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Available thermodynamic and phase diagram data have been critically assessed for all phases in the
CrO-Cr;0,-Si0; and Cr0-Cr,0;-Si0,-A1,0; systems from 298 K to above the liquidus tempera-
tures and for oxygen partial pressures ranging from equilibrium with metallic Cr to equilibrium
with air. All reliable data have been simultaneously optimized to obtain one set of model equations
for the Gibbs energy of the liquid slag and all solid phases as functions of composition and tempera-
ture. The modified quasi-chemical model was used for the slag. The models permit phase equilibria
to be calculated for regions of composition, temperature, and oxygen potential where data are not

available.

1. Introduction

This is the second in a series of three articles on the inclusion
of chrome oxides in a database of optimized thermodynamic
properties of oxide systems. In the first article (Ref 1), the
methodology is described, the modified quasi-chemical
model, which is used for the molten slag phase, is outlined, and
optimizations are performed for the CrO-Cr,0,, CrO-Cr,0,-
AlLO;, and CrO-Cr,0,;-Ca0 systems. The third article of the
series (Ref 2) treats the optimization of the CrO-Cr,0,-Si0,-
CaO system.

Evaluated and optimized thermodynamic properties of CrO
(liquid), Cr, 05, and Cr;0, are tabulated in the first article (Ref
1), while those of Al,O,, SiO,, and Al;Si,O,, (mullite) are
given in an earlier publication (Ref 3) on the optimization of
the AL, O,-5i0, system. A thermodynamic model for the non-
stoichiometry of mullite in the Al,0,-Si0O, system is also de-
scribed (Ref 3), and this model is used in the present analysis.
The thermodynamic properties of Al,0,-Cr,0, solid solutions
are modeled, and optimized equations are given in Ref 1. Op-
timized parameters of the modified quasi-chemical model for
the CrO-Cr,0;-Al,0; system are given in Ref 1, and those for
the Al,0,;-SiO, system are in Ref 3.

2. The CrO-Cr203-SiO2 System

The calculated optimized phase diagrams for the system in
equilibrium with metallic Cr and at various constant oxygen
partial pressures are shown in Fig. 1 and 2(a to g), respectively.
Figure 1 is a projection of phase equilibria in the Cr-Si-O sys-
tem through the Cr-comer to the CrO-Si0, join. That is, if CrO

and SiO, are mixed in a proportion given by a point on this
axis, and are equilibrated with an excess of Cr, then the equi-
librium phase assemblage can be read from the diagram. The
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Fig. 1 Calculated CrO-Cr,03-Si0, phase diagram in equilib-
rium with Cr.

488 Journal of Phase Equilibria Vol. 17 No. 6 1996



Basic and Applied Research: Section I

3000

T T T T T T

Liqluiél |
o ! Liquid 2
28001 ! .
/ \ i
/ 2 Liquids \
& 2600 \ 8
9 \
N | |
%) 1 \
5 2400 \ N
\
-;-é 2298° ]
" o8l
9 2200F o
£ i v
[ -— N
& a000f CT0 Y
1800} . 8
1723
1600 L L I i 1 i i L
0.0 0.2 0.4 0.6 0.8 1.0
Mole ratio Sin/(SiOZ+CrO+Cr015) Si0,

Fig.2(a) Calculated CrO-CryO5-SiO; phase diagram in air.
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Fig. 2(b) Calculated CrO-Cry0;3-SiO; phase diagram at Po, =
10-3 atm.

2300 T T T T T T T T T

2200

2165°
2100+~

2000+

1900+

Temperature/°C

1800

1722°

1700+ R
[-Crz05 Si0p—|

1600 . L . I . I I
0.0 0.2 0.4 0.6 0.8 1.0

Mole ratio Si0,/(Si0,+Cr0+Cr0;s) Si0,

Fig. 2(c) Calculated CrO-Cr,03-SiO, phase diagram at Pg =
104 atm. i
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Fig. 2(d) Calculated CrO-Cry03-SiO; phase diagram at Pg, =
10-5 atm.
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Fig. 2(f) Calculated CrO-CryO5-SiO; phase diagram at Pg, =
10-8 atm.

Temperature/°C

1900

1800

1700 -

2 Liquids

1700°

1628°

1600

1500 !

Si0Q,—

0.0

0.2 0.4 0.6 0.8 1.0

Mole ratio Si0p/(Si0,+Cr0+Cr0,;s) Si0,

Fig. 2(g)  Calculated CrO-Cr;05-5i0; phase diagram at Po, =
10-10 atm.
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calculated Cr3* content of the liquid in equilibrium with Cr
varies from approximately 7% of total Cr at low SiO, content,
to about 1% at the eutectic point, and to <1% on the SiO,-rich
side of the eutectic. In Fig. 2, the composition axes are
ng; Ang; + nce- + nep), where n; is the number of moles of spe-
cies i. In Fig. 2(a), in air, the calculated Cr>* content of Liquid
1 in equilibrium at the monotectic temperature of 2298 °C is
96% of total Cr, while that of Liquid 2 is 0.2% of total Cr. As
temperature increases, the proportion of Cr3* to Cr?* in the lig-
uids decreases. In the calculations, the liquid was assumed to
contain only divalent and trivalent chrome.

