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High-Temperature Vaporization Behavior of Oxides Il. Oxides of Be, Mg, Ca, Sr,
Ba, B, Al, Ga, In, Tl, Si, Ge, Sn, Pb, Zn, Cd. and Hg

R.H Lamoreaux and D. L. Hildenbrand

SRI International, Menlo Park, California 94025

and
L. Brewer

Department of Chemistry, University of California, Berkeley, California 94720

Received December 8, 1983; revised manuscript received November 28, 1986

In order to assess the high-temperature vaporization behavior and equilibrium gas
phase compositions over the condensed oxides of Be, Mg, Ca, Sr, Ba, B, Al, Ga, In, T}, Si,
Ge, Sn, Pb, Zn, Cd, and Hg, the relevant thermodynamic and molecular constant data
have been compiled and critically evaluated. Selected values of the Gibbs energy functions
of condensed and vapor phases are given in the form of equations valid over wide tempera-
ture ranges, along with the standard entropies and enthalpies of formation. These data
were used to generate plots of equilibrium partial pressures of vapor species as functions of
temperature for representative environmental conditions ranging from reducing to oxidiz-
ing. The calculated partial pressures and compositions agree, for the most part, with
experimental results obtained under comparable conditions. Maximum vaporization rates
have been calculated using the Hertz—Knudsen equation. Literature references are given.

Key words: critically reviewed data; enthalpy increment; enthalpy of formation; entropy; Gibbs
energy function; high temperature; oxide; partial pressure; thermodynamic data; vaporization; va-
porization rate.
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1. Introduction
1.1. Background

Oxide materials are used or encountered in a wide var-

iety of high-temperature applications where vaporization-

rates and thermodynamic stabilities are often limiting fac-
tors. The efficient design and operation of high-temperature
devices and processes requires reliable information about the
stability and volatility of these oxides so that vaporization
losses and component lifetimes can be predicted.

Despite continuing research efforts and the use of in-
creasingly sophisticated techniques, there are still many
gaps in our knowledge and understanding of the detailed
vaporization thermodynamics of metal oxide systems. This
puts a premium on critical review of the literature and selec-
tion of the necessary thermodynamic data. However, even in
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cases where most of the requisite data are compiled, the user
must resort to a significant amount of additional calcula-
tions, sometimes unfamiliar, in order to evaluate vapor com-
position and vaporization behavior for specific environmen-
tal conditions. Thus we perceive a definite need for critically
evaluated data, presented in a format that gives users ready
access to the detailed vaporization chemistry and equilibri-
um partial pressures of the various species. To this end, we
present graphs of species partial pressures as functions of
temperature under representative reducing, neutral, and
oxidizing environments. We also give equations for calculat-
ing partial pressures and maximum vaporization rates for
arbitrary conditions of temperature and oxygen potential.
The present work is the second publication in a pro-
gram sponsored by the Office of Standard Reference Data of
the National Bureau of Standards to provide critically re-
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viewed thermodynamic data of oxides, along with overviews
of their high-temperature vaporization phenomena. The
previous article (Lamoreaux and Hildenbrand, 1984) on al-
kali metal oxide systems discussed the scope of the program,
the relevant literature, methods of data evaluation, and the
mathematics of vaporization calculations. This article cov-
ers oxide systems of the elements Be, Mg, Ca, Sr, Ba, B, Al,
Ga, In, T1, Si, Ge, Sn, Pb, Zn, Cd, and Hg.

Readers should note that revised JANAF Thermody-
namic Tables (Chase et al., 1985), the final CODATA Key
Values for Thermodynamics, and the CODATA Thermo-
dynamic Tables (Garvin ez al., 1987) have been in prepara-
tion in the same time period as the present work and should
appear concurrently. The minor differences in selected val-
ues of thermodynamic properties are immaterial to the pur-
pose of this paper.

2. Properties of Individual Systems
2.1. Data Evaluation, Units, and Symbols

Molecular constants cited in the text are internuclear
distances r in nm, vibrational wavenumbers @ in cm ~?, the
molecular symmetry number o, electronic state quantum
weights g;, and excited electronic state term values 7, in
cm ™. Thermodynamic quantities are expressed in dimen-
sionless units, e.g., S°/R, G°/RT, or in kelvin units, e.g.,
AH°/R, AG°/R. The symbols K and kK, where 1 kK = 10°
K, are used to represent kelvin units. Values of R used in the
present work are 1.987 19 cal/mol K and 8.3144 J/mol K.
The standard state pressure was taken as 1 atm
(1.013 25X 10° Pa), although the unit for computed vapori-
zation partial pressures is the bar ( 10° Pa).

The thermodynamic symbols used in the present work
are the following:
AcH 555 /R The standard molar enthalpy of for-
mation at 298.15 K divided by the
molar gas constant. Units = kelvins.
(Hjs —Hy)/R The standard molar enthalpy incre-

‘ ment between 0 and 298.15 K divid-
ed by the molar gas constant. Units
= kelvins.

— (G} — H 3 )/RT The standard molar Gibbs energy
function divided by the molar gas
constant.

ST/R The standard molar entropy at 7 K
divided by the molar gas constant.

T Ay H /R

s s

Solid-phase trangition temperature
and standard molar enthalpy of tran-
sition divided by the molar gas con-
stant.

Trus Arus H /R Melting temperature and standard
molar enthalpy of fusion divided by
the molar gas constant.

2.2. Thermodynamic Data and Vaporization
Equilibria

Selected values of thermochemical properties of the rel-
evant chemical species involved in the high-temperature va-
porization equilibria are shown in Tables 1-3. Table 1 lists
the reported melting points and enthalpies of fusion of high-
temperature oxide phases. Table 2 presents Gibbs energy
functions fit to the equation
— (G} —Hjs)/RT=A+ BT+ CT?+ DT? + ET*.

(1)
Values of AcH 95 /R, S595/R, and (H %3 — Hg)/R are
presented in Table 3. '

After careful review and comparison of the literature,
Vols. 2 and 3 of the IVTAN compilation (Glushko et al.,
1978, 1979a, 1981, 1983) and recent JANAF (Stull ez al.,
1971) supplements (Chase et al., 1974, 1975, 1978, 1982,
and dated individual issues) were chosen as the primary
sources of data for the oxideés of Be, Mg, Ca, Sr, Ba, B, Al,
Ga, In, Tl, Si, Ge, Sn, and Pb. This choice was due to the
uniform coverage of the recent literature and to the thot-
oughness .of the reviews presented; agreement of recent
JANAF issues with the IVTAN selected values is excellent.
Other literature examined included reviews cited in the first
paper (Brewer, 1953; Coughlin, 1954; Kelley, 1960; Schick,
1960; Ackermann and Thorn, 1961; Brewer and Rosenblatt,
1961; Kelley and King, 1961; Olette and Ancey-Moret,
1963; Wicks and Block, 1963; Brewer and Rosenblatt, 1969;
Barin and Knacke, 1973; Samsonov et al., 1978) and the
1982 NBS compilation (Wagman et al., 1982). As described
below, data from the selected sources were supplemented by
our own analyses for a few of the minor gaseous species not

Table 1. Melting temperatures and enthalples of fusion

of oxide phases a

Trus (K) AMusH/R (kK)
BeO 2851 + 12 103 + 0.7
Mgo 3100 * 25 93 07
Ca0 2900 (-50,+300) 63 % O.é
Sro 2930 + 30 84 08
BaO 2290 * 30 71 + 07
B203 723 + 1 295 + 0.02
Al203 2327 + 4 1340 % 036
Ga203 2080 + 20 120 + 24
In203 2186 + 10 126 1.2
20 852 + 10 364 + 0.12
11203 107 + 10 6.37 * 1.20
Si02(qu) 1726 + 10 09 i+ 0.1
Si02(er) 1996 + 115 + 0.25
GeO2 1368 * 3 207 * 03
SnO 1250 + 30 333 + 06
Sn0O2 1903 + 10 281 + 06
PLO 1160 * 10 3.08 * 0.05
Zno’ 2242 25
CdO >1500

