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Various atmosphere effects on sintering of 
compacts of Si02 microspheres 

T. Y. TSENG, J. J. YU 
Institute of Electronics, College of Engineering, National Chiao Tung University, Hsinchu, 
Taiwan 

The densification behaviour of highly ordered SiO2 compacts sintered at 1000~ in H20 (g) + 
N2, static air, N2 and 5% HCI + N2 atmospheres was investigated. Densification rate was 
found to be atmosphere dependent. Surface tension to viscosity ratios were obtained for vari- 
ous sintering atmospheres using available sintering models. Scanning electron microscopy 
observations were employed to describe the different stages in the sintering of ordered com- 
pacts and to show the effects of various atmospheres on the microstructural development of 
ordered compacts. 

1. Introduction 
It has been shown that a gaseous atmosphere might 
change the viscosity and surface tension of a glass, 
therefore, the densification of glass powder com- 
pacts could be affected by the atmosphere. Cutler 
[1] reported that the densification of soda-lime glass 
powder compacts is sensitively affected by the water 
vapour partial pressure of the ambient atmosphere. 
Water vapour at high partial pressures has a greater 
effect than at low partial pressures. Water vapour 
appears to decrease the viscosity without significantly 
affecting the surface tension at high partial pressures. 
At low partial pressures, water vapour decreases both 
the surface tension and the viscosity of the soda-lime 
glass, thus the rate of shrinkage was insensitive to low 
water vapour partial pressures. The surface tension of 
a commercial soda-lime-silica glass was measured in 
various atmospheres in the temperature range 450 to 
700 ~ C [2]. All gases having linear and non-polar mol- 
ecules have virtually no effect on the surface tension 
of soda-lime-silica glass. This was found to be the 
case with dry air, dry nitrogen, helium and hydrogen. 
Gases having polar molecules, such as water vapour, 
sulphur dioxide, ammonia and hydrogen chloride, 
lower the surface tension of soda- lime- silica glass by 
varying amounts. The surface tension of soda-lime- 
silica glass was found to decrease nearly proportional 
to the square root of the water vapour partial press- 
ure. For fused silica, water vapour showed no signifi- 
cant effect on the surface tension from 1100 to 
1300~ This indicates that no adsorption from a 
water vapour atmosphere will take place on the oxy- 
gen surface of fused silica in this temperature range. 

In a previous study [3], the sintering behaviour of 
highly ordered powder compacts formed from spheri- 
cal, nearly monosized SiO 2 particles was investigated. 
The densification results indicated that sintering of 
ordered compacts could be divided into several stages 
which was supported by the agreement between 
experimental results and calculated linear shrinkage 
values. Rearrangement and the differential micro- 
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densification process, which produce regions with 
larger pores and lower shrinkage rates, have occurred 
during the sintering of most of the irregularly packed 
particles [4-6], but have been minimized in ordered 
compacts. These results demonstrated that the highly 
ordered compacts would be the best candidate for 
quantitative sintering studies. However, the sintering 
study was only carried out in static air and did not 
consider the effect of atmosphere on the sintering of 
ordered compacts. The purpose of this investigation is 
to show the effects of various atmospheres including 
H20 (g), N2, air, HC1 (g) on the sintering behaviour of 
highly ordered SiO 2 powder compacts. Microstruc- 
tural evolution is followed by scanning electron 
microscopy observations for 1000~ isothermal sin- 
tering in various atmospheres and is correlated to 
sintering process. 

