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The Fe-O (Iron-Oxygen) Sys tem 
Bu n.A.  

Consul tan t  

E q u i l i b r i u m  D i a g r a m  

The stable solid phases in the Fe-O system at 0.1 MPa are (1) the 
terminal bcc solid solution with a narrow range of  compositions 
denoted ferrite, (aFe), or (6Fe), with the latter designations used 
below 912 and above 1392 "C, respectively; (2) the terminal fcc 
solid solution denoted austenite or (yFe), with a narrow range of  
compositions extending approximately from 912 to 1394 "C, the 
stable temperature range ofyFe; (3) the fcc oxide denoted FeO, 
Fel_xO, FexO, FeOl+x, FeOx (sometimes with specific x values), 
wustite, wuestite, wiistite, or iozite, with a broad range of  com- 
positions, which may possibly be subdivided into regions with 
differing types or degrees of  order; (4) the oxide denotedFe304 or 
magnetite, which is monoclinic and almost stoichiometric below 
-149 "C and is fcc above, with a range of  compositions consider- 
ably broadened at high temperatures; and (5) the rhombohedral 
oxide denoted Fe203 or hematite, which is almost stoichiometric 
at low temperatures, but has an appreciably broadened range of  
compositions at high temperatures. 

The assessed Fe-O phase diagram (Fig. 1) essentially follows the 
form published by [46Dar]. As in other assessments [Hansen, 
82Kub] that retained all the main features of that diagram, details 
of univariant and invariant positions were modified because of  

perceived improvements in measurements. The special points of  
the system are listed in Table 1. 

In addition to the above-mentioned stable phases, two phases sta- 
bilized by elevated hydrostatic pressuro----(eFe) and Fe304(P)--  
and seven metastable phases--four wustite and three Fe203 
form: rae described in the "Crystal Structures and Lattice 
Parameters" section, below. 

T e r m i n a l  S o l i d  S o l u t i o n s ,  ( aFe ) ,  (6Fe) ,  a n d  
~Fe) 

The temperatures of  the allotropic transformations, Curie point, 
and melting point of  Fe listed in Table I are from [82Swa]. 

The experimental investigations of  the (Fe) boundaries in the Fe- 
O system prior to 1955 were listed and summarized by [Hansen] 
and [62Voi]. Most of  these results are discredited from applica- 
tion to the high-purity Fe-O system, because they were made 
before the advent of  zone-refined Fe. [58S/f] and [59Sey] showed 
that apparent O solubility values measured in impure Fe 
specimens exhibited gross errors that were not due simply to 
precipitates of  known oxides of  reactive impurities. The results in 
Table 2 were obtained w/th zone-refined Fe. 

The 881 "C point on the (aFe) boundary (Table 2) was considered 
by the investigators themselves [67Sw/] to be inaccurate. Their 

Table 1 Special Points of the Assessed Fe-O Phase Diagram (Condensed System, 0.1 MPa) 

Compo61tion of the Temperature, 
Reaction(a) respective plms~ at.% O "C Reaction type 

Smbk 
L l ~ 5Fe ........................................................................................ 0 1538 
6Fe *," yFe ....................................................................................... 0 1394 
�9 fFe ~ aFe ...................................................................................... 0 912 
o.Fe (para) ,-,. ode (ferro) ................................................................. 0 770 
(yFr + W ~ (ode) .......................................................................... 0.0007 51.2 0.0008 -912 
(6Fe) .,-* (yFe) + I. 2 .......................................................................... 0.019 0.0098 50.9 1392 
L t ~. (SFe) + L 2 .............................................................................. 0.58 0.029 50.5 1528 
L .H. Ll + L 2 .................................................................................... -47(b) -2830(b) 
L, z ~. (yFe) + W ............................................................................... 50.9 0.0094 51.3 1371 
W ~ (oFe) + Fe304 ........................................................................ 51.4 ... 57.1 570 
L 2 + Fe304 .H. W ............................................................................. 54.2 57.1 54.6 1424 
I. 2 ~ Fe304 ..................................................................................... 57.1 1596 
Fe30 , (par'a) ,~ Fe30 , (fen'i) ........................................................... 57.1 580 
F%O4 ~, Fe~O, (IT) ....................................................................... 57.1 -149 
L 2 ,,-,, Fe304 + O2(g)(0.1013 MPa) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57.9 57.7 100 1582 
Fe304 + O2(gX0.1013 MPa) ~ ode203 .......................................... 58.0 100 59.8 1457 
aFc20 ~ (para) ~ aFt203 (antiferro + ferro) .................................... 60.0 688 
oFe.203 (antiferro + fer ro)  ~ oFe203 (ant i fer ro)  ............................. 60.0 -10.5 

Other 

L2 '~ Fe304 + aFe203(c) ................................................................ 58.9 58.2 59.7 1539 
i~ ,.. od~O3(d) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6o.0 -1572 

Melting point 
AlloUopic 
Allotropic 
Curie point 
Pefitectoid 
Catatectic 
MoncXe~c 
Critical point 
Eutoctic 
Eutectoid 
Peritectic 
Congruent melting 
N~el (or Curie) point 
Polymorphic 
Eutectic type 
Peritectic type 
Curie + N ~ J  point 
Magne t i c  

Eutectic 
Congruent(?) melting 

Note: W = wustite. (a) Magnetic transitions are indicated in Fig. I but associated three-phase equih'bria are omitted from Table 1. (b) Roughly estimated [84Ohtl], 
/'02 unknown. (c) PO2-0.78 MPa. (d) PO2-5.3 MPa). 
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recommended value was 0.0006 at.% O at 881 "C; their phase 
diagram depicts the composition of (aFe) coexisting with (TFe) 
and wustite at 912 "C as 0.0008 at.% O. The magnitude of these 
values is about one third that of the [58Sif] values, but it is concor- 
dant with the theoretical estimate of 0.00007 to 0.0013 at.% O at 
906 "C by [67Fra]. The [67Swi] values are, however, below the 
0.0007 to 0.0042 at.% O range at 727 "C estimated by [69Fuj], 
with which the [58Sif] values are consistent. Because the 

theoretical estimates are not decisive, whereas the trend with use 
of purer Fe is towards lower values, the [67Swi] recommendation 
is preferred. 

The result of [70Kus] obtained with electrolytic Fe for OFr 
coexisting with L1 and L2 at 1528 "C is 0.042 at.% O, somewhat 
higher than that (0.031 at.% O) indicated by extrapolation of the 
[66Hep] data, but far below that (0.110 at.% (3) indicated by 
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Fig. 1 Assessed Fe-O phase diagram (condensed system, 0.1 MPa). 
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[61Tan]. This [70Kus] datum is for the monotectic terminus of the 
(SFe) solidus, which was observed to be linear between the points 
(1537.5 "C, 0 at.% O) and (1529 "C, 0.0375 at.% O). The k ratio, 
at.% O(SFe)/at.% O(L1), was evaluated by [70Kus] from their ex- 
perimental (SFe) solidus and liquidus (also linear) as 0.076. This 
value agrees poorly with the k value 0.119 reported by [78Fuj]. 
The latter value, when combined with the fairly well established 
monotectic composition of L1, 0_58 at.% O, yields the value 0.069 
at.% O for monotectic(SFe). The preponderance of evidence sug- 
gests that the [61Tan] values in Table 2 are too high. The composi- 

Table 2 (o.Fe), (SFe), and (TFe) Boundaries: Experimen- 
tal O Contents of (Fe) in Equilibrium with Wustite or with 
Liquid Oxide (L2) 

Temper- 
Terminal Coexisting ature, O content,. 
solid solution phase Reference "C at.% x 10 ~ 

(oFe) ................. Wustite [58siq 700 24 
850 21 
880 24 

[59Sey] 875 s70 
[67Swi] 881 13 

(SFe) .................. L2 [61Tan] 1420 394(a) 
1450 5820) 
1475 638(a) 
1510 837(a) 

[66Hep] 1450 230 
1510 290 

(7Fe) .................. Wustite [67Swi] 951 9 
1049 19 
1250 59 
1350 86 

(a) Values read by present author from original graphical data. 

tions of (bFe) coexisting with L2 that were reported by [66Hep] 
are adopted, but may be lower than the actual values. The revised 
value 0.029 at.% O [67Swi] for monotectic (6Fe) at 1528 "C is 
adopted; a linear solidus is depicted in Fig. 1. The [67Swi] com- 
position, 0.019 at.% O, for (bFe) coexisting with (TFe) and I.r 2 is 
also adopted. 

Because there are apparently no other reported data. the ex- 
perimental [67Swi] values for the compositions of (TFe) coexist- 
ing with wustite are adopted. The assessed compositions of (TFe) 
coexisting with (oFe) and wustite at 912 "(2, with L2 and wustite 
at 1371 "C, and with (SFe) and L2 at 1392 "C are those proposed 
by [67Swi]: 0.0(XYT, --0.0094, and .43.0098 at.% O, respectively. 

W u s U t e  

The compositions stable at 0.1 MPa hydrostatic pressure range 
from 51.2 at.% O at about 912 "C to 54.6 at.% O at 1424 "C (Fig. 
2). (The stoichiometric composition "FeO" is outside the range.) 
At its Fe-rich boundary compositions, wustite coexists with 
(ctFe) from 570 to 912 "C, with (TFe) from 912 to 1371 "C, and 
with fiquid from 1371 to 1424 "C. At its O-rich boundary com- 
positions, wustite coexists with Fe304 between 570 and 1424 "C, 
which are the temperature limits of its stable range. Except at its 
eutectic and peritectic termini, the solidus apparently was inves- 
tigated directly only by [31Pfe]. The curve shown in Fig. I and 2 
is that derived by [46Dar] by combining their experimental 
solidus temperatures and gas compositions with their thermo- 
dynamic data relating gas and solid compositions. Data from in- 
vestigations of the other boundaries of the wustite field at 0.1 MPa 
are listed in Table 3. 

Wustite (W) participates in four invariant equilibria of the con- 
densed Fe-O system at 0.1 MPa (Table 1). In its stable range, wus- 
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rite exhibits no first-order transformations, but metastable wusfite 
cooled below about --80 "C undergoes antiferromagnetic ordering 
(see "Metastable Phases"). Controversy surrounds claims that 
stable wustite exh~its second-order transformations, with 
boundaries separating several discrete  fields in X-T space 
[89Val]. These transformations are assumed to be associated with 
changes in defect ordering. This issue is discussed briefly below. 

Of  the four invariants involving wustite Gable 1), that of  ('fFe) + 
W **. (oFe) may be placed quite accurately at 912 "C because of 
the very small 0 solubility in Fe. The assessed composition of 
wustite, 51.2 at.% O, is that reported by [45Dar] and confirmed by 
others. (See discussion of the Fe-rich wustite boundary below.) 
Values for the temperature of  the eutectoid equilibrium W +* 
(ctFe) + Fe304 were reported from 518 to 620"C [21Cha1, 29Sch, 
31Pfe, 33Jet2, 46Dar, 64Bar1, 64Bar2, 64Val, 65Va12, 66Ack, 
66Bir, 69Fen, 69Luc, 69Riz, 70Asa, 86Mal, 86Val], but most 
values are between 560 and 580 "C. The most direct measure- 
ments, involving little or no extrapolation, appear to be 569 
[64Bar2] and 565 "C [66Bir]. The chosen value is 570 "C at 51.4 
at.% O, in agreement with the [83Kna] nonexperimental assess- 
ment. 

The third invariant, the eutectic equilibrium L2 ~ ('fFe) + W, is 
located at 1370 [24Tri, 31Pfe], 1380 [32Bow], or 1371 "C 
[46Dar]. There is excellent agreement in the eutectic wustite 
compositions 51.2 and 51.3 aL% O reported by [31Pfe] and 
[46Dar], respectively. The [46Dar] values are adopted. ([83Kna] 
preferred 1372 "C at 51.2 at.% O; the [80Goe] assessment was 
1369 "C at 51.2 at.% O.) The fourth invariant, the peritectic equi- 
librium L2 + Fe304 ~-, W, was located at 1430 "C by [31Pfe] and 
at 1424 "C by [46Dar]. Disagreement between [31Pfe] and 
[46Dar] on the in~cated compositions of  peritecfic wustite (53.8 
and 54.6 at.% O, respectively) is appreciable. The [46Dar] values 
are adopted. ([83Kna] preferred 1424 "C at 54.8 at.% O; the 
[80Goe] assessment was 1420 "C at 54.5 at.% O.) 

The existence of a fifth invariant point at a presumably peritectoid 
equilibrium, (o.Fe) + W + Fe304, is implicit in the claim of 
[84Liu1] that stoichiometric FeO is stable relative to (r and 
Fe304 below 465 "C. This claim was rejected in the preparation of 
Fig. I. 

In assessing the Fe-rich and O-rich boundaries of  the wustite 
phase field, compositions in equih'brium with (r (yFe), or 
Fe304, only the data of  Table 3 were considered. Several sets of  
data (all graphical presentations, except for [56Fos]) were 

Table 3 Expe r imen ta l  Compositions of Wustite in Equilibrium with (edge) a t  Ts;912 "C, (u a t  T~.912 "C, o r  Fe304 at  0.1 
M P a  Hydros ta t i c  Pressure  

Temperature(a), Boundary compmition, at.% O Temperature(a), Boundary composition, at.85 O 
Reference "C (aFe) or (u Fe304 "C (r or (-fFe) Fe304 
[29Sch] ............................................................ 600 51.20 52.76 900 50.82 53.12 

[31Pfe](b) ........................................................ 

[33Jet2] ............................................................ 

[45~r] ............................................................ 

[49Ben] ............................................................ 

650 51.28 52.83 1000 50.75 53.27 
700 51.13 52.91 1100 50.58 53.49 
800 50.97 52.91 
575 51.16 51.16 1200 ... 53.35 
600 ... 51.54 1370 51.18 ... 

800 ... 52.35 1400 ... 53.74 
1000 ... 52.89 1430 ... 53.78 
1070 ... 53.14 
582 52.03 950 51.44 ... 
610 51.69 51.99 1018 ... 52.69 
627 51.69 ... 1031 51.41 ... 
686 51.58 ... 1047 ... 52.66 

690 ... 51.21 1176 ... 52.81 
793 51.40 52.56 1290 ... 52.51 
794 51.34 ... 1340 52.62 
88s  . . .  52.66 1420 51.41 52.27 
912 51.40 1440 52.34 
600 51.35(c) 51~70(c) 1100 51~1"7 53.55 
700 51.25(c ) 52.27(c) 1200 51.20 53.82 
800 51.20(c) 52.65(c) 1300 51.23 54.12 
900 51.18(c) 52.98(c) 1350 51.25 ... 

1000 51.17(c) 53.27(c) 1400 ... 54.48 

595 50.90 ... 800 ... 52.43 
610 ... 51.88 805 52.43 
620 50.69 ... 860 50.12 ... 
660 50.48 52.16,52.23 910 49.90 ... 
700 50.19 925 52.71 
720 ... 52136 980 50".04 ... 
750 50.12 ... 1040 49.97 

(co.ti.ued) 

(a) Temperatures as published, uncorrec~d to IPTS-68. (b) Read by present author faxxn partly or completely graphical presentation in original; all other data sets 
numerical in original. (c) By original authors' extrapolation. (d) Average of two or more reported values. (e) As quoted by [69Riz], related to [68Fuj] data. (f) Related to 
the [64Gerl, 64Get3, 65Get2] data set. (g) Probably same experiment as [51Cir]. (h) Nonexperimental paper summarizing experimental data of authms' group. 
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T a b l e  3 E x p e r i m e n t a l  C o m p o s i t i o n s  o f  W u s t i t e  i n  E q u i l i b r i u m  w i t h  (o,  F e )  a t  Tf f i912  " C ,  (7Fe )  a t  T ~ 9 1 2  " C ,  o r  F e 3 0 4  a t  0 .1  
M P a  H y d r o s t a t i c  P r e s s u r e  ( c o n t i n u e d )  

Temperature(a), Boundary  composition, ak% O Temporature(a),  Boundary composition, at.% O 
Reference "C (etFe) or  (-fFe) FcaO4 "C (aFe) o r  (TFe) Fe304 

[49San] ........................................................... 

[51cirD) ........................................................ 

[54Ar i ]  .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[55Mar l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[56Hov](b) ...................................................... 

[63om1 .......................................................... 

[64aar2](b) ..................................................... 

[64Ger 1,64Ger3,65Ger2] ................................ 
[65Meal(0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[66A~!  

[67Swa2] ........................................................ 

68Fuji ............................................................ 

[ 6 8 R i z l ] ( b )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[69Cam,70Cam](f) .......................................... 

[69Lyk](b) ....................................................... 

[69Riz ]  ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[ 7 0 A s a D )  .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

700 ... 57.41 1000 ... 53.22 
800 ... 5?.78 1100 ... 53.38 
900 ... 53.03 1200 53.50 
700 51.60 52.36 1000 51.22 52.49 
900 51.43 52.54 
831 51.06 52.32 909 50.96 52.55 
630 . . .  52.34 970 51.44(d) 53.41(d) 
692 51.69 52.53 1040 51.44 53.38 
711 51.63(d) _ . .  1095 51.47 53.41 
813 51.48 57.81 1100 51.41 
840 51.54(d) ... 1140 51.46 53.46 
870 51.54(d) ... 1150 ... 53.43 
895 51.46(d) ... 1180 ... 53.27 

900 51.44(d) 1210 53.31 
916 51.44 53.10 1230 51144 53.35 
689 51.86 ... 980 ... 53.33 
771 51.59 ... 1106 ... 53.77 
795 ... 52.96 1150 51.18 53.93 
871 51.31 ... 1251 ... 54.31 

1 1 0 0  . . .  5 2 . 9 7  1 3 8 0  5 1 . 3 6  

1200 ... 52.93(d) 1400 ... 52.91(d) 
1300 ... 52.99 
570 ... 51.60 800 51.25 52.43 
600 51.43 51.84 850 51.22 52.53 

650 51.36 52.03 900 51.18 52.67 
700 51.34 52.14 950 51.15 52.79 
750 51.28 52.32 1000 51.13 52.89 
800 51.22 52.72 
700 51.41 52.45 1000 51.17 53.25 
850 51.20 52.87 

699 51.31 52.29 909 51.31 53.10 
750 51.36 52.67 1004 51.27 53.21 
802 51.27 52.83 
950 51.26 ... 1150 51.21 ... 

1000 51.23 ... 1200 51.22 ... 
1050 51.21 ... 1250 51.22 ... 
1103 51.21 ... 
1000 51.15 53.23 

765 51.23 52.58 965 51.21 53.24 
865 51.21 52.91 

700 51.44 ... 1075 51.10 53.37 

800 51.22(d) 52.72(d) 1076 ... 53.35 
900 51.11 52.99 1171 ... 53.62 

1000 51.12 53.24(d) 1172 ... 53.63 
1074 ... 53.35 1306 ... 53.85(d) 

700 51.27 52.50 1000 51.18(d) 53.33(d) 
750 51.24 52.68 1050 51.18(d) 53.42(d) 
800 51.20(d) 52.79(d) 1100 51.18 53.55 

850 51.20(d) 52.95(d) 1150 51.18 53.67 

900 51.19(d) 53.07(d) 1200 51.17 53.79 
950 51.19(d) 53.20(d) 1300 51.18 54.12 
800 ... 52.08 1000 ... 53.29 

894 ... 52.61 II00 51.22 53.49(d) 

577 51.60 51.60 761 ... 52.63 
589 ... 51.64 800 51.53 ... 

646 ... 51.99 900 51.52 53.21 
690 ... 52.24 1000 51.53 ... 
700 51.56 ... 

(r 

(a) Temperatures as published, unconected to IPTS-68. (b) Read by present author from partly or completely graphical presentation in ori~nal; all other data sets 
numerical in original. (c) ]By original authors' extrapolation. (d) Average of two or more reported values. (e) As quoted by [69Riz], related to [68Fuj] data. (!) Related 
to the [64Gerl, 64Ger3, 65Get2] data set. (g) Probably same experiment as [51Cir]. 0t) Nonexperimental paper summariTin~ experimental data of  authors' group. 
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Table 3 Experimental Compositions of Wustite in Equilibrium with (aFe) at T 8912 "C, (u at T :,912 "C, or Fe304 at 0.1 
MPa Hydrostatic Pressure (continued) 

Temperature(a), Boundary compesitioa, at.% O Temperature(a), Boundary composition, at.% O 
Reference "C ~tFe) or (yFe) Fe3fh "C (aFe) or (u Fe304 
[70Cir](g) ........................................................ 700 51.57 52.38 1000 51.31 52.55 

900 51.41 52.55 
[70Mar2] ......................................................... 1075 51.10 53.38 
[74Gid] ............................................................ 980 ... 53.32 1055 ... 53.39 

1015 ... 53.33 1075 ... 53.46 
1023 ... 53.35 1112 ... 53.65(d) 

[8ffrak](b) ....................................................... 1100 51.18 53.53 1250 51.24 53.95 
1150 51.20 53.66 1300 51.22 54.12 
1200 51.21 53.83 

[81Bar] ............................................................ 600 51.36 51.85 850 51.15 52.72 
650 51.29 52.11 900 51.12 52.83 
700 51.27 52.31 950 51.10 52.92 
750 51.20 52.47 1000 51.08 53.03 
800 51.17 52.61 1050 51.05 53.10 
592 51.69 51.69 950 51.44 53.24 
600 51.68 51.75 1000 51.39 53.31 
650 51.61 52.05 1050 51.34 53.39 
700 51.52 52.37 1100 51.29 53.49 
750 51.47 52.58 1150 51.24 53.58 
800 51.42 52.75 1200 51.19 53.75 
850 51.35 52.86 1250 51.15 53.97 
900 51.24 52.97 1300 51.12 54.19 
911 51.21(W'1) 53.00(W'3) 1350 51.11 54.41 
911 51.47(W]) 53.17(W3) 1371 51.10 54.51 

[89Val](h) ........................................................ 

(a) Temperatures as published, uncorrected to IPTS-68. (b) Read by l~esent author from partly or completely graphical presentation in original; all other data sets 
numerical in original. (e) By original authors' extrapolation. (d) Average of two or more reported values. (e) As quoted by [69Riz], related to [68Fuj] data. (f) Related to 
the [64Gerl, 64Get3, 65Ger2] data set. (g) Probably same experiment as [51Cir]. (It) Nonexperimental paper summarizing experimental data of authors' group. 

omitted from the table: [56Fos] and [74Tou] subordinated their 
own data to those of [33Jetl] and of [70Cam] and [70Mar2], 
respectively; [57Eng] presented data in two figures inconsistent- 
ly; [69Fen], [710no], and [ 78Now] presented their data in figures 
that were too small for precise reading. Moreover, [69Fen] was 
criticized for faulty experimental technique [74Gid, 80Tak]. 

The tabulated data for the Fe-rich side fall into three main groups. 
The first group are far removed from each other and from the 
great majority of the data or follow curves crossing the latter at 
relatively high angles [29seh, 49Ben, 54Ari, 56Hov, 89Val]. 
These investigations were disregarded in this assessment. The 
second group [33Jet2, 51Cir, 55Mar, 70Asa, 70Cir] scatter about 
a curve that is roughly parallel to the curve through the third group 
and displaced from the latter by about +0.3 at.% O. The data 
points of most investigators of the third group [45Dar, 60Offl, 
64Gerl*, 64Ger3*, 65Ger2*, 65Meu**, 67Swa2, 68Fuj**, 
68Rizl, 69Cam*, 69Lyk, 69Riz, 70Cam*, 70Mar2*, 80Tak] lie 
within :e0.1 at.% O of the curve proposed by [45Dar] through 
their experimental and calculated points. In a few other studies, all 
but one or two d~:.~ points of each set lie within the ~0.1 at.% O 
limits of the main third-group band [31Pfe, 64Bar2, 66Ack, 
81Bar]. Several experimental techniques were employed in the 
second and third groups: gas-solid or solid-sofid equilibration 
plus weighing, chemical analysis, microscopy, X-ray diffraction 
(XRD), or electrical conductivity to determine compositions 

"[64Gerl], [64Ger3], [65Ger2], [69Cam], [70Cam], and [70Mar2] 
are related data. 
**[65Meu] and [68Fuji are related data. 

[31Pfe, 33Jet2, 45Dar, 51Cir, 55Mar, 56Hov, 63Offl, 70Cir]; 
emf measurements with solid electrolytes [64Bar2, 68Riz1, 
69Lyk, 69Riz, 70Asa, 81Bar]; and thermogravimetry [64Ger1, 
64Ger3, 65Ger2, 66Ack, 67Swa2, 69Cam, 70Cam, 80Tak]. The 
preponderance of evidence favors the third group. Because the 
[45Dar] results are near the center of this group, they are adopted 
here. The [78Spe] and [83Kna] analyses of the available data are 
essentially in agreement with this conclusion. 

