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Abstract

Due to the rapid development of China’s regeneration industry, secondary aluminium ash (SAA) has been extensively pro-
duced. The reuse of SAA and Y,0; doping was studied in this research. This proved that SAA can turn into a raw material for
gehlenite/magnesia-alumina spinels. Furthermore, doping with Y,0; can aggrandize the densification feature of gehlenite/
magnesia-alumina spinels. The densification of the gehlenite/magnesia-alumina spinel without Y,0; was lower than that of
the doped spinel in the temperature range of 1573 to 1773 K. At 1673 K, 3 wt% Y,0; was added to the gehlenite/magnesia-
alumina spinel. It had a density of 2.05 g-cm™ and a compressive strength of 91.2 MPa. Generally, 3 wt% Y,0; was added,
and the sintering temperature at 1673 K was appropriate. The elevation of the densification feature was also attributable to
the solubility of Y,0; and the formation of a low-viscosity liquid phase such as YCaAl;0,. The SAA can be reused for the
recovery of gehlenite/magnesia-alumina spinels. Doping it with Y,O; can broaden its reutilization in new water-resistant

ceramic materials.
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Introduction

Dregs of aluminium ash have already been popularly pro-
duced in China because the aluminium industry has grown.
Nevertheless, in a landfill, over 90% of secondary aluminium
ash (SAA) is handled without deeper management. In the
natural environment, the negative influence of environmental
quality has increased over the past few years [1, 2], and it is
meaningful to recycle and reduce SAA. Al, MgAl,O, (MA)
spinels, and corundum are the major compounds of SAA.
SAA uses minimal types of additional reagents with low
costs that can be used as a raw material for spinels [3, 4].
There are many advantages of magnesium aluminium spi-
nels, including a high melting point, mechanical properties,
strong thermal and spalling properties, and excellent chem-
ical performance. These characteristics make MA a main
material for many adhibition applications in furnaces. It is
necessary to use lining materials for the base and sidewall
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of the furnace [3]. However, the preparation of magnesium
aluminate spinels is still an expensive process and should
be supported by high-spirited and new technical techniques,
which would lower the cost of raw materials and improve the
quality of the outcome.

According to the characteristics of secondary aluminium
ash raw materials, the ingredients can be slightly changed to
prepare refractory materials [5, 6]. This can realize resource
utilization. In recent years, to prepare a lightweight refrac-
tory material with both refractory properties (high strength)
and reduced mass, the USA, Japan, and other countries suc-
cessively developed phases that combine with melilite with
a high melting point [7, 8]. MA is a kind of magnesium alu-
minium oxide material with a high melting point (2408 K),
good thermal shock resistance, impact resistance, good
electrical insulation performance, and strong alkali erosion
resistance [9, 10]. Melilite is a class of silicate minerals that
are composed of Al, Mg, and iron calcium silicate/sodium
silicate, and its general chemical composition formula is
(Ca, Na),(Al, Mg, Fe)[(Al, Si1)SiO]. Gehlenite (Ca,Al,SiO,
(C,AS)) and akermanite (Ca,Mg(Si,O,)) are two important
minerals in the melilite group. Melilite has a low density,
a small thermal expansion coefficient, and a low thermal
conductivity. Melilite is rarely the main crystal phase of
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refractory materials because its melting point is not very
high, but in improving the compressive strength and hydra-
tion resistance of materials, it has a vital function [11]. In
conclusion, we can prepare refractory materials in which
the main crystal phase is a magnesia-alumina spinel and
the combined phase is melilite from secondary aluminium.
If the result holds up, the potential harm of secondary alu-
minium ash to the environment can be reduced, and the field
of refractory preparation can also be broadened.

