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1. SUMMARY

This thesis investigates the particle surface modification of the colloidal silica in dispersion in

order to verify existing results, describes developed laboratory techniques for particle modification,

and studies the packing and sintering of this material.

The initial particle system was synthesized in a precipitation reaction involving tetraethy-
lorthosilicate (TEQS). ammonia, and water in an ethanol solvent. The particles were modified via
an esterification reaction with normal alcohols. The modified silica particles were then compacted in

a hydraulic press and sintered.

The esterification reaction seemed to work and did not damage the shape nor the monodisper-
sity of the initial particles. Laboratory techniques for esterif ying the particles were simplified from
the literature and, basically consisted of heating in an npen beaker. The effect of the particle coat-
ing on the packing characteristics of the powder was increased cohesiveness, in compsarison to the
uncoated sample. Sintering of the mechanically-packed dryv nowder pellet revealed defects and
cracking in both coated and uncosted samples. However, sintering took place at temperatures as

lnw as 1200° C and with isothermal heating periods as short as 4 hours. In addition. less porosity

was observed in the pellet made from coated silica.



W eTT O L L e T AT AR e e

2. INTRODUCTION

The development nf ceramic materials is of special interest for many energy applications
because of Lheir potentially good mechanical properties at high temperatures and ability to with-
stand exposure to high temperature-hostile environments. [1) The problem that is hindering the
progress of ceramic structure applications is its susceptibility to defects. Defects arise in the form
of irregularities or inhomogeneities in the character of the bulk or surface of the structure. {2] The
presence of defects in the microstructure forces designers and engineers to use property values in
their designs considerably lower than the potential of the material in order 10 ensure almost abso-
lute safety or integrity in critical and high cost devices because of the brittle nature of ceramic
materials. This situation can be attributed to poor reliability and reproducibility of current ceramic
processing. [1] Reliability and reproducibility essentially mean homogeneity and uniformity on a
microscale from piece 10 piece and also on a macroscale. The achievement of homogeneity would
reduce the scatter of property values and result in a higher effective value of strength for design
purposes. [L is obvious that good engineering practice and quality control during operation of
specific machinery in the fabrication process are necessary to maintain homogeneity and unifor-
mity. However, the nature of the response of the material(on an atomistic and particulate basis) [1)
is equally important. This is the basis at which this project concentrates on. The goal of this project
is to investigate ceramic structures fabricated from modified and unmodified monodisperse, spheri-
cal silica dioxide particles in colloidal suspension. This modification involves surface coating by

esterification with normal alcohols.



3. SURVEY OF LITERATURE

Some previous works have been done on the formation of the silica particle dispersions. the

coating by esterification with normal alcohols: and the packing and sintering of silica dioxide.

Particle Formation

The silica dispersion was produced by reacting tetraethylorthosilicate (TEOS) with ammonia
and water in an ethanol medium. Two specific reactions occur to form the spherical particles. In the
first reaction, the TEOS is hydrolyzed 1o silicic acid. This species undergoes a condensation poly-
merization reaction in which silicic acid molecules at supersaturated levels combine and eliminate
water to produce the dispersion. Ammonia serves as a morphological catalyst by reacting with the
silicic acid 1o produce its conjugate base. The resulting negative charge on the silica species creates a
stable colloid due to electrostatic repulsion between the particles. [3] The condensation of silica
from supersaturated silicic acid solutions has been found 10 be very dependent on the pH and the
initial silicic acid concentration. It has also been determined thai the temperature at which the reac-
tion is run affects the size and the monodispersity of the particles. Several important trend have
been discovered in experiments by Stober. Fink, and Bohn: and Van Helden, Jansen, and Vrij con-
cerning the TEOS polymerization system. Trials have shown that the average particle size depends
on the concentrations of water and ammonia in the reaction mixture. A dotailed study of these
relationships is found in a paper by Mark Tracy at the University of Illinois, Urbuna. The size and
mass fraction of these particles in solution can be increased by seeded growth. This growth can be
accomplished by adding stoichiometric amounts of TEOS and water 10 the particle dispersion ini-
tially generated by the condensation reaction. These additions were made at eight hour intervals
with constant stirring. The particles used in the modification step of this project were generated in a

small scale four liter reactor that was designed and operated by Jeanne Chang at the University of

{llinois, Urbana.



