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Abstract
The object of this study is to investigate the thermal properties of fly ashes from the last, farthest dedusting zone in terms 
of their use as ceramic masses additives. Siliceous fly ash is valuable additive to ceramic mass, which not only reduces its 
plasticity, but also actively affects sintering process and shapes the properties of the final material. The finest fly ash fractions 
are potentially useful flux materials in ceramics; however, a significant limitation in their use is due to thermal expansion/
bloating occurring during high-temperature sintering. The bloating mechanism of fly ashes was investigated in relationship 
to their chemical composition with the use of DTA/TG/EGA analysis as well as high-temperature microscope. Chemical 
and phase compositions were studied by X-ray fluorescence and X-ray diffraction. Based on the results obtained, it can be 
concluded. The results indicate that bloating mechanism is caused by the co-occurrence of two phenomena accompanying 
sintering: appearance of high amount of liquid phase and simultaneous gas release from sintered material. The dominant 
mechanism is the simultaneous release of sulfur (IV) oxide and oxygen as a result of the redox reaction of removing SO3 
from the vitreous phase.
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Introduction

Siliceous fly ash is a waste material created during combus-
tion of coal in pulverized coal boilers, accumulated in the 
dust removal zone [1]. It is used in the building materials 
industry as a raw material for the production of Portland 
clinker [2], as an addition to cement [3, 4], mortar [5] and 
concrete [6–8], as well as sintered ceramic products [9, 10]. 
Fly ash was also researched as a starting material for the 
production of high-degree-of-consolidation and low-porosity 
ceramics [11, 12]. This type of material is sintered with a 
large proportion of the liquid phase at well-defined tempera-
ture intervals to avoid thermal softening and/or bloating.

Bloating phenomenon is the result of an intense gas emis-
sion from the material during sintering with a large propor-
tion of the liquid phase [13, 14]. It is also a phenomenon 
that allows for the production of expanded clay aggregate 
[15, 16]. Part of the emitted gases (CO2) is the result of 
oxidation of unburned carbonaceous materials and thermal 

decomposition of carbonates. Others are the effect of redox 
reactions (reduction of iron oxides, but also sulfates and 
sulfides), and some are the result of reactions between clay 
components and admixtures [17–20]. The gases formed dur-
ing the reaction cannot escape from the sintered material, 
which causes bubble creation; however, sufficiently slow 
heating of the material allows to complete these reactions 
before sintering and closing the pores [21].

In the case of sintered materials, fly ash is a partial sub-
stitute for clay minerals. In addition, due to the increased 
presence of alkali oxides, they act as a flux that accelerates 
the sintering process. The presence of alkali generates the 
formation of a liquid phase during firing, which accelerates 
mass transport and intensifies sintering. The addition of fly 
ash to the ceramic mixture allows to lower the temperature 
of the sintering process [22, 23]. The fine-grained fly ashes 
seem to be particularly interesting, because the content of 
valuable alkali is higher in the smaller fractions and at the 
same time their surface development is higher, which should 
be treated as the driving force of the sintering process. 
Unfortunately, the addition of fine-grained fly ash causes 
intense bloating of the sintered material, which reduces the 
safe temperature interval of the process.
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In the case of sintered ceramics, there is also a phenom-
enon of “black core” associated with expansion, which is 
caused by the presence of organic compounds as well as 
reducing oxides [24]. This phenomenon is also found in sin-
tered fly ashes and ceramic materials with the addition of 
fly ash [22, 23].

The aim of this work is to examine the phenomenon of 
bloating/expansion of fine fly ashes during high-temperature 
treatment. The performed research focuses mainly on dif-
ferential thermal analysis and thermogravimetry combined 
with gas analysis in various measurement atmospheres.

