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Abstract

Power plants generate a great amount of solid waste named ash during coal combustion. From this process two different kinds of
ashes are extracted: fly ash (FA) and bottom ash (BA). In this work possible use of both fly and bottom ash as raw material for the
ceramic industry, is analyzed. The samples were formed by mechanical mixing of both kinds of ashes, and density evolution during

conformation as structural ceramic (packing, pressing and sintering) was studied. It was verified that powders with larger fly ash
content exhibited higher packing density resulting in compacts with improved green and sintered densities. Preheating treatments at
temperatures above 600 �C also increased the green and sintered densities. Dilatometric curves on compacts formed from FA and

BA powders were run at constant heating rate and at isothermal cycles. From the analysis of these data it can be established that
liquid-phase sintering is the densification mechanism present at 1180 �C.
# 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Significant amounts of solid wastes are produced
during combustion of coal in thermal power plants. This
residue is known as ash (unburned material) and can be
classified according to the zone where it is recovered from.
Thus, two kinds of ash are distinguished: fly ash (FA)
and bottom ash (BA). About 80% of the ash is
entrained in the gas flow and it is captured and recovered
as fly ash. The remaining 20% of the ash is bottom ash, a
dark gray, granular, and porous material, whose particle
size is predominantly below 12.7mm, which is collected in
a water-filled hopper at the bottom of the furnace. When
a given amount of bottom ash drops into the hopper, it is
removed, conveyed and stockpiled for disposal.
The fly ash can be classified as class F, normally pro-

duced from burning anthracite or bituminous coal, or
class C, normally produced from lignite or sub-
bituminous coal [1]. The first one (aluminosilicate ash)
has pozzolanic properties and the second one (calcium
sulphate ash) has both pozzolanic and some cementi-
tious properties [1].

Fly ash utility and applications have intensively stud-
ied in industrial countries. Owing to the environmental
problem, each region develops specific studies about the
characterization and use of their own ashes.
At present, there is an intensive search to increase

their uses, although they are utilized as raw materials in
the cement industry [2–4] where they are mixed with
clays and carbonates. Besides, they have been used for
land filling, which is an unsatisfactory solution from
both ecological and economical points of view [5]. Other
uses of residual ashes as raw material in the brick and
ceramic tile fabrication, as filler in plastics and paints,
and for metal recovery have been proposed [6]. The fly
ashes were combined with sodium aluminates to syn-
thesize zeolites [7], and it was suggested that fly ash can
be converted into tobermorite [8] which can be used in
the separation, immobilization and disposal of radio-
active species such as cesium and strontium.
On the other hand, some studies to incorporate the fly

ash as ceramic raw material have been made owing to
the high percentage of silica and alumina contained in
class F. For example, zirconia was added to a fly ash
matrix in some proportions, up to 25% ZrO2, and a
strong interaction of Al2O3, ZrO2 and Fe2O3 with SiO2
to form mullite, zircon and faylite, respectively was
noticed [9]. The possible formation of mullite phase
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from sintering reaction of fly ash and alumina was ana-
lyzed [10]. In this study the lowest porosity and the
highest microhardness were present in samples heated at
1500 �C with 30 and 40% alumina. In other work, both
classes F and C fly ashes were used to synthesize mullite
[11]. Owing to the high levels of impurities present in
class C fly ash they were not suitable to obtain mullite.
However, class F fly ash, with a previous beneficiation
process, reached a complete mullitization at 1600 �C (2
h) with an ash:alumina ratio of 115:100. This clean ash-
derived mullite presented water absorption, density,
refractoriness, thermal expansion coefficient and frac-
ture toughness comparable with commercial mullite.
Fly ashes were mixed with float dolomite (waste from

zinc mineral extraction) to obtain amorphous glasses at
1550 �C [12]. These glasses were recrystallized into par-
tially crystallized materials (glass ceramics). Both the
original glasses and the glass ceramics showed better
thermal and mechanical properties than the conven-
tional glasses and/or commercial glass ceramics [12].
The preparation of glass matrix composite materials