2. Experimental procedure 
2.1. Preparation of materials 
Spherical hydrous silica particles with a narrow size 
distribution were produced by the reactions of tetra- 
ethylorthosilicate (TEOS) (Merck Art. 800658, West 
Germany) in reagent grade ethanol of concentrated 
(~ 30wt % NH3) ammonia [7, 8]. Green bodies were 
formed by allowing particles in the as-prepared well- 
dispersed "solution to settle slowly (about 2 months) 
by gravitational force. After complete settling, the 
residual solution was drawn off and the subsequent 
ambient drying led to cracking of the precipitated 
cake into several large pieces. The irregularly shaped 
broken compacts were carefully removed from the 
flask and cut to dimensions of about 1 mm (thick- 
ness) x 40ram 2 (area) for sintering. All powder com- 
pacts were dried for 24 h at 200~ and then calcined 
for 1 h at 500 ~ C prior to sintering to remove residual 
bound water [8]. Scanning electron microscope (SEM) 
(Hitachi S-570, Hitachi Ltd, Tokyo) and transmission 
electron microscope (TEM) (Hitachi H-600, Hitachi 
Ltd, Tokyo) were used to characterize powders and 
powder compacts. Powder true density was measured 
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Figure 1 Scanning electron micrographs of sintered compacts with 84% relative density for (a) as-polished and (b) well-etched sample 
surfaces. 

using a helium gas pycnometer (Model SPY-2, Quan- 
tachrome Corp., Syosset, New York). 

2.2. Sintering in various atmospheres 
A three zone furnace (Model MB-71, Thermco Prod- 
ucts Corp., Orange, California) with fused silica tube 
(of diameter 5 in.) was used for sintering. During the 
experiments, the temperature was accurately main- 
tained at 1000 ___ I~ The SiO: compacts were iso- 
thermally sintered under various atmospheres for 
various time periods. For sintering in the nitrogen 
atmosphere, the atmosphere surrounding the par- 
ticle compacts was maintained by nitrogen flowing 
through the furnace tube at the rate of 5 litre min -~ . 
For sintering in the H20 (g) atmosphere, water 
vapour was generated by boiling distilled water in a 
sealed flask and was carried into the furnace tube by 
nitrogen gas at the same flow rate. For sintering in the 
HC1 (g) atmosphere, 50 ml HCI gas was carried into 
the fused silica furnace tube (of diameter 2 in.) by 1 litre 
Nz/min -~ . The compacts were also sintered in a static 
air atmosphere as well as an atmosphere of 20% 
oxygen plus 80% nitrogen. A purifier was used to 
remove moisture in the nitrogen and oxygen gases 
before they flowed into the furnace tube. 

Bulk densities of sintered compacts were deter- 
mined by the displacement method using deionized 
water. Percent relative density (QR) was calculated 
from bulk density and true density measurements. 
Powder X-ray diffraction (XRD) patterns were 
obtained with a diffractometer (Model XC-60, 
Toshiba, Yokohama, Japan) using nickel-filtered 
CuK~ radiation. Microstructural development was 
observed by SEM. Prior to the observations by SEM, 
the sintered samples were deliberately ground, pol- 
ished and cleaned. In a selective etching system, the 
ion-beam thinning system (Edwards, IBT-200, Manor 
Royal, Crawley, Sussex, UK) was used to reveal the 
true microstructure by bombardment of high energy 
(6 keV) noble gas ions (Ar +) on the sample surface. 
The milling time ranged from 5 to 30 min depended 
on the extent of sintering. Fig. la shows the polished 
surface of a sintered sample with 84% relative density 
(3h in air atmosphere). The microstructure was 
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obscured by the polishing procedure. A suitable etch- 
ing process revealed the microstructure clearly as 
shown in Fig. lb. 

3. Results and discussion 
3.1. Powder and green compact 

characterization 
TEM (Fig. 2) shows that the diameter of the silica 
particle is about 0.18 ~m; XRD analysis (Fig. 3) indi- 
cates that the SiO2 powders are amorphous. The true 
density of the powders was measured to be 2.21 g cm -3 
after calcination at 1000~ for 5h in a static air 
atmosphere. 