Most data in Table 3 for the O-rich boundary of the wustite field 
are in fair agreement up to about 1100 ~ with several exceptions 
[29Sch, 31Pfe, 33Jet2, 49Ben, 51Cir, 54Ari, 55Mar, 63Offl, 
64Bar2, 69Riz, 70Cir, 81Bar]. The data of this latter group either 
are removed appreciably from the majority or lie on divergent 
curves intersecting its band at substantial angles. Among the data 
lying on these divergent curves, however, most points of [55Marl 
and [81Bar] lie within the ~-0.25 at.% O band of data from the 
major group of investigations that are considered herein to be 
concordant [45Dar, 49San, 56Hov, 64Ger1, 64Ger3, 65Ger2, 
65Meu, 66Ack, 68Fuj, 68Rizl, 69Cam, 69Lyk, 70Asa, 70Cam, 
70Mar2, 74Gid, 80Tak, 89Val]. Although there is good agree- 
ment within a subgroup [31Pfe, 49Ben, 64Bar2, 81Bar] of the 
"exceptions," which otherwise are scattered, the data sets that in- 
clude that of [45Dar] are adopted as the most reliable. Included in 
the adopted data are results from thermogravimetry, from emf 
measurements with solid electrolytes (including [74Gid]), and 
from solid-solid or gas-solid equilibration (including [49San]). 
(See the preceding paragraph on the Fe-rich wustite boundary for 
the classification of other references in each category). 
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The data for the Fe304-saturated boundary above 1100 "C are 
sparser and more divergent than those for lower temperatures. 
Because of their scatter and large displacement from other data, 
the results of [33Jet2] and [63Offl] are rejected. Of the others, 
there is excellent agreement (about ~-0.1 at.% O) of [45Dar], 
[69Lyk], [71Ono] (not in Table 3), [74Gid], [80Tak], and [89Vail, 
with only moderate deviations by [56Hov] (about +0.4 at.% O at 
1250 "C) and by [49San] and [69Cam] (about-0.3 at.% O at 1200 
and 1306 "C, respectively.) The [31Pfe] and [55Mar] sets con- 
tinue their trends from below 1100 "C to considerably lower O 
concentrations than those of the foregoing sets. Adoption of the 
[45Dar] curve representing the O-rich wustite boundary above 
(as well as below) 1100 "C therefore appears reasonable. The 
analysis of available data by [ 83 Kna] trends from a slightly lower 
O content (by-0.1 at.% O) at 570 "C to a slightly higher O content 
(by +0.2 at.% O) at 1424 "C. The other fairly recent reviews of 
[78Spe] and [82Kub] also adopted the [45Dar] boundary. 

The existence of subboundaries in the wustite field corresponding 
to second-order transformations, was proposed about 30 years 

ago [62Rac2, 64Czr, 64Val]. This proposition, developed in 
numerous papers by Vallet and his associates, including Raccah 
and Carel, is considered herein to have been presented in its cur- 
rent state by [89Val]. In this presentation, ten domains of the wus- 
rite phase field, associated with six varieties ofwustite (W'I,W'2, 
W'3, Wl ,  W2, and W3) are depicted, with some like domains 
separated by unlike domains. Expficit, distingui~ing charac- 
teristics of the six varieties have not been described, but essential- 
ly all commentaries have related them qualitatively to differences 
in defect ordering. 

The evidence for the wustite subboundaries, which Mallet and his 
associates adduced mainly from thermodynamic (ther- 
mogravimetric), lattice parameter, and dilatometric studies, 
depends on their interpretation of these data as showing discon- 
tinuities in the derivatives of properties with respect to composi- 
tion or temperature. Because of the consensus that defect struc- 
tures may vary in complex ways with those variables, there is a 
question in individual data sets whether the precision of the data 
justifies recognition of a second-order discontinuity rather than 

Table 4 Experimental  Compositions of Fe304 in Equilibrium with Other  Iron Oxides or  Liquid (Po2 # 0.1013 MPa) or with 

02 Gas (Po2 = 0.1013 MPa) 

Co~juga~ 02 
Temperature, condensed pressure, Composition, 

Reference "C phase MI~ at.% O 

Lower boundaries (Fe-rlch) 
[ 4 6 i ~ ]  .................................................................. 
[46~,,] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[8mie](b) .............................................................. 

[46[~,! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Upper boundaries (O-rich) 

[35orr .................................................................. 

[35Whi](d) ............................................................. 

[ ~ W h i ]  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

141s~]  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[46Dar]Co) .............................................................. 

<560 (ctFe) <0.1013 -57.143(a) 
560 to 1424 Wustite <0.1013 -57.143(a) 

900 Wustite <0.1013 57.085 
1000 Wusfite <0.1013 57.094 
1100 Wustite <0.1013 57.100 
1200 Wustite <0.1013 57.107 
1300 Wustite <0.1013 57.096 
1400 Wustite <0.1013 57.058 

1424 to 1596 L(c) <0.1013 -57.143(a) 

1076 ctFe203 r 57.38 
1452 o.Fe203 <0.1013 58.02 
1314 oFe203 <0.1013 57.74 
1346 o.Fe203 <0.1013 57.82 
1366 o.Fe203 <0.1013 57.72 
1415 o.Fe203 <0.1013 58.08 
1368 o.Fe203 <0.1013 58.11 
1425 oFe203 <0.1013 58.33 
1450 o.Fe'zO3 <0.1013 58.27 
1311 r <0.1013 57.76,57.67 
1331 ctFe203 <0.1013 (57.84),57.70 
1351 oFe203 <0.1013 57.82,57.74 
1370 o.Fe203 <0.1013 57.87,57.80 
1390 txFe-zO3 <0.1013 57.91,57.86 
1410 o, Fe203 <0.1013 57.93,57.90 
1102 o.Fe203 <0.1013 57.408 
1202 oFe203 <0.1013 57.502 
1263 oFe203 <0.1013 57.576 
1302 oFe203 <0.1013 57.633 
1393 otFe203 <0.1013 57.813 
1 , 0 2  ~ e 2 0 3  <0.1013 57.836 

( c o m ~ u ~  

Note: Original temperature values corrected to IPTS-68 values. (a) Deviations from sto/chiometrir Fr not mea~red. (b) Read from smooth curve. (r O/Fe ~ 1.33. 
(d) Read from plotted points. (e) O/Fr k 1.33. (f) Extrapolation of [46Dar] data by [60Phi], read at [71Cro] temperature and 02 pressure. ~) Correction by [41Sch] to 
original value~ (It) Congruent melting point. 
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Table 4 Experimental Compositions of Fe304 in Equifibrlum with Other Iron Oxides or Liquid (P02 # 0.1013 MPa) or 
with O2 Gas (Po2 [] 0.1013 MPa) (continued) 

C ~ m t ,  02 
Temperature, comlemed prcsmre, Composition, 

Reference "C ph~r MPa at.% O 
[46Dar](bXcont. ) .................................................... 

[57Smi] .................................................................. 
[69Sch](d) .............................................................. 

[70Rue] .................................................................. 

[82Die](b) .............................................................. 

[35C, re] ................................................................... 

[ : ~ w h i ] r  ............................................................. 

[ ~ D a ]  ................................................................... 

1459 o.Fe203 0.1013 58.015 
1539 oFe203,L(e) 0.78 58.24(0 
1181 r <0.1013 57.481 
1269 r <0.1013 57.548 
1309 r <0.1013 57.675 
1332 o.Fr <0.1013 57.776 
1352 aFe203 <0.1013 57.640 
1353 o.Fe2fh <0.1013 57.886 
1372 oFeM93 <0.1013 57.715 
1392 o.FczO3 <0.1013 57.826 
1403 oF0203 <0.1013 57.958 
1407 o.Fr <0.1013 57.959 
1412 aFe203 <0.1013 57.955 
1420 ctFe203 <0.1013 58.127 
1425 oFcM93 <0.1013 58.112 
1432 r <0.1013 58.170 
1284 o.Fv-zO3 <0.1013 57.61 
1400 o.FeM33 <0.1013 57.84 
900 ofc203 <0.1013 57.310 

1000 oFcM93 <0.1013 57.291 
1100 oFe203 <0.1013 57.418 
1200 o.Fe203 <0.1013 57.566 
1300 aFe203 <0.1013 57.710 
1400 ctFe203 <0.1013 57.833 
1573 L(e) >0.1013(?) 57.681 
1584 L(e) <0.1013 57.426 
1564 L(e) >0.1013(?) 58.OO5 
1572 L(e) >0.1013(?) 57.806 
1589 L(e) <0.1013 57.627 
1582 L(e) 0.1013 57.666 
1593(b) L(e) <0.1013 57.382 
1596 L(e) <0.1013 57.143(h) 
1500 ... 0.1013 57.861 
1517 ... 0.1013 57.813 

Note: Original temperature values corrected to IPTS-68 values~ (a) Deviations from stoichiometric Fe304 not measured. Co) Read from smooth curve. (c) O/Fc - 1.33. 
(d) Read from plotted points. (e) O/Fe �9 1.33. (0 Extrapolation of [46Dar] data by [60Phi], read at [71Cro] temperature and 02 pressure. (10 Correction by [41Sch] to 
original values. (h) Congruent melting point. 

continuity of a curve. Partial experimental support for the inter- 
pretation that discontinuities occur was given by [66Gei] (electri- 
cal conductivity), by [69Fen]* and [80Tak] (both with thermo- 
dynamic properties), and by [85Sor] (analysis of [68Bra] 
thermodynamic data). However, in these instances, the suhboun- 
daries reported do not conform to those of [89Val]. Most other 
measurements of wustite properties have failed to detect the ex- 
istence of subboundaries. 

At least two aspects of the [89Val] diagram are extraordinary: (1) 
the depiction of four condensed phases (o.Fe), (yFe), W'I, and 
W1--coexisting at 911 "C; and (2) the continuous, isothermal 
(911 "C) nature of the W'I/W1, W' 1/W2, W'2/W2, W'3/W2, and 
W'3/W3 subboundaries and their relationship, if any, to the 
(ctFe)/(yFe) transformation at 912 "C. The offset depicted in the 
Fe-rich boundary of wustite at 911 "C (W'I to W1) is contrary to 
all determinations independent of the Vallet group. Because of 
lingering uncertainty regarding their existence and possible loca- 
tions, the wustite subboundaries, which are undefined physically, 
are omitted from the assessed diagram (Fig. 1). 

*Experimental technique criticized by [74Gid] and [80Tak]. 

According to [58Arkl] and [58Ark2], elevation of the hydrostatic 
pressure lowers the eutectoid temperature of wustite, displaces 
the entectoid composition to higher O concentrations, and shifts 
its Fe-rich and O-rich boundaries to higher Fe and O concentra- 
tions, respectively. At z3.6 GPa, the Fe-rich boundary at 770 "C is 
about at the composition of stoichiometric "FeO" [67Kat]. Ac- 
cording to thermodynamic calculations of [75Kur] for 700,1000, 
and 1300 "C, which contradict part of the [58Ark2] conclusions, 
both the Fe-rich and O-rich boundaries are shifted by increasing 
pressure until they reach a limit at the "FeO" composition (50.0 
at.% O). Higher pressures (different for each boundary) are re- 
quired to reach this limiting composition as temperature in- 
creases; above about 30 GPa, stable wustite is essentially a line 
compound with 50.0 at.% O at all temperatures. It was indicated 
that at pressures above about 18 GPa, Fe304 is unstable at all tem- 
peratures** and O-saturated wustite coexists stably with Fe203. 
The eutectoid temperature was reported to decrease by 64 
[75Kur], 13.5 [83She], or 45.5 "C/GPa [84Liul]. According to 
[83She] and [84Mcc], Fe-saturated wustite approaches stoichi- 

**For contradictory data on Fe304 stability at high pressure, see the 
[74Mao] findings in the section on Fe304. 
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Table 5 Compositions ofo.Fe203 in Equilibrium with Fe304 

Tempen~e, Compmitlea, Temperature, Composltkm, 
Reference "C at.% O l~femar "C ak% O 
[35Gre] ...................................... 1075 >59.986 [61Sail(a) .................................. 950 59.990 

1452 >59.972 1000 59.988 
[35Whi](a) ................................. 1200 59.697 1100 59.981 

1239 59.659 1200 59.969 
1272 59.609,59.672 1300 59.956 
1283 59.664 1400 59.940 
1333 59.557 1500 59.919 
1345 59.554 [67Kom] .................................... 900 59.981 
1353 59.571 1000 59.966 
1415 59.470,59.500 1253 59.925 
1426 59.495 1294 59.909 
1433 59.462 1338 59.881 
1446 59.481 1384 59.831 
1461 59.473 [69Sch] ...................................... 1300 59.92 

[38whi] ..................................... 1368 59.517 1400 59.88 
1425 59.411 [70Roe] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1284 59.84 
1450 59.411 1400 59.73 

[41Sch] ...................................... 1310 59.821 [80Gul2l(b ) ............................... 1450 59.796 
1330 59.798 1500 59.766 
1350 59.786 1539(c) 59.743 
1370 59.706 
1390 59.637 
1410 59.510 

(a) Data points or line values read by present author from original drawings. Co) Extrapolation of [67Kom] data. (c) Eutectic temperature. 

ometric "FeO" in composition as pressure increases up to about 
10 GPa (depending on temperature), then retreats to higher O 
concentrations at still greater pressures. Very high pressure (>70 
GPa) induces a transformation, possibly to the B2 (CsCI) struc- 
ture [80Jea]. 

F e 3 0 4  

Stoichiometric Fe304 exhibits a transformation and a transition 
that have been documented voluminously at -149 ~ (Tv, the 
Verwey transformation temperature, with polymorphic change) 
and +580 "C (variously Tc or TN, the ferrimagnetic-paramagnetic 
transition temperature, also called the Curie or Ntel point, 
without polymorphic change). The ferrimagnetic-paramagnetic 
transition is discussed in the "Magnetism" section. The existence 
of a transition at-262 ~ that was reported [77Tod] on the basis of 
heat capacity (Cp) measurements was denied by subsequent in- 
vestigators [79Iick 80Iid, 83Gme, 83Rig, 84She], using XRD, 
nuclear magnetic resonance, and Cp measurements. A transition 
observed at about-160 ~ [72Eva, 83Rig], which was "probably 
independent of the Verwey" ordering [83Rig], was absent from 
specimens subsequently searched specifically for confirmation 
of the magnetization and heat capacity anomalies involved 
[83Gme, 84Gme]. Shifting of Tv in inhomogeneous specimens 
due to stress or nonstoichiometry may have produced the-160 ~ 
effect. 

An anomaly in properties at-73 "C was mentioned in the [82Hon] 
review without attribution. An anomaly found only in the mag- 
netic permeability was reported [85Aral] at about -23 ~ (but 
with "pronounced thermal hysteresis") in cation-deficient Fe304. 
On the basis of a thermodynamic analysis of Fe304 solidus wus- 
tite equilibria, [81Carl contended that a first-order transforma- 
tion, which had not been observed in conventional enthalpy 
measurements [51Cou], occurs at 1160 "C. Until independent 

support of an 1160 "C effect is forthcoming, the [51Cou] data are 
accepted. 

The Verwey transformation apparently was discovered by 
[26Par] from its enthalpy effect, but received its name from the in- 
vestigator who elucidated the main features of the transformation 
[39Ver, 41Ver, 47Vet]. The transformation was identified with 
long-range ordering of electrons among the cations in oaahedral 
sites [39Ver], hut detailed analysis has remained a subject of in- 
vestigation to recent times, for example [88Ara]. Although 
[41Ver] showed that Tv is sensitive to composition and declines 
with Fe deficit at ONe > 1.333, values of Tv often have been pub- 
lished without exact ONe values. (Evidence of [72Miy] suggests 
that Tv also declines with Fe excess at ONe < 1:333.) 

Several fairly recent measurements with stoichiometric Fe304 
specimens yielded T v values from -150 to -148 ~ [83Gme, 
83Rig, 84Cane, 85She2]. The adopted value is-149 "C. At small 
Fe deficits relative to the stoichiometdc comlx)sition, the tem- 
perature of the first-order transformation is depressed with a slope 
of -1.4 • 102 "C/at.% O [85She2, 88Ara]. ([83Gme] also 
measured the effect of cation vacancies on Tv.) Beyond an Fe 
deficit corresponding to the composition 57.24 at.% O, the trans- 
formation is second order [85Aral, 85Ara2, 85She2, 88Ara], and 
Tv is depressed with increasing cation vacancy concentration at a 
lesser slope of about-1.0 x 102 ~ O [8SAra]. The [88Ara] 
data indicated that a discontinuous decrease (-8.5 "C) occurs in 
Tv at 57.24 at.% O in the change from first-order to second-order 
behavior. At a sufficiently large cation vacancy concentration, the 
Verwey transformation is suppressed [41Vet]; the extreme of Tv 
was located recently at 57.44 at.% 0 and-192 ~ [8SAra]. 

The effects of pressure and the O isotopic mass on Tv were 
reviewed [83Sril, 83Sri2]. Elevation of hydrostatic pressure 
depresses the value of Tv, but there is disagreement in the ex- 
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perimental values of dTv/dP: -4.4 to -4.8 [68Sam] and -2.7 
"C/GPa [79Kak]. Substitution of 43% 180 for 160 in Fe304 satu- 
rated with O at 800 to 1000 "C raised Tv by 6.1 "C (dTv/dC = 
+0.15 *C/at.% 180) [79Ter, 81Wol]. 

The possibility of incommensurate features tO the Verwey trans- 
formation were considered by [79Iiz], who regarded the change 
as commeusurate-to-commensurate "bypassing a possible inter- 
mediate, phase of incommensurately modulated structure." 
[84Bel] concluded from thermal expansion data near TV, with 
and without a magnetic field, that a magnetic field "induces an in- 
commensurate crystal structure." 

Application of hydrostatic pressure to Fe304 induces a transfor- 
marion at room temperature [70Mao]. The equilibrium pressure 
for coexistence of the low-pressure (cubic) phase (LPlV 0 and the 
high-pressure phase (HPM) has not been evaluated accurately be- 
cause of hysteresis. Transformation to I-IPM at room temperature 
requires 22 to 27 GPa [70Mao, 74Mao, 75Syo, 86Hua],but rever- 
sion to LPM does not occur above 5 [70Mao] or 3.4 GPa [86Hua]. 
Severe hysteresis persisted to 600 *C; from consideration of the 
experimental transition pressures (increasing and decreasing), a 
value --68 *C/GPa for the temperature dependence of the actual 
boundary pressures and a value near 21 GPa at 25 *C were es- 
timated [86Hua]. 

On its Fe-rich side, Fe304 coexists with (aFe) below 570 *C, with 
wustite from 570 to 1424 *C, and with L2 from 1424 "C to its con- 
gruent melting point at 1596 *C (Fig. 2). Experimental data from 
the boundary compositions on this side and on the O-rich side of 
the Fe304 phase field are listed in Table 4. 

Although lower O concentrations have been reported in metasta- 
ble Fe304, for instance 56.657 at.% O at 245 "C [67Col], the 
stable lower boundary for coexistence with (r is quite precise- 
ly at the stoichiometric composition 57.143 at.% O [46Dar]. No 
data showing deviations therefrom are available. 

For veustite coexistence (and, indeed, for the solidus to the melt- 
ing point of Fe304), most publications show the Fe304 boundary 
at 57.143 at.% O, as depicted by [46Dar]. However, [82Die] 
reported experimental data corresponding to O concentrations 
slightly below the stoichiometric from 900 to 1400 ~ A mini- 
mum deviation was depicted at about 1200 ~ The indicated in- 
crease in deviation (larger Fe excess) with temperature decreas- 
ing from 1200 to 900 *C is unexpected. The [82Die] data indicate 
that Fe304 contains about 57.05 at.% O at its 1424 "C peritectic 
equilibrium with wustite and L2. The solidus, which is un- 
measured, runs from this point to the congruent melting point at 
1596 ~ and 57.14 at.% O. 

On its O-rich side, Fe304 is in equilibrium with aFe203 at lower 
temperatures. In the condensed system withOUt 02 pressure 
restriction, this boundary terminates at 1539 "C [71Cro] in a 
eutectic equilibrium, where Fe304, aFe203, and L2 coexist. 
From 1539 to 1596 "C, the upper boundary of the Fe304 phase 
field is its solidus. In instances where the system is restricted to 02 
pressures of i atm (0.1013 MPa), the upper boundary between 
1457 and 1582 ~ corresponds to this 02 isobar, intersecting the 
curve for coexistence with aFe203 and the solidus at these 
respective temperatures. 

Among the several measurements of Fe304 compositions con- 
jug, ate to aFe203, it is useful to compare other data sets against 
those of [46Dar]. Below 1100 "C, the [35Gre] and [82Die] sets fit 
quite well with an extrapohtion of the [46Dar] data as originally 
presented or as slightly modified by [57Smi]. Above 1100 "C, the 
[35Whi] and [38Whi] data scatter too widely to be considered, 
those of [69Sch] scatter widely on either side of [46Dar] below 
1400 "C, and others [35Gre, 57Smi, 70Roe] and the lower- 
oxygen set of [41Sch] fit quite well with the [46Dar] points.Al- 
though closely in agreement with [46Dar] at 1100 and 1400 "C, 
[82Die] indicated somewhat higher O contents (difference not 
greater than 0.1 at.% O) on the boundary between those tempera- 
tures. Because of the small difference and substantial support 
from other investigators, the [46Dar] line is adopted here. Ex- 
trapolation of the [46Dar] curve through the region lacking data 
to 1539 "C (rather than the value 1568 *C suggested by [60Phi]) 
indicates that eutectic Fe304 contains about 58.2 at.% O. 

The points along the Fe304 solidus (O/Fe > 1.333) reported by 
[35Gre], [38Whi] (as corrected by [41Sch]), and [46Dar], 
whether at 02 pressures above or below 0.1013 MPa, are quite 
compatible with each other and with the 1539 ~ eutectic tem- 
perature. The only data available for the boundary of the Fe304 
phase field along the 0.1013 MPa isobar are those of [46Dar]. 

aFe~Os 

There are no stable polymorphic transformations. Magnetic tran- 
sitions at -10.5 and 688 "C, the latter also involving an electrical 
transition, are discussed in the "Magnetism" section.* This oxide 
d e c o ~ s  to Fe304 without melting at 1457 ~ (see discussion 
below) under 0.1013 MPa 02 pressure [46Dar]. Stoichiometric 
ctFe203 melts at-1572 "C under-5.3 MPa 02 pressure [71Cro]. 

On its Fe-rich side, o.Fe203 is in equilibrium with Fe304. Bound- 
ary compositions ofo.Fe203 coexisting with Fe304 were reported 
several times (Table 5). All results lie between 59 and 60 at.% O, 
but the reported deviations from 60 at.% O vary by more than a 
factor of 10, with no two unrelated sets agreeing, except [41Sch] 
and [70Roe] partially. The more recent sets of measurements, 
with a range of >200 "C [61Sal, 67Kom] differ by a factor of 2 to 
3, although the quality of experimentation appears comparable. 
The tentative adoption of the [67Kom] det~ (and their extrapola- 
tion [80Gul2]) in the assessed diagram (Fig. i and 2) is arbitrary. 
According to [78Spe], the composition of aFe203 coexisting 
with Fe304 at 1457 "C and 0.1013 MPa 02 is 59.82 at.% O, in 
good agreement with the [80Cm12] value, 59.79 at.% O. 

On the O-rich side of aFe203, no higher oxide has been observed 
in stable coexistence, even at 02 pressures far exceeding 0.1 MPa. 
Up to 1447 "C, ctFe203 equilibrated with 02 at 0.1 MPa exhibits 
no detectable deviation from the stoichiometric composition 
(60.0 at.% O) [78Spe]. Moreover, [71Dra] observed no excess O 
in ctFe203 equilibrated with 02 at 0.1 GPa and 500 to 700 "C. 
Above 1447 "C, aFe203 at 0.1 MPa 02 is substoichiometric 
[78Spe], reaching the composition 59.8 at.% O and saturation 
with respect to Fe304 at 1457 [46Dar] or 1455 "C [69SCh] (see 

*No evidence was found supporting the report [70Izy], based on 
neutron-diffraction data, that rhombohedral Fe203 transforms to a 
monoclinic form (space group B2/b or B2'/b') at TM, the lower of these 
magnetic transition points. 
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preceding paragraph). The [46Dar] value is adopted, consistent 
with the [78Spe] and [82Kub] assessments. 

Llquidus 

The compositions of the liquid in equilibrium with another con- 
densed phase at 02 pressures of ~0.1 MPa lie on six curve seg- 
ments separated by discontinuities of slope: (1) the (GFe) liquidus 
corresponding to 1.1; (2) the boundary of the miscibility gap, with 
Fe-rich liquids termed L 1 coexisting with O-rich liquids termed 
I-.2 on either side of a maximum at the experimentally unobserved 
critical (consolute) point; (3) the (GFe) liquidus corresponding to 
L2, which is theoretically but unobservably continuous with 
curve I above; (4) the (TFe) liquidus; (5) the wustite liquidns; and 
(6) the Fe304 liquidus, continuous on either side of the maximum 
at 57.1 at.% O. At 02 pressures somewhat above 0.1 MPa, an 
Fe203 liquidus exists. Published phase diagrams often depict a 
curve of liquid compositions at 0.1 MPa or I atm 02 pressure in- 
tersecting the Fe304 liquidus. 

