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mole per cent, calcium oxide in strontium oxide, 
and 1 mole per cent, strontium oxide in calcium 
oxide. 

The pronounced effect of oxide upon the lumi
nescent properties of phosphors9 suggested that 
solid solution with the sulfide or selenide might 
occur. The lattice constants obtained by fluxing 
strontium oxide and sulfide and oxide and selenide 
mixtures are shown in Table IV. It can be seen 
that the amount of oxide which disssolves in 
either selenide or sulfide is quite small and lies 
almost within the limits of determination by X-ray 
diffraction. 

TABLE IV 

LATTICE CONSTANTS OF M I X T U R E S CONTAINING OXIDE 

Lattice constant 
Composition 

by weight 
Base Flux 

SrSe 5, SrO 5 
SrSeIOO, SrOO, 

2,4° 
SrS 2, SrO 1 
SrS 100, SrO S 
SrS 100, SrO 10 
SrS 100, SrO 2 

L iF l 
1, SrF2 7.5, 

SrSO1 7.5 
LiF 0.3 
LiF 9 
LiF 9 
SrCl2 12 

Fluking 
time, 
hours 

30 

0.75 
30 

1.5 
1.5 
1.5 

A 
SrO 

5.145 

5.140 

Other 
base 

6.230 

6.232 
6.0050 
6.0075 
6.0070 
6.0065 

The intersolubility of magnesium sulfide with 
calcium and strontium sulfides was also tested by 
the same procedures. The lattice constants for 
these mixtures are listed in Table V and should be 
compared with the values for the pure sulfides 
given in Table I. There is very little intersolubil
ity in the MgS-SrS systems but with the CaS-
MgS system about 11 weight per cent, magnesium 
sulfide dissolves in the calcium sulfide and about 15 
weight per cent, of calcium sulfide in the magne-

(9) K. Stripp and R. Ward, THIS JOURNAL, 70, 401 (1948). 

The phase relations in the ternary system Fe -
O-Si are of considerable interest to the steel indus
try, particularly in two respects: (1) the oxida
tion (scaling) of silicon steels produces in some 
cases a subscale and in other cases a so-called 
"silicon skin" (mainly metallic Fe + SiO2). Since 
the primary requisite for scaling is the production 
of a gradient of the partial pressure of oxygen in 
the vicinity of the surface scaled, it is believed that 
a knowledge of the stability of the different oxides 
under various partial pressures of oxygen will aid 
in interpreting the observed phenomena. (2) 
The behavior of refractories is influenced in some 
cases by the form of iron oxide contained therein 

sium sulfide lattice. This is perhaps a greater in
tersolubility than one would expect with a differ
ence in cationic radii of some 50 per cent. 

TABLE V 

LATTICE CONSTANTS OF M I X T U R E S CONTAINING M A G 

NESIUM SULFIDE 

Flux- Lattice constant, 
ing A. 

Composition by weight time, Other 
Base Flux hours MgS base 

MgS5,SrS10 LiF 2.2 3 5.194 6.0058 
SrS 10 LiF 0 .5 , M g F 2 I 3 6.0062 
MgS 9, Si;Sl SrCl 2 I 3 6.0012 
MgS 6, SrS 4 SrCl 2 I 1 6.0030 
MgS 3, SrS 7 SrCl 2 I 1 6.0020 
M g S l , CaS 5 NaCl 1.2 1 5.614 
MgS 5, CaS 1 NaCl 1.2 1 5.251 
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Summary 

Precision lattice constants were determined for 
magnesium, calcium and strontium sulfides, stron
tium selenide, calcium and magnesium oxides. 
The extent of solid solution among these com
pounds and some of the methods for forming solid 
solutions were studied. 

Complete intersolubility exists among calcium 
sulfide, strontium sulfide and strontium selenide. 
Magnesium and calcium sulfides are intersoluble 
to a limited extent. Solid solution formation 
among the other pairs appears to be negligible. 
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or deposited thereon. This is particularly so in 
blast furnace brick, in which metallic iron is 
thought to act as a catalyst for the deposition of 
carbon which in extreme cases disintegrates the 
brick. I t has been observed that brick fired at 
high temperatures are less susceptible to this form 
of attack. It seems reasonable that higher tem
peratures effect fusion of the iron oxides forming 
silicates, etc., which are less easily reduced and less 
catalytic. The present investigation demonstrates 
that the temperature of fusion of iron oxides in 
contact with silica is a rather sensitive function of 
gas composition (varying from 1120 to 1447°), 
hence that fusion may be accomplished in some 
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cases by control of the gas atmosphere without 
changing the temperature. 

Experimental Procedure and Data.—A num
ber of the univariant equilibria in the oxide region 
of the ternary system Fe-Si-O are identical 
with those of the binary system Fe-O which have 
been investigated previously. Others may be 
estimated with, sufficient precision from available 
data, though there are but few data on the in
fluence of gas composition on the melting tempera
ture of the oxides. The present experimental in
vestigation was intended partially to fill this gap 
by determination of the relation between gas 
composition and temperature for the two univari
ant equilibria: silica, magnetite, melt, gas; and 
silica, fayalite, melt, gas. 

