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ABSTRACT

Herein, the advantage of single-shell hollow microspheres on forming pores has

been exploited to acquire porous ceramics with homogeneous microstructure,

while the hollow microspheres also acted as reaction source. Dispersant reaction

method has been applied to realize the perfect combination between micro-

spheres and Si3N4 particles, which could be attributed to the repulsion between

particles is weakened, particles agglomerate together and holding microspheres

among them tightly. Owing to the normal distribution of hollow spheres and

their single-shell structure, porous Si2N2O-Si3N4 ceramics with uniform pore

distribution have been fabricated. The results show that the addition of silica

hollow spheres contributes to the decrease in dielectric constant, since their

porosity could be increased effectively and Si2N2O phase exhibiting low

dielectric constant is generated. High-performance porous Si3N4 ceramics with

porosity of 45.7% have been prepared through employing fly ash hollow

microspheres, which possess flexural strength of 108.76 ± 6.25 MPa, fracture

toughness of 1.78 ± 0.09 MPa m1/2 and dielectric constant of 3.53. This strategy

is proved to be a convenient, eco-friendly and effective method to synthesize

ideal candidates for radomes.

Introduction

Due to their unique structure, especially internal free

space and the shell creating isolated environments,

hollow spheres with large surface area and high

permeability display special mechanical, optic, ther-

mal, electromagnetic, acoustic and catalytic proper-

ties [1]. Accordingly, their applications in energy

storage field, photocatalytic degradation of organic

pollutants in water, controlled release of drugs, pro-

tection of light-sensitive components and gas sensing

devices have been attracted more and more attention

in recent years [2–5]. Apart from meeting the

requirements of functional applications, hollow

spheres have become one of the most common

additives to prepare structural ceramic components
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for specific purpose, especially for porous ceramics

[6–8]. In comparison with general pore formers,

ceramic hollow spheres show good sphericity and

monodispersion, which are more convenient to be

operated mainly because the binder removal process

could be avoided and it is easier to fabricate porous

ceramics with well adjustable pore structure and

porosity [9].

So far, porous ceramics from hollow spheres could

be generally divided into two major routes, namely

bonding hollow spheres together and adding hollow

spheres into suspension as pore-forming agents. The

former approach is commonly used since it is simple,

low cost, flexible, convenient and easy to operate.

Either the internal space of hollow spheres or the

gaps among the hollow spheres could well supply

pores for the final products. Therefore, hollow

spheres are commonly used as the skeleton structure

and coated with ceramic slurry to achieve porous

structure, while their sintering properties are exploi-

ted to realize the bonding of shells from hollow

spheres, even with the aid of high-temperature bin-

der [10, 11]. In these cases, various ceramic foams

have been proposed based on hollow microspheres,

and their unique three-dimensional porous structure

brings prominent applications in filters and thermal

insulators [12]. Nevertheless, the mechanical strength

of products is the major problem needed to be solved

in this method, especially for the weaker junction

between hollow spheres and the effects of relatively

high porosity caused by this approach, which could

be well avoided in the latter route.

In regard to porous ceramics employing hollow

spheres as pore former in combination with given

slurry, the dispersity of added hollow spheres in

suspension and their combination with matrix after

forming and drying process become the major prob-

lems needed to be solved. In our previous work,

poly-hollow microspheres, fabricated in large scale

via spray drying particle-stabilized foam suspensions

[13], are used to fabricate various porous ceramics for

thermal insulators, wave-transparent material and

acoustic absorption applications [14]. However, sub-

jected to the weak combination between hollow

spheres and matrix, the mechanical properties of

prepared porous ceramics are less favorable [15].

Different from poly-hollow microspheres, single-

shell hollow microspheres possess completely empty

cavity, providing sufficient condition for adjusting

pore structure of the final porous ceramics merely by

selecting different amounts or particle size distribu-

tions of hollow microspheres. In addition, single-shell

structure enables the complete reaction between

hollow spheres and their surrounded matrix or

coating to realize the effects of enhancement or

modification. As is well known that porous ceramics

with excellent microstructure reflected in uniform

pore distribution, small pore size and more spherical

pore morphology could endow them with outstand-

ing mechanical strength, thermal and dielectric per-

formances [16–20]. Apparently, hollow spheres with

single-shell structure could better achieve the opti-

mization of porous structure, which is rarely

reported.

Among various applications for porous ceramics,

including gas/liquid filters [21], thermal insulators

[22], radomes [23], catalysts supports [24] and the

like, radomes have drawn much attention recently,

which are usually attached to the fore-end of a mis-

sile to protect them from the severe environment [25].

