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APPENDIX 3

Data on precipitation

Tables A3.1 and A3.2 are taken from [Fahr and Rudtsch 2009]. They provide a ranking
concerning the precipitation of undissolved oxides. The ranking is based on maximum
estimates max(In(ai)) for the natural logarithm of the (chemical) activity a; of the atoms
of impurity i in the liquid hosts (fixed-point substances of the ITS-90) if the pure oxides
listed in the first column precipitate. These estimates have been deduced in [Fahr and
Rudtsch 2009] from fundamental thermodynamic relations making several key
assumptions. In ideal solutions, the activity is equal to the concentration c|. But in
reality, ai may strongly deviate from ;. The ranking should be applied with caution
because, among other reasons, it is not conclusive due to the key assumptions and the
lack of reliable thermodynamic data for many systems. For Ag, Au, and Cu, the
calculations have been performed for the O, partial pressures of 10! Pa and 107 Pa,
respectively, as examples since the partial pressure of oxygen in the gas phase is not
known in general.

The colours of the numbers in the tables indicate the classification in [Fahr and
Rudtsch 2009]:

. Red colour: max(In(aj)) < =30, i.e. ai< 1073 The impurity has a very high
affinity for oxygen and will not be found dissolved in relevant amounts in the
fixed-point metal.

) Blue colour: max(In(ai)) > 0: This (rather noble) impurity is unlikely to build
oxide in the fixed-point cell, hence its solubility is not restricted by the formation
of oxides, i.e. the small amount of impurity contained in the cell will (probably)
be dissolved in the metal. (In(c|) values larger than zero are not possible of
course.)

o Black colour: —30 < max(In(aj)) < 0: Due to the uncertainties and assumptions
of the calculations and the unknown activity factor (ratio of activity to
concentration) of the dissolved impurity, the values in the table are only a rough
indication of what the behaviour of the impurity might be.

If the activity would be equal to the concentration ¢/, the values in the tables would
indicate the following concentrations:

o In(c|) < —14: The equilibrium concentration of dissolved impurity in the metal
is<1ppm.

o In(c|) < -21: The equilibrium concentration of dissolved impurity in the metal
is <1 ppb.

o In(c|) < -60: The equilibrium concentration of dissolved impurity in the metal

is < 0.01 atoms/mol, thus not even one atom statistically stays in solution in the
metal (a customary fixed-point cell contains about 250 ml of metal,
corresponding to up to 20 mol).
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Table A3.1: Maximum estimates max(In(a;)) for the natural logarithm of the (chemical)
activity a; of the atoms of impurity i in the liquid metallic fixed-point materials of the
ITS-90. The possible oxides of the impurities are listed in the first column. Gaseous
oxides are marked by “(g)”. Tgo is the fixed-point temperature.