The O concentrations of L 1 in equilibrium with (GFe) between 
1538 "C, the melting point of pure GFe, and the monotectic point 
were shown experimentally to be linear with temperature 
[68Kus, 70Kns]. The monotectic temperature was reported ex- 
perimentally at 9 or 11 "C below the melting point value used for 
GFe [46Dar, 70Kus, 83Ndu]. Based on 1538 "C for this value, we 
adopt the value 1528 "C [70Kus, 83Ndu] for the monotectir tem- 
perature. The monotectic L1 composition is calculated from the 
adopted curve for L1 congx~sitions on the miscibility gap bound- 
ary (see next paragraph) as 0.58 at.% O. This adopted value is 
slightly different from other assessed values 0.56 [46Dar, 
70Kus], 0-57 [78Spe, 82Kub], and 0.59 at.% O [83Ndu]. 

The L1 compositions on the miscibility gap boundary were inves- 
tigated repeatedly, and the results have been compiled several 
times [Hansen, Eiliott, Shunk, 56C_mk, 67Bel, 83Ndu]. Not in- 
cluded in those compilations were the experimental results of 
[71Dis], [78Fis], and [83Ohtl]. Of the last three, the [84Ohtl] 
data are scattered and not clearly for equilibrium. There is excel- 
lent agreement among three sets of data [43Tay, 71Dis, 83Ndu] 
over the range 1380 (undercooled L1) to 1960"Cwith the [71Dis] 
equation: 

log C O =-6380/T+ 3.303 

where Co and Tare in aL% O and K, respectively. Other slightly 
discordant equations (except for those of [78Fis]) descnl~,d 
measurements over much smaller temperature ranges. The 
[78Fis] equations (1508 to 1850 and 1850 to 2046 "C), which in- 
dicate a kink in the boundary at 1850 "C, yield considerably 
higher values of O concentration on the L1 boundary. Adoption 
here of the [71Dis] equation is in agreement with the choice in the 
[78Spe] and [82Kub] reviews. The critical point of the miscibility 
gap has not been observed; [84Ohtl] roughly estimated its loca- 
tion from the [78Fis] data at about 2830 "C and 47 at.% O. 

Compositions of L2 on the O-rich side of the miscibility gap ap- 
parently were measured only by [71Dis]. They reported three 
points at 1785, 1880, and 1960 "C close to a line that can be 
described by: 

Co = 52.087- 0.00103 T 

where Coand Tare in at.% O and "C, respectively. This equation 
yields the composition 50.51 at.% O at 1528 "C, in excellent 
agreement, despite the long extrapolation, with the monotectic L2 
composition, 50.48 at.% O, reported by [46Dar] for 1524 "C. The 
data points of [46Dar] are nearer to the invariant point, so their 
line is adopted, but it is extrapolated herein to 1528 "C. The in- 
variant composition 50.47 at.% O is therefore adopted. 

The curves representing L2 compositions on the (GFe) liquidus 
and the (TFe) liquidus were determined experimentally only by 
[46Dar]. (By extrapolation of wustite llquidns data, [31Pfe] es- 
tablished the L2 composition at 1370 "C at the L2 ~ (TFe) + W 
eutectic equilibrium as 50.72 at.% O, in fair agreement with but 
probably less accurately than [46Dar].) [46Dar] located two 
points on the (GFe) liquidus (1528 to 1392 "C) and one point on 
the ('fFe) llquidns (1392 to 1371 "C). Because of the sparse data 
and brevity of these liquidus segments, no appreciable deviation 
from linearity is lmown to occur. The [46Dar] data and assessed 
invariant Lz loci (Table 1) yield the following equation that 
describes both the (GFe) and ('fie) liquidi adequately, even though 
a sfight discontinuity in slope occurs at 1392 "C: 

CO = 54.90- 0.0029 T 

where CO and Tare in at.% O and "C, respectively. The adoption 
of 1392 "C for coexistence of (GFe) + ('tFe) + L2 is based on the 
[67Swi] calculation that O depresses the GFe -* "fie transforma- 
tion by 2 "C. L2 at this invariant contains 50.86 at.% O. The ex= 
perimental composition 50.92 at.% O of eutectic La [46Dar] is 
adopted, in preference to the calculated value 50.85 at.% O sug- 
gested by [80C-oe] or the [31Pfe] value. 

Elevation of hydrostatic pressure increases the monotectic tem- 
perature by about 20.5 "C/GPa between 0 and 4 GPa [84Oht2]. 
An increase of pressure from 0 to 3 GPa displaces the L1 
monotectic composition from 0.6 to 1.7 at.% O [84Oht2]. In cal- 
culations of the phase equih~n'ia involving liquid between 0 and 
50 at.% O at pressures from 0.1 MPa to 30 GPa, the same authors 
indicated that the monotectic is suppressed at about 20 GPa and 
that a eutectic reaction L14.~ (Fe) + W occurs. 

The only experimental values for compositions of L2 on the wus- 
rite liquidus at 0.1 MPa are apparently those of [31Pfe] and 
[46Dar]. The former obtained two rough points on this liquidus 
segment. He exizapolated a fitted curve to its L2 ,M, (u + W 
(1370 "C at 50.72 at.% O) terminus and to intersect his ex- 
perimental Fe304 liquidus at 1430 "C and 53.78 at.% O. His con- 
vex upwards curve lies higher than the shallowly inflected (al- 
most straight) curve that [46Dar] drew through their six 
experimental points between 1371 "C at 50.92 at.% O and 1424 
"C at 54.19 at.% O. The upper terminus of the curve that [80Goe] 
calculated is at 1420 "C and 54.26 at.% O and, thus, in good agree- 
ment with the [46Dar] curve adopted herein. 

The Fe304 liquidus was studied experimentally by [31Pfe], 
[38Whi], and [46Dar]. Only [46Dar] observed the curve on both 
sides of the maximum at the congruent melting point of F0304 
(57.14 at.% O); the [31Pfe] and [38Whi] da!a are for only lower 
or higher O concentmions, respectively. Agreement of [38Whi] 
and [46Dar] is excellent; that between [31Pfe] and [46Dar] is fair 
(<0.5 at. % O difference) above 1450 "C, but the older data are im- 
precise, somewhat scattered, and crossing those of [46Dar] at an 
appreciable angle. Moreover, [31Pfe] indicated that Fe304 melts 
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incongruently, in contradiction of most others [38Whi, 46Dar, 
60Phi]. From the foregoing considerations, the [46Dar] da!a are 
adopted. 

For the restriction that 02 pressure may not exceed 0.1013 MPa, 
the Fe30,t liquidus terminates at 1582 ~ and 57.94 at.% O 
[46Dar]. The compositions o fL  2 on the 0.1013 MPa 02 isobar 
above 1582 ~ were determined also by [46Dar], who showed 
that O concentration was nearly constant at 57.9 at.% O (or 
declined very slightly) with increasing temperature to 1635 "C. In 
the condensed system at O2 pressures above 0.1 MPa, the Fe304 
liquidus terminates at 58.9 at.% O [80Gu11] (or slightly lower), 
the eutectic composition for the coexistence of L2 + Fe304 + 
Fe203 at 1539 "C [71Cro]. There are apparently no reliable data 
for the Fe20 3 liquidus com4x~itions. 

Gas 

The equilibrium gases over solids or 5quids of the Fe-O system, 
according to the composition of the condensed phase, may con- 
tain significant fractions of the following molecular species: Fe, 
02, O, FeO, and Fe02. Claims that Fe304 and (FeO)3 molecules 
occur in the gas phase [63Gle] were disputed by [63Was]; 
moreover, these particular species apparently were not observed 
in subsequent studies. The existence of Fe02(g) first was reported 
by [75Hill in gas over Fe203; [84Smo] recognized its presence in 
their analysis of gas thermodynamics. Molecular FeO 2 is not 
known to be the dominant gaseous species in any condition, but 
Fe, FeO, 02, or O may be dominant. 

According to [78Shc], the congruently vaporizing composition 
of the condensed phase is displaced to lower O concentrations as 
temperature increases. Below about 1360 ~ the congruently 
vaporizing solid is Fe304; for a short interval above 1360 "C, it is 
wustite. At still higher temperatures, the congruently vaporizing 
condensed phase is liquid. It was recently shown [84Smo] that the 
widely quoted value for O concentration, 52.74 at.% O, in con- 

gruently evaporating liquid at 1600 "C [46Dar] is greater than the 
actual value. 

M e t a s t a b l e  P h a s e s  

Wust i te  

When quenched below about 200 ~ wustite can be retained 
without transformation to (ctFe) and Fe304 or other metastable 
phases for indefinite periods. As discussed in the section on crys- 
tal structures, below, the quenched wustite may not have retained 
exactly the defect structure of the original at higher temperature. 
Three types of metastable wustite----P', P", and P"'--were distin- 
guL~.hed [68Man]. Their natures and rather uncertain ranges of oc- 
currence are discussed in the section on crystal structures. 
[66Her] reported a possible miscibility gap in supercooled wus- 
rite from electron m i ~ y  and XRD studies with boundaries 
at 300 "C of 50.5 and 52.1 at.% O. Metastable wustite with the 
composition of stoichiometric "FeO" was reported to occur as a 
decomposition product of annealing at 225 "C wustite quenched 
from the stable region [70Hen]. In another study of decomposing 
quenched wusfite, various transient wustite compositions were 
reported [59Hof]. 

With low-temperature heat-capacity measurements, [29Mil] 
detected a transition in metastable wustite at about-90 "C. Sub- 
sequent studies, including magnetic susceptibility measure- 
ments, showed that the anomaly was due to a change from 
paramagnetic to antiferromagnetic [70Mic]. A change in crystal 
structure from cubic to rhombohedral (wustite (LT)) at this N6el 
point, TN, was discovered by [50Tom]. The deviation from cubic 
is almost undetectable at O-rich compositions; the deviation of (x 
from 60 increases with Fe content. There is considerable variation 
among measured values of TN, which depends on composition 
(O/Fe) and apparently is sensitive also to other often ill-defined 
factors, such as thermal history and impurity content. Different 

Table 6 Fe-O Crystal Structure Data 

Composition, Pearson Space Strukturbericht 
Phase ak% O symbol group designation Prototype Reference 

Stable 

(caVe) .......................................................................... - 0  c12 Im~n A2 W 
(6Fe) .......................................................................... - 0  d 2  lm~m A2 W 
(u .......................................................................... - 0  cF4 Fm~m A1 Ca 
Wu.gite ....................................................................... 51.2 to 54.6 cF8 Fra~m B1 NaCI 
Fe.30,(LT ) .................................................................. -57.1 mC224 Cc Fe304(L'I') 
Fe304 ......................................................................... 57.1 to 58.0 cF56 Fa'Jm / t l t  AI2MgO4 
aFeqO 3 ...................................................................... 59.8 to 60.0 hR10 R~c D5~ o.A1203 

Other  

(~FeXa) ...................................................................... 0to ? AP2 P63/mmc A3 Mg 
P'(wustite) .................................................................. -51.3 to-53.5 c**(?)(b) . . . . . .  
V'(w~ait~) .................................................................. 52to-54 ~ ? )  e~ , ,  . . . . . .  
v,,(wus~) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Wustite(LT) ................................................................ 51.3 m 53.2 hR2(c) ~ ... NiO(LT) 
Fe30,0PXd ) ................................................................ -57.1 m*l 4 ... 
~F~O~ ....................................................................... -6o.0 ~ 0  iL~ z3~ ~ o ~  
-fFr ....................................................................... -.60.0 tP160 P43212 . . . . . .  
~Fe203 ....................................................................... -60.0 m*100 . . . . . . . . .  

[Pearson2] 
[Pemon2] 
[pearson2] 
[pearson:.] 
[77Yos] 
[remo~] 
[rearson2] 

[pearson2] 
[sOSau2] 
[SSLsh] 
[~Man] 
[7oMic] 
[74Mao] 
[5SSvr 
[83C, rel 
[6.XSch2] 

(a) Stable at prvssures >13 OPa. (b) Incommensurate ([83Leb] dissenting); [77And] claimed octlmchombic. (r Magnetic reflections may indicate linear cell dimensions 
are doubled, corresponding to hR16 [79Bat]. (d) Stable at pressures >25 GPa. 
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methods of measurement also yielded slightly different values 
[67Koc]. Measurements of the composition effect on T N [67Koc, 
68Fin, 68Mai, 70Mic, 84Sri] are not concordant, but most indi- 
cam that T N increases about 8 to 12 "C/at.% O and that TN is near 
--80 "C in Fe-rich (metastable) wustite. Acr.ording to [67Oka], in- 
creasing pressure up to 0.6 GPa raises T N by 65 ~ 

Different opinions were published on whether metastable wustite 
with 51.5 at.% 0 undergoes a change of crystal structure when 
subjected to shock compression over 70 GPa [82Liu, 84Jac, 
S4tJu2]. 

F e 2 0  

The possible existence of Fe20 in subsurface layers of the Earth 
was hypothesized by [71Sor]. There is no evidence that the phase 
has been observed. 

F e O x ( 1 . 3 3  > x  > 1 .15)  

The occurrence of several phases intermediate in composition be- 
tween O-rich wustite and Fe304 was claimed by [69Riz] in emf 
oxidation/reduction studies at 1100 to 1200 "C. This finding does 
not appear to have been confirmed independently. 

[~Fe2Oa, yFe2Oa,  and  ~Fe2Oa 

These metastable forms are described in Tables 6 and 7 and dis- 
cussed in the "Crystal Structures and Lattice Parameters" section 
below. 

C r y s t a l  S t r u c t u r e s  a n d  L a t t i c e  
P a r a m e t e r s  

Fe-O crystal structure and lattice parameter data are listed in 
Tables 6 and 7, respectively. 

{gel 

The effects of dissolved O on the lattice parameters of (aFe), 
(yFe), and (6Fe) apparently have not been measured because of 
the very low solubility. 

W u s t i t e  

The structure is a highly defective form of an ideal fcc (NAG- 
type) lattice composed of Fe +* and O = ions. This was established 
originally in quenched (metastable) specimens by [25Wyc] using 
XRD. All specimens equilibrated at atmospheric pressure are Fe- 
deficient relative to "ideal" ferrous oxide with O/Fe = 1. This 
defidency is associated with a predominance of vacancies in the 
Fe sublattice [33Jet1]. For charge balance, Fe +++ ions occur 
together with the Fe ++ ions. ([84I-Iaz] drew attention to the lack of 
exaa  knowledge of vacancies in the O sublattice, which are, how- 
ever, in low concentration compared to those of the Fe sublattice 
and certainly fewer than 2% of the available O sites.) Detailed 
reviews of the voluminous literature on wustite structures 
[76Gay, 80Baul, 84Haz, 87Mro] are available. Only a brief 
description is included here. 

The view that the defects associated with the Fe deficit were al- 
ways Fe-site (octabedral) vacancies and Fe +++ ions was con- 
tradicted by the [60Rot] finding with neutron diffraction on 
quenched (metastable) specimens that some Fe ions occur inter- 
stitially in tetrabedral sites normally vacant in NaCl-type stmc- 

Table 7 Fe-O Latt ice P a r a m e t e r  Data 

Composition, Lattice parameters, nm 
Phase at.% O a b c Comment Reference 

Stable 

aFe .............................................. 0 0.28665 
0.2904 

6Fe ............................................... 0 0.2932 
0.2941 

~/Fe ............................................... 0 0.3647 
O.3688 

Wustlte ......................................... 52.1 0.43536 
Fe~O4(LT) .................................... 57.1 1.1868 
Fe304 ........................................... 57.23 0.8396 
aFe203 ........................................ 60.0 0.54277 

Other 

eFe ............................................... 0 0.2485 
P' .................................................. -52.3 -1.16 
P". ................................................ 52.6 -1.54 
1 y r n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Wustite(LT) .................................. 51.3 0.3050 

Fe304(P ) ...................................... -57.1 0.422 
[~Fe203 ......................................... - 6 0  0.9393 
yFe203 ......................................... -60 0.83396 
eFe203 ......................................... -60 1.297 

. . . . . .  At25 "C [r,i~l] 

. . . . . .  At 912 "C [83Nou] 

. . . . . .  At 1394 "C [83Nou] 

. . . . . .  At 1538 "C [83Neu] 

. . . . . .  At 912 "C [83Neu] 

. . . . . .  At 1394 "C [83Neu] 
At I000 *C [74Tog] 

1.i~51 1.6752 p = 9o'12', at-263 "c [ ~ z ]  
. . . . . .  Room temperature [69Bha] 
. . . . . .  a = 55" 15', at 20 "C(a) [68Kas] 

... 0.3990 Room temperature [King3 ] 

... supe~ii [77A~1 
1.54 -2.18" Room temperature, y = 90" [851sh] 

iii iii a = 59"30', ai-183 "C0a ) i~)Mic] 
0.543 0.560 I~ = 106", at 25 "C and 25 GPa [74Mm] 

. . . . . .  Room temperature [761kn] 

... 2.4966 A t  -269 "C [83Gre] 
1.021 0.844 Room temperature, j~ = 95"20' [6.3Sd~] 

(a) Converted from original parameters for hexagonal indexing (a = 0.50340 and c = 1.3752 nm). (b) Magnetic reflections may indicate linear cell dimensions are 
doubled [79Bat]. 
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tures. The original [60Rot] concept was modified by [69Koc], 
who described the vacancies and tetrahedral ions as occurring in 
13/4 clusters of 13 vacancies and 4 tetrabedral ions. 

The concept of a basic defect complex from which larger defects 
were formed by aggregation was developed by [71Che]. With 
neutron diffraction at 800 to 1200 "C, they discovered that the 
basic complex comprises a tetrabedral Fe ion surrounded by four 
octahedral vacancies of the Fe sublattice positioned relative to 
one another at the corners of a tetrahedron. This complex is called 
a "4/1" defect. Experimental data showing that for most equi- 
libration conditions, the vacancy/interstitial ratios were less than 
4 were explained in terms of clusters of 4/1 defects, in which 
vacancies were shared among the conjoined defects. Experiment 
and theory have focused attention on certain clusters, distin- 
guished by the number and the joining configuration of the con- 
stituent 4/1 defects, as being more probably than others [69Koc, 
75Cat, 79Gav, 85Sor, 85Tom, 86Garl, 86Gar2, 86Gri, 87Gar]. 
The formation of dusters sometimes is characterized as a short- 
range ordering process. Uncertainty remains regarding the 
dominant type of cluster in any particular set of conditions; a mix- 
ture of cluster types is probably present in equilibrium wustite 
under most conditions of composition, temperature, and pressure. 

Description of the defect structures is further complicated by the 
incompletely understood long-range ordering of the defect 
clusters. Room-temperature data from quenched specimens have 
been used frequently for discussion of structures in the tempera- 
ture range of wustite stability, but the assmnption of their ap- 
plicability is questionable. Observations in the stable T-P-Xrange 
of wustite, however, sometimes have indicated that long-range 
ordering of the clusters occurs up to 1000 "C [67Man, 70Ben, 
73Hay]. In other studies itwas not detected [69Koc]. 

In the many papers of Vallet and his associates, summarized by 
[70Val], [76Carl, and [89Val], dilatometric, XRD, and thermo- 
dynamic evidence was presented for the subdivision of the wus- 
tire field into ten regions separated by transformations of second 
(or higher) order. The differences among the six structures of the 
ten regions were not descffoed, but speculations often have as- 
sociated the subboundaries with changes in ordering. The Vallet 
concept was supported at least partly by independent thermo- 
dynamic data and analysis [69Fen, 85SOr], but in spite of directed 
effort, other investigators, working with stable wustite at elevated 
temperatures, have not found evidence of the transformations 
claimed [72Hay, 74Hay, 74Tou]. The absence of two-phase fields 
and first-order discontinuities is undisputed; the existence and 
location of second- (or higher-) order features interrupting a con- 
tinuous structural change in wustite remain controversial 
propositions. 

The data are insufficient for quantitative exposition, but a qualita- 
tive picture of structural variation within the stable wustite field 
emerges from many experiments and calculations [83Leb, 
84And, 84Rae]. At temperatures approaching the solidus, iso- 
lated octahedral Fe vacancies and ferric ions may be present and 
are perhaps dominant. At lower temperatures within the stable 
field, the octahedral vacancies tend to occur with tetrabedral fer- 
ric ions in 4/1 defects that conjoin to form various kinds of 
clusters. The dominant type in a mixture of cluster types probably 
varies with temperature and ONe ratio. The clusters tend towards 
long-range order at lower temperatures and higher O/Fe ratios. 

Lattice parameter values and structural analyses of metastable 
wusfite quenched from the stable range are often unreliable in- 
dications of the equilibrated high-temperature state, not only 
because of thermal expansion and quenching strains, but also be- 
cause of unsuppressed ordering or other changes in defects. Unit 
cell dimensions of equilibrated wustite at high temperature may 
be expected to be affected by changes in defect clustering and or- 
dering with temperature and composition changes. Measure- 
merits at temperatures and compositions in the stable range were 
reported. The lattice parameter of the basic cell (4Fe + 40 ion 
sites, NaCI type) varies linearly with composition (800 to 1075 
"C) [72Hay, 74Tou] and with temperature (600 to 1075 "C) 
[65Gor, 74Tou]. No trace of the subboundaries was detected in 
any of these works, although argument was presented [73Car, 
74Car] that the [72Hay] data were, nevertheless, compatible with 
the existence of subboundaries. 

The data for lattice expansion with temperature yield the follow- 
ing values for (106 da/d'/)nnv'C at 42.1 at.% O (1.087 O/Fe): 6.1 
[65Got], 8.6 [72Hay], 6.9* [74Tou]. The averaged effects of 
composition changes measured by [72Hay] (950 and 1050 "C) 
and [74Tou] (800 to 1 075 "C) are 0.0357 and 0.0349* nm/(ONe), 
respectively. Because the stable range ofwustite is extensive, the 
choice of location for the lattice parameter value quoted in Table 
7 at 1000 "C and 52.1 at.% O (0.920 Fe/O or 1.0870/Fe) appears 
to be rather arhilrary. However, it is a point within the experimen- 
hal ranges of [65Gor], [72Hay], and [74Tou], whose da!a are quite 
concordant there, with the [74Tou] value located at their average. 

Long-range ordering of defects produces supersmtctures with 
unit cell dimensions larger than the a value (denoted a' here) of 
the basic NaCl-type unit cell. Cells with the periodicity 2.6a' at 
840 "C with O/Fe = 1.11 or 1.05 [73Hay] and about 2.5a' at 900 "C 
with O/Fe = 1.08 [87Gar] were reported. Resemblance of the or- 
dering of clusters in stable wustite to that in the metastable phases 
1 y and P" at lower temperature was reported by [68Man] (also 
[70Ben]) and by [86Garl], respectively. 

Effects of elevated hydrostatic pressure on wustite in its stable 
range apparently have not been reported. 

F e s 0 4  

The cubic structure and apace group at ambient temperature and 
pressure were correctly identified by [15Bra]. The identification 
of the space group as Fd3m was reconfirmed by [74Sam] after it 
has been questioned. The structure is that of an inverse spinel at 
ambient temperature, but [81Wu] showed that the distribution of 
Fe ++ and Fe +++ ions between tetrabedral and octahedral sites 
gradually becomes random with increasing temperature. Prior 
published lattice parameter values were listed by [67Swal] 
without exactly specified compositions. Table 7 lists the adopted 
value for stoichiometric Fe304 [69Bha]. The initial measurement 
of the effect of composition on a [41Ver] indicated a much larger 
effect than that of [69Bha], whose data exhibit a contraction in a 
with increasing O content, corresponding to about -1.2 x 10-3 
rim/at.% O. Somewhat larger, concordant values,-1.9 • 10-3 and 
-2.1 • 10-3 nm/at.% O were reported by [67Col] and [75Vol], 
respectively. The [81Tou] d~t~ indicate the values-2.5 • 10-3 and 
-3.3 • 10-3 nm/at.% O for 900 and 1200 "C, respectively. The 

*Recommended. 
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nonlinear effect of temperature on a from -152 to +22 "C was 
measured [79Iid, 79Yos, 83Rig] with d In a/dT- 7 • 10-6/'C 
[79rid]. Lattice parameter values also were reported from room 
temperature to 1000 "C [65Gor] and to 1200 "C [81Tou]. An 
anomaly occurs in the nonlinear relationship near the Curie tem- 
perature. The coefficient of lattice parameter change with pres- 
sure at zero pressure, d In aMP, was reported to be 1.82 • 
10-3/GPa [74Mao] and 1.84 x 10-3/GPa [86Nak]. The response 
is not linear. 

