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Aluminium - Iron — Oxygen

Ortrud Kubaschewski 7-, Rainer Schmid-Fetzer, Lazar Rokhlin, Lesley Cornish, Olga Fabrichnaya
updated by Liya Dreval

Introduction

The system is important because alumina is used to reduce iron oxides in steelmaking, and knowledge of the slag
properties, especially the effects of metal-slag reactions is essential for greater control in steelmaking [1953Gok,
1961Kuz, 1966Nov, 1975Kim, 1979Kay]. No complete phase diagram has been reported for the Al-Fe-O system,
although specific reactions of mainly industrial interest have been investigated, especially the deoxidation of steel
with Al and the sub-solidus reactions in the partial systems FeO-Al,05-Fe,05 and Al-Al,053-Fe,05-Fe [1954Ric,
1961Tur, 1962Tur, 1966Nov, 1980Mey, 1989Ragl1, 1992Kub, 2007Kub].

The complex phase relationships in the Al-Fe-O system are partly due to the ratio of ferrous to ferric oxide at
equilibrium, which itself is dependent on both temperature and oxygen pressure. The present critical evaluation
updates the previous MSIT report written in 2007 by [2007Kub]. This survey describes the system by isothermal and
polybaric projections. Among the many published contributions on the clarification and description of the phase
relationships, only selected reports are given in the References section. The relation between deoxidation data and the
phase equilibria is essential for understanding of discrepancies in this system, and will be elucidated in the
‘Miscellaneous’ section. Table 1 summarizes the work done since 1994.

Binary Systems

The binary Al-O phase diagrams accepted from [1992Tay] are presented in Figs. 1a, 1b. Crystallographic data for
solid phases are from [1985Wri]. The Al-Fe phase diagram is accepted from the binary evaluation report of [2022Ste]
and presented in the chapter “Al - Fe (Aluminium - Iron)” of this volume. The phase diagrams of the Fe-O system are
from the thermodynamic assessment of [1991Sun], while crystallographic data for high pressure and metastable/low
temperature phases are from [Mas2], [V-C2], and [V-C]. The phase diagrams for the Fe-O system are presented in
Figs. 2a and 2b.

Solid Phases

Data on the solid phases are given in Table 2. One ternary high temperature compound FeAlO; (7), stable between
1318°C and about 1500°C, depending on the oxygen pressure was reported by [1956Mua, 1958Mua], although
[2005Fee] synthesized the FeAlO5 phase by heating a € Al,O5 + Fe,O3 mixture at 1300°C. Based on experimental
data, formation of the FeAlO5 was suggested at 1150°C [2001Lad].

FeAl,0O4 (hercynite) and Fe;04 (magnetite) form a continuous series of solid solutions at temperatures above 860°C
[1962Tur]. At temperatures below 860°C, spinel has miscibility gap forming Fe rich and Al rich solid solutions.

Several studies (see section ‘Quasibinary Systems’ and [2005Fee]) indicated restricted mutual solubility between
aAl,O3 (corundum) and Fe,O5 (hematite). [1979Rou, 1991Skl], together with more recent investigations [2005Fee,
2005L1u], indicated formation of metastable extended yAl,05 solid solution due to the distribution of Fe** ions in the
y modification of Al,05. This solution is however unstable and tends to decompose into equilibrium phases upon
prolonged heat treatment. It was shown in [2005Liu] that iron oxide doping reduced the y to «Al,O5 transformation
temperature.

Mechanical milling of mixtures consisting of various combinations of (Al), Fe30,4, Fe,05 and Al,0O5 extended the
homogeneity ranges of some of the phases [2001Sur, 2003Bot, 2004Cot]. According to [2001Sur], during mechanical
milling, Al,0O5 dissolved up to 25 mol% Fe,0;.

Quasibinary Systems

The FeO-Al,O5 section was established as a quasibinary using DTA, X-ray, microscopy and petrographic analysis by
[1966Nov]. Later version of the quasibinary system FeO-Al,03 was proposed by [1974Ros]. However, it should be
noted that the system is not strictly quasibinary because Fe occurs in different states of oxidation in varying amounts,
even in oxide phases in contact with metallic Fe, and the “melting point” of FeO actually corresponds to a eutectic.
However, experimental results are often represented in a way resembling a quasibinary diagram. The results are
shown in Fig. 3 which summarizes findings of [1974Ros] and previous studies [19550e¢l, 1956Fis] and [1957Gal],
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316 Al-Fe-O

and is in agreement with [1965Nov, 1966Nov]. The congruent melting point of FeAl,0y, reported by [1957Gal] as
1800°C, was accepted in Fig. 3 (1820, 1800 and 1820°C are given by [1956Fis, 1957Gal] and [1963Nov],
respectively). X-ray diffraction and petrographic analysis of the samples from simultaneous sintering of iron
aluminate and corundum at 1700°C showed that there is negligible miscibility between FeAl,04 and aAl,O5 in the
solid phase [1965Nov], which was later confirmed by [1974Ros]. According to earlier studies [1956Fis, 1956Mua,
1958Atl, 1964Roi], a measurable solution of «Al,O5 in FeAl,O4 occurs above 1350°C.

The Fe;04-FeAl,O4 and Fe,03-Al,05 sections are also quasibinary, at least at temperatures below the solidus and
high enough pressure to prevent oxide decomposition. [1962Tur] carried out experiments defining the limits of the
spinel solid solution of the Fe;0,4 (magnetite) - FeAl,04 (hercynite) system. The buffered hydrothermal technique
and lattice parameter measurements were used to find the solvus. A method of “bracketing” was developed, i.e.
approaching the equilibria from both directions, the exsolution and solid solution. To induce solid solubility, samples
were held for 2 d at 800°C, 12 d at 700°C and 1 month at 600°C, under a total pressure of 2 kbar. Equilibrium at 500°C
was not obtained. The results are plotted in Fig. 4. Recently, [2020Agc] measured liquidus and solidus temperatures
for a number of the samples related to the Fe;04-FeAl,O,4 section. The samples were produced in a reduction
atmosphere. The reported data are to scarce to complement the partial vertical section (Fig. 4) reported by [1962Tur].

The Fe,03-Al,05 section below 1000°C was studied by [1962Tur] using their own data established by the
hydrothermal method and X-ray analysis, combined with results published by [1956Mua,1958Atl] to construct the
diagram in Fig. 5. Measurements by [1956Mua] were found to contain about 5 mass% less Al,O5 than those reported
by [1958Atl] and extrapolated by [1962Tur].

More recent investigations by [1983Boj] indicate a lower solid solubility of € Al,03 in Fe,O5 (Fig. 5). The solubility
at lower temperatures has been determined by [1980Kli]. The FeAlO5 compound appears at the upper limit of Fig. 5.
Some “quasibinary” sections were calculated with a simple regular solution-type model as a basis for calculations in
multicomponent oxide systems [1978Kaul].

Invariant Equilibria

The reaction scheme for the Fe-Fe,03-Al,03-Al partial system, constructed by [1989Ragl], was corrected as
described in the next section and is presented in Fig. 6. It includes the invariant points of the liquidus surface and
incorporates the sub-solidus invariant reactions based on results published as isothermal sections. This scheme is
simplified since it does not take the order-disorder transformation in the Al-Fe system into account.

The reaction p; at about 1700°C, L, + ¢ Al,O5 = Fe,O5 (where L, is oxide liquid) may also be of the eutectic type,
L" = aAl,05 + Fe,Oj3. This reaction must not be confused with the peritectic at about 1730°C shown later in the
section Fe,03-Al,05 (Fig. 22) at 0.21 bar. This peritectic cannot appear in Fig. 6 since the entire reaction scheme is
given under sufficient pressure to exclude the gas phase. An extrapolation of the Fe,O5 solvus and the aAl,O5
liquidus in Fig. 20 does not lead to a clear conclusion concerning the type of the reaction p;.

