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bstract
ouble-layer glass-ceramic/ceramic tiles made from bauxite tailings and red mud were prepared using a single firing powder processing route. The
nfluence of the preparation method used for the green bodies on the microstructure and mechanical properties of the final products was investigated.
he macroscopic appearance, microstructure, and mechanical properties indicated that the production of double-layer glass-ceramic/ceramic tiles
ay be an attractive method for recycling industrial waste into building materials.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The large amount of industrial waste, such as red mud (RM)
rom alumina production, tailings from the ore-dressing process
nd waste glass from bottle banks, has caused serious environ-
ental problems. In recent years, more attention has been paid to

ecycling and safely treating these wastes in both developed and
eveloping countries.1–3 A promising way to reuse these wastes
s to use them to produce building materials, such as porcelain
iles4–12 and glass-ceramics.13–21

Although there are obvious environmental benefits to be
ained from the recycling of wastes in producing glass-ceramics
nd porcelain tiles, some aspects limit their applications, as well
s their commercial success. The production costs for glass-
eramics are higher than those for porcelain tiles, and impurities
n the wastes (such as Fe2O3) often color the final products.17,18

lthough it would be attractive to substitute wastes for the costly
eldspar when producing porcelain tiles, the complex densifica-

ion mechanism limits the amount of waste that can be used
hen preparing dense tiles.9,10,12
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These limitations could be changed by combining the
roduction technology of porcelain and the properties of glass-
eramics, i.e. developing double-layer glass-ceramic/ceramic
porcelain) tiles. In contrast to the traditional glazing process, the
ouble-layer tiles were formed by pressing two kinds of pow-
ers together. Furthermore, the glass-ceramic based on waste
ith good properties and aesthetical appearance can be selected

s the top layer, while the substrate layer can incorporate a higher
ontent of silicate waste without considering the influence of the
mpurity and densification resulting from the waste.

Bauxite tailings (BTs) are generated from a new process,
he Bayer ore-dressing process22 which uses medium- and low-
rade bauxite ore to produce alumina in China. During the
re-dressing process, about 20 wt% ore goes into the waste.
he major mineral compositions of BTs are: kaolinite (usually
bove 40 wt%), diaspore, illite and hematite; there are also small
mounts of anatase, rutile and calcite.

In our previous work using BTs23 and RM to prepare sintered
lass-ceramics, the frits based on BTs were shown to exhibit
ood sintering ability, and the final product looked like a com-
ercial tile. Frit from BTs was therefore used to prepare the
lass-ceramic layer. However, the frit based on RM is brick
ed in color, although it has a composition similar to that of
Ts, except for the TiO2 content. It can be incorporated into the

ubstrate layer.

mailto:yanghz_74@yahoo.com.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.007
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Table 1
Chemical compositions of RM and BTs (wt%).

Waste SiO2 CaO Al2O3 Fe2O3 MgO TiO2 K2O Na2O LOI*
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M 12.33 17.24 29.89 8.08
Ts 25.27 6.05 37.19 10.66

* LOI (loss on ignition).

. Experimental procedure

.1. Raw materials

The BTs and RM came from Zhengzhou Research Insti-
ute, Aluminum Corporation of China Limited (CHALCO). The
aste was wet milled in an alumina jar for 18 h and then screened

hrough a 200 mesh (75 �m) sieve. Above 95 wt% of the waste
ould be screened through the sieve. The screened waste was
ried at 120 ◦C for 24 h and then hammer milled.

Other raw industrial materials such as: quartz sand, sodium
arbonate and lime came from Luoyang Float Glass Group Co.
td. These raw materials were also screened through 200 mesh

75 �m) sieves.
The chemical compositions of BTs and RM were determined

y X-ray fluorescence and are given in Table 1.
Two glasses were prepared using BTs and RM as raw

aterials, respectively. Their compositions lie in the pseudowol-
astonite phase field of the Na2O–CaO–Al2O3–SiO2 quaternary
ystem,24 and the composition point is the same for both BTs
nd RM. The calculated batch compositions are given in Table 2.
atches weighing about 1 kg were mixed and melted in a glaze

urnace at 1500 ◦C for 30 min, and then quenched in water to
btain glass frits. The as-received glass frits were milled below
00 mesh (75 �m), and named GC30 and GC40 for BTs and RM,
espectively. Their chemical compositions are given in Table 3.

