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Abstract

Transparent SiO2 bodies were prepared by pressureless sintering (PLS) and spark plasma sintering (SPS). The effects of sintering and annealing

temperature on the transmittance of the SiO2 bodies were investigated. The SiO2 bodies sintered by SPS and PLS at 1073–1573 K were amorphous.

With increasing the sintering temperature to 1673 K, the SiO2 bodies sintered by PLS were crystallized while those sintered by SPS were still

amorphous. The relative density of the SiO2 bodies sintered by SPS was 98.5% at 1373 K and 100% at 1573 K, whereas that sintered by PLS was

92.6% at 1373 K and 98.9% at 1573 K. The transmittance was 91.0% and 81.5% at a wavelength (l) of 2 mm for the SiO2 sintered bodies by SPS

and PLS, respectively. In the ultraviolet range, the transmittance of the SiO2 bodies sintered by SPS at 1573 K was about 40% at l = 200 nm and

increased to 75% after annealing at 1073 K for 1 h, which was about three times of the transmittance of the SiO2 bodies sintered by PLS (24.8%).
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1. Introduction

Transparent SiO2 glass has many attractive properties, such

as a low thermal expansion coefficient, low electrical

conductivity, high chemical resistance and high ultra-violet

(UV) light transparency. It is widely used for high efficiency

lamps, antenna windows, crucibles for melting high-purity

silicon, IC photo-mask substrates, lens material for excimer

stepper equipment, and white light phosphors [1,2]. Transpar-

ent SiO2 glass has been commonly fabricated by melting at high

temperatures from 2273 to 2573 K. Since SiO2 glass can be

melted by an oxygen–hydrogen gas burner, hydroxyl group

elements are easily introduced into the SiO2 glass, thus

inducing an increase in optical loss, particularly in middle to

near-infrared region [1]. Other techniques, such as sol–gel,

vapor phase axial deposition, pressureless sintering (PLS) of

floc-casting [3] and slip-casting [1] green body, and laser micro

sintering, have also been used to prepare SiO2 glass at low

temperatures [4,5]. However, when a long sintering process and

high sintering temperatures was employed for eliminating
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residual pores and enhancing transparency, crystallization of

SiO2 glass and a loss of transparency was induced [6].

Spark plasma sintering (SPS) has been applied to densify

materials in a short sintering time [7–9]. Many kinds of

fully dense structural ceramics [10,11], transparent ceramics

[12–14], biomaterials [15], metals [16], and intermetallics

[17,18] have been fabricated by using SPS. SPS can also be

applied to fabricate dense glass and amorphous materials at a

low sintering temperature and short sintering time [19,20].

Mayerhofer et al. had consolidated SiO2 glass using silicic acid

powder (particles size < 10 nm) by SPS at 1273 K and

annealing at 1173 K for 5 h; however, the transmittance in

the UV–vis spectral region was 63% [19].

In this study, a highly transparent SiO2 body was fabricated

by SPS using commercial SiO2 powder. The effects of sintering

and annealing temperatures on the microstructure and optical

properties were investigated. The SiO2 body was also

fabricated by PLS for comparison.

2. Experimental details

Commercial amorphous SiO2 powder (Admatechs Ltd.,

Japan, particle size < 500 nm) was passed through a sieve with

a pore size of 100 mm and was removed into a graphite die
d.
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Fig. 1. X-ray diffraction patterns of SiO2 sintered by (a) PLS and (b) SPS.

Fig. 2. Effect of sintering temperature on the relative density of SiO2 bodies

sintered by (a) PLS and (b) SPS.
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(f30 mm � f10 mm � 30 mm). SiO2 powder was sintered at

1073–1673 K for 10 min with uniaxial pressure of 100 MPa

and a heating rate of 100 K min�1 by SPS (SPS-210LX, SPS

Syntex Inc.). Pulsed direct current (pulses of 60 ms on/10 ms

off) was applied. The temperature was measured by an optical

pyrometer focused on a hole (f2 mm � 5 mm) in the graphite

die. Specimen sintered at 1573 K was annealed at 973–1273 K

for 3 h in air. The amorphous SiO2 powder was also sintered by

PLS in air at 1473–1673 K and a heating rate of 0.17 K/s. The

specimen was held at the sintering temperature for 7.2 ks, then

cooled to room temperature by a rate of 0.17 K/s.

