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a  b  s  t  r  a  c  t

The  preparation,  characteristics  and  mechanisms  of sintered  bricks  manufactured  by Yellow  River  silt
and red  mud  were  studied.  The  sintering  shrinkage,  weight  loss  on  ignition,  water  absorption  and  com-
pressive  strength  were  tested  to  determine  the  optimum  preparation  condition.  Sintering  mechanisms
were  discussed  through  linear  regression  analysis.  Crystalline  components  of  raw  materials  and  bricks
were analyzed  by X-ray  diffraction.  Leaching  toxicity  of  raw  materials  and  bricks  were  measured  accord-
ing to sulphuric  acid  and  nitric  acid  method.  Radiation  safety  of the  sintered  bricks  was  characterized
by  calculating  internal  exposure  index  and  external  exposure  index.  The  results  showed  that  at  the  cho-
sen  best  parameters  (red  mud  content  of 40%, sintering  temperature  of  1050 ◦C  and  sintering  time  of
ed mud
intered Brick
eight loss mechanism

hrinkage mechanism

2  h),  the  best  characteristics  of sintered  bricks  could  be  obtained.  The  weight  loss on  ignition  of  sintered
bricks  was  principally  caused  by the removal  of  absorbed  water  and  crystal  water.  The  sintering  shrink-
age of sintered  bricks  mainly  depended  on  sodium  compounds  and  iron  compounds  of  red  mud.  The
sintering  process  made  some  components  of raw  materials  transform  into  other  crystals  having  better
thermostability.  Besides,  the leaching  toxicity  and  radioactivity  index  of  sintered  bricks  produced  under
the optimum  condition  were  all below  standards.
. Introduction

Yellow River flows through the loess plateau, taking away a lot
f silt, then the silt deposit in the downstream, known as the Yel-
ow River silt (YRS). Large amount of YRS (about 4 × 108 tons per
ear) distribute in the lower Yellow River, and the riverbed on the
ownstream is continuously elevated, which is very dangerous to
esidents living nearby the valley [1,2]. Therefore, the comprehen-
ive utilization of YRS is imperative. Some researchers have used
RS to produce wall tile [3],  ceramic simple bricks [4],  perforated
ricks [5] and artificial stone used for flood control [6]. But these
roducts often require high preparation temperature (higher than
100 ◦C), and their strength also need to be improved.

Red mud  (RM) is a by-product from the alumina industry, and
roduction of 1 ton alumina results in 1.2–2 ton RM [7].  Typically,
M is disposed in landfills, which usually takes up too much land
nd also leads to other serious environmental problems, such as soil
ontamination, groundwater pollution and increase of dust content

n air [8].  Hence, it is very necessary to manage and reuse RM.  In
hina, about 1 × 107 tons of RM are generated per year, and a con-
inuous increase is expected in the future [9],  but only a small part
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of them has been utilized for glass-ceramics [10], cement [11], land
composting [12], sewage treatment [13,14], stabilization material
[15], building material and metal recovery [16].

Using RM and YRS as raw materials to produce bricks would
be a good option. Because it can maximally (100%) realize com-
prehensive utilization of solid waste; moreover, there were many
alkaline substances in RM [17], which not only can lower the sin-
tering temperature to save energy, but also can help form glassy
phase to improve the strength of bricks. However, there have been
few studies on this field. The aim of the present research was to
investigate the feasibility of manufacturing sintered bricks with
YRS and RM,  and then to determine the best preparation condition.
In addition, the weight loss mechanism and shrinkage mechanism
were quantitatively discussed, which would provide important
theoretical basis for the future research works about sintered
bricks.

2. Materials and methods

2.1. Raw materials
YRS was obtained from the edge of the Yellow River, Jinan,
China; and RM was obtained from Shandong Aluminum Company,
China, which was  produced by Bayer process.

dx.doi.org/10.1016/j.jhazmat.2011.11.095
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:qyyue@sdu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.11.095
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YRS and RM were dried at 105 ◦C for 4 h in an electric oven ther-
ostat, and then were crushed to pass sieve No. 100 (the diameter

f mesh is 0.154 mm)  for subsequent use.