.2. Specimen processing

The powder for the substrate layer (labeled P-BOT) was pre-
ared by mixing BTs, GC40 and quartz sand in a weight ratio of
0:40:20, and adding 8 wt% water. The powder for the top glass-
eramic layer (labeled P-TOP) was prepared by mixing GC30
ith the addition of 6 wt% polyvinyl alcohol (PVA) solution,

nd the concentration of the PVA solution was 2 wt%.

Cylindrical specimens with a diameter of 35 mm and a thick-

ess of 6.5 mm were prepared by uniaxial pressing at 40 MPa.
wo different pressing processes, single-loading and double-

oading, were used to prepare the cylindrical specimens. In the

able 2
omponents of batches GC40 and GC30 (wt%).

ample GC40 GC30

M 40.3 –
Ts – 31.5
uartz sand 30.2 27.1
odium carbonate 6.7 9.0
ime 22.8 32.4

fi
o
C

u
m
o
c
i
0
l
l
0
p

1.57 4.80 0.24 8.12 17.73
0.15 3.89 3.06 0.99 12.74

ingle-load process, 10 g of P-BOT and 2.5 g of P-TOP were
laced in the mould successively and pressed at one time. In the
ouble-load process, 10 g of P-BOT was placed in the mould
nd pressed, and then 2.5 g of P-TOP was placed on top and
ressed. Based on our previous work23 we used 2.5 g of P-TOP,
iven the density of the sintered GC30 glass-ceramic (about
.6 g/cm3). Specimens were named P1 and P2 for the single-load
nd double-load processes, respectively, and specimens without
glass-ceramic layer were also prepared.

All the specimens were dried in an oven at 110 ◦C for 24 h.
fter drying, the double-layer specimens were about 6.5 mm

hick, and the top glass-ceramic layer was about 1.5 mm thick.
hese dried specimens were then fired in an electric furnace
t 930, 950, 970 and 1000 ◦C, respectively, for 60 min at the
oaking temperature and at a heating rate of 8 ◦C/min. After
intering, the double-layer specimens were about 6 mm thick
nd the top glass-ceramic layer was 1 mm thick.

.3. Characterization techniques

Phase identification was performed using X-ray diffrac-
ometry with CuK� radiation (XRD) (Philips X’PERT PRO,
lmelo, The Netherland). The microstructure of the thermally

reated specimens was observed on a polished surface using
scanning electron microscopy (SEM) (JEOL JSM-6700F,

apan) via secondary electron images (SEI) and backscat-
ered electron images (BSI). Energy dispersive spectroscopy
EDS) (INCA 7421, England) was used to identify the local
hemical composition. The crystallization process was investi-
ated using differential scanning calorimetry (DSC) (SETARM
absys, France) at a heating rate of 10 ◦C/min. The glass tran-
ition temperature (Tg), the onset crystallization temperature
Ton) and the peak crystallization temperature (Tp) were also
etermined by DSC experiments. The thermal expansion coef-
cients (TEC) were measured on bulk samples with dimensions
f 5 mm × 5 mm × 50 mm on a dilatometer (model: RPZ-2A,
hina).

The mechanical strength of the fired specimens was evaluated
sing a three-point bending strength test on a universal testing
achine (Zwick/Roell Z030, Germany) with a cross-head speed

f 0.5 mm/min and a span of 30 mm. The fired specimens were
ut to a cross-section of 4 mm × 5 mm. The double-layer spec-
mens, P1 and P2, were polished to obtain thicknesses of about
.5 mm for the glass-ceramic layer and 4.5 mm for the substrate

ayer, and were measured in the direction perpendicular to the
ayer alignment. The glass-ceramic layer was polished down to
.5 mm to simulate the finish allowance in the final industrial
olishing process.
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Table 3
Chemical compositions of GC40, GC30 and the substrate (wt%).

