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This work reviews and discusses the data on the various thermodynamic properties of 
iron and silicon available through March 1984. These include heat capacity, enthalpy, 
enthalpies of transition and melting, vapor pressure, and enthalpy of vaporization.~he 
recommended values for heat capacity, enthalpy, entropy, and Gibbs energy function 
cover the temperature range from 1 to 3200 K for iron and 1 to 3600 K for silicon. The 
recommended values for vapor pressure cover the temperature range from 298.15 t03200 
K for iron and from 298.15 to 3600 K for silicon. These values are referred to temperatures 
based on the International Practical Temperature Scale of 1968. The energy units used are 
joules per mol (J mol-I). The uncertainties in the recommended values of the heat capac~ 
ity range from ± 1.5% to ± 5%. 
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1. Introduction 
d other ther­

generate the recommended. values of tht:sc. a~. oint and 
modynamic properties· from 1. K to the meltmg P 

The principal objective of this work is to critically 
evaluate .and analyze all the available data on the heat capac­
ity, enthalpy, and vapor pressure of iron and silicon and to 
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above. . rties and 
The discussion of the thermodynamiC prope . on· and 

ed··S 2for11' thedetails of data analysisarereport m ec.. . the tem~ 
in Sec. 3 for silicon. The recommended values cover 1 to 3600 
perature range from 1 to 3200 K for iron and from 

KJor silicon. . . thermo-
The temperature dependence of the followmg 
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968 P. D. DESAI 

dynamic properties are covered: 
(1) Low-temperature (T < 298.15 K) heat capacity, 

c;, 
(2) High-temperature (T>298.15 K) heat capacity, 

c;, 
(3) High -temperature enthlllpies, IF (T) - Ir 

(298.15 K), and 
( 4) Vapor pressure, P. 

The details of the data analysis have been discussed else­
where. l 

2. Thermodynamic Properties of Iron 
2.1. Phase and Structure 

Alpha-iron has a bcc structure isotypic with W below 
1185 K, fcc (r-Fe) structure isotypic with Cu between 1185 
and 1667 K, and bcc (8-Fe) structureisotypic with W above 
1667 K. These transition temperatures are based on the stud­
ies of Sale and Normanton? Its atomic weight is 55.847. It is 
ferromagnetic at temperatures below 1043 K and ptlctlmtlg­
netic above that temperature. Its melting point of 1811 ± 3 
K is based on the measurements of Treverton and Mar­
grave,3 Cezairliyan and McClure,4 and of Boulanger. 5 These 
temperatures and thermodynamic properties reported here 
are based on the International Practical Temperature Scale 
of 1968 (IPTS-68). 

2.2. Low-Temperature Heat Capacity 

There have been numerous measurements of the elec­
tronic specific heat coefficient r and the Debye temperature 
()o. Some of them from which the recommended value is 
derived are listed below: 

Source y,mJmol- 1 K-2 Bo,K 

Dixon et a/.6 4.780 463.7:±: 1.1 
4.779 426.6 ± 1.8 

ChengetaC 4.979 445 ± 15 

Shinozaki and Arrott8 4.81 463 
4.80 468 
4.72 440 

Arrott and Shinozaki9 4.80 

Marklund et 01.10 4.72 ±0.039 

Mazur and Zacharko II 4.90 468 

Arpetal.12 4.90 ±0.5 

Keesom and Kurrelmeyerl3 5_021 462 

Duyckaerts 14 5.021 464.5 

Recommended value 4.942 ± 0.11 465±3 

The recommended values below 5 K are derived from the 
recommended values for rand 80 using the following equa­
tion: 

J. Phys. Chem. Ref. Data, Vol. 15, No.3, 1986 

Table 1. RecolIIJDcuded low-temperature heat capacity of irou 

CO 
..I-

CO 
l! J! 
-1 -1 

J'1II01 '1 
K -1 -1 

J'mol 'X 

1 0.004961 130 16.067 
2 0.01004 140 17.120 
3 0.01'35 150 18.080 
4 0.02101 160 18.895 
5 0.02713 170 19.652 

6 0.033' 175 20.011 
1 U.114U() 1611 :.Io.~~ti 

8 0.0487 190 20.952 
9 0.0583 200 21.503 

10 0.0698 210 21.981 

15 0.138 220 22.423 
20 0.256 225 22.640 
25 0.436 230 22.847 
30 0.743 240 23.245 
40 1.552 250 23.612 

50 2.804 260 23.962 
60 4.496 270 24.282 
70 6.5341 273.15 24.380 
75 7.538 280 .24.580 
80 8.518 290 24.864 

90 10.338 298.15 25.084 
100 12.067 
110 13.555 
120 14.879 
125 15.482 

-1 -2 
C<electrouic) • yTJ Y • 4.942 ± 0.11 .:r·lIol 'X 

HO(298.15 I)-8°(0 () 

S°(298.15 I) 

Crynal. F. (a) 
-1 

4481 ± 10 1'1101 

Gil. F.(,) 

6849 ± 0.3 

. -1-1 
27.085 ± 0.08 J ·.01 ., 180.3'76 ± 0.002 

The recommended values from 5 to 20 K agree well 
with the following measurements: Keesom and Kurrel­
meyc.:a, 1-' Duyckaerts, 14 andofEucken and Werth. IS Theree­
ommended values from 20 to 298.15 K agree well with the 
measurements of Eucken and Werth,15 Stepako:ff and Kauf­
man,16 Kelley,17 Simon and Swain/8 and of Reddy and 
Reddy.20 Other results deviate from the recommended val­
ues as follows: 
Source 

Griffiths and Griffiths l9 

Schroder and MacInnes21 

Rodebush and MichaleP2 
Gunther23 

Bendick and Pepperhoff'24 

Deviation, % 

upt07 
up to 26 ( < 140 K), ~ 6 ( > 140 K) 
8 
up to - 12 
agree well ( > 80 K) 
- 8 to 30 higher ( < 80 K) 

The recommended value of C; = 25.084 J mo]-l K -1 at 
298.15 K is based on the data of Stepakoff and Kaufmann, 16 

Griffiths and Griffiths,19 and the lower end of the high-tem­
perature data discussed in the next section. Integration of the 
recommended C; vtllues yields no (298.15 K) yo (0 

K) = 4481 ± 10 J mol- 1 and integration of C;/T values 
yields SO (298.15 K) = 27.085 ± 0.08 J mol- l K- 1

• These 
values are tabulated in Table 1 and C; values are shown in 
Fig. 1 along with the experimental data. 
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2.3. High-Temperature Heat Capacity (Solid) 

There have been numerous measurements of the heat 
capacity of a-iron. These generally agree with one another 
up to 1000 K. Near the Curie temperature, C; varies rapidly 
with temperature. In this region, from 1000 to 1060 K and in 
some cases up to 1185 K, comparatively large deviations in 

C; occur which could be, in many cases, reconciled by 
changing the temperature only slightly. 