The system in air was first examined by Bunting (Ref 4), who
fused mixtures of Cr,0; and SiO, in an O,/H, flame, followed
by quenching, petrography, and XRD. No intermediate com-
pounds were found. The eutectic temperature was indistin-
guishable from the melting point of pure SiO,. The melting
point of Cr,0, in air was reported as 2143 °C, but was later re-
vised by the same author to 2270 £ 25 °C (Ref 5). The tem-
perature shown in Fig. 2(a) for the melting point of Cr,O; in air
is that obtained from analysis of the CrO-Cr,0, system (Ref
1). From Bunting’s description of his experiments, as pointed
out by Keith (Ref 6), the monotectic temperature is very close
to the melting point of Cr,0j; in air.

The system was studied at low P by Healy and Schotumiller
(Ref 7). Their results for melting éxperiments involving mix-
tures of Cr,05, Cr, and SiO, heid in tungsten crucibles under
purified Ar are shown in Fig. 1. Healy and Schottmiller deter-
mined the equilibrium H,/H,O ratios over various fused mix-
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Fig.3 Calculated equilibrium oxygen pressure in two-phase and
three-phase regions of the CrO-Cr,05-Si0, system at 1700 °C.
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Fig. 4 Calculated equilibrium oxygen pressure for three-phase

(Cr,03 + SiO; + L) equilibrium in the CrO-Cr,03-Si0, system.

Tablel Calculated Invariant Points Involving the Liquid in the Cr-Cr;03-Si0; System

Temperature, Liquid composition, mol %
Reaction °C Po,atm CrO Cry04 Sio,
L+8i02 - L2 + CnOs.... 1701 23 %109 36.6 26 60.8
13 ~0.0 98.7
L+Si0; > L2+ Cr.......... 1700 6.6 x 1013 415 ~0.0 584
1.4 ~0.0 98.6
L=Cr03 +Si02 +Cr.... 1403 3.0x 10715 55.6 0.3 4.1

tures of Cr,0;, Cr, and SiO, of known overall composition.
This permitted them to determine P for the three-phase
(Cr,0, + L + SiO,) region and for the two-phase (Cr,0; + L)
region as a function of composition as shown in Fig. 3. For the
calculated curve in Fig. 3, the Cr>* content of the liquids in
equilibrium with Cr,O, varies from 2 to 12% of total Cr in the
liquid.

The phase diagram in equilibrivm with Cr was reported by
Muan (Ref 8), although no description whatsoever of the ex-
periments was given. A eutectic at about 1400 °C and about 43
mol% SiO, was reported, as well as a monotectic temperature
of about 1710 °C. Muan also reported the oxygen partial pres-
sure as a function of temperature for the univariant (L + Cr,0,
+8i0,) line, again with no experimental description. His
curve is plotted in Fig. 4, and his value at 1700 °C is shown in
Fig. 3.

Muan (Ref 8) reported no intermediate compounds. However,
Healy and Schottmiller (Ref 7) observed a blue silicate phase
atlow Poz, melting at about 1400 to 1500 °C, which they char-

acterized by XRD and whose composition-—as determined by
chemical analysis—corresponded closely to Cr,SiOy4. This
compound is shown tentatively in Fig. 1.

The data were optimized to yield the following binary quasi-
chemical parameters for the liquid (where the notation of Ref 1
is used). No ternary parameters were required.

0lo_sio, = 754 823 Y {;;, V/mol (Eq1)

% si0, = 325372 Y §jo, ¥mol - K (Eq2)
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Fig. § Calculated CrO-Cr;03-Si0,-Al,05 liquidus in equilib-
rium with Cr (Tin °C).
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Fig.6 Calculated CrO-CryO3-SiO;-Al,0; liquidus in air
(Tin °C).
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Fig.7 Calculated CrO-Cry03-Si0,-Al,03 liquidus at Pg,=
10-7 atm.

0¥, _sio, = 167 360 V/mol (Eq3)

The seventh power of Y;0, in Eq 1 and 2 was chosen so as to

reproduce the miscibility gap in Fig. 1. The use of this power
has been found to give good results for several similar AO-
Si0, systems where AO is a basic oxide.

Calculated invariant points involving the liquid phase are
listed in Table 1.

The unusual shape of the calculated miscibility gap in Fig. 2(b)
can be attributed to the fact that the Cr3+/Cr2+ ratio changes
with temperature at constant Po, On the other hand, no data

are available at these high temperatures, so the predictions are
only tentative at these temperatures.