Two other modifications of Fe304, both monoclinic, exist (Tables 
6 and 7): (1) Fe304(P ) at elevated pressures (>25 GPa at room 
temperature); and (2) Fe304(LT) at low temperatures (below 
-149 "C at ambient pressure). There is apparently only one deter- 
mination of Fe304(P ) symmetry (Table 6). The effects of changes 
in composition, temperature, and pressure on its unit cell dimen- 
sions (Table 7) are apparently unknown. The tentative identifica- 
tion by [74Mao ] of the Fe30 40') structure--monoclinic with two 
molecules of Fe304 per unit cell--was regarded as being quite 
dubious by [86Hua]; however, no alternative was suggested. 

�9 The crystal symmetry of Fe304(LT) was described as probably 
tetragonal [47Ver], rhombohedral [51Tom], orthorhombic 
[53Abr], "possibly" triclinic [71Chi2], and monoclinic [77Yos]. 
Uncertainty remains; the structure is probably monocllnic, but 
possibly triclinlc [80Goo]. The space group Cc [77Yos] was 
adopted in later papers [79rid, 82Chi, 82Iiz], but Iida, who co- 
authored [77Yos], adopted Pc at "finite" temperatures [80Iid]. 
For Fe3OaCtT), the effect of variation in temperature (but not of 
composition or pressure) on the lattice parameters was measured. 
The variations in a, b, c and [3 were observed from -193 to -153 
"C [79Iid, 79Yos]. Sets of values at -189 [77Yos] and -263 "C 
[82Iiz] (Table 7) also were reported. 

z~FeaOa 

The rhombohedral structure, unit cell, and R-3c space group as 
identified by [25Paul were confirmed with refinements by 
[66Bla] and generally are accepted. The lattice parameter values 
adopted in Table 7 [68Kas] were determined with XRD on a very 
pure polycrystalline specimen. The lattice parameters reported by 
[70Bla], which agree with those of [68Kas] within experimental 
error, were measured precisely with a single crystal of lower 
p~ty. 
The effect of temperature on the lattice parameters was measured 
by [65Gor] (25 to 1000 "C), [65Sai] (20 to 1100 "C), and [67Str] 
(20 to 750 "C). No anomalies were observed by [65Gor], possibly 
because of the wide temperature intervals between measure- 
ments or because of impurities in the mineral specimen. Natural 
hematite from a different source and a synthetic specimen were 
used by [65Sai], who observed in each anomalous behavior near 
300 "C, in addition to that probably identifiable with the N6el 
point near 700 ~ Contradicting [65Gor] and [65Sai], [67Str] ob- 
served the parameter c (hexagonal indexing) to decrease with in- 
creasing temperature to 640 "C, above which it increased. No set 
of results depicts a discontinuity in a or c (hexagonal). The 
[65Gor] results are adopted tentatively. 

The effect of hydrostatic pressure on the unit cell dimensions was 
observed by [66Lew] (to 23 GPa), [79Sat] (to 11 GPa), [80Fin] to 
5 GPa) and [85Suz] (to 55 GPa). An anomaly at 3 GPa [79Saq, at- 
tributed tentatively to a Morin transformation, was not reported 

by the other investigators and specifically denied by [80Fin], who 
suspected that an impurity effect had been involved. Anisotropy 
of linear dimensional changes of the unit cell during compression 
was noted by [79Sat] and [80Fin], but not by [66Lew]. Aphase 
transformation at about 55 GPa was detected by [85Suz], but an 
attempt to identify the high-pressure structure with XRD and 
M/~shauer tests as a perovskite-type orthorhombic lattice was 
unsatisfactory. 

W u s t l t e  (Metastable)  

The three metastable forms, P', P", and P"', observed at and above 
room temperature (but below 570 ~ and one low-temperature 
rhombohedral form with antiferromagnetic ordering (below a 
--80 "C N~el point) are discussed in this section. 

Early observations of"wustite" were performed with metastable 
products of quenching from the stable state [25Wyc, 333etl]. 
These investigations revealed an "ideal" NaCl-type fcc structure 
with eight (oashedral) ion sites (half Fe, half O) per unit cell and 
also that many such sites, predominantly those of Fe, were vacant. 
This description was accepted until [60Rot] with neutron diffrac- 
tion and [66Smu] with XRD showed on specimens quenched to 
room temperature that some cations (mostly Fe +++) were in 
tetrahedral interstices. The investigations of [63Man] and 
[68Man] showed that the defects present exhibited long-range 
order, which according to composition and thermal history, ex- 
hibited three forms, designated P', P", P"'. [69Koc] first showed 
that the cation vacancies and cation interstitials occur in dusters 
involving more than one or two vacancies per defect. The 
voluminous literature dealing with the predominant types of 
clusters and their ordering is summarized in the reviews that are 
listed in the section on the crystal structure of stable wustite. 

Numerous measurements of the lattice parameter, a', of the basic 
cubic unit cell were reported, many over a range of composition. 
Several summaries and comparisons of data are available 
[55Mar, 63Offl, 66Lev, 68Fuj, 73DOb, 74Tou, 84Mcc]. Linear 
equations were adopted to describe the decrease of a' with in- 
creasing O concentration [66Lev, 68Fuj, 80Bau2]. Based on 
specimens quenched from 1000 "C, the [66Levi equation (with 
the original units for a' and Co, the O concentration, trans- 
formed herein to nm and at.% O, respectively) is a' = 
0.53528- 0.0020316 Co. 

Values of a' from this equation agree quite well with other 
measured values [33Jet1, 51Cir, 56Fos, 68Fuj, 74Ton, 79Bat, 
80Bau2], but the [68Fuj ] and [80Bau2] equations indicate a lower 
sensitivity of a' to composition, that is, approximately -1.59 • 
10-3 nm/at.% O. Ouenched specimens ofwustite with 50.04 at.% 
O (almost stoichiometric "FeO") prepared under 5.2 GPa hydros- 
tatic pressure at 770 "C exhibited an a' value of 0.4323 nm at room 
temperature and pressure [67Kat]. This is slightly lower than the 
value of 0.4336 run from the [66Lev] equation extrapolated. With 
stoichiomelric 'TeO" produced as a metastable decomposition 
product of wuslite, [70Hen] obtained the value 0.4333 nm. A 
value, 1.227 x 10-5/'C, for the thermal expansion coefficient, d 
lna'/a~, was measured with XRD between 25 and 450 "C 
[66Ark]. The nonlinear dependence on hydrostatic pressure of 
a'/a'o, where the subscript denotes the zero pressure condition, 
was measured to 29 GPa [66C1e, 66Dri]. 
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The P' phase is obtained in rapid quenching of wusfite from the 
stable range, particularly at those compositions with moderate Fe 
deficits from stoichiometric. Its extra XRD reflections over those 
of the "ideal" B1 structure manifest the presence of order, but are 
of a less developed superstructure than those of P" and P"' 
[68Man, 70Ben]. The ordered P' structure was considered to be 
cubic or pseudocubic with a -  2.6a' [68Man], 2.74a' [77And], 2.6 
to 2.7a' [83Leb], or 3a' [69Koc]. However, telragonal or orthor- 
hombic symmetry was suggested [77And]. Reinvestigation by 
[80Bau2] produced XP-,D and electron microscopy results that 
were regarded as explicable only if the structure is incommen- 
surate, with a superperied that varies with composition. The range 
agreed well with that reported by [77And]. [82Yam] regarded P' 
as incommensurate with the six-dimensional space group 

P ~,,~ ~ .  Adiscussion of the space group oftri-incommensurate P' 

was also given by [87Wei]. However, the contradictory con- 
clusion, that P' is indeed coran~nsurately ordered, was reached 
by [83Leb] (see their "Note added in proof'). Small domain size 
was said to be responsible for misleading diffraction results. 
Thus, the structure of P' remains controversial. 

The P" modification of metastable wustite tends to form in 
quenching to room temperature of stable wustites with larger Fe 
deficits (especially with slower quenching rates than those 
producing P') or in annealing of P' at slightly elevated tempera- 
tures, for example, 225 "C [68Man, 70Ben, 77And]. In P", the su- 
perstructure is better developed than in P'. The structure was 
described by [68Man] as being cubic with a = 5a', but [77And] 
regarded it as"orthorhombic" (space group Abm2) with a = b = c 
= 5a' (sic). The superstructure is commensurate with the B1 
parent lattice according to [83Leb], who, however, also found 
agreement with their data with a monoclinic (space group C2) su- 
percell with linear dimensions 5a' • 5a 'x  10a'. [83Nag] reported 
two orthogonal supercell dimensions as 5a' and 2.5a' while stat- 
ing their agreement with [77And]. Like [83Leb], [85Ish] iden- 
tiffed the structure as monoclinic, but with the space group P21/m 
and the lattice parameters a = b = 2.5 V~'a', c = 5a', and y = 90". 
The clusters were reported to be composed of two edge-con- 
joined vacancy tetrahedra, but, unlike the usual 4/1 clusters, most 
lack the tetrahedral Fe ion. 

The P'" modification of metastable wustite forms when quenched 
wustite (P") is annealed at 500 "C [68Man, 70Ben]. The structure 
apparently has not been analyzed. 

The antiferromagnetic ordering of metastable wustite below 
about--80 ~ causes a rhombohedral distortion of the cubic disor- 
dered structure [50Tom, 53Wd]. The deviation from cubic sym- 
metry in wustite (IT) increases with decreasing temperature 
[65Suz] and with decreasing O concentration [70Mic, 79Bat]. 
With increasing proximity to the N6el point and at high O con- 
centrations, the deviation approaches zero. 

p r e 2 o s  

The bcc structure reported by [58Sve] (Table 6) was confirmed by 
[76Ben], who reported the lattice parameter more precisely 
(Table 7). The effect of composition and temperature on the lat- 
tice parameter have not been reported. 

yFe=Os 

Despite research for more than 50 years, complete agreement on 
the structure and unit ceg apparently does not exist [86Ho]. The 
significant developments in determination of the structure prior 
to 1960 were reviewed by [635chi]; more recently [80Mor], 
[83Bou], and [86Ho] summarized investigators' results. Initially, 
the structure was viewed as a modification of cubic Fe304. Ac- 
cording to [35Hag], [35Kor], and [35Ver], the proposal of a cubic 
face-centered cell (space group Fd~m), nearly equal in size to that 
of Fe304 (a - 0.8396 nm, Table 7), was rendered untenable when 
the ordering of the Fe site vacancies was established with the dis- 
covery of XRD lines incompatible with the spinel structure. Since 
the work of [58Oos], identification of the structure as primitive is 
undisputed. 
The ordered unit cell is tetragonal, with a = 0.833 ran and c/a = 3 
according to [58Oos] and [635chl]. These results were con- 
firmed by [83Gre] using neutron diffraction (Tables 6 and 7). 
However, [83Gre] identified the space group as P43212 rather 
than P41 (or P43) [58Oos]. Other fairly recent investigations 
[83Bou, 86Ho] reported that the unit cell is cubic with a lattice 
parameter of about 2.5 nm_. The_space gr~_up was reported by 
[ 86Ho] as being Pm3ra, Pm3n, Pn3m, or Pn3n. The disagreement 
among investigators in attributable mainly to difficulty in obtain= 
ing individual crystals sufficiently large in all three dimensions 
for definitive measurements. Variations in the degree of ordering 
of Fe ion vacancies and inclusion of hydrogen impurity many 
have been responsible for different findings in some instances. 

s  

A complete description of the monociinlc structure (Table 6) ap- 
parently has not been pubfished. The effects of composition and 
temperature on the lattice parameters(Table 7) are also unknown. 

"6FezOs" 

This compound is not binary, because it yields water during de~ 
composition [59Oka]. 

Thermodynamics 

(aFe) and  (6Fe) 

The standard Gibbs energy change for the reaction: 

1/202(g) ,-, 0 (dissolved in aFe or yFe) 

was reported by [67Swi]. It was based mainly on the (6Fe) data of 
[66Hep] and was approximate for (o.Fe). Conversion of the 
original equation for use with standard states of 02 gas at 0.1 MPa 
and of dissolved O (ao value unity, with ao/Co -"  1 as CO (in 
at.% o) --- zero) yields 

AG o =-155 600 + 32.34 T 

where AGO and Tare in J/0.5 mol of O2 and K, respectively. 

~tre) 
The corresponding standard Gibbs energy change for dissolution 
of gaseous 02 in (TFe), obtained by conversion of the original 
standard states used by [67SWI] to 02 gas at 0.i MPa and O dis- 
solved in (yFe) so that ao/Co "-* 1 as Co (in at.% O) --* zero, is 
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AG o =-175 100 + 50.16 T 

where AG O and T are in J/0-5 mol of 02 and K, respectively. 

W u s U t e  

Measurements of low-temperature heat capacities were made on 
wustites quenched from the stable range by [29Mil] (-203 to +7 
"C, with a relatively poor specimen) and [51Tod] (-221 to +25 "C, 
1.056 O/Fe*). A revised analysis [52Hum] of the latters' data 
rejected their allowance for zero --point entrol~y and yielded the 
S0(Fe0.9470,s, 25 "C) value 57.49 J/K. mol of Feo.9470. 
value was adopted in several compilations [82Wag, 82Pan, 
84Pan]; the 1965 JANAF value, 57.59 J/K. mol of Fe0.9470 
[85Cha] is only slightly larger. The value assessed by [78Spe] 
from high-temperature equilibrium data, 59.79 J/K �9 tool of 
Feo.9450, is significantly higher and concordant within ex- 
perimental error with the original [51Tod] value (59.41)J/K. mol. 
However, [62Chi] had used equilibrium data to support the 
[52Hum] procedure. 

Both [29Mil] and [51Tod] observed g-type peaks in the heat 
capacity of metastable wustite at the N6el point near -80 "C. Rela- 
tive values of the heat capacity near this low-temperature trans- 
formation were compared for several compositions [68Mai]. 

High-temperature enthalpies and entropy increments determined 
by [51Cou] from 25 to 1511 "C (above the melting point) with 
1.056 O/Fe* agree with earlier enthalpy points of [33Whi] at 700 
and 900 "C. The enthalpy of fusion in incongruent melting at 
about 1377 "C is 31.39 kJ/mol of Feo.9470 [51Cou]. 

Experimental investigations of the thermodynamics of the equi- 
librium: 

xFe(s) + 1/202(g) ~-~ FexO(s) 

by equilibration of the solids with H20 + H2 or CO2 + CO mix- 
tures (some thermogravimetric) or by emf (solid electrolyte) 
techniques were very numerous--35 studies prior to 1976 were 
listed in the [78Spe] review. Other reports of experimental inves- 
tigations since 1920"* [21Chal, 21Cha2, 22Mat, 24Eas, 29Kri, 
29Sch, 30Kri, 31Jom, 33Emm, 34Bri, 54Ari, 59Pet, 62Hoc, 
64Mat, 64Tay, 64Vor, 65Mci, 65Vail, 65Val2, 66BUl, 66Got, 
66Mat, 70Asa, 70Mar2, 71Ono, 72Sai, 75Hue, 75Now] may also 
be mentioned; in addition, several more recent investigations 
were reported [80Sug, 81Bar, 81Jac., 81Sch, 82Li, 82Sik, 84Fre, 
86Mal, 86Sjo]. The measurements of all these instances were of 
02 fugacity, fo2, but often values of RTlnfo2, that is, of the rela- 
tive partial molal Gibbs energy of 02 in wustite, 2G(O)- Go(02), 
were reported as values of 2. AfGO(FexO, s,/). 

Equating these quantities defines the standard states of Fe and 
FexO as O-saturated Fe and Fe-saturated wustite, respectively, 
each of which varies continuously with temperature. Ignoring the 
solubility of O in Fe (<0.1 at.% at 1371 "C) is insignificant, but 
some investigators and reviewers, particularly recent ones, such 
as [86Sjo] and [87Lyk], preferred to describe the data with 
separate functions above and below 912"C, the o.Fe ,M, "fFe trans- 

*Slightly lower ratio than that in eutectoid wustite (1.057 O/Fe, 51.4 
at.% (3). 
**Unrecognized thermal separation effects in gases used for equi- 
libration affected some investigations [32Emm, 33Emm]. 

formation temperature. The small but not negligible variation in 
the composition of Fe-saturated wustite, especially below 800 "C, 
usually was not specifically noted, so that AfGO(FexO, s, 7) values 
reported are then per 0.5 tool of 02 rather than for a fixed com- 
position. However, values from measurements at T ;e 800 "C 
apply to Fe-saturated wustite with an almost fixed composition 
(-51.2 at.% 0). In some tabulations, such as those of [82Pan] and 
[84Pan], the values were given for wustite of a fixed composition 
(51.36 at.% O, 1.056 O/Fe) near that of eutectoid wustite (and for 
unstable atoichiometric "FeO"), rather than for the Fe-saturated 
compositions. For the standard Gibbs energy of formation of Fe- 
saturated wustite from (o.Fe) or (~/Fe) and 02(g), AtGO(FexO, s, 7), 
equivalent to values of 0-5 RT In fo2, the equations of [86Sjo] are 
adopted: 

AiG ~ =-251 480-18.100 T+23.456 Tlog Tat 593 
to 911 "C 

and 

AfG ~ = -286 248 + 181.419 T-31.909 Tlog T 
at 911 to 1067 "C 

in which At~ -'o and T are in J/0.5 tool of 02 and K, respectively. 
The standard state of O is 02 gas at I arm ((3.1013 MPa ) and fo2 is 
in arm. These results were described by [ 86Sjo] as being in agree- 
ment with the values assessed from selected earlier data by 
[78Spe] and [83Esd]. (The 02 fugacity data for the FexO/Fe304 
equilibrium are discussed with thermodynamic data for the latter 
phase.) 

Measurements of 02 fugacity across the wustite phase field were 
also numerous. [78Spe] listed 18 studies, to which others may be 
added [49San, 54Ari, 56Hov, 62Racl, 62Rac2, 63Val, 63Yak, 
64Bar2, 64Kat, 65Vail, 66BUl, 66Lev, 68Fuj, 68Hem, 68Riz2, 
70Asa, 70Mar2, 71Ono, 73Cho, 73Jan, 73Mak, 74Ben, 74Gid, 
74Jan, 79Tak, 80Tak, 81Bar]. The thermedynamic models based 
on structural considerations are outside the present scope. Of 
many reviews and/or analyses of the foregoing experimental 
results, a few deserve special mention [73Gid, 78Spe, 82Lyk, 
89Val***]. Relative partial molal Gibbs energies of Fe were 
derived by the Gibbs-Duhem procedure from those measured 
directly for O, with Fe-saturated wustite as the fiducial comtx~i- 
tions. Values for other partial and integral properties (and com- 
ponent activities) usually were derived from the 02 fugacity 
messurements. However, relative partial molal enthalpies of 02 
in wustite were measured directly at short composition intervals 
with microcalorimetry at 800, 1050, and 1075 "C [64Get2, 
65Gerl, 70Marl, 87Tet]. The tabulated values of H(O) - 0.5 
//o(O2) at 1 075 "C exhibited a minimum,-279.51d/0.5 mol of 02, 
at the composition 52.04 at.% O, with values -251.5 and 273.4 
kJ/0.5 tool of 02 at 51.17 and 53.27 at.% O, near the Fe-and O- 
saturated limits, respectively [70Marl]. In the combination of 
composition dependence (curve shape) and magnitude, these 
results are closer to those of [45Dar] than to those of others 
[63Val, 66At.k, 69Fen]. Combination of these H(O) - 0-5/-/0(02) 
values with their measured G(O) - 0.5 GO(02) values at 1075 "C 
enabled [70Mar2] to evaluate S(O) - 0.5 S0(O2) at 0.005 O/Fe in- 

**" [89Val] presented a particular analysis predicated on the existence 
of several subvarieties of wusfite--a view not universally accepted. 
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tervals from 1.05 to 1.14 O/Fe (51.22 to 53.27 at.% O). These 
values differ somewhat from the assessed values of [78Spe] (see 
below). 

From their analysis of the available data, [78Spe] calculated and 
tabulated at 0.01 O/Fe intervals f~om 1.06 to 1.16 O/Fe (51.46 to 
53.70 at.% O) a self-cousistent set of values for the following 
thermodynamic properties of wustite in its stable range of tem- 
perature: relative partial enthalpies and entropies of O and Fe, in- 
tegral enthalpies, and entropies of formation. These quantities 
were approximated as being temperature independent. In 
developing these tabulated values, [78Spe] had found that use of 
the [70Marl] partial enthalpies for O at 1075 ~ yielded partial 
Gibbs energies for O inconsistent with other reliable data at tem- 
peratures removed by only 200 to 300 ~ from 1075 ~ [78Spe] 
therefore developed their values from analysis of variations with 
temperature and composition of selected equilibrium measure- 
ments of 02 fugacities. Although there were several analyses of 
individual sets of data that yielded values for partial and integral 
properties within the wustite field, including some more recent 
than [78Spe] (for instance [80Tak], [81Bar], and [82Lyk]), the 
[78Spe] assessment for wustite (Table II of that paper) is adopted 
because of its breadth of sources and critical approach. 

Because of instability of the compounds below 570 "C and the 
lack of Cp data, partial and integral enthalpies for wustite at 
25 "C as a function of composition are unavailable. Values for the 
enthalpy of formation derived from equilibrium data (-263.0 
kJ/mol of Fe0.9450 [78Spe] or -266.3 kJ/mol of Fe0.9,t70 
[82Wag, 82Pan, 84Pan, 85Cha] are preferred to the older 
calorimetric data for"FeO" [29Rot, 30Rot, 34Rot]. 

FeaO4 

Broad-range, low-temperature relative enthalpy and heat 
capacity measurements [26Par, 29Mil, 69Wes, 73Ala, 76Bar, 
84She, 85Shel] were complemented by several narrower-range 
measurements [73Bar, 75Kam, 75Wol, 77Mat, 77Tod, 83Gme, 
83Ri~ 84Gme, 85Ara2, 85She2]. Areported anomaly in Cpnear 
-263 C [77TOd] was not found subsequently [83~ne, 83Rig, 
85Shel]. Most limited-range experiments were concerned with 
the vicinity of the Verwey transition, where evidence of more than 
one Cp peak was reported [69Wes, 73Bar, 75Wol, 76Bar, 83Rig]. 
[76Bar] proposed that the occurrence of tingle Cp peaks in other 
investigations, for example [29Mil], was due to impurities, but 
[77Mat] found that stress induced a single peak to split, and others 
[83Gme, 84Gme, 85Shel] found only a single, sharp peak in 
high-purity, homogeneous, stress-free specimens. The impor- 
tance of homogeneity was shown by studies [73Ala, 85Ara2, 
85She2] of the variation in Cp at low temperatures and in T v and 
ASv with slight changes in Fe304 composition. The effect of 
magnetic field ~ength on Cp near the Tv was mear, ured by 
[75Kam]. 

The reported values for Tv and the entropy change 6Sv in the Ver- 
wey transition were summarized by [85She 1 ]. Agreement among 
tabulated values for the purer, more nearly stoichiometric 
specimens is only moderate. The magnitude of the entropy 
change at Tv (5.88 J/K. mol of Fe304 at -149 ~ for stoichi- 
ometric Fe304 [85She2]) declines sharply with increasing Fe 
deficit [85Ara21. 

The standard entropy 5"~(Fe304, s, 25 "C) was evaluated from 
their low-temperature heat capacities by [26Par], [29Mil], and 
[69Wes]. [85Sbe 1] refrained from evaluating S o fi'om their data, 
possibly because of uncertainties in the ASv contribution. The 
[69Wes] value, 146.1 J/K. mol of Fe304, was adopted in the 
[78Spe] review and the [82Pan] and [84Pan] compilations. 
([69Wes] recognized that this value was actually for SO(Fe304, cr, 
25 "C) - SO(Fe304, cr,-273.15 ~ because theoretical grounds 
suggest that the latter term may be >0.) A slightly higher value 
(1 46.4 J/K. tool was adopted in the [82Wag] compilation. From 
studies of equilibrium among Fe oxides, [72Rau] obtained the 
5O(Fe304, S, 25 ~ value 146.6 J/K. mol of Fe304. They inter- 
preted their results as being consistent with the assumption that 
SO(Fe304, s, -273,15 ~ is 0 J/K. mol of Fe304, but [74Gro] 
showed that the results are consistent with a zero-point entropy 
value of 4.13 J/K. mol. This value is fairly near the calculated 
value of 3.41 J/K. mol [74Gro] for the latter quantity. An analysis 
of Gibbs energy data by [78Spe] found a better fit when a zero- 
point entropy value 3.35 J/K. mol of Fe304 was included. More 
recently, [87One] concluded from his measurements that there is 
no zero-point entropy. It would be premature to consider the con- 
troversy settled. 