In each experiment a silica rod (about 1 mm. diam., 5 
cm. long) was coated with Fe2O8 by dipping it in an aque
ous suspension of the latter. After the coated rod had 
dried, it was placed on a platinum suspension and hung in 
the gradient of a platinum-wound tubular furnace, which 
was controlled in the manner described previously,1 the 
winding of the furnace acting as one arm of a bridge circuit 
which was automatically balanced. The desired atmos
phere, usually delivered by a gas mixer, was introduced 
into the furnace (at atmospheric pressure) through the 
mercury seal at the bottom of the tube. The rate of 
flow of gas was about 50 cc. per minute, which is ample 
to avoid appreciable thermal separation of the gases. The 
time at temperature varied from fifteen minutes in some 
of the preliminary experiments to eighteen hours. If the 
temperature and gas composition were suitably chosen, 
the sample exhibited on removal a fairly sharp demarcation 
between the opaque fused region and the region in which 
no fusion had occurred. This transition is best seen by 
the naked eye using the sky as a background. In ques
tionable cases, the demarcation was developed by im
mersing the rod in warm 6 N hydrochloric acid for a few 
minutes; the acid removed essentially all the iron from the 
unfused region, but had little effect on the fused portion. 
To determine the temperature, the position of the de
marcation line was carefully measured and a thermocouple 
was inserted at the corresponding position in the furnace. 
If the temperature gradient in this region was too steep 
to yield the desired precision, the furnace temperature was 
readjusted so that on repetition of the experiment the 
transition occurred nearer the center of the furnace in a 
region of smaller temperature gradient. 

After this temperature adjustment had been made, so 
that the transition in a given atmosphere occurred in a 
region where the gradient was about 10° per cm., the 
specimen was held at the determined position for different 
lengths of time to be sure that the observed demarcation 
line corresponded to equilibrium between the phases in
volved. Fusion of course proceeded from the hotter zone 
to the cooler. It was found that, within the limits of ex
perimental measurement, motion of the boundary line 
between fused and unfused portions ceased after about one-
half hour; however, the sharpness of the boundary line 
usually increased appreciably on longer treatment. For 
this reason, as well as to be sure of equilibration, all 
specimens were treated for sixteen hours. In each case 
a preliminary measurement was made, usually at the 
end of one hour, but at the lower temperatures, at a some
what longer time. In all cases, the position of the de
marcation line was the same at the end of sixteen hours as 
at the time of the previous preliminary measurement. 
The experimental data are recorded in Table I, and are 
presented graphically in Fig. 1 along with curves repre
senting other equilibria subsequently discussed. 

Since it is reasonable to expect a slight difference in 
equilibrium temperature depending on whether the solid 

TABLE I 

MELTING POINT OF IRON OXIDBS IN CONTACT WITH SILICA 

AND VARIOUS ATMOSPHERES AT ONE ATMOSPHERE TOTAL 
PRESSURE 

Temperature, 
Atmosphere Form of silica 0C. 

(the univariant equilibrium; silica, magnetite, melt, gas) 
Oxygen" Vitreous 1447 
Air Vitreous 1442 
l/t% O2 in CO2 Vitreous 1411 
CO2, CO; COj/CO = 308 Vitreous 1369 
CO2, CO; COs/CO = 79.2 Vitreous 1279 
CO2, CO; C02/CO = 52.8 Vitreous 1230 
CO2, CO; COs/CO = 26.0 Cristobalite 1159 
CO2, CO; COs/CO = 20.8 Vitreous 1131 

(the univariant equilibrium; silica, fayalite, melt, gas) 
CO2, CO; C02/CO = 14.1 Cristobalite 1120 
CO2, CO; COs/CO = 11.2 Cristobalite 1129 
CO2, CO; COs/CO = 4.02 Cristobalite 1139 

"Actually the phases in equilibrium at this point are 
silica, hematite, melt and gas as may be seen from Fig. 1. 
It is, however, very nearly identical with quintuple point 

- 2 

800 1400 1600 1000 1200 
Temperature, 0C. 

Fig. 1.—Relations between gas composition and tempera
ture for the univariant equilibria of the system Fe-Si-O. 

silica phase is vitreous or crystalline, several determinations 
were made using a vitreous silica rod whose surface had 
been transformed to cristobalite. This conversion was 
accomplished by heating the rod at about 1500° for an 
hour; the success of this treatment was easily recognized 
by the shattering of the surface accompanying the high-
low inversion of cristobalite (200-275°) as the specimen 
was cooled. From the data assembled by Mosesman and 
Pitzer8 it is clear that the free energy difference between 
vitreous silica and any of the crystalline forms is greater, 
in the range covered, than the free energy difference be
tween any two crystalline forms. Hence it is of negligible 
importance from the viewpoint of the present investiga
tion that cristobalite was used, in spite of the fact that 
tridymite is the stable crystalline form in the temperature 
range investigated. Since the metastab lity of the 
vitreous form is greater at lower temperatures, it is evident 
that the observed temperature of the four phase equilibria 
would be most greatly influenced by the form of silica at 
the lower temperatures. For this reason, cristobalite was 
used in the case of all three measurements of the equi
librium between fayalite, silica, liquid and gas. Cristo-

(1) Darken and Gurry, THIS JOURNAL, 67, 1398 (1945). (2) Mosesman and Pitzer, ibid., 63, 2348 (1941). 
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balite was also used in the case of one sample in the 
series determining the equilibrium between magnetite, 
silica, liquid, gas. Since this point falls on the same smooth 
curve as that for the points representing equilibrium with 
vitreous silica it is concluded that the influence of the form 
of silica is smaller than the experimental error, which is 
estimated to be about 5°. 