The recommended C; values for a-Fe in general agree 
well ( ± 3%) except in the region near the Curie tempera­
ture region with the following measurements: Griffiths and 
Griffiths,19 Bendick and Pepperhoif,24 Pepperhoff and 
Ettwig,25 Rogez and Le Coze,26 Kollie et al.,28 Tsuchiya et 
al.,29 Lyusternik,30 Awbery and Griffiths,32 Sykes and Ev­
ans,33 Normanton et al.,34 Pallister,35 Holetzko,36 Wallace et 
al.,37 Braun and Kohlhaas,38 Braun,39 and of Kraftmakher 
and Romashina.44 Comparison of other measurements with 
the recommended values is as follows: 
Source 

Schroder and Maclnees21 

Larikov et 01.27 

Deneh and Kubasehewsld31 

Orehotsky and Schroder40 

Shankset 01.41 

Kollie42 

McElroy43 
Klinkhardt45 

Esser and Baerleeken47 

Kobayasi et 01.48 

Varchenko et al.49 

Deviation, % 

- 5 (300-430K), 12 (440-1000K), 
14 (> 1085 K) 
±6 

6 

±4 
9 ( < 930 K), - 3 ( > 1070 K) 
±6 

4 
up to 6 ( < 1000 K) 
± 7( > 1070K) 
3 to 12 ( < 975 K) 
- 2 to - 10 ( > 1060 K) 
1 to 6 ( < 1000 K) 
± 6 (> 1070K) 
±5 
- 2 to 12 

Additiuually, lIH::aSUH:::mt;ut:s uf Lt;dt;lU1all et ul:m ut;ar tht; 

Curie temperature yield as much as 15% lower C; values. 
a-Fe tranforms to r-Fe at 1185 K and then to a-Fe at 

1667 K. The recommended values of AHa_r and AHr....Ji are 
based on the following literature values: 

Source AHa-r AHr-!'J 

Sale and Normanton2 923 ± 10 765 ±22 
Bendick and Pepperhofr24 820 
Rogez and Le Coze26 900± 20 850 
Deneh and Kubasehewskp 1 900 837 ± 30 
Wallace et 01.37 911 ± 80 
Braun and K~hlhaas38 910 850 
McElroy43 901 
Anderson and HultgrenSl 942± 80 
Olette and Ferrieii2 1100 ± 290 

Recommended value 900±40 850± 80Jmol- 1 

J.Phys. Chem. Ret Data, Vol. 15, No. 3, 1986 

There appears to be an excellent agreement between 
several measurements reported for r-Fe in the literature. 
The recommended values agree well ( ± 2%) with the fol­
lowing measurements: Sale· and Normanton,2 Cezairliyan 
and McClure,4 Dench and Kubaschewski,31 Normanton et 
al.,34 Wallace et al.,37 Shanks et al.,41 and Lapp.46 Other 
measurements compare with the recommended values as 
follows: 

Source 

Bendick and Pepperhofr24 

Rogez and Le Coze26 

Larikov et al. 27 

Kollie et al.28 

Awbery and Griffiths32 

Pallister35 

Holetzktl36 

Braun39 

Orehotsky and Schroder40 

Kol1ie42 

Esser and Bncrlcckcn47 

Kobayasi48 

Varchenko et al.49 

Deviation, % 

- 5 to -14 
-1 to -4 

8 
1 to 6 
-5 
-Ito -10 
±7 

1 to - 4 
-3 
up to 8 
10 

±5 
+20 

The recommended C; value for 8-Fe are based on the data of 
Cezairliyan and McClure.4 Data of Sale and Normanton2 

and of Dench and Kubaschewski31 are, respectively, 2% to 
5% and 2.5% higher than the recommended values, and 
those of Braun39 and of Morris et al.54 are up to 7% and 9% 
lower, respectively, while those of Holetzk036 are as much as 
36% higher. 

A systematic plot of percent deviation (up to ± 4% ) in 
C; values from various measurements is shown in Fig. 2. 

In addition to the direct C; measurements, there are 
several enthalpy studies reported in the literature. These 
compare with the enthalpy values obtained by integrating 
the recommended C; values as follows: 

Source 

Anderson and Hultgren5 
I 

Olette and Ferrier2 

Ferrier and Olette53 

Morris et al. 54 

Jaeger et al.55 

Rapson56 

Pattison and WillowsS7 

UminoS8 

Wustetal. 6AJ 

Oberhoffer and Grosse61 

Deviation, % 

± 1.5 
±l 

up to -'- 2 
±0.5 
± 1.5 
up to - 3.5 
-1.5 
-4 «1185 K) 
± 1 (> 1185 K) 
- 2.5 « 1185 K) 
+S(>118SK) 

±3 
+1 
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2.4. High-Temperature Heat Capacity (Liquid) 

The recommended value for the enthalpy of melting, 
ilruJr = 13 810 ± 300 J mol- l, was obtained by extrapo­
lating solid and liquid enthalpies to the melting point, 
Tfus = 1811 K. This compares with the following values re­
ported in the literature: 

Source 

Braun and Kohlhaas38 

Ferrier and Olette53 

Morris et al. S4 
UminoS8 

UminoS9 

Wust et al.60 

Oberhotfer and Grosse61 

Treverton and Margrave62 

Mogutunov and Tomilin63 

Vollmer et al.64 

14400 ± 300 
13 774 ± 380 
13799 ± 400 
16170 
15340 
11 531 
15043 
13836 ± 300 
13 782 
14393 ±400 

The following investigators have reported constant values 
for the C; of molten iron from their enthalpy measurements 
in the limited temperature range: 

:source 

Ferrier and OletteS3, 
Morris et al.54 

Umino58 

Treverton and Margrave62 

Mogutunov and TomiIin63 

Vollmer et al.64 

Margrave6S 

Chetykhin et al.93 

Recommended value 

46.970 
40.481 
45.331 
43.062 ± 0.21 
46.986 
42.00 
46.6 ± 1.8 
38.31 

46.632 ± 3.0 

Other quantities in Table 2 are calculated by integra.ting C; 
values. The recommended enthalpy values for liquid iron 
agree within ± 2% of the data of Ferrier and Olette,53 Mor­
ris etal.,54 Pattison and WillOWS,S7 Umino,s9 and of Trever­
ton and Margrave. 62 The data ofUminos8 are up to 6% high­
er than the recommended values. 

