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Abstract

The glass fibre reinforced nano-SiO2 composites (with up to 40 wt.% of glass fibres) as insulating materials
were fabricated firstly by preparing aligned glass fibres under the ice formation followed by pressing and an-
nealing. Scanning electron microscopy analyses confirmed the presence of parallel distribution of glass fibres
in certain direction. The low-temperature nitrogen adsorption and mercury intrusion measurements showed
that the composites have mesoporous structure with the mean pore size less than 20 nm. Further, it was found
that the compressive strength and thermal conductivity of composite were 15.1 MPa and 0.0585 W/(m·K), re-
spectively.
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I. Introduction

Aerogels have been applied in many fields due to

their unique structure [1]. Among aerogels, silica aero-

gel has attracted enormous attention owing to its high

surface area and high porosity formed by nonmetal par-

ticles [2]. Since the pore sizes of silica aerogel are dis-

tributed from 2 to 50 nm, which is smaller than the mean

free path of nitrogen and oxygen, the thermal conduc-

tivity caused by either the gas or the convection is very

small [3]. However, the silica aerogel often suffers from

poor mechanical performance that would restrict its ap-

plication. Therefore, it is very important to improve the

mechanical properties of silica aerogel by proposing

and designing new approach [4]. Among various meth-

ods, fibres are often employed as reinforcement phase

to strengthen the mechanical performance of the base

material [1,5–12]. Wu et al. proposed a possible way to

control the thermal and mechanical properties of fibre-

reinforced aerogels composites by regulating the fibre

alignments and the laminated structures [2,4]. Further,

Takayuki et al. [13] synthesized porous ceramic ma-

terial using a freeze-drying process, showing that the

pores aligned along the macroscopic direction of ice for-
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mation and acted as channels.

In this study, the glass fibre reinforced nano-SiO2

aerogels as insulating materials were fabricated by

preparing aligned glass fibres under the ice formation

followed by pressing and annealing. Moreover, the ef-

fects of the fibre amount on the microstructure, heat in-

sulation and the mechanical properties were analysed.

II. Experimental

2.1. Preparation

Nano-silica aerogel powders (QS20, Tokuyama Co.,

China), glass fibres (Zhongtian Junda Co., China) and

polyvinyl alcohol (PVA, Mw = 74800 and 99% hydrol-

ysed granule, the PVA quality fraction of PVA solution

was 10%) were selected as raw materials. The mean

particle size of silica aerogel powders was 25 nm. The

length of fibre was 1–2 mm and the length-to-diameter

ratio was greater than 100.

In a typical preparation, the total mass of nano-silica

aerogel powders and glass fibres was 20 g; the weight

percent of glass fibres was 10, 20, 30, and 40 wt.%. The

silica aerogel powders, glass fibres, and PVA solution

(56 ml) were added in deionized water (210 ml) under

magnetic stirring for 2 h. Subsequently, it was dispersed

ultrasonically for 1 h. After that, the obtained slurry was
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poured into a cubic plastic container which was then

immersed in a liquid nitrogen refrigerant. It should be

noted that the liquid nitrogen should cover the bottom

of the container. Meanwhile, the top of the container

was opened so that the upper surface of the slurry was

exposed to the atmosphere at room temperature. Thus,

the ice was stimulated to grow parallel to the tempera-

ture gradient direction. After the slurry was completely

frozen, the container was put into a drying vessel and

dried for about 150 h under the temperature of 50 °C and

vacuum of 10 Pa. The green compacts were carefully re-

moved from the container, and then cut into appropriate

size that suited for preparing samples with diameter of

20 mm and thicknesses of 3 and 20 mm, respectively.

The compaction pressure was 50 MPa, and most of all,

the loading force was perpendicular to the growth direc-

tion of ice. Finally, all samples were annealed at 800 °C.

For comparison, samples with 10 and 20 wt.% of glass

fibres were prepared by employing traditional powder

metallurgy method. For convenience, the samples hav-

ing glass fibres with aligned and random distribution are

defined as GF-A and GF-R, respectively.

