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Abstract

The addition of zirconia in di�erent proportions to one type of Indian ¯yash has been studied. The study is concentrated on
mechanical properties of the materials like MOR, MOE and hardness, the sand abrasion resistance and the microstructural inves-

tigation by scanning electron microscope. It is observed that MOR of the material increases upto 10 vol% of ZrO2 in ¯yash and
then starts decreasing. On the other hand, both MOE and the Vickers hardness increase with the increase in ZrO2 content in the
matrix. The abrasion volume loss of the material decreases upto 15 vol% ZrO2 in ¯yash which further increase with increase in
ZrO2 content. It has been pointed out from the microstructural investigation that, with the increase in addition of ZrO2 in ¯yash,

the needle shaped mullite phases are being replaced by the near spherical shaped zircon grains. This paper correlates these data
along with the physical properties and phase identi®cation studies, which were reported earlier. # 1999 Elsevier Science Ltd and
Techna S.r.l. All rights reserved.
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1. Introduction

Flyash is a by product of thermal power stations.
Flyash generation, which poses a serious threat to
health by air pollution is set to touch the 100 million
tones per year mark by the turn of the century from the
current level of 80 million tones per year in India.
Flyash is a ®nely divided residue with particle size
varying from 0.5 to 100 mm. It is refractory and abrasive
in nature. Although the generation of ¯yash is very high
in India, the utilization is only 6%, posing a serious
threat to the environment.

The chemical composition of ¯yash is not constant
due to the nature of coal available from di�erent places.
However, the main constituents of ¯y ash are Silica and
Alumina. Many e�orts in the safe disposal of the ¯yash
waste have been made. The emphasis has been given to
make value added products from ¯yash. Some of these
products are, bricks, cement, concrete block, vibrated
paving slabs, tiles, concrete making etc. A detailed
review has been compiled elsewhere [1]. E�orts are also
being made to develop value added ceramic materials
using ¯yash as a raw material [2±5].

Zirconia is a versatile material and ®nds wide appli-
cation in structural ceramics and electronic ceramic
products [6±9]. The science and technology of zirconia

ceramics is continuing to evolve at a considerable pace.
The materials property improvements and addition with
other ceramic materials for better performance, are lead-
ing to increasing applications in many industrial sectors.

An attempt has been made here to study the proper-
ties of zirconia ¯yash material. The physical properties,
thermal expansion property and the phase identi®cation
studies for this material have been reported in this
journal earlier [3]. As has been described, the zirconia
reacts with silica of ¯yash and forms zircon (ZrSiO4) as
the major phase. This is in contrast to the well-studied
ZrO2±Al2O3 system, where, ZrO2 does not react with
alumina at the sintering temperature [10]. In this work,
the study on the mechanical properties of the material
like three point bend strength (MOR), Modulus of
Elasticity (MOE), Vickers hardness, the sand abrasion
resistance test have been carried out. The major
emphasis has been given to study the variation in
microstructure of the material with varying ZrO2 content.
A correlation of the properties has been established.

2. Experimental

The Flyash used in this experiment was obtained
from Raichur thermal power station, Karnataka, India.
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The chemical composition of the powder is given in
Table 1. The average particle size (D50) value of this
material was found to be 3.76 mm and with a speci®c
gravity of 2.4. A high purity grade 3 mol% yttria stabi-
lized zirconia, prepared at our laboratory was used in
this study. The powder had an average particle size of
<0.5 mm.

Stoichiometric compositions of zirconia were added
in ¯yash. Di�erent batches having 0, 5, 10, 15, 20 and
25% of zirconia in ¯yash were dispersed in alcohol
medium with a suitable dispersant. Each mixture was
pulverized separately in a Fritsch pulverisette for 8 h
using alumina bowls and alumina balls. The slurry was
mixed with 2 wt% polyethylene glycol (PEG - 4000)
binder in solution form and again pulverized for 1 h.
Then the mixture was dried to get back the powder and
was sieved to form soft granules. These granules were
used for compaction. The batches were named as F-0,
F-5, F-10, F-15, F-20 and F-25 for the samples con-
taining 0, 5, 10, 15, 20 and 25% zirconia in ¯yash matrix
respectively.

The granulated powders were uniaxially pressed at
di�erent pressure to make bars for MOR and abrasion
resistance tests. Rectangular bars of approximate green
dimension 60�6�5 mm3 were fabricated at 345 kg/cm2

pressure, for three point bend strength test. Also,
rectangular bars of approximate green dimension
80�27�7 mm3 were fabricated at 101 kg/cm2 for sand
abrasion test.