3. The CrO-Cr203-Si02-Al203 System

The calculated optimized liquidus projection for the system in
equilibrium with metallic Cr, with air, and at Po, = 107 atm

are shown in Fig. 5 to 7, respectively. Figure 8 shows a calcu-
lated isothermal section at 1700 °C. Figure 5 is a projection of
liquidus phase equilibria in the Cr-Si-Al-O tetrahedron
through the Cr-comer onto the CrO-AlQ, 5-SiO, plane. That
is, if CrO, AlO 5, and SiO, are mixed in a proportion given by
a point on this diagram and are equilibrated with excess Cr,
then the equilibrium phase assemblage can be read from the
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diagram. The calculated Cr3+ content of the liquid in equilib-
rium with Cr at liquidus temperatures varies from a maximum
of about 9% of total Cr at very low SiO, content to <1% of total
Cr at high SiO, contents. In Fig. 6 and 7, the composition axes

are to be interpreted as XSi02 = nsi/nTOT, XAlOl s = nAI/nTOT,
and X(CrOl 5 +Cr0) = (ncr2+ + nCr3+)/nT0T, where n; is the
number of moles of species { and nygr=

(ng; + npy + nop+ + neps). It is assumed in the calculations
that only divalent and trivalent Cr are found in the liquid phase.

A liquidus surface for the system in equilibrium with Cr was
reported by Muan (Ref 8), but no description whatsoever of the
experiments was given. Muan’s diagram is quite similar to the
calculated diagram in Fig. 5, with a eutectic between 1300 and
1350 °C at the same composition as in Fig. 5. Muan also re-
ported the temperature-P, curve for the four-phase equilib-
rium (mullite + SiO, + (ALCr),0; + L). His results are shown
inFig. 9. Again, no experimental description was given.

The system was studied in air by Roeder et al. (Ref 9). Because
temperatures were limited to the range 1580 to 1880 °C, only
equilibrium liquids at low chrome contents were studied.
These authors report a long narrow primary crystallization re-
gion for mullite and a very small field for SiO,. The ternary eu-
tectic was reported to lie at 1580 °C at less than 1 mol% Cr,0;.
Results of quenching experiments by Roeder et al. at 1700 °C
are shown in Fig. 8. Apart from one experimental point, the
calculations and experimental results are in agreement. Roeder
et al. (Ref 9) also estimated the compositions of the ALO,-
Cr,0; solid solutions in equilibrium with the liquid by means
of x-ray determinations of lattice parameters and a calibration
curve. These results were not always in good agreement with
the results of the quenching experiments with regard to the
composition of the Al,0,-Cr,0, solution in the three-phase
(mullite + L + A1,0,-Cr,0;) region. At 1700 °C their x-ray re-
sults give this corner of the three-phase triangle at approxi-
mately 43 wt.% Cr,0;3-57 wt.% Al,O,. The authors reported
much difficulty in attaining equilibrium. Ford and Rees (Ref
10) studied the mullite-Cr, 0O, join at 1600 °C in air by quench-
ing followed by XRD and petrography. The Cr,0,-rich bound-
ary of the three-phase (mullite + L + (AL,Cr),0;) region at
1600 °C was observed at 47 wt.% Cr,0,, in reasonable agree-
ment with the calculated value of 52 wt.% Cr,0,.

Ford and Rees (Ref 10) reported a solubility of 8 wt.% Cr,04
in mullite at 1600 °C. By studying changes in lattice parame-
ters, Murthy and Hummel (Ref 11) reported dissolution of 3, 6,
and 10 wt.% Cr,0O; in mullite at 1700, 1600, and 1400 °C, re-
spectively. Roeder et al. (Ref 9), on the other hand, were un-
able to obtain single-phase mullite containing Cr,05. In the
optimization, mullite was assumed to dissolve no chrome.

The system was optimized with the following ternary quasi-
chemical parameter for the liquid phase (employing the nota-
tion of Ref 1):

“’(():2(1), Si0,(Al0, ) = —29 288 J/mol (Eq 4)

All available phase equilibrium data are reproduced within ex-
perimental error limits, including the T-P, curve for the four-
2
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Si0,

Fig. 8 Calculated section of the Al,03-Cr,03-SiO; phase dia-
gram in air at 1700 °C. Points are from quenching experiments of
Roeder et al. (Ref 9): ®, mullite + L + Al;03-Cr,0; solid solu-
tion; O, L + ALO3-Cr,03 solid solution; I, mullite + AL O3-
Cr,03 solid solution.
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Fig. 9 Calculated oxygen partial pressure for the four-phase
equilibrium (A1,Cr);03 + SiO; + mullite + L.

Journal of Phase Equilibria Vol. 17 No. 6 1996 493



Section I: Basic and Applied Research

phase equilibrium in Fig. 9. The eutectic in air in Fig. 6 is cal-
culated to lie at 1593 °C at very low chrome content. The prob-
able maximum inaccuracy in the calculated liquidus is
estimated as £50 °C.
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