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Abstract

Chromite is an important raw material applied in refractories. Efforts have been made to obtain high-performance chromite
by adding MgO and Al,O; from the viewpoint of structure optimization. In order to explore the effect of Al,0; and MgO
on the structure, two formulas, i.e., Mg-rich and Al-rich ones, were selected. The phase and microstructure development of
samples heated in the temperature range of 1200-1600 °C were studied by X-ray diffraction and scanning electron microscopy
with energy-dispersive spectrometry. MgO and Al,O added have diffused into chromite successfully by heat treatment. MgO
diffuses into chromite, occupying the tetrahedral vacancies caused by the diffusion and oxidation of Fe?* ions to stabilize
the structure. Al,O; diffuses into the surface layer of chromite, forming spinel-sesquioxide structure. Al-rich sample which
has spinel-sesquioxide structure shows better corrosion resistance toward fayalite slag than Mg-rich sample which has single

spinel structure by blocking the interdiffusion between Fe?* ions in fayalite slag and Mg?* ions in chromite.
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1 Introduction

Magnesia—chromite bricks are widely applied in nonfer-
rous furnaces, especially in copper converter [1]. Usually,
they can be divided into three types, i.e., direct-bonded,
rebounded and semi-rebounded [2]. Magnesia—chromite
bricks as refractories usually adopt pre-synthesis fused
chromite magnesite, chromite and magnesia as raw mate-
rials. The pre-synthesis fused chromite magnesite adopted
has complex synthetic process and high costs, which brings
environmental and energy problems. By comparison, natural
chromite is a promising candidate of pre-synthesis fused
chromite magnesite because of its high Cr,0; content and
spinel structure which is beneficial to slag resistance [3]. The
structure of chromite is a solid solution of FeCr,0,, Fe;0,,
FeAl,O,4, MgCr,0,4, MgFe,0, and MgAl,O, pure spinel end
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numbers [1], and thus, it has a formula unit of (Mg,Fe“)
[Cr,Al,Fe**],0,. The cation arrangement of chromite is
that Mg?*, Fe>* and Fe®* ions fill tetrahedral sites and Cr’*
and AI’* ions occupy octahedral sites. It is well known that
industrial chromite is difficult to sinter and may undergo
many changes during sintering. When exposed to oxidiz-
ing atmosphere, tetrahedral vacancies are produced due
to the diffusion of ferrous ions, which causes the unstable
spinel structure. Thus, chromite undergoes some volume
expansion and strength loss after firing [4]. When contact-
ing fayalite slag, Fe’* ions in slag substitute Mg>* ions in
chromite, leading to the formation of Fe-rich spinel. Over-
much Fe-rich spinel will cause structure spalling during the
employment in copper industries because of the fluctuation
of temperature and atmosphere. To overcome the disadvan-
tage of chromite, structure optimization is of most impor-
tance. Some researchers tried to add excess MgO, aiming
to make iron oxides stable [2, 5, 6]. However, the corrosion
usually occurs because of the dissolution of MgO when con-
tacting fayalite slag [7]. Some researchers pointed out that
Al,Oj5 is an important component to be added to enhance
spalling resistance of chromite [2]. Zhu et al. [8] analyzed
the influence of a-Al,0; micropowder addition on the high-
temperature properties of magnesia chrome materials. It was
found that 6% a-Al,O; micropowder addition can improve
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the comprehensive performance of magnesia chromite mate-
rial. However, Al-rich chromite is less corrosion resistant
[9].

In essence, the performance of chromite is improved
mainly based on the structural optimization. In this work,
the phase and morphological development of chromite dur-
ing sintering are investigated by introducing MgO and Al,O;
as additives from the viewpoint of structural optimization.
Their slag resistance is further investigated. This can lay
basic foundation for the wide application of chromite as raw
materials of high-performance magnesia—chromite bricks.