was reported by Boccaccini et al. [13], the matrix was
formed by fly ash and cullet glass (obtained from float
glass production). Alumina platelets were used as rein-
forcement material, and the fly ash content was varied
between 10 and 90% by weight. The mechanical prop-
erties (Young’s modulus, bending strength, hardness
and toughness) increased when platelets content
increased, although the porosity in the samples was
high. Alumina platelets reinforcement permitted to
obtain materials with low brittleness index (less brittle)
that would result in a material having good machin-
ability.
Know-how on the ash compacting characteristics was

presented by Guo et al. [14,15] who mixed fly ash and
aluminum powders to produce low cost composite
materials with potential applications in the automotive
industry. The authors described the preparation of alu-
minum–fly ash composite materials by the conventional
compacting and sintering route.
The aim of this work is to determine the possible use

of both fly ash and bottom ash as raw materials for the
ceramic industry. Here an initial study to know packing
and compacting characteristics of fly and bottom ashes
and their influence on the final density of the compacts
is presented. The thermal evolution of shrinkage by
dilatometric measurements is described.

2. Experimental procedure

The starting materials were ashes produced during the
coal combustion in a thermal power station. They were
classified in bottom ash (BA) and fly ash (FA). Both kind
of powders were dried at 100–110 �C to reach a constant
weight.

Particle size distributions were determined by dry
sieving (ASTM C92-76). In the BA powder particles
higher than 1.70 mm (agglomerates retain on mesh 12)
were excluded because they were too large and they
produced some difficulties during the compacts con-
formation process. These agglomerates constitute
between 15 and 18 wt.% of BA powder, while there is
not a detectable presence of this particle size in the FA
powder.
Both types of ashes, without previous calcination

treatment (samples NP), were mechanically mixed with
three weight ratios FA/BA=1/3, 1 and 3. Additional
samples were obtained from the powders FA, BA and
FA/BA=1 precalcined during 2 h at 350 �C (samples
P350), 600 �C (samples P600) and 880 �C (samples
P880).
The morphology of different ashes was examined by

scanning electron microscopy (SEM) in a Philips 505
microscope, and elemental analysis was determined by
energy dispersive analysis (EDS).
Residual coal contained in the ashes was determined

from the mass loss after 6 h at different temperatures in
the range 400–1000 �C.
Packing density (rp) was obtained weighting the

powder poured into a cylindrical container. The rp was
calculated using the mass:volume ratio (picnometric
determination). The rp values presented here are avera-
ges of five measurements.
A 1 wt.% of polyvinyl alcohol (PVA) was added as

binder to ash powders. PVA was dissolved in distilled
water previously to its addition to the powder.
Approximately 1 g of powder was uniaxially cold pres-
sed at 100 MPa. A cylindrical matrix, 12.0 mm in dia-
meter, was used and compacts resulted among 3.9–6.1
mm in height.
The green density (ro) of the compacted powders was

calculated from the mass:volume ratio, determining
geometrically the volume of compacts.
Different compacts were heated during 2 h at 1100,

1150 and 1200 �C. The sintering density (rs) was calcu-
lated by the immersion method using distilled water.
Some compacts forming from FA and BA powders

were assayed in a dilatometer (Theta Instruments Inc.,
Dilatronic II). The samples were heated, at 5 �C/min
constant rate, up to different isothermal temperatures:
1100, 1150 and 1200 �C, where they were maintained for
2 h. All thermal treatments were performed under nor-
mal atmospheric conditions.

3. Results

3.1. General characteristics of the ashes

Chemical analysis of BA and FA ashes by EDS
determination (wt.% of oxides) is shown in Table 1.
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These data show that silica (SiO2) and alumina (Al2O3)
are the main oxides. Besides, both ashes have an
important amount of iron oxide (as ferric) and calcium
oxide.
Chemical compositions of both the FA and the BA

ashes are similar, but an important difference from the
residual coal content in each one is observed. The resi-
dual coal is approximately 2.5 wt.% in FA powders,
while this percentage rises to 11.5 wt.% in BA powders.
As it is shown in Fig. 1, the highest mass loss (�m/mo)
is produced below 500 �C.
Fig. 2a shows typical morphology of FA powders. In

