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Abstract

Effects of fly ash cenospheres on the microstructure and properties of silica-based composites were studied in this paper. It was found that the

density of the samples decreased as the content of fly ash cenospheres increased, while the strength increased inversely when the content was lower

than 50 wt%. An interlaced microstructure of lath-like and needle-like mullite crystals was discovered in the composites, which was a beneficial

factor for strengthening the silica matrix. Furthermore, the results indicated that fly ash cenospheres can promote the densification of silica as a

sintering aid and restrain the crystallization of cristobalite as an inhibitor. After sintered at 1200 8C for 2 h, the density and flexural strength of

silica-based composites with 50 wt% fly ash cenospheres were 0.92 g/cm3 and 14.5 MPa separately, and the strength was as high as that of the silica

ceramics without fly ash cenospheres.
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1. Introduction

Nowadays, the recycling of industrial waste to produce highly

valuable materials attracts great attention. Fly ash cenospheres

are the hollow particles in fly ash formed by the rapid cooling of

glass during the combustion process of coal [1]. Fly ash is the by-

product generated from coal-fired power plants and it has caused

serious environmental pollution. In the past decades, people have

tried a lot to utilize this kind of waste to reduce the pollution and

to produce high value products. Due to their hollow nature, fly

ash cenospheres always present low density (0.4–0.8 g/cm3) and

good insulation, and as a result, they have received much

attention as raw materials for the fabrication of light weight

composites [2]. In recent years, a great deal of research has

focused on utilizing fly ash cenospheres (FACs) to prepare

porous light weight composites. The cements have been mixed

with cenospheres in order to reduce the density and improve the

thermal insulation [3,4]. The FAC was also used as a filler and

reinforcement in metal-matrix composites (MMCs) [5,6] and
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polymer-matrix composites (PMCs) [7–9]. However, the low-

density ceramic-matrix composites with FACs are rarely

reported so far.

Silica ceramics have attracted great research attention due to

their low density, low thermal conductivity and excellent

thermal-shock resistance. However, the silica ceramics are

difficult to be sintered because the sintering temperature is

limited by the formation of cristobalite. Cristobalite, one phase

of silica, is produced at high temperature and the displacive

phase transition of cristobalite possibly takes place at low

temperature. During the displacive phase transition, a lot of

micro-cracks would appear, so the silica ceramics always

present low strength [10].

In this paper, silica composite ceramics with fly ash

cenospheres were fabricated in order to reduce the sintered

density and enhance the strength. During the heating treatment,

FACs melted and diffused into silica to combine with each

other, and the closed pores were left in the matrix, inducing the

light weight of composite ceramics. Besides, FACs were mainly

composed of SiO2 and Al2O3, which could form mullite

crystals presenting excellent creep resistance and high strength

at high temperature. In this way, the strength of silica based

composite ceramics was improved. A schematic view was

shown in Fig. 1.
d.

http://www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2012.01.044
mailto:caifen2008@yahoo.com.cn
mailto:jcliu@tju.edu.cn
http://dx.doi.org/10.1016/j.ceramint.2012.01.044


Fig. 1. A schematic view of silica-based composite using fly ash cenosphere as

density-decreasing agent and high strength framework.

Table 1

Typical chemical composition of FAC in weight percent.

Chemical composition of the FAC Weight percent (%)

SiO2 61.9

Al2O3 28.6

Fe2O3 4.3

TiO2 1.1

CaO 0.8

K2O 1.3

Others 2
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2. Experiment

2.1. Materials processing

FACs, obtained from China Coal Group, Shuozhou, Shanxi

Province, were rinsed three times with distilled water, and then

dried at 110 8C for 24 h. Finally, the uniform spheres were

obtained by sieving them through 100 mesh and again

150 mesh. Spheres were mainly composed of mullite, quartz

and glass phase, as shown in Fig. 2 and Table 1. The density of

obtained sphere was about 0.7 g/cm3.

Silica slurry was prepared by ball-milling fused silica

powders (>99.9%, Jangsu Hongda Quartz Material Limited

Company) with premix solution by the weight ratio of 100:35,

and acrylic amides were used as the dispersant. Premix solution

were composed of acrylamide (C2H3CONH2), N,N-methyle-

nebisacrylamide (C7H10N2O2) and distilled water by the weight

ratio of 20:2:100.
Fig. 2. SEM of fly ash cenospheres.
Spheres were added into the silica slurry by the weight ratio

of 0% (S0), 10% (S1), 20% (S2), 30% (S3), 40% (S4) and 50%

(S5) and mechanically stirred for 30 min. Ammonium

persulfate ((NH4)2S2O4) was added as an initiator. Then the

slurry was moulded. The mould was heated up to 80 8C for 15–

30 min in the drying oven and the gelation process was finished.

After gelation, the green bodies were demoulded and dried

slowly until the weight remained unchanged. The dried green

bodies were then sintered in an electric furnace at 1100, 1200

and 1300 8C, severally. The heating speed and dwelling time

were 5 8C/min and 2 h.

