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The mineral composition, crystal structure and microstructure of a composite spinel made from magnesia and hercynite at
elevated temperature were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive X-
ray analysis (EDAX). A composite spinel MgFe,Al, O, and MgFe,0, were formed in the reaction between magnesia and
hercynite, but MgO-Al,O; was not found. The mechanism may be described as follows: hercynite is oxidized to form y-ALO;
and y-Fe,03;. MgO reacts with y-AL,O; and y-Fe,0; to form Mg0O-Al,O; and MgO-Fe,0;, respectively. The y-Fe,O; dissolves
into MgO-ALO; or y-ALO; dissolves into MgO-Fe,0; to form the composite spinel. The composition and crystal structure of
the composite spinel depend on the sintering temperature and hercynite content in the powder mixture of magnesia and
hercynite. With an increase of the sintering temperature, the solubility of Fe,O; in the composite spinel decreases, resulting
in an increase in 20, and a decrease in the lattice parameter, plane interplanar spacing and lattice distortion of the composite
spinel. When the hercynite content in the mixture of magnesia and hercynite powder increases from 5 wt% to 10 wt%, the
solubility of Fe,O; in the composite spinel increases, resulting in a decrease in 20, and an increase in the lattice parameter,
plane interplanar spacing and lattice distortion of the composite spinel.
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Introduction 4. The diffusion of Fe*", Mg”* and Mn”" ions proceeds
during the whole operation process, such that the
Magnesia chrome bricks have been widely used in flexibilizing effect of its active spinels is maintained
cement rotary kilns for many years because of their during the whole operation process.
high spalling resistance, corrosion resistance and good 5. Due to the diffusion processes a “crack healing process”
coating adhesion stability [1, 2]. However, Cr®" brings occurs.
environmental pollution. Recent years, more attention Five possible mechanisms mentioned above are
has been paid to the development of chrome-free related to the reaction between MgO and hercynite
refractories [3-14]. during firing. However, the composition and structure of
Magnesia hercynite refractory is an important chrome- the product in the reaction between MgO and hercynite
free refractory. It has been used in cement kilns [15-20]. at an elevated temperature were not investigated. In
Hercynite (FeAl,O,) and galaxite (MnALO,) were called this paper, the mineral composition, crystal structure
“active spinels”. They were found to be the most effective and microstructure of a composite spinel made from
to increase the flexibility of based refractories. The fused magnesia and hercynite are reported.
mechanisms of their effects have been explained as
follows [20]: Experimental
1. Smaller thermal expansion of hercynite and galaxite
compared to surrounding matrix, namely “thermal misfit”. Commercial fused magnesia powders and fused
2. Diffusion of Fe?" ions and Mn’" ions into the hercynite powders were employed as raw materials. Their
surrounding MgO matrix. chemical compositions, determined by an inductive
3. Partial diffusion of Mg”* ions into the hercynite coupled plasma emission spectrometer (ICP) (IRIS

or galaxite grains and thereby Mg”" ions form a local Advantage Radial, Themo Elemental Corp., USA),
MgO - ALLO; spinel with a surplus of MgO and the AL,O; are shown in Table 1. The particle size distributions
from hercynite, resulting in an additional volume expansion. for the raw materials are illustrated in Fig. 1. The
powder of fused magnesia has a median particle size of
33.15 um and the powder of fused hercynite has a

*Corresponding author: H : : 7 i

ol - 06027 68863511 median .partlcle size of 12.50 um (by laser diffraction,
Fax +86-027-68862121 Mastersizer 2000, Malvern Corp., Malvern, England).
E-mail: linanref@yahoo.com.cn The powder mixture A contained 10 wt% hercynite
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Table 1. The chemical compositions of fused magnesia and fused
hercynite powders (wt %)