this SEM image spherical particles with a broad particle
size distribution are observed. Such spherical shape was
observed throughout this sample.
Angular particles are observed in the SEM micro-

graph of Fig. 2b corresponding to BA powder. Besides
agglomerates of spherical particles were present in this
sample. As it was already explained the different zones
of burner where the ashes are removed determine the
shape of the particles.
Sample obtained from FA and BA powders mixed in

equal proportions (FA/BA=1) presents both angular
and spherical particle shapes as it is shown in Fig. 2c
and d. In this powder, block-like particles greater than

10 mm are observed. These blocks are rounded by sphe-
rical particles brought principally by FA powder.
The particle size distributions of the ashes without

calcination process and precalcined at 600 �C are pre-
sented in Fig. 3. The NP bottom ash powder has 22.0
wt.% of particles lower than 75 mm (Fig. 3a). On the
other hand, the amount of this finer particles increases
until 74.5 wt.% in the NP fly ash powder (Fig. 3b).
As it can be observed from these figs. when the FA

and BA powders are heated at 600 �C, the distribution
of particle size changes. Fraction lower than 75 mm
increases its weight percentage in both precalcined
ashes. In the bottom ashes this increase is also present in
fraction between 75 and 150 mm. On the contrary, the
weight percentage in the fly ashes 75–150 mm decreases
when they are precalcined at 600 �C, and the residual
coal in the as received ashes is eliminated.
From these results, it was observed that the FA pow-

der presents three principal differences with respect to
the BA one: (1) a lower residual coal content, (2) more
particles with spherical shape, and (3) finer particle size
distribution.

3.2. Packing grade and densification

The influence of residual coal on both the packing
grade and densification process was evaluated. Packing
density, green density and final sintering density in
samples from powders NP, P350, P600 and P800 were
compared.
Fig. 4a shows packing densities of different powders,

produced by mixing FA and BA powders without pre-
calcination treatment (NP). It can be noticed that an
increase in the FA content permits to obtain a powder
with higher packing densities. This behavior has influ-
ence on compacts densities, provided that samples with
higher packing densities attain higher green densities,
and higher green density leads to higher final density
when the compact is sintered at 1200 �C during 2 h.
The same behavior was observed in samples formed

from ashes preheated at 350 �C (Fig. 4b), 600 �C
(Fig. 4c) and 880 �C (Fig. 4d).
In Fig. 5, it can be observed that there is no significant

difference among green densities of compacts formed
with NP and P350 powders. However, a considerable
increase in these densities is observed in compacts
formed from BA and FA/BA powders when these are
preheated at 600 and 880 �C.
Dilatometric curves from compacts formed by fly and

bottom ashes are shown in Fig. 6 where Lo is the initial
length of the compacts. It can be seen that there is not
contraction for temperatures below 700 �C. For BA
compact, shrinkage starts at 725 �C, while for FA com-
pact, densification starts at 760 �C. From 800 to 1070 �C
an important length contraction of both compacts is
produced. Thus, at 1070 �C the shrinkage is about 7%

Table 1

Chemical composition of bottom ashes (BA) and fly ashes (FA) in

weight percentage of oxides

Oxides BA FA

SiO2 57.7 56.0

Al2O3 21.5 24.4

Fe2O3 9.5 7.3

CaO 7.1 7.2

TiO2 2.3 2.8

MgO 1.1 1.4

K2O 0.8 1.0

Fig. 1. Percentage of mass loss in the fly ash and bottom ash powders

at different temperatures.