Surface Modifcation

Surface modification of these particles was also studied. An article by R.H.Ottewill describes
the steric stabilization that occurs when particles are coated.The adsorbed layers modify the
perticle-particle interaction forces [4] as shown in Figure 1.From this qualitative itlustration it is
clear that the entry of particles by the presence of steric interactions. So in summary, the effect of
particle surface coating is 1o increase the stability of the particles in solution. The surface
modification that was done in this investigation was esterification with stearyl alcohol. This type of
modification was described in an article by Van Helden, Jansen. and Vrij. It was chosen because
this method seemed experimentally relatively easy. Specifically, it could eaxily be applied with the
silica dispersions in alcohol, obtained by the Stober method. The Si-O-C bond. formed after
esterification with a long chain alcoho!l, is chemically less stable than the $i-O-Si bond but, the sta-
bility is satisfactory with large organic groups snd dense surface coverage. {5} The materials used
for this syuthesis were absolute ethanol, 14.2 molar ammonium hydroxide, TEOS, water, and
stearyl alcohol. The TEOS was vacuum distilled to remove impurities. Characterization techniques
were also discussed. They performed transmission electron microscope measurements with a Philips
EM 301. Carrier grids covered with carbon-coated Parlodian films were dipped in a dilute disper-
sion and electron micrographs were taken of the particles that remained on the film. Light scatter-
ing studies, small-angle X-ray (SAXS) measurements. sedimentation velocity experiments, density
measurements with a Precision Density Meter DMA 02C, and surface area determinations by phy-
sisorption of nitrogen with a Carlo-Erba sorptometric device were us>d 1o characterize the material.
In addition, the carbon and hydrogen content of the silica was determined gravemetrically. The ini-
tial dispersions in alcohol
(alcosols) were prepared according Lo Stober's method, [6] whose reactions were briefly described
earlier. His laboratory technique started with glassware cleaned with 2% hydrogen fluoride. and
rinsed with both distiliad water and absolute ethanol. Ammonium hydroxide, distilled water, and

absolute ethanol were mixed in' a reaction vessel. Then the TEOS was added and the reaction mix-



ture was stirred at ambient temperature for 18 hours. After an invisible hydrolytic reaction, in
which silicic acid is formed. the condensation reaction of the supersaturated silicic acid was indi-
cated by an increasing opalescence of 1the mixture starting one half to two hours after adding TEOS.
No further change in turbidity was seen after 10 hours. The method of preparing coated silica by
esterification of surface silanol groups with alcohols has been reported {7) to make the particles
organophilic. A method by ller involved adding a water-n:.scible alcohol to an agueous silica sol
and removing the water by distillation. Then the mostly water-lree alcosol was heated 10 al least
100° C in order to make the esterification occur. In addition, Ballard showed that the degree of
esterification increases with reaction time and temperature. He found that for stearyl alcohol. a
dense laver of aliphatic chains is formed when the reaction is carried out at 200° C for 3 hours.
Vanllelden described a similar coading method. He effected esterification with higher alcohols by
simply adding it to the alcosol and distilling off the lower alcohol. He indicated that it was pre-
ferred that the stearyl alcohol be added as a concentrated solution in ethanol. The amount of
stearyl alcohol that was added was three 1o five times the silica weight. In the reaction, the silica
changes from hydrophillic Lo hydrophobic and precautions must be taken to avoid irreversible
aggregations of silica particles in this intermediate stage. This aggregation occurs by siloxane-bridge
formation be.ween different particles. It is ‘mportant to keep the water concentration as low as
possible just before the esterification reaction. because siloxane-bridge formation is retarded in a
non-aqueous medium. The water concentration. in this method, was lowered at the beginning of
the ethanol distillation to 4.4% by dilution with absolute ethanol in order to remove the water
from the dispersion during the disiillation process. Then the silica was esterified with stearyl
alcohol at 180-200° C for three hours under a nitrogen atmosphere. The coated silica was readily
dispersable in cyciohexane, n-alkanes. chioroform, and toluene. Stable dispersions were also
obtained after esterification a1 200* C for 40 minutes, and the stability did not change after lengthy
heating (9 hours). Separation of the silica from the large excess of stearyl alcohol was done by a
combination of vacuum/sedimentation or by a combination of nitrogen flow