Although the system investigated comprises four ele
ments (iron, oxygen, silica, carbon) the solubility of 
carbon (or carbon monoxide or carbon dioxide) in the con
densed phases is negligibly small in the region investi
gated; hence, the system may be regarded as a three 
component one. It is convenient, however, to give the 
pressure in terms of the ratio of carbon dioxide to carbon 
monoxide in the gas phase rather than in terms of the 
partial pressure of oxygen; it is clear that these are inter
convertible by means of the equilibrium constant for the 
homogeneous gaseous reaction CO -+- 1ZiOi = CO2. 
Values of this constant, calculated from the tabulated 
values of (P - EP0)/T ior CO,8 Oj,4 and CO2,

6 using the 
value of A£j given by Rossini,6 were given by Darken 
and Gurry.s The uncertainty of this equilibrium con
stant is negligibly small compared to other errors involved 
in construction of the diagram. 

Construction of the Remainder of the Dia
gram.—In order to construct the diagram (Fig. 
1) showing the equilibrium ratio of carbon diox
ide to carbon monoxide in the presence of vari
ous stable phases and at various temperatures 
the general procedure was as follows. The known 
invariant points (five phase equilibria) and the 
known univariant curves (four phase equilibria) 
or points thereon were plotted. A number of 
these are identical with the invariant curves of the 
binary system iron-oxygen. In general for a ter
nary system five univariant curves intersect at an 
invariant point; however, one of these univariant 
curves represents the small effect of pressure on 
the completely condensed system (no gas phase 
present), and does not appear in the representa
tion chosen since the total pressure is essentially 
one atmosphere. Hence the construction con
sisted mainly of interconnecting the univariant 
curves to accord with this condition, using directly 
determined data together with indirect data re
lated thermodynamically to the diagram. 

There are five invariant points occurring in the 
region considered; at these points the following 
phases are in equilibrium (the numbers correspond 
to those in Fig. 1). 

(1) hematite, magnetite, silica, melt, gas 
(2) magnetite, fayalite, silica, melt, gas 
(3) magnetite, wustite, fayalite, melt, gas 
(4) wustite, fayalite, metal, melt, gas 
(5) fayalite, metal, silica, melt, gas 

Of the various stable phases listed, hematite 
(Fe2Oj), fayalite (2FeOSiO2), silica (SiO2), and 
metal (Fe) are essentially of fixed composition; 
magnetite (Fe3O4) and wustite ("FeO") are bi
nary compounds containing no appreciable 
amount of silica, although the ratio of iron to oxy
gen is variable; the melt contains all three com
ponents in variable amounts. 

(3) Clayton and Giauque, T H I S JOURNAL, SS, 5071 (1933), 
(4) Johnston and Walker, ibid., SI, 682 (1935). 
(5) J. H. Kassel, ibid., SS, 1838 (1934). 
(0) F. D. Rossini, J. Research Nat. Bur. Standards, 22, 407 (1939). 

There are fifteen univariant curves derived 
from these five invariant points. In addition to 
the gas phase the following phases are present 
along the univariant curves shown in Fig. 1. 

(a) hematite, silica, melt 
(b) hematite, magnetite, silica 
(b') hematite, magnetite, melt 
(c) magnetite, silica, melt 
(d) fayalite, silica, melt 
(e) magnetite, fayalite, melt 
(f) magnetite, fayalite, silica 
(g) magnetite, wustite, fayalite 
(h) wustite, fayalite, melt 
(i) magnetite, wustite, melt 
(j) metal, fayalite, melt 
(k) wustite, metal, melt 
(1) wustite, fayalite, metal 
(m) metal, silica, melt 
(n) metal, fayalite, silica 

Of these fifteen equilibria b, b ' , g, i, k, and 1 are 
essentially identical with those of the binary sys
tem iron-oxygen determined in part by Darken 
and Gurry.1-7 Equilibrium c and part of d was 
determined by the present investigation. Invari
ant points 1 and 2 are thus established by the in
tersection of b and c and of c and d, respectively. 
The temperature of invariant point 4 was deter
mined by Bowen and Schairer8 as 1175°; its po
sition is thus fixed by this temperature and the 
fact that it lies on the curves I and k. 