2 Structure stabilization theory

The main chemical changes of chromite during firing in air
are as follows [10]: (1) From 820 to 1170 °C, the imposed
oxygen chemical potential promotes the outward diffusion
of Fe?* jons from the core of chromite crystals and Fe**
ions are oxidized into Fe**. A new anion lattice is created
along with the cationic vacancies. The vacancies generated
diffuse inward and promote the outward diffusion of cati-
ons, leading to the formation of an Fe-rich maghemite-type
((Fe*")[Fefq,6],0,) defective metastable spinel near the
surface. (2) From 1240 to 1370 °C, dissociation of Fe,05
to FeO-xFe,O; occurs, and the spinel phase formed then
redissolves in the chromite spinel solid solution matrix. The
cationic vacancies produced during firing process provide
pathway for the additives to diffuse into chromite grains.
To optimize the structure of chromite, two key points
should be taken into consideration. One is to maintain
the structure stability during the sintering process caused
by the diffusion and oxidation of Fe2*, and the other is to
exhibit excellent erosion resistance toward fayalite slag. The
instability of chromite is mainly caused by the tetrahedral
vacancies. Therefore, the bivalent metal cations can be intro-
duced to occupy the tetrahedral vacancies. As a common
bivalent metal oxide, magnesia is widely applied [11]. In
view of the excellent erosion resistance toward fayalite slag,
spinel-sesquioxide structure can meet above requirement.
Sesquioxide is the general terms of trivalent metal oxide
such as Cr,03, Al,O; and Fe,O5 [12]. Different from the spi-
nel structure, sesquioxide belongs to trigonal system where
M3* ions fill the octahedral sites between the oxygen ani-
ons. The diffusion of Fe** into sesquioxide is blocked due to

Table 1 Chemical composition of raw materials (mass%)

the prolongation of diffusion path compared with the single
spinel structure; thus, the corrosion resistance is improved.
Meanwhile, sesquioxide can react with FeO from fayalite
slag to form high melting point compound, which protects
the chromite from being further corroded. To form the above
structure, Al,Oj; is usually adopted [12, 13].

It is right that the dissolution rate of MgO and Al,O; in
fayalite slag is fast, and even MgAl,O, spinel is unable to
meet the requirement. However, in the current experiment,
the existing form of MgO is neither single MgO phase nor
MgAl,O, spinel, and it exists as chromite spinel, in which
Mg?* has to pass through a longer distance for dissolution
and thus possesses lower reactivity compared with MgO and
MgAl,O,. Meanwhile, Al,O; added can form sesquioxide
phase which contains Fe3* and Cr3+, and the reactivity of
Al,Oj; in this sesquioxide is much lower too. Therefore, it
is assumed that the performance of chromite by introducing
MgO and Al,O; as additives can be improved.

3 Experimental

South Africa chromite (~ 100 pm), commercial Chinese
fused magnesia (~5.2 pm) and a-Al,O5 (~4.8 pm) pur-
chased from Luzhong, Shandong province, China, were
adopted as raw materials, and their compositions are listed in
Table 1. In order to explore the effect of Al,O; and MgO on
the structure, two formulas, i.e., Mg-rich and Al-rich ones,
were selected. In view of Mg-rich sample, the mass percent
of chromite, MgO and Al,O; is 80%, 10% and 10%, while
the mass percent in Al-rich sample is 80%, 2% and 18%,
respectively. The sample can be named as Mg-rich and Al-
rich samples for simplification.

The mixture of chromite, MgO and Al,O; was
stirred with moderate deionized water to gain stable
slurry. The as-received suspensions were poured into
10 mm X 10 mm X 40 mm molds and dried at room tem-
perature for 24 h. After being demolded, the samples were
dried at 110 °C for further desiccation. Finally, the samples
were heated in an electric furnace to 1200, 1300, 1400, 1500
and 1600 °C, respectively, at a heating rate of 5 °C/min in
air and held for 4 h.

The crucibles for corrosion test are 40 mm in length,
40 mm in width and ~50 mm in height with a cylindrical
hole of 18 mm in diameter and 30 mm in depth in the center.

Raw material Cr,04 MgO CaO AlL,O4 Fe,04 SiO, FeO
Chromite 46.53 9.52 _ 15.33 7.36 0.97 20.28
a-Al,O; _ _ 0.09 99.70 0.03 0.03 _
Magnesia _ 97.05 1.22 0.10 0.77 0.56 _
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The fayalite slag was synthesized in the experiment, and it is
composed of pure Fe,SiO,, as shown in Fig. 1. The powder
of synthetic fayalite slag was pressed into the hole. The slag
resistance experiment was carried out at 1350 °C at a heat-
ing rate of 5 °C/min in argon atmosphere and held for 2 h.
The permanent linear change was measured and the
cold modulus of rupture values was also measured using
the three-point bending test. The composition of the speci-
mens was identified using X-ray diffractometer (XRD,
D8 Advance, Bruker, Germany) in the scanning range of
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Fig.1 X-ray diffraction pattern of synthetic fayalite slag

10°-90°. The microstructure was analyzed using a scan-
ning electron microscope (SEM, novaTM nano 450, FEI
Company, Hillsboro, OR, USA) equipped with an energy-
dispersive spectrometer (EDAX-TEAM, EDAX, Mahwabh,
NJ, USA).