.2. The preparation of sintered bricks

For the preparation of one specimen, a total amount of 40 g raw
aterials was applied. YRS and RM were mixed by different weight

atio. After 4 mL  water (10% by mass ratio) was injected in, the raw
aterials were homogenized and then suppressed in a mold (diam-

ter of 50 mm,  length of 50 mm)  at 20 MPa  for one minute to obtain
 green body.

Green bodies were placed at room temperature for 24 h for
esiccation. The dried specimens were sintered in a SX212-16
igh temperature box resistance furnace with a heating rate of
.5 ◦C/min from room temperature to the designated temperatures,
nd then were maintained at the highest temperatures for a desig-
ated time to ensure the full agglomeration. Finally, sintered bricks
ere obtained after cooling down to the room temperature.

.3. Analysis and methods

.3.1. Chemical analysis
The chemical components of the YRS and RM were determined

y energy dispersive X-ray analysis (EDAX), and PV9100 X-ray
nergy spectrometer was used during this part.

.3.2. X-ray diffraction (XRD) analysis
Crystal components of raw materials and sintered bricks were

tudied by a Rigaku (Japan) D/MAX-rA diffractometer (Cu K� radi-
tion), which was equipped with a graphite monochromator in
he diffracted beam. The measured results were used to analyze
rystalline phase evolution.

.3.3. Thermal analysis
Thermal behavior of YRS and RM were tested to determine

intering temperature by thermogravimetry (TG) and differential
canning calorimetry (DSC), using a Q600 SDT synchronization
eat analyzer. Raw materials were heated from room temperature
22 ◦C) to 1100 ◦C at a rate of 10 ◦C/min in air atmosphere.

.3.4. Microstructure analysis
The microstructures of some sintered bricks were characterized

y using a JEOL JSM-7600F scanning electron microscope (SEM),
elping to explain sintering mechanism.

.3.5. Leaching toxicity
Heavy metal elements of raw materials and sintered bricks were

eached by solid waste-extraction procedure for leaching toxicity-
ulphuric acid and nitric acid method [18]. The concentrations of
oxic metal elements in the leachates were determined by ICP-AES
IRIS Intrepid II XSP equipment), and then the results were com-
ared with GB 5085.3-2007 [19] to confirm the safety of sintered
ricks to be applied in civil engineering.

.3.6. Radioactivity
In order to assess radiation safety of the sintered bricks, inter-

al exposure index and external exposure index of the bricks were
alculated according to specific activity of radionuclide of raw
aterials, and then the calculation results were compared with GB

566-2010 [20].
.3.7. Characterization of sintered bricks
Some important performance indexes (weight loss on ignition,

intering shrinkage, water absorption and compressive strength)
terials 203– 204 (2012) 53– 61

were chosen to characterize the quality of the experimental sin-
tered bricks, and then the optimum preparation condition was
determined.

Weight loss on ignition meant the weight loss of bricks during
the sintering process. Weight loss on ignition was calculated from
Eq. (1).  Sintering shrinkage was  another important index of sin-
tered bricks. If sintering shrinkage was too high, the bricks were
easy to suffer from deformation. Sintering shrinkage was calcu-
lated from Eq. (2).  Bricks with small water absorption could be
more durable and resistant to environmental damage. The water
absorption can affect strength and durability of bricks, and it was
calculated from Eq. (3).  Because the specimens were smaller than
common bricks, the compressive strength of sintered bricks was
measured via a computer controlled automatic pressure testing
machine YAW 4106, and it was  calculated from Eq. (4).  In order to
get accurate test results, two repetitions were made to determine
these properties of sintered bricks in this research.

WLI  = WBS  − WAS
WBS

(1)

where WLI  is for weight loss on ignition; WBS  is for weight of
specimens before sintering; WAS  is for weight of specimens after
sintering.

SS = VBS − VAS
VBS

(2)

where SS is for sintering shrinkage; VBS is for volume of specimens
before sintering; VAS is for volume of specimens after sintering.

WA = WASW − WBSW
WBSW

(3)

where WA is for water absorption; WASW is for weight of spec-
imens after soaking in water for 24 h; WBSW is for weight of
specimens before soaking in water.