The crystal structure was identified by X-ray diffraction

(XRD) with CuKa radiation. The microstructure was observed

by scanning electron microscopy (SEM). The bulk density was

determined by the Archimedes’ method and the relative density

was calculated using the theoretical density of SiO2 (2.2 g cm�3)

[21]. Both sides of the SiO2 body, 1 mm in thickness, were

polished for optical measurements. The transmittance in visible

and infrared ranges was measured by a spectrophotometer (UV-

3101PC, Shimadzu, Japan) in the wavelength (l) range from 190

to 2500 nm and a Fourier transform infrared spectrometer (FTIR,

460 Plus, Jasco, Japan) in the range from 5000 to 400 cm�1

(2–25 mm). A fused silica sample with a thickness of 1 mm was

used as a reference. The theoretical transmittance (Tt) of the

ultraviolet grade synthetic fused silica [22] was calculated by

using Eq. (1) as Ref. [23]

T t ¼
2n

n2 þ 1
; (1)

where n is the refraction index of SiO2.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of SiO2 sintered

by (a) PLS and (b) SPS. Only a broad halo of the SiO2 bodies

sintered by PLS and SPS at 1473–1523 K was detected. At
1673 K, the typical peaks of cristobalite at 2u of 22.08 (1 0 1),

31.58 (1 0 2) and 36.18 (1 1 1) were detected in the PLS-

sintered body, showing crystallization. However, at the same

temperature, the SPS-sintered body was amorphous, which

implied that SPS was more effective than PLS on depression of

SiO2 crystallization. Yong-Taeg et al. studied the sintering

behavior of SiO2 glasses and reported that vacuum (10�4 Pa)

was necessary to obtain a SiO2 body [1]. However, in the

present study, no crystallization happened in the SPS process

with vacuum of 5 Pa. The reason may be attributed to the rapid

temperature increasing rate (100 K min�1) and relatively high

pressure (100 MPa) in SPS process.

Fig. 2 shows the effect of sintering temperature on the

relative density of SiO2 bodies sintered by PLS and SPS. The

relative density of SiO2 sintered by PLS increased from 92.5 to



Fig. 3. Effect of sintering temperature on the shrinkage rate of SiO2 body

sintered by SPS.
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99.8% with increasing sintering temperature from 1373 to

1623 K, and then slightly decreased to 99.3% at 1673 K. The

relative density of SiO2 sintered by SPS increased from 92.7 to

100% with increasing sintering temperature from 1073 to

1573 K and slightly decreased to 99.7% at 1673 K. Yong-Taeg

et al. [1] had sintered SiO2 powder at 1573–1873 K at a heating

rate of 17 K min�1 in high vacuum. A fully dense SiO2 body

was obtained by heating for 30 min at 1673 K. The sintering

temperature was 100 K higher and the holding time was three
Fig. 4. Fracture surfaces of the SiO2 bodies sintered by P
times of that applied in the present study (1573 K and 10 min).

Fig. 3 shows the effect of sintering temperature on the

shrinkage rate of the SiO2 bodies sintered by SPS. The

shrinkage of SiO2 body started from 1200 K and ended at

1573 K.

Fig. 4 shows the fracture microstructure of the SiO2 bodies

sintered by PLS at 1523–1673 K. SiO2 grains 0.5–1 mm in

diameter were observed at 1523 K, indicating significant

necking and grain growth (Fig. 4(a)). At 1573 K, grains were no

longer observed, whereas many small pores about 100 nm in

diameter were observed (Fig. 4(b)). At 1623 K, dense and

glassy microstructure was observed (Fig. 4(c)). At 1673 K,

crystallization partially occurred (Fig. 4(d)). Fig. 5 shows the

fracture microstructure of the SiO2 body by SPS at 1173–

1673 K. The grain size of the SiO2 body at 1173 and 1273 K

was almost the same as that of raw powder (Fig. 5(a) and (b)).

At 1373 K, the maximum SiO2 grain size was over 2 mm in

diameter (Fig. 5(c)). Above 1473 K, the SiO2 body was fully

sintered and no grains were identified. There were small pores

in the SiO2 bodies sintered at both 1473 (Fig. 5(d)) and 1673 K

(Fig. 5(f)), but no pores were identified at 1573 K (Fig. 5(e)).

This was in accord with the trend of the relative density shown

in Fig. 2.

Fig. 6 shows the IR-transmittance spectra of the SiO2 body

sintered by (a) PLS and (b) SPS as a function of wave number

(Nw) from 2000 to 5000 cm�1. The peaks at Nw = 2259.2 cm�1

represented the second harmonic of the asymmetric Si–O–Si

stretching vibration [24], and those at 3761.8 cm�1 were

attributed to the stretching vibration of SiO–H [19]. At
LS at (a) 1523, (b) 1573, (c) 1623, and (d) 1673 K.