Green bodies, prepared by particle sedimentation 
from well-dispersed suspensions, contain a regular 
arrangement of spherical particles. The scanning elec- 
tron micrographs (Figs 4a and b) show the two- 
dimensional arrangement of the spheres; the particles 
arrange themselves in either "hexagonal closed-packed 

Figure 2 Transmission electron micrograph of SiO 2 particles. 
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Figure 3 XRD patterns for silica compacts sintered in the following 
conditions: (a) 500~ lh0 in static air, (b) 1000~ 3h, in H20 
(g) + N2, (c) 1000 ~ C, 24 h, in static air, (d) I000 ~ C, 96 h, in N2, (e), 
1000~ C, 25h, in HC1 (g) + N 2. 

planes" or "cubic planes". These planes stack layer by 
layer to construct the three-dimensional structure of 
the compact. In several areas (note arrow in Fig. 4a), 
it is evident that hexagonal close-packed planes stack 
directly on top of each other to form a "simple hex- 
agonal structure". This "simple" hexagonal structure 
has been reported in previous studies [8, 9]. Two types 
of pore channels in this order structure model com- 
pact would be formed: 

1. three-particle (3p) channels in "hexagonal close- 

packed planes", the calculated channel radius is 
16 nm (for 0.18 #m particle size); 
2. four-particle (4p) pore channels in "cubic 

planes", the calculated channel radius is ,,~ 41 nm. 

The average green density of the real compacts (for 
20 samples) was measured to be 60 + 1% theoretical 
density (2.21 gcm-3), close to the theoretical density 
of the simple hexagonal close-packed structure 
(60.46%). This value is considerably below the value 
of 74% for three-dimensional close-packed structure. 
It seems unlikely that packing defects (e.g. vacancies, 
grain boundaries, etc.) account for the entire dif- 
ference. This suggests that lower density packing 
structures (e.g. "simple" hexagonal, body-centred 
cubic, etc.) are important in these compacts [8]. 

3.2. In f luence  of a t m o s p h e r e  on s inter ing 
Fig. 5 shows the different densification rates of the 
silica powder compacts in various atmospheres. The 
compacts sintered in H20 ( g ) +  N2 atmosphere 
reached ~ 100% relative density and became trans- 
lucent in less than 90 min, while the compacts sintered 
in a static air atmosphere took about 11 h and that 
sintered in the N: atmosphere took about 100h to 
reach the same relative density. Within this exper- 
iment, the compacts sintered in 5% HC1 (g) + N2 
atmosphere for 25 h were still porous. The relative 
density was only 68%; this indicates that the HC1 gas 
inhibited densification of model SiO2 compacts in the 
present study. The scanning electron micrograph in 
Fig. 6a shows the polished surface of the compact 
sintered at 1000~ for 5h in H20 (g) + N2 atmos- 
phere. Only randomly located pores, which corre- 
spond to vacancies and voids, were found in the 
photomicrograph. The regular pore array has com- 
pletely closed. The polished surface of the compact 
sintered in static air atmosphere contained closed 
pores (Fig. 6b). It is difficult to identify the individual 
particles due to the neck growth at the contact of 
particles and centre to centre approach of the spheres. 

Figure 4 (a, b) Scanning electron micrographs for fracture surfaces of model green compacts. 
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Figure 5 Plots of relative density against sintering 
time in various atmospheres. 

Figure 6 Scanning electron micrographs for the well-etched sample surfaces after sintering for 5 h in (a) H20 (g) + N2, (b) static air, (c) N 2 
and (d) HCI (g) + N 2 atmospheres. 
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Figure 7 Fit of experimental sintering data to the 
Mackenzie-Shuttleworth model. Atmosphere: rn, 
H20 4- N2; a, air; + ,  N2; ~ ,  HCL + N~. 

The compacts in N2 and HC1 (g) + N 2 atmospheres 
sintered slightly so that the individual particles were 
still distinct (Figs 6c and d). The neck growth and 
centre to centre approach phenomena were not 
obvious. 