Since the early (pre-1934) investigations, high-temperature heat 
capacities and relative enthalpies were measured only by 
[51Cou], [74Gro], and [75Bar]. The most extensive of these 
[51Cou] detected no transformation at 1160 ~ where [81Car] 
reported a first-order change with an enthalpy change of 9.99 
kJ/mol of Fe304. The existence of an 1160 "C transformation is 
unconfirmed. Only a short range (30 to 275 "C) was covered by 
[75Bar]. The [51Cou] and [74Gro] sets diverge somewhat above 
the Curie temperature, where a Z-type peak occurs in Cp. Those of 
[51Cou] were preferred by [87One]. The [82Pan] and [84Pan] 
compilations used a combination of the two sets; these tabula- 
tions are adopted. They include the [46Dar] value for the enthalpy 
of fusion, 138 kJ/mol of Fe304, which apparently has not been su- 
perseded. 

The standard enthalpy of formation of Fe304, AtHO(Fe304, s, 25 
~ was evaluated by bomb calorimetry [29Rot, 75Tur], add 
solution [34Rot], and from combinations of the investigators' 
own experimental data for the Fe/Fe304, wustite/Fe304, or other 
equilibria [46Dar, 72Rau, 87One]. Values also were obtained by 
correction or analysis of other investigators' data [74Gro *, 75Tur, 
78Spe]. Except for one pre-1935 result and that derived by 
[78Spe], the values all fall between -1115.4 and -1118.2 kJ/mol 
of Fe30,t. The tabulated AfH(Fe304, s, T ~ values of [82Pan] 
and [84Pan] are based on the [82Wag] (selected) value, -1118.4 
kJ/mol of Fe304 at 25 ~ The values are thus slightly more nega- 
tive than the average of the concordant group At//O(Fe304, s, 25 
~ values would indicate. However, the [82Pan] and [84Pan] 
tabulations for At//O(Fe304, S, 7) and those for A~GO(Fe304, s, 7) 
are considered satisfactory. Equations describing AiGO(Fe304, s, 
7') in various limited ranges oftemperature considerably above 25 
~ were derived from emf experiments [72Vik, 80Sug]. From 
their analysis of available data. [78Spe] tabulated relative partial 
molal Gibbs energies of O and Fe in Fe304 and relative integral 
Gibbs energies of Fe304 at 100 ~ intervals from 600 to 1300 ~ 

*The [74Gro] value for -273.15 "C was corrected to 25 "C with the 
[82Wag] enthalpy difference for the present discussion. 
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The foregoing values were evaluated for Fe304 at coexistence 
with wustite, where the composition differs only very slightly 
from the stoichiometric (see [82Die] and Table 4). 

Numerous measurements of 02 pressures at the coexistence of 
Fe304 and wustite or (aFe) were reported. The earlier d~!a were 
reviewed by [45Dar] and [65Vail] and compared with their own; 
later measurements include [65Kle], [68Cha], [69Chi], [69Riz], 
[71Car], [71Chil], [72Rau], [81Sch], [82Sik], [83Mye], and 
[85Jac]. The equation of [85Jac], based on data from 687 to 1327 
"C for the Fe304/wustite equilibrium, is 

log/'o2 =-12.973 - 28 365/T + 8.8730 log T 

where PO2 and T are in Pa and K, respectively. According to a 
comparison by [85Jac], the PO2 values calculated with this equa- 
tion agree within a factor of 1.8 with those of [45Dar], [68Cha], 
[81Sch], and [83Mye]; they deviate by less than the 1.8 factor 
from values that [83Elr] calculated with an equation fitted to the 
data of [45Dar], [65Vail], and [69Riz]. Other equations for 
various ranges were included in the review of [89Vail. The 
[85Jac] equation is adopted. Data related to 02 pressures at 
coexistence of Fe304 and (aFe) below 570 ~ were presented in 
tabular and graphical form [33Emm, 72Rau]. [86Mal] described 
their own measurements with the following equation (Po2 in Pa, 
TinK): 

logPo2 = 29.80-41 720/T 

(Measurements of the 02 pressures at coexistence of Fe304 and 
aFe20 3 are discussed below.) 

Thermodynamic properties at compositions displaced from those 
at the boundaries for coexistence with wustite or Fe20 3 could be 
derived from measurements of 02 fugacities using gas equilibra- 
tion with chemical analysis [35Gre, 46Dar] or with thermo- 
gravimetry [57Smi, 82Die] or by using a solid-electrolyte emf 
technique [68Soc]. Mathematical relationships between 02 
fugacity and composition were presented by [57F1o] using the 
[46Dar] data and by [82Die] using his own data. The [82Die] data 
and mathematical expressions are adopted. Relative partial and 
integral molal Gibbs energies at 1200, 1400, and 1575 "C for 
compositions across single-phase Fe304 were calculated from 
available data and tabulated by [78Spe]. For 1200 and 1300 ~ 
using data of [46Dar] and [57Smi], [75Kur] calculated and tabu- 
lated 02 f~gacities and activities of various other components at 
several compositions of the phase. A theoretical solution model 
for Fe30 4 was recently published [88Hil]. 

aFe2Oa  

Based on the low-temperature heat capacity d~ta of [26Par] and 
[59Gi'o], values for the standard entropy SO(aFe203, 25 "C) were 
reported in reviews and compilations: 87.45 [78Spe] and 87.40 
[82Wag, 82Pan, 84Pan] J/K. mol ofaFe203, in agreement within 
the uncertainties. The enthalpy effect at the Morin temperature 
(-12 ~ was measured as 2.8 J/tool of aFe203 [76Man]. High- 
temperatme heat capacities were meamred by [51Cou] and 
[72Rez]; those of the former were used for the tables of [82Pan] 
and [84Pan], which are adopted here. Ak-type peak occurs in Cp 
at the N6el temperature. 

The values for Af/F(ctFe203, 25 "C) assessed by [78Spe] (--823A 
kJ/mol of ctFe203) and [82Wag] (--824~2 kJ/mol of aFe203) dif- 
fer by only 0.1%--- for consistency and the convenience of using 
the [82Pan] and [84Pan] tables for A ~ ,  AtG 0, and S o up to 1527 
"C, the [82Wag] value is adopted. 

Concoulant pre-1969 experimental data from seven investiga- 
tions (not including [67Kom]) on the variation of 02 fugacity 
with temperature at coexistence of Fe304 and ctFe203 were 
described in an equation by [69Bry]. Values calculated with this 
equation from 627 to 1527 "C and the post-1967 experimental 
data from five investigations agree everywhere within a factor of 
2.1 with the equation developed by [85Jac] from her emf meas- 
urements with solid electrolyte at 817 and 1317 "C: 

log =-9.484-21 154ff+ 8.2561 log r 

where PO2 and T are in Pa and K, respectively. The d~t~ of 
[78Cbo] show greater deviation toward 627 "C, where they differ 
from [85Jac] by a factor of 8.1. The [853ac] equation is adopted. 
It indicates an 02 pressure of 0.1013 MPa at 1455 "C, in dose 
agreement with [46Dar]. 

With end measurements at 800 to 1000 ~ and direct static meas- 
urements at 1253 to 1384 "C, [67Kom] determined 02 fugacities 
in stoichiometric and in O-deficient aFe203 as far as the bound- 
ary for Fe304/oFe203 coexistence. They tabulated these 
fugacities, relative partial molal enthalpies of 02, H(O) - 
0.5/0(02) (approximately temperature independent), and ac- 
tivities of aFe203 (temperature dependent, 1000 to 1384 "C) 
across the phase field. From these results, [80Gul2] derived an 
equation describing the activity of o.Fe203 at Fe304/o.Fe203 
coexistence as a function of temperature. 

Liquid 

Studies of L1 ("liquid iron") were numerous; those of L2 ("liquid 
oxide") were relatively few. Summaries of the data on the relative 
dilute solutions of O, L1, were published by [74Sig], [76Chi], and 
[78Spe]. With slightly different descriptive equations, the [74Sig] 
and [76Chi] analyses accepted the [58F1o] results as the main 
basis for their analyses. According to [74Sig], but with correc- 
tions to different standard states, the standard Gibbs energy 
change AG o for the reaction: 

~ 0 2 ~ )  ffi O (dissolved in L 0 

where the 02 gas is at 0.1 MPa and dissolved O is in the hypotheti- 
cal standard state so that ao/Co ~ i asCo-* 0, is 

AG O = -117 000-132.3 T 

where ao represents the activity of dissolved O and AGO, Co, and 
Tare in J/0.5 mol of 02, at.% O, and K, respectively. According to 
[74Sig], deviations from Henry's law cannot always be ignored; 
thus, kO, the activity coeilident defined by ao = ko x CO, may be 
evaluated from 

log ko = CO(0.210- 500//) 

Combination of the foregoing equations yields 

log Vo2 = 2 log C 0 + CO(-IO00/T+ 0.42)- 12 240/T 

+ 3.62 
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where/'02, Co, and T are in Pa, at.% O, and K, respectively. Cal- 
culated values of the relative partial molal enthalpy and entropy 
of O and the relative integral molal enthalpy and entropy of L1 
compositions from 0.05 to 0.8 at.% O were tabulated by [78Spe], 
who assumed Henrian behavior. 

Values of the relative partial molalGibbs energy of O in L1 and L2 
on the miscibility gap boundaries from 1550 to 1750 "C and in L2 
coexisting with (SFe) from 1400 to 1500 "C were tabulated by 
[78Spe]. Experimental data [40Chi, 46Dar, 66Oot, 70Fis] on the 
Gibbs energy of formation of L2 coexisting with (TFe) or (6Fe) 
were compared by [70Fis] and [78Spe]; the data, except for those 
of [70Fis], are in good agreement. Of the three later investiga- 
tions, only [70Fis] included an analytical expression for the Gibbs 
energy of formation of L2 along its Fe-rich boundary from 1365 
to 1528 "C. 02 pressures at the coexistence of L1 and L2, deter- 
mined by [56Gok] are concordant with [46Dar] values. The ther- 
modynamic properties of L2 at 0 concentrations greater than 
those at the Fe-rich boundary were investigated by [38Whi], 
[46Dar], and [63011'2]. 

In the present assessment, the preferred method of evaluating the 
Gibbs energy of formation of L2, per gram-atom ofFe + O, at any 
selected temperature and composition, is by combination of the 
[78Spe] values for the enthalpy and entropy of formation, which 
were tabulated at compositions from 51.46 to 53.70 at.% O. Ac- 
tivities or partial pressures of Fe or 02 in L2 may be calculated 
from the relative partial enthalpies and entropies of each element 
that [78Spe] also tabulated. Reasonable extrapolation or inter- 
polation of the tabulated values may be used for compositions not 
specifically listed, either on the Fe-rich boundaries or at higher O 
concentrations. The reader is referred to Table V of [78Spe], 
which is not reproduced here. Other thermodynamic descriptions 
of L2 were published by [69Knl] and [88Bur]. 

M a g n e t i s m  

(aFe)  

The effect of dissolved O on the Curie point of (o.Fe) is unknown, 
but because of the very small O solubility, the displacement from 
770 "C is probably not detectable. 

Wustite 

No magnetic changes occur in the stable range of wustite. The 
N6el point in metastable wustite at about -80 ~ is discussed in 
the "Metastable Phases" section. 

FesO4 

The ferfimagnetic ~ paramagnetic transition was observed at 
576 [84Has] and 580.3 ~ [87Hanl, 87Hau2]. Data on the effect 
of O concenWation are unavailable, but the breadth of the com- 
position range is very sfight at 580 "C, which is the adopted value. 
Increasing pressure raises this transition temperature [69Sam, 
79Leb, 82Gov] by about 20 ~ 

aFe2Os 

Pure, annealed, coarse-grained oxide at 0.I MPa pressure and 
zero external magnetic field exhibits magnetic transitions at 
-10.5 • 1.5 "C (first orde0 [63Mot, 64Ise, 65Flal, 71Jac, 81Gie, 

87Ami] and at 688 • 7 "C (second order) [62Fre, 63Gil, 64Ise, 
65Hil, 65Lie, 67Schl, 75Gro, 75Hon, 87Nov]. Values of the 
lower transformation temperature are denoted by TM, with M 
referring to Morin, who rediscovered this transition [50Mor, 
71Jac]. Below TM, aFe203 is anliferromagnetic, with the spins 
parallel (and antiparallel) to the hexagonal c axis; above TM, the 
spins are in the hexagonal ba~l plane, but their slight deviations 
from perfectly balanced antiparallelism confer weak ("parasitic") 
ferromagnetism with the basic antiferromagnetism. Values of the 
higher Uansformadon temperature are coincidentaUy N~I tem- 
peratures, Curie temperatures, and temperatures of the insulator- 
to-metallic conductor transition (TN = TC = TMrr) [87Nov]. 

The Morin temperature, TM, is shifted by variation in stoichi- 
ometry [74Gal], by impurities and lattice defects [75Pov, 
82Mue], by hydrostatic pressure or other stress [66Kaw, 66Ume, 
67Sea, 67Way, 67Wor, 68Kaw, 79Sat, 86Tam], by externally ap- 
plied magnetic fields (with effects dependent on their magnitude 
and crystallographic orientation) [65Fla2, 67Cin, 71Jac, 79Hon, 
82Mue, 86Pan], and by variation in particle size [67Sch2, 82Mue, 
87Atoll. 
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57Fio: H. Flood and D.G. Hill, "The Redox Equilibrium in Iron Oxide 
Spineis and Related Systems," Z. Eletarochert, 61(1), 18-24 (1957). 
O'hermo; Theory) 

57Smi: J. Smiltens, "The Standard Free Energy of Oxidation of Mag- 
netite to Hematite at Temperatures above 1000 ~ J. Am. Chem. Sot:., 
79, 4877-4880 (1957). (Equi Diagram, Thermo; Experimental) 

58Ark1: V.L Arkharov and D.IC Buiychev, "The Effect of High Pressure 
on Wtistite," Fiz. Met. Metalloved, 6(1), 186-188 (1958) in Russian; 
TR: Phys. Met. Metaliogr., 6(1), 173-175 (1958). (Equi Diagram; Ex- 
perimental) 

58Ark2: V.I. Arkharov and D.K. Buiychev, "on the Changes in the 
Stability Region of Wustite in the Phase Diagram of the System Fe-O 
at Increased Pressure," F~ Met MetaUoved., 6(6), 1027-1030 (1958) 
in Russian; TR:Phys.Met.Metallogr, 6(6), 67-70(1958). (Equi Dia- 
gram; Experimental) 

58Fio: T.P. Floridis and J. Chipman, "Activity of Oxygen in Liquid Iron 
Alloys," Trans. MetalL Soc. A/ME, 212, 549-553 (1958). (rhermo; 
Experimental) 

58Oos: G.W. Van Oosterhout and C.J.M. Rooijmans, "A New Super- 
structure in Gamma-Ferric Oxide," Nature, 181, 44 (1958). (Crys 
Structure; Experimental) 

58Sif: R. Siffeden, "on the Subject of the Insolubility of Oxygen in 
Zone-Refined a Iron," C. R. Acad ScL (Paris), 247, 1608-1611 
(1958) in French. (Equi Diagram; Experimental) 

58Sve: M.B. Svendsen, "Beta-Fe203----A New Imn(llI) Oxide Struc- 
ture," Naturwissenschaften, 45, 542 (1958) in German. (Crys Struc- 
ture; Experimental) 

59Gro: G. GrCnvold and E.F. Westrum, Jr.,"a-Ferric Oxide: Low Tem- 
perature Heat Capacity and Thermodynamic Functions," J. Am. 
Chem. Soc., 81, 1780-1783 (1959). (Thermo; Experimental) 

59Hof: A. Hoffmann, "The Decomposition Mechanism of Wustite 
Fel-xO Below 570 ~ Z. Elelarochem., 63(2), 207-213 (1959) in 
German. (Meta Phases; Experimental) 

59Oka: S. Okamoto and T. Takei, "A Note on 8-Fe203," ScL Pap. lnsL 
Phys. Chem. Res. (Tokyo), 53(1516), 201-206 (1959). (Crys Struc- 
ture; Experimental) 

59Pet: I4. Peters and G. Mann, "Electrochemical Investigation of the 
Equilibrium Fe + CO2 = FeO + CO,"Z. ElektnTchem., 63(2),244-248 
(1959) in German. (Thermo; Experimental) 

59Sey: A.U. Seybolt,"Solubility of Oxygen in Alpha Iron: A Revision," 
Trans. Metal1. Soc. A/ME, 215, 298-300 (1959). (Equi Diagram; Ex- 
perimental) 

60Phi: B. Phillips and A. Muan, "Stability Relations of Iron Oxides: 
Phase Equilibria in the System Fe304-Fe203 at Oxygen Pressures up 
to 45 Atmospheres," J. Phys. Chem., 64, 1451-1453 (1960). (Equi 
Diagram; Experimental) 

60Rot: W.L Roth, "Defects in Crystal and Magnetic Structures ofFer- 
mus Oxide," A cta Crystallogr, 13, 140-149 (1960). (Crys Stracture; 
Experimental) 

61Sah O.N. Salmon, "High Temperature Thermodynamics of the Iron 
Oxide System," J. Phys. Chert, 65, 550-556 (1961). (Equi Diagram; 
Expedmental) 

61Tan: E.S. Tankins and N.A. Gokcen, "Solubility of Oxygen in Delta 
Iron," Trans. ASM, 53, 843-852 (1961). (Equi Diagram; Experimen- 
tal) 

62Chi: J. Chipman, "Molten Metals, Slags, and the Third Law," Pure 
AppL Chert, 5, 669-682(1962). O'harmo; Review) 

621h~: S. Freier, M. Greenshpan, P. l-lillman, and H. Shechter,"The An- 
tiferromagnetic Cm'ie Point in a-Fe203," Phys. Lea., 2(4), 191-192 
(1962). (Magnetism; Experimental) 

62Hoc: M. Hoch, A.S. Iyer, and J. Nelken, "Interaction Energies of 
Vacancies in Transition Metal Oxides with Large Concentrations of 
Vacancies,"J. Phys. Chem. Solids, 23, 1463-1471 (1962). (Thermo; 
Experimental) 

62Racl: E Raccah and P. Vallet, "On a Few Thermodynamic Properties 
of Wustite, A Strictly Regular Solid Solution of Iron and Oxygen," C. 
1~ Acad. SO (Paris), 254, 1038-1040 (1962) in French. (Thetmo; Ex- 
perimental) 

62Rac2: P. Raccah and P. Vallet, "ANew System of Isotherms of Solid 
Wusfite," C. 1~ Aca,t Sci. (Paris), 255, 1919-1921 (1962) in French. 
(rhermo; Theory) 

62Vo1: A.E. Vol, Handbook of Binary Metallic Systems---~tructure and 
Propert/es, Vol. 2, Gcs. Izd. Fiz.-Mat. Lit., Moscow (1962) in Rus- 
sian; TR: Israel Program Sci. Transl., Jerusalem, 554-566 (1966). 
(Equi Diagram; Review) 

63Gih P. Gilad, M. Grecnshpan, P. Hilinmn, and H. Shechter, "On the 
Curie Temperature of a-Fe203," Phys. Lea., 7(4), 239-240 (1963). 
(Magnetism; Experimental) 

63Gle: O. Glemser and H.-H. Weizenkom, "On the Existence of 
Polynuclear Gaseous Iron and Manganese Oxides," 7,. Anorg. Allg. 
Chem., 319, 266-275 (1963) in German. (Equi Diagram; Experimen- 
~l) 

63Mlm: J. Manenc, J. Bourgeot, and J. B4~nard, "Some Observations 
Regarding the Structure of Iron Pmtoxide," C. R. Acad. Sci. (Paris), 
252, 931-933 (1963) in French. ( Crys Slrncture; Experimental) 

63Mor: A.H. Mordsh, G.B. Johnston, and N.A. Curry, "Magnetic Tran- 
sition in Pure and Doped a-Fe203,.Phys. Lea., 7(3), 177-178 (1963). 
(Magnetism;Experimental) 

63Oit[1: C. Offroy and J. Aubry, "Contribution to the Study of Iron 
Protoxide. I. Limits of the Iron Protoxide Phase," M~m. Sci. Rev. 
M~talL, 60(6), 476-480 (1963) in French. (Equi Diagram, Crys Struc- 
ture; Experimental) 

630[[2: C. Offxoy and J. Aubry, "Contribution to the Study of Iron 
Protoxide. II. Measurement of Oxygen Pressure at the Equilibrium 
Liquid Iron Oxide-Solld Iron and Liquid Iron Oxide-Solid Mag- 
netite," M~m. ScL Rev. M~talL, 60(11), 797-800 (1963) in French. 
(rhermo; Experimental) 

63Sch1: R. Schrader and G. Biittner, "Investigations of "t-lron(m)- 
Oxide,"Z.Anorg. AUg. Chem., 320(5-6), 205-219 (1963) in German. 
(Crys Structure; Experimental) 

63Sch2: R. Schrader and G. Biittner, "ANew Iron(n'I)-Oxide Phase: e- 
Fe203,"Z.Anorg.Allg. Chert, 320, 220-234 (1963) in German. (Crys 
Structure; Experimental) 
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63Yah P. Vallet, M. Kleman, and P. Raccah, "On New Thermodynamic 
Properties and a New Diagram of Solid Wustite," C. R. Aca& Sci 
(Paris), 256, 136-138 (1963) in French. (Thermo; Experimental) 

63Wus: C.A. Washburn, "Vaporization of Iron Oxides," Univ. Calif., 
Lawrence Radiat. Lab., Pep. UCRL-10991 (1963). (Equi Diagram; 
~q~erimental) 

63Yak: M.S. Yakoleva and S.M. Ariya, "Thermodynamics of Ferrons 
Oxide," Vestn. LeningraJ Univ., Fir. Khirt, (3), 130-132 (1963) in 
Russian. (Thermo; Experimental) 

64Barl: G.B. Barbi, "Thermodynamic Functions and Phase Stability 
Limits by Eleclromotive Force Measurements on Solid Electrolyte 
Cells,"J. Phys. Chert, 68(3), 1025-1029 (1964). (Equi Diagram; Ex- 
perimental) 

64Bar2: G.B. Barbi, "The Stability of Wtistite by Electromotive Force 
Measurements on All-Solid Electrolytic Cells," J. Phys. Chem., 
68(10), 2912-2916 (1964). (Equi Diagram, Thermo; Experimental) 

64Car: C. CarPI and P. Vallet,"Dllatometric Study of Different Varieties 
of Solid Wustite and the Existence of a Metastable Triple Point among 
the Three Varieties," C. R. Acad. Sci. (Paris), 258, 3281-3284 (1964) 
in French. (Equi Diagram; Experimental) 

64Gerl: P. Gerdanian and M. DOd~, "Utilization of the Thermobalance 
in Experiments on Transfer of Oxygen Between Oxides," C. K Acad. 
Sci. (Paris), 258, 892-895 (1964) in French. (Equi Diagram; Ex- 
perimental) 

64Ger2: P. Gerdanian and M. Dod~,"Direct Measurement of the Heat of 
Formation of Nonstoichiometric Oxides FeOl§ at 800 "C," C. R. 
Acad Sci (Paris), 258, 1492-1495 (1964) in French. (Thermo; Ex- 
perimental) 

64Get3: P. Gerdanian, "Contribution to the Thermodynamic Study of 
the Non-Stoichiometric Oxides UO2§ and FeOl+x," Comm. Energ. 
Atom. (France), Cent. l~Judes Nucl. Saclay, Pep. CEA-R2438 (1964) 
in French. (Equl Diagram; Experimental) 

64Ise: C.M. Iserentant, G.G. Robbrecht, and RJ. Coclo, "On the Mag- 
netic Transitions in a-Fe203,'Phys. LetL, 11(1), 14-15 (1964). (Mag- 
netism; Experimental) 

64Kat: T. Katsura and A. Muan, "Experimental Study of Equilibria in 
the System FeO-Fe203-Cr203 at 1300 ~ Trans. MetalL SOc./tIME, 
230, 77-84 (1964). (Thermo; Experimental) 

64Mat: Y. Matsushita and K. Goto, "On the Application of the Oxygen 
Concentration Cells with the Solid Electrolyte, ZrO2.CaO to the Basic 
Research Works in Process Metallurgy,"J. Fac. Eng., Univ. Tokyo (B), 
27(1), 217-280 (1964). (Thermo; Experimental) 

64Tay: R.W. Taylor and H. SchmalTyied, "The Free Energy of Forma- 
tion of Some Titanates, Silicates, and Magnesium Aluminate f~m 
Measurements Made with Galvanic Cells Involving Solid 
Electrolytes," J. Phys. Chert, 68(9), 2444-2449 (1964). (Thermo; 
Experimental) 

64Vah P. Vallet and P. Raccah, "On the l.Jmits of the Domain of Solid 
Wustite and the General Diagram Resulting," C. KAcad. ScL (Paris), 
258, 3679-3682 (1964) in French. (Equi Diagram; Theory) 

64Vor: E.S. Vomntsov and A.V. Ermakov, "Study by an Electrical Con- 
ductivity Method of Equilibrium in an Oxide-Metal-Gas System," 
Zh. Pr//d. Kh/~, 37(5), 1160-1162 (1964) in Russian; Chert Abst., 
61, 6450a (1964). (Thermo; Experimental) 

6$Flal: Pj. Handers and J.P. Remeika, "Magnetic Properties of 
Hematite Single Crystals," Philos. Ma8. (Se~. 8), 11, 1271-1288 
(1965). (Magnetism; Experimental) 

65Fla2: P.J. Flanders and S. Shtrikman, "Magnetic Field Induced An- 
tiferromagnetic to Weakferromagnetic (s/c) Transitions in Hematite," 
Solid State Commun., 3, 285-288 (1965). (Magnetism; Experimental) 

65Gerl: P. Gerdanian and M. Dod~, "Thermodynamic Study of the 
FeOl§ Oxides at 800 ~ I. Calorimetric Study: Direct Measurement 

at 800 "C of Q(O/Fe) and h ~(O/Fe)," J. Chir, t Phys. Phys.-Chirt 
Biol., 62,1010-1017 (1965) in French. (Yhermo; Experimental) 

6$Ger2: P. Gerdanian and M. DOd6, "Thermodynamic Study of the 
FeOl+x Oxides at 800 "C. II. Equilibrium Study: Direct Measurement 
of p ~ (ONe) and Determination of the Phase IAmits by the Transfer 
Method, " J. Chirt Phys.Phys.-Chirt Bio~ 62, 1018-1022 (1965)in 
French. (Equl Diagram; Experimental). 