The recommended C; values reported in Table 2 are 
shown in Fig. 3 a.long with experimental data. Other quanti­
ties in Table 2 were calculated using the procedure outlined 
earlier. l 

The estimated uncertainties in the heat capacity are 
± 30/0 below 10 K, 1.50/0 from 10 to 298.15 K, ± 20/0 from 

298.15 to lOOOK, ± 5% from 1060 to 1185 K, ± 2% from 
1185 and 1667 K (y-Fe) and 1667 to 1811 K (tS-Fe), and 
± 3% in the liquid region. However, uncertainty near the 

Curie temperature is as much as ± 10%. 

2.5. Ideal Gas Properties 

Thermodynamic quantities for Fe(g) reported in Table 
2 are calculated from C; (g) and SO (298.15 K) (g) values 
reported in Chase et al.66 

2.6. Vapor Pressure Data 

Application of the third law test to the vapor pressure 
measurements gave the following enthalpy of sublimation at 
298.15 K. 

J. Phys. Chern. Ref. Data, Vol. 15, No.3, 1986 

Source D:.SUbIr (298.15 K), kJ mol- 1 

Smith and Shuttleworth,67 1273-1773 K, 422.07 ± 1.24 
Knudsen method 

Nesmeyanov and Trapp,68 1327-1518 K, 417.97 ± 1.09 
Knudsen method 

Myles and Aldred,69 1451-1677 K, 414.77 ± 0.76 
Knudsen method 

Saxer,70 1507-1657 K, 414.72 ± 1.90 
Knudsen method 

Gulbransen and Andrew,71 1298-1423 K, 423.10 ± 1.79 
Langmuir method 

Turkdogan and Leake,n 1873 K, 424.44 
Transport method 

Speiser et al.,73 1725-1826 K, 415.12 ± 2.32 
Calculated from Knudsen method for 
Fe-Ni alloys 

McCabe otol.,74 1497, 1506 K, 417.47 ± 0.25 
Knudsen method 

Burlakov/5 1302-1505 K. 
Langmuir method 

First sample 406.74 ± 1.92 

1291-1529 K, second sample 405.67 ± 2.32 

Ivanov/6 1360-1328 K, 
Isotope exchange method 

Morris etal.,771810-1889 K, 
Transport method 

Vintaikin,78 1400-1600 K, 
Knudsen method 

Kornev,79 1464-1623 K, 
Knudsen method 

Edwards eta/.,80 1356-1519 K, 
Langmuir method 

Wessel,8) 1500-1800 K, 
Knudsen method 

Darken and Gurry,82 1873 K, 
Langmuir method 

Marshall et al.,83 1317-1579 K, 
Langmuir method 

Jones (1t 01,84 127o...1liRO K, 
Langmuir method 

Alcock and Kubik,85 1810-1895 K, 
Knudsen method 

Lmdsclleid and Lange,66 
1765-1870 K, Knudsen method 
1773-1870 K, torsion method 

Svyazhin et al.,s7 1993-2363 K 
Carrier gas transportation method 

Karasev et al.,88 1873-2023 K, 
Evaporation method 

Yavny"Jdi etal.,89 1908-2293 K. 
Carrier gas transportation method 

Cbegodaev et al.,90 1273-2200 K, 
Langmuir method 

Linascheia ana Lange/>t 
1622-1878 K, Knudsen method 
1624-1875 K, torsion method 

Nemets and Nikolaev,92 1478-1665 K, 
Absorption method 

Recommended value 

406.64 ± 3.42 

. 416.67 ± 0.33 

417.54 ± 1.17 

406.17 ± 3.47 

418.12 ± 0.96 

408.22 ± 2.51 

420.84 

408.09 ± 2.34 

405.27 :!: 1.49 

416.73 ± 0.13 

413.43 ± 4.28 
417.27 ± 2.84 

402.70 ± 0.40 

421.56 ± 3.22 

409.35 + 3.97 

438.08 ± 1.60 . 

413.09 ± 2.20 
414.78 ± 2.28 

403.65 ± 2.52 

415.47 ± 1.25 
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Tabl, 2. ieeo_ellded hi ,h-tc.pera t ure theraodyuaaic propertiel of irOIl 
a 

S;S1I1~u!IS~ Jlhu 211 2l!1U i:S! (,l 
CO 
~ SO - [Oo-Ho (Ttl 1 IT 

CO 
~ SO _wo_1f (Tr)] II -L p R 

I: -1 -1 ]'.01 .r. 1'1001 
-1 -1 -1 ]'..,1 .~ 

-1 -1 J 'ao1 .( ]'.01 
-1 -1 -1 

1'.01 .( 

298.1~ 2S.084 0 0.000 27.08S 2~.673 0.000 180 .• 376 
300 H.131 48 0.B5 27.085 2'.6'81 "8 0.B9 lBO.376 
350 26.321 1334 4.122 27.397 25.703 13H 4.123 180.619 
"'00 27.<427 2677 7.710 28.102 :2 5.531 2615 7.545 181.385 
450 28.532 4076 11.004 29.031 25.2S04 3885 10.538 182.280 

SOO 29.'39 SHl 1".066 30.000 24. ROl 5139 13.180 183.279 
S50 30.810 70042 16.947 31.229 204 .537 63704 15.S35 1&.4.322 
600 32.008 8612 19.678 32.410 204.200 1593 17.656 185.378 
6~0 33.260 10243 22.289 33.61S 23.892 8795 19.580 186.426 
700 34.618 119040 24.80S 34.833 23.610 9982 21.3041 187.457 