4 Results and discussion

4.1 Phase and microstructure analysis of Mg-rich
sample

Figure 2a shows the XRD patterns of Mg-rich sam-
ple heated at different temperatures. It can be seen that
Mg(Fe Al _)),0, spinel as a new phase appears in the sam-
ples fired at 1200, 1300 and 1400 °C besides chromite spinel
because of the high diffusion rate of MgO in Fe,O5 [14].
Their values of Mg(Fe,Al,_,),0, increase from 0.6 at 1200
to 1.2 at 1400 °C according to the interplanar spacing of
(440) (Fig. 2b), indicating that more Fe ions diffuse outward
from core with temperature rising [15]. With temperature
further increasing to 1500 °C, Mg(Fe Al ),0, is not favora-
ble because of the lower Gibbs free energy of MgAl,O, and
MgCr,0, than that of MgFe,0,. Mg** diffuses into the tet-
rahedral vacancies in the core of chromite, leaving Fe,0;
together with Al,O; and Cr,0; to form a new phase, i.e.,
sesquioxide. The interplanar spacing of (104) of sesquioxide
can be calculated according to the Bragg equation:
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Fig.2 XRD patterns of Mg-rich sample heated in air at different temperatures (a) and (440) peak of Mg(Fe Al _,),0, spinel heated at 1200,

1300 and 1400 °C (b)
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where d is the interplanar spacing; n is the diffraction order;
A is the wavelength of X-ray; and @ is the angle between the
X-ray and the corresponding crystal face. The interplanar
spacing can be calculated to be 0.26793 nm at 1500 °C and
0.26635 nm at 1600 °C, and the large d value indicates that
Fe-rich sesquioxide is formed [16].

Figure 3 shows the microstructure of cutting surface of
Mg-rich sample fired at different temperatures. At low tem-
perature, chromite particles (bright white) are randomly dis-
tributed and isolated by MgO particles (gray in picture), as
shown in Fig. 3a, b. When heated at 1400 °C, some chromite
particles begin to bond together due to the diffusion of ions,
as shown in Fig. 3c. The interdiffusion of ions becomes more
obvious at 1500 °C (Fig. 3d).

The element map scanning of Mg-rich sample was further
analyzed. Figure 4a shows that there are some Mg concen-
tration areas in sample heated at 1200 °C, indicating that
most MgO added does not react. At the edge of chromite
grain, there is an enrichment area of Mg, Al and Fe shown
in Fig. 4a, indicating the new formation of Mg(Fe,Al,_,),0,

spinel verified by XRD (Fig. 2a). After heated at 1400 °C,
the distribution of Mg becomes uniform shown in Fig. 4b,
indicating that the diffusion of Mg to chromite has finished.
The distribution of Fe is obviously more uniform than that
of Cr, indicating that rising temperature contributes to the
diffusion of Fe ions. The diffusion and oxidation of Fe lead
to the formation of Fe-rich sesquioxide shown in Fig. 2a.

4.2 Phase and microstructure analysis of Al-rich
sample

Figure 5a shows the XRD patterns of Al-rich sam-
ple heated at different temperatures. It can be seen
that sample fired at 1200 °C contains chromite spinel,
Mg(Feq Al 1),0, and unreacted Al,O5. As temperature
reaches 1300 °C, Mg(Fe, ,Al 3),0, spinel and sesquioxide
appear. Fe content in Mg(Fe,Al,_,),0, spinel increases
when temperatures rise from 1200 to 1300 °C, indicating
that higher temperature contributes to the diffusion of Fe
ions. Sesquioxide appears at 1300 °C due to the excess
trivalent oxides (Cr,0;, Fe,05 and Al,0;) over divalent
oxide (MgO and FeO) in chromite spinel. Above 1400 °C,
chromite spinel and sesquioxide mainly exist due to the

Fig.3 Microstructure of Mg-rich sample heated at 1200 °C (a), 1300 °C (b), 1400 °C (c) and 1500 °C (d)
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Fig.4 Element map scanning of Mg-rich sample heated at 1200 °C (a) and 1400 °C (b)

further diffusion of Mg ions into inner of chromite. The
interplanar spacing of (104) of the sesquioxide (Fig. 5b)
is calculated to increase from 0.25997 nm at 1300 °C to
0.26137 nm at 1600 °C, which is resulting from the ascent
of Fe content in sesquioxide [17]. However, in general, the
obtained sesquioxide is Al-rich compared with Mg-rich

sample (Fig. 2) due to the smaller d value of (104), con-
firming that AI** ions diffuse into the chromite.