6$Gor: AT. Gorton, G. Bitsianes, and T.L Joseph, "Thermal Expansion 
Coefficients for Iron and Its Oxides from X-Ray Diffraction Measure- 
ments at Elevated Temperatures," Trans. Metals Soc. AIME, 233, 
1519-1525 (1965). (Crys Structure; Experimental) 

65][IR" P. Hillman, "Magnetic Properties Using the M6ssbauer Effect," 
Weiznnum InsL Sci., Dept Nud. Phys., Rehovoth, Israel, Pep. 
AD615646 (1965). (Magnetism; Experimental) 

65KIP: M. Kleman, "thermodynamic Properties of Iron Protoxide in 
Solid Form. Application of Experimental Results to Outline the Equi- 
librium Diagram," M~vn. Sci. Rev. Mdtall., 62(6), 457-469 (1965) in 
French. (rhermo; Theory) 

6$Lie: J. Liehnezs and A.C.D. Chaklader, "Reversible Thermal Effect in 
a-Fe203 at 690 • 5 "C," J. Apps Phys., 36(3), 866 (1965). (Mag- 
netism; Experimental) 

65Mci: EJ. Mclver and S.S. Teale, "The Equilibrium Oxygen Pressure 
over Stainless Steels and Its Relation to Reactor Fuel Stability," UK 
At. Energ. Auth., At. Energ. Res. Establ., Harwell, Rep.AERE-R4942 
(1965). (Thermo; Experimental) 

6$Meu: R.A. Meussner, L.E. Richards, and C.T. Fujii, "Studies of I-Iigh- 
Temperature Materials (Properties of FeO)," Rep. NRL Prog. Naval 
Pea Lab. Washington, DC, 26-28 (1965); cited by [68Riz2]. (Equi 
Diagram; Experimental) 

65Sai: T. Saito, "The Anomalous Thermal Expansion of Hematite at a 
High Temperature," BuR Chert Soc. Jpn., 38(11), 2008-2009 
(1965). (Crys Structure; Experimental) 

65Suz: Y. Suzuki, N. Kawai, and E. Asada,"On the Crystal Distortion of 
Mono-Oxides of Iron Group Elements," Rep. Gov. Chem. ln~ Res. 
Ins,, rotyo, 60(10), 375-380 (1965) in Japanese. (Crys Structure; Ex- 
perirnental) 

6$Vall: P. Vallet and P. Raccah, "Contribution to the Study of the Ther- 
modynamic Properties of Solid Iron Protoxide," M~rt Sc/. Rev. 
MdtalL, 62(1 ), 1-29 (1965) in French. (Thermo; Experimental) 

65Val2: P. Vallet, "On Some New Boundaries of the Solid Wustite 
Domain and the Three Triple Points Resulting at 910 "C," C. K Aca~ 
ScL (Paris), 261, 4396-4399 (1965) in French. (Equi Diagram, Ther- 
mo; Experimental) 

66Ack: R.J. Ackermann and R.W. Sandford, Jr., "A Thermodynamic 
Studyofthe Wiistite Phase," USAFf~ Argonne Nat. Lab., Rep.ANL- 
725O 0 966). (Equi Diagram, Thermo; Experimental) 

66Ark: V.I. Arkhanov and E.N. Kuznetsov, "On the Thermal Expansion 
of Wusfite,"lzv. Aka~ Nauk SSSR, Neorg. Maten, 2(10), 1889-1891 
(1966) in Russian; TR:lnorg. Mat~ USSR, 2(10), 1635-1637 (1966). 
(Crys Structure; Experimental) 

66Bir: N. Birks, "Some Problems in the Use of Solid-State Galvanic 
Cells at Low Temperatures: The Determination of the Eutectoid Tem- 
perature in the Iron-Oxygen System,"Nature, 210, 407-408 (1966). 
(Equi Diagram; Experimental) 

66Bla: R.L. Blake, R.E. Hessevick, T. Zoltai, and L.W. Finger, "pefine- 
ment of the Hematite SIructure," Art  Mineralog., 51, 123-129(1966). 
(Crys Structure; Experimental) 

66Buh T.I. Bulgakova, O.S. Zaitsev, andA.G. Rozanov, "Equilibrium of 
Wustite with an H2-H20 Gas Phase," Vestn. Mosk. Univ. II, Khirt, 
21(3), 102-105 (1966) in Russian. (Thermo; Experimental) 

192 Journal of Phase Equilibria Vol. 12 No. 2 1991 



P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 

66Cle: R.L. Clendenen and H. G. Drickamer, "Lattice Parameters of 
Nine Oxides and Sulfides as a Function of Pressure,"J. Chem. Phys., 
44(11), 4223 -4228 (1966). (Crys Structure; Experimental) 

66Dri: H.G. Drickamer, R.W. Lynch, R.L Clendenen, and E.A. Perez- 
Albueme, "X-Ray Diffraction Studies of the Lattice Parameters of 
Solids Under Very High Pressure," Solid State Physic& VoL 19, 
Academic Press, New York, 135-228 (1966). (Crys Structure; 
Review) 

66Gel: G.H. Geiger, R.L. Levin, and J.B. Wagner, Jr., "Studies on the 
Defect Structure of WOstite Using Electrical Conductivity and Ther- 
moelectric Measurements," J. Phys. Chem. Solids, 27, 947-956 
(1966). ~ Diagram; Experimental) 

66Got: K. Goto and Y. Matsushita, "On the Measurement of Oxygen 
Pressure in Liquid Iron,"J. IronSteellnst. Jpn., 52, 827-837 (1966) in 
Japanese. (Therrno; Experimental) 

66Hep: M.T. Hepworth, I~P. Smith, and E.T. Turkdogan,"Permeability, 
Solubility, and Diffusivity of Oxygen in BCC Iron," Trans. MetalL 
Soc. AIME, 236, 1278-1283 (1966). (Equi Diagram, Thermo; Ex- 
perimental) 

66Her: T. Herai, B. Thomas, and J. Manenc,"Study of the First Stage of 
the Decomposition of Iron Protoxide," M&n. ScL Rev. MdtalL, 63(5), 
397-406 (1966) in French. (Meta Phases; Experimental) 

66Kaw: N. Kawai and E Ono, "The Effect of Hydrostatic Pressure on 
the Morin Transition Point of or-Hematite Crystal," Phys. Left., 21(3), 
279 (1966). (Magnetism; Experimental) 

66Lev: R.L. Levin and J.B. Wagner, Jr., "Lattice-Parameter Measure- 
ments of Undoped and Chromium-Doped WOstite," Trans. MetalL 
Soc. AIME, 236, 516-519 (1966). (Crys Structure, Thermo; Ex- 
perimental) 

66Lew: G.K. Lewis, Jr., and H.G. Drickamer, "Effect of High Pressure 
on the Lattice Parameters of Cr203 and a-Fe203," J. Chem. Phys., 
45(1), 224-226 (1966). (Crys Structure; Experimental) 

66Mat: Y. Matsushita and K. Goto, "The Application of Oxygen Con- 
centration Cells with the Solid Electrolyte ZrO2.CaO to Thermo- 
dynamic Research," Thermodynamics, Vol. 1, IAEA, Vienna, 111- 
129 (1966). (Thermo; Experimental) 

66Smu: J. Smuts, "Structure of Wtistite and the Variation of its X-Ray 
Diffraction Intensities with Composition," J. Iron Steel Inst. (Lon- 
don), 204, 237-239 (1966). (Crys Structure; Experimental) 

66Ume: H. Umebayashi, B.C. Frazer, G. Shirane, and W.B. Daniels, 
"Pressure Dependence of the Low-Temperature Magnetic Transition 
in (x-Fe203," Phys. Left, 22(4), 407-408 (1966). (Magnetism; Ex- 
perimental) 

67Beh B.E Belov, I.A. Novokhatskiy, and Yu.A. Lobanov,"Determina- 
tion of the Solubility of Oxygen in Molten Iron, Cobalt, and Nickel," 
Izv. Akad. Nauk SSSI~ Met., (3), 53-62 (1967) in Russian; TR: Russ. 
MetalL, (3), 19-23 (1967). (Equi Diagram; Experimental) 

67Cin: G. Cinader, PJ. Flander~ and S. Shtrikman,"Magnetization and 
M6ssbauer Studies of the Field Dependence of the Morin Transition 
in Hematite," Phys. Rev., 162(2), 419-422 (1967). (Magnetism; Ex- 
perimental) 

67Co1: U. Colombo, E Gazzarrini, and G. I.anzavecchia, "Mechanisms 
of Iron Oxides Reduction at Temperatures Below 400 ~ ScL 
Eng., 2, 125-135 (1967). (Equi Diagram, Crys Structure; Experimen- 
t )  

67Fra: W. Frank, H.-J. Engell, and A. Seeger, "Migration Energy and 
Solubility of Oxygen in Body Centered Cubic Iron," Z. MetaUkd., 
58(7), 452-455 (1967) in German. (Equi Diagram; Theory) 

67Kat: T. Katsura, B. Iwasaki, S. Kimura, and S.-I. Akimoto, "High- 
Pressure Synthesis of the Stoichiometric Compound FeO,"J. Chent 
Phys., 47(11), 4559-4560 (1967). (Equi Diagram, Crys Structure; Ex- 
perimental) 

67Koe: EB. Koch and M.E. Fine, "Magnetic Properties of FexO as Re- 
iated to the Defect Structure," J. AppL Phys., 38(3), 1470-1471 
(1967). (Meta Phases; Experimental) 

67Kmn: V.F. Komarov, N.N. Oleinikov, and Yu.D. Tretyakov, "Ther- 
modynamic Properties of Solid Solutions Based on Hematite in the 
Iron-Oxygen System," Izu. Akad. Nauk SSSI~ Neorg. Mater., 3(6), 
1064-1072 (1967) in Russian; TR: Inorg. Mat~, 3(6), 946053 
(1967). (Equi Diagram, Thermo; Experimental) 

67Man: J. Manenc, "High Temperature Study of the Structure of Iron 
protoxide," M~m. ScL Rev. MdtalL, 64(7-8), 692-693 (1967) in 
French. (Crys Structure; Experimental) 

67Oim: T. Okamoto, H. Fujii, Y. Hidaka, and E. Tatsumoto, "Effect of 
Hydrostatic Pressure on the N6el Temperature in FeO and COO," J. 
Phys. Soc. Jpn., 23,1174 (1967). (Meta Phases; Experimental) 

67Sch1: M. Schneider and C.E. Beaufieu, "Second-Order Transforma- 
tion in Fe203 at 685 ~ Can. MetalL Q., 6(1), 1-7 (1967) in French. 
(Magnetism; Experimental) 

67Sch2: M. Schroeer and R.C. Nininger, Jr., "Morin Transition in ct- 
Fe203 Microcrystals," Phys. Re~. LetG 19(11), 632-634 (1967). 
(Magnetism; Experimental) 

67Sea: C.W. Searle,"On the Pressure Dependence of the Low-Tempera- 
ture Transition in Hematite," Phys. Lett. A, 25(3), 256-257 (1967). 
(Magnetism; Experimental) 

67Str: V.N. Strekalovskii, T.A. Puzanova, and V.M. Zhukovskii, "High- 
Temperature X-Ray Diffraction Study of the or-Oxide of Iron," Iz~. 
Akad. NaukSXfR, Neorg. Mat~, 3(2), 337-340 (1967) in Russian; 
TR:Inorg. Mater., 3(2), 297-299 (1967). (Crys Structure; Experimen- 
tal) 

67Swal: H.E. Swanson, tLF. McMurdie, M.C. Morris, and E.H. Evans, 
Standard X-Ray Diffraction Powder Patterns, Nat. Bur. Stand. 
Monograph 25 (Sec. 5), 31 (1967). (Crys Structure; Experimental) 

67Swa2: B. Swaroop and J.B. Wagner, Jr.,"On the Vacancy Concenl~a- 
fion of Wiistite (FeOx) near the p to n Transition," Trans. MetalL Soc. 
AIME, 239, 1215-1218 (1967). (Equi Diagram; Experimental) 

*67Swi: J.H. Swisher and E.T. Turkdogan, "Solubility, Permeability, 
and Diffusivity of Oxygen in Solid Iron," Trans. MetalL Soc. AIME, 
239, 426-431 (1967). (Equi Diagram, Thermo; Experimental;#) 

67Way: R.C. Wayne and D.H. Anderson, "Pressure Dependence of the 
Morin Transition in the Weak Ferromagnet (x-Fe203," Phys. Rev., 
155(2), 496-498 (1967). (Magnetism; Experimental) 

67Wor: T.G. Worlton, R.B. Bennion, and R.M. Bragger, "Pressure De- 
pendence of the Morin Transition in ct-Fe203 to 26 kbar," Phys. LetL 
A, 24(12), 653-655 (1967). (Magnetism; Experimental) 

68Bra: I. Bransky and A.Z. Hed, "Thermogravimetric Determination 
of the Composition-Oxygen Partial Pressure Diagram of Wustite 
(Fez_yO)," J. Am. Cerwn` Soc., 51(4), 231-232 (1968). (Equi Dia- 
gram; Experimental) 

68Cha: G.G. Charette and S.N. Flengas, "Thermodynamic Properties of 
the Oxides of Fe, Ni, Pb, Cu, and Mn, by EMF Measurements," J. 
Electrochem. Soc., 115, 796-804(1968). (Thermo; Experimental) 

68Fin: M.E. Fine and F.B. Koch,"N6el Transformation in Near-Stoichi- 
ometric FexO," J. AppL Phys., 39(5). 2478-2479 (1968). (Meta 
Phases; Experimental) 

68FuJ: C.T. Fujii and R.A. Meussner, "Chromium Solubility in Wustite 
at 1000 ~ Changes in Oxygen Activity and Lattice Parameter," 
Trans. MetaR Soc. AIME, 242, 1259-1265 (1968). (Equi Diagram, 
Crys Structure, Thermo; Experimental) 

68Hem: P.L. Hembree, "AStudy of Wustite Using Thermogravimetric, 
D.C. Electrical Conductivity, and Tracer Diffusion Analyses," D/~. 
Abs., 28B(9), 3724(1968). (Thermo; Experimental) 
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68Kas: V. Kastalsky and M.E Westcott, "Accurate Unit Cell Dimen- 
sions of Hematite (a-Fe203)," AastmL J. Cheat, 21, 1061-1062 
(1968). (~ys stmaure; Experimental) 

68Kaw: N. Kawal, F. Ono, and K. Hirooka,"ANew Explanation for the 
Magnetic Memory ofa-Fe203 on the Basisofa Negative Pressure Ef- 
fect on the Morin Transition Point,"J. AppL Phys., 39(2), 712-713 
(1968). (Magnetism; Experimental) 

68Kus: A. Kusano, K. Ito, and K. Sano, "The Solubility of Oxygen in 5- 
Iron," J. Iron Steel lnst. Jpn., 54(5), 553-560 (1968) in Japanese. (Equi 
Diagram; Experimental) 

68Mai: R. Mainard, M. Boubel, and H. Fousse, "On the Specific Heat 
Anomaly ofFexO," C. IZ AcoxL Sci. (Paris), 266,1299-1301 (1968)in 
French. (Meta Phases, Thermo; Experimental) 

68Man: J. Manenc, "Structure of Iron protoxide, Recent Results," BulL 
Soc. Fr. Mineral CristaUosr , 91, 594-599 (1968) in French. (Meta 
Phases, Crys Structure; Experimental) 

68Rizl: E E. Rizzo and J.V. Smith, "Couiometric Titration of Wnstite," 
J. Phys. Chem., 72(2), 485-488 (1968). (Equi Diagram; Experimen- 
tal) 

68Riz2: H.E Rizzo, R.S. Gordon, and I.B. Cutler, "The Determination 
of Thermodynamic Properties in Single Phase Wfistite by 
Coulometric Titration in a High Temperature Galvanic Cell," Mass 
Transport in Oxides, J.B. Wachtman, Jr. and A.D. Franklin, Ed., Nat. 
Bur. Stand. Spec. Publ. 296, 129-142 (1968). (Thermo; Experimen- 
t )  

68Sam: G.A. Samara, "Effect of preasure on the Metal-Nonmetal Tran- 
sition and Conductivity of Fe304," Phys. Re~. Lett., 21 (12), 795-797 
(1968). (Equi Diagram; Experimental) 

68Soc: H.-G. Sockel and H. Sohwalzried, "Coulometric Titration on 
Transition Metal Oxides,"Ber. Bunsenges., 72(7), 745-753 (1968) in 
German. (Thermo; Experimental) 

69Bha: S.J. Bhatt and H.D. Merchant, "Influence of Stoichiometry on 
Lattice Parameter in Fe30,t, NiO, and Ni-Fe Ferrite,"J. Am. Ceram. 
Soc., 52(8), 452-453 (1969). (Crys Structure; Experimental) 

69Bry: P.E.C. Bryant and W.W. Smeltzer, "The Dissociation Pressure of 
Hematite,"J. Electrochem. Soc.,//6(10), 1409-1410 (1969). (Ther- 
mo; Experimental) 

69Cam: J. Campserveux, G. Boureau, C. Picard, and P. Gerdanian, 
"Determination of the Boundaries of the Iron Protoxide Domain at 
High Temperature," Rev. Int. Hautes Temp. R#fract, 6, 165-174 
(1969) in French. (Equi Diagram; Experimental) 

69Chi: D.M. Chizhikov, Yu.V. Tsvetkov, and E.IC Kazenas, "On the 
Dissociation of Magnetite," Dol~ Akwl Nauk SSSR, 189(6), 1318- 
1319 (1969) in Russian. (Thermo; Experimental) 

69Fen: B.E.F. Fender and F.D. Riley, "Thermodynamic Properties of 
Fel-xO. Transitions in the Single Phase Region," J. Phys. Chem. 
Solids, 30, 793-798 (1969). (Equi Diagram, Crys Strucane, Thermo; 
Experimental) 

69Fuj: F.E. Fujita and Y. Inokuti, "On the Solubility of Interstitial Im- 
purity Atoms in Transition Metals," J. Jpn. Inst. Metals, 33, 28-33 
(1969) in Japanese. (Equi Diagram; Theory) 

69Koc: E Koch and J.B. Cohen,"The Defect Structure of Fel_xO,'Acta 
Crystallosr B, 25, 275-287 (1969). (Crys Structure; Experimental) 

69Kuh I.S. Kulikov, "Oxidizability of Iron-Oxygen Melts and Their 
Thermodynamic Stability," lzv. Akad Nauk SSSR, Met., (2), 50-52 
(1969) in Russian; TR: Russ. MetalL, (2), 38-40 (1969). (Thern~; 
Theory) 

69Luc: A. I.ucio, LE. Coelho, and EP. Guerra, "Wnstite Field in the 
Oxidation-Reduction Diagram," MetalL ABM, 25(143), 751-761 
(1969) in Pottugnese; Chem. Abst., 72, 46347h (1970). (Equi Dia- 
gram; Experimental) 

69Lyk: A.A. Lykasov, Yu.S. Kuznetsov, E.I. Pil'Ko, V.I. Shishkov, and 
V.A. Kozheumv, "Thermodynamics of Wttstite," Zh. Fi~ lOdm., 
43(12), 3124-3125 (1969) in Russian; Tit: Russ. Y. Phys. Chem., 
43(12), 1754-1756 (1969). (Equi Diagram; Experimental) 

69Riz: H.E Rizzo, R.S. Gordon, and I.B. Cutler, "The Determination of 
Phase Boundaries and Thermodynamic F~-ictions ill the Iron-Oxygen 
System by EMF Measurements," J. Electrochon. Soc., 116(2), 266- 
274 (1969). (Equi Diagram, Meta Phases, Thermo; Experimental) 

69Sam: G.A. Samara and A.A. Giardini, "Effect of Pressure on the N~el 
Temperature of Magnetite," Phys. Rev., 186(2), 577-580 (1969). 
(Magnetism; Experimental) 

69Sch: N.G. Scbmahl, D. Hennings, and C. Rfibelt, "Decomposition 
Equih'bria in the System Fe203-Fe304," Arch. E / s ~ e s . ,  
40(5), 375-379 (1969) in German. (EquiDiagram; Experimental) 

69Wes: E.E Westmn~ Jr., and E Grenvold, "Magnetite (Fe304) Heat 
Capacity and Thermodynamic Properties fi'om 5 to 350 K, Low-Tem- 
perature Transition,"J. Chem, Thermody~, 1, 543-557 (1969). (Ther- 
too; Experimental) 

70Ainu H. Asao, IC Ono, A. Yamaguchi, and J. Moriyama, "Thermo- 
dynamic Properties of Wnstite (FeOl+y)," Mere. Fa~ Eng., Kyoto 
Univ., 33, 66-77 (1970). (Equi Diagram, Thermo; Experimental) 

70Ben: J. l~nard, T. Herai, and J. Manenc, "Decomposition of Iron 
Protoxide in the Course of Annealing Treatments and the Stmctureat 
High Temperature," Ann. Chim. (Paris), 5(4), 240-245 (1970) in 
French. (Crys Structure; Experimental) 

70Bla: R.L. Blake, T. Zoltai, R.E. Hessevick, and LW. Finger, "Refine- 
merit of Hematite Crystal Structure," U.S. Bur. Mines, Rep. Inv. 7384 
(1970). (Crys Strncture; Experimental) 

70Cam: J. Campserveux, G. Boureau, C. Picard, and E Gerdanian, 
"Determination of the Boundaries of the Iron Protoxide Domain at 
High Temperature," Ann. Chim. (Paris), 5(4), 250-260 (1970) in 
French. (Equi Diagram; Experimental) 

70Ch': V. C'n4.1fi, A. Burdese, and C. Brisi,"Limits of Composition of 
Wilstite and Solid Solutions among Wiistite, Calcium Oxide, and 
Magnesium Oxide," Ann. Chint (Paris), 5(4), 283-286 (1970) in 
French. (Equi Diagram; Experimental) 

70Fis: W.A. Fischer and G. Pateisky, "The Suitability of Solid 
Metal/Metallic Oxide Mixtures as Reference Potentials in Oxygen 
Measuring Cells," Arch. Eisenhi~ttenwes., 41(7), 661-673 (1970) in 
German. (Thermo; Experimental) 

70Hen: B. Hentschei, "Stoichiometric FeO as Metastable Intermediate 
of the Decomposition of Wustiteat 225 ~ Naturforsch.,4, 25(12), 
1996-1997 (1970). (Meta Phases, C~s Structure; Experimental) 

70Izy: Yu.A. Izyumov and R.P. Ozerov, Magnet/c Neutron Diffract/o~ 
Plenum Press, NewYork, 325-327 (1970). (Equi Diagram; Review) 

70Kus: A. Kusano, K. rio, and K. Sano, "The Solubility of Oxygen in 5- 
Iron," Trans. Iron Steel lnst Jp~, 10, 78-82 (1970). (Equi Diagram; 
Experimental) 

70Mao: H.K. Mao, W.A. Bassett, and T. Takahashi, "High Pressure 
Phase Transformation in Magnetite," Carnegie Institute of 
Washington Year Book 68 (1968-1969), 249-251 (1970). (Equi Dia- 
gram; Experimental) 

70Marl: J.-E Marur P. Gerdanian, and M. Dod6,"Determination of 
Partial Molar Magnitudes of Mixing of Oxygen in Iron protoxide at 
1075 "C. I. Direct Measurements of the Partial Molar Enthalpies of 
Mixing of Oxygen by Means of a High Temperature 
Microcalorimeter of the Ttan-Calvet Type," J. Chim. Phys. Phys.- 
Ch/m. B/o/, 67, 906-913 (1970) in French. (Thermo; Experimental) 