distillation/sedimentation or by sedimentation alone. In the nitrogen flow distillation. nitrogen gas



is blown over the stearyl alcohol melt containing the silica at 180° C. The stearyl alcohol vapor is
carried along and crystallizes in the condenser. After distillation, the silica was dispersed in
cyclohexane #nd sedimentated in an ultracentrifuge (15,000 rpm). When the purification is per-
formed by sedimentation alone, the stearyl alcoho! melt with silica was dissolved in a mixture of
chloroforin (60% by volume) and cyclohexane (40% by volume). Chloroform is used because it is a
good solvent for stearyl alcohol. Cyclohexane is mixed in to increase the density difference of parti-
cle and medium, which increases sedimentation velocity. Two additional sedimentation runs in
cyclohexane were done 10 remove all of the alcohol. When the organophilic silica was stored as con-
centrated dispersions in cyclohexane. the appearance did not change after more than tvo years. The
coated silica can be dried for 24 hours under a nitrogen atmosphere without affecting its organo-
philic properties. Prolonged storage in air, however, diminishes its organophilic properties, most
likely due to hydrolysis or oxidation of the couting laver. [5] Organophilic silicas can be character-
ized with many of the same techniques that were used for uncoated silica. Flemental analysis
yields information abowt carbon conlent, which indicates Lhe presence of stearyl chains on the sur-
face of the particle. I'he surface area can be delermined from the nitrogen adsorption study. Elec-
tron micrascopy gives information on the size, shape, and the size distribution of the particles. Size
information can also be analyzed with SAXS and dynamic light scattering methods. Sedimentation
techniques allow the calculation of molar mass and the specific volume of the particle. Static light
scattering studies yield information about the dispersion density and the particle interactions. The
results of all of these analyses help characterize the particle structure. From the carbon content, the
weight percentage of stearyl chains may be calculated, assuming that all carbon originates from
stearyl chains.The associated hydrogen is then calculaled and subtiracted off from the percent
hydrogen found in the elemental analysis. The remaining hydrogen is atiributed to water present as
silanol and v-ater trapped in the particles during their preparation. The percentage of silica is calcu-
lated from the silicon content. The density of the silica core can be calculated from the density of
the total perticle and of the layer and the weight percentage oi the layer. The density of the silica

core tends to decrease as the diameter of the particle increases. The significant water content.low



density, and low refractive index indicate an amorphous silica struciure. This is also confirmed by
particle shrinkage in electron microscopy. ller suggested that the silica particles were formed by
uniform aggregations of smaller ultimate particles less than 5 nm in size. [7] This hypothesis was
verified by Van Helden in his SAXS experiments which showed ultramicroporosity. McMillan
found that the porosity of inner and outer regions of the particle could be allered depending on the
reaction conditions. Newly made particles formed at 25° C ‘were very porous to nitrogen. After
heating at 90° C the area determined with nitrogen greatly decreased. However, in both cases the
area determined with -OH ions was the same. These results indicated that the peripheral pore sizes
were decreased by the heating so that the nitrogen could not penetrate. By heating the dispersion
for a while at pH 10, the pores closed some more and trapped water inside. Al the outside edges of
the particle, the water can escape and leave a compact silica structure. Al the interior of relatively
large particles, however, this escape is difficult. As a result, the mean densily of larger particles is
lower, and the density variation ix greater. During the coating reaction the charge density sharply
decreases because ammonia is evaporated and the particies are brought into a much less polar
medium. When the coated material is redispersed into aliphatic solvents the electrostatic repulsion
again dominates the particle-particle interactions because a little charge in these solvents can pro-

duce a sizeable potential, which is hardly screened due to the low concentration of ions.