Material MgO AlL,O; SiO, Fe,O; CaO K,O Na,O TiO,

Fused‘ 97.23 020 0.59 0.64 0.97 - - -
magnesia
hFuse‘? 200 53.34 1.44 4495 0.81 0.005 0.16 0.05
ercynite
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Fig. 1. Particle size distributions for (a) fused magnesia, (b) fused
hercynite.

and 90 wt% fused MgO, and B contained 5 wt%
hercynite and 95 wt% fused MgO. The Fe,O; content
in these powder mixtures was close to that in the
magnesia-hercynite bricks used in industry. For
comparison, sample C did not contain hercynite. The
powder mixtures were pressed at 200 MPa into
cylindrical samples with a diameter of 36 mm and a
height of 20 mm. The green compacts were dried at
110 °C and then sintered at 1400 °C, 1500 °C and
1600 °C for 3 h in an electric furnace (KslI1700X,
Zhengzhou Experiment Instrument Co. Ltd, Zhengzhou,
China).

The density and porosity of the samples were
measured by the Archimedes principle in kerosene.

Phase analysis was measured by X-ray diffraction
using Cu k, radiation with a scanning speed of 2 degree
per minute (X’pert PRO MPD, Philips, Eindhoven,
Netherlands). The lattice parameter of the composite
spinel in the samples was obtained by X’Pert Plus
software. The width at half maxima (FWHM2) and 26,
were obtained by Philips Profile Fit 1.0 software, and
the crystal lattice distortion was calculated using
Scherrer’s law by X’ Pert High Score software. The
atomic ratio of Mg: Al: Fe ions of the composite
spinels were calculated according to Vegard law as
follows:
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Fig. 2. Effect of the content of hercynite powder in the powder
mixtures on (a) the apparent porosity and (b) bulk density of
samples sintered at various temperatures for 3 h.

as=a;x + a)(1-x)(At%) (D

where ay, is the lattice parameter of the composite
spinel, a; is the lattice parameter of component 1, x is
the solubility of component 1, and a, is the lattice
parameter of component 2.

The microstructure and composition were obtained
by a scanning electron microscope with EDAX (Philips
XL30 TMP, Philips, Eindhoven, Netherlands). The
possible equilibrium phases were predicted by FactSage
(version 6.2), and the databases of ELEM and FToxid
were used.

Results and discussion

The effects of the content of the hercynite in the
powder mixtures on the porosity and bulk density of
samples sintered at various temperatures are illustrated
in Fig. 2(a) and Fig. 2(b), respectively. It is found that
with an increase of the content of hercynite, the bulk
density of samples increases, while the porosity decreases.
With increasing temperature, the bulk density of
samples increases, and the porosity decreases.

XRD patterns of sample A, B and C sintered at
1600 °C for 3 h are shown in Fig. 3, and XRD 20 scans
of sample A and B sintered at 1600 °C for 3 h are given
in Fig. 4. It is found that there is no MgO - Al,Os, but a
composite spinel MgFej,Al O, and MgkFe,O, are
found in samples A and B. MgFe,O, spinel in the
samples may come from the reaction between MgO
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Fig. 3. XRD spectra of the sample A with the addition of 10 wt%
hercynite, B 5 wt% hercynite, C without the addition of hercynite
sintered at 1600 °C for 3 h.
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Fig. 4. XRD 26 scans of sample A with the addition of 10 wt%
hercynite, and sample B with the addition of 5 wt% hercynite
sintered at 1600 °C for 3 h.

and Fe,O; which is formed by the oxidation of
hercynite, and minor merwinite is derived from the
impurities of magnesia. The 20 of the 311 plane of the
composite spinel of sample A is 36.7313 °, and the 20
of the 311 plane of the composite spinel of sample B is
36.7806 °.