aGee Table 4 for references.
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Table 2. Gibbs enorgy q S Table 2. Gibbs energy # G p {C
(O [-HZge)/RT = A+ BT+ CT2 + DT » £T4 (G T-H298)/RT = A » BT + CT2 + D19 4 74
A 10%8 106c 10% 1012 T range,X A 1038 106¢ 109 1072 Trange,K
O{g) 20151 -7.110 19800 1816 5.987 298-1000 BayO(g) 37.386 -21.957 59433  -55081  18.488 298-1000
18.210 3206 <1.0282 02027 001724 1000-3000 31.635 8710 2,509 0.472  -0.039 1000-3000
O(0) 25757 9743 26812 24157 718845 298-1000 B y . .
22087 . 45769  -12107 02154 001686  1000-3000 02020) 31823 Jam: U Thom s 1000
Qa(a) 30.370 -14.222 38.373 ~33.85 10.885 298-1000 B(s) 0892 -1.883 4.894 2125 298-1000
26052 7018 -1.806 02086 -0.01934  1000-3000 0525 2970 0268 ‘01 0008 15009348
B 2034 T.475 19873 47078 8987 2081000 < - )
B:&zﬂ) 8637 24564 33.968 36,809 3292 10001560 By T.487 8.2887 2.211 0.3219 -D.01906 2348-4300
B(g) 19.205 -6.828 18957  -17.304 5684 298-1000
Be() 3236 7.078 2489 05080  -0.0430 1560-3000 i Sce oy - e 1o
Be(e) 17144 6845 18997  -17.344  5.697 298-1000 BO(
g} 25538 -9.60 26.50 23978 7.85 298-1000
18252 3199 0877 04904 001602 10003000 22855 44204  -1.4536 02032 -0.01583  1000.3000
BeO(s) 2967 -10.99 2875 2457 7.723 298-1000 50
2 200)  29.430 -15.38 41697  36.995  11.94 298-1000
0678 579 819 - 00138 1000-2851 22906 7330  -1830 03033 002227 10003000
BeO()  -7.346  9.280 1810 021504 0.01098  2851.4400 Bag) 25560 1110 0027 2655 683 2081000
BeO(g) 24867 9832 27028 2433  7.933 298-1000 2213 5508 -1.503 0274 -022 1000-3000
H73 ABTIE | ATI6 076 00384 1000-2000 B20(g) 29513 -197041 531825  -46.9668  16.3750 298-1000
Be20(g) %49'{2,; _zg'aggi 5; _:1;332 _5&;3;; Tg‘zgsg 1293,1003 24.217 7.8803 ~2.1006 0.3700 ~0288 1000-3000
X X -2, . .031
000-300 B202(g) 32412 21030  57.385 51320  16.668 298-1000
Be202(g) 22.82; -23.:523 52.:(7;; Jggfg g.ggg 293.1322 26390  9.761 -2.4205 0.4048  -0.03025  1000-3000
6.6 - = : 10003 B203(s) 11447 42021 - 117728 123930  49.645 208-723
BegO3(a) 38.007 339177  89.8539  -80.6047  26.4901 298-1000
303(a) 28.569  13.9546 -3.0033 0.4051  -0.0221 1000-3000 B203()  -4.535 24.99 -9.642 2399  -D.262 723-2000
BeqO4(g) 40.566 ~40.846  107.050  -94. 30. 208-1000 B203(g) 37.087 23536 63490  -55990  18.015 298-1000
o404(g) 40500 408d, 107050, el e, 2 30144 11050 2478 03720 00248  1000-2000
5 X X % X Als) 4.343 -8.23 22818 -20.407 6.705 208 033.61
DegOolg) 20.013 4848 11077 G704 0010 290-2900 ALl 0766 883t  -37837 00296 -0.0931  933.61-2600
BegOgla) 38503 5485 14684  -7.0016 1001 298-2900 Aig) 20750 -8.4641 232158 -21.8534  7.4094 2081000
Mats) 4906 8577 2350 21458 692 208.922 18649 32317  0.0905 0183  -00162  1000-3000
AlO(g)  27.467 -10.673  29.229.  -26310  B.575 298-1000
Mg() 0000 849 3460 0657 922-1500 24765 4254 08087  0.0793 1000-3000
Mg@)  18.632 6845 18997  -17.344  5.697 298-1000 .
ol oo ohs, BT, eu. 1900900 AlO2(g) 20.114  3.280 24785 -1.4446  0.22084  298-2900
Al2lg)  20.637 13600  37.430 33720  10.970 298-1000
MgO(s)  4.853 -13.977  37.705  -33422  10.77 298-1000
00 oter Telime iy Rl Wile  deeiwe /767 6393 1868 03566  -0.0289  1000-3000
MO} 0504 5.1067 03615 3100-3500 Al2O{(g) 20.123 3.475 2209 -1.4244 0.£1885 295-2900
MgOlg) 26832 1045 28.20 -24.40 7.81 208-1000 Al202(g) 32187 4484 3.337 “1.9575  0.2096 298-2900
22316 590 1175 0.1043 1000-3000 Al203(s) 9758 -31.18 83503 315 2340 298-1000
Mg2g) 28571 23857 0784 Q597 00073 2982500 4866 2744 85205 4602 07695  1000-2327
cots) 6000  -8551 22703 1935 5980 2081145 AlOg() 232.345 -336.622  193.672  -48.1032  4.4461 2327-3000
: ; 8-302.92
ca() 0150 11003 5641 1669 0205 1145-2000 Gats) 6263 -01060 1530 266-302.9
Ga() 1849 13267 -12.531 7426 -1.894  302.92-1000
Calg) 18715  -2.045 7.181 52376 129 298-1500 Y y 4 X Y 1
g s 2048 Tt s (2081500 3535 68206 28728 07043  -0.0706 600-3000
Ca(g) 21.361 -2.178 25.26 -23.064 7.562 208-1000
Caofs! 6.367 -1553 42475 37023 12225 298-1000 p Y Y
R % 2are, S, wzas. om 18828 4302 14845 03093 -DO2717  1000-2600
Gao! 20008 -11.095 3043 27423 895 298-1000
Cao() 0.924 5922 «0.7316 0.0436 2900-3800 @ 25976  4.586 ~1.1755 0.1976  -0.0154 1000-3000
CaOlg)  27.683 -11.194 30.70 -27.673 9013 298-1000 Ga: 36.155 ~17.11 46.857 42177 13723 298-1000
2483 4579 -0.9895  0.1144 1000-3000 200 31272 8088 2.305 04260 00386  1000-3000
Ca(g)  29.904  3.031 0.551 05714 0.098 298-2300 Gaz03(s) 15.081 -41.0724 110424  -100.900  33.6291 2981000
sts) 7.033 105795 287422 -26.6189  8.9849 208-1041 4223 180456 40352 06755 00461  1000-2000
) 2377 8314 4305 12037 04513 1041-2000 Ga03(l) -10.389 29.837 8786 15338 -0.11264  2080-3000
sr(g) 20.556  -6.845 18.997  17.344 5.607 298-1000 Inis) 9404 19528 s0.346  -37.888 298-429.78
18.670 3179 =0.9560 01807  -0.01433 1000-2000 Inl) 4.824 6.051 +1.300 -0.896 0.500 42%53:; 000
S1Ols)  BA76 15857 43313 38867 1264 298-1000 4868 648 2797 073 0063 1000-2400
3.963  7.379 -1.9765 0367  -0.0304 10002930 In(g) 21643 6722 18523 -16645 544 2981000
S1oMm 6386 3.148 2930-3000 19733 3.058 06107  0.05655 1000-2400
Sro 28.947 +11.39 31.289 -28.261 9.22 298-1000 inO(g) 30.031 -11.23 30.807 =21.77 9.074 298-1000
@ Baee T'sev 1840 03974 -0.03455  1000-3000 26.955 492 1119 01685 -0.0115  1000-3000
1 32729 2547 01303 0329  0.0609 298-2900 In20(g) 37.892 17434 47814 43124 1405 298-1000
Sratg) @ e arn 23696 04428  -0.0361 1000-3000
Sr20(g) 36732 -22190 60225 55941 18803 208-1000
Y o 28 -0.021 1000-3000 In203(s) 18.200 44122 118710  -109.295 36522 208-1000
31201 8218 2092 03 203(8) Q28 iz 47585 08572 -0.0665  1000-2186
. Rtk . £ . 298-1000
Ba(s) 8.802 1.7 w0 27375 874 00 In203() 7618  30.010 4791 1522 01108 2186-3000
y X .42 0.7557  -D.06S5  1000-3000 -
Ball 3425 9005 2429 TKs) 11701 -36.5875 119523  -164816  B6.650 298-576
Ra(g) 21217 £780 1R8.914 «17.317 £70% 29R.1000
19512 282 06830  0.0874 1000-3000 Ty 4748 8265 -4.264 1205 01576 576-1800
BaOls) 10518 -16.350 4477 4027 13115 2981000 Titg) 22520 6856 19028 417381 5712 208-1000