Considering their main feature for load bearing,

wave transparent, thermal insulation and resistance

to erosion, radome materials should possess high

mechanical strength, low dielectric constant and loss

tangent, low thermal conductivity, excellent thermal

shock resistance and chemical stability and so on

[26, 27]. It is well known that porous Si3N4 ceramics

become the good candidate for wave-transparent

materials due to their excellent mechanical, thermal

and dielectric performance [28–30].

In this research, single-shell silica and fly ash hol-

low spheres are added into Si3N4 slurry as the pore-

forming agents to fabricate high-performance porous

Si3N4-based ceramics for the applications of radome.

In order to further improve the performance of

products, dispersant reaction method is exploited to

realize the uniform dispersity of hollow spheres in

the suspension and the following perfect combination

between spheres and ceramic matrix during curing

process. The microstructures, phase compositions,

mechanical and dielectric properties of the obtained

porous ceramics have been studied in this research.

Experimental

Materials

Si3N4 powder (Vesta Ceramics AB, Sweden; average

particle diameter 0.30 lm, specific surface area
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9.39 m2/g), sintering additives including Al2O3

(99.9% purity, average particle size 0.25 lm, pro-

vided by Almatis, Ludwigshafen, Germany) and

Y2O3 (99.95% purity, average particle size 0.39 lm,

supplied by Shanghai Junyu Ceramic-molded Pro-

duct Co., Ltd., China) were used as the main raw

materials. Fly ash hollow microspheres (Jingsheng

Minerals Co., Ltd., China) and silica hollow micro-

spheres (Forsman Scientific (Beijing) Co., Ltd., China)

were chosen as the single-shell hollow microspheres.

Tetramethylammonium hydroxide aqueous solution

(TMAOH, 10 wt%) as the dispersant and glycerol

diacetate (GDA) as the coagulation agent were used

to perform the dispersant reaction process, which

were all purchased from Hengye Zhongyuan

Chemical Co., Ltd., Beijing, China.

Preparation of porous Si3N4 ceramics
with single-shell hollow microspheres

In a typical procedure of dispersant reaction method

(as shown in Fig. 1), ceramic powders including

Si3N4 powder, sintering additives (1 wt% Al2O3 and

2 wt% Y2O3, based on the mass of Si3N4 powder) and

0.2 wt% TMAOH (based on the mass of Si3N4 pow-

der) were mixed with deionized water and then ball-

milled for 12 h to achieve homogenous aqueous

suspension. Subsequently, under the intense agita-

tion, either fly ash hollow microspheres or silica

hollow microspheres were introduced to the sus-

pension, coupled with 3 vol.% GDA (based on the

total volume of suspension) which was adopted as

coagulation agent. The solid loadings of Si3N4 slurry

and correspondingly additive amount of hollow

microspheres are listed in Table 1. After degassing

for 10 min, the slurry was immediately casted into a

plastic mold coated with vaseline and then placed in

water bath with temperature of 60 �C for 1 h, fol-

lowed by demolding and drying in the oven at the

temperature of 70 �C for 12 h. Finally, porous

ceramics were fabricated by sintering green bodies at

1750 �C for 2 h under 0.5 MPa nitrogen atmosphere.

Characterization

The compositions and morphology of obtained

products were characterized by X-ray diffraction

using Cu Ka radiation (XRD, D8 ADVANCE, Bruker,

Karlsruhe, Germany), X-ray fluorescence spectro-

graph (XRF-1800, Shimadzu, Kyoto, Japan) and

scanning electron microscopy (SEM, MERLIN VP

Compact, Carl Zeiss, Jena, Germany), respectively.

Pore size distribution of porous ceramics is con-

ducted via mercury porosimetry (Autopore IV 9510,

Micromeritics Instrument Corp., Norcross, GA). The

mechanical properties were tested by a universal

material testing machine (AG2000G, Shimadzu,

Japan). The dielectric constant was evaluated through

the complex permittivity in the frequency range of

8.2–11.0 GHz, which was measured by a vector net-

work analyzer (Agilent Technologies E8362B:

10 MHz–20 GHz) based on the waveguide method.

Results and discussion

Phase composition and microstructure
of hollow spheres

Figure 2 demonstrates the compositions and mor-

phology of silica and fly ash hollow spheres. The

microspheres chosen in this work were perfectly

spherical. Obviously, from the cross-sectional mor-

phology displayed in the insets of Fig. 2a, b, we can

Figure 1 Flowchart of the preparation of porous ceramics via

dispersant reaction method in combination with hollow

microspheres as pore-forming agent.
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see that both kinds of hollow spheres exhibit single-

shell and well-defined hollow structure, which offers

sufficient condition for the introduction of pores and

subsequent reaction with the matrix. Figure 2c illus-

trates the diameters of hollow spheres. Both silica and

fly ash hollow spheres abide to the normal distribu-

tion, which could make it easy to fabricate porous

ceramics with high porosity through adding hollow

spheres as pore-forming agents. The size of silica

hollow spheres ranges from 6 to 70 lm and their

median diameter is 24.47 lm, while the fly ash hol-

low spheres with larger size ranging from 20 to

160 lm possess median diameter of 68.90 lm. The

phase compositions of the hollow spheres are shown

in Fig. 2d. No sharp peaks are found in silica hollow

spheres, indicating that they are composed of amor-

phous phase, while the fly ash hollow spheres mainly

consist of mullite phase, which also corresponds to

the XRF results shown in Table 2.

Microstructural properties

In this research, dispersant reaction method is

employed, which utilizes the decrease in repulsive

force between ceramic particles and hollow spheres

resulting from the invalidation of dispersant. Fig-

ure 3a briefly describes the fabrication of porous

ceramics from hollow spheres in combination with

dispersant reaction method. Firstly, homogenous and

well-dispersed suspension containing ceramic parti-

cles and hollow spheres is the crucial point for the

Table 1 The detailed compositions of varied suspensions with

different solid loadings or hollow microspheres

Type of

hollow

microsphere

Solid loading of

Si3N4 slurry

(vol.%)

Additive amount of hollow

microspheres (wt%, based

on the mass of Si3N4

powder)

SiO2 32.5 28.32

SiO2 35.0 22.64

SiO2 37.5 13.09

SiO2 40.0 8.04

Fly ash 40.0 7.15

Figure 2 a SEM images of silica hollow spheres, b SEM images of fly ash hollow spheres, c diameter distribution of hollow spheres,

d XRD patterns of hollow spheres.
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achievement of porous ceramics with uniform pores,

which could be achieved through selecting appro-

priate dispersant, that is the TMAOH. It could adsorb

onto the surface of both ceramic particles and hollow

spheres to endow them the repulsive forces between

each other [31]. Afterward, the increase in tempera-

ture to 60 �C leads to the hydrolysis of curing agent

(GDA), and then, acetic acid generates according to

Eq. (1). The following acid–base neutralization reac-

tion between acetic acid and TMAOH remarkably

reduces the repulsion among ceramic particles and

hollow spheres. As a result, green bodies with cera-

mic particles closely contacting hollow spheres can be

obtained, which improves the better combination

strength of the boundary between them. Conse-

quently, the voids inside the hollow spheres provide

the primary pores of porous ceramics. Figure 3b, c

illustrates the morphology of green body and porous

ceramics, respectively. It is clearly shown that silica

hollow spheres uniformly distributed in the matrix

are densely surrounded by the ceramic particles.

After sintering, ceramic foams with hierarchical pore

structure are prepared, and their pore size distribu-

tion with bimodal peaks demonstrates that porous

ceramics possess two scale ranges of pore sizes, that

is, smaller pores less than 2 lm correspond to the

interlaced grains, and larger pores ranging from 2 to

10 lm evolve from the sintering reaction between the

single-shell silica hollow spheres and matrix com-

posed of ceramic particles.

CH3ð Þ4NOH + CH3COOH
! CH3COON CH3ð Þ4 + H2O ð1Þ

For better regulating the porosity and performance

of prepared porous ceramics, Si3N4 slurries with

different solid loadings varying from 32.5 to 40.0

vol.% have been employed. Maximum silica hollow

spheres that make the final suspension to satisfy high

solid loading and casting-required viscosity simulta-

neously are added into the slurry. XRD patterns in

Fig. 4 illustrate that Si2N2O is the dominant phase of

porous ceramics when the solid loading of the initial

Si3N4 slurry is as low as 32.5 vol.%, which is the

product from the reaction between hollow spheres

and matrix according to Eq. (2) [32]. Along with the

increase in sintering temperature above 1500 �C, sil-
ica hollow spheres transformed into liquid due to

their reaction with the sintering aids, i.e., Al2O3 and

Y2O3. Afterward, the sintering temperature keeps

rising to the target temperature 1750 �C, meanwhile

the dissolution of a-Si3N4 and the reprecipitation of

b-Si3N4 occur. Si2N2O phase generates from the

reaction between b-Si3N4 and liquid phase, leading to

the densification and decrease in liquid phase.