Rare earth oxides (REOs) are valid annexing agents
that have been diffusely used in chinaware, biotechnol-
ogy, powder metallurgy, new energy, and chemical tech-
nology. WC-MgO bulk composites are doped with La,0;.
The flexural strength and Vickers hardness are enhanced
[12]. CeO, is one of the most reactive rare earth metal
oxides and has some features, such as a large surface
area, a large radius, and strong chemical resistance. It has
been widely applied in conformational ceramics, such
as oxide and nonoxide ceramics and functional ceramics
[13, 14]. WC-A1,04 compounds adulterated with 0.1%
CeO, showed a fining microstructure and enhanced
machine capability compared with nondoped compos-
ites [15]. Different scholars have studied the improved
sinterability of high-quality spinels doped with 5 wt%
Y,0; [16, 17]. Sintering was found to be improved by
using rare earth oxides such as 4 wt% Yb,0; and Dy,04
[18]. Densification of the specimens with Y,0; and
Nd,O; was attributed to the formation of complex oxides,
which activated the crystal lattice [19]. La,05 and CeO,
formed a liquid phase, which accelerated the densifica-
tion of the crystal lattice [19]. The grain boundary ener-
gies decreased when the spinel was doped with 3 mol%
Y,0;, Gd,05, and La,0; from grain boundary restraint
detection [20].

In this work, the series of objectives were as follows. A
gehlenite/magnesia-alumina spinel was synthesized from
SAA. The effects of Y,0; doping on the gehlenite/magne-
sia-alumina spinel were characterized. The mechanisms of
densification improvement by Y,0; doping on the gehlenite/
magnesia-alumina spinel obtained from SAA were evaluated.

Experimental procedure
Materials

In Jiangxi Province, China, we collected secondary alu-
minium ash (SAA). The ash was preprocessed by drying,
selection, and ball milling to obtain a uniform particle size.
Repeated impact during the ball-milling process resulted in
a large number of microscopic defects, such as lattice dis-
tortions, dislocations, twinned crystal structures, and strain
energy in the powders [21]. The mineral phases of the ash
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were Al, a-Al,O0;, MA, and AIN (Fig. 1). Chemical phase
analysis showed that Al and a-Al,O5 accounted for 23.67 wt%
and 23.57 wt% of the ash, respectively, with 2.19 wt% AIN
and 9.10 wt% MA (Table 1). The analytical grade agents used
for analysis and detection included CaO, MgO, and Y,0;.

Experiment

After disposal, the D5, of SAA was 23.42 pm. In this
study, SAA (70.8 wt%) was blended with CaO (18.58
wt%) and MgO (10.62 wt%) in a mixing machine for
1 day. The powders were put into a mould with a 3%
bonder at 15 MPa, and then, the powders were pressed
into bricks (diameter of 2.5 cm and thickness of 1 cm).
The raw bricks were placed in an electric stove for sinter-
ing in the range of 1373 to 1773 K for 3 h in air (Fig. 2).
The sintering temperature curve of the experiment is
shown in Fig. 3. The right and left sides of the stove
were sealed with a quartz plug to keep the stove warm.
The stove was cooled to 773 K at a rate of 3—4 K/min.
The bricks were tested at room temperature. The addition
amount was 3 wt% Y,0;. The mass fractions of SAA,
CaO, MgO, and Y,0; were 68.8%, 18.0%, 10.3%, and
2.9%, respectively.

Sample analysis

The surface microcosmic morphology of the powder was
recorded by scanning electron microscopy (SEM, Nova
NanoSEN 230). X-ray diffraction (XRD, TRAX, Rigaku)
was employed using a Cu Ko radiation source and a 10°/
min scanning speed to analyse the crystal structures of the
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Fig. 1 XRD pattern of the SAA. 1-Al; 2-a-Al,0;. 3-MgAl,0,. 4-AlN;
5-ZnS
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Table1 Chemical composition Composition Al Mg Si Ca Fe Na Ti Others
of the SAA (wt%)

Content 39.61 6.39 7.26 3.47 1.20 1.03 1.61 39.43

Fig.2 Schematics of the spinel prepared by SAA: a moulding process and b sintering process

powders. The particle size distribution was examined by a
laser particle analyser (OMEC LS-POP, China). The ele-
ments in SAA were examined by X-ray fluorescence (XRF-
AXIOS, PANalytical, Netherlands). The powders were
placed in a hydraulic press (YLJ-40 T, China) to obtain
bricks. The compression strength was examined by an elec-
trohydraulic compression machine (TYA-100C, China). The
bulk density of the bricks was calculated using the Archi-
medes principle.
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Fig. 3 Sintering temperature curve of the experiment