Method of examination

The subject of the study was two fly ashes (X and Z) taken 
from two separate power plants based on conventional coal 
dust furnaces. Dust extraction was carried out with the help 
of several electrostatic precipitator zones arranged in series 
behind the combustion chamber. For the purpose of the 
experiment, only fly ashes from the last, farthest dedusting 
zone were taken, because these ashes are the most thermally 
swellable. It is worth noticing that they are the finest and the 
most interesting fly ashes for ceramic mixtures, in relation 
to ashes taken from other dust removal zones. Chemical and 
phase composition of fly ashes were studied with the use of 
X-ray fluorescence and XRD methods. The chemical analy-
sis of fly ashes was carried out with WD XRF fluorescence 
spectrometer (Axios mAX Company). Powder diffraction 
measurements were carried out with the use of PANalytical 
X’Pert Pro MD diffractometer equipped with Cu Kα1 X-ray 
line with the Bragg–Brentano standard setup comprising a 
Ge (111) Johansson monochromator at the incidence beam. 
The scanning range was 10°–70° with 0.008 step size and 
20 s measurement time for each step. A quantitative analy-
sis was carried out using the Rietveld method as described 
by Le Saout et al. [25]. In order to estimate the amorphous 
phase, XRD/Rietveld measurement was carried out with 
corundum as an internal standard. Knowing the percent-
age of corundum in the sample and the result of Rietveld 
analysis, the proportion of the glassy phase was calculated. 
The estimated amount of glassy phase contains crystalline 
components that are below their detection threshold.

The phenomenon of bloating of fired fly ashes was tested 
with heating microscope (Hesse Instruments Company). Fly 
ashes powders were shaped in small cylinders with a height 
of 3 mm and a diameter of 3 mm, put inside a small furnace 
and tested separately. The measurement was carried out in 
air atmosphere at a constant heating rate of 10 °C min−1 up 
to temperature of 1303 °C.

The characteristic temperatures were determined by the 
samples size and shape change.

The software supplied with the instrument provides sin-
tering curves from which four temperatures can be derived, 
namely:

1.	 The first shrinkage or sintering (BS)
2.	 The maximum shrinkage before softening starts (MS)
3.	 The softening point, at which the first signal of melting 

appears (SP)
4.	 The maximum of bloating—temperature at which the 

greatest bloating is observed (MB).

Temperatures correspond to a characteristic viscosity 
point, conventionally determined on the basis of geometri-
cal considerations.

The bloating mechanism was studied with the use of 
DTA/TG method (thermal differential analysis coupled with 
thermogravimetry) and the evolved gas analysis EGA.

DTA/TG was performed with the use of STA 449F3 
Jupiter Netzsch apparatus in the temperature range between 
20 and 1120 °C at a heating rate of 15 °C min−1. Aver-
age sample masses were between 85 and 95 mg, and the 
Al2O3-based open crucibles were used. Gas analysis was 
performed for m/z equal to 18, which corresponds to water 
secretion (Netzsch STA 449 with mass spectrometer Netzsch 
QMS 403). Air and helium were used as a carrier gas at a 
flow rate of 40 mL min−1. The apparatus was calibrated in 
accordance with methodology presented in [26, 27]. The 
TG/QMS data were analyzed using Proteus software (ver-
sion 5.2.0) from Netzsch. All the presented curves were cor-
rected against empty runs.

Results

Chemical characteristic

The chemical composition of both fly ashes is presented in 
Table 1.

Fly ashes from both power plants have similar chemical 
composition, which consist mainly of silicon and aluminum 
oxides (a total of about 70%). The remaining part consists 
of iron oxide, calcium oxide, magnesium oxide and alkaline 
oxides (potassium and sodium). Fly ash X contains larger 
amount of two main oxides in comparison with ash Z and a 
smaller amount of other oxides. It is worth noticing that fly 
ash Z contains more than 45% iron oxide, more than 70% 
sodium oxide and greater amount of sulfur oxide (Table 1).

In Table 2 and Fig. 1, phase composition of fly ashes is 
presented.

Both fly ashes consist mainly of glassy phase, which may 
constitute more than 80% of the powder mass, according to 
the used method. The crystalline components of both ashes 
consist mainly of mullite and quartz but also hematite.
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Thermal behavior: heating microscope

In Fig. 2, the area changes of fly ash samples as a func-
tion of temperature are shown. The inset shows the heat-
ing microscope images registered for both fly ashes tested 
X and with their characteristic temperatures, which are: 
BS—the first shrinkage or sintering; MS—the maximum 
shrinkage before softening starts; SP—the softening point; 

MB—maximum of bloating; and END—end of measure-
ment (Table 3).

Both analyzed fly ashes undergo thermal bloating. This 
process begins at a temperature about 1150 °C, but it is 
effective only after exceeding the 1200 °C. A greater degree 
of thermal bloating was recorded for fly ash X (> 230%) than 
for ash Z (180%).

