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Preparation of SiO, Glass from Model Powder Compacts:
I, Formation and Characterization of Powders, Suspensions,
and Green Compacts

MICHAEL D. SACKS" and TSEUNG-YUEN TSENG™*'*

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611

Dense SiO; glass was produced at =1000°C by using highly
ordered compacts of spherical, nearly monosized, amorphous
SiO, particles. In Part I of this study, the formation and char-
acterization of powders, suspensions, and green bodies are
described. Thermogravimetry and DTA revealed that sub-
stantial loss of bound water occurs in powders calcined at
temperatures as low as 200°C. Surface area and density mea-
surements were used to show that the water loss occurs with-
out micropore formation. FTIR spectroscopy revealed that
residual silanol groups persist to the highest temperatures
(1050°C) studied. The state of particulate dispersion in sus-
pensions was modified by pH adjustment and monitored by
rheological measurements. Flocculated suspensions (low pH)
produce inhomogeneous, low-density powder compacts with
highly bimodal pore-size distributions. Uniform green bodies
(with higher packing densities) were prepared using well-
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dispersed suspensions (high pH). Two-dimensional, close-
packed hexagonal arrays of particles were observed in these
compacts. Pore-size distributions were narrower, but still bi-
modal due to the presence of three-particle and four-particle
pore channels. The sintering behavior of these compacts is
described in Part II.

I. Introduction

USED SILICA (SiO; glass) has many technological applications

due to its excellent optical, electrical, and thermal properties.
However, traditional melt-based methods of processing are ob-
jectionable due to the high temperatures required (=2000°C). In
recent years, flame hydrolysis'™ and sol-gel*® methods have
been used to produce porous, high specific surface area shapes
of amorphous SiO,. Subsequently, these bodies can be fully
densified by sintering (viscous flow mechanism) at relatively
low temperatures,9~'%:15-17:20.2!

Scherer’® described the sintering behavior of porous SiO,
“soot” preforms prepared by flame hydrolysis. The preform con-
sists of fine SiO, particles produced by oxidation of metal halides
(e.g., SiCly) or organometallic compounds (e.g., methyltri-
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methoxysilane) in a gas/oxygen flame. One problem with this
method is that particles tend to form large agglomerates. This
results in bodies with low green bulk densities and, consequently,
large shrinkages occur during sintering. Furthermore, the average
pore size is generally several times larger than the average particle
size. This partially diminishes the advantage of using high specific
surface area, fine-sized particles during sintering since final-stage
densification is ultimately controlled by the largest pores present
in the microstructure.” Nevertheless, sintering to high density was
observed at relatively low temperatures (=1200°C).’

Sol-gel processing techniques for preparing porous SiO; bodies
are often divided into two general methods. In one case (method I),
colloidal dispersions (i.e., sols) of fine SiO, particles are prepared
and subsequently destabilized, or gelled, by chemical and/or ther-
mal treatments.*® The gel is a semirigid, open, three-dimensional
network of particles which contains large amounts of interstitial
liquid. In method II, organometallic compounds are hydrolyzed
and polymerized.®*° Gelation occurs as growing polymeric
species agglomerate and crosslink to form an extensive, three-
dimensional network (which again contains large amounts of
interstitial liquid).

To retain monolithic structures after drying, bodies prepared via
sol-gel method 1 are generally processed under conditions which
yield large pore sizes compared to method I1. Shoup* used
commercial’ fine-particle (=12 nm diameter, ~230 m’/g surface
area) sols prepared from soluble silicates to form SiO, bodies with
various average pore sizes. Only structures with large average
pore sizes (260 nm) remained monolithic after drying. Rabino-
vich et al.® used commercial* flame-hydrolyzed SiO, particles
(=12 nm diameter, ~230 m>/g) to prepare aqueous sols. How-
ever, a “double-processing” method, in which large (=1 to
100 wm) agglomerates were formed, was required to produce
gelled monoliths which did not crack on drying. Thus, the ad-
vantage of using fine particles for the sintering operation was
substantially diminished, while many processing disadvantages
associated with the use of agglomerated powders were observed:
(1) Green densities were low due to the porous nature of the
agglomerates and, consequently, firing shrinkages were large.
(2) The green microstructure was inhomogeneous due to the
broad size distribution of agglomerates. This probably contributed
to severe warping observed in sintered bodies (see Fig. 3 in
Ref. 21). (3) Although substantial densification occurred in the
temperature range of ~=1200° to 1300°C, optical translucency was
not achieved until large interagglomerate pores were eliminated at
temperatures of =~1500°C. Occasional large (=50 um) pores still
remained in the bodies.