However, the less silica hollow spheres make

remarkable b-Si3N4 phase left, which can be proved

by the fact that the peaks belonging to b-Si3N4 are

slightly lower than those of Si2N2O. As the relative

amount of Si3N4 increases, the intensity of Si2N2O

decreases. When the solid loading of the initial Si3N4

slurry reaches 40.0 vol.%, due to the decrease in

additive amount of SiO2 hollow microspheres, SiO2

source decreases while Si3N4 source increases. Based

on Eq. (2), very little Si2N2O is formed in the porous

ceramics. Considering the sintering temperature of

1750 �C, massive residual a-Si3N4 transformed into b-
Si3N4, making b-Si3N4 to be the main phase.

Si3N4 sð Þ + SiO2 sð Þ = 2Si2N2O sð Þ ð2Þ

Mechanical properties

Higher solid loading of the initial Si3N4 slurry indi-

cates that less amount of silica hollow spheres are

added. As a consequence, the bulk density of porous

ceramics increases gradually from 1.04 to 1.43 g/cm3,

while their open porosity decreases from

64.83 ± 0.49% to 54.36 ± 0.50% (see Fig. 5a), obvi-

ously indicating the significant pore-forming role of

single-shell silica hollow spheres. Influenced by the

phase composition and microstructure, the mechan-

ical properties are improved with the increase in

solid loading of the initial Si3N4 slurry. The flexural

strength of porous ceramics varies from 33.10 ± 0.36

to 64.01 ± 3.08 MPa, while their fracture toughness

increases from 0.56 ± 0.01 to 1.03 ± 0.06 MPa m1/2

(see Fig. 5b).

Table 2 Compositions of fly

ash hollow microspheres Compound SiO2 Al2O3 CaO Fe2O3 K2O TiO2 Na2O MgO

Content (wt%) 55.02 38.02 1.86 1.46 1.32 0.67 0.56 0.56
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Dielectric properties

As one of the main inorganic materials applied in the

radome [30], the dielectric constant of porous Si3N4-

based ceramics is investigated here as shown in

Fig. 6. For radome materials, one of the most signif-

icant performances is the wave-transparent property

to ensure the transmission of electromagnetic signals,

which is determined by the dielectric constant. Thus,

within a certain band range, porous ceramics with

low and stable dielectric constant (\ 4.0) are

promising to be applied as the radome materials.

Moreover, as demonstrated by many researches,

porosity and phase composition are the two major

factors determining the dielectric properties [33]. Due

to the excellent dielectric properties of Si2N2O cera-

mic with dielectric constant of 4.80 [35], as well as the

lower bulk density of the samples prepared from 32.5

vol.% Si3N4 slurry, the obtained porous Si2N2O-Si3N4

ceramics exhibit outstanding dielectric constant of

2.27. Although the increase in bulk density and

amount of b-Si3N4 with relatively high dielectric

constant of 7.96 [26] brings negative effect on the

dielectric properties, porous Si3N4-based ceramics

from even higher solid loading of Si3N4 slurry pos-

sess dielectric constant of 2.89. Moreover, in the wide

range of frequency from 8.2 to 11.0 GHz, the dielec-

tric constant of all specimens shows stable trend,

which further indicates that they are ideal for radome

application.

Figure 3 a Schematic diagram of the fabrication process of hollow sphere ceramics, SEM images of b green body and c porous ceramics

and their pore size distribution d (prepared with 35.0 vol.% Si3N4 slurry and addition of 22.64 wt% silica hollow microspheres).

Figure 4 XRD patterns of porous ceramics with addition of silica

hollow microspheres.
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Properties of porous ceramics from fly ash
hollow spheres

In order to further enhance the mechanical properties

of the porous ceramics, another kind of hollow

microspheres, namely fly ash hollow microspheres,

has been introduced into the relatively high solid-

loading Si3N4 slurry (40.0 vol.%). The morphology of

prepared green body is present in Fig. 7a. Benefited

from the dispersant reaction method, fly ash hollow

spheres scatter uniformly in the matrix and they are

coated by lots of ceramic particles. After sintering

process, interior voids in hollow spheres transform to

pores, and rod-like grains are generated from ceramic

particles to make up skeleton of porous ceramics, as

shown in Fig. 7b. Therefore, multi-scale pore struc-

ture constituted by primary macropores and porous

rod-assembled strut is generated. Pore size distribu-

tion shown in Fig. 7c illustrates that the median pore

diameter of the porous ceramics is concentrated at

780 nm, which could be ascribed to the partial sin-

tering. Although fly ash hollow microspheres are

mainly composed by SiO2 and Al2O3 (see Table 2),

the additive amount is relatively low with respect to

the content of Si3N4 in the slurry. Thus, fly ash hollow

microspheres would firstly melt and then react with

surrounded Si3N4 with little phase transformation.