The formation and decomposition of FeAlO5 (1) is also viewed differently compared to [1989Rag1]. The formation
must occur above 1495°C as shown by the series of Figs. 19, 20 and 21, extrapolated to higher pressures. It is shown
as P; in Fig. 6, an almost degenerated reaction with FeAlO5 (1) located almost on the tie-line Fe,03-Al,05. An
alternative formation reaction in a three-phase maximum Fe, O3 + ¢ Al,O3 = FeAlOj is rather unlikely since it would
require a larger O solubility range in Fe,O3 and ¢ Al,O5 than in FeAlO5. Thus, the three-phase invariant reactions
given in [1989Ragl] at 1450 and 1318°C cannot be accepted. The decomposition of FeAlO5 (t) in E5 at 1318°C
(Fig. 6) is also almost degenerated and virtually identical to the 1318°C reaction in the Fe,053-Al,05 system at fixed
oxygen partial pressure 0.21 and 1 bar, emphasizing the non-quasibinary character of these sections. Data on the
invariant reactions at 1 bar total pressure involving Fe rich liquids are compiled in Table 3 [1972Ell].

The sequence of the phases in the Uy, reaction was changed comparing to [1989Rag1] and [2007Kub] to preserve the
agreement with the preceding and subsequent ternary reactions. Some other misprints in phase denominations and
temperatures in the reaction scheme reported by [2007Kub] were corrected in the present update.

The temperatures of U, Ug, Ug were changed in the present work to preserve the constancy with the temperatures of
the related invariant reactions in the Al-Fe system accepted here.

Liquidus Surface

[1989Ragl] proposed a schematic liquidus surface which may be mostly accepted. However, the liquid miscibility
gap of the AI-O system had not been taken into account, suggesting that liquid Fe and liquid aAl,O5 form a
continuous solution, which is extremely unlikely. Another proposition, given in Fig. 7, accepts a continuous band of
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the miscibility gap between metallic liquid (L,;,) and liquid oxides (L,). As a consequence of this, the eutectic type
reaction E'-E;" and also a maximum e,'-e," must occur. A critical point, given as c¢; and confused with the congruent
melting point of FeAl,O4 by [1989Ragl], does not appear. Figure 7 incorporates the results of [1972Ell, 1979Ell].
The reactions e; and eq belong to the quasibinary system FeO-Al,O5 (Fig. 3). The invariant reactions Ug to E;
virtually coincide with the Al-Fe binary system. Quantitative data are available for liquidus surfaces in the Fe corner
[1972Ell, 1979EIl]. Fig. 8 shows Fe rich part of the liquidus surface projection. The aAl,O5 liquidus surface has been
studied by [1953Gok, 1954Ric, 1961Kuz, 1963Ent, 1965McL, 1967Swi, 1969Buz, 1969Nov, 1970Fru, 1971Roh,
1976Jan, 1981She, 1982Lia], the early solubility data of [1939Wen] are much too high (probably due to insufficient
time being allowed for equilibrium) and have been disregarded.

Figure 9 gives isotherms of the « Al,O3 liquidus surface from the results reported by [1963Ent] for 1740 and 1910°C,
[1967Swi] for 1580°C and [1981She] for 1600°C. The 1580°C and 1600°C isotherms also reflect the scatter of the
data; the actual slope of the Al,O3 liquidus surface is considered to be smooth in the 1590 to 1910°C temperature
range. [1963Ent, 1967Swi] investigated the Al and O contents of liquid Fe in equilibrium with Al,O5. [1963Ent]
applied the gravimetric (Al,O3) and [1967Swi] the vacuum fusion method for the determination of the O
concentration. As indicated by [1963Ent], the vacuum fusion method is susceptible to grave errors at high Al contents
due to the absorption of gas by the Al distilled from the sample and the vaporization of Al,O, which would account
for the low oxygen contents at high Al concentrations in the 1580°C isotherm. The results of [1967Swi] appear to be
inconsistent with other data, and thus, this may arise from his method of oxygen analysis. The findings agree that the
solubility of O in Al-Fe melts decreases with increasing Al content to a minimum and then increases rapidly as shown
in Fig. 9, 0.39 mass% Al decreases the solubility of oxygen in liquid Fe to a minimum of 8 ppm (0.0008 mass% O)
at 1600°C.

The 0.01 to 100 mass% Al range at 1600°C was studied by [1981She] who also discussed earlier work by [1961Kuz].
The initial materials were hydrogen-refined carbonyl-iron and high purity Al. The solubility of oxygen was examined
by the phase equilibrium method [1981She, 1970Nov]. The curve has two minima and one maximum. The first
minimum is in good agreement with published data [1961Kuz, 1963Ent, 1967Swi, 1971Roh]. There are no other
reported data on the position of the second minimum. The maximum approaches the experimental findings by
[1963Ent] and [1970Fru].

Oxygen concentration in liquid iron being equilibrated with ®Al,O5 and FeAl,O4 was determined in experiments of
[1966McL, 1975Kim] at temperatures 1550-1750°C. Oxygen solubility results obtained by [1969Nov] at 1600°C by
calculation and the vacuum fusion method are higher than those reported by [1981She]. Values at the minimum are
0.0035 mass% O [1969Nov] and 0.0008 mass% O [1981She], respectively.

It should be mentioned that the isotherm at 1600°C in Fig. 9 has been moved down within the experimental
uncertainty, because the curve from the original work [1981She] intersected with the isotherm at 1740°C and it was
far away from the isotherm at 1580°C while the temperature difference was only 20°C.

Isothermal Sections

[1961Tur, 1962Tur] studied Fe spinels by controlled synthesis from chemical mixtures in the temperature range 500
to 900°C and used X-ray measurements for the determination of solid solutions. Silver, which is not miscible with Fe
at the temperature involved, was used as container material. Reaction rates were slow and experiments lasted up to
40 d. The isothermal sections displayed in Figs. 10 to 14 summarize the experimental results by [1961Tur, 1962Tur,
1980Mey] and [1983Elr], as well as findings from a review published by [1989Ragl] for the partial systems
Fe-Fe,05-Al,03-Al and FeO-Fe,05-Al,05. The isothermal sections must be seen in conjunction with the oxygen
pressure (stability) diagrams, given in the ‘Potential Diagrams’ section, where the techniques used by [1980Mey] and
[1983Elr] are also described.