In contrast to sol-gel method I, processing via hydrotysis and
condensation polymerization of organometallic compounds
(e.g., tetraethylorthosilicate, tetramethylorthosilicate) generally
results in bodies with very fine porosity (often =2 to 10 nm) and
high specific surface area (as high as =~900 m?/g).”*'~'®1%%
Consequently, full densification is often achieved at lower
temperatures (i.e., in the range 700° to 1200°C).> 3137172

In addition to flame hydrolysis and sol-gel methods, spherical,
nearly monosized particles have recently been used to prepare
porous SiQ, bodies for sintering.” Particles are produced by
hydrolysis of organometallic compounds (e.g., tetracthylortho-
silicate) and subsequent condensation/precipitation.” Specific
surface areas are low and primary particles sizes are large com-
pared to the techniques discussed previously. However, highly
ordered, high-density green compacts can be formed using mono-
sized spheres and these bodies sinter at relatively low temperatures
(=1000° to 1100°C).”

In the present study, further information is provided on the
preparation of SiO, glass from compacts of spherical, nearly
monosized, amorphous SiO; particles. The formation and charac-
terization of powders, suspensions, and green bodies are described
in Part | and sintering behavior is reported in Part LI.

"Ludox HS-40, E. 1. du Pont de Nemours & Co., Inc., Wilmington, DE.
*Cab-0-Sil M5, Cabot Corp., Boston, MA.

Preparation of SiO, Glass from Model Powder Compacts: [ 527

II. Experimental Procedure

(1) Preparation of Materials

Spherical hydrous silica particles with narrow size distribution
were produced by the hydrolysis/condensation method of Stober
et al.** Under conditions of constant stirring at room temperature,
tetracthylorthosilicate (TEOS)® [Si(OC,Hs),] is added to a solution
of reagent-grade ethanol” and concentrated (=30 wt% NH;) am-
monijum hydroxide solution.** The TEOS undergoes hydrolysis/
condensation reactions, forming (poly)silicic acid. Within minutes,
precipitation of uniform spherical particles occurs. By controlling
the reactant concentrations,* average particle diameters in the range
=0.2100.6 um were produced. Particles with an average diameter
of =0.5 um were produced using concentrations of =3 mol of
NH;/L of ethanol, =6.6 mol of H,O/L of ethanol, and =0.25 mol
of TEOS/L ethanol.

After precipitation, powders were washed with distilled water
and dried. Subsequently, powders were calcined in a loose-stack
(uncompacted) arrangement for 24 hat 7 = 200° to 1050°C (static
air atmosphere). All suspensions were prepared with powders
which were calcined at 200°C for 24 h. These powders were re-
suspended in distilled water using ultrasonication" and pH adjust-
ment (i.e., ammonium hydroxide or hydrochloric acid solutions
were added). Green bodies were formed by allowing particles in
suspension to settle slowly (under gravitational force) in plastic
tubes (=1 cm diameter). After complete settling, the supernatant
liquid was drawn off and the disk-shaped compacts were dried
(under ambient conditions) and removed from the tubes.