Figure 6 shows the microstructure of cutting surface
of the Al-rich sample heated at different temperatures. At
low temperature, the chromite particles remain irregu-
lar (Fig. 6a), indicating that there is nearly no reaction
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Fig.5 XRD patterns of Al-rich sample heated in air at various temperatures (a) and (104) peak of sesquioxide heated at different temperatures

Fig.6 Microstructure of Al-rich sample heated at 1200 °C (a), 1300 °C (b), 1400 °C (¢) and 1500 °C (d)
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occurring. With temperature rising, the edge of the parti-
cles becomes a little smooth (Fig. 6b) due to the diffusion of
ions. This phenomenon becomes much more obvious above
1400 °C (Fig. 6¢, d).

The element map scanning of Al-rich sample heated at
1200 and 1400 °C was analyzed, respectively. After heated

at 1200 °C, the distribution of Mg is relatively homogene-
ous due to its low concentration (Fig. 7a). There are some
Al enrichment areas, indicating that a large proportion of
Al,O5 added does not react and exists as a single phase. This
is in agreement with the XRD result shown in Fig. 5b. After
heated at 1400 °C, the distribution of Al becomes uniform

Fig.7 Element map scanning of Al-rich sample heated at 1200 °C (a) and 1400 °C (b)
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(Fig. 7b). The reaction between chromite and Al,O; occurs
where they are in contact [18] and Al-rich sesquioxide is
formed due to the excess sesquioxide on the surface layer of
chromite grains. The distribution of Fe in contact position
is a little richer compared with that of Cr shown in the rec-
tangle region, indicating that the diffusion of Fe contributes
to the connection between chromite particles.

4.3 Physical properties of sample sintered
at different temperatures

The linear change ratio of the sinter sample is shown in
Fig. 8a. Linear change ratio tends to increase with ris-
ing temperature, which is related to the densification. By
comparison, Mg-rich sample shows less linear change
ratio than Al-rich sample due to the formation of more
spinel phase in Mg-rich sample [6]. Figure 8b shows the
cold strength of Mg-rich and Al-rich samples heated at
different temperatures; the cold strength of both Mg-rich
and Al-rich samples was found to increase with increas-
ing sintering temperature. The fracture position is in the
inner of chromite at 1600 °C and in the gap between chro-
mite grains at 1200 °C shown in Fig. 9, indicating that the
bonding strength between chromite increases with rising
temperature further. The high cold strength of Mg-rich
and Al-rich samples heated at 1600 °C is probably due
to its composite polymineral structure, well developed
interphase boundaries and the presence of the sesquioxide
phase which reacts as a reinforcing component [13]. Cold
strength of Al-rich sample is higher than that of Mg-rich
sample in general, which may be due to the higher content
of sesquioxide in Al-rich sample.

(a) —=#— Mg-rich samples

—— Al-rich samples

3

Linear shrinkage/%
)

1 1 1 1
1200 1300 1400 1500 1600

Temperature/°C

10pum

Fig.9 Microstructure of fracture surface of Mg-rich sample heated
at 1200 °C (a) and 1600 °C (b) as well as Al-rich sample heated at
1200 °C (c) and 1600 °C (d)

4.4 Sintering mechanism

From the above analysis, the reaction process of chromite
by adding MgO and Al,O; can be proposed as follows. At
low temperature, Fe2* jons diffuse from the core of chro-
mite grains toward the surface and are oxidized into Fe3+,
forming Fe,O; on the surface of chromite. Then, MgO and
Al,O; diffuse into the surface of chromite to form complex
Mg(Fe,Al),O, spinel at 1200 °C shown in Fig. 2b. However,
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Fig.8 Linear change ratio (a) and cold rupture strength (b) of Mg-rich and Al-rich samples heated at different temperatures
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the diffusion rate is slow due to the low temperature. As
temperatures rises, the diffusion of MgO into chromite is
accelerated and more Mg(Fe,Al),O, spinel is formed. As
temperature further increases, MgO added further diffuses
into chromite, occupying the tetrahedral vacancies, which
will stabilize the spinel structure. Due to the high diffusion