Packing and Sintering

In order to achieve reliability and reproducibility in ceramic processing, uniformly packed
green microstructures must be consolidated. {8} Uniform particle packing, produced from a stable
dispersion of uniform sized prwder, not only influences sinterability. but also results in uniform,
controlled shrinkages. Although these concepts have been found to be valid for titanium dioxide,
difficulties remain for guneral applications, mostly because of a lack of understanding of the
phenomena that occur during the final processing steps. As a specific example, when dispersed sedi-
ments or casts are dried, non-uniform shrinksges result in fructures within the compact, which

causes a loss of structural integrity upon sintering. An explanation for this type of behavior



hypothesizes that the problem arises from the separation (by design) of particles in the dispersed
sediment resulting from the repuisive interparticle forces. Therefore, the volume of the sediment is
defined by the average interparticle separation. As solvent is removed from the cast, particle adhe-
sion to the walls and non-uniform drying result in tensile siresses large enough to overcome van
der Waals forces. and cause cracks in the dried body. To eliminate the cracking problem, external
forces such as chemical, electrical, or mechanics! raust be applied to overcome the repulsive elec-
trostatic forces and collapse the dispersed sediment into a compact cast. This uniform reduction in
cast volume leads to lower drying shrinkages and siresses, which reduces or eliminates cracking.
Microdesigning of ceramic structures with submicron size particles requires total contro! over
particle-particle interactions. (9] In dry powder method: of structure formation (mechanical
press), this control is difficult or virtually impossible 10 achieve since submicron size powders in
the dry state spontaneously agglomerate because of van der Waals attractive forces. These
agglomerated powders result in poor mixing and packing density variations in the formed compact.
Colloida]l packing methods provide this desired control mechanism over particle-particle interac-
tions. The removal of the suspending medium by a technique that does not alter the uniformity of
the suspension can result in a uniform consolidation of the suspended particles. In addition, col-
loidal suspensions may be used to eliminate unwanted flaw origins, such as hard agglomerates and
particles larger than a certain size, through sedimentation. Colloidal filtration is one method of con-
solidation. When a colloidal suspension is poured into a filtering mold, the suction of the liquid
from the suspension results in the formation of a consolidated layer at the filter interface. During
this filtration operstion. the filtrate passes through two kinds of porous media. the consolidated

layer and the filtration mold. The Kinetics of the consolidated layer growth are expressed by: (9]

_ A
k'fﬂa“ + xpm )

L,

where L. is the consolidated layer thickness: IP, the totai driving force effecting filtration; 7 the

viscosity of the filtrate; k. the constant resulting from a material balance: a, and a,, . the average



specific porous medium resistances of the consolidated layer and the mold, respectively: and t, the
filtration time. Because of the parabholic nature of the filtration process expressed in the equation
above, the consolidation rate decreases with increasing filtration time. This rate decrease always
limits the usefulness of the filtration route to a cerwsin compact thickness. Processing the silica
dispersions with this method generally result in bodies with very fine porosity (often from 2 to 10
nm) and high specific area (as high as 900 m?/g) [10] Consequently, full densification is often
achieved at lower temperatures (in the range of 700 10 1200° C). Processing involves washing the
powders after precipitation with distilled water and drying. Then, the powders were calcined in an
uncompacted arrangement for 24 hours at 2(X)* C. - These powders were resuspended in distilled
water using ultrasonification and pH adjustment (addition of ammonium hydroxide or hydro-
chloric acid). Green bodies were formed by allowing particles in suspension to settle slowly (under
gravitational force) in plastic tubes. After complete settling, the supernatant liquid was drawn off
and the disk-shaped compacts were dried under ambient conditions and removed from the tubes.

Two-dimensional, close-packed hexagonal arrays of y.riiclas were observed in these compacts. {10}
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4. APPARATUS

Various equipment sel-ups were used in the different steps of materia! processing in this

investigation.