Potential Diagrams

[1980Mey] determined the composition limits for the spinel solid solution Fe; Al O4 (0) experimentally as a
function of oxygen pressure at 1500, 1380 and 1280°C using lattice parameter measurements. The results were
combined with information from the literature [1946Dar, 1956Fis, 1956Mua, 1958Atl, 1958Phi, 1964Roi, 1976Sti,
1976Pol] to develop self-consistent stability diagrams (Figs. 15 to 17), which show p(O,) versus cation (metal)
fraction at constant temperatures for the Al-Fe-O system. In these diagrams, the left and right vertical axes constitute
the binary Fe-O and Al-O systems, respectively. The complete spinel solid solution does not exist at any specific
oxygen pressure. The spinels with higher Al content are only stable at lower oxygen pressure. The metallic Al-Fe
phases would only appear in the very low-pressure range, which is not shown in Figs. 15 to 17.
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[1983EIr] determined the equilibrium oxygen pressures of the wunivariant ternary equilibria of
Fe,05+Fe; Al O4+0Al,O5, metal+Fe;_ O+Fe; Al O4 and metal+Fe;_ Al O4+aAl,03, where the metal is
essentially pure Fe. They used data derived from solid state electrochemical cell experiments in the temperature range
850 to 1150°C in combination with published data [1956Mua, 1958Mua, 1958Atl, 1962Tur, 1964Roi, 1981Pet] to
construct oxygen pressure diagrams at 1000°C, 900°C and 800°C, as shown in Figs. 18 to 20, where the boundaries
for the Al- or Fe-rich spinel are schematic. The spinel miscibility gap (Fe;04+FeAl,O4) appears at 800°C in Fig. 20
and at 700°C in Fig. 12. The Fe;04+FeAl,04 boundaries are virtually independent of pressure. The composition of
the spinel phase in equilibrium with & Al,O5 at 900°C and p(O,) = 10712, 10713 and 107'* bar was reported by
[1962Tur]. Fe;_O dissolves up to 0.55 mol% Al,O5. Alumina («¢Al,O3) was found to dissolve approximately 1.1
at.% Fe in the temperature region 1000°C to 1300°C, whereas the Al content in the Al-Fe alloys was extremely small.
The data of the Fe;0,4/FeO equilibrium were taken from [1946Dar, 1969Bry]. [1984Sch] produced a projection of the
aluminium and oxygen contents for FeO-Al,O3, as well as a polythermal deoxidation diagram of aluminium.
However, these diagrams are not presented here, because they are inconsistent with the diagram of the FeO-Al,04
system accepted in the present work. In a study of diffusion coatings, [2001Jha] plotted the relationship of oxygen
potential and (low) Al content.

The effect of oxygen partial pressure on grain boundary migration in 95A1,05:5Fe,053 was studied by [1996Lee].
High oxygen partial pressure caused fast dissolution of the spinel, agreeing with earlier work described above, with
migration of the Al,O5 solid solution grain boundaries. The Al,O3 was enriched in Fe,O3 after the boundary had
passed. Low oxygen partial pressures gave grain boundary migration without spinel precipitation.

Temperature — Composition Sections

The Al,05-Fe,O5 section was investigated at temperatures above 1000°C with different oxygen pressures by
[1956Mua, 1958Mua]. They applied the “quenching method” and microscopy, as well as lattice parameter
measurements for identification of different phases. FeAlO; (t) exists in stable equilibrium only at temperatures
above 1318°C and a partial pressure of O, above 0.03 bar. The upper decomposition temperature of T is pressure
dependent. The phase relationships are illustrated in Figs. 21 to 23 for decreasing oxygen pressure [ 1958Mua]. These
vertical sections appear to be quasibinary diagrams, although this cannot be true at higher temperatures. The
decomposition when heating pure Fe,O5 at 1390°C in Fig. 22 corresponds to the three-phase reaction: 6Fe,05 =
4Fe;04 + O,. The resulting spinel phase Fe;O,4 is no longer located on the section Fe,O3-Al,0O5 and this shift is
balanced by substantial amounts of O, (gas), which is the meaning of the designation “+0,” in the upper phase fields.
A slight inconsistency concerns the reported solubility limits of the Fe,03+Fe;_ Al O,4 equilibrium. According to
[1958Mua] (Figs. 21 to 23) the solubility of Al,0O5 in Fe;_,Al,Oy is larger than in Fe,Oj3. This is reversed in Figs. 16
to 20, however, where the solubility differences are small. The experimental data of [2009Rha] regarding the Fe,O5
solvus at a partial pressure of O, of 0.21 bar agree well with the corresponding data of [1954Ric, 1958 Atl, 2001Lad].
[1992Tru] calculated the oxygen concentration in (yFe) in equilibrium with «Al,03, FeAl,04 and Fe;_,O (denoted
‘FeQ’) as shown in Fig. 24.

Thermodynamics

In the literature, there is a great number of publications about equilibria in the Fe rich composition range. The data
were obtained for the equilibrium between liquid iron and solid Al,O5 according to the reaction:
Al,O5(s) = 2{mass% Al} + 3 {mass% O} (1)

using the equilibration method with gas mixtures [1953Gok, 1961Kuz, 1963Ent, 1966Nov, 1967Swi, 1970Nov,
1970Sch, 1973Buz, 1981She, 1998Seo] and from emf measurements [1970Fru, 1976Jan, 1979Kay 1992Sui,
1995Dim]. The Gibbs energy of reaction (1) is given in Table 4 according to the recommendation of [2000Jan], based
on analysis of experimental data on phase equilibria and emf measurements. The same methods were used to study
equilibrium of iron liquid with FeAl,O,4 (0) and solid Al,O5 according to the reaction (2):

FeAl,Oy(s) = Fep + Al,O5(s) + 1 {mass% O} (2)
The Gibbs energy of reaction (2) was obtained by the equilibration technique [1960Pil, 1966McL, 1966Nov,

1975Kim] and emf [1963Rez, 1973Cha, 1973Jac, 1978 Apt, 1978Sto, 1979Kay]. The results of [1978Apt] are in a
good agreement with other data and they are recommended here (Table 4).

The experimental data for the spinel + solid Al,O3 + (yFe) equilibrium obtained by equilibration with a gas mixture
and emf were analyzed by [1992Tru] for the Gibbs energy for the reaction:

(YFe) + 1/205(gas) + Al,05(s) = FeAl,04(0) 3)

MSIT® Ternary Alloys. Volume 21
Selected Al-Fe—X Ternary Systems for Industrial Applications



Al-Fe-O 319

are recommended. The expression of Gibbs energy is presented in Table 4.

The results of experimental studies of the reaction (1) were thermodynamically treated and equilibrium constants and
mixing parameters of liquid were derived. The oxygen and aluminum solubility in liquid were described by Wagner’s
model with first-order parameters by [1953Gok, 1961Kuz, 1963Ent, 1965Vac, 1967Buz, 1968Pie, 1970Fru, 1974Fel,
1976Jan], and with higher order parameters by [1974Sig, 1986Gho, 1992Hol, 1995Dim, 1995Jow, 1997Ito].
[1980Gus] presented two equations involving first order and higher order interaction parameters. The thermodynamic
descriptions with first order parameters reproduce experimental data only for compositions up to 0.3 mass% Al
Involving higher order parameters makes it possible to reproduce experimental data up to 2 mass% Al. However, at
higher concentrations of Al, the calculated oxygen content drastically decreases, which was not confirmed by
experimental data. [1968Pie] suggested that taking the formation of the AlO cluster into account should improve fit
to experimental data. In the calculation of the liquidus isotherms, [1982Lia] used the thermodynamic model based on
Wagner's solvation-shell approach, which required data only from the binary edge systems. His predictions for the
ternary Al-Fe-O liquid alloys are in good agreement with the experimental data and Fig. 9 up to about 3 mass% Al,
while at 10 mass%, the calculated solubility at 1627 to 1727°C is approximately 0.1 mass% O, about 10 times higher
than the data of [1981She] at 1600°C. [1981She] investigated Al-Fe alloys from 0.01 to 100 mass% Al, and indicated
two minima (at 0.39 and 19.9 mass% Al) and one maximum (at 7.7 mass% Al) on oxygen solubility curve, using two
different equations to describe his data in different composition ranges. It should be mentioned that similar shape of
oxygen solubility was observed for Cr-Fe alloys [1968Pie]. In addition, [1982Lia] clearly demonstrated that previous
calculations using interaction parameters are not suitable above 0.3 mass% Al. At higher Al contents, the first order
interaction parameter calculation gives a too strong increase in O solubility. The calculation with both first and second
order parameters also gives a maximum qualitatively similar to the one at 1600°C in Fig. 9, but at a much lower Al
content of about 1 mass% Al and then the O solubility drops to unrealistic low values with only a slight increase of
Al content. It can be also concluded that the interaction parameter type calculation must fail at higher Al contents since
it is in principle restricted to “infinite” dilution of both O and Al, while the solvation-shell approach is in principle
valid over the entire Al-Fe composition range. This calculation should be redone using the new experimental Al-O
data of [1981She].