2.2. Characterization

The microstructures of the samples were inves-

tigated using a scanning electron microscope (VK-

9700, KEYENCE Co., Japan). The pore size distribu-

tions were investigated by low-temperature nitrogen ad-

sorption (Nova2000e Quantachrome Co, U.S.A) and

mercury porosimetry (AutoporeV, Micromeritics Co,

U.S.A). The samples of �20 mm × 3 mm were used to

determine the thermal conductivity by steady-state heat

flux method. In addition, the compressive strength was

also measured (Instron 1195, Instron, USA).

III. Results and discussion

3.1. Microstructure of composite materials

Figures 1a and 1c show the SEM image of the GF-A

composites containing 20 wt.% glass of fibres prepared

by typical freeze-drying method after heat treatment at

800 °C. The inset in Fig. 1c is the same sample be-

fore the heat treatment. Obviously, glass fibres are dis-

tributed in parallel towards a certain direction. This re-

sulted from the freeze-drying process where fibres were

pushed by the ice during ice crystals growth from the

bottom to the top surface of the gel. On the other hand,

it was found that the glass fibres and SiO2 nanoparticles

linked together more tightly after heat treatment. Re-

garding formation of the GF-A composites, a possible

mechanism was proposed by Zhang et al. [14] and the

phenomenon could be explained by Mullins-Sekerka in-

stability. Specifically, when target solution is frozen, ice

crystals grow and solute species (glass fibres and SiO2

nanoparticles) are excluded by these crystals. Because

impurities have a very low solubility in ice crystals, a

Figure 1. SEM micrographs of GF-A (a, c) and GF-R (b, d) containing 20 wt.% of glass fibres
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Figure 2. Pore size distribution determined by the N2

adsorption-desorption

concentration gradient of the solute is formed and the

solute concentration ahead of the ice front is increased.

This increase in concentration reduces the melting point

of the solution, which results in the formation of a con-

stitutional supercooling zone and finally this can break

down the planar interface, and the ice cell grows [14]. In

our experiment, ice grows along the temperature gradi-

ent because the top of container was exposed to the air.

Once the ice nucleated at the bottom of the container,

the transition of heat from suspension to the cryogen

would slow down and therefore the ice will grow in cer-

tain direction. Meanwhile, the ice crystals and glass fi-

bres as well as SiO2 nanoparticles were separated. Due

to this, the glass fibres and SiO2 nanoparticles are rear-

ranged between the ice crystals. However, the distance

between the ice crystals was far less than the length of

the glass fibre, resulting in distribution of glass fibres

in parallel to the direction of ice growth. Further, the

ice would be sublimated via drying and thus the glass

fibres could keep the certain arrangement. In addition,

the SEM images of glass fibres with random distribu-

tion are shown in Figs. 1b and 1d. Clearly, fibres with

a homogeneous porous nanostructure were cut off and

distributed in a random direction. Through comparison,

it was suggested that the freeze-drying method should

be a good choice to fabricate fibre aligned reinforced

composite.

The porous texture of the composite, including

pore volume and pore size, was investigated by

Barrett-Joyner-Halenda (BJH) method. Both GF-A

and GF-R composites have pore volume of 0.505–

0.702 cm3/g. Figure 2 shows the pore-size distribution

determined by low-temperature nitrogen adsorption-

desorption method. The mean pore sizes of the GF-A

composites are 17.8, 12.4, 9.7 and 12.3 nm correspond-

ing to composites having 10, 20, 30 and 40 wt.% of glass

fibres. The GF-R composites with 10 and 20 wt.% of

glass fibres have the mean pore sizes of 9.6 and 12.5 nm,

respectively. Thus, both GF-A and GF-R are ascribed as

mesoporous materials [15]. Likewise, the pore size dis-

tribution of the GF-R is similar with that of the GF-A

composites, indicating that the pore size distribution of

this composite is not dependent on the doping content

of glass fibres as well as on the preparation. Further-

more, the mercury intrusion method was also employed

to analyse the pore size of composites. It was showed

that the mean pore size of as-prepared composite is less

than 20 nm which is consistent with BJH analysis, indi-

cating that the glass fibres reinforced silica aerogel com-

posites are mesoporous materials.