Fixed-point material

Hg Ga In Sn Zn Al Ag Ag Au Au Cu Cu

Teo / K 234 303 430 505 693 933 1235 1235 1337 1337 1358 1358

Oxygen  HgO Ga0s 1In20s SnO2z ZnO  AlOs Ozat  Ozat  Ozat Ozat Ozat  O:zat
donor 10*Pa  107Pa 10'Pa 107Pa 10'Pa 107Pa
H20 (g) -46.7 19.1 6.6 3.9 9.4 21.1 -0.6 2.8 0.4 3.9 0.6 4.1
Li.O -129.3 -453 -395 -356 -20.1 -14 -183 -148 -16.0 -126 -156 -12.2
BeO -2674 982 -852 770 452 -73 -406 -33.7 -361 -29.2 -353 -283
B20s -2605 -389 -519 512 -214 230 357 -253 -309 -206 301 -19.7
CO (9) -33.9 77.3 31.9 19.2 18.8 344 -146 -7.7 -1338 -6.9 -136 -6.7
COz2(g) -1351 107.3 36.7 185 28.9 678 -249 -11.0 -219 -8.1 -214 -7.6
Na20O -81.7 -84 -134 -133 -3.8 10.8 -8.9 -54 -7.3 -3.9 -7.1 -3.6
MgO -262.2 939 -81.8 -739 427 -51 -387 318 -342 -273 -334 -26.5
AlOs  -360.8 -1159 -1053 -96.2 -535 00 -524 -420 -46.1 -358 450 -346
SiO2 -3783 -758 -858 -823 -38.6 234 529 -39.1 -46.1 -323 -449 =311
PO (g) 95 1111 56.1 40.0 34.3 46.2 -5.4 15 -5.2 1.7 -5.1 1.8
PO2 (g) -77.2 1521 68.1 453 48.2 820 -14.1 -03 -121 18 =117 2.1
SO2(g) -86.5 1447 62.8 40.6 44.7 79.3 -164 -26 -14.2 -04 -138 0.0
SOs(9) -92.3 2487 120.0 84.7 87.6 137.2 -7.8 12.9 -4.9 15.9 -4.3 16.4
K20 -69.2 1.0 -7.0 -8.0 -0.1 133 -7.3 -3.8 -5.9 -2.5 -5.7 2.2
K202 -79.2 47.8 18.4 115 19.9 41.6 -3.2 3.7 -1.3 5.6 -1.0 5.9
KOz -60.6  169.2 85.8 63.2 66.5 100.5 4.5 18.3 6.6 20.4 7.0 20.8
CaOo -279.6 -1074 914 -821 487 -96 422 353 -374 305 -36.6 -29.7
Sc203 -4215 -163.0 -138.7 -1248 -745 -158 -646 542 574 -471 -56.1 -458
TiO -2232 -644 619 574 314 25 337 -268 -298 -229 -291 -222
Ti2Os -3225 -866 -850 -79.2 -414 86 -46.2 -359 -406 -30.2 -395 -29.2
TisOs -3458 -865 -87.7 -823 -420 124 493 -37.7 431 -31.6 -420 -305
VO -1769 -284 -36.1 -354 -151 149 -240 -171 -208 -139 -20.2 -133
V203 -246.3 -280 441 -446 -16.6 267 -329 -226 -284 -180 -275 -17.2
V205 -287.5 48.5 -6.6 -17.4 13.8 751 =318 -145 -26.0 -8.7 -25.0 -1.7
V305 -257.2 -184 402 -42.1 -131 335 337 -222 -289 -174 -281 -165
Cr03 -2256 -119 -326 -348 -9.3 322 -287 -183 -244 -140 -236 -133
MnO -155.1 -120 -25.2 -264 -9.1 188 -216 -147 -187 -118 -182 -11.3
MnO2  -177.6 79.6 23.8 10.9 29.4 739 147 -09 -108 3.0 -101 3.7
Mn203  -180.0 23.2 -8.1 -140 5.6 430 -206 -103 -17.0 -6.7 -16.4 -6.0
Mn3Os -178.6 6.3 -17.3 =210 -12 337 -218 -126 -183 -91 -17.7 -85
Fe:Os  -144.6 50.8 11.6 2.9 18.1 525 -13.2 -29 -10.2 0.2 -9.6 0.8
FesOs  -132.7 41.8 7.6 0.2 14.2 450 -13.2 -40 -105 -1.2 -9.9 -0.7

CoO -78.9 47.1 16.6 9.2 17.0 38.3 -6.7 0.2 -4.9 2.0 -4.6 2.3
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Table A3.1: (Continued)

Fixed-point material

Hg Ga In Sn Zn Al Ag Ag Au Au Cu Cu

Too / K 234 303 430 505 693 933 1235 1235 1337 1337 1358 1358
Oxygen  HgO  Ga0s In20s  SnO2  ZnO  AlOs Ozat Ozat  Ozat Ozat Ozat O:at

donor 10Pa 107Pa 10'Pa 107Pa 10'Pa 107Pa
C0304 -91.7 74.0 30.9 20.3 29.4 56.9 -3.8 5.4 -15 1.7 -1.1 8.1
NiO -77.1 48.7 17.9 10.4 18.1 39.3 -5.8 1.1 -4.0 2.9 -3.7 3.2
CuO -35.9 80.7 40.8 30.1 32.7 50.3 2.8 9.7 4.0 10.9 4.2 11.1
Cu20 -21.9 37.1 17.8 12.6 14.3 23.4 -0.2 3.3 0.4 3.9 0.6 4.0
Zn0O -134.2 49 -124 -15.1 0.0 263 -15.1 -82 -125 -56 -121 -5.1
Gaz03 -210.8 0.0 -237 -26.9 -3.1 372 =244 -140 -20.3 -99 -196 -9.2
GeO -90.8 38.0 10.3 4.0 134 35.7 -85 -16 -6.6 0.3 -6.2 0.7
GeO:2 -206.9 57.2 8.5 -1.9 20.5 67.7 -19.0 =52 =147 -09 -139 -0.1

As:0s 1247 1750 832 594 704 117.7 1.0 182 44 217 50 223
SeO2(g) -158 2016 1057 786 751 1043 49 187 62 200 65  20.3
Se0 (g) 232 1236 673 508 444 559 40 109 41 110 41 110