The solubility curves of FeAl,0,4 have also been calculated by [1982Lia], and from the intersection with the Al,O4
liquidus isotherms it was concluded that FeAl,O,4 is the most stable oxide precipitate in the liquid below 0.2:107%
mass% Al at 1627°C and 2.5-10~* mass% Al at 1827°C. The oxygen solubilities at the L+Al,05+FeAl,O,4 three-phase
equilibrium are 0.053, 0.074, 0.1 and 0.134 mass% O at 1550, 1600, 1650 and 1700°C, respectively, and are in
agreement with experimental data [1966McL, 1975Kim].

The associate model for metallic liquid was used by [1988Was, 1995Bou]. [1988Was] considered Fe;Al, FeAl,
FeAls, FeO, FeAl,04, Al,O5 and Al,O as associates. The shape of oxygen solubility curve obtained by [1988Was]
was characterized by the presence of two minima in O content and in Al content. However, there is no experimental
evidence of a minimum in Al content at low oxygen concentrations. [1995Bou] optimized thermodynamic parameters
using three models: Wagner’s formalism with high-order mixing parameters, an associate model accounting only for
AlO species, and an associate model with both species AlO and Al,O. [1995Bou] showed that the maximum in the
oxygen solubility was apparently due to a large positive second order parameter in Wagner’s formalism. The large
and negative first-order interaction parameter indicates strong short-range interaction between oxygen and aluminum.
When the AIO clusters were introduced into the model by [1995Bou], a good agreement between experimental and
calculated values was obtained. The introduction of Al,O species as well as AlO also reproduced experimental data
satisfactorily. In the latter model, the liquid phase was virtually ideal; i.e. the excess Gibbs energy of solution is small.

The obtained thermodynamic data for reaction (2) in combination with other thermodynamic data makes it possible
to calculate the enthalpy and entropy of formation of FeAl,04 from solid Al,053 and Fe [1992Tru]. There is a large
scatter in both enthalpy of formation from elements and standard entropy values for the FeAl,O4 at 298.15 K
[1988Ber, 1995Bar, 1993Kub, 1993Sax, 1990Hol, 1997Got, 2004Fab]. Some of these data [1990Hol, 1993Sax,
1997Got, 2004Fab] are results of optimizations based on high-pressure mineral reactions. The reason for
inconsistencies can be the different degrees of cation disordering between octahedral and tetrahedral sites in the
FeAl,04. The degree of inversion was determined from neutron diffraction, and the results were treated by
thermodynamic models [1998Har]. New adiabatic calorimetry measurements from 3 to 400 K have provided heat
capacity data and a standard entropy value at room temperature [2003Kle], which are given in Table 5. The new
entropy value is 7.6 J -(mol-K)’1 , which is higher than the previous adiabatic calorimetry result of [1956Kin], although
the latter did not take the magnetic contribution to the entropy into account.

Activity measurements were conducted in oxygen-rich liquids in the Fe;04-FeAl,O4 system [1969Sch, 1981Pet,
2011Lyk] and FeO-Al,05 systems [1980Ban, 2004Fre], using a gas equilibrium technique. The activity in the
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Fe;04-FeAl,04 system was investigated at 900°C and compositions up to 65 mol% Fe;O0,4 by [1969Sch], at 1300°C
and compositions up to 80 mol% Fe;0,4 by [1981Pet] and between 850 and 1000°C for the whole composition range
by [2011Lyk]. In these studies, negative deviations from ideal behavior were indicated, although at high temperatures,
deviation from ideality decreased. The experimental activities in the Fe;04-FeAl,O4 system at 900°C and 1300°C are
shown in Figs. 25 and 26. The activity of FeO was studied at 1400°C at compositions up to 8.9 at.% Al,O5 by
[1980Ban], while in [2004Fre], data were obtained at 1550°C and 1600°C and compositions up to 14 at.% Al,Os5.
Both investigations demonstrated negative deviations from ideal behavior. It should be mentioned that the
experimental data on activity in the FeO-Al,O3 system [2004Fre] demonstrate quite large scatter. The experimental
data of [1980Ban, 2004Fre] were fitted using a liquid model from [2000Bjo] and interaction parameters were
assessed. The fitted data on the FeO activity for the FeO-Al,O5 system at 1400 and 1600°C from [2004Fre] are
presented in Fig. 27. Authors of [2004Fre] also made calculations of activities (ap. and app03) in the FeO-Al,O4
system using an ionic liquid model and a modified quasi-chemical model of liquid and thermodynamic data available
in Thermo-Calc and Fact-Sage databanks, respectively. Activity values in the FeO-Al,03 liquid were also calculated
by [2000Bjo] from experimental data of [1980Ban], using a model for liquid phase described in [2000Bjo]. As a
demonstration, [2002Dav] calculated an isopleth between Fe,O5 and Al,O5 in air.

The enthalpy of formation of the Fe,O3-Al,05 solid solution was determined by drop-solution calorimetry by
[2002Maj]. The temperature dependent mixing parameter was assessed in [2002Maj] to reproduce solvus data. The
more complicated asymmetric model with temperature dependent parameters was applied by [2005Fee] to describe
excess Gibbs energy of the Fe,03-Al,05 solid solutions using available data on miscibility gap and calorimetric data
of [2002Maj]. The enthalpy of mixing is presented in Fig. 28. For the FeAlO; compound, the enthalpy of formation
from oxides and heat capacity were determined by drop-solution calorimetry, and by differential scanning calorimetry
by [2002Maj], with the data presented in Tables 4-5. The standard entropy of the FeAlO5 was calculated by [2002Maj]
taking into account vibrational, magnetic, dilatational and configurational contributions due to disordering
contributions as 98.9 J-(mol-K)fl.

An assessment of thermodynamic functions was presented by [1978Kau]. The calculated phase diagrams of
Fe304-Al,03, FeO-Al,05, Fe,05-Al,05 are in a reasonable agreement with experimental data. The phase diagram
of the FeO-Al,O5 system was calculated using thermodynamic data of [1984Sch, 1993Eri]. The diagram of [1993Eri]
was calculated using a quasi-chemical model for liquid. It should be mentioned that the character of FeAl,0, (o)
melting is peritectic and this contradicts experimental data of [1956Fis, 1966Nov, 1974Ros], i.e. the peritectic melting
of the FeAl,0, indicated by [19550el] was not confirmed by later studies. The activities of FeO and AlO 5 in the
liquid phase were calculated at 1900 and 2200°C by [1993Eri], with positive deviations from ideal behavior at both
temperatures. Since experimental data did not show strong temperature dependence, it is likely that the description of
[1993Eri] is in contradiction with the FeO experimental activity data of [1980Ban, 2004Fre]. The 3-D potential
diagram of the Al-Fe-O system, based on thermodynamic calculations of [1999Y ok], is presented in Fig. 29, with the
formation of the Fe;04-FeAl,O, spinel solid solution taken into account (calculations without this consideration is
shown by a dashed line).