TG/DTA/QMS thermal analysis of fly ashes with gas 
analysis in synthetic air

Figures 3–6 present the results of TG, DTG, DTA and the 
composition of the released gas products (CO2—m/z 44, 
H2O—m/z 17 and SO3 m/z 64) in synthetic air atmosphere, 
respectively. All the results are presented on the basis of a 
temperature increase function up to 1100°C. QMID (quasi-
multi-ion detection) stands for ion current for various gase-
ous (volatile) products expressed in amperes.

For both fly ashes in the temperature range between 20 
and 200 °C, endothermic effect occurs (Figs. 3, 5) associated 
with the first mass loss, amounting to approx. 0.26 wt%. The 
mass loss is caused by the thermodesorption of physically 
adsorbed water confirmed by the increase in the intensity 

Table 1   Chemical composition of fly ashes

Component Content/%w/w

Fly ash “X” Fly ash “Z”

SiO2 47.85 44.85
Al2O3 29.90 28.29
Fe2O3 6.50 8.00
CaO 3.86 3.82
MgO 2.51 2.69
TiO2 1.32 1.28
SO3 1.15 2.45
Na2O 2.30 5.43
K2O 2.79 2.17
P2O5 1.05 0.47
Rest 0.77 0.55

Table 2   Rietveld refinement phase composition of fly ashes X and Z

Phase Content/%w/w

Fly ash “X” Fly ash “Z”

Glassy phase 84.3 84.0
Mullite 11.6 9.7
Quartz 3.5 6.5
Hematite 0.6 –

M – Mullite
Q – Quart
H – Hematite

Fly ash X
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Fig. 1   Phase composition of fly ash X and Z
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Fig. 2   Area changes of fly ash samples with characteristic tempera-
tures: BS beginning of the sintering, MS maximum of the sintering, 
SP softening point, MB maximum of bloating, END end of measure-
ment

Table 3   Characteristic temperatures of fly ashes samples

a Sample area at a given temperature relative to the initial area of the 
sample in percentages

Characteristic temperatures Temperature/°C/change in area/%a

Fly ash “X” Fly ash “Z”

Beginning of the sintering 860/101.0 855/100.8
Maximum of the sintering 1050/77.2 1070/86.0
Softening point 1130/78.0 1195/87.7
Maximum of bloating > 1303/> 232.0 1295/187.2
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of the released gas products (m/z: 17) (Figs. 4, 6). The pro-
cess of residual carbon combustion starts at the temperature 
range of 200 °C–230 °C. According to DTA curves of fly 
ash, X and Z reflect the occurrence of exothermic effects at 
400°C, which is due to the combustion of residual carbon 
present in ash. The process is accompanied by a mass loss 
(TG curve from Figs. 3, 5). This is also proved by the sig-
nificant increase in signals of m/z 44 on the recorded gas 
product curves (Figs. 4, 6).

Moreover, probably the combustion of hydrocarbons 
takes place, followed by water release. Then, the amor-
phous carbon (soot) is burned, as well as coke breeze. In the 
high temperature range of 700–800 °C, endothermic effect 

took place. It resulted from the thermal dissociation of cal-
cium carbonate CaCO3 and was responsible for mass loss, 
amounting to 0.41% (fly ash X) and 0.42% (fly ash Z) (see 
DTA/TG curve in Fig. 3 and DTA/TG curve in Fig. 5). Ther-
mal dissociation of CaCO3 is proved by the signal enhance-
ment for gas products m/z 44 (CO2) (Figs. 4, 6). The most 
important several subsequent thermal processes take place 
at temperatures above 800 °C (Figs. 3, 5). DTA curve of fly 
ash X reveals exothermic effect followed by endothermic 
one. From other studies [28], it is known that among the 
exothermic effects, the sintering process and the crystalliza-
tion of fly ash glassy phase are observed, while endother-
mic effects are associated with the appearance of the liquid 
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phase and probably sublimation process. DTG curves above 
800 °C demonstrated constant mass loss (over 1.5%). The 
maximum rate of mass loss is observed at 1016 °C (fly ash 
X) and 1039 °C (fly ash Z). The simultaneous increase in the 
intensity of the released gas products (CO2—m/z 44 and SO3 
m/z 64) is observed (Figs. 4, 6). The registered released gas 
products of H2O—m/z 17 prove that this loss is connected 
with moisture evaporation.