Particle Formation

Initial particle formation was done on a bench-top scale. 100 ml volumes of particle disper-
sions were formed in 250 ml polyethylene bottles. Reaction mixtures were pipetted into these bot-
tles and a magnetic stir bar was deposited inside. The bottle was capped and placed in a water bath
on top of a stirring plate. The water was kept at a constant temperature by the heat/fluid pump
(Allied-Signal). Seeded growth was carried out right in this same apparatus. Larger scale (4 liter)

particle generation was done in a reactor designed and operated by Jeanne Chang.

Particle Esterification

Particle coating by esterificalion was accomplished in a 2 liter open beaker. The coloidal silica
was transferred into the beaker along with the stir bar. The beaker was heated and stirred with the
stir/heat plate (Corning). The temperature of the reaction mixture was constantly monitored with

a thermometer supported by a ring stand and clamp arrangement.

Packing and Sintering

The processed, dry powder silica was packed with a hydraulic press. The compacts were sin-
tered in a programmable furnace. Both pieces of equipment were located in the Ceramic Engineering

building at the University of Illinois, Urbana.
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5. PROCEDURE

Procedures for the varicus parts of the silica processing were either {ollowed {rom the litera-

ture or modified.

Particle Formation

l.aboratory techniques for forming the initial silica dispersion were taken from a report by
Mark Tracy. [3] Before use, the reagents were properly preparet. Reagent grade TEOS (Fisher Co.)
was distilled under a vacuum of 29 in. of mercury. The first and last 10% of distillate were dis-
carded. Ammonia hydroxide was pre-titrated and was found to be 14.2 M. Absolute ethanol (U.S.

Industrial Chemicals Co.) and deionized water were the other reagents used.

Before starting the reaction, the glass and plastic pieces of equipment were cleaned. Dirty
items were rinsed with a 2% hydrofluoric solution 10 etch away silica residues. Then the equipment
was rinsed with soapy water and followed by a rinse with distitled water. A final wash with abso-

jute ethanol was done to insure that no residual water remained on the clean item.

After the glassware was clean and dried, the solutions were prepared. First, the appropriate
amount of each reagent was calculated as shown in Appendix A. These calculations were based on
concentration data found in Tracy's report. The calculated amount of ethanol solvent was first
pipetted into the polyethylene bottle. Then the water was added. followed by the ammonia. The
bottle was quickly sealed to minimize the escape of ammonia. Slow stirring of the solutions was
started 10 mix the reagents. Finally, the TEOS was added. The reaction was run in a water bath at
25° C. A magnetic bar and stirring plate were used to provide constant agitation. Solutions were
stirred for 20 hours to insure that the reaction was complete, although the first turbidity appeared
in the mixture after about 30 minutes. Seeded growth was achieved by simply adding

stoichiometric amounts of TEOS and water (2:1 moles water to TEOS) every 8 hours for 56 hours.
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A copper Formvar-carbon coaled grid was dipped into the dispersion Lo obtain a sample.
Excess solution was absorbed off the grid by placing it on filter paper. Electron micrographs of the
sample were then made. The magnification of most of the negatives were photographed at 17,000 to
60,000 X. Particle diameters could be obtained directly from the photosraphs. In addition, an FTIR
analysis was performed on a dry powder sample of these particles in order to detect the presence of
O-H vibrations in the silanol groups shown in Figure 2. Also. dry powder samples were submitted

for elemental analysis of carbon, hydrogen, and silicon.