2.2. Materials characterization

The density and open porosity of the sintered specimens

were measured by a conventional method using Archimedes’

principle in distilled water medium. The open pores were

defined as the interconnected pores that were open to the

surface and allowed the penetration of water into specimens.

The specific surface area (SSA) values of samples were

analyzed by the N2 adsorption measurement (BET, NOVA-

3200e). Room temperature flexural strength was determined by

the three-point bending method in a universal materials testing

machine (XWW, Beijing Shengxin detecting instrument Ltd.,

China). Three-point bending strength was measured using bar

samples 24 mm � 4.8 mm � 3.6 mm with a span length of

20 mm and a crosshead speed of 0.5 mm/min. All the results

were given as the mean values of five measurements. The

sintered samples were identified by X-ray diffraction (Cu Ka

radiation, D/Max-2500 Rigaku, Japan) and their microstruc-

tures were observed by means of scanning electron microscopy

(XL30, Philips, Netherlands).

3. Results and discussions

3.1. Effect of FAC content on density

The density of samples sintered at different temperatures

was shown in Fig. 3. As can be seen from Fig. 3, the density

increased as the sintering temperature raised from 1100 8C to

1300 8C, which resulted from the densification of silica. On the

other hand, the density decreased with the increase of FACs

after sintering at the same temperature because of the

increasing pores in the matrix. As shown in Table 2, the total

porosity increased with the increase of FACs content and the



Fig. 3. Density of samples sintered at different temperatures.
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increasing in BET surface area values was in agreement with

porosity.

Table 2 shows the density and porosity of silica/FACs

composites sintered at 1200 8C. The theoretical density of a

composite could be calculated using a rule of mixtures as

rth ¼ rcwVcw þ r fsV fs (1)

where rth was the theoretical density of the composite, rcw was

the theoretical density of the cenospheres wall (assumed to be

2.9 g/cm3 [11]), rfs was the theoretical density of fused silica

(assumed to be 2.2 g/cm3). Vcw and Vfs were the volume

fractions of cenosphere wall and fused silica respectively,

and volume fraction Vi could be calculated by Eq. (2), where

mcw represented the mass of cenospheres, and mfs was the mass

of fused silica.

Vi ¼
mi=ri

mcw=rcw þ m fs=r fs

(2)

The theoretical density of the silica/FACs composite was

finally calculated by Eq. (3), where wcw represented weight

percent of FACs, and wfs was weight percent of fused silica.

rth

1

wcw=rcw þ w fs=r fs

(3)

Total porosity was calculated according to Eq. (4), where Pt

was the total porosity and rme was the measured density of
Table 2

The measured and calculated density of silica/FACs composites sintered at 1200 8

Weight percent of FACs/(%) 0 10 

Theoretical density rth (g/cm3) 2.2 2.25 

Measured density rme (g/cm3) 1.57 1.42 

Total porosity Pt (%) 29 37 

Open porosity Po (%) 22 14 

Closed porosity Pc (%) 7 23 

Specific surface area (m2/g) – 69.32 
samples.

Pt ¼
rth � rme

rth

(4)

The closed porosity Pc was calculated using Eq. (5), in

which Po was the measured open porosity.

Pc ¼ Pt � Po (5)

As shown in Table 2, it could be concluded that the

theoretical density increased linearly with the increasing

content of FACs. Since the theoretical density of cenospheres

wall was higher than that of silica, the theoretical density of

composite ceramics with more cenospheres would be higher.

However, in this experiment, the measured density decreased

from 1.57 to 0.92 g/cm3 as the content of FACs increased from

0 to 50 wt%. There were lots of hollow spaces in the FACs,

which could lead to the closed pores forming in the composite

samples. Therefore, as the number of FACs increased, the

whole density of composite ceramics was lowered due to the

formation of more closed pores.

The open porosity decreased with the increasing of FACs

content. Fig. 4 shows the SEM images of S2 and S0 sintered at

1300 8C. The open porosities of S2 and S0 were 4% and 14%,

separately. Apparently, S2 was sintered more densely than the

pure silica ceramics. It demonstrated that FACs could promote

the sintering property of silica ceramics. Shao [12] have

reported that FACs improved the sintering property of Si3N4

ceramics and the main chemical compositions of FACs, SiO2

and Al2O3 served as sintering aids. Furthermore, besides the

composition of FACs, there was another reason for the

densification of composite ceramics. In this experiment, when

the temperature raised up to 1200 8C, part of the walls of fly ash

cenospheres started to melt, which would promote the

densification process of composite ceramics.

3.2. Effect of FACs on phase change

The XRD patterns of different samples were displayed in

Fig. 5. The silica/FACs composite samples were composed of

mullite, silicon oxide, quartz and glass phase after sintered at

1200 8C, and the cristobalite phase appeared when the

composite samples were sintered at 1300 8C. However, in

the pure silica ceramics, the cristobalite precipitated at 1200 8C.

It indicated that some chemical composition in FACs could

inhibit the crystallization of silica from amorphous phase to

cristobalite phase.
C.