Between 2015 and 2016, three thermodynamic assessments of this system appeared in the literature. [2015Lin,
2016Dre, 2018Dre] are mainly focused on the oxide part of the system. [2016Shi] also included the thermodynamic
models of the Al-Fe compounds in their assessment. However, not relevant parameters were evaluated for the Al-Fe
phases because of the lack of the experimental data. [2016Shi] also used the simplified sublattice models for FeAl,
and Fe,Al; which do not take the homogeneity ranges of these compounds into account. Thus, the results of [2016Shi]
for the metallic part should be considered as a mere prediction.

Notes on Materials Properties and Applications

The alloys of the Al-Fe-O system are interesting as materials in applications requiring high resistance to oxidation and
sulfidation. The alloys consist of an Fe-40 at.% Al matrix with embedded Al,O5 particles, where the Al,O5 particles
improve the high temperature strength of the alloys (composites) [1997Sub, 2003Lan, 2003Mun]. One of the ways to
prepare such alloys is a pre-oxidation of the Fe-40 at.% Al alloy in air, where the gas corrosion resistant layer of the
Al-Fe-0 alloy is formed on a designated surface [2003Lan]. In [2001Mas], microstructure and oxidation behavior of
Fe-40 at.% Al layers deposited on iron plate by low-pressure plasma spraying method were studied and good
resistance to oxidation of the layers at high temperatures was confirmed. Al-Fe-O alloys also have interesting
magnetic and thermopower properties [2002Gra, 2003Xue]. In [2002Gra], tunneling thermopower in the Al-Fe-O
alloys was studied. In nano-composite Al,O5-Fe,03, the phenomenon of superparamagnetism was revealed by
[2005Liu].
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[1985Tay] presented characteristics of thermal expansion of FeAl,Oy4 (hercynite). [1983Yam] investigated vacancy
diffusion in the Fe;04-FeAl,04 solid solution. [1971Iml] measured microhardness of the spinel Fe;04-FeAl,O4 solid
solution, showing a linear relationship between 675 for magnetite to 1550 for hercynite. [2004Vil] measured the
magnetic susceptibility of Fe, Al O3 compound.

Miscellaneous

The Al-Fe-O phase diagram is applied widely in the analysis and understanding of various metallurgical processes,
such as the deoxidation of molten steel by addition of Al. During deoxidizing, Al,O5 particles are formed in the melt
and tend to escape. In [2000Jan, 2001Sas], the behavior of the Al,O5 particles in the deoxidizing steel during
continuous casting was investigated, by considering the phase equilibria in the Al-Fe-O system. [1991Nak, 2003Kap]
studied wettability of Al,O5 by liquid iron with different oxygen contents. [2002Was] applied thermodynamic
analysis to study Al,O5 formation in deoxidized iron. [1985Meh] used interaction data between molten Fe and solid
Al,O5 for the development of a model to predict the interfacial behavior in ceramic-molten metal systems with
varying partial pressure of oxygen. In [1999Mei], the Al-Fe-O phase diagram was used for analysis of the wide-spread
thermite reaction between Fe,O5 and Al.

[2002Bot, 2003Bot] studied the reaction in a Al-Fe;0,4 mixture activated by ball milling. The reaction was ended by
formation of the (aFe), FeAl,04 and Al,O5 phases, which conformed to the equilibrium Al-Fe-O phase diagram. The
particular phases formed after the reaction depended on the ratio between components in the mixture Al-Fe;O4
[2001Sur].

[2002Tak] reported attempts to prepare magnetic nano-composites consisting of Fe and Al,O; phases by
mechanically induced self-propagating reactions in the Fe;O4-Al mixture. However, the product obtained after
combustion contained significant contents of FeAl,0y, as well as the targeted Fe and Al,O5 phases. Similar results
were obtained by [2002Tak], when hematite Fe,O5 was reduced with Al by the same method of mechanically induced
self-propagating combustion.

Experiments by [1999Fuj] on the deoxidation equilibrium for aluminum in liquid iron and an Fe-36%Ni alloy under
pressure controlled by H,/H,O gas at 1700°C resulted in the interaction parameters between Al and O in liquid iron
and the Fe-36%Ni alloy. [1990Kuz] studied the effect of alloying with Zr, Al-Zr, Hf and Al-Hf on oxygen activity in
Co-Cu-Fe-Ni alloys at 1600°C.

[1999Yok] discussed features of generalized chemical potential diagrams and their application to interface reactions
between materials having different chemical bonds, such as alloys and ceramics. The calculated stability diagram of
the Al-Fe-O system as a function of chemical potentials was presented as an example of a system including solid
solutions. A stability diagram for the Al-Cr-Fe system as function of oxygen and sulfur partial pressure at 982°C was
calculated by [1979Gor] and utilized to estimate corrosion resistance of alloys used in natural gas production.
[1993Tyu] presented thermodynamic descriptions of systems involving an Fe-containing alloy, oxide solid solutions
and oxide-sulfide melt.

[2002Gos] reported hematite (Fe,03) produced via oxinate precursors by combustion at 700°C in an air flow to
incorporate up to 10 at.% Al. Oxidation of an alloy Fe-2 mass% Al was accompanied by formation of a thin Al,O5
film on its surface if the oxygen pressure was less than 1077 torr, and by the Fe;O, film on the surface with the layer
of Al,O5 underneath, if the oxygen pressure was higher than 1077 torr [1980AKi].

[1979Nec] studied the solubility of Fe in (Al), and materials with high density of dislocations stabilized by Al,O5 by
Maossbauer spectroscopy. [1984Mac] synthesized the ternary compound FeAlO5 (Fe,_ Al O3) at 1370°C, and studied
its room-temperature Mossbauer spectrum. Analysis of the spectrum suggested that Fe3' ions occupied both
tetrahedral and octahedral sites in the compound lattice. [1998Cos] reviewed and conducted their own study on the
Madssbauer spectra of maghemite (YFe,03) and aluminium-substituted maghemite (y(Fe;_,Al,),03). The dependence
of the Mssbauer spectra of the compounds on formation conditions and the possible sites of the ions in their lattices
were discussed.

[1990Tsu] studied the solid solution formation between Fe,0O5 and Al,O5 during annealing of mixtures of goethite
(aFeOOH) with various hydrated aluminas. Preliminary grinding of the mixtures was established to accelerate the
reactions. [1991Yao] investigated the behavior of spinel FeAl,O, during annealing at 1200°C under low oxygen
partial pressure (7.1-10’ll -1410°8 Pa). With increasing annealing time, the spinel decomposed partially forming
metallic Fe and aAl,O53. Decreasing oxygen partial pressure accelerated the decomposition. X-ray investigations
indicated a decrease in the FeAl,O4 lattice parameter after partial decomposition, which was explained by vacancy
formation in lattice sites of the escaped Fe ions. Mossbauer spectra indicated that the ratio of the Fe ions in the
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tetrahedral sites compared to the total number of Fe ions in the FeAl,O4 lattice decreased in the decomposition
process.

Al is the strongest deoxidiser commonly used in steelmaking. The extent to which it removes dissolved oxygen has
been the subject of many investigations. After the work of [1953Gok], it is known that the “deoxidation constant” is
extremely small. The equilibrium constant for the reaction Al,O5(s) = 2{Al} g, + 3{O} . can be calculated. However,
it disagrees with the bulk of the deoxidation constants observed in practice [ 1979Kub]. The reason for this discrepancy
appears to be the following: firstly, when the Al shot is added to undeoxidized liquid steel, the reaction of the solid
Al particle with {O} in the immediate surroundings to form Al,O5, proceeds at a higher rate than that at which Al
dissolves and diffuses through the Fe. Secondly, the resultant Al,O5 particle in a deoxidized area is transmitted to an
undeoxidized region by turbulences. Oxygen in the undeoxidized area comes out of solution to form FeO, which in
turn combines with the Al,O3 particle to form the spinel FeO-Al,05 (FeAl,04). This would result in a high FeO
content, as well as a larger deoxidation constant [1957Fit]. Careful experiments over longer time periods proved that
the deoxidation constant varies with time. [1967Rep, 19731ye] demonstrated that projecting the path of reactions with
the aid of the phase diagram, allows the metastable or non-equilibrium conditions to be predicted.