RbO2 -238.9 355 -2.8 9.4 18.7 69.9 -14.1 -0.2 -9.1 4.7 -8.2 5.7
SrO -2579 907 -79.7 723 416 -45 -383 -314 -339 -270 -331 -26.2
Y203 -420.7 -1625 -1384 -1245 -744 -158 645 542 574 471 -56.1 458
ZrO2 -4745 -1498 -137.6 -126.2 -70.3 03 -701 -563 619 -480 -604 -46.6
NbO -1638 -183 -291 -294 -1038 80 -21.7 -148 -187 -117 -181 -112
NbO2 -3190 -298 532 545 -182 387 412 -274 353 -215 -342 -204
Nb20s -3766 -203 -549 -584 -16.0 531 -483 -31.0 412 -239 -399 -226
MoOz2 -212.5 52.6 4.9 5.1 17.9 655 -21.0 -72 -166 -28 -1538 -2.0
MoOs -250.6 1311 43.3 22.6 481 1133 -20.7 00 -152 56 -14.2 6.6
RuO2 —68.1 163.6 82.1 60.2 64.5 99.3 3.7 17.6 6.0 19.8 6.4 20.2
RuO4 46.7 4679 2625 2034 188.7 2420 395 67.1 413 68.9 41.6 69.2
RhO2 -374 1825 89.0 62.8 60.6 90.8 -8.0 5.8 —6.5 7.3 —6.2 7.6
Rh203 -30.0 1394 73.9 55.9 56.7 81.1 8.3 18.6 9.7 20.0 9.9 20.3
PdO -12.0 99.3 53.9 41.3 40.9 56.5 7.5 14.4 8.4 153 8.5 15.4
Ag20 12.8 63.8 36.4 28.4 25.7 31.7 59 9.4 6.1 9.5 6.1 9.5
Ag202 378 1375 80.6 63.8 57.1 68.3 16.2 23.1 16.2 23.2 16.3 23.2
Ag203 76.7 2223 1327 106.1 93.7 108.9 29.6 40.0 29.5 39.9 29.5 39.8
Cdo -87.1 41.3 13.2 6.7 15.9 38.1 —6.3 0.6 4.4 2.6 -4.0 2.9
In203 -168.0 33.3 0.0 —6.6 12.0 48.7 -155 52 -l121 -1.7 -114 -11
SnO -98.9 321 6.6 11 11.7 34.9 -8.8 -1.9 6.7 0.2 —6.3 0.6
SnO2 -204.4 59.5 10.4 0.0 22.2 69.3 -175 -37 -13.2 06 -124 1.4
Sh20s -136.6  165.7 76.8 53.9 66.4 1147 -1.2 16.0 2.4 19.7 3.0 20.3
TeO2 -77.3  156.9 78.0 56.9 62.6 98.3 3.5 17.3 5.9 19.7 6.3 20.2
BaO -2365 -745 686 -63.0 -352 00 -33 -284 -312 -243 -305 -235
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Table A3.1: (Continued)