(2) Characterization of Materials

Powder specific surface area was measured by nitrogen gas
adsorption (multipoint BET method).™ Uncalcined powders were
vacuum outgassed at room temperature. Calcined samples were
outgassed under flowing nitrogen at temperatures in the range
=80° to 150°C (with lower outgassing temperatures used for pow-
ders calcined at lower temperatures). Powder true density was
determined by helium gas pycnometry.®® Differential thermal anal-
ysis (DTA) and thermal gravimetric analysis (TG) were carried out
in a static air atmosphere at a heating rate of 10°C/min. Infrared
spectra were determined on powders by diffuse reflectance Fourier
transform infrared (FTIR) spectroscopy.”™ Powder X-ray diffrac-
tion (XRD) patterns were obtained with a diffractometer*** using
Ni-filtered CuKa radiation and a scanning rate of 6°C/min. Scan-
ning electron microscopy (SEM)""" was also used to characterize
powders and powder compacts. A thin gold-palladium coating was
deposited on the surface prior to observations in the microscope.

Suspension rheological characteristics (i.e., shear-stress vs
shear-rate behavior) were determined with a concentric cylinder
viscometer.™* Viscosity values were obtained from the flow
curves. Suspension electrokinetic behavior was determined using
a microelectrophoresis apparatus.®*® A minimum of 20 individual
mobility measurements was averaged for each sample. Zeta poten-
tials were determined using the electrophoretic mobilities and the
Helmholtz-Smoluchowski equation®:;

{ = un/ee (1)

where { = zeta potential in V, u = electrophoretic mobility in
m?+s~'+ V™!, 5 = viscosity of the suspending liquid in Pa-s,
¢ = relative dielectric constant of the suspending liquid, and
£ = permittivity of vacuum (8.854 x 10”'* F/m).

The bulk density of the disk-shaped green bodies was de-
termined from measurements of sample weight and geometric

SFisher Scientific Co., Fair Lawn, NJ.

IFisher Scientific Co.

**Fisher Scientific Co.

*"Model W-375, Heat Systems-Ultrasonics, Inc., Farmingdale, NY.
#Model 0S-7, Quantachrome Corp., Syosset, NY.

#Model PY-5, Quantachrome Corp.

“Model MX-1, Nicolet Analytical Co., Madison, WI.

**+Model APD 3520, Philips Electronic Instruments Co., Mt. Vernon, NY.
*Model JSM-35C, Japan Electron Optics Co., Ltd., Tokyo, Japan.
HModel RV-100/CV-100 viscometer, Haake Inc., Saddle Brook, NJ.
$8¥Mark 11, Rank Brothers, Cambridge, England.
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Fig. 1. TG curve for uncalcined SiO, powder.
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Fig. 2. FTIR spectra for SiO, powders calcined for 24 h at tempera-
tures indicated.
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Fig. 3. DTA curve for uncalcined SiO, powder.
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Fig. 4. Specific surface area for SiO, powders calcined for 24 h at tem-
peratures indicated.

dimensions. (Abrasive papers were used to improve flatness and
parallelism of the faces of the dried disks.) Information on
pore-size distributions was obtained by scanning mercury poro-
simetry.™" The specific volume distribution of pore radii was deter-
mined by applying the Washburn equation for liquid penetration
into a cylindrical capillary (i.e., pore). Standard values were used
for the mercury surface energy (0.484 J/m?) and the contact angle
on the solid (6 = 140°).

III. Results and Discussion

(1) Powder Characterization

Thermogravimetry (Fig. 1) shows that =12% total weight loss
occurs on heating. The FTIR results (Fig. 2) indicate that the
weight loss is primarily associated with the removal of hydra-
tion water and hydroxy! groups. The very broad absorption band
observed over the range =3000 to 3600 cm ™' in the uncalcined
material is associated with the O-H stretching vibrations in
hydrogen-bonded molecular water (symmetric »; and anti-

"Model SP-100, Quantachrome Corp.
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Fig. 5. Gas pycnometry density vs calcining temperature for SiO,
powders calcined for times indicated.