70Mar2: J.-F. Mamcco, C. Picard, P. Gerdanian, and M. Do~, "Deter- 
mination of Partial Molar Magnitudes of Mixing of Oxygen in Iron 
protoxide at 1075 "C. IL Measurements ofs ~,"J. Chim. Phy~ Phys~- 
Chim. Bio~ 67, 914-916 (1970) in French. (Thermo; Experimental) 
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70Mic: A. Michel, P. Poix, and J.-C. Bemier, "Focus on the Magnetic 
Properties of FeO," Ann. Chim. (Paris), 5(4), 261-269 (1970) in 
French. (Meta Phases, Crys Structure; Review) 

70Roe: A. Roethe, IL-P. Roethe, and H.-G. Jerschkewitz, "Equilibrium 
Measurements on the Me30,t-Phase of the Ternary System Fe-Mn- 
O,"Z.Anorg. Allg. Chem., 378(1), 1-13 (1970) in German. (Equi Dia- 
gram;Experimental) 

70Vah P. Vallet and C. Carel, "Presentation of the Diagram of State of 
Non-stoichiometric Iron Monoxide: Boundaries of the Domain and 
Existence of Three Allotropic Varieties," Ann. Chim. (Paris), 5(4), 
246-249 (1970) in French. (Crys Structure; Review) 

71Cal': C. Carel, "New Measurements Performed at High Temperature 
and Equations for the Boundary of the Domain of W'tistite Occurring 
with Magnetite," C. R. Acad. ScL (Paris), 273, 393-395 (1971) in 
French. O'hermo; Experimental) 

71Che: A.K. Cheetham, B.E. Fender, and R.I. Taylor, "High Tempera- 
ture Neutron Diffraction Study of Fel-~O," J. Phys. C, Solid State 
Phys., 4, 2160-2165 (1971). (Crys Structure; Experimental) 

71Chi1: B.M. Chizhikov, Yu.V. Tsvetkov, and E.K. Kazenas, "Mass- 
Spectrometric Study of the Dissociation of Iron Oxides," Izv. Aka~ 
NaukSSSI~ Met., (3), 55-61 (1971) in Russian; TR:Russ. Metall., (3), 
36-41 (1971). (Thermo; Experimental) 

71Chi2: S. Chikazumi, K. Suzuki, and T. Yamada, "Electron Micro- 
scopic Observation of Low Temperature Phase of Magnetite," Fer- 
rites (Proc. Int. Conf., Kyoto, 1970), Y. Hoshino, S. Iida, and M. 
Sugimoto, Ed., Univ. Park Pres, Baltimore, MD, 595-597 (1971). 
(Crys Structure; Experimental) 

71Cro: A.G. Crouch, K.A. Hay, and R.T. Pascoe, "Magnetite- 
Haematite-Liquid Equilibrium Conditions at Oxygen Pressures up to 
53 Bar," Nature Phys. ScL, 234, 132-133 (1971). (Equl Diagram; Ex- 
perirnental) 

71Dis: P.A. Distin, S.G. Whiteway, and C.R. Masson, "solubility of 
Oxygen in Liquid Iron from 1785 to 1960 ~ ANew Technique for the 
Study of Slag-Metal Equilibria," Ca~ Metall. Q., 10(1), 13-18 
(1971). (Equi Diagram; Experimental) 

71Dra: R.W. Drakeford and C.M. Oulnn,"ANote on the Stoichiometry 
Limits in NiO and Fe203," J. Mate~. ScL, 6, 175-176 (1971). (Equi 
Diagram; Experimental) 

71Jac: I.S. Jacobs, R.A. Beyerlein, S. Foner, and J.E Remeika,"Field In- 
duced Magnetic Phase Transitions in Antiferromagnetic Hematite (a- 
Fe203),"lnt. J. Magr~, 1, 193-208 (1971). (Magnetism; Review) 

71Ono: K. Ono, A. Yamaguchi, and J. Moriyama, "Thermodynamic 
Properties and Defect Structure of Wustite (Fel-xO)," J. Jpn. Inst 
Met., 35(9), 871-877 (1971) in Japanese. (Equi Diagram, Therrno; 
Experimental) 

71Sor: O.G. Sorokhtin, "Poss~ie Physicochemical Processes of the 
Formation of the Earth's Core," DolR Akad. Nauk SSSI~ 198(6), 
1327-1330(1971) in Russian. (MetaPhases;Theory) 

72Eva: BJ. Evans and E.E Westrum, Jr., "Multiple Ordering and the 
Low-Temperature Phase Transition in Fe304," Phys. Rev. B, 5(9), 
3791-3793 (1972). (Equl Diagram; Experimental) 

72Hay: M. Hayakawa, J.B. Cohen, andT.B. Reed, "Measurement of the 
Lattice Parameter of Wustite at High Temperatures," J. Am. Ceram. 
Soc., 55(3), 160-164 (1972). (Crys Slructure; Experimental) 

72Miy: Y. Miyahara, "Impurity Effects on the Transition Temperature of 
Magnetite," J. Phys. Soc. Jp~, 32(3), 629-634 (1972). (Equi Dia- 
gram; Experimental) 

72Rau: H. Rau,"Thermodynamics of the Reduction of Iron Oxide Pow- 
dera with Hydrogen,"J. Chem. Thermodyn., 4, 57-64 (1972). (Ther- 
too; Experimental) 

72Rez: LA. Reznitskii and S.E. Filippova, "True Specific Heats of a- 
Fe203 and Native Hematite at 298-1000 *K," lzv. Akad. NaukSSSI~ 

Neor 8. Mat~, 8(3), 481-484 (1972) in Russian; TR: Inorg. Mat~, 
8(3), 419-422 (1972).(Thermo; Experimental) 

72~i: Y. Saito, K. Nishimura, I. Sakamoto, T. Yamamura, and Y. Iwano, 
'r Study of the Oxides Fe, Ni, and Co by EMF Meas- 
urements Using Solid Electrolyte," J. Jpn. Soc. Powder Powder 
getals 18(6), 229-237 (1972); cited by [86Sjo] and [87Lyk]. (Ther- 
too; Experimental) 

72V'd~: G.S. Viktorovich, D.I. Lisovskii, and V.S. Zhaglov, "Thermo- 
dynamics of the Equih'brium of Wustite with Metallic Iron or Mag- 
netite in the Hydrogen-Water Gas Phase," Zh. F/z Kh/m., 46(6), 1541 
(1972) in Russian; TR: Russ. J. Phys. Chem., 46(6), 882 (1972). 
(Thermo; Experimental) 

73Aia: A.V. Alapina, Yu.A. Dnshechkin, and B.Ya. Sukharevskii, 
"Changes in the Energy State in Magnetite in Relation to Structural 
Vacancy Concentration," Fiz. Kondens, Sostoyan~a, 14, 93-103 
(1973) in Russian; Chem. Abs., 82, 22454w (1975). (Thermo; Ex- 
perimental) 

73]]klir: J.J. Bartel and E.F. Westrum, Jr., "Dopant Effects upon the Ver- 
wey Transition in Fe304," Magnetism and Magnetic Materials-- 
1972 (AlP Conf. Proc. No. 10, Pt. 2) C.D. Graham, Jr., and J.J. Rhyne, 
Ed., Am. Inst. Phys., New York, 1393-1397 (1973). (Eqni Diagram, 
Thermo; Experimental) 

73Car:. C. Card, "On a Possible Interpretation of the Measurements of 
the Crystal Parameter of Solid Wustite in Equilibrium at 950 and 1050 
~ C. R.Acaa~ ScL (Paris) C, 277, 69-72 (1973) in French. (Crys 
Structure; Experimental) 

73Cho: J.S. Choi, C.H. Yo, and S.N. Choi, "Nonstoichiometry of the 
Iron Oxide System," Daehan Hwahak Hwoejee, 17(5), 337-345 
(1973); Chem. Abs., 80, 52860b (1974). (Thermo; Experimental) 

73Dob: R.Yu. Dobrovinskii, S.L. Mesnyankina, A.N. Men', and V.B. 
Fetisov, "Ouster Theory of Nonstoichiometric Compounds," Dok/. 
Akad. NaukSSSR, 212(6), 1372.1374 (1973) in Russian. (Crys Struc- 
tare; Theory) 

73Girl: R.A. Giddings and R.S. Gordon, "Review of Oxygen Activities 
and Phase Boundaries in Wustite as Determined by Electromotive 
Force and Gravimetric Methods,"J.Am. Ceram. Soc.,56(3), 111-116 
(1 973). (Thermo; Review) 

73Hay: M. Hayakawa, "X-Ray Diffraction Studies of Wustite at High 
Temperature," Diss. Abs. Int. B, 34(6), 2766-2767 (1973). (Crys 
Structure; Experimental) 

73Jan: J. Janowski, M. Jaworski, and R. Benesch, "Defect Structure of 
Wustite,"ArcA Eisenhiittenwes., 44(10), 721-725 (1973) in German. 
(Thermo; Experimental) 

73Maka LA. Maksutov, N.V. Kozheurova, and A.A. Lykasov,"Limits of 
the Wustite Region in the Fe-Co-O System," Sb. Nauclut Tr., 
Chelyab. Politekh. Inst., 118, 39-43 (1973) in Russian. (Thermo; Ex- 
perimental) 

74Ben: R. Benesch, J. Janowski, M. Jaworski, R. Ko~' ,  and A. 
grdkosz, 'Thermodynamic Characteristics and a Structural Model of 
a Non-Stoichiometric Phase in the Fe-O System," Pos Aka~ Nauk, 
Oddz. Krakowie, Pr. Kom. Metal.-Odle~. Metal., 22, 65-90 (1974). 
(Thermo; Experimental) 

74Car: C. Carel, "Discussion of Some Crystallographic Results Ob- 
tained at Thermodylnamic Equilibrium on Solid Wustite," C. R. AcacL 
Sci. (Paris) B, 278(10), 417-420 (1974) in French. (Crys Structure; 
Experimental) 

74Gah EM. Galperin, A.N. Salught, A.A. Saigin, and N.V. Elistratov, 
"Mtssbauer Study of the Morin Transformation in a-Fe203," Phys. 
Status Solidi (a), 22, K7-K8 (1974). (Magnetism; E.xperimental) 

74Girl: R.A. Giddings and R.S. Gordon, "Solid-State Coulometric 
Titration: Critical Analysis and Application to Wfistite,"J. 
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Electroche~ SOc., 121(6), 793-800 (1974). (Equi Diagram, Thermo; 
Experimental) 

74Gro: F. Grcnvold and A. Steen, "Heat Capacity and Thermodynamic 
Properties of Synthetic Magnetite (Fe304) from 300 to 1050 K. Fer- 
rimagneticTransition and Zero Point Entropy,'J. Chem. Thermodyn., 
6, 859-872 (1974). (Thermo; Experimental) 

74Hay: M. Hayakawa, M. Morinaga, and J.B. Cohen, "The Defect 
Structure of Transition-Metal Monoxides," Defects and Transport in 
Ox/des, M.S. Seltzer and R.I. Jaffee, Ed., Plenum, New York, 177-199 
(1974). (Crys Structure; Experimental) 

74Jan: J. Janowski, It. Benesch, NL Jaworski, and A. Miklas|ngki; 
"Thermodynamic Characteristics and a Structural Model of a Non- 
stoichlometric Phase in the Fe-O and the Mn-O Systems,"PoL Akag 
Naulg Oddz. Krakowig t~. Kom. Ceram., Ceram., 21, 139-147 
(1974). (Thermo; Experimental) 

74Mao: H.-K. Man, T. Takahashi, W.A. Bassett, G.L. Kinsland, and L. 
Merrill, "Isothermal Compression of Magnetite t 9 320 kbar and Pres- 
sure-Induced Phase Transformation,," J. Geophys. Res., 79(8), 1165- 
1170 (1974). (Equi Diagram, Crys Structure; Experimental) 

74Sam: EJ. Samueisen, "Note on the Space Group of Magnetite," J. 
Phys. C, SolidStatePhys., 7, L115-Ll17 (1974). (Crys Structure; Ex- 
perimental) 

74Sig: G.K. Sigworth and J.E Elliott, "Thermodynamics of Liquid 
Dilute IronAlloys,'Met SeL 8, 298-310 (1974). (Thermo; Compila- 
lion) 

74Tou: B. Touzelin, "X-Ray Determination at High Temperature in 
Controlled Atmosphere of the Iron Protoxide Parameters. Study of the 
Decomposition of Iron Pmtoxide between 25 "C and 570"C,"Reu. Int 
Hautes Temp. Rdfract., 11(3), 219-230 (1974) in French. (Crys Struc- 
ture; Experimental) 

75Bar: JJ. Barrel and E.E Westrum, Jr., "Heat Capacities of Fe304 and 
ZnFe204 from 300 to 500 K," J. Chert Thermodyg, 7, 706-708 
0975). (Thermo; Experimental) 

75Cat: C.R.A. Caflow and B.E.E Fender, "Calculations of Defect 
Clustering in Fe1_j~O," J. Phys. C, Solid State Phys., 8, 3267-3279 
(1975). (Crys Stmc~e; Theory) 

75Gro: E Grenvold and EJ. Samuelsen, "Heat Capacity and Thermo- 
dynamic Properties of a-Fe203 in the Region 300-1050 K. Antifer- 
romagnetic Transition,"J. Phys. Chem. Solids, 36, 249-256 (1975). 
(Magnetism; Experimental) 

75HU: D.L Hildenbrand, "Thermochemistry of Molecular FeO, FeO + 
and FeO2," Chem. Phys. Lea., 34(2), 352-354 (1975). (Equi Diagram; 
Experimental) 

7$Hon: J. H6nigschmid, "Field-Induced Magnetic Phase Transition in 
Hematite (a-Fe203) Single Crystals,," Kernforsch. Jiilich G.M.B.FL 
Inst. Festk6rperforsch., Rep. JOL-1233 (1975). (Magnetism; Ex- 
perimental) 

75Hue: J.S. Huebner, "Oxygen Fugacity Values in Furnace Gas Mix- 
tures,"Ara. Mineralog., 60, 815-823 (1975). (Thermo; Experimental) 

7$Kam: I.IC Kamilov, G.G. Musaev, and G.M. Shakhshaev,"Magnetic 
Field Effect on Magnetite Heat Capacity in the Low-Temperature 
Phase Transition Region," Dok2 Akag Nauk SSSR, 220(5), 1057- 
1059 (1975) in Russian. (Thermo; Experimental) 

7SKin':. V.A. Kurepin, "Activity of Components, Thermodynamical 
Characteristics of Reactions, and Phase Equilibria in the Iron-Oxygen 
System at High Temperatures and Pressures," Geokh/m/ya, (10), 
1475-1483 (1975) in Russian. (Equi Diagram, Thermo; Review) 

75Now: J. Nowotny and I. Sikora, "Application of the Work Function 
Measurements for Studying the Iron-Oxygen System," Bug Aca~ 
PoL ScL (Sei. Chim.), 23(12), 1045-1051 (1975). ('rhermo; Ex- 
perimental) 

7b'Pov: V.A. Povitskii, A.N. Salugin• and E.E Makarov, "Defective 
Structure of Hematite and Morin Transition," Fiz. Tverd Tela, 17, 
3649-3651 (1975) in Russian; TR: Sou Phys. Solid Stat~ 17(12), 
2372-2374 (1975). (Magnetism; Experimental) 

75Syo: Y. Syono, T. Goto, J. Nakai, and Y. Nakagawa, "Shock Compres- 
sion Study of Transition Metal Oxides," Proc. Int. Co~. High Pres- 
sure, 4th, Kyoto, 1974, Phys.-Chem. Soc. Jpn., Kyoto, 466-472 
(1975). (Equi D'.~m; Experiment) 

75Tin': A.G. Turnbuil, "The Eathalpy ofFormation ofMagnetite, Pseu- 
dobrookite and Kennedyite," Conf. Int. Thermody~ Chim. (C. g ), 
4th, ~bL 1,184-191 (1975). (Thermo; Experimental) 

7b'Vol: IC Volenik, M. Sebeflni, and J. Neid, "A M6ssbauer and X-Ray 
Diffraction Study ofNonstuichiometryin Magnetite,"CzecgY. Phys. 
B, 25, 1063-1071 (1975). (Crys Structure; Experimental) 

7b'Weh J.R. Wo~ "The Heat Capacity of Magnetite Near the Metal- 
Semiconductor Transition Point," Diss. Abst lnL B, 36(3), 1302 
(1 975). (Equi Diagram, Thermo; Experimental) 

76Bin': J.J. Barrel and E.E Weslrum, Jr., "Thermodynamics of Fe(I1) 
Fe(IlI) Oxides Systems. II. Zinc- and Cadmium-Doped Fe304 Crys- 
talline Magnetite,' J. Chem. Thermodyn., 8, 583-600 (1976). (Ther- 
too; Experimental) 

76Ben: L. Ben-Dor, E. Fischbein, and Z. Kalman, "Concerning the 13 
Phase of Iron(m) Oxide,"Acta Crystallogr. B, 32, 667 (1976). (Crys 
Structure, Meta Phases; Experimental) 

76Cm': C. Carel and J.R. Gavarri, "Introduction to Description of Phase 
Diagram of Solid Wiistite: I. Structural Evidence of Allotropic 
Varieties," Mat~ Res. BulL, 11, 745-756 (1976). (Crys Structure; 
Review) 

76Chi: T. Otiang and Y.A. Chang, "The Activity Coefficient of Oxygen 
in Binary Liquid Alloys," MetaiL Trans. B, 7, 453-467 (1976). (Ther- 
too; Review) 

76Gay: J.R. Gavarri, D. Weigel, and C. Carel, "Introduction to Descrip- 
tion of Phase Diagram of SolidVv~stite: II. Structural Review,"Mater 
Res. BulL, 11, 917-926 (1976). (Crys Structure; Review) 

76Man: N. Manderla and C. Voight, "The Latent Heat of the Morin 
Transition in c~-Fe203,'Phys. Leg A, 57(4), 367-368 (1976). (Ther- 
too; Experimental) 

77And: B. Andersson and J.O. Sletues,"Dccomposition and Ordering in 
Fel-J~3," Acta Crystallo~.. A, 33, 268-276 (1977). (Oys Structure; 
E,q)erimen~) 

77Mat: M. Matsui, S. Todo, and S. Chikazumi, "Specific Heat and 
Electrical Conductivity of Low Temperature Phase of Magnetite," J. 
Phys. Soc.Jpn., 42(5), 1517-1524(1977). (Thermo; Experimental) 

77'Ibd: S. T6d0 and S. Chikazumi, "Anomalous Specific Heat of Fe304 
Discovered at 10K,".I. Phys. SOc. Jp,~, 43(3), 1091-1092 (1977). 
(Equi Diagram, Thermo; Experimental) 

77Ym: J. Yoshida and S. Iida, "X-Ray DiffTaction Study on the Low 
Temperature Phase of Magnetite," J. Phys. SOc. Jpn., 42(1 ), 230-237 
(1977). (Crys s ~ ;  E,q~rimental) 

78Cho: I.-M. Olou,"Calibration of Oxygen Buffers at ElevatedPand T 
using the Hydrogen Fugacity Sensor," Am. Mineralog., 63, 690-703 
(1978). crhermo; Experiment) 

78Fis: W.A. Fischer and J.E Sohumacher, "The Solubility of Oxygen in 
Pure Iron from the Melting Point to 2046 "C, Determined with the 
Levitation Melting Method," Arch. Egsenhfi~nwes., 49(9), 431-4 35 
(1 978) in German. (Equi Diagrsm; Experimental) 

78FuJ: T. Fujisawa, M. Nomura, and H. Sakao, "Silicon-Oxygen Equi- 
librium in 6-Iron at the Solid-Liquid Equih'bfium Temperature," J. 
IronSteellnst.Jp~, 64(6), 720-729 (40-49)(1978) in Japanese. (Equi 
Diagram; Experimental) 
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78Now: J. Nowotuy and I. Sikora, "Surface Electrical Properties of the 
Wustite Phase," J. Electrochem. Soc., 125(5), 781-786 (1978). (Equi 
Diagram; Experimental) 

78Sch: W.M. Shchedrin, I.S. Kulikov, V.N. Vas'kin, and A.A. Teleguin, 
"Vaporization of Magnetite and WOstite in Ultra-High Neutral 
Vacuum with Mass-Spectrometric Analysis of Gaseous Phase," ,/. 
Che~ Thermody~, 10, 9-18 (1978). (Thermo; Experimental) 

*78Spe: P3. Spencer and O. Kubaschewski, "A Thermody~amlc As- 
sessmont of the Iron-Oxygan System," Ca~pha~ 2(2), 147-167 
(1978). (Equi Diagram, Thermo; Review) 

79Bat: P.D. Battle and A.IL Cheetham, "The Magnetic Structure of 
Non-Stoichiometric Ferrous Oxide,",/. Phys. C, Solid State Phys., 12, 
337-345 (1979). (Crys SIn~cture; Experimental) 

79Gay: J.-R. Gavarri, C. Carel, and D. Weigel, "Contribution to the 
Structural Study of High Temperature Solid Wiistite, "J. Solid State 
Chem., 29, 81-95 (1979) in French. (Crys Structure; Experimental) 

79Hon: J. H6nigschmid and G. W'dl, "A Neutron Diffraction Investiga- 
tion of the H-TPhase Diagram of ct-Fe203," Phys. Status Solidi (a), 
53, 557-563 (1979). (Magnetism; Experimental) 

79Iid: S. Iida, M. Mizognchi, S. Umemura, J. Yoshida, IL Kato, and IC 
Yanai, "Typical Spontaneous Symmetry Break Down in Solid State as 
Revealed by Fe304,"`/. AppL Phys., 50(11), 7584-7588 (1979). (Equi 
Diagram, Crys Structure; Experimental) 

79Iiz: M. Iizumi, "Verwey Transition in Magnetite as a Potentially In- 
commensurate but Eventually Commensurate Phase Transition," 
Modulated Structures---.1979, AlP Conf. Prec. No. 53, J.M. Cowley, 
J.B. Cohen, M.B. Salamon, and B.J. Wuensch, Ed., Am. Inst. Phys., 
New York, 184-186 (1979). (Equi Diagram; Experimental) 

79Kak: Y. Kakudate, N. Mori, and Y. Kino, "Pressure Effect on the 
Anomalous Electrical Conductivity of Magnetite,",/. Mas~ Mas~ 
Mate~., 12, 22-25 (1979). (Equi Diagram; Ex~rimental) 

79Leb: T.S. Lebedev and N.F. Poznanskaya, "Changes in the Curie 
Temperature of Ferdmagnetic Minerals of a Titanomagnetic Series in 
Relation to the Depth of Occurrence," G eofiz. Zh., 1 (3), 44- 56 (1979) 
in Russian. (Magnetism; Experimental) 

79Sat: Y. Sato and S.-I,. Akimoto, "Hydrostatic Compression of Four 
Corundum-Type Compounds: ct-Al:~3, V203, ~, and ct- 
Fe203," J. AppL Phys., 50(8), 5285-5291 (1979). (Crys Structure, 
Magnetism; Experimental) 

79Tak: E. Takayama and N. Kimizuka, "Modified Mixed-Gas Flow 
Method for Controlling the Oxygen Partial Pressure in a Furnace 
below 1100 "C," J. Electrochem. Soc., 126(11), 2012-2016 (1979). 
(Thermo; Experimental) 

79Ter: E.L Te~_kov, W. Reichelt, D. Ihle, and H. Oppermann, "Isotope 
Effect on the Verwey Transition Temperature of Magnetite," Phys. 
Status SolidiB, 95(2), 491-495 (1979). (Equi Diagram; Experimen- 
tal) 

79Yos: J. Yoshida and S. Iida, "X-Ray Study of the Phase Transition in 
Magnetite,",/. Phys. Soc.,/pn., 47(5), 1627-1633 (1979). (Crys Struc- 
ture; Experimental) 

80Baul: E. Bauer and A. Pianelli,"L Focus on the Vacancy Structure of 
Wustite and the Need for New Experimental Research," Mate~. Res. 
Bull., 15, 177-188 (1980) in French. (Crys Structure; Review) 

80Bau2: E. Bauer, A. Pianelli, A. Aubry, and F. Jeannot, "II. New Strnc- 
rural Aspect of Pure and Substituted Metastable Wustites," Mate~. 
Res. BulL, 15, 323-337 (1980) in French. (Crys Structure; Ex- 
perimental) 

80Fin: L.W. Finger and R.M. Hazen, "Crystal Structure and Isothermal 
Compression of Fe203, Cr203, and V203 to 50 kbars,"J. ~ Phys., 
51(10), 5362-5367 (1980). (Crys Structure; Experimental) 

80Goe: R.P. Goei, ILI-L Kellogg, andJ. Larraln,"Mathematical Descrip- 
tion of the Thermodynamical Properties of the Systems Fe-O and Fe- 

O-SiO2," MetulL Trans. B, 11, 107-117 (1980). (Equi Diagram; 
Review) 

80Goo" J.B. Goodenough, "The Verwey Transition Revisited," M/xed- 
Va/ence Compounds, D.B. Brown, Ed., D. Reidel Publishing Co., 
Boston, MA,413-425 (1980). (Crys Structure; Review) 