Results and discussion

Effect of sintering temperature
on the characteristics of the gehlenite/
magnesia-alumina spinel

The XRD patterns of the gehlenite/magnesia-alumina
spinel from SAA at different sintering temperatures are
shown in Fig. 4. The main phases in the spinel were C,AS
and MA in the temperature range of 1373 to 1773 K and
C,AS, MA, and Al,O; at 1373 K. The crossover of SiO,
enhanced the incorporation of the framework with the MA
stroma. The silica compositions began to melt at a high
temperature, and the liquid phase formed. SiO, softened
and turned into a liquid amorphous glass phase. The liquid
sintering process is due to the enhanced wetting between
particles [22]. From XRD analysis, the main crystalline
phases were C,AS and MA. However, Al,O; disappeared
at 1473-1773 K. During the sintering process, the mass
transfer was accelerated because of the liquid phase [23].
The results showed that CaO and SiO, could easily be
turned into the liquid phase. CaO and SiO, allowed den-
sification by recrystallization in the presence of the liquid
phase [23]. The intensities of C,AS and MA were slightly
different at 1673 K and 1773 K.

The microstructures of gehlenite/magnesia-alumina spi-
nel powders sintered at 1473—1773 K were shown (Fig. 5).
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Fig.4 XRD patterns of the gehlenite/magnesia-alumina spinel at dif-
ferent temperatures. 1-Al,05; 2-MgAl,O,. 3-Ca,Al,SiO;

From Fig. 5 (a—d), the grains were breezed tiny at 1473 K
for 3 h. The grain boundary size of C,AS and MA turned
obviously with an increase in temperature to 1673 K. Like-
ness, from Fig. 5 (c—d), the crystalline grains were homog-
enous. And the MA linked another as the main phase at
1673 K. The main phase of the C,AS was a big square
plate. The products were with little compact and homo-
geneous microstructures at 1773 K. So the 1673 K was
appropriated. In all specimens, a glassy phase appeared,
which was mainly due to the liquid glassy phase. The CaO
and SiO, components in the SAA decreased the viscosity
of the glass phase, and that was good for the gehlenite/
magnesia-alumina spinel synthesized during the course
[24].

Effect of Y,0; on the gehlenite/magnesia-alumina
spinel

The grain boundaries were observable from the microstructure
of the powders with 3 wt% Y,0; (Fig. 6). By forming a brit-
tle phase because of Y,0;, new grain propagation occurred.
The crystallite dimension was larger and clearer than that of
the spinel without Y,0;. The grain size increases became
obvious upon doping with Y,0j;. Finally, the grain dimen-
sion distribution was more uniform and enlarged with 3 wt%
Y,0;. Figure 6 shows the microstructure of the gehlenite/
magnesia-alumina bricks with 3 wt% Y,0; at 1473-1773 K.
EDS (Table 2) and line scan analysis (Fig. 6) showed that Y
was uniformly dispersed in the texting scope. The average
length of elongated grains increased with 3 wt% Y,0;. Y,04
is a crystal phase regulator and improves the microstructure.
Y,0; addition influenced the densification and microstructure.
The presence of YCaAl;0; as a second phase could be benefi-
cial as it influences grain growth and reduces ion segregation
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at grain boundaries. This may be the reason for the different
microstructure refinement trends of ceramic particles shown
in Fig. 6 and Fig. 5 [25].