CS = FB
FA

(4)

where CS is for compressive strength; FB is for force of breaking
specimens; FA is for force area of specimens

3. Results and discussion

3.1. Analysis on the raw materials

3.1.1. Chemical analysis (EDAX)
The chemical components of YRS and RM are shown in Table 1.

It can be seen that silicon and aluminum were the main compo-
sitions for YRS, while iron, silicon, aluminum and sodium were
major in RM.  Because manufacturing perforated bricks with YRS
has been a mature technology [21], the similarity between com-
positions of YRS and RM indicated that preparing bricks with these
two materials was  possible. The mass ratio of Na2O in RM was  about
14.5%, and the melting points of sodium compounds were relatively
low. So mixing RM and YRS to prepare sintered bricks would be a
double-win choice, because it not only can decrease the sintering
temperature and energy cost, but also can utilize large amount of
RM, turning solid waste into resource.

3.1.2. Crystal components analysis (XRD)
The crystal components of YRS were concise as Fig. 1(a) shown,

the main component was quartz (SiO2), and there were a little anor-
thite (CaAl2Si2O8), calcite (CaCO3), illite (K0.7Al2(Si,Al)4O10(OH)2)
and (Co5Zn21)52B. Fig. 1(b) shows that the crystal components of

RM were multitudinous, and the main crystalline phases were
goethite (�-FeO(OH)), hematite (Fe2O3), Na5Al3CSi3O15, quartz
(SiO2) and calcite (CaCO3). The XRD analysis results were associated
to the chemical components of YRS and RM as Table 1 shown.
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Table  1
The chemical components of YRS and RM (%).

SiO2 Al2O3 Fe2O3 CaO TiO2 MgO  Na2O K2O MnO

YRS 74.01 12.15 3.31 4.12 0.19 2.65 1.90 1.59 0.09
RM 26.36 23.97 30.11 2.58 2.48 – 14.50 – –
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θ2

Fig. 1. XRD patterns of YRS (a) and RM (b).

.1.3. Thermal analysis (TG/DSC)
As Fig. 2(a) shown, there was a continuous weight loss dis-

ributed between 28.63–706.07 ◦C in the TG plot of YRS. The weight
oss of 1.682% at 28.63–344.70 ◦C was attributed to the evaporation
f adsorbed water. The weight loss of 4.098% at 344.70–706.07 ◦C
as caused by the release of constitution water from illite

K0.7Al2(Si,Al)4O10(OH)2). Between 706.07 ◦C and 934.66 ◦C, there
as almost no weight loss or increase. However, another weight

oss of 0.2352% was observed at 934.66–1088.13 ◦C, due to the
ecomposition of some crystals. The DSC curve of YRS was
omparative smooth, and there were no obvious endothermic
eaks.

For RM,  as Fig. 2(b) shown, weight loss was more obvious
han that of YRS, and the DSC curve was fluctuant. Weight loss
f 8.815% at 22–340.42 ◦C was observed in the TG curve, caused
y the removal of adsorbed water. Weight loss of 2.524% at
40.42–655.25 ◦C was mainly due to the elimination of crystal
ater. However, when the temperature rose from 655.25 ◦C to

089.64 ◦C, weight increase of 1.094% was observed, which indi-

ated that air reacted with RM at high temperature. Endothermic
eaks at around 290.47 ◦C and 641.62 ◦C in the DSC curve were
aused by the elimination of adsorbed water and crystal water,
espectively, which confirmed the analysis results from TG curve.
ential scanning calorimetry.

Another two obvious endothermic peaks (817.81 ◦C and 859.80 ◦C)
should be attributed to the decomposition of calcite [22]. In addi-
tion, there was  a big endothermic peak at 1016.99 ◦C, which
indicated that the reaction occurring between air and RM at high
temperature was  endothermic.

It was  summarized that YRS can be considered as an inert
component below 950 ◦C. RM also was  substantially stable below
900 ◦C, and the losses of H2O from hydroxide and CO2 from calcite
were the only detectable effects, which were in agreement with the
analysis results from Sglavo [23].

3.2. Preliminary determination of sintering temperature

In order to obtain solid bricks, adsorbed water and crystal water
must be removed and glassy phase should be produced. Below
950 ◦C, YRS and RM were almost inert. The decomposition reac-
tions of YRS began at 940 ◦C and basically finished at about 1000 ◦C
(TG plot no longer continued to decline as Fig. 2(a) shown). In addi-
tion, synthetic reactions between air and RM began at around of

1017 ◦C as Fig. 2(b) shown. So 1000 ◦C was  selected as the initial
sintering temperature for subsequent experiments.
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ig. 3. The characteristics of bricks sintered at 1000 ◦C for 1 h, 2 h and 3 h; (a) weight
oss on ignition, (b) sintering shrinkage, (c) water absorption.