750 36.U3 13709 27.246 36.053 23 .3~4 11156 22.960 188.462 
800 37.924 I~SS9 29.633 37.270 23.133 12318 24.0461 189.439 
850 40.170 17 ~08 31.995 38.483 22.936 13470 2~ .857 190.386 
900 43.157 19587 34.370 39.692 22. 76~ 1<4612 27.163 191.304 
92$ 45.1$2 20690 35.379 040.297 22.688 15180 27.786 191. 751 

9'0 47.642 21848 36.81' 40.'02 22.617 1'7-47 ZS.390 1$12.1$10 
915 50.691 23076 38.090 41.507 22.551 16312 28.977 192.613 

1000 54.458 24389 39.419 42.1l.!! 22.489 168704 19.547 193.00 
1010 56.8U 24944 39.971 042.360 22.465 17099 19.771 193.217 
1020 60.1040 25528 40.H8 42.605 22.442 17313 29.992 193.385 
1030 6'.00 261504 41.159 42.852 22.421 17548 30.211 193.HO 
1035 69.420 26491 41.0486 42.976 22.411 17660 30.319 193.632 
10040 704.900 26851 41.833 43.100 22.401 17772 30.427 193.141 
1042 78.690 27004 41.980 43.1049 22.397 17816 30.470 193.141 
1043 83.770 17085 41.058 43.175 22.395 17839 30.492 193.H4 
10 .... 704 ." .. 0 27163 "2.133 "3.1'9 :a.3'3 17861 30.'13 1" .781 
1046 68.270 27306 41.269 43.249 22.389 17906 30.556 193.813 
1048 63.980 270438 42.395 43.298 22.384 17951 30.599 193.846 
1050 60.900 27563 42.514 43.349 22.381 17996 30.641 193.878 
lOSS 56.3048 278H 42.791 43.47<4 22.372 18108 30.747 193.95P 
1060 53.850 28129 43.051 43.599 22.362 18220 30.853 194.040 
1070 50.138 28642 43.533 43.849 22.344 18443 31.063 194.202 
1080 47.462 29129 43.986 44.099 22.328 18667 31.271 194.362 
1090 04.5.675 2959.5 44.4H 44.348 22.311 18890 31.477 194.523 
1100 44.350 30044 4.c.125 44.597 22.297 19113 31.681 194.611 
112., 42..2.2.l ll12.4 4'.7" .'.2.14 22..2.CSO uno "2.181 1" .072 
1150 41.063 32164 46.709 45.826 22.229 20226 32.670 195.451 
1175 40.262 33178 47.583 <46 .431 22.203 20779 33.H8 195.840 
1185(CI) 40.000 33511 47.923 46.60 22.195 21001 33 .336 195.990 
1185(1) 33.775 34481 41.682 46.60 22.195 21001 33.336 195.990 
1200 33.905 34989 49.108 47.036 22.114 21336 33.615 196.211 
1250 34.353 36695 50.501 48.230 22.151 22445 34.520 196.940 
1300 34.809 3&.424 51.857 49.385 22.138 23551 35.388 197.648 
1350 35.280 40176 53.179 SO .504 22.139 24659 36.224 198.334 
1400 35.750 41952 54.471 51.590 22.154 25766 37.029 199.001 
IUO 36.220 431$1 55.734 52.645 22.183 26874 37.807 199.649 
1500 36.690 45574 56.970 53.672 22.230 27984 38.560 200.280 
1550 37.161 047420 58.1'80 54.672 22.287 29097 39.290 200.893 
1600 37.630 49290 59.368 55.646 22.355 lOll3 39.998 201.491 
1650 38.100 51183 60.533 56.597 22.434 31333 40.687 202.073 
1667(1) 38.260 51832 60.924 56.916 22.463 31715 40.917 202.268 
1667(CI) -40.400 52682 61.434 56.916 22.463 31715 40.917 202.268 
1700 41.4H H033 62.236 57.537 22.522 324" 41.358 202.'41 
1750 43.051 56145 63 .461 58.463 22.619 33515 42.012 203.197 
1100 44.649 sa331 64.696 59.371 22.727 34719 42.651 203.73J 
1811(6) 45.000 .58131 64.969 551.569 22.748 34969 42.790 203.157 
1811(1) 46.632 72641 72.595 59.569 22.748 34969 42.790 203.157 
1900 <46.632 76791 14.'32 61.501 22.951 37003 43.916 204.717 
2000 46.632 11318 77.190 63.581 23.213 39311 45.070 205.7fl 
%200 46.632 90714 11.634 67 .486 23.769 44001 .c7.301 207.610 
2400 46.632 100041 85.692 71.093 24.363 48820 49.401 209.436 
2600 46.632 109367 851.424 74.445 24.9'" .53754 51.375 211.077 
2800 <46.632 118693 92.110 77 .57S 25.589 58810 53.249 212 .621 
3000 46.632 118020 96.098 80.509 26.209 63989 55.035 114 .081 
3110 ." .632 133149 97.617 81.899 26.554 66892 55.916 214.853 
3200 46.632 137380 99.124 83.278 26.140 6929.5 56.747 215."68 

T • 1185 1 
-1 

4S -1 -1 
CI, .ABCI' • 900 !. 40 J·.ol 

CI, - 0.759 !. 0.034 J·.ol '1 

T.,.." • 1667 I: .AB.,.." - 850 !. 80 J '.01 
-1 

45.,-6 
-1 -1 • 0.510 1: 0.048 J·.ol ., 

Ita. • 1811 1 Ala.B
O 

• 13810 !. 300 1'.01-
1 o -1 -1 

Ala.S • 7.626 !. 0.160 J·1t01 ., 

a~thalp7 referellc, tc.perature • Tr • 298.15 1. 
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Table 3. Reco_onded vapor pre.lure of iroDa , b 

Fe(I.R.l - Fe(,) 

...'L ....lL AGo IJJ!0 ....lL ...'L 
~ ala 

J'801 
-1 ala ~ 

298.15 1.65 " 10-65 369766 415470 10-10 1220 
300 4.6S " 10-65 369483 4154.70 10-9 1296 
400 5.65 " 10-47 354151 415408 10-8 1382 
500 3.96 " 10-36 338876 415078 10-7 1480 
600 6.61 " 10-29 323689 414451 10-6 1593 