The samples were dried at 110�C for 12 h prior to
®ring in an open tunnel kiln at 1255�5�C. The ®red
samples were used for characterization studies. 5�5
mm2 samples were diamond cut from the sintered MOR
bars and polished with emery paper ranging from 200 to
800 grit mesh size. Then, these samples were polished
with diamond paste in a Struers DAP-7 automatic pol-
isher down to 1 mm level. The samples were etched in
10% hydro¯uoric acid (HF) solution for 20 s. These
samples were gold coated prior to the investigation
under a scanning electron microscope (SEM, JEOL
5200 model). After the SEM test, these samples were
used for Vickers microhardness measurement with a
diamond square based pyramid indenter using HSV-20

Shimadzu model hardness tester at 1 kg load. The three
point bend strength measurement was carried out using
Lloyds Universal testing machine, following ASTM
standard. The modulus of elasticity was measured by
resonant frequency method on rectangular samples
using ASTM C 623-92 standard. The sand abrasion test
of the sample was carried out using ASTM G 65 stan-
dard on an indigenous machine.

3. Results and discussion

The physical properties like green density, bulk den-
sity, % apparent porosity (% AP) and thermal expan-
sion coe�cients and the phase identi®cation studies for
these materials have been published in this journal [3].
This paper will describe the mechanical properties like
modulus of rupture (MOR), modulus of elasticity
(MOE), Vickers hardness and the abrasion volume loss
from the sand abrasion test and ®nally the micro-
structural investigation of this series of material. Table 2
summarizes the above results.

The bulk density tended to increase with the increase
of addition of zirconia. This is because, with the addi-
tion of ZrO2 in the matrix, more and more zircon
(ZrSiO4) is being formed [3], which signi®es the rise in
density.

The three point bend strength data (Fig. 1) showed an
increasing trend with the addition of zirconia up to 10

Table 1

Chemical composition of ¯yash used in this work

Sl.No Chemical name Chemical composition Wt%

1 Silica (SiO2) 57.00

2 Alumina (Al2O3) 29.00

3 Iron oxide (Fe2O3) 06.50

4 Calcium oxide (CaO) 03.90

5 Magnesium oxide (MgO) 01.10

6 Potassium oxide (K2O) 00.30

7 Sodium oxide (Na2O) 00.21

8 Titanium dioxide (TiO2) 00.13

9 Loss on Ignition (LOI) 1.86 Fig. 1. Variation of modulus of rupture of ¯yash with zirconia addi-

tion Ð~Ð MOR (MPa).
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wt%. Further addition into the ¯yash matrix reduces
the three point bend strength of the material.

This can be explained on the basis that, with the
addition of ZrO2 into the ¯yash matrix, the part of the
glassy phase is being substituted by the particle shaped
zircon phase. The ®brous structure of the mullite phase
provides the reinforcement in the structure resulting
from the increase in strength. Probably 10±15% of ZrO2

is ideal in the ¯yash matrix to provide a balance of
particle like ZrSiO4 phase and the needle like mullite
phase to provide higher strength. As the ZrSiO4 phases
dominate at higher ZrO2 content in ¯yash, the e�ect of
reinforcement reduces resulting in reduction of strength.
As can be seen in the Fig. 1, there is a drastic jump in
MOR from F-5 to F-10 composition, which marginally
drops at F-15. The reduction in MOR becomes more
prominent at the higher ZrO2 content in the matrix.

The modulus of elasticity (MOE) of these materials as
measured by the resonant frequency method revealed an
increasing trend with the addition of ZrO2 into the
matrix (Fig. 2). By closely looking at the result, it was
observed that, the MOE values follow an almost linear
increase in data con®rming the applicability of rules of
mixture. It is known that, the elastic modulus of mate-
rial depend on phase constitution and the shape and
distribution of any porosity. With the increase in ZrO2

addition, the high modulus Zircon (E � 140ÿ 160 GPa)
is being more prominent compared to the low modulus

mullite (E � 100ÿ 140 GPa) phase, which increases the
modulus of elasticity of the material.

Also, all elastic properties are in¯uenced by the level
of porosity since pores act as a second phase of a zero
modulus. The porosity reduces Young's modulus
according to the relationship of the form [15].

E � E0 exp�ÿav�

where
E0 =modulus of dense material
v =volume fraction of porosity
a =constant determined by Poisson's ratio and

also by pore shape and distribution.

However, as reported earlier [3], these materials are
fully dense except F-10 and F-15 composition which
showed a marginal 0.3% apparent porosity. But, this
amount really did not re¯ect in the reduction of MOE in
these two samples. Hence, the phase composition alone
plays an important role in the observed MOE behaviour
of the materials.

