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Abstract—The SiO,-Fe,05(F;0,) system has been studied in air, oxygen, and an inert atmosphere. The dis-
sociation temperatures for iron oxides, the onset and full melting temperatures for coexisting phases, and the
melt demixing temperatures have been determined as a function of the oxygen partial pressure. A scenario of
the phase and chemical transformations in the title systems has been developed.
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Oxide systems containing iron and silicon are of sig-
nificance for metallurgy, for manufacturing of glass,
ceramics, and refractories, and for other applications
[1, 2]. Investigations into such systems have a long his-
tory [3-8].

The most comprehensive investigation of the phase
and chemical transformations in the SiO,—FeO-Fe,0;
ternary system was performed by Muan [7]. Muan also
used data of other researchers [3, 9—11] to design a lig-
uid-solid diagram. In particular, Muan [7] used the data
on the FeO-Fe,0; system from [9, 10] and on the SiO,—
FeO system from [11]. The boundary curve of the melt
immiscibility region in the SiO,-FeO-Fe,0; system
was drawn in accordance with the data borrowed from
[5]. Most of Muan’s investigations [7] were confined to
the FeO-Fe,Si0,—Fe;0, triangle and were carried out
in a gas atmosphere of CO, and H, taken in different
ratios in order to obtain different oxygen partial pres-
sures. Only two compositions (one containing
12.3 wt % SiO, + 21.8 wt % FeO + 65.9 wt % Fe,0;
and the other containing 21.2 wt % SiO, + 23.2 wt %
FeO + 55.6 wt % Fe,0;) were studied experimentally in
air (po, =0.21 x 10° Pa); two samples (one containing
12.9 wt % SiO, + 17.8 wt % FeO + 69.3 wt % Fe,0;
and the other containing 15.2 wt % SiO, + 17.7 wt %
FeO + 67.1 wt % Fe,0;) were studied under an oxygen
atmosphere (po, = 1.0 X 10° Pa). In addition, Muan [7]
predicted a ternary eutectic to exist near the Fe,O5 cor-
ner with a provisional composition of 15 wt % SiO, +
16 wt % FeO + 69 wt % Fe,05 and with a temperature
of about 1455°C.
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Extrapolating the data on the SiO,—FeO—-Fe,O; sys-
tem [7] and the hypothesized position of the immisci-
bility region in the SiO,~Fe,0; system [3, 12], Berezh-
noi [13] designed a provisional phase diagram for the
Fe,05;-Si0, system. Based on the data from [3, 7, 14],
Fabrichnaya and Sundman [15] calculated the diagram
for a section of the FeO-SiO,—0O, system.

Thus, the following issues remain to be studied sys-
tematically: the phase states of the SiO,~Fe;0,—Fe,04
system, specifically, in the region near the SiO,—Fe,04
side, and the phase and chemical transformations in the
Si0,-Fe,0; system at oxygen partial pressures of

Po, =0.21x10° and 1.0 x 10° Pa.

Therefore, the goal of this work was to experimen-
tally determine the phase and chemical transformations
in the Si0,—Fe,05(Fe;0,) systems at different oxygen
partial pressures in the gas atmosphere over the con-
densed phases.

EXPERIMENTAL

The starting chemicals used were analytical grade
Fe,0; (Specification TU 6-09-5346-87), 99.99% SiO,
(rock crystal), and high-purity grade iron (Russian
State Standard GOST 13610-79). Iron(III) oxide before
blending was dried and calcined at 300°C, and silica, at
105°C for 3 h. Fe;O, was prepared by annealing a
4Fe,0; + Fe blend at 1250°C for 1 h in corundum boats
under flowing argon (high purity grade).

The phase composition of the samples was moni-
tored using X-ray powder diffraction on a DRON-3 dif-
fractometer using CoK, radiation.