5843 7712 -2.160 04227 00376  1000-2290 20659  3.087 08375  D1135 1000-1800
BaO() 1972 9.907 17986 0.1491 2260-3000 TIO 31.052 11364 31000 -27.614  8.946 208-1000
" X ©  3rees i 13467  0.2058 -0.0134 1000-3000
Bao| 20592 11382 31347 28132 177 298-1000
@ B3 i 5133 02776 -0.02184  1000-3000 Ti20(s) 22540 -42731 119855 -123107 46513 298-852
Bax(g) 236295 11287 31634 30544 10529 298-1000 TI20() 5805 25652  -10.338 24806  -0.2451 852-3000
33641 4200 1518 0335 003t 1000-3000
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Table 2.Gibbs energy quation p {C d} Table 2.Gibbs energy i q p {Cont d)
(Ge7-H°298)/RT = A + BT + CT2 + DT3 + ET4 (GeT-H°208)/RT = A + BT + CT2 + DT3 4 £T4
3 5, 9 12,
A 1038 105¢c 10%D 1012e Trange,K A 1038 108¢ 10%D 1012 T range,K
TioO(g)~ 39.860 -17.750 48.76 44064 14375 298-1000
34842 8350 -2.4334 04584  -0.03765  1000-3000 SnO2(g) 32251 -17.54 47838  -42.85 13.90 298-1000
Ti203(s) 23752 -39.353 107127  -96.004  31.16 298-1000 27190 8322 -2:301 0.4159  -0.033 1000-3000
13305  15.999 -2.626 1000-1107 Sn2(g) 32827 -12.85 34.68 -30.297 9.65 298-1000
TioO3() 0743 40917 18715 525  -0.627 1107-2000 6634 7.03 -1.967 03357 00245 1000-3000
sits) 3101 -7.308 19833 -17.696 573 2081000 Sn202(g) 35752  6.440 1.070 -1.011 0471 298-3000
1052 3254 07263 0.0850 1000-1687 Sn303(g) 44474 0477 1480 7926 1264 298-3000
Si(h -8.152  13.849 -5.0426 0.961 -0.07316 1687-3600 Sn4q04(g) 51.729 6.476 9.775 -5.144 0.772 298-3000
Si(g) 20.984  -7.130 19.901 -18.28 6.03 298-1000 Pb, 0762 - 49. -54,
19.039  3.32 -1.0484 02128  -0.0185 1000-3000 (s) 62 17.085 944 83 2266 298-600.65
19.959  1.9552 0.2806 0.01899 3000-3600 Pb(Y) 4814  8.045 -3.983 1.191 -0.1493  600.65-2200
SiO(g) 26.584 -10.123 27.756 -24.936 8.113 298-1000 Pb 21847 685 19.007 -17.354 570 298-1000
23682 47876  -1.2880 02291  -0.01797  1000-3000 o) 19914 3308 -1.080 0.2288  -0.0197 1000-3000
SiOp(qu) 6.947 -16.833 44.87 38.893 12413 298-1000 PbO(red) 11.492 -26. Y 111 -
(qu.) byeid y gt FEes 10001900 (red) 11.492 -28.7693  82.3965 -89.2160  36.1111 298-762
Si0z(cr)  7.605 -19.79 51.495 44403  13.91 290-1000 PoO(ve) 6081 4.9700 15284 18198 04842 762:1160
1.937 8590 -1.935 0.225 1000-1996 PDO()  -1.494 192561  -9.2613 26476  -0.3178 1160-2000
Sio2(l) 2.120 7.6492 -1.2588 0.0998 1996-3000 PbO(g) %_123 -11.204 30.750 .27_7432 —g%;gs 1%%%30083
SiO2(g) 29.295 -15.684 42.55 37.810 1221 298-1000 -84 5.276 15062 oz -
24.696  7.467 -1.898 03194  -0.0238 1000-3000 PbO2(s) 10.231 -15.016 41.48 -33.24 9.446 298-1200
Sig(g) 28.945 -11.627 31700  -28.374 9.206 298-1000
25520 5589 -1.3680 0210  -0.01386  1000-3000 PbO2(g) 33.462 -18.196 49.746  -44714 14536 298-1000
28.252  8.606 -2.440 0.450  -0.0364 1000-3000
Sig02(g) 40.398 -26.536 71564  -65.861  22.009 298-1000
33340 10626 -2.860 0509  -0.040 1000-3000 Pb2(g) 34777 -12.426 34.43 -31.38 10.30 298-1000
31381  5.687 -1.6535 03116 -0.02454  1000-3000
Sizlg) 04.490 -19.44 £3.530 48.516 15.963 208 1000
20042  9.140 -2.788 0.5832 -0.05276  1000-3000 Pb202(g) 35958  4.176 7.238 -4.146 0.658 298-3000
Ge(s) 5484 -151302  43.7517 -48.3508  20.0263 298-700 Pb203(s) 24.026 -48.4163 120197 -117.502  39.0413 298-1000
21896  1.8154 16677  -1.5224  0.3924 700-
1210.4 Fb303(g) 44777  6.271 10.844 £.210 0.985 298-3000
Ge(l) 5426 151874  -6.5705 14859  -0.13343 1210.4-
3200 Pb304(s) 26.958 -20.333 64277  -45386  11.00 298-1500
Ge(g) 21363 -10.534 20285  -26.974 8.883 298-1000
18.485  4.992 -1.8107 0.3%06 - -0.0351 1000-3200 PbaOs(g) 50.677  8.367 14.449 -8.274 1.312 298-3000
GeO(g)  28.117 -10.587 29.000  -26.066 8.48 208-1000 Pb5O5(g) 54.313  10.462 18.055  -10.338 1.639 208-3000
25086  5.008 -1.385 0251  -0.020 1000-3000
PbGO. 62478  12.557 21.661 -12.401 1.966 208-3000
GeOa(s)  7.621 -23.827 63421 57714  19.138 298-1000 paitl
116,048 -403.336  538.497 -313.567  68.097 1000-1388 Zn(s) 5763  -6.350 15.47 873 208-692.73
GeOg(l)  -7.387  21.608 -8.362 1844 0167 1388-3000 Zn(l) 1150  9.66 -4.862 1.132 692.73-1200
GeO2(g) 30.914 -16.700 45425  -40.53 13.12 298-1000 Zn(g) 19791  -4.396 12606  -10.378 3.000 298-1200
26045 7971 2142 03796 -0.0298 1000-3000 18.184  3.2905  -1.0522 02166  -0.01932  1200-3000
Gep(g) 32229 -15.564 43747  -40.584  13.465 298-1000 Zn0(s) 8.676 -20.783 86.088  -98.618  42.157 298- 693
28103  7.132 -2.398 0.4977  -0.0437 1000-3000 3215 5346 -0.145 -0.494 0.123 693-2000
Ge202(g) 40.990 -28.642 77350  -71.242 23759 298-1000 ZnO(g) 28337 -11.610 31807 28827 2.43 298-1000
33146 12193 -3.875 03830  -0.079 1000-2000 25163  5.166 -1.4237 02511  -0.01924  1000-3000
Ge3g03  55.839 -48.258 130774  -121.500  40.908 298-1000 Cd(s) 5195 1013 -30.49 7452 4576 298-594.26
41917 22959 0814 3022  -0.420 1000-2000
- cd@) 2511 1022 -5.823 1538 504.26-1100
sn(s) 9.860 -34.0554 110.534 -151.014  79.2152  298-505.12
- Cd{g) 20748 -5.4625 15305  -13.216 4055 208-1100
sn(l 1684 14256  -11.690 5627  -1.122  505.12-1400 12.318 Y Y Y
o 4201 6483 23645 05071 00450  4400-3000 83 2349 0031 0263 0064 1100-2000
€do(s) 6.887  -5.035 16.921 12,132 2.97 208-1500
Sn(g) 21052 -6.998 18.881  -16.378 5.221 208-1000
18. 3.667 -0.7262 0.0646 1000-3000 CdO(g)  29.305 -11.443 31.53 -28.494 9.29 293-1000
26054  5.467 -1.6246 03137  -0.0266 1000-3000
SnO(s)  10.425 -30.8313 893685 -99.1119  41.2146 208-700
4930  4.5034 1.9568  -20117 05137 700-1250 Hg(l) 10797  -14.507 41.32 -43.32 16.75 298- 800
Sno() 3468 19.3711  .0.1257 25224  -0.2017 1250-2000 Hg(g) 21798  -6.845 18997  -17.344 5,697 298-1000
19.906  3.195 -0.9736 01891  -0.01585  1000-3000
SnO(g)  29.148  -10.96 30054  -27.070 8.816 298-1000
26025 5173 -1.461 0.2692  -0.0217 1000-3000 HgO(s)  10.251 -15.674 425 3773 12.18 298-1000
SnO2(s) 8410 -21.510  57.480  -50.560  16.203 298-1000 HgO(g) 27.982 2237 141 -0.8606  0.1332 298-2900
2201  9.676 -2.092 0.236 1000-1903
SnO2(l) -1.715  13.943 -3.931 0.6916 <0.0523 1903-3000 8See Table 4 for references.
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Table 3. Values of AfH°298/R, S°298/R, and (H°293-H°0)/R 8