The Vickers hardness measurement was carried out
on a diamond square based pyramid indenter using 1 kg
load. The Vickers microhardness is calculated using the
formula.

HV � 1:8544 P=d 2;

where P � load; d � mean diameter of the indent

The hardness data have been expressed as XHV1:0,
where, X is the hardness value. As Fig. 3 suggests, the
hardness value of these materials increased with the
increase in ZrO2 content in the matrix. This may be due
to the fact that a higher hardness material like Zircon
increases the hardness of the new material. It is also
observed that, the increase in hardness was following a
regular trend. However, the scatter in data was found to
be high, although the coe�cient of variation (CV) value
remained within the 12% range which is the well
accepted value for microhardness data in the load range
of 10±1000 g.

The scatter in hardness data in ceramics occur due to

1. their multiphase nature;
2. their generally non-cubic crystal symmetry;
3. the porosity which may be seen below the surface

of the test piece.

All these factors are e�ective in the class of ceramics
under study here. These factors can exert some in¯uence
over the local response of the indenter leading to varia-
tion in the hardness data. However, if the data lie within
the permissible limit of the coe�cient of variation value,
then it is accepted.

The adjusted abrasion volume loss of the material
measured by the sand abrasion test revealed a decreasing

Fig. 2. Variation of modulus of elasticity of ¯yash with zirconia

addition Ð~Ð MOE (GPa).
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trend upto F-15 composition, after which there was
marginal increase in value (Fig. 4). The volume loss is
calculated as follows:

measured volume loss �MVL� �
mass loss �g�=density �g=cc�g�1000� �mm3

�
The data are represented as adjusted volume loss in
mm3, taking into account the abrasion of the rubber
wheel during the test following the formula:

adjusted volume loss� �MVL�
�
228:6 mm=diameter of

the wheel�mm� after test
	�

In many cases, the abrasion volume loss is a function of
hardness, strength, MOE and porosity of the material.
On a closer look at Table 2, it was observed that, the
hardness and MOE values were increased throughout,
MOR increased upto F-10 composition and the appar-
ent porosity does not have much of a role here, since, all
the samples had almost having no open porosity. As a
result of all the above, the volume loss of the material
was expected to be highest for pure ¯yash and should
decrease with the addition of ZrO2 in matrix. The
observed result followed this trend. However, there was
a marginal increase in the volume loss of the material in
the F-20 and F-25 compositions. This behaviour has
probably originated from the lower strength of these
materials due to the less interlinkage of the grains. It is

to be noted here that, the AVL value for the F-15 com-
position is very low, which is better than the commer-
cially available alumina wear resistant material. Hence,
this composition has the potential for use as an abrasion
resistant material in low impact applications.

The microstructures of the F-0, F-5, F-10, F-15, F-20
and F-25 samples are given in Figs. 5 and 6. The
micrographs suggest the following observations:

Fig. 4. Variation of abrasion volume loss of ¯yash with zirconia

addition Ð~Ð AVL (mm3).
Fig. 3. Variation of Vicker's hardness of ¯yash with zirconia addition

Ð~Ð hardness.

Table 2

Properties of zirconia-¯yash material

Composition B.Da

(g/cc)

MORb

(MPa)

Hardnessc HV

1.0 (CVf in %)

MOEd

(GPa)

AVLe

(mm3)

F-0 2.57 57 337 89 13.9

(12.03)

F-5 2.67 73 364 93 9.4

(8.018)

F-10 2.76 126 417 98 8.2

(7.82)

F-15 2.84 117 505 104 2.7

(9.4)

F-20 2.95 109 535 109 3.5

(8.8)

F-25 3.00 89 544 114 3.0

(6.958)

a B.D.=bulk density.
b MOR=modulus of rupture (3 point bend strength).
c Hardness in Vickers scale at 1 kg load.
d MOE=modulus of elasticity.
e AVL=adjusted abrasion volume loss.
f CV=coe�cient of variation.
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(i) The microstructure of ¯yash and low zirconia
containing ¯yash samples revealed needle like grains. At
higher zirconia content in the matrix, the needle like
grains were substituted by the homogenous round
grains. Metcalfe and Sant [11] had established a direct
relationship between the mean grain size of mullite
powder compacts and densities. They pointed out that
the presence of liquid silicate phase was associated with
the development of microstructures having prismatic
mullite grains. Kanka and Schneider [12] had con®rmed

the above facts by indicating that, especially in the later
stages of the reaction sintering of silica and alumina
(>1200�C), liquid phase sintering produces relatively
large prismatic mullite crystals embedded in a ®ne
grained matrix. With the heat treatment in longer dura-
tion, the reaction sintering produces a sti� skeleton of
interlinked elongated mullite crystals. These two obser-
vations and the microstructures obtained in this study
(Fig. 5) con®rmed the liquid phase sintering of the
¯yash resulting in a skeleton of interlinked elongated