PHASE AND CHEMICAL TRANSFORMATIONS IN THE SiO,-Fe,05(Fe;O0,) SYSTEM 119

(b)

Fig. 1. Schematics of the VPA setups used. Panel (a): a high-temperature microscope: (/) long-focus microscope, (2) sealable heat-
ing chamber with silica glass windows and a container, (3) illumination system, (4) gas pipes, (5) silver electrodes, (6) looped iri-
dium heater (sample holder), (7) a sample inside the looped iridium holder (a powder), and (8) power source. Panel (b): Galakhov’s
microfurnace: (/) water-cooled vacuum housing, (2) steel electrodes, (3) tungsten heating coil, (4) molybdenum shields, (5) sample
holder (iridium or molybdenum), (6) pumping system, (7) gas feed system, (8) quenching device, (9) silica glass window, (/0) con-
trolled power source, (/7) video camera, and (/2) observation and monitoring system.

Thermal transformations in the systems were stud-
ied using complex thermal analysis (differential ther-
mal analysis (DTA) plus thermogravimetry (TG)) on a
Netzsch STA 429 thermal analyzer. In the DTA/TG
experiments, platinum crucibles were used, the sample
size was about 30 mg, the heating rate was 10 K/min,
and the atmosphere was air, oxygen, or helium. The
temperatures of thermal events were determined as the
onset temperatures of relevant DTA peaks, which were
found as the intersection of tangents to the baseline and
the thermal curve.

The onset and full melting temperatures of the com-
ponents of the system were also determined using
visual polythermal analysis (VPA) on original design
setups (a high-temperature microscope [16] (Fig. 1a)
and Galakhov’s modified microfurnace [17] (Fig. 1b)).
The samples used in the VPA experiments were
annealed at 1250°C in flowing argon and analyzed by
X-ray powder diffraction.

The onset and full melting temperatures in the high-
temperature microscope were determined on powdered
samples weighing about 0.5 mg. The experiments were

carried out in air (pg, = 0.21 x 10° Pa) or in flowing

oxygen (po, = 1.0 X 10° Pa). The ordinary error of the
method for the specified temperatures is in the range
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+(25-30)°C [16], but it can be higher because of the
high viscosities of SiO,-containing melts. The setup
used allows employing high heating rates, which can
result in extra overestimation of the temperatures to be
determined. To avoid this, the heating was stepwise
with arrests at intermediate steps. The onset melting
temperature was determined as the onset of a visual dis-
placement of the test substance to the top of the looped
holder or to one of its sides, which resulted from the
appearance of the first liquid portions. The full melting
temperature was determined as the temperature at
which the melt was spread over the looped holder 7
(Fig. 1a) or, for the samples with high silica concentra-
tions (and with high melt viscosities), as the tempera-
ture at which the sample in the holder became transpar-

ent. The overall duration of the experiment was
3060 s.

In the experiments in Galakhov’s furnace, a sintered
sample (7-8 mg) was mounted in holder 5, which was
placed in the isothermal zone of the microfurnace
(Fig. 1b).

The working temperature range in the microfurnace
was 900-2300°C. The temperature measurement error
was about +(25-30)°C [17]. The measurements were
carried out in an inert atmosphere (high-purity helium)
at an overall pressure in the system of about 0.25 X
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10° Pa. The design of the microfurnace allowed us to
quench samples by dropping them, together with the
holder, into the cold zone of the furnace. Melting of a
sample was recorded with a digital video camera and
analyzed frame by frame. The onset melting tempera-
ture was set equal to the temperature at which the acute
angles of a chip of the sample started rounding during
heating. The full melting temperature was set equal to
the temperature at which the sample was spread over
the surface of the holder. To avoid the interaction of the
sample with the holder, the holder was made of iridium.
The overall duration of an experiment was 30-120 s.

After quenching SiO,—Fe;0, samples, their micro-
structures were observed and elemental analysis was
carried out using scanning electron microscopy (SEM)
and energy-dispersive X-ray microanalysis (EDX) on
an AVT-55 SEM equipped with a Link_ AN_10000/S85
microprobe attachment.

To verify the measurement accuracy in Galakhov’s
microfurnace, the starting Fe;O, was first melted (its
melting point is 1597°C [18]). The melting was
detected at 1614°C, in nice agreement (taking into
account the error of the method) with the related litera-
ture for Fe;0,. To avoid overestimation of the critical
temperatures, the heating rate in the region of these
temperatures was 5 K/s.