XRD spectra and 20 scans of sample A with the
addition of 10wt% hercynite sintered at various
temperatures for 3 h are shown in Fig. 5 and Fig. 6,
respectively. The mineral compositions of sample A
sintered at 1400 °C, 1500 °C and 1600 °C are almost the
same, but the 26 of the composite spinel increases with
an increase of the temperature, which are 36.6333 © at
1400 °C, 36.6853 © at 1500 °C and 36.7313 © at 1600 °C,
respectively. However, the difference of 20 of the
composite spinel between samples sintered at 1500 °C
and 1600 °C is smaller than that sintered at 1400 °C and
1500 °C.

The interplanar spacing and lattice parameter of
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Fig. 5. XRD spectra of sample A with the addition of 10 wt%
hercynite sintered at various temperatures for 3 h.
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Fig. 6. XRD 26 scans of sample A with the addition of 10 wt%
hercynite sintered at various temperatures for 3 h.

Table 2. Interplanar spacings and lattice parameters of composite
spinel in sample A sintered at various temperatures for 3 h and
sample B sintered at 1600 °C for 3 h

Sample 311 plant? interplanar 26 of 3 IO] plane pafa?:lt;:r a
spacing (A) ©) A)
A-1400 °C 2.45109 36.6333 8.1432
A-1500 °C 2.44773 36.6853 8.1226
A-1600 °C 2.44477 36.7313 8.1123
B-1600 °C 244161 36.7806 8.1039

composite spinel in sample A sintered at various
temperatures for 3 h and sample B sintered at 1600 °C
for 3 h calculated by X’Pert Plus software are listed in
Table 2. The lattice parameter and 311 plane interplanar
spacing of the composite spinel in sample A decrease
with an increase of the temperature. When the hercynite
content in the mixture of magnesia and hercynite
powder was increased from 5 wt% to 10 wt%, 20 of the
composite spinel decreased, while the lattice parameter
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Fig. 7. XRD 26, scan spectra of sample A with the addition of
10 wt% hercynite sintered at various temperatures for 3 h and
sample B with the addition of 5 wt% hercynite sintered at 1600 °C
for3h.

Table 3. FWHM2, 26,, and crystal lattice distortions of composite
spinel in sample A sintered at various temperatures for 3 h and
sample B sintered at 1600 °C for 3 h

Crystal lattice

Sample FWHM2 (°) 26, (°)

distortion (%)
A-1400°C 0.2429 64.8065 0.152
A-1500°C 0.2097 64.8906 0.127
A-1600°C 0.2071 64.9991 0.124
B-1600°C 0.1781 65.0389 0.101

and plane interplanar spacing of the composite spinel
increased.

The 20, scans of the samples sintered at various
temperatures for 3 h are shown in Fig. 7, and FWHM?2
and crystal lattice distortion of composite spinel in
sample A sintered at various temperatures for 3 h and
sample B sintered at 1600 °C for 3 h are listed in Table
3. When the temperature was increased from 1400 °C
to 1500 °C, the crystal lattice distortion decreased obviously,
but when the temperature was raised from 1500 °C to
1600 °C, the crystal lattice distortion changed slightly.
The lattice distortion of sample B sintered at 1600 °C is
less than that of sample A sintered at 1600 °C, because
the former has less hercynite content than the latter.

SEM micrographs of the samples sintered at various
temperatures for 3 h are shown in Fig. 8. EDAX
analyses results are listed in Table 4. According to the
results, the possible phase compositions of sample A
sintered at various temperatures are a composite spinel,
MgO-Fe,O; solid solution, a small amount of a
compound in the CaO-MgO-SiO, system and a low-
melting phase.

Based on the EDAX results in Table 4, the average
atomic ratio of Mg: Al: Fe in the composite spinel of
sample A sintered at various temperatures for 3 h was
obtained, as shown in Table 5. The average atomic
ratios of Mg: Al: Fe in the composite spinel of sample

(a)

10um

Fig. 8. SEM micrographs of the samples with the addition of
10 wt% of hercynite sintered for 3 h at (a) 1400 °C, (b) 1500 °C,
(c) 1600 °C and (d) without the addition of hercynite sintered at
1600 °C for 3 h. FM, Fused magnesia, S, Composite spinel. Table
6 lists EDAX results for points in Fig. 8.