Sample SiO2 CaO Al2O3 Fe2O3 MgO TiO2 K2O Na2O

G 4.0
G 4.3
S 6.2
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and GC30 fired at 1000 ◦C. From Fig. 2a, we can see that the
crystal phases of fired GC40 are: gehlenite, wollastonite, albite
calcian low and nepheline. Fig. 2b shows that the crystal phases
C40 44.04 24.66 14.90
C30 45.11 25.26 15.31
ubstrate 50.09 13.00 22.05

The linear shrinkage of a specimen was assessed to be the
ifference between the diameter of the dried specimen and that of
he fired specimen divided by the diameter of the dried specimen.

ater absorption and bulk density were measured using a device
model: XQK-02, China). The Vickers hardness of the top layer
as measured on a micro-hardness tester (model: HVS-1000,
hina) with a load of 500 g and a dwell time of 10 s. Seven tests
ere conducted under identical conditions.

. Results and discussion

The DSC curves of GC40 and GC30 are shown in Fig. 1.
or GC40, Tg, Ton and Tp are 670, 827 and 993 ◦C, respectively,
nd Ton−Tg is 157 ◦C. For GC30, Tg, Ton and Tp are 700, 880
nd 975 ◦C, respectively, and Ton−Tg is 180 ◦C. It should be
oted that it is difficult to determine Tg (500 or 700 ◦C) from the
SC curve of GC30. A dilatometric analysis on glass fragments

onfirmed that the Tg of GC30 is about 700 ◦C. Similar thermal
nalysis curves have been seen elsewhere,17 where the glass-
eramics were also developed from waste.

Generally, the Hrubÿ parameter, KH, obtained by differential
hermal analysis (DTA) or DSC, indicates the stability of the
lass against crystallization on heating.25 It is defined as

H = Ton − Tg

Tm − Ton

, (1)
here Ton, Tg and Tm are, respectively, the onset crystallization
emperature (on heating), glass transition and melting tem-
eratures estimated by DSC. According to Hrubÿ, the higher
he value of KH of a certain glass, the higher its stability

Fig. 1. DSC curves of GC40 and GC30.
4 0.78 2.40 0.12 9.01
9 0.06 1.60 1.26 7.02
2 0.39 2.66 1.34 4.23

gainst crystallization on heating. For a certain glass sys-
em, the value Ton−Tg can approximately reflect its sintering
bility. Twenty glasses with different compositions within the
a2O–CaO–Al2O3–SiO2 system were tested. These glasses
ith Ton−Tg > 150 ◦C exhibited good sintering ability (not

hown here). As shown in Fig. 1, Ton−Tg for GC40 and GC30
s 157 and 180 ◦C, respectively, and the sintering experiments
re consistent with this.

According to the value of Tp for GC30 (975 ◦C), the exper-
mental sintering temperature for the double-layer tile is in the
ange 930–1000 ◦C.

Fig. 2a and b shows, respectively, the XRD spectra of GC40
Fig. 2. XRD spectra of (a) GC40 and (b) GC30 fired at 1000 ◦C.
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ig. 3. SEM image of the polished surface of the glass-ceramic layer of P1 fired
t 1000 ◦C.

f GC30 are wollastonite and albite calcian low, with wollas-
onite being the main crystal phase. The different crystal phases
f GC40 and GC30 could be related to their different TiO2 con-
ent. As shown in Table 3, for GC40, the content of TiO2 is
.40 wt%, while it is 1.60 wt% for GC30. DSC analyses on pow-
ers with different sizes confirm that both GC40 and GC30 have
surface crystallization mechanism.26 Therefore, the higher

iO2 content of GC40 cannot change its crystalline mechanism,
ut it results in different crystal phases in GC40. The different
rystal phases of GC40 and GC30 could also be related to their
ifferent colors. GC40 is brick red in color, while GC30 is pale
rey with more Fe2O3 content (Table 3). This could be explained
y a different atomic environment for the iron in the structure
f the crystal phases.27

The SEM image of the polished surface of the glass-ceramic
ayer (GC30) of P1 fired at 1000 ◦C is shown in Fig. 3. The
lass-ceramic layer is well crystallized. The pale area is Ca-
ich, corresponding to the wollastonite phase, which displays a
eedle-like granular morphology.
The DSC/TG curves of the substrate material are shown in
ig. 4. To simulate the firing specimens, the DSC sample was cut
rom the green body of the substrate. Two endothermic peaks and

Fig. 4. DSC/TG curves of the substrate.
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Fig. 5. XRD spectra of the substrate layer fired at 930–1000 ◦C.