(b)

rate of Mg?* ions, Mg?* ions have diffused into the chro-
mite, occupying the tetrahedral vacancies. Due to the low
diffusion rate of AI’* ions, the diffusion distance of AI>*
ions is limited and AI** ions mainly exist on the surface
layer of chromite grains. Therefore, on the surface layer,
there exists excess sesquioxide phase that will form the

Al
Si
Cr
Fe

Fig. 10 Illustration of chemical degradation mechanism of Mg-rich sample through interaction with a fayalite slag. a Map scanning of single
chromite particle eroded; b line scanning for single chromite particle eroded
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spinel-sesquioxide structure, which has been verified by 4.5 Slag resistance

XRD and SEM analysis. It can be predicted that the thermal

shock resistance of Mg-rich and Al-rich samples is superior  In order to test the property of samples against fayalite
due to the presence of multiphase microstructure possessing  slag, the chemical degradation of Mg-rich and Al-rich
different thermal expansion [19]. samples interacting with fayalite slag is carried out. In this

(a) o

(b)

— O

R

—r:

Fig. 11 Illustration of chemical degradation mechanism of Al-rich sample through interaction with a fayalite slag. a Map scanning of single
chromite particle eroded; b line scanning of single chromite particle eroded
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experiment, the crucible possesses a loose and porous struc-
ture to ensure the full reaction of slag and chromite parti-
cles, aiming to investigate the reaction between slag and
chromite particles. The reaction between Mg-rich sample
and fayalite slag is shown in Fig. 10a. It can be seen that the
pores between chromite particles have been occupied by the
reaction products. The wide distribution of Mg in the slag
indicates that Mg?" ions in chromite are substituted by Fe?*
ions in slag. There is an Al- and Si-rich ring around chromite
particle. The concentration of Fe in chromite is much lower
than that in slag, indicating that Fe in slag hardly diffuses
into chromite. Figure 10b shows the line scanning of single
chromite particle reacted with fayalite slag, and the contents
of Fe and Al in the surface of chromite are higher than those
in the core of chromite, further indicating that a layer rich in
Fe and Al is formed. This layer can prevent the further dif-
fusion of Fe from slag toward chromite. Thus, the corrosion
resistance of fayalite slag is improved [20].

Figure 11 shows the chemical degradation of Al-rich sam-
ple through interaction with fayalite slag. The macrograph of
single chromite grain after reaction is shown in Fig. 11a, b.
The pores between chromite particles are occupied, forming
a dense structure which can block the infiltration channel.
The content of Fe on the surface of chromite is higher than
that in chromite and the content of Mg in the core of chro-
mite is higher than that on the surface, indicating that the
interdiffusion of Fe and Mg between slag and chromite is
blocked. The contents of Fe and Al on the surface of chro-
mite are higher than those in the core of chromite, indi-
cating that a protective layer rich in Fe and Al is formed,
which is beneficial for the corrosion resistance improvement.
Compared with Mg-rich sample shown in Fig. 11a, Mg ions
have been substituted by Fe ions widely and Al-rich sam-
ple maintains high concentration of Mg in chromite. This
phenomenon can be explained by the component difference.
As for Mg-rich sample, the amount of sesquioxide phase
is less because of the excess addition of MgO, which can
be seen from Fig. 2a that the peak of sesquioxide phase is
hard to be detected. As for Al-rich sample, the amount of
sesquioxide phase is adequate because of the excess addi-
tion of Al,O;, and the spinel-sesquioxide structure is well
developed. Hence, Al-rich sample shows better corrosion
resistance toward fayalite slag.

5 Conclusion
The phase and morphological development of chromite dur-

ing sintering are investigated by introducing MgO and Al,O;
as additives in the temperature range of 1200-1600 °C in air.

At low temperature, the diffusion rates of MgO and Al,O;
are slow, and these two additives hardly react with the chro-
mite grains. However, the diffusion rate is accelerated with
rising temperatures. Above 1500 °C, MgO diffuses into
chromite, occupying the tetrahedral vacancies caused by the
diffusion and oxidation of Fe to stabilize the spinel structure,
while Al,O; diffuses into the surface layer of chromite to
form the spinel-sesquioxide structure. After structure opti-
mization, the chromite shows excellent corrosion resistance
toward fayalite slag. The existence of sesquioxide phase near
the surface blocks the interdiffusion between Fe** in slag
and Mg?" in chromite.
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