The change of Mdssbauer spectra, magnetic properties and reduction rate of magnetite-based solid solutions were
studied as function of impurity additions of Al, Ca and Mg [1976Mal].

The “quasibinary” system FeO4-Al,O5 has been calculated by [1984Sch] in stable, as well as metastable versions, in
which the formation of FeAl,0, is suppressed. The results of the calculation are in agreement with the experiments
of [19550el, 1956Fis].
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Table 1: Investigations of the Al-Fe-O Phase Relations, Structures and Thermodynamics

Reference ~ Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1995Bou] Modeling, thermodynamic calculation 1600-1866°C/Alumina solubility in liquid Fe
[1995Dim] EMF technique, thermodynamic calculation 1600°C/up to 1 mass% Al, 10~ - 0.02 mass% O
[1995Esc]  X-ray diffraction, Fourie-transform infrared and ~ 400-900°C/Fe,03-Al,05
diffuse reflectance ultraviolet-visible spectroscopy
[1995Jow] Thermodynamic calculation ~1600°C/107- ~2 mass% Al,
1.8:107*- 0.2 mass% O
[1996Bou]  Neutron diffraction, high resolution diffractometer Room temperature and 30 K/FeAlO;
[1996Lee]  X-ray diffraction, EDS Annealed at 1500°C/Al,03-Fe, 05
[1997Ito]  Thermodynamic calculation 1500-1900°C/10™* - 10> mass% Al,
107° - 2:10% mass% O
[1997Li] Electrochemical measurements, EMF technique 1600°C/2.5-107% - 0.3 mass% Al,
4107 - 7-1072 mass% O
[1998Cos]  Mdossbauer spectroscopy, XRD 8-475 K/(Fey_,Al),05 with y = 0-0.66
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Reference  Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1998Har]  Neutron powder diffraction 25-1150°C/ FeAl,04(0)
[1998Seo]  Thermodynamic assessment, chemical analysis for 1600°C/2:107% - 0.99 mass% Al,
determination of equilibrium composition 1.1-1073-0.011 mass% O
[1999Ma] Thermodynamic calculation 1600°C/107% - 0.05 mass% Al
[1999Mei]  Chemical reaction between powders, DTA, SEM, 20-1060°C/Al-Fe,Aly
XRD

[1999Wasl] Computer simulation, thermodynamic calculation 1600°C/0.01 - 0.1 mass% Al,
0.005 - 0.025 mass% O

[1999Was2] Alloys prepared by heating mixtures of 1600°C/Fe-FeAl,O4
components, selective chemical analysis, XRD
[1999Y0k] Phase diagram calculation 1300°C 3D potential diagram
[2000Ban] EPMA, EDS 700°C, Fe-5 mass% Al oxidizing environment
[2000Bjo]  Thermodynamic calculation 1400°C, FeO-Al,O5 system, x(Al,03) = 0-0.1
[2001Jha]  Phase diagram calculation MTDATA, 1000°C, Al-Fe 0-100 mass%
NPL database p(0,)=10"1-10°Pa
[2001Lad] XRD, Méssbauer spectroscopy 1150°C synthesis, 25°C measurements
[2001Mas] XRD, SEM-EDX 700-1000° Fe-40 at.% Al in air
[2002Bot] = Mechanical milling, XRD, magnetic room temperature/
properties, DTA, SEM Al-Al,O5-FeAl,O4-Fe;04-Fe
[2002Gos]  XRD, thermal analysis, FTIR spectroscopy, optical 80, 298 K Fe,03-Al,05 system
reflection analysis, TEM, Mossbauer spectra up to 10% Al,O5
[2002Dav]  Phase diagram calculation MTDATA, NPL 900-2100°C Fe,03-Al,05 system in air
database
[2002Maj]  HT oxide-melt drop calorimetry, DS 200-1550 K, FeAlO3, Cp;
calorimetry, Rietveld refinement of XRD, 25, 602°C Fe,05-Al,05 system,
Mossbauer spectroscopy, calculation AH°poxides; 25°C, FeAlOs, S°
[2002Was]  Modelling of process, thermodynamic calculation 1600°C/Fe-Al,05
[2003Bot]  Mechanical milling, XRD, M&ssbauer room temperature/
spectroscopy, DTA x(Al) + y(Fe504) at x:iy =2.67:1
[2003Kap]  Contact angle measurement by X-ray sessile-drop 1550-1600°C Fe-Al,0O3 system
method p(O,in Ar) <10 - 14 Pa
1550°C p(0,)=9.9107*,3-1073 Pa
(CO/CO,+AY)
[2003Kle]  Adiabatic calorimetry 3-400 K; FeAl,0O4(0)
[2004Cot]  Mechanical milling, XRD, Mdssbauer room temperature/(aFe,03),(¢Al,03);_, with
spectroscopy 0.10 < x < 0.50
[2004Fre] Slag-metal equilibrium technique, chemical 1400 - 1600°C/FeO-Al,04
analysis, thermodynamic modelling
[2004Vil]  XRD, density measurement by picknometry 25°C, Fe, ,A1,03,0.9 <x < 1.08
[2005Fee]  Synthesis of materials by sintering 800 - 1300°C/ Al,03-Fe,05

powders, EPMA

[2005Liu]  Preparation of Fe,O3-Al,03 nanocomposites by 500 - 1100°C/ Fe,03-Al,05
sol-gel means, XRD, Mdssbauer spectroscopy

[2009Rha]  Equilibration and quenching technique, optical 1200, 1300, 400°C, po, = 0.21 atm/
microscopy, SEM-EDS, EPMA Fe,05-Al,05
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Reference  Method/Experimental Technique Temperature/Composition/Phase Range Studied

[2011Lyk] Emf measurements, galvanic cell with solid 700, 870, 900, 1000°C/ Activity of Fe304 and
electrolyte FeAl,O4

[2015Lin]  Thermodynamic assessment, Calphad method Oxide FeO-Fe,05-Al,05 part of the system

[2016Shi]  Thermodynamic assessment, Calphad method Oxide FeO-Fe,05-Al,05 part of the system

including the phases of the Al-Fe system

[2016Dre], Thermodynamic assessment, Calphad method Oxide FeO-Fe,05-Al,05 part of the system

[2018Dre]