SiO, (cristobalite)

Si0, (quartz)

SiO, (tridymite)

F e203 orthorhomb (he_maﬁte)
Fe;0, ., (magnetite)

* eo D> m

RESULTS

The X-ray powder diffraction results showed that
the SiO,—Fe,0; samples after the heat treatment at
1000 and 1100°C in air were mixtures of o-Fe,O; and
Si0, (quartz); at 1200 and 1300°C, they were mixtures
of o-Fe,0; and SiO, (quartz and cristobalite). By the
way of example, Fig. 2 shows the X-ray diffraction pat-
terns for a sample containing 94.8 mol % FeO, 5 (for
convenience of comparison, iron oxides hereafter
appear as FeO,: FeO, 5 instead of Fe,0;, and FeO, 33
instead of Fe;O,). The appearance of cristobalite (the
high-temperature silica polymorph) in the X-ray dif-
fraction pattern may be due to its stabilization as a
result of dissolution of some iron oxide in an SiO,-
based phase.

X-ray diffraction shows Fe;O, (as magnetite) and
silica (as quartz and cristobalite) with trace tridymite in
the SiO,—Fe;0, samples heat-treated in flowing argon
at 1250°C (Fig. 2).

The DTA and TG data for the SiO,-Fe,O; samples
in air and oxygen and for the SiO,—Fe;0, samples in
argon are listed in Table 1. Figure 3 shows the TG and
DTA curves (with peak resolution) for several SiO,—
Fe,O; and SiO,-Fe;0, samples. The DTA curves
recorded in air for the SiO,—Fe,0; samples each feature

three endotherms with onset temperatures of about
1390, 1460, and 1470°C (Fig. 3a). The first endotherm

Fig. 2. (/-5) X-ray diffraction patterns for SiO,—Fe,O5 samples containing 94.8 mol % FeO, after heat treatment in air at (/) 1000,
(2) 1100, (3) 1200, and (4) 1300°C and (5) after DTA in air up to 1400°C. (6-8) The same for SiO,—Fe;0, samples containing
(6) 13.8, (2) 42.8, and (8) 96.2 mol % FeO, after heat treatment in helium at 1300°C.
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is accompanied by a significant weight loss, which then
smoothly decreases to the second endotherm (Fig. 3a,
Table 1). The third endotherm is superimposed on the
second one and is almost unaccompanied by weight
loss.

After the DTA/TG experiments carried out in air up
to 1400°C, the phase composition of the samples was
determined using X-ray powder diffraction. The X-ray
diffraction pattern for the sample containing
94.8 mol % FeO, s shows reflections of the Fe;O, phase
along with Si0O, and Fe,0; reflections (Fig. 2).

The DTA curves recorded in oxygen (Fig. 3b) show
two overlapping endotherms with onsets at 1462 and
1473°C. The greatest weight loss is associated with the
first endotherm.

For the SiO,—Fe;0, system, the DTA experiment
was performed for the sample containing 42.8 mol %
FeO, 35 under helium and overall pressures of 1.0 x 10°
and 1.2 x 10° Pa. The DTA curve shows two endot-
herms at 1424 and 1440°C; the former is accompanied
by some weight loss (Fig. 3c, Table 1).

The onset and full melting temperatures of the
SiO,—Fe,0; samples determined by VPA in the high-
temperature microscope in air and oxygen are listed in
Table 1. The determinations in air and oxygen gave
identical values.

Analogous temperatures for the SiO,—Fe,O; sam-
ples as determined by VPA under argon in Galakhov’s
microfurnace are listed in Table 1.

The microstructure, phase composition, and chemi-
cal composition of the samples quenched from different
temperatures in Galakhov’s microfurnace were deter-
mined using SEM/EDX. Figure 4 exemplifies the
microstructure of the samples prepared under the con-
ditions that provided the melt-immiscibility onset
(Fig. 4a) and the full separation of the melt into a silica-
based phase and an iron oxide-based phase (Fig. 4b).
The compositions of these phases are listed in Table 2.