E. Benavidez et al. / Ceramics International 29 (2003) 61–68 63



in the FA compact and 6% in the BA one. In the inter-
val of temperature between 1070 and 1180 �C shrinkage
is stopped forming a plateau in the dilatometric curve.
Then when the temperature exceeds 1180 �C a new
contraction cycle is initiated.
In Fig. 7, shrinkage curves of both compacts descri-

bed above are presented as a function of isothermal
time. When the isothermal cycle is started the time is
t=0, thus the negative values in the time axis corre-
spond to the heating cycle setup at 5 �C/min. These
curves show that the shrinkage of FA compact stops at
1100 and 1150 �C, consistent with dilatometries per-
formed at constant heating rate as it was seen in Fig. 6.
It was observed that after 6 h under isothermal treat-
ments at 1100 �C and at 1150 �C the sample remained
without change (not shown here). However, after 2 h at
1200 �C, the FA and BA compacts attained an addi-
tional shrinkage of �5%. Thus, both types of compacts
suffered a total contraction of �12%.
An analysis on the isothermal curves was realized to

determine the time exponent (n). This exponent affects
the shrinkage according to the equation: �L/Lo=K(T,

r, �, D) . tn, where t is the time at the sintering tem-
perature and K is a constant depending on: the tem-
perature (T), the particle size (r), the surface tension (�),
and the diffusion coefficient of the mechanism involved
in the sintering process (D). The value of time exponent
can be associated, from theoretical models, to different
densification mechanisms. In Fig. 8 the ln(shrinkage)
versus ln(time) curves from the dilatometric data pre-
sented in Fig. 7 are shown. In this case the initial height of
compacts (Lo) is taken at start of isothermal cycle (t=0).
These curves can be fitted by straight lines, and their

slopes permit to calculate the exponent n. As it is
observed in this fig. the curves can be fitted by two
straight lines, r1 and r2 (continuous lines are drawn to
visual help). In Table 2, the ordinate to origin (lnK) and
the slope (n), corresponding to r1 and r2, are shown.
According to the values of Table 2, during the first 5

or 6 min the shrinkage of these compacts at 1200 �C can
be fitted by an exponent n�1. From 10 min in BA
compact or 14 min in FA compact, the time exponent
n�1/3 and this value continues until the final of iso-
thermal cycle (120 min).

Fig. 2. SEM images of (a) FA powders, (b) BA powders and (c)–(d) mixed powders with ratio FA:BA=1.
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4. Discussion

From the earlier results, three important differences
between FA and BA samples are noted, (1) the residual
coal content, (2) the morphology of particles, and (3)
the particle size distributions. The bottom ashes contain
a greater amount of coal thus determined by a greater
loss mass during heating (see Fig. 1). Besides, this mate-
rial presents a wider particle size distribution and a higher
percentage of particles with size upper than 75 mm. These
properties have influence on the stacking density of
powders and green and sintering densities of compacts.

Although the precalcined treatments do not show
influence on the packing density, the powders pre-
calcined at T>350 �C produced compacts with both
higher green density and higher sintering density. The
increase in ro and rs it can be attributed to two reasons.
First, a lower rs in compacts formed by ashes without
preheating process (NP) or preheated at 350 �C (P350)
would be produced removing the residual coal present
in the samples. This coal is eliminated as carbon gas
products generating pores in the compacts. As a result a
greater porosity is present in the NP and P350 samples
formed by bottom ashes (see Fig. 5) because these
powders contain a greater residual coal content. Second,
in a previous work, Chu et al. [16] has probed that a
precoarsening heating treatment produced a narrower
particle size distribution. This behavior can also be seen
in Fig. 3: the particle size distributions of FA and BA
precalcined powders have a tendency to concentrate in
smaller particle sizes. On the other hand, the precoarsed
samples in Chu et al. [16] attained a greater final density
relative to compacts without precoarsening treatment.
The P600 compacts were formed by powders calcined
below the densification temperature (see Fig. 6), while
the P880 compacts were formed from powders treated
at a temperature where some densification grade took
place. In this work, there is no influence on the ro and
rs densities of the compacts formed from BA and FA/
BA=1 powders, but in compacts from FA powders
there is an increase in the rs value from 1.80 to 1.87 g/
cm3, corresponding to P600 and P880, respectively. It
must be reminded that, according to Fig. 1, the mass
loss at 600 and 880 �C were similar. Thus, in both P600
and P880 compacts, the residual carbon in the powders
has totally been removed.
The samples densities at different stages (powder