Fig. 5. Scanning electron micrographs of zirconia-¯yash material (�=10,000) (a): F-0; (b): F-5; (c): F-10; (d): F-15; (e): F-20; (f): F-25.
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mullite crystals embedded in a ®ne grained matrix. The
origin of the liquid phase at a low temperature is possi-
ble due to the presence of alkali ion impurities in the
¯yash matrix. This fact has been con®rmed and pub-
lished in alumina±silica systems elsewhere [13]. These
alkali metal oxide impurities shift the pseudoeutectic
point to a lower temperature. This was further con-
®rmed from the binary phase diagrams of constituent
compounds [14]. The binary phase diagram of the sys-
tem Al2O3±SiO2, ZrO2±Al2O3 and ZrO2±SiO2 revealed
the formation of the liquid phase at a substantially high

temperature range of 1550±1850�C, depending on the
system. Also, the ternary phase diagram of Al2O3±SiO2±
ZrO2 depicts the formation of liquid phase above
1500�C. However, this work having all the three con-
stituents together were found to sinter at a lower tem-
perature of <1300�C containing a liquid phase. Hence,
the origin of the liquid phase have been originated due
to the presence of impurities like alkali ion metal oxides
and iron oxide, which lower the eutectic temperature of
the system. The needle shape of the structures in the
present study at low zirconia containing ¯yash was

Fig. 6. Scanning electron micrograph of zirconia-¯yash material (�=35,000) (a): F-0; (b): F-5; (c): F-10; (d): F-15; (e): F-20; (f): F-25.
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found to be substituted by near spherical grains in the
microstructure of ¯yash containing a higher percentage
of zirconia in the matrix (Fig. 5). The amount of such
grains were found to be increased with the amount of
zirconia in the matrix. By comparing the phase structure
of these materials [3], the round grains were interpreted
as that of the zircon phase and the elongated grains
were that of the mullite phase.

(ii) The needle structures were interconnected
throughout the material. However, the rounded grains
of very uniform size were found to be scattered. The
composition controlled microstructural development of
these materials directly control the mechanical proper-
ties. The interlinked network of prismatic mullite crys-
tals occurring in the F-0±F-10 range of composition,
produces favourable mechanical strength values by
reinforcement. This may explain the lower bending
strength behaviour in F-20 and F-25 compositions due
to low interconnection of grains in the structure.

(iii) The size of the needles varied from around 2.5 mm
in F-0 composition to around 1.0 mm in F-25 composi-
tion. The width of the needle as measured from the high
magni®cation images (Fig. 6) were found to remain
constant at a range of 0.2±0.3 mm. The round grain size
in the F-20 and F-25 compositions were found to be
approximately 0.3 mm. Such a ®ne grain size of both the
needles and the spherical grains and their reinforcement
helped in increasing MOR, MOE and hardness values
and reducing the abrasion volume loss of the material
with increase in ZrO2 content in the ¯yash matrix.

(iv) The di�erent size and shape of grains and poros-
ity present in all materials indicates the probability of a
variation in hardness, depending on the position of the
indenter. Hence, the coe�cient of variation of the
hardness data varies between 6 and 12%, though lies
within the acceptable range.

4. Conclusions

The paper highlights the mechanical properties,
abrasion property and the microstructural properties of
zirconia-¯yash material.

The study reveals the following:

(i) as the ZrO2 content increased in ¯yash, more and
more Zircon are formed.

(ii) There is an increase in trend in hardness and
MOE and MOR upto some extent with increase
in ZrO2 in the ¯yash matrix.

(iii) The adjusted abrasion volume loss of these
materials followed the reduction trend until F-15

composition. The lower AVL value of the F-15
composition can be considered as a potential
abrasion resistant material for low impact
applications.

(iv) Based on the observation earlier [3] and the data
presented here, it is worthwhile to explore the
material ¯yash with 10±15 wt% ZrO2 for a
structural ceramic component in refractory and
non-wetting applications.

(v) The present study added a dimension to the
application of ¯yash to produce value added
ceramic products like, Zircon. Earlier, there were
reports on synthesis of cordierite, glass ceramics,
zeolite, ashalloy etc. From ¯yash.
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