According to the experiments ofWagstaffe t  al. [10, 
11], water vapour acts as a source of oxygen or 
weakens the glass structure through the formation of 
hydroxyl groups. It thus increases the rate of crystal- 
lization of stoichiometric SiO2 and vitreous silica. But 
the XRD pattern (Fig. 3) shows that the SiO; powder 
sintered in H20 (g) or another atmosphere was still 
amorphous (even after they have reached 100% 
theoretical density). The phase transformation of SiO 2 

powders did not contribute to the various densifi- 
cation rates in this study. 

The sintering of glass was suggested [12, 13] to be by 
a viscous flow mechanism. The rate of linear shrinkage 
is proportional to the surface tension and inversely 
proportional to the viscosity of the material. The rate 
of linear shrinkage, A L / L  o is defined as 

A L / L o  = -  37t/8rlR (1) 

where ~, is the surface energy, r/ the viscosity, t the 
sintering time and R the particle radius. Two other 

models are the Mackenzie and Shuttleworth [14] and 
Scherer [15] models which both provide relationships 
between relative density and reduced time of sintering. 
The Mackenzie-Shuttleworth model considered the 
shrinkage in a structure composed of isolated closed 
pores while the Scherer model considered the shrink- 
age of a cubic array of  cylindrical particles. The sinter- 
ing kinetics were analysed in terms of these two 
models. The solid line in Fig. 7 shows the predicted 
variation of the relative density, ~R against reduced 
time, K(t  - to), based on the Mackenzie-Shuttleworth 
model. For the reduced time, t o is a fictitious time at 
which #R equalled zero and K is described by 

K = ?nl/3/q (2) 

where n, the number of pores per unit volume of  solid 
phase, can be given by [16] 

P 
n - 4~R3/3 (3) 

where P is the number of pores per particle and R the 
particle radius. For the uniform microstructure used 
in this study, it is reasonable to estimate P = 1. Data 
are fit to the theory by plotting reduced times (from 
the theoretical curve in Fig. 7) against sintering times 
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Figure 9 Fit of experimental sintering data to the 
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corresponding to the experimentally measured den- 
sities. These plots should be straight lines with slope 
K. The values of K from the slopes of the lines in Fig. 8 
are listed in Table I. The experimental data show a 
good fit to the theoretical curve (Fig. 7). Using Equa- 
tion 2, values for surface tension to viscosity ratio can 
be calculated for each sintering atmosphere (Table I). 

As in the Mackenzie-Shuttleworth model, Scherer 
provided a theoretical relationship between the rela- 
tive density and the reduced time (shown by the solid 
line in Fig. 9). In this case 

K = (?/r//0)(O,/Q0) ~/3 (4) 

where 7 is the surface energy, t/ the viscosity, l 0 the 
parameter related to pore size, Qs the theoretical den- 
sity of the solid and 60 the initial compact density 
prior to sintering. Experimental data were fit to the 
Scherer model (#s = 2.21gcm -3 and 10 was taken 
to be twice the particle radius) and the values of K 
were determined from the slopes of the lines in Fig. 10 
in the same way as described for the Mackenzie- 
Shuttleworth model. The proportional constant, K, 
and surface tension to viscosity ratio, 7/r/in various 
atmospheres are listed in Table I. It has been shown 
that both the surface energy and the viscosity of silica 

depend on the sintering atmosphere; thus the absolute 
value cannot be derived from K, only their ratio, 7/rl, 
can be determined. For sintering silica glass in a static 
air atmosphere, the surface energy, 7, was reported to 
be 2.8 x 10-SJcm -2 (280ergcm-2). The viscosity in 
static air is thus calculated to be 1.07 x 10" Pasec 1, 
agreeing with Sacks and Tseng's result ( ~ 9  x 
101~ Pa sec-l). However, the calculated viscosity is 
considerably lower than that derived by Johnson et  al. 
[17] and Scherer [18]. Moisture in the air atmosphere 
would be the most likely effect of lowering the vis- 
cosity because the experiments of Scherer and John- 
son et  al. were performed in dry helium atmosphere. 