10-5 1726 
700 9.32 " 10-24 308633 413512 10-4 1888 
800 6.62 " 10-20 293735 412229 10-3 2091 
900 6.40 " 10-17 279019 410495 10-2 2346 

1000 1.52 " 10-14 264536 407955 10-1 2678 
1100 1.29 " 10-12 250378 404539 3110 

1185( .. ) 3.06 " 10-11 238525 402890 AvapSo(31l0 J[) - 112.29 !:. 0.40 
1185(.,.) 3.06 " 10-11 238525 401990 J·80rl.~-1 
1200 5.10 " 10-11 236460 401811 
1300 1.12 " 10-9 222728 400597 AI.~O(O ~) - 413.102 !:. (1.26) 
1400 1.58 " 10-8 209095 399284 t]·.ol-1 

1500 1.55 " 10-7 195558 397880 
1600 1.13 " 10-6 182118 396393 
1667h) 3.75 " 10-6 173168 395353 
1667(6) 3.75 " 10-6 173168 394503 
1700 6.51 " 10-6 168792 393894 

1800 3.05 z 10-5 155608 391851 
1811(6) 3.$8 " 10-5 1541604 391608 
1811(R.) 3.$8 z 10-5 154164 3777518 
2000 3.78 z 10-4 131050 3733513 
2200 2.87 z 10-3 107043 368764 

2400 1.53 " 10-2 83447 364249 
2600 6.17 z 10-2 60221 35!1&57 
2800 0.201 37341 355587 
3000 0.553 14754 351439 
3110 1.000 0 34U13 

3200 1.328 -7538 347385 

a1 a ta - 101325 Pa 

b AGO refer. to A.abGo .hea T < Tfal aad AviapGo .haa T > Tfa. (aad ai.Uarly for 
ABO). 

The values for ll.CI ,p, and AEr reported in Table 3 are 
calculated using ll.subH' (298.15 K) and the Gibbs energy 
values for Fe(s,l) and Fe(g) from Table 2. 

Most of the measurements for the thermodynamic 
properties have been carried out on the International Practi­
cal Temperature Scale of 1948 or 1958 (lPTS-48 or IPTS-
58). It is worth noting that the effect of conversion of these 
properties to IPTS-68 is well within the uncertainty of these 
values. 
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3. Thermodynamic Properties of Silicon 
3.1. Phase and Structure 

Silicon has an fcc (A4) crystal structure isotypic with 
diamond. 1 Its atomic weight is 28.0855 and melting point is 
1687 ± 2 K (IPTS-68). The melting point is based on the 
following measurements (IPTS-68): 
Source 

Lucas and Urbain2 

Kantor et al.3 

Olette4 

Hansen e( al. S 

Gayler6 
Hoffman and Schulze 7 

1685 ± 1 
1692 ± 4 
1687 ± 2 
1685 ± 5 
1690 ± 2 
1685 ± 2 
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Table 4. Reco.,.onded low-to.perature heat capacity of lilicon 

..L 
CO 

J... 
CO 

-lL--.. -lL--.. 
I: ]'1101-1 '1:-1 I: ]'.01-1 '1:-1 

o .0000077 40 120 9.250 
0.00006192 125 9.721 
0.0002092 130 10.186 
0.0004937 140 11.107 
0.0009665 150 11.!l55 

6 0.001669 160 12.776 
7 0.002651 170 13.556 
8 0.003960 . 175 13.911 
9 0.005637 180 14.286 

10 0.007740 190 14.990 

15 0.03054 200 15.642 
20 0.09456 210 16.223 
25 0.2385 220 16.761 
30 0.481 225 17.037 
35 0.810 230 17 .291 

40 1.237 240 17.778 
45 1.710 250 18.219 
SO 2.205 260 18.625 
60 3.230 270 19.015 
70 4.251 273.15 111.133 

75 4.765 280 19.381 
80 5.283 290 19.738 
90 6.293 298.15 20.007 

100 7.~U" 20.0';' 

110 8.285 

C(eleotronic) • rT 
-1 -2 r - 0.000 ]'1101 '1 

!;U!~d, U!ll iu.....-.lli.&l 
1/2 8i

2
(,) 1/3 8i3<,) 

6°(298.15 1:)-6°(0 1:) 7SS0.±O.3 463210.3 
, 

46S1.±O.6 1'1101-
1 

~ 3214,tl0 

SO(298.15 10 167.870:!9.0008 114.84310·42 
-1 -1 

89.495,t2.0 ]'1101 ·1 
s 18.80610.08 

3.2. Low-Temperature Heat Capacity 

The recommended values agree well with the data of 
Keesom and Seidel,8 Flubacher et al.,9 Kalishevich et af., 10 

and of Anderson. II The data of Gul'tyaev and Petrovl2 are 
up to 4% lower and those of Russell 13 are up to 6% higher 
near 300 K. Additionally, three data sets reported graphical­
ly in small figures which appeared to be a one:-and-the-same 
investigation by Letun et al., 14 Gel'd and Krentis,15 and by 
Letun and Gel'd l6 are in fair agreement with the recom­
mended values. The data of Pearlman and Keesom17 are up 
to 30% higher below 4 K, 7% higher from 50 to lOOK, agree 
slightly higher from 12 to 50 K. The recommended values of 
C; are in agreement with the values of Hultgren et al. 18 and 
of Glushko et af. 19 

Within the experimental uncertainty, the electronic 
specific heat coefficient r is equal to 0.000 Jmol- 1 K- 2 and 
Debye temperature Bo = 631 K. Mertig et al.43 report a val­
ue of 528 ± 20 K for the Debye temperature of amorphous 
silicon. Integration of the recommended C; values yield 
Ir (298.15 K) - Ir (0 K) - 3214 J mol- 1 and iritegration 

of C;/T values yield S" (298.15 K) 18.806 (± 0.08) 
J mol- 1 K -1 which are in agreement with those recom­
mended by the CODATA Task Group.20 These values are 
reported in Table 4 and C; values are shown in Fig. 4 along 
with the experimental data. 
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THERMODYNAMIC PROPERTIES OF IRON AND SILICON 979 