The equilibria of this system at 900° have been 
investigated by Schenck, Franz and Laymann,9 

whose data on the various univariant equilibria 
are thermodynamically consistent and in good 
agreement with the data of Darken and Gurry on 
the binary system iron-oxygen. At this tempera
ture the ratio pcot/pco is 0.163 for equilibrium n, 
and is 34.5 for equilibrium f.10 Curve f is thus 
reasonably well established by this point at 900° 
and quintuple point 2 at 1118°. I t was con
structed under the assumption that log pcojpco 
is linear with 1/T. Curve n is determined 
by the point at 900° and a calculated point11 

(7) Darken and Gurry, T H I S JOURNAL, 68, 798 (1946). 
(8) Bowen and Schairer, Am. J. Sci., 24, 177 (1932). 
(9) Schenck, Franz and Laymann, Z. anorg. allgem. chem., 206, 126 

(1932). 
(10) The thermodynamic consistency of these values may be 

demonstrated in the following manner. The chemical reaction corre
sponding to equilibria f, g, 1 and n may be written 

(f) 3(2FeOSiO8) + 2CO, - 2Fe1O4 + 3SiO8 + 2CO 
(g) 3FeO (in wustite) + CO8 = Fe8O4 + CO 
(1) Fe + CO8 = FeO (in wustite) + CO 
(n) 2Fe + SiO8 + 2CO8 - 2FeO-SiO8 + 2CO 
It will be noticed that these four equations are not independent but 

that any one may be expressed in terms of the others—-for example 
(f) = 6(1) + 2(g) - 3(n). The following relation must then hold 
between the thermodynamic equilibrium constants: Kt = K\%K%*f 
Kn*. The values of Ki and K^ (including the activity of (FeO) 
were taken from Darken and Gurry1 and that for Ka from Schenck, 
et al.* The calculated value for the ratio Pcot/PCO corresponding to 
(f) is 34.7 in agreement with the observed value9 34.5. 

(11) At 1100° the logs of the ratio pcOt/Pco are 1.28, 0.785 and 
— 0.450, for the equilibria f, g and 1, respectively. The log of the 
ratio of the activity of FeO in wustite equilibrated with iron to the 
activity of FeO in wustite equilibrated with magnetite is 0.124. 
Hence for equilibrium n at HOO0: 
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at 1100° where pcojpco is found to be 0.182-
Quintuple point 5 is established as the point on 

curve n at 1180°, the temperature determined by 
Bowen and Schairer.8 

Curve j is constructed connecting quintuple 
points 4 and 5; it passes through a maximum at 
1208°, the melting point of pure fayalite as de
termined by Bowen and Schairer. 

Curve m, radiating from quintuple point 5, is 
estimated roughly in the following manner: Iron 
melts in contact with its molten oxide at about 
1525°, at which temperature log pcot/pco = 
—0.68; it is estimated that the activity of ferrous 
oxide in the oxide phase in equilibrium with iron 
is depressed by saturation with silica to about 
one-third,12 thus at 1525° on curve m the value of 
log pcojpco is -0 .68 - log 3 = -1 .16. The re
mainder of the curve is determined approximately 
by these two points. 

Estimation of Position of Quintuple Point 3.— 
Of the five quintuple points occurring in the 
region covered by Fig. 1 four have already been 
considered and their positions established; the 
position of quintuple point 3 remains to be deter
mined. Of the fifteen univariant equilibrium 
curves only three remain to be considered. Curve 
a is of little interest since the corresponding equi
librium can exist only at pressures above one at
mosphere; its general direction is indicated by a 
dotted line in the diagram. The positions of 
curves e and h, which connect quintuple point 3 
to quintuple points 2 and 4, respectively, are un
determined since there are no available experi
mental data on either of these curves; also the po
sition of quintuple point 3 is undetermined ex
cept that it must be on the curves g, i. Thus 
from the direct data available, the only facts 
known concerning curves e and h are that they 
start from quintuple points 2 and 4, respectively, 
and terminate at a common point on the curves 
g, i which is quintuple point 3. 

Some insight into possible constructions of 
these curves is gained by consideration of a theo
rem relating the order of curves about a quintuple 
point to the isothermal (triangular) composition 
diagram. This theorem is due in part to Rooze-
boom, Schreinemakers and Smits. An original 
derivation for the general case was given by Morey 
and Williamson.13 Since a quintuple point rep
resents the equilibrium of five phases each of a 
definite composition, the representation of this 
point on a composition diagram consists of five 
points, each of which represents the compo
sition of one of the five phases present. The five 
univariant equilibria derived from the quintuple 

(12) This is based on the data of KSrber and Oelson [Mitt. Kaiser-
Wilhclm Inst. Eisenforsch Dusseldorf, 15, 271 (1933)] that at steel 
making temperatures the equilibrium oxygen content of iron under 
an iron-oxide slag saturated with silica is about Vi the oxygen content 
of iron under an iron oxide slag. 