The sources of released gases are diverse. One of them 
is the release of gases closed in fly ash microspheres. This 
loss of H2O and CO2 and SO2 is connected with the pro-
cess of oxidation of the combustion of coal. The second 
source may be gas phase reactions. The authors prelimi-
narily assumed that this is the main source of SO2 release 

from ashes, because the release of this gas occurs only after 
exceeding the temperature of about 1000 °C.

Thermal analysis of fly ashes with gas analysis 
in helium atmosphere

The mass loss (TG curve in Figs. 3, 5) above the tempera-
ture of 800 °C is higher than the mass loss of combustion 
and mass loss of dehydration effects separately; however, 
during these two processes, the largest release of gases was 
recorded (Figs. 4, 6). Probably above 800 °C, gases released 
cannot be detected in air atmosphere. To address this prob-
lem, we performed DTA/TG analysis in which mass loss 
was monitored while heating fly ashes in a nonoxidizing 
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helium atmosphere, followed by heating both samples in an 
air up to 800 °C. The results of DTG-MS tests are presented 
in Figs. 7–10 for the X and Z fly ashes heated in helium. 
The released gas products (O2—m/z 32 and SO3 m/z 64) 
are observed.

By running DTG-MS in different conditions, we found 
that before the temperature of 800 °C, there was an oxygen 
desorption from the measuring system and the sample itself 
(Figs. 7, 9). Oxygen desorption, along with the retention 
time of helium permeation and temperature was gradually 
extinguished. After exceeding the temperature of 800 °C, 
there is a significant increase of oxygen release from the 
sample. Moreover, after analysis of the MS results, we deter-
mined a completely different characteristic of SO2 evolution. 
In the air, SO2 release starts at about 1000 °C (Figs. 4, 6), in 
helium at around 850 °C (Figs. 8, 10).

Probably, during the thermal treatment, the dominant 
reaction process that causes emission of oxygen and sulfur 

dioxide is the decomposition of sulfur trioxide (which is 
redox reaction, where sulfur is reduced):

This is a conventional reaction, due to the fact that SO3 in 
the ashes exists in the form of SO4

2− sulfate ion incorporated 
into the glass. When helium environment was applied during 
DTG-MS test, the reaction striving for chemical equilibrium 
is shifted to the right, due to the negligible partial pressure 
of oxygen. This is due to a lack of oxygen in the measure-
ment atmosphere.

As a consequence, the reaction begins at a lower tem-
perature when the measurement was performed in helium 
atmosphere, in contrast to that one performed in air, and 
larger total amount of emitted SO2 was also observed. The 
SO2 release starts at a temperature of about 1000 °C (Figs. 4, 
6), so it does not coincide with the beginning of temperature 
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where the mass loss of about 800–850 °C was observed (TG 
curves in Figs. 4, 6).

There may be other sources of gas emissions than those 
mentioned in reaction 1. If during the thermal treatment only 
the above reaction would occur, then the shapes and tem-
perature ranges of the SO2 and O2 emission curves should 
be very similar. There are, however, some deviations which 
indicate that there may be other oxygen-emitting reaction 
mechanisms. For example, during the crystallization of the 
glassy phase of ashes, iron silicates are formed (fayalite) 
[22]. The presence of this phase is associated with the reduc-
tion of iron from + 3 to + 2 oxidation state, which is accom-
panied by the process of oxygen emission.

Change in chemical composition during thermal 
treatment

Chemical reactions involving the gas phase should cause 
differences in the chemical composition before and after the 
reaction. Therefore, fly ash and ash sinters from 1000 and 
1100 °C were subjected to XRF analysis. The results of these 
analyses are presented in Table 4 in elemental form.