symmetric v3) and in silanol groups (Si—~OH) bonded to molecular
water.”® The absorption centered at =3660 cm ™" and the shoulder
at =3740 cm™" are associated with O—H stretching vibrations for
hydrogen-bonded silanol groups and “free,” or isolated, silanol
groups, respectively.*® As the calcination temperature is increased,
molecular water and hydroxyl groups are removed from the silica.
The rapid initial weight loss (Fig. 1) and the endothermic peak
(centered at =~160°C) observed in DTA (Fig. 3) indicate that much
of the bound water can be eliminated at temperatures as low as
200°C. The FTIR spectra show that essentially all the bound water
associated with the broad absorption band in the uncalcined mate-
rial is removed by 800°C (i.e., approximately the same tem-
perature at which the TG curve levels off). However, it is clear that
“free” silanol groups (peak at =3750 cm™' in the FTIR spectra)
and hydrogen-bonded silanol groups (peak at =3670 cm™’ in the
FTIR spectra) persist to the highest temperatures studied.

Dehydroxylation reactions are often accompanied by micropore
formation and concomitant increases in specific surface area.””*
However, in the present study, micropore formation does not occur
since no significant changes were observed in powder specific
surface area with increasing calcination temperature (Fig. 4).
Furthermore, the measured surface areas (=7 m®/g) are in good
agreement with values (=6 m?/g) calculated from the average
particle diameter and the powder true deusity. (The powder used in
Fig. 4 had an average diameter of ~0.5 um, as measured from
electron micrographs. Powder true densities are given in Fig. 5.)

Dehydroxylation is accompanied by small increases in true
density with increasing calcination temperature (Fig. 5). These
measurements were made on powders which were calcined in a
loose-stack (uncompacted) arrangement. Even at the highest calci-
nation temperature (1050°C), powders still retained the character
of a loose stack (as opposed to becoming a sintered mass). This
indicated that sintering had not progressed beyond the initial
stage and that there are no closed pores as a result of sintering.
Therefore, gas pycnometry measurements in Fig. 5 represent true
densities (as opposed to apparent densities).

Density values for powders calcined at T > 800°C are slightly
higher than the value (2.20 g/cm®) usually reported for fused
Si0,.° One explanation given consideration is that the material
transforms from the amorphous state to a higher-density crystalline
phase (e.g., cristobalite with a density® of 2.32 g/cm®). However,
the exothermic peak in DTA (Fig. 3) indicates that devitrification
does not occur until ~1200°C. This is confirmed by XRD mea-
surements (Fig. 6) which show that very little change occurs up
to temperatures of 1050°C for powders calcined in a loose-stack
arrangement. The extensive broadening observed in each sample
(centered at 28 =~ 22°) is characteristic of amorphous silica.” An-
other possible explanation, suggested by previous investigators,**°

1 1 1 i 1
200°C - 24h
S 1 ! 1 1
45 40 35 30 25 20 15

26(degrees)

Fig. 6. XRD patterns for SiO, powders calcined for 24 h at
temperatures indicated.
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Fig. 7. Plot of zeta potential vs pH for silica.

is that structural rearrangements leading to a more ordered, dense
packing of SiO, tetrahedra occur prior to devitrification, but that
the scale of ordering is too small to be detected by ordinary
XRD procedures. Further study would be required to confirm
this interpretation.

(2) Suspension Characterization

Powders were calcined at 200°C for 24 h prior to suspension
preparation for two reasons. First, powders calcined at 200°C still
have sufficient surface hydroxylation to be readily wet by water. In
contrast, powders calcined at 500°C, for example, are sufficiently
hydrophobic to make aqueous suspension preparation difficult.
Second, weight losses during subsequent heat treatment of green
bodies are small because the calcined powders contain only =2%
residual bound water.

The state of particulate dispersion in suspension was varied by
pH adjustment and monitored by rheological measurements. Elec-
trokinetic measurements (Fig. 7) revealed that zeta potentials (ab-
solute values) vary by =70 mV over the pH range =3 to 10. (With
other factors constant, better dispersion is obtained when particles
have high zeta potentials, since electrostatic repulsion forces be-
tween particles are increased.) Figure 8 shows that the viscosity is
independent of shear rate (i.e., Newtonian behavior) inapH = 10
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Fig. 8. Plots of suspension viscosity vs shear rate for dispersed
(pH = 10) and flocculated (pH = 3) suspensions.