Table 3, Values of AtH°208/R, $°298/R, and (H°2a8-H°0)/R (Continued)

o)
02(g}
03(9)
Be(c)
Be(g)
BeO(s)
BeO(g)
Be20(g)
Be202(g)
Be303(g)
BeqOa4(g)
Be505(g)
BegOs(g)
Mg(s)
Ma(a)
MgO(s)
MaQ(g)
Mg2(g)
Ca(s)
Ca(g)
Ca0(s)
Ca0(g)
Ca02(s)
Cax(g)
Sr{s)
Sr(g)
SrO(s)
$rO(g)
Sroa(s)
Sr2(g)
Sr20(a)
Ba(s)
Ba(g)
BaO(s)
BaO(g)
Baz(y)
Ba20(g)
Ba202(g)
B{s)

B(g)
BO(g)
BO2(g)
B2(g)
B20(g)
B202(9)
B203(s)
B203(9)
Al(s)
Al(g)
AlO(g)
Al02(g)
Al(g)
Al20(g
A1202(9)
Al203(s)
Ga(s)

AfH°208/R S°208/R {H°298-H°0)/R
(kK) {kK)
2997 * 0.0t 193578 + 0.0001 0.8092
24660 i 0.003 1.0440
171 £ 02 2873 £ 0.01 1.2468
1143 £ 0.006 0.2345
390 + 06 16.3770 + 0.0001 0.74538
7329+ 03 1656 + 0.005 0.3412
61 = 1. 23756 1 0.05 1.0449
45 % 03 27403 £ 03 1.3459
463 + 3. 3019 1+ 03 1.4697
423, + A 84045 <+ 03 1.819
-198. + 5. 35644 + 03 1.8044
-263. T 15 (36.67) i 03 2.290
-330. + 15, (4126) £ 05 2583
3.931. & 001 0.6014
17y o+ 01 17.8651 * 0.0001 0.74538
7234 £+ 004 324 + 002 0.6206
70 + 3. 25637 % 0.01 1.0715
387 £ 03 2033 % 0.05 1.2409
5003 i+ 0.04 0.689
214 % 0.1 186154 + 0.0004 0.74538
76384 + 0.1 4582 + 0.02 0.812
53 £ 2. 26412 % 0.05 1077
796 03 78 +03
416 + 04 30.842 3 0.2 1316
670  + 0.02 0.7902
198 + 05 19.7886 + 0.0002 0.74538
710 = 01 6668 + 0.06 1.042
02 : 3 27.656 + 0.002 1.0873
7. + 2 (1) $ 05
373 + 06 33493 * 06 13237
254 t 3. 34.1 1. 1535
7517  + 0.08 08311
219 = 1. 20.4627 + 0.0001 0.74538
659 + 03 866 % 005 1.198
54 0+ 1 28.306 1+ 0.05 1.084
419 3+ 08 35015 3+ 06 13172
29, : 6. 38 + 1. 1.429
72, + 5. 33.3 1 1.882
0.710 x 0.01 0.1470
679 + 05 18441 % 0.001 0.7603
12 % % 24458 % 0.003 1.0433
390 t 2 27.665 + 0.01 1.2056
998 * 4. 24291 + 01 1.0598
33. + 12, 2720 + 050 14172
555 + 1. 30015 + 0.2 1.6112
~153.17 % 017 6.491 + 004 11187
1005 t 05 343711 + 05 1.7341
3.405 1+ 0.01 0.5430
3060 * 03 19.7782 + 0.0001 0.8322
81 i 2625 % 001 1.0568
104 4 30.27) 1. 1.4483
590 t+ 25 28075 + 0.03 1.1808
475 0+ 2 3033 04 1.5288
475 4. (3378) 15 1.7462
20154 : 0.15 6127  0.01 1.2047
4993 % 0.04 0.675
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Galg)
GaO(g}
Ga20{g)
Ga203(s)

- In(s)

in(g)
InO(g)
In20(g)
n203(s)
TI(s)
Tia)
TiO(g)
TI20(s.))
Tiy0(g)
Ti203(s)
Si(s)
Si(g)
Sio(a)
Si02(qu)
Si02(g)
Si2(g)
Si202(g)
Sia(g)
Ge(s)
Qefg)
GeO(g)
GeO2(tet)
Ge02(g)
Ge2(q)
Ge202(g)
Ge303(g)
Sn{s)
Sn(g)
SnO(s)
€n0{g)
Sn02(s)
$n02(0)
Sn2(g)
Sn202(9)
Sn303(9)
Sn404(g)
Pb(s)
Pb(g)
PbO(red)
PbO(g)
PbO2(a)
PbO2(s)
Pb2(g)
Pb202{(g)
Pb203(s)
Pb303(g)
Pba04(s)
Pb404(9)
Pbs505(g)
PbgOg(0)

AfH298/R S°208'R (H°29g-H0)/R
(KK} (kK)
327 t 05 203180 % 0.0002 0.7879
7.7 + 3. 27.749  t 0.006 1.0734
1146 = 1. 3421+ 04 1.4712
1312+ 05 10216 + 0.04 1.750
6934 -+ 0.03 0.7950
28.9 0.1 20.8878 + 0.0001 0.7455
205 ¢ 8 28.76  + 0.06 1.081
547t 2 3591 % 04 1.5087
114 = 02 1300 04 2.0807
7734+ 0.02 0.8217
217 t 02 21.7522 % 0.0001 0.74538
236 & 5. 2976 % 1. 1.0004
201 02 1756 £ 1. 1816
37 ot 1 3785 + 0.6 1.554
-46.5 x 05 19.244 = 1. 242395
2262 + 0.01 0.3869
542 + 1. 20.1903 + 0.0001 0.9081
118 t 06 25437  + 0.002 1.0482
«10953 + 0.1 499 + 002 0.8318
387 o 1. 27.4% % 01 1268
679 t 2 27.625 1t 0.1 1.1141
4322 t 2 373 + 3. 1.835
74, + 3. 323 + 0.60 16783
374 002 0.5576
44,7 + 0.4 20.181 + 0.001 o.8e98
45 + 05 26915 + 0.005 10562
-69.78 + 0.1 4776  + 0.02 0.8696
-13. + 2 2900 + 01 1354
58. + 1. 30.508 + 0.001 1.3983
-33. t 2 37.6 + 15 1.900
596 = 2 50.2 25 3.250
6.156  0.01 0.7605
3623 + 01 20.2517 + 0.0004 0.7475
3376 + 0.02 6.876. + 0.035 1.0507
28 + 0.8 27004 &+ 0.005 1.0662
-6947 + 002 5895 % 001 1.0084
-5. + 6. 30.248 + 05 14186
496 * 1. 31352 0.1 1.235
-29. + 2 3717 + 3.
-61. + 3 45.6 t 4.
-95. + 3 544 + 4.
7794  + 0035 0.8263
2348 + 0.1 21080 + 0.001 0.74538
2629 t 006 815 & 002 1.1095
82 * 1 28.857 + 0.003 1.0778
08 + 6. 3139 01 14735
8331 : 03 8635 t 002 13184
359 + 03 33.383 1 0.1 1.270
-15. + 3. 37.3 + 3.
591 & 04 1827 1+ 025 25113
-38. t 4 475 + 4.
864 1 08 2549 03 3.6308
-68. + 6. 54.2 t 5.
-93. + 6. 58.8 t 6.
119, + 6. 678 % 6.
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Table 3. Values of AfH208/R, $°298/R, and (H°29g-H°g)/R. (Continued)

TABLE 4. Sources of data in Tables 1 through 32

AfHe298/R $°298/R (He2g8-H )R

(kK) (kK)
Zn(s) 5017 + 002 0.6804
2i(g) 1569 0,02 19.3494 + 0.0002 0.74538
ZnO(s) «4215 + 003 525 1+ 0.05 0.8339
Zn0(g) 109 =+ 1. 2695 + 03 1.082
Cii(s) 6230 +.0.02 0.7513
Cd(g) 1345 + 0.08 20.1623 + 0.0001 0.74538
CdO(s) 3104 1 0.1 659 020 1.011
cdo(g) 156 = 1. (28.014) 1t 0.1 1.104
Hgl) 913 1 0.01 11236
Hg(g) 7.382 + 0.005 21.0310 + 0.0002 0.74542
Hgo(s) 1092 + 001 845 + 0.04 1.0965
HgO(g) 12 * 10 2886 it 0.3 1.082

BSee Table 4 for references.

included in the major compilations. In all cases, the thermo-
dynamic values selected reproduce, within experimental un-
certainty, the vapor pressure measurements considered reli-
able.

In reviewing the available tabulations of thermodynam-
ic functions for gaseous atoms, it was discovered that heat
capacity, Gibbs energy function, entropy, and enthalpy in-
crement values for many elements are in error because they
are based on only the observed electronic levels, e.g., as listed
by Moorc (1949, 1952, 1958), and do not include unob-
served low-lying levels, which can contribute significantly.
Although this problem was not severe for the elements cov-
ered in this paper, it should be noted that the equations for
Gibbs energy functions given for gaseous atoms in Table 2
are consistent with new calculations that take into account
more recent spectroscopic data and estimates of missing
low-lying electronic levels (Brewer, 1983). The equations
given for — (G'7 — H 55 }/RT represent the tabulated val-
ues within typical limits of + 0.01 over their applicable tem-
perature ranges. The equations were derived by fitting tabu-
lar data and are not direct integrations of heat capacity
equations. Because of the nature of the polynomial fits, val-
ues derived by differentiating these equations do not repre-
sent thermodynamic properties, e.g., heat capacities, accu-
rately.

Data sources for each of the selected values are in any
case summarized in Table 4, and more complete discussions
of data sources are given below, when necessary.

The calculated partial pressures of major gaseous spe-
cics in cquilibrium with stable condensed oxide phases are
shown below as plots of log Pvs 1/T for several representa-
tive vaporization conditions. The particular conditions are
0.2 bar O,, representing oxidizing conditions, congruent va-
porization, representing neutral vaporization, and either
10~ % bar O, or the O, pressure of the metal-metal oxide
equilibria, representing reducing conditions. The metal-
metal oxide equilibrium O, pressure was chosen when it ex-
ceeded 10~ bar. The maximum vaporization rates calcu-
lated by the Hertz-Knudsen equation are also shown in
plots below.