[2020Agc]  XRD, cooling trace experiments, DTA Reducing atmosphere/ liquidus and solidus

temperatures, Fe;_ Al Oy

Table 2: Crystallographic Data of Solid Phases

Phase/ Pearson Symbol/ Lattice Parameters ~ Comments/References
Temperature Range Space Group/ (pm)
(°C) Prototype
(aAl) cF4 a=404.96 pure Al at 25°C [Mas2]
<660.452 Fm3m
Cu
(0dFe) cl2 Strukturbericht designation: A2
oFe Im3m a=1286.65 at 25°C [Mas2]
<912 W
OFe a=293.15 at 1480°C [Mas2]
1538 - 1394
(yFe) cF4 a=364.67 at 915°C [V-C2, Mas2]
1394 -912 Fm3m
Cu
oAl O3 hR30 a=475.4 [V-C], corundum, congruent melting 2054°C
<2054 R3c c=1299 [Mas2]
Al O4
yAL,O4 cF56 a=1794.7 [V-C2]
Fd3m metastable
MgA1204
Fe;_ O cF8 a=431.0 x=0.05,
<912 Fm3m a=4293 x=0.12
NaCl [V-C2] wiistite, 51.15 to 54.6 at.% O
Fe,05 hR30 a=503.42 [V-C], hematite,
R3c c=1374.83 peritectoid formation at 1457°C, 1.013 bar pg,
Al O34
FesAl cF16 sometimes named o; phase
<545 Fm3m Strukturbericht designation: D05
BiF, ~24 to ~34 at.% Al at 400°C [1993Kat]
a=579.3 at 23.1 at.% Al, water-quenched from 250°C
[1958Tay]
a=578.86 at 35.0 at.% Al, water-quenched from 250°C
[1958Tay]
FeAl cP2 sometimes named o, phase
<1318 Pm3m Strukturbericht designation: B2
CsCl 23.5 to ~53 at.% Al [2007Ste]
a=1289.76 t0 290.90 at 36.2 to 50.0 at.% Al, water-quenched from
250°C [1958Tay]
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Phase/ Pearson Symbol/ Lattice Parameters =~ Comments/References
Temperature Range Space Group/ (pm)
°O) Prototype
FesAlg cl52 sometimes named € phase
1231 - 1095 143m Strukturbericht designation: D8,
CusZng 56.0 to 64.5 at.% Al [2016Li]
a=2897.57+0.02 at 1120°C and 59.4 at.% Al [2010Ste]
FeAl, aPl19 sometimes named ( phase
<1146 P1 64.9 t0 66.7 at.% Al at 1000°C [2016Li]
FeAl, a=487.45 at 66.4 at.% Al [2010Chu]
b=0645.45
c=873.61
o =87.930°
B =74.396°
y = 83.062°
Fe,Als 0C24 sometimes named 1 phase
1159 - ~331 Cmem 70.0 to 72.5 at.% Al at 1000°C [2016Li, 2021 Ham]
Fe,Alg a=765.59 + 0.08 at 71.5 at.% Al [1994Bur]
b=641.54 + 0.06
c=421.84 + 0.04
FeyAl;; mC102 referred to as FeAl; in old literature before ~1995
<1150 C2/m sometimes named 0 phase
FeyAly5 74.6 to ~76.8 at.% Al at 1000°C [2016Li1]
a=1548.8+0.1 single crystal grown by Czochralski technique
b=1808.66+0.05 [2008Gil, 2010Pop]
c=1247.69+0.08
B =(107.669+0.004)°
Fe; (Al O4 cF56 0 < x < 2 above 860°C
Fd3m spinel
Fe;04 MgAL, Oy a=2839.6 at 25°C,x =0,
<1597 magnetite, 57.14 to 58.3 at.% O
FeAl,O4 a=2815 at x = 2, hercynite, [1962Tur]
<1800
*FeAlO; oP40 a=1856.61 [1996Bou, 2004 Vil]
1410 - 1318 Pna2, b=92491 Homogeneity range is narrow and depends on
FeGaO; c=498.92 partial pressure of oxygen
Table 3: Invariant Equilibria
Reaction T(°C) Type Phase Composition (at.%)
Al Fe o
L'= (adFe) + Al,03 1537.6 es L 1.03-1072  99.98 1.12-1073
L'+ Al,O5 = («6Fe) + o 1535.5 U, L 8.48-107% 99.87 0.1255
L'+ o <=L"+ (edFe) 1528.5 U, L 8.05-1077 99.52 0.48

Table 4: Thermodynamic Data of Reaction or Transformation

Reaction or Transformation Temperature Quantity, per mol of atoms Comments

°C) (kJ, mol, K)

177 {(Fe(y) + 172 O(gas) + ALOs(@) - 750- 1536 AG = —292.800 + 0.06877 emf [1973Cha]
FeALO4(0)}

1/7{FeAl,04(0) -~ Fey + {O}g .+ 1550 - 1600 AG=128.01-0.01184T emf [1978Apt]
AL Os(a)} -
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Reaction or Transformation

Temperature Quantity, per mol of atoms Comments

(°O) (kJ, mol, K)
1/2Fe;05+1/2A1,05(at) » FeAlO3(7) 25 AH=5.58 Drop solution calorimetry
[2002Maj]
1/5{A1,05(a) ~» 2{Al}ge .+ 3{O}pe L} 1550 - 1750 AG =245.051-0.078761T Analysis of phase equilibria
N B and emf data [2000Jan]
Table 5: Thermodynamic Properties of Single Phases
Phase Temperature Range Property, per mole of atoms Comment
°O) (J, mol, K)
FeAl,O4 (0) 25 §°=16.2714 Adiabatic calorimetry
[2003Kle]
FeAl,04 (0) 25 C,=17.7714 Adiabatic calorimetry
26.85 C,=17.8286 [2003Kle]
46.85 C,=18.5286
66.85 C,=19.1571
86.85 C,=19.7
106.85 C,=20.2
130.67 C,=20.7143
FeAlO5 (1) 25-1277 C,=35.16-10.0004944-T—3.916- 10%/T2 Differential scanning
-183.46/T %3+1.5092:1076-72 calorimetry [2002Maj]
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Fig. 2b: Al-Fe-O.
Temperature — p(O,)
phase diagram of the
Fe-O system
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Fig. 7:  Al-Fe-O.
Schematic liquidus
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region under pressure,
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Fig. 9: Al-Fe-O.
Isotherms of liquidus
surface of tAl,O5 in the
Fe corner (deoxidation
equilibrium, log scale);
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Fig. 11: Al-Fe-O.
Isothermal section at
900°C. Numbers in
tie-triangles and on
tie-lines are values of
~log p(0,)(bar).

data curves & grid: at.%
axes scaling: at.%
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Fig. 13: Al-Fe-O.
Isothermal section at
900°C (Numbers in
tie-triangles and are
values of

log p(O,)(bar)).
Concentrations are

given in mass percent.

Fig. 14: Al-Fe-O.
Isothermal section of
the partial
FeO-Fe,03-A10
system at 700°C.
Numbers in
tie-triangles and on
tie-lines are
equilibrium values of

log p(Oy)(bar)).
Concentrations are

given in mass percent.
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Fig. 15: Al-Fe-O.
Equilibrium oxygen 0 aAlLO
pressure diagram at 273
1500°C I Fe304
-2.0
Fe,_ALO,
© -4.0
o F————
—= \ T
N \ Tt~ ~
S 6.0 5 =~
] \ SS
= \ N
L 5 AN FeAl,O,
0 \
8.0 S S,
\
________ N -9.1 \
\
Fe, Al O, +|(adFe \
-10.0 3—x" x4 ) \\ l
-10.3
aAl,O5+ (adFe)
-12.0
(Fe-0) 0.2 04 06 0.8 (AI-0)
Ear = Xal (Xpe*Xa))]
0
Fe,O; | |
Fig. 16: Al-Fe-O. K FeAlO,
Equilibrium oxygen 2.0 N
pressure diagram at ~
1380°C — Fe,0, aAl,O4
-4.0
Fe, Al O,
S -6.0
5 RS R
o \ ik B
% \ =~ ~
2 -8.0 L} \\
T—Fe,_ O AN
9 SIS S S S S S E S JEy OSSN FeA1204
A L,+Fe; ALO, | |
. \
Fe;_ Al O4+ (yFe) \\\/
\|
-12.0
0oALO;+ (yFe)
-14.0
(Fe-0) 0.2 0.4 0.6 0.8 (AlI-0)
Ear = Xal (XpetXa))]
MSIT® Ternary Alloys. Volume 21