Fixed-point material

Hg Ga In Sn Zn Al Ag Ag Au Au Cu Cu
Too / K 234 303 430 505 693 933 1235 1235 1337 1337 1358 1358
Oxygen HgO Ga0s3 In203  SnO2  ZnO  AlkOs Ozat  Ozat  Ozat  Ozat  Ozat  O:at
donor 10*Pa 107Pa 10'Pa 107Pa 10'Pa 107Pa
La203 -392.3 -1405 -123.0 -111.4 -64.9 -8.8 -59.3 -489 -526 422 514 410
CeO2 -465.8 -142.6 -131.7 -120.8 -65.6 4.4 -66.4 526 -583 -444 -56.8 -43.0
Ce203 -3925 -1406 -1229 -111.3 -64.7 -85 -59.0 -486 -523 -419 -51.1 -40.7
Nd203 -396.1 -143.4 -125.1 -113.2 -66.2 -9.8 -60.1 -49.7 -534 430 -52.1 -418
Sm203 -399.7 -146.2 -127.0 -1148 -673 -105 -60.6 -50.3 -53.8 -435 526 422
Eu203 -354.4 -1109 -101.6 -931 -51.1 1.8 -51.0 -406 -448 -345 -43.7 -333
EusO4 -326.4 -107.2 -96.3 -87.7 -489 -0.8 -470 377 -413 -321 -403 =311
Dy20s -409.2 -1534 -131.8 -1188 -700 -123 -618 514 548 -445 536 432
Ho0203 -4143 -1574 -1348 -1214 -721 -140 -63.2 -528 -56.2 -458 549 -445
Er20s -418.8 -160.9 -137.3 -1236 -73.7 -152 -64.1 -53.7 -57.0 -46.7 557 -454
Tm203 -4154 -158.0 -1349 -1214 -71.8 -136 626 -522 556 452 543 439
Yb203 -397.6 -1446 -1259 -1139 -66.7 -10.1 -60.3 -499 535 432 523 419
Lu203 -413.6 -1569 -1344 -121.2 -719 -139 -63.1 527 -56.1 457 548 444
HfO2 -497.6 -167.8 -1504 -137.2 -784 -5.9 -749 -61.1 -66.3 -525 -648 -510
Taz20s -413.9 -491 -751 -756 -285 439 -55.1 379 475 -302 -46.1 -2838
WOs3 -300.1 93.0 16.6 0.0 31.8 1014 -29.6 -8.8 -23.3 -2.5 -22.1 -14
WO:2 -213.0 523 4.6 -5.3 17.7 65.4 -21.1 -7.3 -16.7 -2.9 -15.9 -2.1
Re207 -165,5 250.8 119.1 84.6 98.2 163.2 -1.0 23.1 3.6 27.8 4.4 28.6
0sO4 -319 407.3 220.0 1673 162.6 2228 25.2 52.9 28.2 55.8 28.7 56.3
0sO2 -60.0 170.4 87.6 65.2 68.8 103.1 7.2 21.0 9.4 23.2 9.8 23.6
IrO2 -325 1914 102.1 77.3 77.4 109.1 115 25.3 13.2 27.0 135 27.3
HgO 0.0 108.9 61.2 47.7 46.0 60.7 11.1 18.0 11.8 18.7 11.9 18.8
TI20 -22.8 36.8 18.1 13.2 15.2 24.5 1.1 4.5 1.7 5.2 1.9 5.3
Pb304 -62.4 96.6 46.9 33.8 39.2 64.1 1.7 10.9 34 12.7 3.8 13.0
PbO2 -51.0 178.0 93.7 70.8 73.6 107.3 11.0 24.8 13.1 26.9 135 27.3
PbO —66.1 57.5 24.6 16.4 22.9 43.3 -24 4.5 -0.8 6.1 -0.5 6.4
PbO -66.7  57.1 24.4 16.3 22.9 43.3 -2.3 4.6 -0.7 6.3 -04 6.6
Bi20s -80.7 100.2  46.3 323 39.6 68.3 -14 9.0 0.8 11.1 1.2 115
ThO2 -539.3 -200.0 -173.0 -1564 -923 -161 -826 -68.7 -73.4 -59.6 -71.8 -579
U0z -468.3 -1455 -135.1 -1243 -69.4 0.5 -704 566 -623 -485 -60.8 -47.0
UOs -4959 -586 -90.3 -91.0 347 52.0 -67.0 -46.2 -57.8 371 -56.2 -355
U307 -483.2 -120.9 -123.3 -1159 -59.8 16.2 -704 542 -61.8 -457 -60.3 -44.2
Us3Os -4945 -93.7 -109.7 -106.0 -49.2 325 -70.0 516 -61.1 427 595 411
U409 -4795 -127.1 -126.3 -118.1 -62.3 12.1 -705 -55.0 -62.1 -46.6 -60.6 -450
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Table A3.2: Maximum estimates max(In(a;)) for the natural logarithm of the (chemical)
activity a; of the atoms of impurity i in the liquid metallic fixed—point materials of the
ITS-90. The possible gaseous oxides of the impurities are listed in the first column.
Compared with Table A3.1, the values are corrected to account for the dilute
concentration of the gaseous oxides in the relatively pure atmosphere within the fixed—
point cell. (For gases, the activity is replaced by the fugacity.) Since the partial pressures
of the gases in fixed—point cells are not known in general, pressures p of po-10% and
Po-10-*2 are taken as examples (po = 100 kPa). Copper and gold have been intentionally
left out of Table A3.2, because their values lie very close to those of silver, and can be
easily calculated using Table A3.1. T is the fixed—point temperature.

Fixed-point material

Hg Ga In Sn Zn Al Ag

Too/ K 234 303 430 505 693 933 1235
Oxygen

HgO Ga203 In203 Sn0z ZnO Al20s3 02 at 10°-po
donor
p/ po 106 102 10% 10 10% 10 10° 10 10% 10 10°% 10 10 10V
H20 -53.6 606 121 52 -03 -72 -30 -99 25 44 142 73 58 -127
CO -477 -615 635 497 181 4.3 54 -84 50 -88 206 6.8 -25.0 -388
CO2 -149.0 -1628 935 797 228 9.0 47 91 151 12 539 401 -318 -456
PO -44 =182 973 835 423 285 262 124 205 6.7 324 186 -157 -29.6
PO2 -91.0 -104.8 138.2 1244 543 405 314 176 344 206 682 544 -211 -34.9
SOz -100.3 -1141 1309 1171 490 351 268 130 309 171 654 516 -233 =371
SO3 -106.2 -120.0 2349 2211 1062 923 709 570 738 600 1234 1096 -113 -251
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