(13) Morey and Williamson, THIS JOURNAL, *0, 59 (1918). 
Further discussion and applications are given by G. W. Morey in 
"Commentary on the Scientific Writings of J. Willard Gibbs." 
Vale University Press, New Haven, Conn , 1936 

point correspond to the five possible combinations 
of four of the five phases. Thus at quintuple 
point 3, the five phases are magnetite, wiistite, 
fayalite, melt and gas. I t will be noted that the 
five univariant equilibria correspond to the ab
sence from the five phases present at the quintuple 
point of wiistite, melt, magnetite, fayalite and 
gas, respectively. The theorem states that if the 
points representing the composition of any three 
phases are colinear on the composition diagram, 
the two pressure-temperature curves representing 
the two univariant equilibrium involving these 
three phases are identical, that is, one is the ex
tension of the other. At quintuple point 3 it is 
obvious that the compositions of magnetite, wiis
tite and gas (oxygen) are colinear on the triangu
lar composition diagram; (they all lie on the Fe-O 
edge of the triangle) hence the curves g and i in 
Fig. 1 are extensions one of the other, as already 
anticipated from the consideration that the equi
librium of wiistite, magnetite and gas is not in
fluenced by a third substance which is not appre
ciably soluble in any of these three phases. 

The theorem gives further information as to the 
more general case in which three points are not 
colinear. This extended part of the theorem may 
best be visualized by imagining that five pins are 
stuck in the composition diagram at the five 
points corresponding to the compositions of the 
five phases present at the quintuple point. These 
pins are then each connected to each of the other 
four by elastic strings as in Fig. 2a. This particu
lar set of compositions A, B, C, D, E, may be re
garded as derived from any one of a variety of 
sets of compositions (imaginary quintuple points) 
in which colinearity of three points does occur— 
for example, the set A, B', C, D, E. The theorem 
states in effect that if the pin at B with its attached 
elastic strings may be moved to B ' without any 
of the interconnecting lines (elastic strings) cross
ing any of the points (or vice versa) then the two 
univariant curves corresponding to the equilibria 
ABCD and ABCE are adjacent at the quintuple 
point on the pressure-temperature diagram, i. 
no other univariant curve lies between them at 
their intersection, In the present example B may 
be so moved to B ' colinear with A and C but may 
not be so moved as to be colinear with any other 
two of the five points. The same type of opera
tion may be performed with each of the other 
points (A, C, D and E). Thus the order of all the 
univariant curves around a quintuple point may 
be established provided that the composition of 
the five phases is known. It is also necessary to 
establish the stable direction of each univariant 
curve since each curve is continuous through the 
quintuple point but represents a stable equilibrium 
in one direction and a metastable equilibrium in 
the other. Returning to the illustration, this 
matter is determined as follows: if the two points 
E and D lie on the same side of the line AB 'C then 
the two univariant curves for equilibria ABCD 
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Temperature. 
Fig. 2.—Schematic representation of the relation be

tween a the composition of the five phases in equilibrium 
at the quintuple point and b the order of the univariant 
equilibrium curves about the quintuple point. 

and ABCE are adjacent stable to metastable (i. e., 
the stable portion of each, designated by a full 
line, is adjacent to the metastable portion of the 
other, designated by a dashed line). If E and D 
happened to lie on opposite sides of AB'C then 
these two univariant curves would be adjacent 
stable to stable. Application of this theorem to 
the postulated compositions shown in Fig. 2a leads 
to the order of univariant curves in the pressure 
temperature diagram as shown in Fig. 2b. Ob
viously the theorem is equally valid if the loga
rithm of the pressure is used as ordinate instead of 
the pressure itself. 

Application of this theorem to quintuple point 4 
in Fig. 1, using the composition data of Bowen 
and Schairer, leads to the conclusion that curve h 
radiates upward from this point and slightly to the 
left; this follows from the fact that the composi
tion of the melt is very nearly colinear with that of 
wustite and fayalite but is slightly higher in oxy
gen. It is assumed that the curvature of h is small. 
Quintuple point 3 is thus very roughly estimated 

as the point at 1150° lying on the curve g,i. The 
diagram is completed by constructing the short 
curve e connecting quintuple points 2 and 3. 

Temperature Maxima and Minima of the Uni
variant Curves.—In the case of a univariant 
equilibrium in a ternary system involving three 
condensed (solid or liquid) phases and a gaseous 
phase it is rather unusual to find that all the 
condensed phases have fixed compositions inde
pendent of temperature. It is this variation of 
composition of the phases with temperature 
which introduces the most serious complexities 
into the treatment of such systems. Of the vari
ous equilibria here considered only two (f and n) 
of the truly ternary equilibria, *. e., equilibria in 
which all components participate, as distinguished 
from equilibria which may be represented as bi
nary since the third component is inert, consist ex
clusively of phases of reasonably fixed composi
tion. Thus, equilibrium f may be represented by 
the chemical equation 

3(2FeOSiO1) + Oj = 2Fe1O4 + 3SiO2 

The equilibrium constant may be written 

v O1F^iO1O
3SiOi 

y£[ in 
O S F S O S I O 1 O O ! 