— (G T—H3p)/T

S 08 H 308 — Ho AcH 35, T
Oy 6,25 7
0,(g) 6,25
O,(») 25 25
Be(a) 1(2),7,8,9,14
Be(g) 1,2,7,8,10,14 78,1914
BeO(s) 1,5,7(9),14 7,1,5,9,14 1
BeO(g) 1,5,14 1,5,14
Be,O(g) 1 1
Be,0,(g) 1 1
Be,0;(g) 1 1
Be,O,(p) 1 1
Be;Os(g) 2 °
BeOs(g) 2,14 v
Mg(s) 2(1),7,8,14 2
Mg(g) 1,8,2,7,9,10,14 7,1,2(8),9,14
MgO(s) 1,5,7,9,14 7,1,5,9,14 1,19
MgO(g) 51,14 51,14
Mg, (g) 5(1) 5(1)
Ca(s) 1,7,2,8,9,14 1
Ca(g) 1,2,7,8,9,10,14 7,11,1,8,9,14
CaO(s) 1(4),7,14 7,1,4,9,14 1
CaO(g) 51,14 51,14
Ca0,(s) 26(9)
Ca,(g) 5(1),14 5(1),14
Sr(s) 1(2),(9,14) 1
Sr(g) 1,3(8),9,10,14 11(1,9,14)
SrO(s) 1,4(9,14) 149,14 1
SrO(g) 1,4,14 27,4(9),14
Sr0,(s) 12(9)
Sr,(g) 1 1
Sr,0U(g) v -
Ba(s) 1,4,9,14 1
Ba(g) 10,1,4,9,10,14 8,11(1,3,9,14)
BaO(s) 1,4(9,14) 1,4(9),14 1
BaO(g) 1,4,14 1(4),14
Ba,(g) 1 1
Ba,0(g) ° ®
Ba,0,(g) ® ®
B(s) 13,1,7,8,9,14 13
B(g) 13,1,7,8,9,10,14 11,1,7,9(13)
BO(g) 1,2,9,14 ' 1,2,14
BO,(g) 1,2,9,14 1
B,(g) 1,13 13,1
B,0(g) 1,2,14 1
B,0,(g) 1(2),(9) 1,2(9)
B,0;(s) 1,3,7,9,14 1,3,7,9,14 1
B,0,(g) 1,3(9) 13,79
Al(s) 28,1,7,8,9,14,17 28
Al(g) 17,1,7,8,10,14 28,1,7,8,14,17
AlO(g) 17(1) 17,1
AlO,(g) 17(1) 17(1)
Aly(g) 1 1
AlLO(g) 17(1) 17(1)
Al O,(g) 17,1 17,1
Al,054(s) 17,1,7,9,14 7,17,1,9,14 119
Ga(s) 1,22,2.9,14 1
Ga(g) 1,8(9),10,14 1,8(9),14
GaO(g) 1,9 1
Ga,0(g) 1 1
Ga,0;(s) 1,9,14 1,9,14 1
In(s) 1,8(9),14 1
In(g) ‘8,1,9,10,14 1,8,9,14
InO(g) 1 1
In,0(g) 1 1
In,0,(s) 1 1,9 1
TI(s) 8,1,9,14 1
Ti(g) 8,1,9,10,14 8,11,1,9,14
TIO(g) 1 1
TL,O(s) 1 1(14) 1
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TABLE 4. (continued)

TABLE 4. (continued)

—(G°T—H3u)/T

— (G T—H3 /T

S 205:H 208 ~ H g ArH 505 Ttus SoossH 308 — H g AcH 504 Thus
THLO(g) 1(14) 1 ZnO(g) ° ®
T1,03(s) 1(14) 1(14) 1 Cd(s) 8,11 8
Si(s) 21,26,8,14,16 21 Cd(g) 8,7,10,14 8,7,14
Si(g) 16,2,7,8,9,10,14 2,7,16 CdO(s) 14,7 7,14 20
SiO(g) 16,2,9,14 16(2),9,14 CdO(g) b b
SiO, (qu) b 7.2.9.14.16 19.2 Hg() 82,14
Si0,(cr) b ® 16,2 Hg(g) 2,8,7,10,14 7,2,8,14
SiO,(g) 16,2,14 16,2,9,14, HgO(s) 27,14 7,2,14
Siy(g) 16,2,9,14 16 HgO(g) b ®
81,0,(g) ° ®
Siz{(g) 23,2,14,16 8,2,14,16
Ge(s) 8,16,7,9,14 16 References to Table 4
Ge(g) 16,8,9,10,14 16(8,9,14) !(Glushko et al., 1981).
GeO(g) 12,16(9) 12,16(9) 2(Stull et al., 1971).
GeO,(s) 16,7,14 7,14,16 16 3(Chase et al., 1974).
GeO,(g) 16 16 #(Chase et al., 1975).
Ge,(g) 16,9 16 5(Chase et al., 1978).
Ge,0,(g) N o $(Chase et al., 1982).
Ge;05(8) ® > 7(Cua, 1978).
Sn(s) 8,16,7,9,14 16 8 (Hultgren and Desai, 1973).
Sn(g) 8,16,9,10,14 7,16,8(9),14,16 °(Wagman et al., 1982).
SnO(s) 16,7(9),14 16(7,9,14) 16 10( Brewer, 1983).
SnO(g) 16,9 16(9) H(Brewer, 1977).
$n0,(s) 16(7,9,14) 16(7,9,14) 16 '2( Brewer and Rosenblatt, 1969).
Sn0,(g) 16 16 13(Stull et al., 1971, 31 March 1979 unbound supplement).
Sn,(g) 16,18 18,16 !4(Pankratz, 1982).
Sn,0,(g) b b 13(Stull et al., 1971, 31 December 1978 unbound supplement).
Sn,0;(g) b ° 16(Glushko ez al., 19792).
S$n,0,(g) i b 7(Stull et al., 1971, 31 December 1979 unbound supplement). JANAF
Pb(s) 16,7,8,9,14 16 issued two sets of supplements on Al-O species dated 1979; the later set,
Pb(g) 16,10(2,3,9,14) 7.8,9,14,16 with references to literature as late as 1982, is cited.
PbO(red) 16,3,9,14 3,16,9,14 '8(Balasubramanian and Pitzer, 1983).
PbO(yel) 16,3,14 16,2,20 16 19(Hlavac, 1982).
PbO(g) 16,3,14 3,16,14 20(Shunk, 1969).
PbO,(s) 3,14,16 3,16,14 2Y(Desai, 1986a).
PbO,(g) 16 16 #(Amitin et al., 1984).
Pb,(g) 16,18 18,16 2(Brewer, 1984).
Pb,0,(g) b ° 24(Richet et al., 1982).
Pb,05(s) 16,9 16 *5(Glushko et al., 1978).
Pby05(8) i ® 26( Glushko et al., 1979b).
Pb,0,(s) 3,9,14,16 3,16,9,14 27(Murad, 1981).
Pb,0,(g) b ° 28( Desai, 1986b).
PbsOs(g) ° °
PbsO4(8) ® * * References without parentheses are in essential agreement; those in paren-
Zn(s) 15(8),(14) 15 theses differ from the chosen value by a significant portion of the stated
Zn(g) 15,8,10,14 7,8,9,14,15 uncertainty. The sources of the selected data are in boldface.
ZnO(s) 7,14 71(9),14 20 bSee text.
|
a. Be-0 System b. Mg-O System

The only high-temperature solid phase is the ozide,
BeO. Under neutral and reducing conditions, vaporization
takes place primarily by decomposition to Be atoms and oxy-
gen species. BeO, Be,0,, Be,0;, Be,O,, and Be;O; are the
principal vapor species under oxidizing conditions. Partial
pressures of major vapor species and calculated maximum
vaporization rates are shown in Figs. 14.

BesOs(8), BegOg(g) thermodynamic data—the en-
thalpy of formation was calculated by the third-law method
using the mass spectrometric data of Chupka, Berkowitz,
and Giese (1959) and of Theard and Hildenbrand (1964).
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The only high-temperature solid phase is the oxide,
MgO. In neutral and reducing atmospheres, vaporization
takes place by dissociation to give gaseous oxygen species
and Mg(g); the MgO(g) partial pressure is comparable to
that of Mg(g) in oxidizing atmospheres. Partial pressures of
major vapor species and calculated maximum vaporization
rates are shown in Figs. 5-8. As can be seen from the graphs,
MgO is especially volatile at high temperatures under reduc-
ing conditions. This has important practical consequences in
pointing out the instability and limited usefulness of magne-
sia-based refractories in hydrogen-containing or otherwise
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reducing atmospheres. The same is true of several of the
other alkaline earth oxides.

c. Ca-0 System

The only high-temperature solid phase is the oxide,
CaO. The equilibrium oxygen pressure of the peroxide,
Ca0,, exceeds 0.2 bar at temperatures above about 300 K
(Vannerberg, 1962). Vaporization takes place primarily by
dissociation to Ca(g) and oxygen under neuntral and reduc-
ing conditions; CaO(g) is the primary vapor phase product
in oxidizing atmospheres. Partial pressures of major vapor
species and calculated maximum vaporization rates are
shown in Figs. 9-12.

d. Sr-O System

SrO(s) is the stable high-temperature condensed phase
under neutral and reducing conditions. SrO,(s) is stable in
oxidizing atmospheres at lower temperatures; the O, pres-
sure over SrO,(s) reaches 0.2 bar at about 800 K (Vanner-
berg, 1962). Vaporization takes place primarily by dissocia-
tion to Sr(g), SrO(g), and oxygen species under neutral and
oxidizing conditions, while sublimation to SrO(g) domi-
nates in oxidizing atmospheres. The calculated neutral va-
por composition is consistent with the observation of Kauf-
man et al. (1965) from electric deflection experiments that
the vapor at 2500 K contains about 5 mol % molecular SrO.
Partial pressures of major vapor species and calculated max-
imum vaporization rates are shown in Figs. 13-16.