Several papers [1, 19, 20] which reported the reac- 
tions between water vapour and silica glass, have been 
published. They suggested that water molecule dis- 
sociated on entry and produced two hydroxyl groups 
in the atomic network of the glass according to the 
following equation: 

-Si-O-Si- + H20 ~ 2 - i-OH (5) 
I I 

The rupture of the silicon-oxygen-silicon bridge and 
consequent weakening of the structure will decrease 
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time for the Scherer model 
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both the viscosity and the surface tension of  the glass. 
Cutler [1] confirmed this phenomenon at low partial 
pressure of  water vapour ( < 2 0 r a m  Hg). He also 
suggested that the surface tension became constant at 
high water vapour partial pressures while the viscosity 
continued to decrease proportional to the square root 
of  the water vapour partial pressure. Parikh [2] 
showed that non-polar gases, such as dry air, nitrogen, 
hydrogen and helium, had very little influence on the 
surface tension of the soda- l ime silica glass, whereas 
polar gases, such as water vapour, sulphur dioxide, 
ammonia, and hydrogen chloride, lowered the surface 
tension by varying amounts. He also showed that 
surface tension was decreased in proportion to the 
square root of  the water vapour partial pressure. 
Although his data did not go beyond a partial press- 
ure of  16mm Hg water vapour, it is obvious that 
increasing the water vapour partial pressure cannot 
continue to decrease the surface tension since negative 
values of surface tension will be reached. Although it 
was difficult to determine quantitatively the water 
vapour partial pressure in the present experiment, it is 
reasonable to expect high partial water vapour press- 
ure in H20  (g) + N 2 atmosphere since large quan- 
tities of steam were continuously carried into the fur- 
nace tube. We can conclude that the more rapid den- 
sification rate of the model SiO2 compacts sintered in 
H20  (g) + N2 than in N 2 atmosphere is due to much 
lower viscosity and slightly lower surface tension of  
the silica powder in the presence of  water vapour. 

SiO2 compacts in static air densified more rapidly 
than in N 2 atmosphere. The reason is investigated 
below: air consists of ~ 80% N2, ~ 2 0 %  02, some 
amount  of  water vapour (moisture), and a very small 
amount of gases such as CO2, H2 and noble gases. 

CO2, H2 and noble gases will have little effect on the 
densification rate because of their negligible quantities 
in air. Either water varpour or O2 contributed to the 
larger densification rate. To determine which one is 
dominant, the SiO2 compacts were also sintered in an 
atmosphere with 20% 02 and 80% N 2. The moisture 
in the N 2 and O 2 gases was removed by a purifier 
before they entered the furnace tube. The densification 
rate was shown (Fig. 11) to be nearly equal to that in 
N 2 atmosphere. Thus we can conclude that water 
vapour (moisture) played a major role in the air 
atmosphere in enhancing the sintering of  SiO2 powder 
compacts. 

Elmor [21] suggested that HC1 gas reacted with 
silanol group or siloxane bridges according to the 
following equations: 

I [ 
- S ~ O H  + HC1 ~ - S i - C 1  + H20  (6) 

I I 
I 

- s i  I 
I \ 
I / O  + 2 HC1 --, 2 - S i  - CI + H 2 0  (7) 

- s i  I 
i 

However, substitution of C1- ions in the glass at O H -  
sites does not decrease the glass viscosity, because 
chloride ions are more tightly bonded than silanols. 
The surface tension of the soda-l ime-si l ica  glass was 
reported [2] to decrease in the presence of hydrogen 
chloride (probably by the formation of dipoles). 
Therefore, the slower densification rate of  S i O  2 pow- 
der compacts sintered in the 5% HC1 ( g ) +  N 2 

atmosphere than in the N 2 atmosphere was probably 
due to the lower surface tension of  SiO2 powders. 