.3. Determination of the optimum preparation condition

.3.1. The effect of sintering time and RM content on the
roperties of bricks

Three groups of samples with different RM content were pre-
ared, and then were sintered at 1000 ◦C for 1 h, 2 h and 3 h,
espectively. There were many dregs falling off from these experi-
ental sintered bricks, especially for the bricks sintered at 1000 ◦C

or 1 h.
Weight loss on ignition, sintering shrinkage and water absorp-
ion of the sintered bricks were tested, and the results are presented
n Fig. 3. For bricks with the same RM content, the value of these
hree performance indexes all changed little with the variation of
intering time, meaning that sintering time was not a key factor.
terials 203– 204 (2012) 53– 61

However, for bricks with the same sintering time, when the RM
content increased from 10% to 80%, weight loss on ignition obvi-
ously increased (about from 6% to 11%) as Fig. 3(a) shown; sintering
shrinkage also significantly grew (about from −4% to 14%) as shown
in Fig. 3(b); but water absorption decreased about from 27% to 16%
as Fig. 3(c) shown, for the increase of sintering shrinkage would
lower porosity, and then decrease water absorption of sintered
bricks.

3.3.2. The effect of sintering temperature on the properties of
bricks

Three groups of samples were sintered at 1000 ◦C, 1050 ◦C and
1100 ◦C for 2 h, respectively. The measured results of weight loss
on ignition, sintering shrinkage and water absorption are shown in
Fig. 4. For bricks with the same RM content, weight loss on igni-
tion changed little with the variation of sintering temperatures as
Fig. 4(a) shown; when sintering temperature rose, sintering shrink-
age would observably increase as Fig. 4(b) shown; however, the
variation tendency of water absorption was just the opposite as
Fig. 4(c) shown, decreasing with the sintering temperature rising.

Normally, for a good clay brick, weight loss on ignition is not
more than 15%; sintering shrinkage should be less than 8% [24];
water adsorption should be less than 20% [25]. According to these
requirements, bricks produced under two  conditions were suit-
able. The first one: RM content was  40% and sintering temperature
was 1050 ◦C. The second one: RM content was 20% and sintering
temperature was 1100 ◦C. However, the second condition would
consume more energy (1100 ◦C), and the utilization rate of RM
was relatively low. In order to maximally realize the RM resource
and save energy, the first condition (RM content of 40%, sintering
temperature of 1050 ◦C and sintering time of 2 h) was  preferable.

3.3.3. The test of compressive strength
Two experimental bricks with RM content of 40% were sintered

at 1050 ◦C for 2 h, and then their compressive strengths were tested.
According to GB5101-2003, minimum compressive strength value
of clay bricks with strength grade of MU  30 was 30 MPa. As Table 2
shown, the mean value of compressive strength of the two exper-
imental sintered bricks was 39.1 MPa, which indicated that the
sintered bricks were suitable to be used as substitutes of clay bricks.

So the optimum preparation condition was determined as RM
content of 40%, sintering temperature of 1050 ◦C and sintering time
of 2 h. The sintering temperature was lower than that of bricks pro-
duced only using YRS [4,5], proving that RM can really decrease the
sintering temperature of bricks.

3.4. Sintering mechanisms

Sintering mechanisms consisted of weight loss mechanism and
shrinkage mechanism. Ten samples (RM content was  5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80% and 90%, respectively) were sintered
at 1050 ◦C for 2 h. Then their weight loss on ignition and sintering
shrinkage were measured to discuss the weight loss mechanism
and shrinkage mechanism, respectively.

3.4.1. Weight loss mechanism
In order to determine the main reason causing weight loss,

the data of weight loss on ignition were analyzed by unary linear
regression as line (a) of Fig. 5 shown. The related coefficient was
0.97792, therefore, we could consider that weight loss on ignition
was unary linear related to RM content.