ne exothermic peak were identified. The first endothermic peak
t 75 ◦C is due to hygroscopic water. The second endothermic
eak at 553 ◦C is due to the dehydroxylation of kaolinite with
weight loss of 2.66%. The third exothermic peak at 970 ◦C
ay be related to the metakaolinite decomposition to form other

hases28 and the crystallization of GC40 (see Fig. 1).
Fig. 5 shows the XRD spectra of the substrate layer fired

t different temperatures. In the range 930–1000 ◦C, the crys-
alline phases of the substrate layer are quartz, wollastonite and
lbite calcian low. The presence of wollastonite and albite cal-
ian low is due to the crystallization of GC40. It is interesting
hat gehlenite was not detected, which differs from the infor-

ation in Fig. 2a, where gehlenite constituted the major crystal
hase. This may be due to the possibility that GC40 could react
ith the aluminosilicate residues from the kaolinite decompo-

ition and could cause the change in the surface composition
f the GC40 particles, which is unfavorable to the formation of
ehlenite.

The SEM images of the substrate layer fired at 930, 970 and
000 ◦C are shown in Fig. 6a–f. The pale areas indicated by the
rrows are GC40, and are Ca-rich. As seen in Fig. 6a–d, when
red at 930–970 ◦C, GC40 particles in the substrate layer are iso-

ated, and this microstructure cannot enhance the densification
f the substrate layer. Even when fired at 1000 ◦C, some of GC40
s connected (see Fig. 6e and f). No densification is observed due
o the changed morphology of the GC40. The linear shrinkage
f the substrate confirms this. When fired at 930–1000 ◦C, the
inear shrinkage of the substrate has a constant value of 1.42%.

Although incorporating GC40 in the substrate formulation
annot enhance the densification of a substrate which has
een fired at 930–1000 ◦C, it can increase its strength. For
xample, the specimen prepared under the same process as
he substrate with BTs 100 wt% shows a bending strength of
2.83 ± 2.46 MPa when fired at 1000 ◦C. The bending strength
f the substrate when fired at 1000 ◦C is 44.48 ± 2.74 MPa,

hich is about twice the former value. This characteristic is help-

ul when incorporating other vitrified wastes and waste glasses
nto the substrate formulation.
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Fig. 6. SEM images of the substrate fired at 930 ◦C (a

Fig. 7. Photographs of P1 (a and c) and P2 (b and d) fired at 1000 ◦C, (a and b) and
(c and d) for the polished glass-ceramic surface and the polished cross-section
surface, respectively.
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and b), 970 ◦C (c and d), and 1000 ◦C (e and f).

Fig. 7a–d shows the photographs of P1 and P2 specimens
red at 1000 ◦C after polishing. Fig. 7a and b shows the polished
urface of the glass-ceramic layer of P1 and P2, respectively.
ig. 7c and d shows the surface of the cross-sections. As shown

n Fig. 7a and b, both P1 and P2 specimens have a satisfac-
ory appearance. As shown in Fig. 7c, the thickness of the
lass-ceramic layer of P1 is inhomogeneous, this is related to
he preparation of the green body. In fact, the current indus-
rial distributing device can ensure a thickness of 0.1 mm.
he single-load process is appropriate for preparing the green
ody.

To examine the surface quality in detail, Fig. 8a–c shows the
EM images of the polished surfaces of a commercial porcelain

ile and that of P1 and P2 fired at 1000 ◦C. For P1 and P2, the

ize of large pores is below 100 �m. As seen in Fig. 8a, the
ores in the porcelain tile show clear boundaries. Some pores
ith irregular boundaries are related to the crystallization seen

rom Fig. 8b and c (indicated by an arrow).29
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Fig. 8. SEM images of the polished surfaces of the samples: (a)

The SEM images of the polished cross-section surfaces of
1 and P2, fired at 1000 ◦C, are shown in Fig. 9a and b, respec-

ively. The specimens show good bonding between the two
ayers. Interface defects, such as detaching or cracking, are not
bserved.