Table 4. EDAX analyses results in atomic (%) for points in Fig. 8

a% O Me Al Si Ca Fe  Possible
phases
1 44.60 18.18 29.78 7.45
2 4871 16.11 28.74 6.44
3 50.02 14.83 29.08 0.88 5.19
7 46.69 1731 30.97 5.04
8 4841 16.69 30.85 405 Composite
spinel
9 5023 15.67 29.40 4.70
14 53.47 15.54 27.78 321
15 5124 15.06 30.46 3.24
16 56.69 14.07 26.82 242
4 40.89 57.51 1.60
10 40.55 57.63 1.82
12 3943 58.54 203 MgO-Fe,05
17 4272 55.36 1.92 solid solution
18 42.94 5438 2.68
20 46.07 52.97 0.96
21 4291 57.09 Periclase
5 5717 17.29 10.55 14.99 .
Compound in
115865 1641 10.46 14.48 Ca0-MgO-
2 5625 7.03 15.07 21.66 SIO,

6 56.07 12.60 18.01 3.84 6.16 3.33
13 57.62 933 639 10.82 1442 1.42
19 5865 9.87 841 9.16 12.16 1.74

Low-melting
phase

A sintered at 1400°C, 1500°C and 1600 °C are
1:1.79:0.39, 1:1.84:0.28 and 1:1.90:0.20, respectively.
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Table 5. Average atomic ratios of Mg : Al : Fe in the composite
spinel in sample A sintered at various temperatures for 3 h
(calculated from the EDAX results)

Element 1400 °C 1500 °C 1600 °C
(Fe + AlyMg 2.18 2.12 2.10
Mg:Al:Fe 1:1.79:0.39 1:1.84:0.28 1:1.90:0.20

Table 6. Atomic ratios of Mg: Al:Fe in composite spinel in
sample A sintered at various temperatures for 3 h (calculated by
Vegard law)

spinel formed from spinel formed from
MgF 6204 and MgA1204 FCA1204 and MgA1204

MgFe,Oy: FeAl,Oy:
MgALO, MgALO,

1400°C  19.76:80.24 1:1.60:0.40 85.49:14.51 1:13.78:5.89
1500°C  12.98:87.02 1:1.74:0.26 56.19:43.81 1:4.57:1.28
1600°C  9.60:90.40 1:1.81:0.19 35.14:64.86 1:3.08:0.54

temperature

Mg:Al:Fe Mg:Al:Fe

As the temperature increases, the Fe content in
composite spinel decreases. The composite spinel may
be described as MgFe,Al,(O,, because its composite
changes with temperature and hercynite content in the
powder mixture.

Lavina et al. reported that hercynite was oxidized in
an air atmosphere at 600 °C to form y-AlL,O; and y-
Fe,Os, as [21]:

FeAlLO, + 41‘02 = % 1-Fe,05 + 1-ALO; )

A result of the study by thermochemical software
FactSage 6.2 is shown in Fig. 9, using starting
materials of MgO (90 wt%), FeAl,O, (10 wt%) and
excess oxygen. It is found that FeAl,O, disappears and
a composite spinel (spinel#1) appears. The y-Al,Os
formed reacts with MgO to form MgAl,O, rapidly. y-
Al,O3 was found to be beneficial to synthesize a spinel
because it had a crystal structure similar to that of a
spinel [22]. A part of y-Fe,O; reacts with MgO to form
MgFe,O,, and a part of y-Fe,Os dissolves into MgAlL,O,
to form a composite spinel. In order to understand the
mechanism of formation of the composite spinel, we
suppose that the composite spinel is formed by
interdiffusion between MgAl,O, (JCPDS: 21-1152,
a=8.0831A) and MgFe,O, (JCPDS: 36-0398,
a=28.3873 A), or between MgAl,O, and FeAl,O,
(JCPDS: 34-0192, a=38.1534 A). The atomic ratio of
Mg: Al: Fe in the composite spinels in sample A
sintered at various temperatures for 3 h is given in
Table 6. They were calculated based on Vegard law
(Eq. 1) and lattice parameters obtained from XRD.
Comparing Table 5 and Table 6, it is found that the
average atomic ratio of Mg: Al: Fe obtained from
EDAX is very close to the atomic ratio of Mg: Al: Fe
obtained from XRD of the composite spinel which is
formed from interdiffusion by MgAl,0, and MgFe,O,.
The mechanism of formation of the composite spinel
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Fig. 9. Species predicted of MgO (90 wt%), FeAL,O, (10 wt%)
and excess oxygen as a function of temperature.