Since the solid phases involved are all of fixed 
composition, or very nearly so, the activities may 
be set equal to unity. The activity of oxygen is 
equal to its partial pressure in the gas phase and 
hence Kf = 1/pOi- The change of Kt and hence 
of l/po, is given by the simple equation: d In Kt/ 
d( l /T) = - AHt/R. The treatment of this is 
relatively simple and leads to the well known lin
ear relation between log K and 1/T if the heat of 
reaction (AH) is essentially independent of tem
perature. The use of carbon dioxide-carbon mon
oxide mixtures as the gas phase introduces no fur
ther complexities since the ratio CO2/CO may be 
regarded as simply a measure of />o.'/* through the 
homogeneous gas equilibrium involving carbon 
monoxide, carbon dioxide, and oxygen. Hence 
for this equilibrium the plot of log pcoJpco ver
sus 1/T exhibits only the slight curvature occa
sioned by the difference in heat capacities. The 
use of temperature instead of 1/T as ordinate in 
Fig. 1 does not lead to any serious distortion of the 
relationship but simply produces a mild curvature. 

A very different situation prevails, however, in 
the equilibria involving the molten oxide phase 
(curves a, c, d, e, h and j). In each of these cases 
it is impossible to write a chemical equation with 
integral or even constant coefficients to represent 
the reaction. The relation between log po, ,A 

(or log pcot/Pco) and temperature is a function 
not only of the heats of reaction but also of the 
variable composition of the liquid phase. In gen
eral, these curves cannot be estimated even ap
proximately by assuming log Po1'/' to be linear 
with 1 /T; for example, curve j passes through a 
maximum temperature. The occurrence of such a 
temperature maximum (or minimum) may be 
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predicted, if the compositions are known, by aid 
of the theorem that at such a maximum (or mini
mum or stationary value) the composition of the 
three condensed phases is represented by three co-
linear points on the composition diagram14: 
The converse of this theorem is also true. Thus, 
at the maximum temperature of curve j the com
positions of metal, fayalite and melt are colinear; 
the melt may be considered as molten fayalite 
from which some iron has been removed. I t will 
be observed that the experimentally determined 
curve c is obviously approaching a maximum at 
its high temperature end. I t does not actually 
pass through a maximum since it ends at quintuple 
point 1 first. It may, however, be inferred from 
the steep vertical rise of curve c near quintuple 
point 1 that the composition of the liquid oxide 
at this quintuple point is nearly colinear with the 
compositions of magnetite and silica; i. e., this 
melt may be regarded approximately as composed 
of Fe8O4 and SiO2. 

Equilibria in Special Cases.—Although Fig. 1 
shows the various possible univariant equilibria 
curves in the region under consideration, it is 
not possible to decide from this diagram alone 
what equilibria are pertinent for a given com
position. In other words, the regions between 
the curves in this figure do not correspond to a 
unique set of phases. In general, the diagram may 
be applied to a specific case only if some composi
tion data are available. In case a large amount of 
silica is present, the pertinent equilibria (taken 
from Fig. 1) are shown in Fig. 3. The stable 
phases, in addition to the gas, in the various fields 
are designated in this diagram. This diagram 
may be taken as a guide to the various iron oxide 
phases that may be present in contact with silica 
brick under different conditions of temperature 
and gas composition. 

S 
- 1 

800 1400 1600 

If the ratio of total silicon to total iron is low, 
as in the case of a silicon steel and the oxides 
formed therefrom, the stable phases under various 
conditions of temperature and gas composition 
are as shown in Fig. 4. The temperature of com
plete melting is not shown in either Fig. 3 or Fig. 
4, since this temperature is a continuous function 
of composition and may not be readily expressed 
on this type of diagram. In the region on the right 
of the diagrams, designated as corresponding to 
melt plus a solid phase, the relative proportions 
of the two phases depend on the composition as 
does the temperature of complete melting corre
sponding to the complete disappearance of the 
solid phase. 
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4.—Stable phases of the system 
amounts of silicon. 
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Fig. 3.—Stable phases of the system Fe-Si-O in the 
presence of solid silica. 

(14) This theorem is similar to that of Morey and Williamson, 
used previously; a proof is given in the appendix. A less explicit 
derivation was given by Gibbs. 

The Migration of Silica During the Scaling of 
Steel.—It has been observed that the presence 
of a relatively small amount of silica or siliceous 
material on an iron or steel surface which is 
heated in an oxidizing atmosphere causes the 
scale to be more adherent to the metal than is the 
case in the absence of silica. The siliceous scale 
forms a very irregular boundary with the metal 
and is thus anchored so that it does not separate 
cleanly from the metal when bent, quenched or 
subjected to impact. The most peculiar part of 
the behavior is that the silica does not grow out 
appreciably with the scale, but remains princi
pally near the scale-metal interface and spreads 
laterally so that the adherent zone increases with 
time of scaling. Clearly this phenomenon is very 
undesirable at any stage in the heat treatment of 
steel since it may occasion surface defects in the 
finished product. 

