from Equations (xvii) and (xviii):

In(Lp) =2.18 x 10 T% + 3.68327 x 1070 T- 8.35310 x 107 (xvii)

LT =1+ 8L/L293_15 K (XV]]I)

where Ly is the length at the specified temperature, T.
Equations (xvi) and (xvii) were combined to derive Equation (xix) for the thermal expansion coeffi-
cient relative to 293.15 K, o.*:

*
oa* =o X Lt

(xix)
Values of o.* were then calculated at 50 K intervals from 1400 K to 2700 K.

The equation originally given by Wimber (8), after correction to a 293.15 K base, was differentiated at
50 K intervals from 500 K to 1350 K to also obtain values of o* and the two sets of data were then com-
bined.It was found, however, that a single polynomial equation was inadequate to represent a smooth ther-
mal expansion continuity from the low-temperature data and instead two equations were required:
Equation (xi) from 293.15 K to 800 K, and Equation (xiii) from 800 K to the melting point.These equations
were then integrated in order to obtain Equations (x) and (xii) for length change.
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Appendix B
Thermal Vacancy Effects

The difference between bulk dilatometric length change measurements and crystallographic lattice
parameter measurements due to the onset of thermal vacancy effects can be represented by the relation-
ship in Equation (xx):

3(8L/Lagz 15k — Salasgs 15k) = cy = e(Sy'Tky — Hy'IkpT) xx)

where:

SL/Lsg3 15 ¢ is the dilatometric length change relative to the value at 293.15 K

dalaggs 15 ¢ is the lattice parameter difference relative to the value at 293.15 K

¢y is the vacancy concentration parameter

Sy is the entropy of vacancy formation

H'is the enthalpy of vacancy formation

kg is the Boltzmann Constant, with a value of (8.617343 + 0.000015) x 107 eV K™! (18,19).

A melting point value for ¢y of (7 = 2) x 107 is representative of copper, silver, gold and aluminium as
well as platinum (1). However, for the more refractory metals a conservative value of (10 +5) x 10 is con-
sidered to be more representative and when this value is used for iridium, together with a “negligible”value
at 1900 K (i.e.at about 0.7 of the melting point which appears to be typical), it gives Equation (xxi):

oy = (65689 = 36643/7) (xxi)

The derived values for Hy' and S/, 0f 3.2 + 0.3 eV and (6.6 = 1.8)kg, respectively,are considered to be high-
ly speculative and are totally dependent on the adopted value of c¢y. However, Equation (xxi) can be
expanded to give Equations (xiv) and (xv) which were used to generate the data given in Table Il in order
to compare experimental dilatometric measurements above 1900 K with the estimated values.
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