80Gull: I.L Gul'tyai, "The Iron-Oxygen System: Thermodynamics of 
Wnstite-Hemafite Melts," I~.. Aka~ Nauk SSSR, Met, (2), 41-44 
(1980) in Russian; TR: Russ. MetaR, (2), 35-38 (1980). (Equi Dia- 
gram; Review) 

80Gui2: I.L Gul'tyai, "Hematite-Based Solid Solutions in an Iron- 
Oxygen System," lzv. Akad. Nauk SSSR, Neorg. Mat~, 16(5), 943- 
944 (1980) in Russian. (Equi Diagram, Thermo; Review) 

80Iid: S. lkia, "Structure of Fe304 at Low Temperatures," Philos. Ma 8. 
B, 42(3), 349-376 (1980). (Equi Diagram, Crys Structure; Review) 

80Jes: R. Jeanloz and TJ. Ahrens,"Equations of State of FeO and CaO," 
Geophys.J. K Astron. Soc., 62, 505-528 (1980). (Equi Diagram; Ex- 
perhnental) 

8OMm': A.H. Morrish,"Morphology and Physical Properties of Gamma 
Iron Oxide," 2 Crystals. Growth and Properties, H.C. Freyhardt, 
Managing Ed., Springer-Veriag, New York, 171-197 (1980). (Crys 
Structure; Review) 

80Sug: E. Sugimoto, S. Kuwata, and Z. Kozuka, "Measurements of 
Standard Free Energies of Formation of Various Oxides by E.M~E 
Method with Solid Electrolyte at Low Temperatures," J. Jpr~ lnst 
Met., 44(6), 644-651 (1980) in Japanese. (Thermo; Experimental) 

80Tak: E. Takayama and N. Kimiz-ka~ "Thermodynamic Properties 
and Subphases of Wnstite Field Determined by Means of Ther- 
mogravimetric Method in the Temperature Range of 1100-1300 "C," 
J. Electrochem. Soc., 127(4~ 970-976 (1980). (Equi Diagram, Ther- 
mo; Experimental) 

81Bar: J.A. Barbem, M.A. Blesa, and J.G. Moroto, "The Lower Tem- 
perature Range of the Wusfite Stability Field," Z. Phys. Chem. Neue 
Folge, 124,139-147 (1981). (Equi Diagram, Thermo; Experimental) 

81Car: C. Carel and P. Vallet, "On the First-Order Transformation of 
Magnetite at 1160"C,"BuIL Soc. ScL Bretagn~ 52(1-4), 55-59 (1981) 
in French. (Equi Diagram, Thermo; Theory) 

81Gie: T. Giebultowicz, V..V. Nitts, Z. Tucharz, ~ Yakolev, and E. 
Jarocki, "Neutron Investigation of the Kinetics of a First-Order Phase 
Transition in a Perfect Single Crystal," F~ Tverd. Tela, 23, 233-241 
(1981) in Russian; TR: Sou. Phys. Solid State, 23(1), 131-136 (1981). 
(Magnetism;Experimental) 

81Jac: E. Jacobsson and E. Ros~n, "Thermodynamic Studies of High 
Temperature Equih'bria. 25. Solid State EMF Studies of the Systems 
Fe-FeO, Ni-NiO, and Co-CoO in the Temperature Range 1000-1600 
K,'Scand. Y.MetaR~ 10, 39-43 (1981). (Thermo; Experimental) 

81Sch: R.G. Schwal and D. KOstner,"The Equih'brium Fugacitiesoflm- 
portant Oxygen Buffers in Technology and Petrology,'NeuesJahrb. 
M/neraL, Abh., 140(2), 111-142 (1981) in German; cited by [85Jac]. 
(l'hermo; Experimental) 

81Tou: B. Touzelin,"Study of the System Fe-Co-O at 900 ~ with Ther- 
mogravimetry and X-Ray Diffraction at High Temperature,",/. Less- 
Common Met., 77, 11-27 (1981) in French. (Crys S~ucture; Ex- 
perimental) 

81Wol: M. Wolf, W. Reichelt, H.-P. Briickner, and H. Oppermann, "The 
Influence of the Substitution of 160 by 180 on the Metal-Insulator 
Transition Temperature of Vanadinm Oxides and Magnetite,"Ph//os. 
Mag.B, 43(2),373-376 (1981). (Equi Diagram; Experimental) 

81Wu: C.C~ Wu and T.O. Mason, "Thennopower Measurement of Cat- 
ion Distribution in Magnetite,",/. Ant Ceram. SOc., 64(9), 520-522 
(1981). (Crys Structure; Ex~rimental) 

82Chh IL Chiba and S. Chikazum~ "Low Temperature Structure of 
Magnetite as Deduced from Diffuse Electron Scattering," Ferr/tes, 
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Proc. Int. Cong. Ferrites, 3rd, Kyoto, 1980, H. Watanabe, S. ]ida, and 
M. Sugimoto, Ed., D. Reidel Publishing Co., Boston, 96-100 (1982). 
(Crys Structure; Experimental) 

82Die: 1L Dieckmann, "Defects and Cation DitRmion in Magnetite. 
(IV): Nonstoichiometry and Point Defect Slructure of Magnetite 
(Fe3-604),"Bee. Bunsenget Phys. Chem., 86, 112-118 (1982). (Equi 
Diagram, Thermo; Experimental) 

82Gov" 1L Govindarajan, C.M. Carmichael, and H.H. Sohloessin,"Self- 
Suppression of Phase Transitions Exemplified by the Effects of 
(De)Magnetization of Magnetite at the Curie Point under High Pres- 
sure," Phys. Earth P/anetary Inter/ors, 29, 108-118 (1982). (Mag- 
netism; Experimental) 

82Hon: J.M. Honig, "Electrical Transitions in Metal Oxides," J. SO//d 
State Chem., 45,1-13 (1982). (Equi Diagram; Review) 

82Iiz: M. ]izumi, T.F. Koetzle, G. Shirane, S. Chikazumi, M. Matsui, and 
S. Todo, "Structure of Magnetite (Fe304) Below the Verwey Transi- 
tion Temperature,"Acta Crystalloge. B, 38, 2121-2132 (1982). (Crys 
Structure; Experimental) 

82Kub: O. Kubaschewski, "Iron-Oxygen," Iron--Binary Phase 
D/agrams, Springer-Verlag, New York, 79-82 (1982). (Fxlui Dia- 
gram; Compilation) 

82Li: G. Li and R. Cao,"On the Oxygen Partial Pressure and Activity of 
FeTiO3-MgTiO3 Solid-Solution System," Acta MetaU. Sin. (China), 
18(3), 371-377 (1982) in Chinese. (Thermo; Experimental) 

82Liu: L.-G. Liu, P. Shen, and W.A. Bassett, "High Pressure Polymor- 
phism of FeO? An Alternative Interpretation and Its Implications for 
the Earth's Core," Geophys. J. R. Astron. SOc., 70, 57-66 (1982). 
(Meta Phases; Review) 

82Lyk: A.A. Lykasov, G.G. Mikhailov, and V.I. Shishkov,"Gibbs Ener- 
gy of the Formation ofWnstite,"lzv. VU.Z. ChernayaMetall., (3), 6-9 
(1982) in Russian. (Thermo; Review) 

82Mue: G.J. Muench, S. Arajs, and E. Matijevic, "Effects of Magnetic 
Field, Sl~ain, and Size on the Morin Temperature of Spherical et- 
Fe203 Particles," 1EEE Trans. Magn., MAG-18(6), 1583-1585 
(1982). (Magnetism; Experimental) 

82Pan: LB. Pankratz, "Thermodynamic Properties of Elements and 
Oxides," Bull. 672, U.S. Bureau of Mines (1982). 0"hermo; Compila- 
tion) 

82Sika I. Sikora, "Work Function in the Determination of Phase Transi- 
tions in Oxide Systems," Mater. ScL Monograph, 15, 409-416 (1982). 
(Thermo; Experimental) 

82Swa: U Swartzendrober, "The Fe (Iron) System," BulL Alloy Phase 
D/agrams, 3(2), 161-165 and 224 (1982). (Equi Diagram; Review) 

82Wag: D.D. Wagman, W.H. Evans, V.B. Parker, RH. Schumm, I. 
Halow, S.M. Bailey, K.L Chumey, and R.L. Nuttall, "The NBS 
Tables of Chemical Thermodynamic Properties," J. Phys. Chem. Ref. 
Data, 11 (SuppL 2) 2-177 (1982). (Thermo; Compilation) 

82Yam: A. Yamamoto, "Modulated Structure of Wustite (Fel-J,O) 
0"lu'ee-Dimensional Modulation)," Acta Crystallogr. B, 38, 1451- 
1456 (1982). (Oys Structure; Experimental) 

83Bou: M. Boudeuile, H. Batis-Landouisi, C. Leclercq, and P. Vergnon, 
"Structure of'f-Fe203 Microcrystals: Vacancy Distribution and Su- 
perstructure,'J. Solid State Chert, 48, 21-32 (1983). (Oys Structure; 
Experimental) 

83Eir: F.A. Elrefaie and W.W. Smeltzer, 'Whermodynamics of the Sys- 
tem Iron-Aluminum-Oxygen Between 1073 K and 1573 K,"MetaR 
Trans. B, 14, 85-93 (1983). (Thermo; Review) 

83Esd: J.D. Esdaile,"The Correlation of the Thermodynamic Properties 
of Wustite by a Gaussian Based Formalism," Metall. Trans. A, 14, 
771-775 (1983). (Thermo; Theory) 

83Gme: E Gmelin, N. Lcnge, and H. Kronmiiller, 'q~.~ncy Effect on 
the Transition Temperature of Magnetite," Phys. Status Solidi (a), 79, 
465-475 (1983). (EquiDiagram, Thermo;Experimental) 

83Gre: C. Greaves, "A Powder Neutron Diffraction Investigation of 
Vacancy Ordering and Covalence in u J. Solid State Chem., 
49, 325-333 (1983). (Crys Structure; Experimental) 

83Kna: O. Knacke, "The Phase Boundaries of Wfistite," B ~  Bunsen- 
get Phys. Chem., 87, 797-800(1983). (Equi Diagram; Review) 

83Leb: C. Lebreton and LW. Hobbeb "Defect Structure of Fe1.,33," 
Radial Effects, 74, 227-236 (1983). (Crys Structure; Experimental) 

83Mye: J. Myers and FLP. Eugster,"The System Fe-Si-O: Oxygen Buff- 
er Calibrations to 1,500 K," Contrib. Mineral PetroL, 82, 75-90 
(1983). (Thermo; Experiment) 

83Nag: S. Nagakura, T. Ishignro, and Y. Nakamura, "Structure of 
grOstite Observed by UHV-HR-1 MV Electron Microscope," Proc. 
Int. Conf. High Voltage Electron Microscopy, 7th, 59-62, Univ. Calif., 
Lawrence Berkeley Lab. Rep. LBL-16031 (1983). (Crys Structure; 
Experimental) 

83Ndu: M. Nduaguba and J.F. El]iott,"The Solubility of Liquid Oxysul- 
fide Phase in Liquid Fe-O-S Alloys," MetaR Trans. B, 14, 679-683 
(1983). (Equi Diagram; Experimental) 

83Neu: J.P. Neumann,"PropertiesofIron,"BulLAlloyPhaseDiagrams, 
4(1), 27 (1983). (Crys Structure; Experimental) 

83Rig: M.O. Rigo, J.F. Mareche, V.A.M. Brabcrs, "On the Phase Transi- 
tions of Magnetite at Low Tempemtures,"Philos. Mag. B, 48(5), 421- 
430 (1983). (EquiDiagram, Crys Structure, Thermo; Experimental) 

83She: P. Shen, W.A. Bassett, and L.-G. Liu, "Experimental Determina- 
tion of the Effects of Pressure and Temperature on the Stoichiometry 
and Phase Relations of Wfistite," Geochim. Cosmochim. Acta, 47, 
773-778 (1983). (Equi Diagram; Experimental) 

83Sril: C.M. Srivastava, "The Venvey Transition," Bull Mat~ ScL, 
5(3-4), 247-256 (1983). (Equi Diagram; Review) 

83Sri2: C.M. Sfivastava, "Isotope and Pressure ~ on the Verwey 
Temperature of Magnetite," Phys. Leg A, 98(4), 192-194 (1983). 
(Equi Diagram; Theory) 

&lAnd: A.B. Anderson, R.W. Grimes, and A.I-L Heuer, "Defect Clusters 
in Wusfite, Fel-xO," J. Solid State Chem., 55, 353-361 (1984). (Crys 
Structure; Theory) 

84Bd: K.P. Belov, A.N. Goryaga, V.N. Sheremet'ev, and V.N. Pronin, 
"Effect of a Magnetic Field on the Nature of the Verwey Crystal- 
lographic Transition in Magnetite," Pis "ma Zh. Ekap. Teor. F iz, 40( 1 ), 
15-17 (1984) in Russian; TR: JETP Leg, 40(1), 736-738 (1984). 
(Equi Diagram; Experimental) 

84Fre: M. F~Afiks~n and E. Ros6n, "Thermodynamic Studies of High 
Temperature Equilibria. 28. Solid State EMF Studies of the Sulfide- 
Oxide Equilibrium in the System Sn-S-O," Scand. J. Metall., 13, 95- 
97 (1984). (Thermo; Experimental) 

84Gme: E. Gmelin, N. Lenge, and H. Kronmfiller, "Specific Heat of 
Magnetite Near the Verwey Transition. Is There More than One Phase 
Transition?" Phi/os. Mag. B, 50(3), IA1-L44 (1984). (Equi Diagram, 
Thermo; Experimental) 

84Has: K.-I. Hashizume and H. K~no, "Magnetic Transition on Cooling 
Course for Some Ferromagnetic, Ferrimagnetic and Antiferromag- 
netic Materials,"J. Phys. Soc. Jpn., 53(11), 3980-3984 (1984). (Mag- 
netism;Experimental) 

84Haz: R.M. Hazen and IL Jeanioz, "Wiistite (Fel-xO): A Review of Its 
Defect Structure and Physical Properties," Reg. Geophys. Space 
Phys., 22(1), 37--46 (1984). (Crys Structure; Review) 

84Jac: I. Jackson, A.E. Ringwood, and C.A. McCammon, "Comment 
on 'High-Pressure Polymorphism of FeO7 An Altemative Interpreta- 
tion and Its Implication for the Earth's Core' by L Liu, P. Shen, and 
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W.A. Bassett," Geophys..l. R.Astron. SOc., 77, 279-282 (1984). (Meta 
Phases; Review) 

84Liu1: L-G. Liu, E Shen, and W.A. Bassett,"The Stability Fields of the 
FeO Composition at High Pressure: AThermodynamic Calculation," 
High Temp.--High Pressures, 16, 177-186 (1984). (Equi Diagram; 
Theory) 

84Iju2: L.-G. Liu and W.A. Bassett, "Reply to Comment by Jackson, 
Ringwood and McCammon with Purther Observations on Wiistite 
and Magnetite," Geophys. J. R. Astron. Soc., 77, 283-285 (1984). 
(Meta Phases; Theory) 

84Mcc: C.A. McCammon and L.-G. Liu, "The Effects of Pressure and 
Temperature on Nonstoichiometric Wtistite, FexO: The Iron-Rich 
Boundary," Phys. Chem. Mine~., 10, 106-113 (1984). (Equi Diagram, 
Crys Structure; Experimental) 

84Ohtl: E. Ohtani and A.E. Ringwood, "Composition of the Core. I. 
Solubility of Oxygen in Molten Iron at High Temperatures," Earth 
Pla~ Sci. Lett, 71, 85-93 (1984). (Equi Diagram; Experimental) 

84Oht2: E. Ohtani, A.E. Ringwood, and W. Hibberson, "Composition 
of the Core. II. Effect of High Pressure on Solubility of FeO in Molten 
Iron," Earth Plan. Sci. Lett., 71, 94-103 (1984). (Equi Diagram; Ex- 
perimental) 

84Pan: L.B. Pankratz, J.M. Stuve, and N.A. Gokcen, "Thermodynamic 
Data for Mineral Technology," Bull. 677, U.S. Bureau of Mines 
(1984). (Thermo; Compilation) 

84Rae: J.H. Raeder, J.L. Holm, and O.T. S~rensen, "Defects in Metal- 
Deficient Cobalt-Wiistites, (Co, Fe)l-yO," SolidState Ionics, 12, 155- 
159 (1984). (Crys Structure; Theory) 

8,1She: J.P. Shepherd, J.W. Koenitzer, C.J. Sandberg, R. Aragon, and 
J.M. Honig, "Heat Capacity Studies on Magnetite," MoL Cryst. Liq. 
Cryst., 107, 191-194 (1984). (Equi Diagram, Thermo; Experimental) 

84Smo: S. Smoes and J. Drowart, "Determination of the Dissociation 
Energies of Gaseous Iron Monoxide and Manganese Monoxide by 
the Mass Spectrometric Knudsen Cell Method," High Temp. ScL, 17, 
31-52 (1984). (Equi Diagram; Experimental) 

84Sri: G. Srinivasan and M.S. Seehra,''Variation of MagneticPmperties 
of FezO with Nonstoichiometry," ./. AppL Phys., 55(6), 2327-2329 
(1984). (Meta Phases; Experimental) 

&SAra1: R. Amg6n, DJ. Buttrey, J.P. Shepherd, and J.M. Honig, "In- 
fluenceofNonstoichiometry on the Verwey Transition,"Phys. Rev. B, 
31(1), 430-436 (1985). (Equi Diagram; Experimental) 

8SAra2: R. Arag6n, J.P. Shepherd, J.W. Koenitzer, D.J. Buttrey, RJ. 
Rasmussen, and J.M. Honig, "Influence of Nonstoichiometry on the 
Verwey Transition in Fe30~)O4,"./. AppL Phys., 57(1), 3221-3222 
(1985). (Equi Diagram, Thermo; Experimental) 

85Cha: M.W. Chase, Jr., C.A. Davies, J.1L Downey, Jr., D.J. Frurip, R.A. 
McDonald, and A.N. Syvemd, "JANAF Thermochemical Tables, 3rd 
ed., Part H, Cr-Zr," J. Phys. Chem. Re~. Data, 14(Suppl. 1), 1172 
(1985). (Thermo; Review) 

85Ish: T. Ishiguro and S. Nagakura, "Structure of the Commensurate 
Phase P", of Wilatite Feo.9o20 Studied by High Resolution Electron 
Microscopy," Jp~ J. AppL Phys., 24(9), L723-L726 (1985). (Crys 
Structure; Experimental) 

85Jac: E. Jacobsson, "Solid State EMF Studies of the Systems FeO- 
Fe304 and Fe30,t-Fe203 in the Temperature Range 1000-1600 K," 
Scand.J. MetalL, 14, 252-256 (1985). (Thermo; Experimental) 

85Shel: J.P. Shepherd, J.W. Koenitzer, R. Arag6n, CA. Sandberg, and 
J.M. Honig, "Heat Capacity Studies on Single Crystal Annealed 
Fe304," Phys. Re~. B, 31(2), 1107-1113 (1985). (Thermo; Ex- 
perimental) 

85She2: J.E Shepherd, R. Arag6n, J.W. Koenitzer, and J.M. Honig, 
"Changes in the Nature of the Verwey Transition in Non- 

sto~,hiometric Magnetite (Fe304)," Phys. Rev. B, 32(3), 1818-1819 
(1985). (Equi Diagram, Thermo; Experimental) 

85Sot: O.T. Scrensen and M.E.S. Aft, "Defects on Metal-Deficient 
Oxides: Wtisfite, Fel-yO," Rise Nat. Lab., Rosldlde, Denmark, Rap. 
Ris~-R-505 (1985). (Equi Diagram, Crys Structure; Theory) 

85Suz: T. Suzuki, T. Yagi, S. Akimoto, A. Ito, S. Morimoto, and Y. 
Syono, "X-Ray Diffraction and M6ssbaner Spectrum on the High 
Pressure Phase of Fe203," Solid State Physics Under Pressure, S. 
Minomura, Ed., D. Reidel Publishing Co., Boston, 149-154 (1985). 
(Crys Structure; Experimental) 

85"Ibm: S.M. Tomlinson, C.R.A. Catlow, and JM. Harding, "Defect 
Clustering in Rock-Salt Structured Transition Metal Oxides," 
Transport in Nonstoichiometric Compounds, G. Simkovich and V.S. 
Stubican, Ed., Plenum, New York, 539-550 (1985).(Crys Structure; 
Review) 

86Garl: E. Gartstein, T.O. Mason, and J.B. Cohen,"Defect Agglomera- 
tion in Wiistite at High Temperatures~I. The Defect Arrangement," 
J. Phys. Chem. Solids, 47(8), 759-773 (1986). (Crys Structure; Ex- 
perimental) 

86Gar2: E. Gartstein, J.B. Cohen, and TO. Mason, "Defect Agglomera- 
tion in Wdstite at High Temperatures---IL An Electrical Conduction 
Model," ]. Phys. Chem. Solids, 47(8), 775-781 (1986). (Crys Struc- 
tare; Experimental) 

86Gri: R.W. Grimes, A.B. Anderson, and A.H. Heuer, "Defect Clusters 
in Non-stoichlometric 3d Transition-Metal Monoxides," J. A~ 
Ceram. SOc., 69(8), 619-623 (1986). (Crys Structure; Theory) 

86110: H.-M. Ho, E. Goo, and G. Thomas, "Crystal Structure of Acicular 
u Particles Used in Recording Media,".L AppL Phys., 59(5), 
1606-1610 (1986). (Crys Structure; Experimental) 

86Hua: E. Huang and W.A. Bassett, "Rapid Determination of Fe304 
Phase Diagram by Synchrotron Radiation,"J. Geophys. Res., 91 (B5), 
4697-4703 (1986). (Equi Diagram, Crys Structure; Experimental) 

86Mah C. Mallika, R. Pankajavalfi, and O.M. Sreedharan, "An Oxide 
Electrolyte EMF Study of the Stability of W'dstite Around Its Eutec- 
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The Fe-Pb (Iron-Lead) S y s t e m  
By B. Burton 

National Inst i tute  o f  Stan_dn,zlm and  Technology 

Equilibrium Diagram 

A possible Fe-Pb compound (FePb2) as suggested by [32Dan], 
but neither [46Now] nor [47Sch] found any evidence for such a 
phase. There is very limited mutual solubility in either the solid or 
liquid phases. Data on the solubility of Pb in liquid Fe (Fig. 1) were 
reported by [60Lor], [60Mil], [63Ara], and [71Mor]. Of these, the 
[60Mil] data appear to coustimte the most internally consistent 
set. Data on the solubility of Fe in liquid Pb (Fig. 2) were reported 
by [60Mil], [61Ste], and [82Ali]. The data of [61Ste] are 
preferred, because they form an internally consistent set and be- 
cause the equilibrium phase boundary was bracketed by collect- 
ing data with both heating and cooling runs. 

S o l u b i l i t y  o f  Pb  i n  L i q u i d  F e  

Data from [60Lor] are listed in Table 1 and plotted in Fig. 1 (open 
and closed squares). Each value represents an average of three to 
ten analyses. They used 99.9% pure Fe and Pb of unspecified 
purity. Two types of experiments were done: (1)"equilibration" of 
liquid Fe with Pb vapor (closed squares in Fig. 1); and (2) direct 
"liquid/liquid equilibration" (open squares in Fig. 1). In the liq- 
uid/vapor experiments (Table 1) about 9 g Fe were contained in a 
small alumina crucible placed in a larger alumina crucible that 

also contained about 20 g Pb. A 10 to I argon-to-hydrogen gas 
mixture was passed through the furnace at 1100 cm3/min during 
the runs, which lasted 2 h (1 h heating plus 1 h annealing); [60Lor] 
claimed that separate kinetic studies indicated 1/2 h heating is suf- 
ficient to reach saturation. After annealing, the furnace was shut 
off and entire ingots were analyzed by the Sulfide-Molybdate 

Table I Solubility of  Pb in Liquid Fe 

Temperature, Solulality, 
Reference "C at.% Pb Comment 
[60Lor] ........... 1550 0,081(23) Liquid Fe and l/quid ph 

0.059(13) (a) 
1600 0.084(20) Liquid Fe and l/quid Pb 

o.o68(2o) (a) 
1650 0.086(11) Liquid Fe and liquid ph 
1700 0.100(09) Liquid Fe and liquid ph 

[60Mill ........... 1550 0.14 to 0.16 Liquid Fe and liquid ph 
[71Mor] .......... 1550 0.081(03) In contact with quartz 

0.082(o2) Under synthe~c slag 
1600 0.122(19) Under synthetic sla 8 
1650 0.162(11) Under synthetic slag 
1700 0.244(15) Under synthetic slag 

Note: Numbem in parentheses are standard deviations for the last two digits. 
(a) "Equih~rat/on" of liquid F�9 with Pb vapor; other [60Lot ] values are for direct 
"Hquid-l/quid equih~ratiou" experiments. 
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