In an elementary sense some insight is given by 
the consideration that silica forms a compound 
with ferrous though not with ferric oxide. I t 
would be expected to migrate toward the region 
where it can form the most stable compound, 
which in this case is the scale-metal interface 
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where the composition of the iron oxide is nearest 
that corresponding to the formula FeO. This 
same line of reasoning may be developed in a 
quantitative manner by consideration of the ac
tivity of silica in the metal and various scale lay
ers. At constant temperature silica will tend to 
move in such manner as to lower its free energy 
and hence its activity. The activity of silica dif
fers appreciably from unity only when the silica 
is present in compound form, i. e., combined as 
fayalite. From the equilibria (f) and (n)9 it is 
found that at 900° in the presence of metallic iron 
and fayalite the activity of silica is given by the 
expression 

OBxo, - 0.0268(PoOfPoO1)
1 

and in the presence of magnetite and fayalite 

asio. = 0mi(poo,/pco)'/' 
In the presence of wiistite and fayalite the activity 
of silica is inversely proportional to the square of 
that of ferrous oxide; flFeO was taken from Darken 
and Gurry.1 The variation of the activity of silica 
thus calculated with the degree of oxidation is 
shown in Fig. 5. The lowest activity is seen to be 
at the scale-metal interface, thus accounting for 
the observation that silica tends to move to and 
remain at this interface. 
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Fig. 5.—Activity of silica in iron and iron oxide systems at 
900°. 

Appendix 
Proof of Theorem.—If a univariant equi

librium in a ternary system has a maximum 
(or minimum) temperature on a pressure tem
perature plot, then at this temperature the com
positions of the three condensed phases, one of 
variable and two of fixed composition, are colin-
ear. By the fundamental theorem of partial dif
ferentiation the total derivatives of the activities 
(at constant total pressure), of each of the thiee 
components may be written as follows 

(D d In (ii (5 In Oi \ 
*<X/T))w + d(l/T) \0(L/i )/m,N, 

/ d i n a A diV; 
\ a/V2 Jwdd/T) 4- ( 5 In aA 

W, ) 
dN, 

(2) 

(3) 

din Qi / d l n a i \ , 
d(l/D " WVT)) 

/ 5 In oA dJV; , / a InTtA 
V aiV, )N,.T d(l /D + ^ dN, ) K t i 

din Oi / S In O8 \ , 
d(l /D = Kb(VT)) 

(a In a,\ dJVg . I a In oA 
\ ajv, / „ „ T d ( i / r ) + V UN, )S%T 

dN, 
,T d(l/T) 

dN, 
T d( i / r> 

The a's refer to activities and the Ns to mole frac
tions. If these three equations are multiplied by 
Ni, N2 and Nj, respectively, and added, then all 
terms on the right-hand side except the first of 
each equation disappear by virtue of the Gibbs-
Duhem relationship. 

JV, d In Qi + Ni d In q2 + JV1 d In oi 
d ( l / D (4) 

tf«.W| 

If the liquid phase is in equilibrium with two solid 
phases of fixed composition and a gaseous phase, 
then the two solid phases may arbitrarily be se
lected as components (designated components 1 
and 2). The standard state for these components 
is selected as the solid and hence the activity of 
each is unity and its total derivative is zero. Then 
... „T d In oi ,. / a In oj \ 
(5) Ntmm^Nii<wm)ir^ + 

„ / a In O8N / a In a, \ 
"' \b{i/f))w.+ "»lauTTV*..*. 

If component 3 be selected as a gaseous compo
nent (oxygen in the present case) then P0,^' may 
be written for a3; further the partial derivatives 
on the right multiplied by i?_are_equal to the par
tial molal heats of solution Hi, Hz, H3, (Hi and Ht 

being heats of melting), 
d In p0,V> (6) R- -~N,Hl d(l /D 

In terms of the ratio pcojpco 

+ §,H, + H, 

+2 (7) R d In (pcojpco) 
d(l/T) W,Hl + W,H, + m 

Jw d(l/T) 

where Hi is equal to the change of the heat content 
of oxygen on transfer from the gas phase to the 
liquid. Since N3 occurs in the denominator it fol
lows that whenever N3 — 0 the expression be
comes infinitely great. But by the choice of 
components, the equality of ./V3 to zero is synony
mous with the colinearity (on the composition 
triangle) of melt, component 1, and component 2. 
Hence whenever the composition of the melt is 
colinear with the composition of the two solid 
phases in equilibrium with it, it follows that the 
plot of log pcojpco (or log £ot) vs. 1/T (or vs. 
temperature) is vertical. Conversely, since the 
heats of solution are never infinite, any vertical 
portion of the plot corresponds to colinearity of 
the three phases on the composition diagram. A 
general proof of this theorem was given by Gibbs.'6 

(IB) J. W. Gibbs, "Collected Works," Vol. I. Longmans Oreeo & 
Co., New York, N. Y., 1928. pp. 99-100. 



June, 1948 T H E REACTIONS OF DIBORANE WITH HYDROCARBONS 2053 

Summary 
The melting point of iron oxides in contact 

with silica has been determined as a function of 
the partial pressure of oxygen or the ratio of car
bon dioxide to carbon monoxide in the gas phase. 
With the aid of these and other available data, a 
large part of the diagram .showing the stable 

A number of experiments have been conducted 
to delineate the character of the complex reactions 
that occur between hydrocarbons and diborane at 
elevated temperatures. In these experiments the 
effect of the highly reactive diborane on the reac
tion products has been minimized by using only 
small amounts of diborane with relatively large 
amounts of hydrocarbon. Under these conditions 
several different reactions have been observed: 

1. The addition of diborane to olefins occurs 
with saturation of the double bonds and the for
mation of trialkyls of boron. 