3.3. High-Temperature Heat Capacity (Solid) 

There are only a few data sets available in this tempera­
ture range. The recommended C; values are generated by 
critically evaluating heat capacity and enthalpy data simul­
taneously. Agreement between C; and enthalpy data avail­
able in the literature and the recommended values is as fol­
lows: 
Source 

Kantor et aP 
Hultgren et al. 18 

Glushko et al. 19 

North and Gilchrist21 

Dismukes et al.22 

Kurosawa et al.23 

Gerlich et al.24 

DennisonZ.:l 

C; deviation, % 

up to 0.9 
up to - 0.5 «700 K) 
up to - 1.0 (> 1000 K) 
-1 «300K) 
upto -4 
- 1 to 10 (scatter considerably) 
upt04 
up to 5 
-0.2 to - 3.9 

Table 5. Roeommon4ed hlah-temperature 

~5ll1diel~d 2h!li 

...L 
CO 

Bo-po(Ir) SO . -{Go-Bo (Ir) liT p 
I -1 -1 J'mo1 .( 1'.01 

-1 -1 -1 
J·.ol '1 

298.15 20.007 0 0.000 18.806 
300 20.066 37 0.12" 18.800 
350 21.32 .. 1075 3.nO 19.056 
.. 00 22.258 216 .. 6.228 19.61" 
.. 50 23.000 3297 8.897 20.376 

500 23.588 .... 62 11.3<49 21.232 
550 2 ... 0 .. 7 565 .. 13 .623 22.1<49 
600 2".420 6865 15.728 23.093 
650 2".7<48 8095 17.699 2".051 
700 25.050 9339 151.5"1 25.006 

750 25.334 10600 21.282 25.955 
800 25.608 11872 22.923 26.819 
8S0 25.865 13160 2 ..... 87 27.810 
900 26.110 U .. 59 25.969 28.710 
950 26.3<4" 15771 27.390 29.595 

1000 26.569 17093 18. ,.. .. 30."51 
llOO 26.988 19771 31.296 32.128 
1200 27.360 22<489 33.661 33.726 
1300 27.707 2'242 ".8H ".2" 
1400 28.0,45 28030 37.930 36.715 

1500 28.372 30851 39.876 38.115 
1600 28.67<4 33703 "1. 717 39."58 
1687(.) 28.930 36210 .. 3.2 .. 5 "0.587 
1687 <.1".) 27.200 86460 73.032 "0.587 
1700 27.200 868104 73.2"1 "0.980 

1800 27.200 895H 7".796 ,U.861 
1900 27.200 9225 .. 76.266 .. 6.518 
2000 21.200 94914 11.661 418.981 
2200 27.200 100 .. 104 80.25" 53.<417 
2 .. 00 27.200 10585~ 82.620 57.321 

2600 27.200 111294 84.798 60.798 
2800 27.200 11673 .. 86 :813 63.919 
3000 27.200 12117. 88.690 66.771 
3200 27.200 12761<4 90 ..... 5 69.372 
HOO 17.200 13305 .. 92.09. 71. 767 

3<490 27.200 135502 92.796 72.776 
3500 27.200 135714 92.8&3 72.896 
351<4 27.200 136155 92.992 73.052 
3600 27.200 13 ... 9 .. 93.649 73.985 

Source 

Kantor et al.3 

Olette4 

Serebrennikov and Gel'd26 

Magnus27 

Golutvin and Maslennikova28 

y deviation, % 

- 0.4 to -1.2 
up to - 1.0 
up to 3.5 ( < 800 K) 
up to - 1.0 ( > 800 K) 
up to - 1.0 
8-16 

A systematic plot of percent deviation in C; values from 
various measurements is shown in Fig. 5. A systematic plot 
of percent deviation in y values 

y = [If" (T) - If" (298.15 K) ]/(T - 298.15) 

from various measurements is shown in Fig. 6. 

3.4. High-Temperature Heat Capacity (Liquid) 

The recommended value for the enthalpy of melting, 
6.fusIi = !50 250 ± 600 J mol- I was obtained by extrapo-

thermo4ynamic proportiol of III icon 
a 

2." 2 1l·,,! P!~I~ 

CO 
pO-Bond S° -[Go-Bo{Ir)]!T p 

-1 -1 
J·.ol .( J·.ol 

-1 -1 -1 J·.ol .( 

21.151 0 0.000 167.870 
11.23" .. 1 0.138 167.870 
21.852 11 .. 3 3.533 161.138 
21.613 2229 6."36 168.73 .. 
21 ..... 1 3305 8.970 169."95 

21.316 .. 3H 11.223 170.3<46 
21.212 50437 13.2<49 171.233 
21.153 6 .. 96 15 .09" 172.137 
21.098 7553 16.783 173 .03<4 
21.057 8606 18.3<46 173.922 

21.025 9659 19.797 17<4.119 
21.000 10709 21.154 17S.638 
20.982 11759 22."20 176."62 
20.971 12807 23.626 177.265 
20.967 13856 2".7S8 178.043 

20.968 1<4904 25.815 171.'01 
20.989 17002 27.83<4 180.2<48 
21.033 19102 29.662 181.613 
21.0" 2120Sl 31.348 112.'04 
21.183 23323 32.915 1 .... 126 

11.282 254 .. 6 3<4.379 115.215 
21.39. 27580 35.757 1".319 
21."97 29 .. 46 36.891 117.307 
21.07 29 .. 46 36.891 117.307 
21.513 29725 37.057 187.".2 

21.638 31882 38.290 1 ..... 8 
21.76" H053 39 •• 63 189 •• 11 
21.889 3623~ 40.~83 190.3H 
22.129 .. 0637 42.681 192.079 
22.H6 4508S ..... 615 193.700 

22.535 057<4 "6.412 195.215 
22.692 5.097 .8.088 !P6.'" 
22.119 586 .. 8 49.658 197.971 
22.918 63222 51.U. 199.247 
22.192 67813 52.525 200.450 

13 .018 69163 53.126 200.972 
13 .011 701U $3.191 201.030 
23.025 7006 53.284 201.110 
23.046 72<411 53.'40 201.$94 

Ttna • 1687 ( AfaaSo • 50250 ± 600 J'.o1-
1 

AIa.SO • 29.717 ± 0.156 1'.01-
1

'1-
1 

aEathalpy r.fere~ce t •• p.ratart • Tr • 298.15 I. 
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THERMODYNAMIC PROPERTIES OF IRON AND SILICON 981 