Sr,0(g) thermodynamic data—although Sr,0 is not a
major species and is not listed in the IVTAN or JANAF
compilations, the results of Drowart ez al. (1964) indicate
that it should be included for completeness. Therefore, their
estimated molecular constants were adopted and used to
evaluate thermodynamic functions: /Sr-O-Sr = 180°,
r(Sr—0) = 0.192 nm, vibrational fundamentals of 256, 233
(doubly degenerate), and 888 cm ™', an electronic ground
state degeneracy of 3, and no excited electronic states. The
enthalpy of formation of Sr,O(g) was derived from a third-

-1k
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F1G. 10. CaO cungruent vaporization.
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law treatment of the equilibrium data of Drowart er al.
(1964) using these calculated functions. As can be seen in
the graphs, Sr,0 is a minor feature of the vaporization chem-
istry under each of the environmental conditions.

Ca0,(s) thermodynamic data—the enthalpy of forma-
tion was recalculated by (Garvin ef /., 1987) from the ex-

perimental data cited by Glushko ez al. (1979b).

e. Ba-0 System

BaO(s) is the condensed phase stable at high tempera-
tures under neutral and reducing conditions. In oxidizing
atmospheres BaO,(s) is stable at low temperatures; the O,
pressure over BaO,(s) reaches 0.2 bar at about 1000 K
(Vannerberg, 1962; Kedrovskii et al., 1967).

The calculated vaporization equilibria shown in Figs.
17-19 indicate that BaO(g) is the principal product for va-
porization under oxidizing and neutral conditions, but that
Ba(g) becomes important at high temperatures under re-
ducing conditions. It should be pointed out that our calculai-
ed neutral vapor composition differs appreciably from the
reported results of four separate mass spectrometric studies
(Inghram et al., 1955; Newbury et al., 1968; Semenov et al..
1972; Hilpert and Gerads, 1975) in that the latter indicate
almost comparable BaO and Ba partial pressures at 1500 to
1800 K. Recent mass spectrometric investigation in our own

» laboratory (Lamoreaux and Hildenbrand, 1983), however,

show that under neutral conditions the ratio. p(BaO)/
p(Ba) > 100, so that, as suspected, some reduction of BaO
was occurring in the earlier work. The calculated maximum
vaporization rate is shown in Fig. 20.

Here again, the major compilations do not include data
for the species Ba, O, and Ba,0, but they are included here
for completeness since they have been observed; molecular
constants were selected as noted below. The enthalpies of
formation for these species wére chosen so as to be consistent
with the neutral composition inferred from our mass spectra
at low ionizing energy.

Ba,O(g) thermodynamic data—the Gibbs energy
functions were calculated using the approxirmate molecular
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Fi1G. 20. BaO maximum vaporization rates. A—10~* bar O,; B—congru-
ent vaporization; C—0.2 bar O,.
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constants of Kudin (1981): r(Ba-0O)=0.231 nm,
/Ba-0-Ba = 180", electronic ground state degeneracy = 3,
no excited electronic states, and vibrational fundamentals of
500, 280(2), and 720 cm ™%,

Ba,O, thermodynamic data—the Gibbs energy func-
tions were calculated using the matrix isolation spectrosco-
py results of Ault and Andrews (1975) for the planar rhom-
bic molecule with a derived O-Ba-O angle of 102° and
observed vibrational fundamentals at 402 and 501 cm ™},
and the estimated molecular constants of Kudin (1981):
r(Ba-0) = 0.21 nm, vibrational fundamentals 470, 330,
270, and 200 cm ™!, electronic ground state degeneracy = 1,
and no excited electronic states.

f. B-O System

The stable solid phase is B,0;, with a melting point of
723 K. Vaporization takes place primarily by evolution of
B,0;(g), except that B,0,(g) becomes important at high
temperatures under reducing conditions and BO,(g) is im-
portant at low temperatures under oxidizing conditions. The
calculated vaporization equilibria and vaporization rates are
shown in Figs. 21-24. Partial pressures under reducing con-
ditions were calculated for an O, partial pressure of 10~*°
bar up to 1923 K, where the calculated O, pressure of the B-
B,0; equilibrium reaches this value, and for the O, pressure
of the B-B,0; equilibrium at higher temperatures. If liquid
B,0; is the only condensed phase present, its composition
will change during vaporization unless B,0,(g) evolution
dominates; if the liquid composition is changing, the partial
pressures indicated are thus strictly applicable only at the
start of vaporization.

g. Al-O System

AL Oy, is the stable solid phase in this system. The major
gaseous aluminum species are Al, A10, and Al,O, depending
on conditions. Some earlier reviews selected data that indi-
cated a much higher thermodynamic stability for AlO,(g),
such that this species dominated the vaporization chemistry
under oxidizing conditions. We agree with the recent
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IVTAN (Glushko et al., 1981) and JANAF table (Stull ez
al., 1971, December 31, 1979 unbound supplement) publi-
cations that assign a significantly lower stability to A10,(g),
based primarily on the studies of Ho and Burns (1980). The
calculated vaporization equilibria and maximum vaporiza-
tion rates are shown in Figs. 25-28. Vaporization under re-
ducing conditions was calculated for an O, pressure of 10~ 5
bar of O, up to 2230 K, where the calculated O, pressure of
the Al-Al,0, equilibrium reaches 10~ bar, and for the O,
pressure of the AI-AL,O; equilibrium above this tempera-
ture.

h. Ga~O System

The stable solid phase is Ga, 0. The calculated vapori-
zation equilibria and maximum vaporization rates are
shown in Figs. 29-32. Vaporization under reducing condi-
tions was calenlated for an O, pressure of 10715 bar up to

1446 K, where the O, pressure of the Ga-Ga, 0, equilibrium
reaches this value, and for the O, pressure of the Ga-Ga,0,
equilibrium at higher temperatures.

i. In-O System

The stable solid phase is In,0;. The calculated vapori-
zation partial pressures and maximum vaporization rates
are shown in Figs. 33-36. Partial pressures under reducing
conditions were calculated for an O, pressure of 10~ ° bar
up to 1239 K, where the O, pressure of the In-In,0; equilib-
rium reaches this value, and for the O, pressure of the In-
In,0; equilibrium at higher temperatures.

j. TI=O System

The stable solid oxide phase under neutral and reducing
conditions, and in 0.2 atm of O, above about 1060 K, is TL,O.
T1,0, is the stable phase at lower temperatures under oxidiz-
ing conditions. Calculated partial pressures and maximum
rates for vaporization processes are shown in Figs. 37-40.
Partial pressures over T1,0 under reducing conditions were
calculated for an O, pressure of 10~'° bar up to 731 K,
where the O, partial pressure of the TI-T1,O equilibrium

LI S SR N

T T T 1T T AT

-1 b

-3

s |

-7 b

LUG P (BAR)

-8

1400 1600 1800 2000 2200 2400
T W

F1G. 25. AL,0, vaporization in 10~ '* bar O, below 2230 K and vaporization
of Al-A1, O, mixture above 2230 K.

J. Phys. Chem. Ref. Data, Vol. 16, No. 3, 1987

<at

-7 0, ——=
7 /S
777 .
y; v

LOG P (BAR)

_/L——/—- Alg, 4
AR L L
1600 1800 2000 2200 2400 2600 2800
T®

Fi1G. 26. Al,0; congruent vaporization.

T T T T T T L
A - e
e
) o 1
-
-3 -
.~
L 0 -
e
-5 -~
e
g
a
@
8
]
-3
s
-11
-13 /
L / y ) L 1 1 L
1600 1800 2000 2200 2400 2600 2800

T®

Fi1G. 27. Al,O, vaporization in 0.2 bar O,.

Ll /
/ 1
3l / -
A/ NG /~/ ]
sl / > s
L / e .
E R / ,/ //
s A,
8 i/ /
-5 //' / 4
f /™
/ / 7
. .,// / 3
1 Ll/’/ /
v / /
e
T®

FIG. 28. Al,0; maximum vaporization rates. A—10~ "> bar O,; B—congru-
ent vaporization; C—0.2 bar O,.



HIGH-TEMPERATURE VAPORIZATION BEHAVIOR OF OXIDES 433

-1 -1} ' ,}" s /l,/y l
A\/ /,/’ /
b st i
3 3 - /’ i 7 /
{ \./ /
-5 | -5 L ! / /
2 A
5 7} E 7r ! '/ /
a. Iry L H I C
8 S ! ,/ /\
ey & -a | i / /
Y
-1} -11 !‘/ /
T,
-3 b “13 b / J
i/
R VT R P ———s
T W

T Ky

FIG. 32. Ga,0, maximum vaporization rates. A—10~" bar O,; B—con-

FIG. 29. Ga,0; vaporization in 10~ bar O, below 1446 K and vaporiza-
gruent vaporization; C—(.2 bar O,.

tion of Ga—Ga,0; mixture above 1446 K.

-1}

-3k

-5 |

-7t

LOG P (BAR)

LOG P (BAR)

-3} / )
/o
o b M L
1400 1800 2200 2600 1000 1200 1400 1600
T® T®
Fi6. 30. Ga,0), congruent vaparization. FIG. 33. In,0; vaporization in 10~ bar O, below 1239 K and vaporization
of In-In,0, mixture above 1239 K.