2. Substitution on the benzene ring occurs 
with the formation of phenyl boron compounds. 

3. Diborane reacts with paraffins to form poly
meric reaction products containing boron, car
bon, and hydrogen. Breakdown and synthesis of 
hydrocarbon chains effected by the diborane ob
scures the nature of the reaction. 

Experimental 

The general technique employed in studying 
the addition and substitution reactions was to 
seal mixtures of diborane with various hydro
carbons in heavy-walled Pyrex tubes. The tubes 
were frozen in liquid nitrogen and evacuated be
fore sealing. The tubes then were encased in pro
tecting tubes of steel pipe and either heated in an 
oven or allowed, to stand at room temperature. 
After the time allotted for the reaction had elapsed 
the tubes were immersed in liquid nitrogen to 
freeze their contents, their tops were cracked off 
under a blanket of dry nitrogen, and the reaction 
products together with any unchanged materials 
were removed from the tubes, generally by dis
tillation on a vacuum chain. 

A. Reactions with Olefins. 1. Isobutylene.—The 
reaction of isobutylene with diborane was studied with 
mixtures containing from two to ten per cent, by weight 
of diborane. Within this range of composition no signifi
cant differences in the results were observed. Most of 
the reactions were conducted by heating the tubes at 100 ° 
for twenty-four hours but it also was noticed that the 
addition reaction took place at room temperature al
though somewhat more slowly. Since no pressure of non-
condensable gas developed in the tubes during these 
reactions it was presumed that the addition of diborane 

(1) Presented before the Physical end Inorganic Divides, Ameri-
CRO Chemical Society, H e w York, September, 1947. 

phases under various conditions of temperature 
and gas composition has been constructed for the 
ternary system iron-silicon-oxygen. The data 
have been used to interpret the migration of silica 
through iron oxide to the scale-metal interface 
during the scaling of steel. 
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to the olefin was rapid and almost quantitative. Other
wise the pyrolysis of unreacted diborane at the elevated 
temperature would develop a pressure of hydrogen that 
would become apparent when the tubes were opened. 

Distillation of excess isobutylene from a reaction mix
ture left a clear colorless oil of low volatility. Upon ex
posure of this oil to the air it quickly became warm from 
spontaneous oxidation. Inflammation was observed if a 
few drops were placed on a filter paper or in a watch glass. 

Fractionation of a fresh sample of the oil under a nitro
gen atmosphere in a distillation column of approximately 
twenty plates separated the sample into two fractions of 
almost equal volume, one boiling at 181.5° and the other 
at 188.5°. The boiling point calculated from reduced 
pressure data for tri-/-butylboron is 182 °2 and the reported 
boiling point of tri-isobutylboron is 188°.' Each fraction 
was shaken individually in a separatory funnel with aque
ous sodium hydroxide and air until the oil had been oxi
dized completely and had been dissolved as the sodium 
salt of the corresponding butylboric acid. The solutions 
were concentrated by boiling and, after cooling, were 
neutralized by the addition of hydrochloric acid. This 
caused the precipitation of the white crystalline butyl
boric acids. A determination was made of the melting 
points of the isomeric acids thus isolated and the values 
obtained checked very closely with those reported in the 
literature (/-butylboric acid, m. p. 113-114°; repoited 
m. p. 113°J; isobutylboric acid, m. p. 112-113°; reported 
m. p. 112°3). Although these two butylboric acid isomers 
have melting points lying within one degree of each other 
it was clear that the original reaction product comprised 
a mixture of isomeric tributylboron compounds since oxida
tion of an unfractionated sample of the oil and isolation 
of the mixed butylboric acids by the technique described 
above yielded a crystalline white solid with no sharply 
defined melting point melting over the range from 80-
90°. 

2. Ethylene.—Ethylene containing two per cent. 
by weight of diborane was heated at 100° for four days. 
The tube then was opened and the unreacted ethylene 
was removed by distillation on the vacuum chain. A 
small amount of clear liquid remained in the tube. This 
liquid inflamed immediately upon exposure to air. Since 
the liquid had an appreciable volatility it could be analyzed 
most conveniently on the mass spectrometer. Strong 
maxima in the pattern indicated large amounts of tri-
ethylboron. Examination of a vapor sample taken 
during the last stages of the removal of ethylene from the 
sample revealed no volatile ethyldiborane compounds.4 

B. Reaction with Benzene.—Pure benzene was heated 
with five per cent, by weight of diborane in sealed tubes or 
in a stainless steel bomb for twelve hours at 100 °. During 
the course of the reaction it was observed that the benzene 
gradually developed a dark yellow color. Upon opening 
the tubes after freezing the contents in liquid nitrogen it 

(2) E. Krause and P. Nobbe, Ba.. StB, 2112 (1931). 
(8) B. Krause and R. Nitsche, ibid., St, 2784 (1921). 
(4) These analyse* were performed by Dr. Francis J, N o r t o n , 
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