Table 6. Recommended bish-temperature thermodyn&aic propertiel of 8i
1 

and 8i3 a 

Ga. phaae 1/1 81
2 

(,) 

-L 
CO 

HO-Ho {Ie) SO _(Go_n° (Ir)) II p 
[ -1 -1 

J·.ol .[ J'mo1 
-1 -1 -1 

J 'mo1 .[ 

198.1~ 17 .23~ 0 0.000 1H.843 
300 17.2~2. 32 0.107 1H.U3 
400 18.1~2. 1802 5.193 11~ .531 
500 19.083 3663 9.343 116.859 
600 2.0.031 5619 12.906 118.384 

700 20.881 7666 16.060 119.951 
800 21.H9 9789 18.894 121.500 
900 22.017 11969 21.461 123.005 

1000 22.304 14187 23.797 124.453 
1100 22.450 16425 25.931 125.841 

1200 22.495 18673 27.887 127.168 
1300 22."75 20922 29.687 128.436 
HOO 22."H 23167 31.350 129.645 
1500 22.331 2HO<l 32.89. 130.801 
1600 22.23 9 27633 34.331 131.905 

1687 22.156 29564 35.507 132.82.5 
1700 22.H. 29852 3~.678 132.961 
1800 22.052 32062 36.941 133.972 
1900 2l.9H 304263 38.131 134.941 
2.000 2.1.884 3645~ 39.255 135.871 

22.00 2.1. H3 40817 .. 1.3304 137.624 
2400 21.628 4H5. "3.221 139.250 
2600 21.535 0470 44.948 140.164 
2800 21.4~8 53769 46.~41 142. .181 
3000 21.389 580.53 48.019 1<43.511 

3200 21.324 6232~ 49.398 144.764 
3400 21.2~5 66583 ~0.688 145.948 
3490 21.220 68494 51.243 146.460 
3500 21.211 68706 51.304 146.516 
3514 21.210 69003 51.389 146.595 

3600 21.177 70826 51.900 141.069 

reiorellce temperature - Tr • 298.1S I. 

lating solid and liquid enthalpies to the melting point, 
Tfus = 1687 K. This compares with the value of 
50000 ± 750 J mol- 1 reported by Kantor et a/. 3 and of 
50600 ± 400 J mol- 1 given by Olette.4 C; (1) 27.200 
± 1.50 J mol- 1 K -1 was assumed to be constant to the boil-

ing point based on the constant value 29.71 J mol- 1 K - I of 
Kantor et al} 25.52 J mol- 1 K- 1 of Olette,4 and 26.20 
J mol- 1 K -1 of Chetykhin et al.45 

Other thermodynamic quantities reported in Table 5 
are calculated from C; values. The recommended C; values 
are shown in Fig. 7 along with experimental data. 

The estimated uncertainties in the heat capacity are 
about ± 3% below 10 K, ± 2% from 10 to 298.15 K, 
± 3% from 298.15 to the melting point, and ± 5% in the 

liquid region. 

3.5. Ideal Gas Properties 

Thermodynamic quantities for Si(g), Si2 (g), and 
Si3 (g) reported in Tables 5 and 6 are calculated from C; and 
S' (298.15 K) values reported by Glushko et al. 19 for Si(g) 
and Si2 and by Brewer44 for Si3• 

Brewer's calculation for Si3 (g) was preferred -since it 
provided a smaller vibrational partition function. This is 

Ga. phaae 1/3 Si~(') 

CO 
BO-BoClr) S° -[Go-po(Tr) 1I1 p 

-1 -1 J·.ol ., J·.ol 
-1 -1 -1 

J '.01 '1 

11.932 0 0.000 89.495 
18.948 3S 0.117 89."95 
19.U1 1968 5.672 90.:2048 
20.015 3952 10.099 91.690 
2.0.2.304 5965 13.769 93 .322 

20.373 7996 16.899 94.971 
20.467 10038 19.626 96.573 
20.531 12088 22.041 98.104 
10.578 14144 24.107 99.557 
20.615 1620. 26.170 100.9304 

10.642 18267 27.96~ 102.237 
20.662 20332 29.618 103.473 
20.678 22399 31.150 104.U~ 

20.692 2 ... 68 32.577 105.760 
20.703 26537 33.913 106.822 

20.712. 28339 35.008 107.705 
20.713 28608 3~.168 101.835 
20.722 30680 36.352 108.803 
20.72.8 32.153 37.473 109.130 
2.0.733 3482.6 38.536 110.618 

2.0.Hl 38973 40.511 112.2.92 
20.750 0122 42.318 113.S-4S 
2.0.15~ "7213 43.919 11$.2.92 
2.0.158 51424 4~ .517 116.646 
2.0.761 H.576 46.949 111.919 

2.0.760 ~9728 48.189 119.119 
2.0.760 63880 49.548 120.254 
20.760 65749 .50.091 120.147 
2.0.760 659.56 50.H9 120.800 
20.760 662-47 50.232 120.875 

20.760 68032 50.133 111.330 

based on theoretical calculations indicating that the bending 
frequency, which is very anharmonic, should increase rapid­
ly as the end atoms start approaching one another more clo­
sely with higher vibrational energies. 

3.6. Vapor Pressure Data 

Various vapor pressure measurements were tested with 
the aid of the third law. At experimental temperatllre!1: the 
vapor is predominantly monatomic Si (g) (99% at 2000 K). 
These numerical third law calculations yielded the following 
ASUbIr (298.15 K) values: 

Source 

Chegodaev et al.,29 1273-2223 K, 
Evaporation method 

Nannichi,30 1399-1527 K, 
Langmuir method 

Davis qt al.,31 184&-2003 K, 
Knudsen method 

Grieveson and Alcock,32 1640-2-054 K, 
Transport method 

Batdorf" and lSmlts,33 1473-1601 K, 
Langmuir method 

tl$ubJr (298.1"5 K),kJ mol- I 

444.46 ± 3.2 

451.45 ± 2.2 

453.71 ± 3.9 

448.74±4.4 

455.79 ± 2.2 
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Gulbransen et a1.,34 1373-1623 K 