According to the thermal analysis of raw materials in Fig. 2, the

mass ratio of water in RM was about 11.339% (8.815% adsorbed
water and 2.524% crystal water), and that was 5.780% (1.682%
adsorbed water and 4.098% crystal water) in YRS. During the exper-
iments, it was  found that the weight of dried specimens was near
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Table  2
Compressive strength of bricks sintered at 1050 ◦C for 2 h with 40% RM.

Samples Area under pressure (mm2) Breaking force (KN) Compressive strength (MPa) Mean value (MPa)

1 1901.17 69.7 36.7 39.1
2 1901.17  78.7 41.4
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Fig. 5. Weight loss mechanism analysis: (a) weight loss on ignition of bricks sintered
at  1050 ◦C for 2 h; (b) the theoretical water content of dried specimens.

to the weight of raw materials. So it can be supposed that the
4 mL  water injected for forming green body had been completely
removed through desiccation process (24 h at room temperature),
therefore, the theoretical water content (adsorbed water and crys-
tal water) of dried specimens with different RM addition can be
calculated from Eq. (5),  and the calculation results are shown in
the line (b) of Fig. 5. The intercept and slope of line (b) reflected
the water content of YRS and the growth rate of theoretical water
content with RM content increasing, respectively.

Y1 = 5.78% + 5.559%X1 (5)

where Y1 is for the theoretical water content of dried specimens;
X1 is for the RM content of dried specimens.

As Fig. 5 shown, there were great similarities between line (a)
and line (b). Therefore, it can be conjectured that weight loss on
ignition was mainly caused by the removal of adsorbed and crys-
tal water of dried specimens. The intercepts of the two  lines were
approximately equal (5.50465 for line (a), 5.78 for line (b)). How-
ever, there was  a little difference between their slopes (0.07275 for
line (a), 0.05559 for line (b)). Because RM had good water retention
property [26], and as the growth of RM content, more water was
maintained in the dried specimens to cause the weight increase of
the specimens before sintering (dried specimens), so weight loss
on ignition would also rise according to Eq. (1).  Therefore, weight
loss rate was  higher than the growth rate of the theoretical water
content, in other words, the slope of line (a) was greater than that
of line (b).

In addition, from Fig. 4(a), it was found that weight loss on
ignition only slightly changed (±0.74%) as the sintering temper-
ature increasing. This can further confirm the above conjecture
that weight loss on ignition was  mainly caused by the removal of
adsorbed and crystal water, and they would be completely elimi-
nated no matter the temperature was 1000 ◦C, 1050 ◦C or 1100 ◦C.
3.4.2. Shrinkage mechanism
The chemical components of ceramic bodies can be classified

into three groups: (1) the skeleton components, which formed the
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ramework and surfaces of ceramic bodies, mainly consisting of
iO2 and Al2O3; (2) the flux materials, which lowered the melt-
ng point, mainly containing alkali metal oxide and alkaline-earth

etal oxide such as CaO, Na2O, K2O and MgO; (3) the gaseous com-
onents, which generated gases and bloated the ceramic bodies in
he sintering process at high temperature, mainly containing Fe2O3
27]. Sintering shrinkage of bricks depended on the flux materials
nd the gaseous components. The former could produce molten
aterials to compress interspaces, and the latter could release

ases to expand pore.
As Table 1 shown, the weight percent of SiO2 and Al2O3 in

RS was about 74.01% and 12.15%, respectively, which meant that
ore than 86% of the weight of YRS was the skeleton components

nd YRS was thermostable. However, the skeleton components,
ux materials and gaseous components all were found in RM,  and
heir weight percent was about 50% (SiO2 and Al2O3), 30% (Fe2O3)
nd 14.5% (Na2O), respectively. From Fig. 1(b), it can be seen that
he main components of RM were goethite (�-FeO(OH)), hematite
Fe2O3), Na5Al3CSi3O15, quartz (SiO2) and calcite (CaCO3). When
he temperature grew from room temperature to 1050 ◦C, calcite
nd hematite decomposed at 800 ◦C and more than 1000 ◦C, respec-
ively, as Eqs. (6) and (7) shown [28]. However, the volume of CO2
as very small due to the low mass fraction of CaCO3, which meant
2 was the main gases during sintering process. So the amount of
olten materials depended on sodium compounds of RM,  while

he volume of gases mainly hinged on iron compounds of RM.