Fig. 9. Scanning electron micrographs of compacts
containing close-packed planes. Samples were prepared
from dispersed suspensions of particles (A) ~0.35 wm and
(B) =0.5 pm in diameter.

Fig. 10. Scanning electron micrograph showing defects in
ordered compact.

Vol. 67, No. 8

Fig. 11. Scanning electron micrograph of compact
prepared from flocculated suspension.

suspension (20 wt% solids content). In contrast, the viscosity in a
pH = 3 suspension decreases rapidly with increasing shear rate
(Fig. 8), i.e., highly shear thinning behavior. The Newtonian
behavior and low viscosity observed at pH = 10 are characteristic
of a well-dispersed suspension. The shear thinning flow and
high viscosities observed at pH = 3 indicate that the suspension
is highly flocculated. In flocculated suspensions, liquid is immo-
bilized in interparticulate pore channels of the floc networks (i.e.,
the “effective” solids loading is increased relative to dispersed
system). Shear thinning flow results from the breakdown of the
flocculated structure (and the release of entrapped liquid).

(3) Green Compact Characterization

Green bodies prepared by particle sedimentation from well-
dispersed suspensions contain two-dimensional, close-packed hex-
agonal arrays of particles (Fig. 9). These planes contain defects
(Fig. 10) which are analogous to vacancies, dislocations, grain
boundaries, etc. in atomic crystalline structures. Ordered regions
may extend tens of micrometers before “grain,” or domain, bound-
aries are observed. In contrast, bodies prepared from flocculated
suspensions do not show extensive ordering (Fig. 11). However,
individual flocs appear to have a high packing density (Fig. 11).

Plots of the specific pore volume frequency function, f(r), vs
pore radius, r, are shown in Fig. 12 for compacts prepared from
dispersed and flocculated suspensions. As expected, the compact
prepared from the flocculated suspension (=0.5 um particle di-
ameter) has a highly bimodal pore-size distribution. The compact
contains smaller intrafloc pores (mode size =50 nm) and larger
interfloc pores (mode size =120 nm). The narrow distribution of
interfloc pores suggests that the flocs have a fairly uniform size
distribution. The mode size for the intrafloc pores is relatively
small, i.e., approximately the same as the mode size for the smaller
pores in the high-density, ordered sample prepared from the dis-
persed suspension (Fig. 12). This indicates that primary particles
form dense packing arrangements in the flocs.

Compared to the sample formed from the flocculated sus-
pension, the ordered compact has a narrower pore-size distribution
(Fig. 12). However, the distribution is still bimodal. In this case,
the bimodality arises due to two types of pore channels in the
ordered structure; i.e., channels may be surrounded by three or
four particles (Fig. 13). From the average particle diameter
(=0.5 wm for the compact used in Figs. 12 and 13), the calculated
channel radii are 39 and 104 nm for three-particle and four-particle
channels, respectively. These values are in reasonable agreement
with the observed mode sizes of =50 and =80 nm (Fig. 12).

The observation of ordered, close-packed planes (Figs. 9 and
10) does not necessarily imply the existence of three-dimensional
regions of close packing. Furthermore, the observation (Fig. 13) of
two types of ordered planes (i.e., planes with (1) three-particle
pore channels and (2) four-particle pore channels) is not unique
to close-packed structures. At the present time, the type of pack-
ing structure is uncertain. However, several observations of inter-
est are noted:
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suspensions.

(1) Figure 14 shows an SEM fracture surface of a compact
prepared from a suspension of well-dispersed, =0.35-um di-
ameter, particles. In several areas (note arrows), it is evident that
close-packed planes stack directly on top of each other, i.e., a
“simple hexagonal” packing. Although most studies of colloid
“crystals” have reported face-centered cubic or body-centered
cubic structures,”’ a study by Hoffman® suggests that the for-
mation of a “simple hexagonal” structure may be possible. Using
light-diffraction measurements, he concluded that two-dimensional
hexagonal arrays existed in concentrated suspensions of mono-
sized, spherical poly(vinyl chloride) particles.