From Fig. 7, the results showed the bulk density and
compressive strength of the gehlenite/magnesia-alumina
spinel with and without Y,0O; doping and upon sintering at
1373-1773 K. The density of the gehlenite/magnesia-alu-
mina spinel increased to 2.03 g-cm™ at 1773 K. The density
of the gehlenite/magnesia-alumina spinel increased dramati-
cally from 1.78 to 2.03 g-cm™ as the temperature increased
from 1373 to 1773 K. The density of the gehlenite/magne-
sia-alumina spinel increased mildly when the temperature
was 1773 K (from 2.02 to 2.03 g-cm™). The compressive
strength of the gehlenite/magnesia-alumina spinel also sig-
nificantly increased from 69.1 to 75.2 MPa with an increase
in temperature from 1373 to 1573 K, which was above the
Chinese national standard value of 40 MPa for magnesia and
magnesia-alumina refractory bricks (GB/T 2275-2007). When
the temperature changed from 1673 to 1773 K, the compres-
sive strength improved slightly from 89.8 to 90 MPa. This
showed that 1673 K was suitable for synthesising gehlenite/
magnesia-alumina.

In particular, the density feature of the Y,05-doped
gehlenite/magnesia-alumina spinel improved with sintering.
The density of the gehlenite/magnesia-alumina spinel with
3 wt% Y,0; was 2.05 g-cm™ at 1673 K. The compressive
strength of the gehlenite/magnesia-alumina spinel with 3 wt%
Y,0; showed a similar trend to the density trend. The com-
pressive strengths of the samples doped with 3 wt% Y,0; at
1373-1773 K reached 71.2, 75.7, 77.3, 91.2, and 92.3 MPa.
The density and compressive strength of the Y,05;-doped
gehlenite/magnesia-alumina spinel improved. Preparation
of the Y,0;-doped gehlenite/magnesia-alumina spinel can
expand the utilization of SAA in new ceramics.

Y,0; can be the key factor in the densification of bricks
because of the large ionic radius of the Y**. The glass network
structure of the Y,0; influenced the migration of other ions
[19]. Y,0; reacted with Al,O3, SiO,, or CaO in SAA, and the
outcome reinforced intergranular fracture with an increase in
the sintering temperature. In addition, ions moved to the inter-
grain void as the temperature increased. The holes were filled
completely, which effectively reduced the residual number of
closed pores in the sample [26]. The densification feature of
the bricks with Y,05 was superior to that of the gehlenite/
magnesia-alumina spinel without Y,O5 (above 1473 K).

Mechanism of enhanced sintering with Y,0,
for obtaining gehlenite/magnesia-alumina spinels

Reaction set

XRD patterns of the 3 wt% Y,0; samples sintered at
1473-1773 K are shown in Fig. 8. Thus, from the XRD
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Fig.5 SEM/EDS images of C,AS/MA spinel powder at different sintering temperatures. a 1473 K; b 1573 K; ¢ 1673 K; d 1773 K; 1

Ca,ALSIO;; 2 MA

analysis, the new compound that included Y ion was
YCaAl;0,. The PDF card number of YCaAl;0; is
#49-0605. MA, C,AS, and YCaAl;0,; were the main
phases in the sintered product. Al,O; was the minor phase
at 1473 K. YCaAl;0, appeared at 1473 K and existed from
1473 to 1773 K. A liquid phase during sintering was ben-
eficial for the densification feature. The large cation size

of Y** could have caused distortion between layers and an
expanded lattice. The presence of YCaAl;0; as a second
phase could be beneficial by influencing grain growth and
reducing ion segregation at grain boundaries. YCaAl;0,
exhibited well-elongated grains in the matrix between MA
and C,AS. YCaAl;0, was helpful in the bonding of two or
more MA and C,AS particles [25, 27].
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Fig.6 SEM images and line scanning of the spinel powder with Y203 at different sintering temperatures for 3 h. a 1473 K. b 1573 K. ¢ 1673 K.

d1773 K

Effect of Y,0; dissolution and exsolution

With MDI Jade 5.0 software, the lattice cell refinement func-
tion can be used to calculate the lattice constant changes.
From Table 3, the lattice parameters at different tempera-
tures were higher than those obtained with refinement, which
may be attributed to the dissolution of Y,05 and other com-
pounds such as CaO and SiO, [28, 29]. The lattice param-
eter of C,AS increased at 1473 to 1573 K and decreased at
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1673 K. The lattice parameter of MA increased at 1473 to
1673 K and decreased at 1773 K. Dissolution and exsolution
were related to diffusion. Diffusion enhances intermolecular
motion, which is good for the densification of materials [30].