Alcock and Grieveson,3S 1680--1785 K, 
Knudsen method 

448.10 ± 2.7 

451.01 ± 0.21 

Drowart and De Maria,36 1703-2160 K, 447.37 ± 0.64 
Mass spectrometer 

Bodrov et al.,37 1697-2085 K, 457.05 ± 1.4 
Atomic absorption method 

Tseplyaeva et al.,38 1485-1593 K, 383.97 ± 1.8 
Knudsen method 

Baur and Brunner,39 198~2160 K, 374.19 ± 3.7 
Boiling point method 

Ruff and Konschak,40 2163-2468 K, 362.63 ± 10.6 
Boiling point method 

Van Wartenberg,41 1473-1873 K, 371.68 ± 8.5 
Transport method 

Recommended value 450.00 ± 4.0 

Stull et al.42 indicated that earlier boiling point mea­
surements yielded considerably lower ilSUbl1 (298.15 K) 
values possibly due to decomposition of the alumina and 
silicon carbide cOlltaim::ui. Rc;:~c;:ntly Bodrov eI al.37 pointed 
out that these lower values might be due to the formation of 
SiO. Therefore, no weight was given to these low values. 

For completeness of this report. the values for Ptot41 re­
ported in Table 7 are calculated using ilsubl1 (298.15 K) 
and the Gibbs energy values for Si (s,l) and Si (g) from Table 
5 and ilSUbl1 (298.15 K) = 294 972 J mol- 1 for 1/2 Si2 and 
A.sUbl1 (298.15 K) = 212 000 J mol- 1 for 1/3 Si3, both val­
ues taken from Stull et al.42 

Table 7. a.c_.ad.d ,.apor pr •••• n of d11coa a 

ITe.peratv., ItJ ,.apor pr ... v., am. ) 

T PSi Pl12 PsiS Ptotal 

2518.15 8.815 z 10=~~ ".768 z 10=:: ..... 82 z 10=~~! ·72 
8.88 z 10.71 JOO :a.71~ '" 10_51 :a.0(;~ '" 10-68 Z.181 .. 10_72 Z.7Z .. 10_51 

.. 00 1.059 z 10 .... 0 lI.580 z 10-52 1.031 z 10.56 1.06 z 10."0 
500 5.n .. z 10.32 2.289 z 10 .... 2 '.962 z 10-45 5.lI9 z 10_32 600 ".067 z 10 3.947 z 10 4.324 s 10 ".07 z 10 

700 1.512 z lO:~: 7.890 s 10::: 3.US s 10=:~ 1.58 s 10=~~ 
800 2.4'" z 10.1lI 

2.317 s 10_25 2.411 s 10.27 
2.44 s 10_19 900 4.389 s 10.16 ".OllO z 10_n lI.l52 z 10.z.ll 4.39 s 10_

LII 1000 1 .. 552,z 10_14 1.010 z 10.
1lI 4.043 z 10.20 1.55 :I 10_

14 1100 2.335 z 10 5.97" z 10 3.809 s 10 2.34 s 10 

1200 1.370 z 10:t~ 1.209 z 10:t: 1.116 s IO:~~ -12 
1.37 s 10.11 1300 4.278 s 10_10 1.073 s 10_

13 1.369 s 10_14 
4.28 s 10_10 1400 8.133 z 10.8 ".!II2 z 10.11 8.228 s 10.

12 
8.14 z 10_

8 1500 1.0"0 s 10_8 1.378 z 10.10 ~::!! = !~-11 1.04 z 10.1 
1"00 ,.""" Z loU Z.'UZ z loU ','51 Z 111 

1687(.) 5.377 z 10=~ 2.343 z 10=: 6.614 s 10=~~ 5.41 z 10=; 
1617CU 5.377 z 10_

7 2.'''3 z 10.,I 6.614 z 1°.10 5.41 z 10.7 1700 6.662 z 10-6 3.031 z 10.1 1.5l19 z 10.9 6.70 z 10-6 
1100 3.117 s 10.5 1.969 s 10.

7 
5.252 z 10_8 3.14 s 10.5 1lI00 1.231 z 10 1.044 z 10 2.U4 z 10 1.25 z 10 

2000 ".27" z 10=! ... 674 z 10:! 1.117 z 10~ ".33 z 10=! 
2200 3.UlI z 10_

3 6.167 z 10.5 1.335 z 10_5 3.69 z 1°.3 2 .. 00 2.137 s 10.3 5.2"0 z 10-4 1.0," z 10.5 2.20 z 10_3 2600 lI.5U z 10.2 3.176 :I 10.3 5.711 z 10 .... lI.U z 10.2 2100 3."44 z 10 '1."77 z 10 2.4l10 z 10 3.62 s 10 

3000 0.104 5.561 z 10=~ 8.736 z 10::; 0.110 
3200 0.27" 1.763 z 10.2 2.5f4 z 10.3 

0.294 
3400 0.6'" 4.856 z 10.2 6.716 s 10.3 

0.698 
3490 0.914 7.380 s 10.2 9.960 s 10.2 

0.9l18 
3500 0.9"9 7.702 :I 10 1.035 z 10 1.036 

3514 1.000 8.1lI6 z 10-2 
1.0" s 10=~ 1.093 

3600 1.369 0.119 1.552 z 10 1.504 

a1 am- 101325 Pa 
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Si(s,l) = Si(g,1 atm) 

.6.sub lF (298.15 K) = 450.000 ± 4.2 Ptotal, atm T,K 

.6.sub lF (0 K) = 445.664 

.6.vapS (3513 K) = 109.380 ± 1.14 10- 10 1329 
10-9 1408 

8i(s,1) = 1/2 8i2 (g,1 atm) 10-8 1499 

10-7 1602 
.6.sub lF (298.15 K) = 294.972 ± 6.3 

10-6 1725 .6.sublF (0 K) = 293.554 
10-5 1883 
10-4 2074 

Si(s,l) = 1/3 Si3 (g,1 atm) 
10-3 2308 

.6.sub lF (298.15 K) = 212.000 ± 14.0 10-2 2601 

.6.sub lF (0 K) = 210.563 10- 1 2980 
1 3490 

Most of the measurements for the thermodynamic 
properties have been carried out on the International Practi­
cal Temperature Scale of 1948 or 1958. It is worth noting 
that the effect of conversion ofthese properties to IPTS-68 is 
well within the uncertainty of these values. 
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