packing, green compact and sintered compact) deter-
mined that the greater content of fly ash causes both
greater powder and compact densities. The higher green
density can be attributed to a better spatial distribution
(stacking) of the particles when the powder is poured
into the matrix. This greater packing grade is due both
to a more spherical morphology of fly ash and a particle
size distribution that is concentrated in sizes lower than
75 mm. Then, it is known by previous works [17,18] that
a greater green density promotes a greater density of the
sintered compact. Besides, as it was noted above, the
lower residual coal content in FA powder will produce a
lower porosity during its thermal evolution. On the
other hand, it is possible to think that the space among
particles (pores) generated into the powders is smaller
when smaller is the particles size. Then, the smaller
pores are easier to eliminate during heating than the
bigger ones. By this reason, the lower size of the FA
powders allows to obtain compacts with lower porosity.
Although it has not been probed which is the grade of
influence by each mechanism on compact densities, all

Fig. 3. Particle size distribution corresponding to as received and

precalcined at 600 �C powders of (a) bottom ashes and (b) fly ashes.

Table 2

Coefficients of linear fittings corresponding to r1 and r2

Fit ln K n t (min)

r1—FA 7.42 1.10 1 – 6

r1—BA 8.17 0.95 0.5 – 5

r2—FA 9.02 0.36 14 – 120

r2—BA 0.45 0.29 10 – 120
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these facts tend to confirm that the fly ash character-
istics produce more dense compacts. The highest density
(1.87 g/cm3) was obtained in the sample prepared from
FA powders precalcined at 880 �C, according to the
previous discussion. However, the samples prepared
with the ratio FA:BA=1, and precalcined at

600 and 880 �C, presented also good density values:
rs(P600)=1.79 g/cm3 and rs(P880)=1.81 g/cm3,
respectively.
Densification started at 725 �C in bottom ash compact

and at 760 �C in fly ash compact. The more angular
morphology of BA is, probably, the reason of sharp

Fig. 4. Packing, green and final densities of samples FA, BA and FA/BA=1, formed from powders NP and precalcined at 350, 600 and 880 �C.

Fig. 5. Green and sintering densities of FA, BA and FA/BA=1

compacts formed from NP, P350, P600 and P880 ash powders.

Fig. 6. Shrinkage curve of the FA and BA compacts heated at

constant rate of 5 �C/min up to 1200 �C.
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contact points among particles. Those contacts determine
the interparticle neck formation (initial stage of sinter-
ing) at a lower temperature.
Evidently, there are two densification stages at high

temperatures (>600 �C). The first stage operates in the
800–1070 �C range and the second one at temperatures
upper than 1180 �C (see Fig. 6). Between both densifi-
cation periods, from 1070 �C to 1180 �C, the compacts
present a very low shrinkage.
At temperatures above 1180 �C, the mechanism of den-

sification can be determined analyzing its time behavior at
1200 �C. From theoretical models it is known that time
exponent n=1 is related to rearrangement process, which
is present when a liquid phase is in contact with ceramic
grains [19,20]. Besides, the time exponent n=1/3, from
10 minutes to 120 min in the isothermal cycle, corre-
sponds to solution-precipitation process. This stage,
following the Kingerys’ model [11], appears after the
rearrangement stage. Thus, it can be established that the
densification process observed above 1180 �C in the ash
compacts, is caused by sintering assisted by a liquid phase.

5. Conclusions

The present study showed that it is possible to obtain
dense sintered compacts starting from powders that
were previously mixed in the same amounts from fly
and bottom ashes. These powders had been precalcined
at 600 and 880 �C. The highest density was obtained in
a sintered compact which was formed from fly ash
powder precalcined at 880 �C.
The highest final density of sintered compacts is

directly related with a lower residual coal content, nar-
rower particle size distribution and higher ‘‘sphericity’’
of the fly ash particles.
From time dependence of the compact shrinkage

during its thermal processing, it can be concluded that
at temperatures higher than 1180 �C the grains

densification is controlled by the presence of a liquid
phase. During isothermal dilatometry at 1200 �C, the
rearrangement of the grains is present at the first minutes
and then the solution–precipitation process is established.
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