Particle Esterification

Particle esterification was done by placing 1 liter of the silica dispersion (alcusol) in a clean 2
liter beaker. The solution was first heated on a heating plate and ahsolute ethanol was periodically
added in order to reduce the water concentration. Magnetic stirring was used 10 prevent violent
bumping. The ethanol-water azeotrope behavior is illusirated in Figure 3 in the Appendix. Also, Lthe
theoretical amount of ethanol required to reach the azeotropic boiling point of the mixture can be
calculated from the equations gi.en in this illustration. After the azeotropic boiling point was
reached (a1 78.15° C) in about 1.5 hovrs, st rryl alcohol (ko lak) was introduced into t':e volume-
reduced (about 50%) alcosol in the s lid form (M P, 60° C) The straryl alcohol was periodically
added while mainlaining bout SO0 sl ¢ reaciion mixture. the s xtu  was heated to about 190°
C for 1 hour. The coat . xiin 1 ways Lhen purified by a sedimentati 1 metl. A mixture of 60% (by
volume) chloroform and 409 ¢velohexane was added to the s:lic  alcohol 1 ¢li ‘n order to dissolve
the stearyl alco ol Then ih solution was sedin.entated in i u racentrifuge (3cckman) at 3,000
rpm for 20 mio :tes. Fhis cleaning process was repeated sever -1 imes until stear vl .k ohol was not
visible in the su ern tant. Its presence could be letected by a!l: ving evaporation ol a sm#  quan-
tity of the supe-nat: a1t and observ ng the residi e. A white,v «-y substance indic ates the ce
of the - earyl slcohi | SNilica, desired in the pa /der form, w... processed by taking the dimen:
! centrif ugat on and dryin; it in an ovc \ for 24 houts it 75° C. Otherwise, the si ica was

soreC Cy resuspen: on in cyclobexane. An o omental analy:is was performed on . e éry,
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modified particles for carbon, hydrogen, and silicon. Also, a FTIR analysis was done on the dry
particies in order to check for the absence of ()-H vibrations in the silanol groups that is caused by
the replacement of the hydrogen by stearyl chains as shown in Figure 4. In order 10 learn about the
weight loss behavior of the dry particle as a function of temperature, a thermogravemetric analysis
was performed on the DuPont 3050 TGA and the 1080 microprocessor. This analyzer consisted of
an electronic arm balance, furnace, and a microprocessor 1o control the heating schedules and store
data. ‘The procedure to operate this analyzer involved placing aboul 25 mg of sample in a pan on
the end of the balance arm, electronically zeroing, and programming initial and final temperatures,
heating rates, and time of isothermal heating. Aluminum pans were used at temperatures below
1000° C but, platinum pans had (o be used at higher temperatures. These pans were crafted most

economically from thin platinum [oil.

Packing and Sintering

The dry powder was packed mechanically with a hydraulic press. The applied pressure was
set on a dial and the powder was placed in & cylindrical cavity in the machine. Then a piston was
lowered into the cavity and compacted the powder. Afterward, the piston was withdrawn and a

rod under the cavity pushed 1he pellet up and out of the cavity.

The compacted pellets were then sintered in a programmable furnace at different heating

schedules.

A final study was attempted by centrifuging some of the coated silica dispersion in order to

get a sinterable pellet.
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6. RESULTS

Particle Formation

The success of the formation ol spherical. monodisperse particles was verified with micro-
graphs of the samplings tuken from the alcosol. These photographs are found in Figures 4 and §S.
Magnifications of 17,000 and 60.(000 X were taken. Figure 6 and 7 show the eflect of reagent con-
centrations on particle size and monodispersity. Figure 6 shows the effect of an error in the amount
of reagent added. The particles were smaller than expected and were not very monodisperse. I'igure
7 shows polydispersity and bimodal purticles. Figure 8 displays a micrograph taken at 170,000 X.
It possibly shows evidence of the "ultimate particles” ller said agglomerate 1o form the larger
sphere. The effect of seeded growth is iltustrated in Figures 9 and 10, Initial particles (Figure 10)

were about 440 nm in diameter. After seeded growth, the particles were about 1{XX) nm in size.

The result of the FTIR analysis is found in Figure 11. The spectrum reveals a band at about
3250 wavenumbers. This peak. according 1o Sacks, [10] indicates the presence of silanol groups (Si-

OH) on the particle surface.

The result of the vlemental analysis is displayed in Figure 12. The clean silica powder was

found to contain .15% carbon, .67% hydrogen, and 43.32% silicon.