Figure 9 illustrates the mechanism underlying the
enhancement in the characteristics of the gehlenite/magne-
sia-alumina spinel derived from SAA after Y,0; doping.
The densification feature of the gehlenite/magnesia-alumina
spinel was attributed to the low-viscosity liquid phase. The
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Ta!ale 2 EDS ana?ysis for the Temperature/K Element content (wt%)
spinel powders with Y,0O5 at
1473-1773 K for 3 h o Mg Al Si Ca Ti Fe Y Possible phase
1473 40.4 10.3 25.6 4.6 18.2 0.4 0.5 - -
1573 39.6 42 23.6 10.0 20.8 0.2 0.6 0.9 YCaAl;0O,
1673 429 16.1 37.7 0.2 1.2 0.1 1.7 - -
1773 478 6.7 34.0 2.4 0.1 0.9 - - -
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Fig.7 Properties of the gehlenite/magnesia-alumina spinel with 3 wt% Y203 after sintering at different temperatures: a bulk density and b com-

pressive strength

dissolution and exsolution of Y,05 occurred in the sinter-
ing process. Schmid [31] and Su [32] reported that Y3t was
concentrated in the intergranular regions. The ionic radius
of Y3 was large than the ionic radii of AI**, Si**, Ca®*,
and Mg?*. The solute misfit strain energy was obtained
because of the other ionic radii of Y*>* and other ions. The
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predominant driving force for the segregation of Y>* moved
to the crystalline grain boundaries. Y>* diffused into the
anomalous microscopic defects and filled the crystalline
grain boundaries during the high-temperature sintering pro-
cess. Dissolution of Y ion in the sintering process resulted in
cation vacancies that reinforced movement and mass transfer
[30, 33]. The Y ion in other ion sites caused lattice strain,
which also reinforced the mass transport process for densi-
fication [18, 30, 34]. Y,0; moved to the ion boundaries and
then entered the gehlenite/magnesia-alumina spinel lattice.
Interionic migration decreased the residual pores in the MA
and C,AS boundaries and increased the density feature of
the spinel. The Y,0; can also reduce the coefficient of ther-
mal expansion and the softening point of the glass phase.
Several factors cooperatively enhance the characteristics of
the gehlenite/magnesia-alumina spinel [35].

Table3 Lattice constants (A) of Y,0;-doped spinel at different sin-
tering temperatures

Temperature/K Ca,Al,Si0, MgAlLO,
10 20 30 40 50 60 70 80 Refine/A 7.68580 8.08310
20/ 1473 7.69397 8.09246
1573 7.69863 8.09709
Fig.8 XRD patterns of the gehlenite/magnesia-alumina spinel 1673 7.69622 8.10043
doped with 3 wt% Y203 at sintered at different temperatures for 3 h. 1773 769354 8.08361

1-MgAI204; 2-A1203; 3-Ca2Al12Si07; 4-YCaAI307
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Fig. 9 Mechanism underlying
the enhancement in the charac-
teristics of the gehlenite/magne-
sia-alumina spinel derived from
SAA after Y203 doping

@ -
. MgALO,

Conclusions

Secondary aluminium ash (SAA) can be used as the raw
material of gehlenite/magnesia-alumina spinels. The den-
sity of the bricks changed from 1.78 to 2.03 g-cm~, and
the compressive strength changed from 69.1 to 90 MPa
when they were sintered at a temperature ranging from
1373 to 1773 K for 3 h. The compressive strength of the
gehlenite/magnesia-alumina spinel was above the Chi-
nese national standard value of 40 MPa for magnesia and
magnesia-alumina refractory bricks (GB/T 2275-2007).
The density and compressive strength of the gehlenite/
magnesia-alumina spinel doped with 3 wt% Y,0; and sin-
tered at 1673 K were 2.05 g-cm™ and 91.2 MPa, respec-
tively. The enhancing mechanism of Y,0; doping contrib-
uted to the solubility of both Y,0; and Y,05-containing
compounds, such as YCaAl;0,, which was turned into
the low-viscosity liquid phase as the sintering temperature
exceeded 1473 K.
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