Seemingly, the results do not provide helpful information 
in explaining the issue of thermal bloating of fly ashes. First, 
it can be noted that there is less sulfur concentration in the 
sinters than in the raw ashes. This is particularly visible in 
the fly ash Z and the analog sinter from a temperature of 
1100 °C. The second important information is the oxygen 
content in ashes and sinters from a temperature of 1100 °C. 
Oxygen is the main elemental component of the studied 

80

QMID *10–12/A

70

60

50

40

30

20

10

– 10

0

400 600 700500

Temperature/°C

800 900 1000 1100

m:32 – O2

0.20

0.15

0.10

0.05

0.00

– 0.05

– 0.10

– 0.15

DTG/% min–1

[1]

[2]

Fig. 9   Oxygen emission and DTG curve during thermal treatment of fly ash Z in helium atmosphere

10

5

m:64 – SO2

0

– 5

– 10

– 15

400 500 600 700

Temperature/°C

800

QMID*10–12/A

900 1000 1100

0.10

DTG/% min–1

0.05

0.00

[2]

[1]

– 0.05

– 0.10

– 0.15

Fig. 10   Emission of SO2 and DTG curve during thermal treatment of fly ash Z in helium atmosphere



2890	 W. Wons et al.

1 3

materials and accounts for almost 50% of all elements. Tak-
ing into account the loss of ignition observed on the TG 
curves, an increase in the concentration of oxygen should 
be expected, assuming that it has neither been absorbed nor 
released. In brackets in Table 4, an estimation of the content 
of this element is given with the assumptions given above. 
As can be seen, the real values are more than 1% lower, 
which probably confirms that the oxygen was emitted dur-
ing sintering. In the case of other elements, there were no 
unambiguous decreases in content, but only a slight increase 
related to the losses of ignition occurring during sintering 
of fly ashes.

Conclusions

Rietveld quantitative X-ray diffraction analysis confirmed 
that both fly ashes studied consist mainly of glassy phase, 
which may constitute more than 80% of the powder mass. 
The presence of this vitreous phase indicates that a liquid 
phase is formed during sintering, which enhances the pro-
cess and causes the shrinkage shown by the HMTA micro-
scope studies. Moreover, fine-grained fly ashes have a high 
susceptibility to bloating. This phenomenon is favored 
by the high content of alkali oxides, fine granulation and 
the large amount of gases released from the liquid phase 
formed. The onset of the bloating phenomenon recorded by 
HMTA microscope occurred at much higher temperatures 
above 1130 °C. This discrepancy is a result of liquid phase 
occurrence, but on the other hand, it might be connected 
with a small sample size. The main gases that cause direct 
thermal bloating are SO2 and O2. By running DTG-MS in 
different conditions, we found that before the temperature of 
800 °C, there was an oxygen desorption from the measuring 
system and the sample itself. We determined a completely 

different characteristic of SO2 evolution. When helium envi-
ronment was applied during DTG-MS test, SO2 release starts 
at around 850 °C in comparison with DTG-MS test per-
formed in air where the release of SO2 was observed at about 
1000 °C. Moreover, the release of oxygen registered may be 
the result of redox reaction of iron compounds, e.g., fayalite 
crystallization, hematite reduction to magnetite. Thermal 
analysis carried out in a different atmosphere proved that 
the firing atmosphere itself has a significant effect on the 
rate and temperature of gas emission. Fine-grained, alka-
line-rich fly ashes can then be valuable flux additives in a 
sintered ceramic. Probably, the addition of suitable oxidants 
can effectively inhibit the redox reactions and eliminate the 
phenomenon of bloating.
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Table 4   Change in elemental 
composition of fly ashes 
depending on the temperature of 
sintering

Element Content/%w/w

Fly ash “X” Fly ash “Z”

20 °C 1000 °C 1100 °C 20 °C 1000 °C 1100 °C

O 46.61 46.54 46.43 (47.56) 45.88 45.79 45.51 (46.90)
Si 22.37 22.34 22.48 20.96 21.05 21.65
Al 15.83 15.89 15.52 14.97 14.77 14.82
Fe 4.55 4.67 4.80 5.60 5.88 6.02
Ca 2.76 2.78 2.88 2.73 2.93 3.03
Mg 1.51 1.65 1.63 1.62 1.95 1.87
Na 1.71 1.69 1.75 4.03 3.62 3.72
K 2.31 2.32 2.38 1.79 1.75 1.77
S 0.46 0.31 0.27 0.98 0.80 0.07
Ti 0.79 0.78 0.80 0.76 0.77 0.78
rest 1.10 1.03 1.06 0.68 0.69 0.76
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