may be described as follows:

FeAl,O, is oxidized to form y-Al,O; and y-Fe,0;. y-
AL O3 and y-Fe,O; react with MgO to form MgAl,O,
and MgFe,0,, respectively. Some of the y-Fe,Os dissolves
into MgALO,4 to form a composite spinel, at the same
time y-Al,O; may dissolve into MgFe,O, to form a
composite spinel. If the particles of MgALO, and
MgFe,0, touch each other, a composite spinel may form
by interdiffusion between MgAl,O, and MgFe,O,.
Because the Fe content in the composite spinel is the
least, it may be considered that the composite spinel is a
solid solution of a spinel by solution of Fe,O; into
MgAlLO,4. With an increase of the sintering temperature,
the solubility of Fe,O; decreases, resulting in an increase
in 20, and a decrease in the lattice parameter, plane
interplanar spacing and lattice distortion of the
composite spinel. When the sintering temperature
increases from 1400 °C to 1500 °C, the reduction of Fe
content in the composite spinel is more than that when
the sintering temperature increases from 1500 °C to
1600 °C. The reductions of lattice parameter, plane
interplanar spacing and lattice distortion of the former
are also more than those of the latter. Because the
hercynite content in sample A is larger than that in
sample B, the solubility of Fe,O; in the composite
spinel in sample A sintered at 1600 °C is larger than
that in sample B, resulting in the lattice parameter, plane
interplanar spacing, FWHM2 and lattice distortion of
the composite spinel in sample A are larger than those
of sample B, and 20 is less than the 26 of sample B.
The larger lattice distortion in sample A improves
sintering, resulting in a decrease of the apparent porosity.
At the same time, a greater Fe,O; content may increase the
liquid content in sample A at 1600 °C, which is another
reason to decrease the apparent porosity of sample A.

Conclusions

In the product formed in the reaction between MgO
and hercynite at elevated temperature, there is no
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MgO - Al,O3, but a composite spinel MgFe,Al, O, and
MgFe,O, are found. FeAl,O, is oxidized to form y-
ALO; and y-Fe,O; firstly. MgO reacts with y-Al,O;
and y-Fe,O3 to form MgO - Al,O5; and MgO - Fe,0;. y-
Fe,O3 dissolves into MgO - Al,O; or y-Al,O; dissolves
into MgO - Fe,O; to form a composite spinel. The
composition and crystal structure of the composite spinel
depend on the sintering temperature and hercynite
content in the powder mixture of magnesia and
hercynite. With an increase of sintering temperature, the
solubility of Fe,O; decreases, resulting in an increase
in 20, and a decrease in the lattice parameter, plane
interplanar spacing and lattice distortion of the composite
spinel. When the sintering temperature increases from
1400 °C to 1500 °C, the effects of temperature on the
structure and composition of composite spinel are
stronger. The solubility of Fe,O; in the composite
spinel in the sample with a higher hercynite content is
higher than that with a lower hercynite content,
resulting in a decrease in 26, and an increase in lattice
parameter, plane interplanar spacing and lattice distortion
of the composite spinel. With an increase in the
hercynite content and temperature, the bulk density of
the compacts increases, while the porosity decreases.
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