aCO3 → CaO + CO2 ↑ (6)

Fe2O3 → 2Fe3O4 + 1
2

O2 ↑ (7)

t high temperature, if O2 was wrapped in molten materials, the
olume of bricks would expand. However, as Fig. 6 shown, most
f bricks shrank, and shrinking value rose from −4.47% to 25.64%
s RM content increased from 5% to 90%. This indicated that there
ad been lot of little interspaces in the inside of dried specimens
efore sintering operation, and the volume fraction of these lit-
le interspaces would be slightly increased, corresponding to the
emoval of adsorbed water and crystal water during sintering pro-
ess. When the temperature was up to 1050 ◦C, molten materials
ould fill these little interspaces. So, sintering shrinkage can be

imply calculated from Eq. (8).

2 = (A − B) × X2 − Z = C × X2 − Z (8)

here Y2 is for sintering shrinkage of bricks; X2 is for RM content;
 is for the flux materials coefficient reflecting the effect of sodium
ompounds of RM on sintering shrinkage; B is for the gases coef-

cient reflecting the effect of iron compounds of RM on sintering
hrinkage; C is for the coefficient colligating A and B; and Z is for
he increment of volume percent of the original little interspaces
uring sintering process.

able 3
oncentrations of toxic metal elements in the leachates of YRS, RM and sintered bricks pr

Toxic metal elements Ba Cr Cu Ni 

Concentrations in the
leachates of YRS

0.069 1.108 0.176 N 

Concentrations in the
leachates of RM

0.120 8.814 2.844 1.0

Theoretical
concentrations in
the leachates of
sintered bricks (40%
RM and 60% YRS)

0.089 4.190 1.243 0.4

Concentrations in the
leachates of sintered
bricks

0.040 1.585 0.198 0.1

Toxicity thresholds 100 15 100 5 
Fig. 6. Shrinkage mechanism analysis: sintering shrinkage of bricks sintered at
1050 ◦C for 2 h.

The data of sintering shrinkage were fitted by unary linear
regression, and related coefficient was  0.99. This meant there
was remarkable positive correlativity between RM content and
sintering shrinkage, confirming the correctness of Eq. (8).  The
intercept and slope of the fitted straight line was −6.27593 and
0.37048, respectively. Therefore, the increment of volume percent
of the original little interspaces during sintering process was  about
6.27593%, and the colligation influence coefficient of RM was about
0.37048.

3.5. Microstructures analysis of sintered bricks

SEM photographs of the fracture surface of bricks sintered at
1050 ◦C for 2 h are shown in Fig. 7. It can be seen that as the RM
content rising from 5% to 80%, more glassy phases were observed
and the number of small holes was reduced. Because when RM con-
tent increase, more molten materials would be produced owing to
the growth of flux materials, which would form more glassy phases
and compress the internal space of sintered bricks [29,30]. Espe-
cially for sintered bricks with RM content of 5%, as Fig. 7(a1) shown,
internal particles did not stick together and there were still lot of
original little interspaces, due to lack of enough flux materials. The
microstructures were consistent with the growth trend of sintering
shrinkage in Fig. 6.
3.6. Leaching toxicity

To inspect and compare the leaching toxicity of YRS, RM and
sintered bricks prepared in the optimum condition, heavy metals

epared in the optimum condition (mgL−1).

Pb Zn As Cd Co

0.108 0.083 N N N

62 0.821 3.134 0.190 N N

25 0.393 1.303 0.076 N N

24 0.090 0.178 0.245 N N

5 100 5 1 –
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F 2 h (RM content of 5% – 500 times (a1), 3000 times (a2); RM content of 40% – 500 times
(

(
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Table 4
Specific activity of radionuclide in YRS and RM (Bq kg−1).

226Ra 232Th 40K

YRS 41.4 56.9 623.9
ig. 7. SEM photographs showing fracture surface of bricks sintered at 1050 ◦C for 

b1),  3000 times (b2); RM content of 80% – 500 times (c1), 3000 times (c2)).