Selected Al-Fe—X Ternary Systems for Industrial Applications



Al-Fe-O 345

0
oAl O,
Fe, 04
Fig. 17: Al-Fe-O.
Equilibrium oxygen -2.0 N
pressure diagram at AN
1280°C Y
4 >
—— Fe;0,
S 6
o Fe, ALO,
Q
o) -8
L \
\ \
\
10 “F F§A1204
| Fe,_,O
Fe, Al O,+ (yFe) T~
12 X
aAl,O5|+ (yFe)
-14
(Fe-0) 0.2 0.4 0.6 0.8 (AI1-0)
Ear= [Xal (Xge * Xa))]
0
aAl,O4
Fe,04
Fig. 18: Al-Fe-O.
Equilibrium oxygen Ear=|0-12 Ea= 0-947
pressure diagram at 80 S .
o~ SN T —— \
1000°C Fe;0, Fe, A1 O, +|Fe,_ O ~~ ~ \
Fe, O 77T 24 :
_ -16.0 S~y :
® — 1
gl (fFe)+ Fe,_O|  Fe, ALO,+ (yFe) Ear= 0.67 £,=0.989
S
>
3 -24.0
0aALO;+ (yFe)
dFe) +|aAl,O
390 [—— (adFe) +|aAl, 04
(vFe)
(adFe)
FeAlL;T—T I L
-40.0 \ 1
(Fe-0) 0.2 0.4 0.6 | \ 0.8 (A1-0)
Fe,Als Fe,Al s

a1 = IXal (XpetX )]

Ternary Alloys. Volume 21

N MSIT®
Selected Al-Fe—X Ternary Systems for Industrial Applications



346 Al-Fe-O

0
Fe,04/Fe;0, | | 203 aALO; —
- 108
Fig. 19: Al-Fe-0.  (6.01107) | £ =0l p(0y)=1.41078
Equilibrium oxygen g =3 2Al
pressure diagram at N i . _Fe; (ALO,+Fe;_ O EA=0.95"
900°C Fe0,/FeO Fes0, £y~ 009 SO Al \
(921071 Fe, O Fe; ALO, Ts, FeAlO, !
________________ £ = 0l581 '
L e e e — |
FeO/Fe Fe, ALO, It (0oFe) RN y p(0)=1410" |
o (191017) 3xf x4 ~ :
o =0.67
i (adFe) +Fe,_ O p(O)E L4107 Cal l||
s '.
Q 1
()]
e} (adFe) +|alAl,O4
2 0,)=221038
~— poy=azio PO
—_— { p(0,)=1.8'10 L
o a
= o
-40 -
p(0,)=2.010°8 }E &
(adFe) L C
FeAl; T |FesAl s
-48 |
(Fe-O) 0.2 0.4 06 Fe,Al; 08 (AI-0)
= [Xal (Xee + Xa))]
0
Fe,O
= aALO;
Fig. 20: Al-Fe-O. o0
Equilibrium oxygen Ea=0.10 p(0,)=2.0-10
pressure diagram F6203/FC3C-)3 == €= 0.958
at 800°C (521101 gAl 2007 N Gar= 024 p(Oy)=2.5101
Fe;0, Eal= 049 T~ Fe, O +FeALO, \
~ 1—x 2M4 \
-16 T Fe,_ O S £ =058 l
Fe,0,/FeO x L oa L0 \
= (191018 . =7\ FeAlLO, |
3 ( FeO/Fe) p(0,)=9.0110%"  (adFe) + FeAL,O, N |
- (1.2107" 0.)=15.4-10722 £, =0.67
ON( o4 P(0,) Al
g
()]
o
(adFe) |+ 0 Al O,
-32
p(0,)=8.910%
p(0,)=7.010%
\ P(0,) = 17104 2
-40 | B
| a3
(OLSFG) FezAlé\*“~ g :
48 FeAl—t | |P(O)=440 Bl <
7 \
(Fe-0) 0.2 0.4 0.6 Fe,Al;;0.8 (AI-0)

a1 = [Xal/ (Xpe + Xp))]

MSIT® Ternary Alloys. Volume 21

Selected Al-Fe—X Ternary Systems for Industrial Applications



Al-Fe-O 347

1600
Fig. 21: Al-Fe-O. | FesALOLHO, Fey  ALO,+0ALO+0, /
Vertical section 1500
F6203-A1203 at il 1457°C 1495
p(0,) =1 bar )
| FeAlOg
1400
1) J
S FeAlO4+aALO,
) Fe,05 aAl04
5 i} 1318
© 1300 /
[0} J
o
e i
)
'_ -
1200
| Fe,03+0AL,0,
1100 T
1 \
1
J ! ‘.
| I
)
1000 o
Fe 40.00 10 20 30 Fe 0.00
Al 0.00 . Al 40.00
O 60.00 Al, at.% O 60.00
_.12054°C
Fig. 22: Al-Fe-O. 2000 e
Vertical section el /
F6203-A1203 at LO+02 e - I/I
p(0,) =0.21 bar e .
s < /
e LotaALOz+0,
1750 Prd 7
sl i -
(@] o P | . ——~ :: - ll
d 1594°C ___ ::: ___________ _- -7 QA1203+02 ,/
o == —-=-—-—~ - !
3 U
© Fe3—xAle4 J!‘02 Fe3-XAlXO4+aA1203+02 \/\
o) !
Qo 1500 !
: - /
G 1390°C 1410
’ \
/
1250 7
I// !
; Fe,03+0AL,0, \
1000
Fe 40.00 10 20 30 Fe 0.00
Al 0.00 . Al 40.00
O 60.00 Al, at.% O 60.00
Ternary Alloys. Volume 21 MSIT®

Selected Al-Fe—X Ternary Systems for Industrial Applications



Al-Fe-O

348
1600
Fig. 23: Al-Fe-O. | ,
. . ’
Vertical section 1500 . 4 .
F6203-A1203 at B // !
p(0,) < 0.03 bar | ; /
] / i
/ 1
1400 - r
/
o Fes  ALO4HO, | /
s 1 y Fey , ALO,+aALO4O, :
© 1300 ’ ;
(0] B // )
Q. / 1
S - ‘ .
° B e e P e e {
— i 1 \
! \
1200 ,' -
4 // \
\
. ! Fe,05+0AL O, |
4 ! \
i \
1100 t T
! 1
- 1
I
1
1000
Fe 40.00 10 20 30 Fe 0.00
Al 0.00 . Al 40.00
O 60.00 Al, at.% O 60.00
1400
aAl, O + (yFe)
Fig. 24: Al-Fe-O.
Stability diagram. / _—
Oxygen content in
1300
(yFe) in equilibrium /
with (XA1203,
+
FeAlO,(0) and FeO FeAl,0, +/(Fe)
O
. 1200
Q
2
o
2 (yFe) + FeO
IS
kS 1100
1000
900
0 0.002 0.004 0.006 0.008 0.01

O, at.% in (yFe)

Ternary Alloys. Volume 21

MSIT® ) ume
Selected Al-Fe—X Ternary Systems for Industrial Applications



Al-Fe-O 349
1.0
Fig. 25: Al-Fe-O.
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Fig. 29: Al-Fe-O.
Chemical potential
phase diagram at
1300°C. The spinel
phase is treated as
ideal solution. The
case when Fe;0,4 and

FeAl,O4 are treated
as different phases is E
shown by a dashed =
line. <
3
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