3.2. Compressive strength and thermal conductivity

In the present study, glass fibres were used to enhance

the mechanical properties of the silica aerogel. Figure

3a presents the compressive strength as a function of fi-

bre content. When the glass fibres 10 to 30 wt.%, the

compressive strength increased gradually. This showed

that glass fibres are beneficial to improve the strength

of the aerogel materials. Further, when the fibre load-

ing content increased to a certain value, herein 30 wt.%

of glass fibres, the strengthening effect reached a maxi-

mum. However, when the glass fibres excessed 30 wt.%,

fibres impeding-sintering effect became dominant and

therefore the compressive strength of the composites de-

creased. In addition, Fig. 3a also shows that glass fibres

Figure 3. Compressive strength (a) and thermal conductivity (b) of GF-A and GF-R composites
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Figure 4. Schematic diagram of the heat transfer path in: a) GF-A and b) GF-R composites

reinforced composites prepared using different methods

have similar function between compressive strength and

the glass fibres content. Nevertheless, the compressive

strength of the GF-A was lower than that of the GF-R

composites at each certain glass fibre content, indicating

that the strength of composite is associated with glass fi-

bres’ orientation.

Figure 3b shows the effect of the glass fibres ad-

dition on the thermal conductivity. The thermal con-

ductivity of the GF-A composites increases from 0.057

to 0.0601 W/(m·K) with the increase of the glass fi-

bres content from 10 to 40 wt.%. Yuan et al. [3] re-

ported that silica aerogel/glass fibres composites fab-

ricated by press forming method exhibit lower ther-

mal conductivity (20 wt.% glass fibres, 0.025 W/(m·K)

at 300 °C). This could be caused by the addition of

TiO2 as an opacifier. However, its’ compressive strength

was less than 1.2 MPa which was much lower than the

present data, demonstrating that the heat treatment was

favourable for improving the strength of the compos-

ites. It is known that the heat transfer can be achieved

via three ways involving conduction, convection, and

radiation. Basically, the heat transfer prefers conduction

rather than radiation and conduction within the aerogel

network is much smaller than in the pores. As a result,

the radiation and heat transfer of the solids could be ne-

glected. On the other hand, the mean pore sizes of the

silica aerogel composites are less than 20 nm which is

smaller than the mean free path of nitrogen and oxy-

gen. In this case, the thermal conductivity contributed

by the gas convection can be neglected. Figures 4a and

4b show the schematic diagram for heat transfer in the

GF-A and GF-R composites, respectively. From Fig. 4a,

it is observed that the aerogel is characterized by the

aligned glass fibres. The filled aerogel restricted the heat

transfer between glass fibres due to the low thermal con-

ductivity of nano pores. However, from Fig. 4b, it could

be obtained that the glass fibres are overlapped, leading

to high heat transfer through the interconnected fibres.

IV. Conclusions

In this study, the glass fibre reinforced nano-SiO2

composites as insulating material were fabricated by

preparing aligned glass fibres under the ice formation

followed by pressing and annealing. It was found that

the obtained composites presented homogeneous meso-

porous structure and the mean pore size was smaller

than 20 nm. Further, the compressive strength of the

composites increases with the increase of the glass fi-

bres content from 10 to 30 wt.%. On the other hand,

the thermal conductivity increases from 0.057, 0.0585,

0.059 to 0.0601 W/(m·K) with the increase of the glass

fibres content from 10 to 40 wt.%, respectively. Besides,

the thermal conductivity of the composite samples hav-

ing glass fibres with aligned distribution is smaller than

that of the samples with randomly distributed glass fi-

bres due to the different heat transfer pathway.
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