XRD patterns demonstrated that porous Si3N4

ceramics are fabricated here (see Fig. 7d).

Based on the results about effects of silica hollow

microspheres, it is obvious to find that the increase in

solid loading leads to the decreasing addition of

hollow microspheres, further making the decrease in

porosity and improvement in both mechanical and

dielectric properties. For fly ash hollow microspheres,

relatively high solid loading (40 vol.%) is chosen here

aiming at fabricating high-performance porous

ceramics. Compared with silica hollow microspheres,

fly ash hollow microspheres possess larger diameter,

making their additive amount to decrease slightly. It

is found that in the case of same initial slurry, porous

Figure 5 a Bulk density and open porosity b flexural strength and fracture toughness of porous ceramics with addition of silica hollow

microspheres.

Figure 6 Dielectric constant as a function of frequency in the

range of 8.2–11.0 GHz.
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Si3N4 ceramics with higher bulk density of 1.73 g/

cm3 are achieved, leading to higher flexural strength

of 108.76 ± 6.25 MPa and fracture toughness of

1.78 ± 0.09 MPa m1/2 as well as dielectric constant of

3.53. Due to the increase in particle size for fly ash

hollow microspheres, the content of introduced pores

decreases, further leading to the decrease in porosity

of the final porous Si3N4 ceramics. On the other hand,

the only phase in porous Si3N4 ceramics is b-Si3N4,

while there are b-Si3N4 and little Si2N2O in the por-

ous ceramics from silica hollow microspheres and 40

vol.% the initial Si3N4 slurry. As discussed before,

Si2N2O possesses lower mechanical strength and

dielectric constant than Si3N4. As a result, porous

Si3N4 ceramics from fly ash hollow microspheres

show better mechanical properties and relative high

dielectric constant, which still meets the requirement

for radomes [25].

The performance superiority of porous Si3N4

ceramics from this method is well reflected through

the comparison in Table 3. The addition of silica

hollow microspheres favors porous Si3N4 ceramics

with excellent dielectric property, which can be well

explained by the uniform pore size distribution and

small pore size. Moreover, altering the species of pore

former could significantly improve the mechanical

properties of porous ceramics, owing to the small

amount of alumina in the low-cost fly ash hollow

microspheres. Obviously, even with higher porosity,

superior flexural strength and dielectric constant are

achieved by adding fly ash hollow microspheres

when compared with that from freeze-drying. The

employment of single-shell hollow microspheres

with good sphericity and diameter uniformity as

pore source, in combination with low-cost, eco-

friendly, high-efficiency and versatile dispersant

reaction method, promotes the controllable fabrica-

tion of high-performance porous ceramics with uni-

form micropores.

Figure 7 SEM images of a green body and b porous ceramics with addition of fly ash hollow microspheres, c pore size distribution and

d XRD pattern of porous ceramics (prepared with 40.0 vol.% Si3N4 slurry and addition of 7.15 wt% fly ash hollow microspheres).
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Conclusions

A kind of non-toxic, highly efficient, versatile direct

coagulation casting method, namely dispersant

reaction, has been employed to form green bodies

containing hollow microspheres and ceramic parti-

cles. Different from other pore formers, the unique

single-shell structure of hollow microspheres pro-

vides enough space to form primary pores during

sintering process, and it makes the morphology of

products more controllable. Moreover, uniform

diameter distribution of hollow microsphere and the

obtained hierarchical pore structure becomes one of

the reasons explaining their high performances. The

addition of silica hollow microspheres facilitates the

fabrication of high-performance porous Si2N2O-Si3N4

ceramics with excellent dielectric constant varying

from 2.27 to 2.89. Besides, when fly ash hollow

microspheres are added, high-performance porous

Si3N4 ceramics with porosity of 45.7%, flexural

strength of 108.76 MPa and dielectric constant of 3.53

have been achieved, which could be one of the ideal

candidates for radomes.
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