Coble [22] suggested that the final density of the 

T A B  L E I Reduced  t ime p ropo r t i ona l  cons tan t ,  K, and  surface tens ion to viscosi ty rat io,  y/t/, in var ious  a tmospheres  

Sinter ing a tmosphe re s  K (sec-  l ) 7/q ( cmsec  - I )  

(M - S) (Scherer) (Average)  

H 2 0  (g) + N2 2.1 • 10 -4 2.02 x I0 4 2.06 x l0  4 3.0 x l0  9 
Stat ic  a i r  2.0 • 10 5 1. 6 z 10 -5 1. 8 x 10 -5 2.6 x 10 -1~ 

N2 1.6 • 10 6 1. 4 x 10 -6 1. 5 • 10 -6 2.2 • 10 -II  
HC1 (g) + N 2 2 • 10 -7 3 x 10 -7 2. 5 x 10 7 3.6 • 10 -~2 
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Figure 12 Plots of relative density against logarithm 
of sintering time for atmospheres indicated. 

glass was limited by the diffusion speed of the sintering 
atmosphere. That is, at an advanced stage of sintering, 
the open pore channels are pinched off at the specimen 
surface first, and the trapped gas in the closed pores 
cannot escape to the outside atmosphere. The gas 
enclosed is compressed as further shrinkage proceeds. 
When the internal gas pressure counterbalances the 
surface tension driving force, shrinkage stops. The 
limiting densities that can be reached depend on the 
diffusivity of the gas in the solid. At low gas diffusivity, 
the sealed pores shrink to their respective stable size 
and a low final density is obtained. At relatively high 
gas diffusivity, the final shrinkage is not impeded by 
the presence of the gas and a high final density is 
obtained. At intermediate gas diffusivity, the kinetics 
of gas diffusion to the surface control the rate of final 
pore shrinkage. However, nearly 100% relative den- 
sity and translucency could be attained for sintering in 
H~O (g), static air and N2 atmospheres. This indicates 
that the final densities were not limited by the above 
three atmospheres for the model compacts used in the 

present experiment. Sintering of compacts in HC1 
(g) + N2 atmosphere persisted only for 25 h. Data on 
the final density were not available. Nothing can be 
said about the limiting final density in the HC1 (g) 
atmosphere. 

Plots of relative density against logarithm of sinter- 
ing time are shown in Fig. 12 for various sintering 
atmospheres. In each plot (except in the HC1 atmos- 
phere), and upward break is observed at approxi- 
mately the same relative density (~  75 to ~ 77%). The 
results indicate that the densification process may be 
divided into at least two stages. Similar results were 
found in earlier experiments [3, 4]. In Sacks and Pask's 
experiments, compacts of different states of agglom- 
eration were sintered. In the first stage of sintering, 
the smaller particles in close-packed regions densified 
quickly, and by their "pulling away", larger pores 
"opened up". After the small pores closed, the sub- 
sequent densification of larger pores corresponded to 
a higher stage of sintering. Sacks and Tseng [3] sin- 
tered the Sit2 model compacts in air atmospheres for 

Figure 13 Scanning electron micrographs of sintered samples with (a) 79% and (b) 82% relative densities. 
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Figure 14 Scanning electron micrograph for polished surface of  
sintered compact  of  particles ~ 0.28 #m diameter with 76% relative 
density. 

900, 950, 1000 and 1050~ An upward break was 
found at approximately the same relative density 
(~  72 to ~ 73%) in the plots of relative density against 
logarithm of sintering time. With the aid of mercury 
porosimetry, they suggested that shrinkage of 3p pore 
channels was the dominant process responsible for 
densification during the first linear region, whereas the 
second linear region was primarily associated with the 
shrinkage of 4p pore channels. 