DISCUSSION

The oxygen partial pressure affects the chemical
processes that occur in the system until reaching the
onset melting temperature of the SiO,—Fe,O; samples
(Fig. 3, Table 1). At (1388 + 3)°C in air, the Fe,O; starts
to decompose to Fe;O, (the first endotherm; Fig. 3a,
Table 1); the decomposition is accompanied by oxygen
loss and is reversible [9, 19, 20]. The incomplete disso-
ciation of the Fe,0; to Fe;0, and oxygen is proven by
the weight loss value: it is smaller than the values cal-
culated from the stoichiometry (Table 1). The second
endotherm, which starts at 1462°C, is due to the solidus
of the FeO—Fe,0; system in accordance with the FeO—
Fe,0; phase diagram (Fig. 5). The last endotherm (at
1473°C) is apparently due to melting of the compo-
nents of the SiO,—Fe,0;-Fe;0, system.
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Table 1. Thermal transformations in test samples

g d Iron oxide Melting of the sample, °C
g ecomposition
< (]
= § E T 2
Ex | S5 | B | 2| 2| =2
Sz | £25 | B4 | % |zt | B
g 3 aa R=ge) ISR=! 2 & ISRS]
System SiO,—Fe,04
94.8 14704 | 15174
90.9 14704 | 15054
89.6 13902 2.76 14742 | 14904
14704
87.1 13872 2.37 1473* | 14704
14704
85.9 13922 2.67 14742 | 14754
14720 2.31 1474°
84.7 13872 2.77 14722 | 14904
1467° 1.78 1470P
14704
83.4 13872 2.67 14722 | 15054
14720 2.23 1475°
14704
82.2 13892 2.56 14752 15394
14704
75.1 - 15304
67 - 15309
572 - 15304
334 - 15304
16.7 - 15384
15.8 - 15384
14.2 - 16554
12.5 - 16554
System SiO,—Fe;0,
96.2 1424¢ 1.10 1449¢ | 1561¢
924 - 1548¢
87.5 1441¢ | 1511¢
85.1 1445¢ | 1470°
81.5 1446° | 1540¢
74.5 1448¢ -
66.7 1424¢ 1560°
56.0 - 1581¢
42.8 1429¢ 1589¢
25.0 1434¢ 1556°
13.8 1440¢ | 1681¢
8.8 1681¢
0.8 1701¢

Note: ® DTA/TG data obtained in air; Y DTA/TG data obtained in
oxygen; © DTA/TG data obtained in helium; 4 VPA data

obtained in a high-temperature microscope; ¢ VPA data
obtained in Galakhov’s microfurnace.
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1462
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DTA

DTA

L 1 1 | | |
1350 1400 1450 1500 1450 1500
T, °C
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L | | |
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Fig. 3. (a, b) DTA and TG curves for SiO,—Fe,O3 samples (a) containing 87.1 mol % FeO, in air and (b) containing 85.9 mol %
FeO, in oxygen. (c) The same for the SiO,—Fe;0,4 sample containing 42.8 mol % FeO, in helium under an overall gas pressure of

~12x10° Pa.

T,
T )

.,‘:,@-1?:_.;;-

Fig. 4. Micrographs of samples quenched from various temperatures after various exposures: (a) 42.8 mol % FeO,, 1550°C (60 s);
and (b) 56.0 mol % FeO,., 1780°C (10 s). A light region is the FeO,-based phase.
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Fig. 5. FeO-Fe,O5 phase diagram with oxygen isobars (Pa) according to [7, 9, 10] and the refined values of the peritectic temper-
ature in the FeO-Fe;0, region and the refined eutectic temperature in the Fe;04—Fe, 05 region.

The scheme in Fig. 6 describes the heating-induced
phase and chemical transformations of the system.
Cooling induces the oxidation of iron oxide (which,
however, does not go to equilibrium for kinetic rea-
sons), and Fe,O; (a equilibrium phase under the speci-
fied conditions) and Fe;O, (a nonequilibrium phase)
coexisted in the system (Fig. 2).

—

Under oxygen, the dissociation 3Fe,Os
2Fe;O0,+ 0.50, occurred at a higher temperature
(1462°C) than in air, as we may infer from the chemical
analysis results (Fig. 3b, Table 1); this higher tempera-
ture almost coincides with the onset melting tempera-
ture in the Fe;O,—Fe,0; system (cf. Figs. 3a, 3b). Note
that this temperature (1462°C) may be taken to be the
solidus temperature in the Fe;O0,~Fe,O; system

(Fig. 5). Thus, we somewhat refined the solidus tem-
perature determined in [7, 9, 10] to be 1450°C (Fig. 5).