-1

~3

~5

-7 |

L0G P BARY

-9 |

L0G P BAR)

H \ 1 Il L
1400 1800 2200 2600 3000 1200 1800 2000 2400
T® T W

F1G. 31. Ga,0; vaporization in 0.2 bar O,. FiG. 34. In,0, congruent vaporization.

J. Phys. Chem. Ref. Data, Vol. 16, No. 3, 1987



434 LAMOREAUX, HILDENBRAND, AND BREWER

-3 b

s
o o L g
8 8 / S/
S g .1 S
- : e/
al ] ar [ yavs
7 l L /o ]
ast /s 1 sk [ ff / / 1
¥ g/
1 1 1 R 11’[ 1 1 /1 / 1 1 1 1 1 1
2000 2400 600 800 1000 1200 1400
TW T ®
Fi6. 35. In,0; vaporization in 0.2 bar O,. FiG. 38. T, O congruent vaporization.

-1}l

-3}

-5 |

-7 |

10G RATE
LOG P (BAR

-9l

/
AT N
800 1000 1200 1400
1000 1200 1400 1600 1800 T®

T W

Fic. 39. TL,O, vaporization below 1060 K and TIO vaporization above 1060
FiG. 36. In,0; maximum vaporization rates. A—10~'* bar Oy Kin 0.2 bar O,
B—In-In,0,; C—congruent vaporization; D—0.2 bar O..

-1}

‘gl

2
a.
1]
-
~-11
=13 ¢+ 1 i 1
700 |00 1100 1300 1500
) T ®
800 800 1000 1200 1400
T® P
FiG. 40. Maximum vaporization rates of thallium oxides. A—T1,0in 10~
bar O,; B—TI1-T1,0 equilibrium vaporization; C—T1,0 congruent
F1G. 37. T1,0 vaporization in 10~ % bar O, below 731 K and vaporization of vaporization; D—T1,Q, vaporization in 0.2 bar O,; E—TL0 va-
TIT1,0 mixture above 731 K. porization in 0.2 bar O,.

J. Phys. Chem. Ref. Data, Vol. 16, No. 3, 1987



HIGH-TEMPERATURE VAPORIZATION BEHAVIOR OF OXIDES

reaches this value, and for the O, pressure of the TI-T1,0
equilibrium at higher temperatures. Partial pressures for va-
porization in 0.2 bar of O, were calculated for TL,O; up to
1060 K, and for T1,0 at higher temperatures.

k. Si-O System

Calculated partial pressures for vaporization of SiO,
are shown in Figs. 41-44. SiO(g) is the principal silicon-
containing vaporization product under neutral and reducing
conditions, while SiO,(g) is favored under oxidizing condi-
tions below about 2500 K.

Si0, (quartz, cristobalite, liquid) thermodynamic
data—the CODATA (Cox, 1978) value of the cnthalpy of
formation of quartz was accepted. Other data were taken
from the recent article of Richet et al. (1982), which re-
viewed the available literature.

Si,0,(g) thermodynamic data—Gibbs energy func-
tions were calculated using the molecular constants of
Khannaet al. (1981) for a planar Si~O-Si~O molecule with
the terminal atoms lying on opposite sides of the central O-
Si bond axis: £8i-0-Si = £0-Si-0 = 109.5°, r(Si-Q, termi-
nal) = 0.174 nm, r(Si-O, central) = 0.151 nm, ground elec-
tronic state degeneracy = 1, and no excited electronic states.
The vibrational fundamentals as measured by infrared and
Raman matrix isolation spectroscopy were 1222, 804, 766,
252, and 79 cm™!; the remaining fundamental at 180 cm™*
was calculated by force constant calculations (Khanna et
al., 1981). The Gibbs energy functions calculated using
these constants are 2.8 K greater than those calculated using
the data of Anderson and Qgden (1969) for a molecule with
D,,, symmetry. The enthalpy of formation was then calculat-
ed by the third-law method from the mass spectrometric
data of Porter et al. (1955) and of Zmbov et al. (1973).

I. Ge~O System

The stable condensed phase below 1308 K is tetragonal
Ge0,; the hexagonal crystal structure is stable from 1308 K
to the melting temperature, 1388 K (Glushko ef al., 1979a).
Calculated partial pressures for vaporization of GeO, are
shown in Figs. 45-48. GeO is the major germanium-contain-
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ing vapor species under most conditions, with the polymeric
species Ge,0, and Ge;O; becoming important at highex
temperatures under reducing conditions.

Ge,0,(g) thermodynamic data—Gibbs energy func-
tions were calculated using the molecular data of Ogden and
Ricks (1970) which were estimated except for the observed
vibrational fundamentals at 601 and 666 cm ™' D,,, symme-
try, symmetry number = 4, r(Ge-O) = 0.187 nm, Z0~Ge~
O = 83". The electronic ground state degeneracy was taken
as unity, no excited electronic states were considered, and
the remaining vibrational fundamentals of 120, 500, 450,
and 80 cm ~? were estimated by analogy with the alkali metal
M,0, species (Lamoreanx and Hildenbrand, 1984). The en-
thalpy of vaporization was chosen to yield calculated vapori-
zation equilibria consistent with the mass spectrometric data
of Drowart et al. (1965).

Ge;0,(g) thermodynamic data—Gibbs energy func-
tions were calculated using the molecular data of Ogden and
Ricks (1970), which were estimated except for doubly de-
generate vibrational fundamentals at 824 and 438 cm ™ ': Dy,
symmetry, symmetry number = 6, ¥(Ge~0) = 0.185 nm,
20-Ge-0 = 100°, £Ge-O~Ge=140". The electronic
ground state degeneracy was taken to be I, no excited elec-
tronic states were considered, and the remaining vibrational
fundamentals were estimated by analogy to Be,O,: 159(2),
70(2), 150, 70(2), and 90 cm . The enthalpy of formation
was chosen to vield calculated vaporization equilibria in
agreement with the mass spectrometric studies of Drowart et
al. (1965).

m. 8n-0 System

The stable condensed phase is SnO,. Calculated partial
pressures for vaporization of SnO, are shown in Figs. 49-52.
SnO(g) is the principal tin-containing vaporization species,
with the polymeric species $n,0,, $n;0;, and Sn,0, becom-
ing important at higher temperatures under reducing condi-
tions.

51n,0,(g) thermodynamic data—Dbecause the cxisting
spectroscopic data are insufficient to adequately determine
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FIG. 49. Sn0, vaporization in 10™"° bar O, below 1163 K and vaporization
of Sn—-SnO, mixture above 1163 K.
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FIG. 51. SnO, vaporization in 0.2 bar O,.
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FIG. 52. $nO, maximum vaporization rates. A—10~" bar O, B—Sn—
8$n0, equilibrium; C—congruent vaporization; D—0.2 bar O,.

the molecular constants of Sn,0,(g), the estimated S 55 /R
value of Colin ez al. (1965) was used along with the estimat-
ed value C,/R = 2.3 g-at. derived by analogy to other gase-
ous compounds to calculate the Gibbs energy functions
shown in Table 2. The enthalpy of formation was selected to
yield calculated equilibria in agreement with the results of
Colin et al.; the thermodynamic data presented in Tables 2
and 3 are consistent with observed partial pressures over the
temperature range of the mass spectrometer studies.

Sn;05(g) thermodynamic data—the data were derived
as for Sn,0,(g), except that the value of C, /R was estimat-
ed as 2.5/g-at. .

Sn,0,(g) thermodynamic data—the data were derived
as for Sn,0,(g). '

n. Pb-0 System

The stable condensed oxide phase under neutral and
reducing conditions, and in 0.2 atm of O, at temperatures
above about 800 K, is PbO. Calculated partial pressures for
vaporization of PbO are shown in Figs. 53-56. The predomi-
nant vapor phase species under neutral and oxidizing condi-
tions are PbO and its polymers Pb,0,, Pb,0,, Pb,O,, Pb;0;,
and Pb,Og; under reducing conditions the predominant va-
por species is atomic lead.

Pb,0,, Pb,0;, Pb,0,, PbsO,, and PbsOg thermody-
namic data—Drowart, Colin, and Exsteen (1965) and Ka-
zenas, Chizhikov, and Tsvetkov (1968 ) analyzed the vapors
over PbO by mass spectroscopy. The thermodynamic prop-
erties of the gaseous PbO polymers given in Tables 2 and 3
were derived from the results of Drowart and co-workers,
who made measurements to 1200 K and observed all five of
these species. Kazenas et al. made measurements at tem-
peratures up to 950 K and did not observe the pentamer or
hexamer. The enthalpies of formation and entropies at 298 K
selected by Drowart et al. were accepted for the dimer,
trimer, and tetramer; the Gibbs energy functions for these
species were derived by assuming that C,/R = 3.0/g-at. at
all temperatures above 298 K. Although this heat capacity
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FIG. 53. PbO vaporization in 10~ '* bar O, below 905 K and vaporization of
Pb-PbO mixture above 905 K.
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FIG. 56. PbO maximum vaporization rates. A—10™'* bar O,; B—Pb-PbO
equilibrium; C—congruent vaporization; D—0.2 bar O,.

value seems somewhat large, calculations using the resulting
thermodynamic properties are in excellent agreement with
Drowart’s gas phase equilibria over the temperature range of
measurements. Equilibrium data are available for PbsO5 and
PbOg at only one temperature, 1200 K. The entropy at 298
K for these two species was estimated by extrapolating the
values for the monomeric through tetrameric species, and
the estimated value C, /R = 3.0 was used to calculate val-
ues of the Gibbs energy functions. The gas phase equilibria at
1200 K were then used to derive values of the enthalpies of
formation.