Ba, Cr, Cu, Ni, Pb, Zn, As, Cd and Co) in the leachates were measured
nd their concentrations are shown in Table 3. As can be seen, for
RS, RM and bricks, all heavy metal contents in leachates did not
xceed threshold prescribed in GB5085.3-2007, of which, the con-
entrations of Cd and Co were lower than detection limit. However,
he concentrations of heavy metals (except As) in the leachates of
intered bricks were far less than theoretical concentrations, which
ndicated that sintering process had good immobilization effect on
he heavy metals [2].

.7. Radioactivity

According to national standard GB 6566-2010, 226Ra, 232Th

nd 40K were used to assess radiation safety of building materi-
ls. Because of limited experimental condition, specific activity of
adionuclide in RM was provided by Shandong Aluminum Com-
any where RM used in our study were produced; specific activity
RM  59.83 293.81 10

of radionuclide in YRS was  obtained from Li and Xie’ research work
[31].

Specific activity of 226Ra, 232Th and 40K in YRS and RM are pre-
sented in Table 4. Internal exposure index and external exposure
index were calculated from Eqs. (9) and (10), respectively, and the
two indexes of main materials for building must be less than 1 in
accordance with GB 6566-2010.
IRa = CRa

200Bq · kq−1
(9)
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ig. 8. XRD patterns of sintered bricks produced under the optimum condition.

r = CRa

370 Bq kg−1
+ CTh

260 Bq kg−1
+ CK

4200 Bq kg−1
(10)

here IRa and Ir are for internal exposure index and external expo-
ure index, respectively; CRa, CTh and CK are for specific activity of
26Ra, 232Th and 40K, respectively (Bq kg−1).

By calculation, internal exposure index and external exposure
ndex of YRS was 0.21 and 0.48, respectively; while internal expo-
ure index and external exposure index of RM was  0.30 and 1.29,
espectively. The radiation level of bricks can be calculated on the
asis of the proportion of raw materials [32]. Therefore, the theo-
etical internal exposure index and external exposure index of the
intered bricks produced under the best preparation condition (RM
ontent of 40%) was 0.246 and 0.804, respectively.

The leaching toxicity and radioactivity index of sintered bricks
roduced under the optimum condition were all below standards.
onsequently, it was harmless and safe to use them as construction
aterials.

.8. XRD analysis of sintered bricks produced under the optimum
ondition

As Fig. 8 shown, the main crystal components of the sintered
ricks produced under the optimum condition were quartz (SiO2),
northite (CaAl2Si2O8), hematite (Fe2O3), magnetite (Fe3O4),
a5Al3CSi3O15 and a little nepheline (NaAlSiO4). Comparing with
ig. 1(a) and (b), it can be seen that the amount of anorthite
ncreased, goethite and calcite disappeared, and magnetite and
epheline were observed for the first time. The extinction of
oethite and calcite was due to their decomposition at high temper-
ture, and the decomposition product of calcite, CaO, contributed
o the increase of anorthite. At 1050 ◦C, a part of hematite could
ransform to magnetite as Eq. (7) shown. The appearance of a little
epheline might be caused by illite decomposing. All in all, through
he sintering operation, the unstable substances with poor thermal
tability would be transformed to other thermostable substances
33,34].

. Conclusions

In this study, the optimum condition for preparing sintered
ricks with YRS and RM was determined as follow: RM content

as 40% by mass ratio; the sintering temperature was  1050 ◦C;

he sintering time, a non-critical factor, was 2 h. Under the best
reparation condition, weight loss on ignition, sintering shrinkage,
ater absorption and compressive strength of the sintered bricks

[

[

terials 203– 204 (2012) 53– 61

were 8.91%, 7.49%, 17.91% and 39.1 MPa, respectively, meeting the
requirements of common bricks. And according to the toxic metal
leaching test results and the calculation results of internal and
external exposure index, the sintered bricks were safe to the envi-
ronment. Therefore, it was  quite feasible to manufacture sintered
bricks with YRS and RM.

Comparing the results from calculation and experiments, it was
found that weight loss on ignition was essentially caused by the
removal of adsorbed water and crystal water. Sintering shrinkage
mainly depended on sodium compounds (flux materials) and iron
compounds (gaseous components) of RM.  The comparative analy-
sis on XRD patterns of raw materials and sintered bricks produced
under the optimum condition indicated that high temperature can
make substances with poor thermal stability transform to other
substances with good thermal stability.
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