The melt immiscibility region in the SiO,—Fe,0O4
system was determined from the inflection point on the
liquidus curve and the position of the monotectic as
determined using VPA on the high-temperature micro-
scope (Table 1).

The chemical processes occurring in the SiO,—
Fe;0, samples during their heating under an argon
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atmosphere (po, <2 X 107! Pa) involved partial Fe;0,

decomposition with oxygen evolution at 1424°C
(Fig. 3c). Another piece of evidence in favor of the
occurrence of this process is the existence of the com-
pound Fe,Si0O, in the samples after the DTA/TG exper-
iments; this compound results from the reaction of FeO
with SiO, (Fig. 2). The FeO-based phase melted simul-
taneously with the Fe;O, decomposition (Figs. 3b, 5,
6). From the DTA (Fig. 3b) and VPA (Table 1) results,
we may infer that temperature elevation to about

Table 2. EDX data for SiO,—Fe;O, samples after heat treat-
ment

Sample Analyzed region
heat treatment
FeO 33 notation | FeOj i3,
mol % | tempera- | ;.00 | inFig.4 | mol %
ture, °C >
42.8 1550 60 1 2.0
56.2 1780 10 P1 46.5
54.9
3 35.6
No. 1 2006
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Fig. 6. Schematics of the phase and chemical transformations in the SiO,-Fe,03(Fe;0,4) system at various oxygen partial pressures.
*In the region of primary crystallization of Fe;O4. **In the region of primary crystallization of SiO,.

1440°C caused the components of the SiO,—Fe;0, sys-
tem to melt (Fig. 6).

The VPA experiments in Galakhov’s microfurnace
carried out in the anneal-and-quench mode showed that
the melt of the SiO,—Fe;O0,~(FeO) system (the minor
component is parenthesized) at temperatures above
1556°C separated into two phases (an iron oxide-based
phase and a silica-based phase (Fig. 4).

The average monotectic temperature for the Si0O,—
Fe,05(Fe;0,) system was (1545 £ 11)°C (Table 1).

All the transformations described above are sche-
matized in Fig. 6. An analysis of this scheme proves
that the changing oxygen partial pressure over the con-
densed phases of the SiO,-Fe,O;(Fe;0,) systems
equally affects the character and temperature of the
phase and chemical transformations. The effect is
above all governed by the combination of the iron

oxides that exists under a given pg, . The following is

noteworthy: the Fe,0; and Fe;0, dissociation tempera-
tures determined in the study correlate nicely with the
existing data [9, 10] and refine them only slightly. For
the onset melting temperatures of the components of
the SiO,—Fe;O,~FeO and SiO,-Fe,0;—Fe;0, systems
(1440 and 1473°C, respectively) and the monotectic
temperature ((1545 + 11)°C), we found substantial dif-
ferences from the values that Muan cited (1665 and
1695°C, respectively) [7] with reference to Greig [3]
and the values Berezhnoi cited in his handbook [13].
The differences apparently arise from the following:
the high viscosities of silica-containing melts can be
responsible for the overestimation of critical tempera-
tures, which pertains to the system under consideration.
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In summary, we have studied the SiO,—
Fe,0;(Fe;0,) system in air, in oxygen, and under an
inert atmosphere. The system experiences several phase
and chemical transformations that influence the compo-
sitions of the phases involved. The compositions of the
Si0,-Fe,0; samples upon heating are displaced into
the Si0,—Fe,0;—Fe;0, ternary region both in air and in
oxygen. The compositions of the Si0,—-Fe;0, samples
under a neutral atmosphere (po, =2 X 107! Pa) are dis-

placed into the SiO,-Fe;O,~FeO region. The melt
immiscibility region is intrinsic to the SiO,—
Fe,0;(Fe;0,) system at temperatures higher than
(1545 £ 11)°C; the compositions of the coexisting
phases are also affected by the oxygen partial pressure.
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