(2) The average green compact density (for =25 samples) was
59.5 + 0.8%, i.e., considerably below the value of =74% for
three-dimensional close-packed structures. It seems unlikely that
packing defects (e.g., vacancies, “grain” boundaries, etc.) account
for the entire difference. This suggests that lower-density packing
structures (e.g., “simple” hexagonal, body-centered cubic, etc.)
are important in these compacts.

IV. Conclusion

Spherical, nearly monosized particles of hydrous SiO, were
prepared by the method of Stober et al.** Thermogravimetry and
DTA revealed that substantial loss of bound water occurred at
temperatures as low as 200°C. However, FTIR spectroscopy
showed that residual silanol groups persist to the highest tem-
perature (1050°C) studied. Powder true density was observed to
increase with the removal of chemically bound water. Density
values greater than 2.20 g/cm’ (i.e., the density of fused silica)
were obtained at 7 > 800°C, yet X-ray diffraction patterns were
characteristic of amorphous silica. Further study is required to
explain this behavior.

Green compacts were prepared by sedimentation of particles
from suspensions. The state of particulate dispersion in suspension
was modified by pH adjustment. Flocculated suspensions (low pH)
show shear thinning behavior, high viscosity, and a nearly zero zeta
potential. These suspensions produce powder compacts with
highly bimodal pore-size distributions (i.e., due to intra- and inter-
floc pores). In contrast, well-dispersed suspensions (high pH)
show Newtonian behavior, low viscosity, and a large negative zeta
poential. Highly ordered compacts are produced from these
suspensions. Pore-size distributions are narrower, but still bi-
modal due to the presence of both three-particle and four-particle
pore channels.

Two-dimensional hexagonal arrays of particles (close-packed
planes) were observed in the highly ordered compacts. Defects
analogous to vacancies, dislocations, grain boundaries, etc., in
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Fig. 13. Scanning electron micrograph showing three-particle and
four-particle pore channels in ordered compact.

Fig. 14. Scanning electron micrograph showing “simple
hexagonal” structure in which close-packed planes stack directly
on top of each other.

atomic crystalline structures were also observed. At the present
time, the three-dimensional structure of these compacts is uncer-
tain. Light diffraction studies may be helpful in elucidating the
packing structure.
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Preparation of SiO, Glass from Model
Powder Compacts: I1, Sintering

MICHAEL D. SACKS" and TSEUNG-YUEN TSENG™*

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611

The sintering behavior of powder compacts formed from
spherical, nearly monosized SiQ, particles was investigated.
Highly ordered compacts sintered to high density and trans-
lucency at 1000°C. In contrast, less homogeneous samples
prepared from flocculated suspensions remained highly
porous after sintering under the same conditions. Densifica-
tion kinetics were determined over the temperature range
900° to 1050°C for ordered compacts. The viscosity at each
sintering temperature and the activation energy for viscous
flow were determined using available sintering models. Sin-
tering of ordered compacts is divided into several stages.
Densification, mercury porosimetry, and electron microscopy
results indicate that the first stage is dominated by the
shrinkage of three-particle pore channels, whereas the second
stage primarily involves the shrinkage of four-particle pore
channels.

I. Introduction

UANTITATIVE prediction of sintering behavior is a difficult
task, primarily due to the enormously complex geometrical
changes that occur during the process. Many of these geometrical

complexities are associated with the nonideal structure of most
powders and powder compacts. First, powders usually have a wide
range of particle sizes and shapes. This leads to complex particle-
particle contact geometries and complex pore geometries. Second,
powders are often agglomerated. This results in differential
microdensification rates during the sintering of powder compacts.
Simultaneously, certain regions are undergoing final-stage sinter-
ing (i.e., densification is nearly complete and, for crystalline mate-
rials, grain growth has occurred), while other regions are in the
initial stage of sintering (i.e., only neck formation has occurred).'
Even with spherical particles of uniform size, rearrangement pro-
cesses can occur if packing inhomogeneities exist.*

Based on the above considerations, the ideal powder compact
for sintering studies would consist of monosized particles of
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