SEM observations (Figs 13 and 14) also support 
the preceding interpretation for the upward break 
observed in each plot of Fig. 12 for various atmos- 
pheres. Fig. 13 shows the scanning electron micro- 
graphs of the samples with different ~R values (~  79 
and ~82%). Most of the 3p pore channels have 
already closed during the first stage, while those 
remaining are generally quite small. In contrast, many 
4p pore channels, considerably larger in size, are 
evident in Figs 13a and b. To elucidate this phenom- 
enon more clearly, model compacts with larger SiO2 

spherical particles (~  0.28 #m) were prepared and sin- 
tered in static air. A better resolution scanning elec- 
tron micrograph (Fig. 14) was obtained and shows the 
same shrinkage sequence as shown in Fig. 13. These 
results agree with Sacks and Tseng's observations [3]. 
So it is reasonable to associate the first linear region 
with the shrinkage of the smaller pores (i.e. the 3p pore 
channels), while the shrinkage of 4p pore channels is 
associated with the second linear region. 

The densification rate of the model compacts in 
static air atmosphere in this study was compared with 
Sacks and Tseng's result [3]. The particle packing 
condition was similar and the green density was nearly 
the same (~  60%), whereas the particle size was dif- 
ferent in the two experiments. In Sacks and Tseng's 
experiment, the particle size was ~ 0.5 #m, consider- 
ably larger than that of the present study (~  0.18 #m). 
Compacts with larger particle sizes were shown 
(Fig. 15) to have a lower densification rate. According 
to the Mackenzie-Shuttleworth model, the densifi- 
cation rate is proportional to K (equal to 7/qR(3P/ 
4re) 1/3) and hence it is inversely proportional to particle 
radius. The proportional relation is not found in the 
present comparison because the moisture content in 
the sintering atmosphere was unknown. 

In the bulk of the hexagonal close-packed structure, 
the co-ordination number of each particle is 12. How- 
ever, each particle in the hexagonal close-packed sur- 
face layer contacts at most with nine other particles. 
Therefore, surface tension (the driving force of sinter- 
ing) of the surface layer is less than that of the bulk. 
Densification in the surface layer is thus expected to be 
less than the bulk. Fig. 16 confirms this phenomenon. 
After sintering for 45rain in H20 (g) + N 2 atmos- 
phere, the bulk was almost completely densified 
(Fig. 16a), whereas the surface layer was slightly sin- 
tered (Fig. 16b). 

4. Conclusions 
The SiO 2 model compacts were prepared and sintered 
at 1000~ in the following atmospheres: (1) H 2 0  

(g) + N2, (2) static air, (3) dry N2 and (4) 5% HC1 
(g) + N 2 (in sequence of densification rate, from high 
to low). Water vapour decreased both the viscosity 
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Figure 16 Scanning electron micrographs for (a) fracture surface and (b) top surface of sintered compacts with ~ 100% relative density. 

and the surface tension of SiO2 powders by formation 
of silanol groups in the powder surface. The enhanced 
densification indicated that the viscosity of SiO2 was 
reduced more than the surface tension. Oxygen gas 
was found to have no influence on the densification 
rate; this indicated that moisture dominated the den- 
sification of the SiO2 compact in the static air atmos- 
phere. HC1 gas was found to inhibit sintering of the 
SiO2 compact by decreasing the surface tension. 

Densification kinetics were fit to the Mackenzie- 
Shuttleworth and Scherer models. Various values of 
K, the proportional constant in these models, were 
found in various sintering atmospheres. Since both 
surface tension and viscosity were sensitive to sinter- 
ing atmosphere, it is not possible to clearly delineate 
the effect of atmosphere on viscosity and surface ten- 
sion separately in the present study; only their ratios 
can be determined. 

An ion-thinning system was used to selectively etch 
the polished surfaces of sintered compacts. Micro- 
structure evolutions were clearly observed by SEM. 
Densification and SEM observation results indicate 
sintering of ordered compacts can be divided into 
several stages. 
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