None of the fired P1 and P2 specimens suffer macro-
eformation in the direction parallel to the layer alignment.
his can be related to fact that the thermal expansion coeffi-
ients of the top layer and the bottom layer are very similar.
he linear thermal expansion coefficient (200 ◦C < T < 900 ◦C)
f GC30 (top layer) and the substrate are 8.13 × 10−6 and

−6 ◦ −1
.29 × 10 C , respectively.
The bending strength of the substrate, P1 and P2 (see Fig. 10),

ncreases with the firing temperatures. Among them P1 and P2
how a bending strength higher than that of the substrate. When

b
o
fi
v

Fig. 9. SEM images of the polished cross-section s
mercial porcelain stoneware; (b) P1 and (c) P2 fired at 1000 ◦C.

red at 930–970 ◦C, the bending strength of P2 is higher than that
f P1. It is interesting that when fired at 1000 ◦C, P1 and P2 have
early same bending strength (about 51 MPa). The morphology
f GC40 could influence the bending strength of the substrate.
s shown in Fig. 6c–f, when fired at 1000 ◦C, some GC40 are

onnected and the bending strength of the substrate obviously
ncreases. The strengths of P1 and P2 are reasonable due to the
lass-ceramic layer, which has a bending strength about 80 MPa
hen fired at 930–1000 ◦C. In the bending strength tests, the
lass-ceramic layer was about 0.5 mm in thickness, and the sub-
trate was about 4.5 mm thick. Compared with P2, the different

ehavior of P1 could be related to the inhomogeneous thickness
f the glass-ceramic layer and the change of interlayer. When
red at 930 ◦C, the bulk densities of P1 and P2 have the same
alue (2.22 g/cm3), however, P1 has a lower bending strength.

urface of (a) P1 and (b) P2 fired at 1000 ◦C.
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ig. 10. Bending strength of the substrate, P1 and P2 fired at 930–1000 ◦C.

he fact that, when fired at 1000 ◦C, P1 and P2 exhibited the
ame bending strength could be related to the influence of the
nterlayer. EDS analysis shows that the thickness of the inter-
ayer is about 5 �m for P1 fired at 1000 ◦C, while it is about
�m if fired at 930 ◦C. It should be noted that due to the similar
ompositions of GC30 and GC40, the thickness of the inter-
ayer is determined by the contact areas, where the Ca-content
s obviously different.

The Vickers hardness of the top layer of P1 fired at different
emperatures is shown in Table 4. When fired at 930–1000 ◦C,
he Vickers hardness changes within the range 5.86–6.63 GPa.
he variation in Vickers hardness is related to the volume fric-

ion of the crystal phases and the microstructure. When fired
t 930 and 950 ◦C, the Vickers hardness increases from 6.50 to
.63 GPa. This can be attributed to the increase in the volume
riction of the crystal phases. When fired at 970 ◦C (nearly equal
o Tp), the Vickers hardness is 5.86 GPa due to the influence of
he microstructure. At Tp, the crystal phase has the maximum
rowth rate, and this could result in a coarser microstruc-
ure. When fired at 1000 ◦C, the Vickers hardness increases to
.32 Gpa. This is related to the change in microstructure. There-
ore, as Mcmillan30 stated, the maximum hardness approaches,
ut is not equal to, the value for the crystal phase due to the
nfluence of the microstructure.

When fired at 930–1000 ◦C, the bulk density and water
bsorption of the substrate show a small variation of
.13–2.14 g/cm3 and 8.81–8.24%, respectively. Although the

ubstrate layer has a higher water absorption, the double-layer
iles with integrated properties can be compared with porce-
ain tiles. Moreover, the sample sintered with a heating rate of
0 ◦C/min and holding time of 5 min at 1000 ◦C shows proper-

able 4
ickers hardness of the glass ceramic layer of P1 at 930–1000 ◦C.

iring temperature (◦C) Hardness (GPa)

930 6.50 ± 1.04
950 6.63 ± 1.27
970 5.86 ± 0.55
000 6.32 ± 0.45

[1

[1

[1

[1

[1
ramic Society 29 (2009) 1887–1894 1893

ies similar to those of a sample fired at 8 ◦C/min. Therefore, it
s possible to sinter the double-layer tiles with a short sintering
ime, since fine glass powders are favorable to both sintering and
urface crystallization.31

. Conclusions

This work has demonstrated the feasibility of preparing
ouble-layer glass-ceramic/ceramic tiles from BTs and RM. The
otal amount of waste used in the specimens could reach 56%
f their total weight (40% BTs plus RM in GC40). The top
lass-ceramic layer shows a good bond with the substrate under
single-step sintering process. The glass-ceramic also shows

ood properties. This work should help in the production of
igh quality two-layer ceramic tiles and in recycling industrial
aste.
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