0. Zn-0 System

The stable solid phase is ZnO. Vaporization takes place
predominantly by dissociation into gaseous Zn and O,, and a
much smaller amount of ZnO(g). Figures 57-60 show cal-
culated. partial pressures for vaporization of ZnO. The
Gibbs energy function of gaseous ZnO was calculated using
the estimated internuclear distance of Brewer and Rosenb-
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FIG. 57. ZnO vaporization in 10~ bar O,.
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FI1G. 60. ZnO maximum vaporization rates. A—107'° bar O, B—

congruent vaporization; C—0.2 bar O,.

latt (1969) for the nondegenerate electronic ground state,
r(Zn-0) = 0.174 nm and the value of the vibrational funda-
mental, 810 cm ™!, from the matrix-isolation study of Pro-
chaska and Andrews (1980). The selected value of
ApH 395 /R for ZnO(g), 10.9 + 1 kK, was derived using the
mass spectrometric relative intensity measurements of
Grade et al. (1982) for the vaporization of ZnO(s), and is in
reasonable accord with the selected value of Pedley and
Marshall (1983), 13.1 4+ 5 kK.

p. Cd-O System

The stable solid phase is CdO. Vaporization takes place
predominantly by dissociation into gaseous Cd and O, and a
much smaller amount of CdO(g). Figures 61-64 show cal-
culated partial pressures for vaporization of CdO. The Gibbs
energy function of CdO(g) was calculated using the estimat-
ed internuclear distance of Brewer and Rosenblatt (1969)
for the nondegenerate electronic ground state, r(Cd-
0) = 0.185 nm. The vibrational fundamental, 719 cm™!,
was taken from the matrix-isolation study of Prochaska and
Andrews (1980). The selected value of A H ;o /R for
CdO(g), 15.6 + 1 kK, was derived from the mass spectro-
metric relative intensity measurements of Grade and
Hirschwald (1982) for the vaporization of CdO(s), and isin
good accord with the selected value of Pedley and Marshall
(1983), 15.1 4- 10kK, and the lower limit found by Behrens
and Mason (1981), 13.7 kK.

g. Hg-O System

The stable solid phase is HgO. Vaporization takes place
primarily by dissociation into gaseous Hg and O, and a
smaller amount of HgO(g). Figures 65-68 show calculated
partial pressures for vaporization of HgO. The Gibbs energy
function of HgO(g) was calculated using the estimated in-
ternuclear distance of Brewer and Rosenblatt (1969), 0.195
nm, for the nondegenerate electronic ground state and the
vibrational fundamental, 676 cm ™!, of Butler et al. (1979)
determined by matrix-isolation spectroscopy. The calculat-
cd values of — (G 3 — H 303 )/RT are about 0.1 greater
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FIG. 61. CdO vaporization in 10" bar O,.
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FIG. 68. HgO maximum vaporization rates. A—10~"* bar O,; B—congru-
ent vaporization; C~0.2 bar O,. ‘

than those of JANAF (Stull et al., 1971) from 298 to 2000
K. The selected value of A H 2,, /R for HgO(g), 11.2 41
kK, was derived from the mass spectrometric ion intensity
ratio measurements of Grade and Hirschwald (1982).
JANAF (Stull er al., 1971), and Pankratz (1982) had se-
lected the estimated value 5 + 8 kK.

3. High-Temperature Equilibria and
Reaction Rates

Calculations using the selected thermochemical data
were discussed in the previous paper (Lamoreaux and Hil-
denbrand, 1984). The basic equations are presented here so
that species partial pressures and maximum vaporization
rates can be calculated for specific temperatures and oxida-
tion conditions.

3.1. Mathematics of Vaporization Calculations

For many vaporization conditions one or two vapor
species are predominant, and calculation of the chemical
equilibrium from thermodynamic data is straightforward.
Calculations can be more complicated when several species
are present in significant quantities. The following proce-
dure is a general method for calculating the equilibrium
pressures of vapor species in equilibrium with a condensed
phase of known composition.

The chemical species present at equilibrium in the va-
porization of a condensed binary oxide can be described
mathematically as being formed by linear combination of the
vaporizing oxide M, O, and oxygen O, according to the gen-
eral reaction for the production of species i,

d(i)M,0,(s,]) +e(1)0,(g) = M,;, 0,4, (s)], or g), (2)

where e(i) may be zero, negative, or positive. Possible spe-
cies include the vaporizing phase M, O, (s or1), considered
to be species 1, and O,(g) as well as the species produced by
their linear combination. From mass balance,

d(i) =x@1)/b (3)
and
e(i) = [by(i) —ex(i)]1/2b. (4)

We define the Gibbs energy of species i at temperature
T as

G7(1)/RT=(G7 —H3s)/RT+ AH o (1)/RT. (5)
The Gibbs energy change for the reaction producing
speciesifrom M, O, (sorl) and O,(g), A, G%.(i), is given by
A, G7(1)/RT = G%(1)/RT —d(i)
XG7r[M,0,.(s or )]/RT

—e(1)G7[0,(8) 1/RT, (6)
and the equilibrium constant for producing gas species i is
K(i) =exp[ — A, G7(i)/RT]

= p(1)/{a(1)*Pp[0,(g) 1*"}, (N
where the pressures p(i) are considered low enough that
they are equal to fugacities, and @ (1) is the activity of M, O, .
If M,, O, is a pure condensed phase, its activity is unity, and

p() =k(@i)p(0,)*® (8)
for the gas species. If the oxygen pressure is known, the pres-
sure of each species i can be calculated from this equation.

For congruent vaporization, the vapor composition is
the same as the condensed phase, and

Spx@] _ b

Sply®m] o o
This leads to the expression
> AKDp(0,)*P[ex(i) —by(D)1} =0, (10)

where summation is over the gaseous species present. In
practice, this equation is solved for p(O,) by graphical inter-
polation or by numerical methods. The value found for
p(0,) is then used in Eq. (8) to find the other partial pres-
SUrcs.

For the above calculations to correspond to equilibrium
vaporization, they must be used for vaporization of the con-
densed oxide phases or phases stable under the particular
vaporization conditions. Where more than one oxide phase
is a possibility, the stable phase or phases must be deter-
mined. Two condensed oxide phases of fixed composition at
a given temperature are related by the equilibrium

Oxide(1) = Oxide(2) +f0,(g) - (1D

Oxide(1) is assumed to have the greater oxygen activity.
The equilibrium constant for this reaction is

K., =a(2)p(0,)’/a(1). ' (12)

If both condensed phases are at equilibrium, their activities
are unity, and the pressure of O, is given by the equation

Peq (02) =Keq(1/f) . (13)

Oxide (1) is the stable phase for O, pressures greater than
Peq (02), and oxide (2) is stable for O, pressures less than
Peq (O3) at the given temperature.
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3.2. Vaporization Rate Calculations

Maximum vaporization rates are calculated using the
Hertz—Knudsen equation of classical kinetic theory, which
applies to free vaporization from an uncontaminated surface
at low pressures. For gas species i evolving from the surface,
the maximum vaporization rate dn(i)/df in mol cm—2s™!

18

dn(i) _ p(i)
dt  [2aM>)RT]"*’
where M (i) and p(i) are the gram molecular weight and
equilibrium partial pressure of vapor species i, and R and T’
are the molar gas constant and absolute temperature. Since 1
bar is 10°dyn cm~2and R is 8.3144 X 10° erg mol ~ ' deg ™",
for pressures in bar, this is equivalent to

dn(@) _ 43.8 (..__f_(ll._,___) mol cm
dt [(MG)T1V?

Calculation of maximum vaporization rates is more dif-
ficult for incongrucnt than for congrucnt processes. In gen-
eral, solid-phase activities during the vaporization process
are not known, and calculated maximum vaporization rates
of oxides that deviate from their original stoichiometry
should be considered indicative rather than exact (Beruto et
al., 1981). In the present work, maximum vaporization rates
have been calculated for incongruent, as well as congruent
vaporization. Only initial vaporization rates, for which no
condensed phase composition changes have taken place, are
considered. Vaporization rates are expressed in terms of the
mass of originally present oxide M, O, lost as measured by
the volatility of metal atoms. The total mass loss thus calcu-
lated is

dm _ .0 (M(Mboc-) ) Z( pU)x(i) ) (16)
dr b [M@GE)T 12

where dm/dt is the mass loss rate in gcm~?s~1, M, O, is
the formula of the condensed oxide, and x(i) and (i) are
the number of gram atoms of metal per mole and gram mo-
lecular weight of gas species i.

Although actual vaporization rates may be lower be-
cause of kinetic factors, the calculated maximum vaporiza-
tion rate is useful as a rough guide to material loss rates.
Recent references on maximum vaporization rates include

works by Turkdogan (1980) and Beruto et al. (1981).

(14)

-2

s7i. (15)
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