20 30 40 50

2.31 2.37 2.43 2.5

1.3 1.14 1.02 0.92

44 51 58 63

12 11 9 8

32 40 49 55

80.55 92.00 100.68 106.52



Fig. 4. SEM images of samples sintered at 1300 8C: (a) S2 sample and (b) S0 sample.
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3.3. Microstructure

The microstructure of the sintered samples was shown in

Fig. 6. The formation of uniform size of pores in the fracture

section of S5 sintered at 1200 8C shown in Fig. 6(a) indicated

that the porous silica-based composites were successfully

prepared by using fly ash cenospheres as pore-forming agent.

The magnified microstructure of Fig. 6(a) was shown in

Fig. 6(b). Some lath-like mullites appeared on the boundary of

two spheres. Fig. 6(c)–(f) shows the morphologies of S5 after

leaching in 20 vol% HF for 10 min. As can be seen from the

images, there were two kinds of mullites, lath-like and needle-

like. The mullite (Fig. 6(c)) on the surface was lath-like, whose

length may reach 20 mm (Fig. 6(f)), while the smaller and

needle-like mullite appeared on the border of the spheres

(Fig. 6(d)). It has been concluded by Dong [13] that for the low

alumina content composite ceramics, the excessive liquid glass

phase of low viscosity promoted the formation of whisker

mullite crystals. It was apparently that the silica/FACs

composites were low of alumina. In this paper, the forming

of different morphologies of mullite whiskers may result from

the different space sizes used for whiskers to grow. There were

more free spaces on the surface of spheres than on the boundary.
Fig. 5. XRD patterns of samples sintered at different temperatures.
As can be seen from Fig. 6(e) and (f), some lath-like mullites on

the surface of the spheres were broken after leached in HF,

indicating that there were part of mullites inserting into the

silica matrix during sintering. As was reported [14], Al2O3 is

the main chemical composition in forming the mullite crystals

and Fe2O3 can promote the grain growth of mullite. In this

experiment, there were Al2O3 and Fe2O3 in the FACs and SiO2

in the matrix. The diffusion of Al2O3 and Fe2O3 from FACs to

the matrix during the sintering lead to the growth of the mullite.

Plentiful lath-like mullite and needle-like mullite were

interlaced with each other like a perfect 3-dimension fabric.

The interlaced structure appeared on the discrete sphere and

inserted into the matrix at the same time. The whole weave

structure provided a powerful framework for the final products,

which contributed a lot on the strength of composite ceramics.

3.4. Effect of FACs on the composites’ strength

Flexural strength of silica/FACs composite samples sintered

at different temperatures were shown in Fig. 7. The flexural

strength firstly increased and then decreased as sintering

temperature increased from 1100 to 1300 8C. Strength reached

its highest value when the samples were sintered at 1200 8C.

During the sintering process, the densification and cristobalite

crystallization affected the flexural strength of samples

obviously. The densification process dominated when the

sintering temperature was from 1100 to 1200 8C. As a result,

the flexural strength of samples increased with the sintering

temperature. When the sintering temperature reached 1300 8C,

the cristobalite crystallized and lowered the flexural strength of

samples. As was proved in Fig. 5, there were plenty of

cristobalite phase formed when the samples were sintered at

1300 8C. When the samples were cooled from high temperature

to 170–270 8C, the high temperature a-cristobalite would

transform to the low temperature b-cristobalite, named

displacive phase transition, and the fast phase transformation

process lead to the formation of micro-cracks. The flexural

strength deteriorated as a result.

The flexural strength and porosity of the samples as a

function of FACs content were shown in Fig. 8. Comparing with

the strength of samples without FACs, the strength of samples

with 10 wt% FACs addition decreased dramatically. The

strength increased subsequently as the content of FACs



Fig. 6. SEM images of S5 samples sintered at 1200 8C: (a) and (b) were different magnification of samples and (c)–(f) were samples after treatment in HF.
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increased from 10 to 50 wt%, although the porosity was higher.

The reason was that the mullite crystals grew out from FACs to

the matrix, which played an important role in strengthening.

Though there were more pores when adding more FACs, the

formation of mullite crystals could make the samples
Fig. 7. Flexural strength of sintered samples.
strengthened. With the mullite framework, it was also easy

to account for the phenomenon that the strength of samples S4

and S5 (porosity around 58–63%) was almost as high as that of

the compact pure silica ceramic (around 13 MPa) when sintered

at 1200 8C.
Fig. 8. Variations in flexural-strength and the porosity values versus FACs

content.
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4. Conclusions

1. Silica-based composite, with the density of 0.92 g/cm3 and

flexural strength of 14.5 MPa, were prepared by using fly ash

cenospheres as density-decreasing agent and strengthening

framework.

2. The density of the silica-based composites decreased as the

content of fly ash cenospheres increased, while the strength

increased inversely when the content of sphere was lower

than 50 wt%.

3. In the process of sintering, FACs acted as a sintering aid to

promote the densification of silica, and as an inhibitor to

restrain the crystallization of cristobalite.

4. The growth of mullite from sphere to the matrix and the

structure of 3-dimension mullite fabric provided a powerful

framework for the final products.
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