Fig. 5. Fracture surfaces of the SiO2 bodies sintered by SPS at (a) 1173, (b) 1273, (c) 1373, (d) 1473, (e) 1573, and (f) 1673 K.

Fig. 6. IR-transmittance spectra of the SiO2 bodies sintered by (a) PLS and (b) SPS as a function of wave number (Nw) from 2000 to 5000 cm�1.
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Fig. 7. (a) UV–vis-transmittance of SiO2 bodies sintered by SPS at different temperatures, (b) UV–vis-transmittance comparison of SiO2 bodies sintered by PLS and

SPS.
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Nw = 5000 cm�1, the transmittance of the SiO2 body (T)

sintered by PLS at 1623 K showed the highest value of 81.5%.

On the other hand, the transmittance of the SiO2 body (T)

sintered by SPS at 1573 K and Nw = 5000 cm�1 showed the

highest value of 91.4%, close to that of the fused SiO2 (91.5%)

and the theoretical value (93.2%).

Fig. 7(a) shows the transmittance (T) of the SiO2 body by

SPS as a function of wave length (l) in the UV–vis range of

200–800 nm. At the sintering temperatures of 1373 and

1423 K, the SiO2 body was opaque. At 1473 K, the T increased

from 0 to 37% at l = 400–800 nm. At 1523–1673 K, the T at

l = 200 nm increased from 35% to 45%, almost half that of the

fused SiO2. With increasing l from 200 to 500 nm, the T

increased from 45 to 85%. Fig. 7(b) shows the T of the SiO2

body sintered by PLS and SPS at 200, 500 and 800 nm as a

function of sintering temperature. At 1523 K, the T of the SiO2

body sintered by PLS was almost 0 at 200 to 800 nm. The

maximum T of the SiO2 body sintered by PLS at 1623 K was 49

and 51% at 500 and 800 nm, respectively. With an increase of

sintering temperature from 1473 to 1523 K, the T of the SiO2
Fig. 8. UV–vis-transmittance spectra of the SiO2 bodies sintered by SP
body sintered by SPS increased to 35% at l = 200 nm and 82%

at l = 800 nm, respectively. The T of the SiO2 body sintered by

SPS at 1573 K showed the maximum value of 89.1% at

l = 800 nm, about 95% that of the theoretical value. At

l = 200 nm, the T of the SiO2 body sintered by SPS increased

from 35 to 45% with an increase in the sintering temperature

from 1523 to 1673 K.

Fig. 8(a) shows the T of the SiO2 bodies sintered by SPS and

annealed at various temperatures from 973 to 1173 K. The

transmittance reported by Hiratsuka et al. [3] and Mayerhofer

et al. [19] was included for comparison. The T at l = 200–

500 nm increased with increasing annealing temperature from

973 to 1073 K and slightly decreased at l = 800 nm. With

increasing annealing temperature to 1173 K, the T decreased

independent of l. Mayerhofer et al. consolidated SiO2

nanoparticles by SPS at 1273 K and annealed them at

1173 K for 5 h [19]. The as-sintered SiO2 body showed a T

of 63% in the UV–vis range of l = 200–1000 nm. Using PLS,

Hiratsuka et al. fabricated a SiO2 body of a floc-cast green body

in air. The Tof the SiO2 body was 85% at l = 400–1000 nm, but
S as a function of (a) wave length and (b) annealing temperature.
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61% at l = 200 nm. Fig. 8(b) shows the T of the SiO2 body

sintered by SPS at 1573 K as a function of annealing

temperature. At l = 200 nm, the SiO2 body sintered at

1573 K and annealed at 1073 K showed a maximum T of

75%. This value was 20% higher than those reported by

Hiratsuka et al. [3] and Mayerhofer et al. [19].

4. Conclusions

Transparent SiO2 bodies were prepared by PLS and SPS at

1173–1673 K. The relative density of the SiO2 body sintered by

PLS showed the maximum value of 98.9% at 1573 K, whereas

that of the SiO2 body sintered by SPS was 100% at 1573 K. The

SiO2 body sintered by PLS showed partial crystallization at

1623 K whereas no crystallization was observed up to 1673 K

in that sintered by SPS.

The transmittance of the SiO2 body sintered by SPS at 1523–

1673 K was above 90% at l = 2 mm. The transmittance of the

SiO2 body sintered at 1573 K and annealed at 1073 K had the

maximum values of 75 and 87% at l = 200 and 800 nm,

respectively, almost three times of that of the SiO2 body

sintered by PLS.
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