Particle Esterification

Micrographs of the esterified product are found in Figures 13 and 14. The photos reveal that
the technique that was used Lo effect the esterification did not adversely affect the monodispersity
nor the shape of the silica particies. Resolution was not great enough to determine if there was an

increase in particle diameter dus to the surface coating.

"he FTIR analysis displayed in Figure 15 showed no peak in the 3000-3400 wavenumber
region. This absence provides strong evidence showing that there is less Si-OH present; and, instead,

there is more Si -OC |4/ 37 at the particle surface.
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The results of the elemental analysis shown in Figure 16 further supports the success of the
reaction. The carbon content in a dry sample of esterified particles was found to equal 3.85%. while
the hydrogen was 1.15% and the silicon wax 41.86%. This increase in carbon and hydrogen content
indicates the presence of stearyl chains on the particles. From this data, the percent of hydrogen
due io siianol and trapped vater. and hydrogen due 10 the stearyl chains can be estimated as done
in Appendix B. The hydrogen due to silanol and trapped water was found to be .0050%, while the

hydrogen due 10 the stearyl chains was found to equal .0066%.

Thermogravemetric analyses were conducted and the results are displayed in Figures 17, 18,
and 19. Different heating schedules and final temperatures were selected. All of the runs showed a
significant decrease in weight (3.8%) in the temperature range of 4(X-600° (C. probably due to the
burning ofl of stearyl chains. This result roughly agrees with the literature value of 5(X)° C cited

by ller. This value, 3.8%, also is in agreement with the results from the elemental analysis (3.65%

carbon, .C066% hydrogen).

Packing and Sintering

The dry. unpacked powders of coated and uncoated silica are pictured in Figure 2(0. The
uncoated powder appears white and flufly. It is very fine. The coated particles appear white and
somewhal clumpy. When each powder is biown on, the uncoated particles fly into the air in tiny
bits, while the coated particles roll away in small chunks. Pellets of both types of powder were
mechanically packed. Photographs of fractured pellets are found in Figure 21. Before fracture, each
pellet had a diameter of 16 mm and a thickness of 4 mm. When the uncoated pellet was fractured,
it broke into several pieces and revealed a grainy, grooved surface with irregular breaks. The frac-

ture surface of the pellet made from coated silica was smooth and clean. The pellet broke into only

Lwo pieces.

The sintered pellets, done at various heating schedules, are pictured in Figures 22, 23, and 24.

The heating schedules are illustrated in Figure 25. The compacts in Figure 22 were run up to 1000°
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C. Neither pellet sintered. as indicated by their original white color. The uncoated pellet looked
much like the initial compact. It fractured upon heating and revealed irregular surfaces. again. The
coated pellet fractured into many pieces but, the surfaces were smooth. Both of the compacts run at
1200° C sintered, and are pictured in Figure 23. The diameter of each pellet w s about 12mm and
1he thickness was about 2.8 mm. These numbers represent 4 25% shrinkage in diameter und a 307
shrinkage in thickness. The uncoated compact did not fracture but, il showed a lot of porosity und
defects. A white color was still evident. The coated pellet fractured into several pieces but, it did
not show the porosity that ways evident in the uncoated pellet. The pieces were transparent, which
indicated a higher degree of sintering was achieved, in comparison to the uncoated pellet. The frac-
ture surfaces were smooth. Pellets were also sintered at 1200° € with an isothermal healing plateau
at 450° C for 1 hour (10 burn off stearyl chains). The uncoated pellet appeared the same as the one
that had no isothermal heating. The coated pellet still had cracks, but there were much fewer than

in the first run. Both pellets were about the same size as the others sintered at 1200° C.

A final attempt was made at consolidating a pellet by sedimentation. A dispersion of the
coated particles in cyclohexane was centrifuged at 6,000 rpm for 30 minutes. However, the pellet

broke when it was removed from the test tube.
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7. CONCLUSIONS

This investigation ol ceramic structure processing has led to the following conclusions:

1. Generation of monodisperse. spherical colloids of silica dioxide is relatively easy o accomplish.

It is also well defined in 1erms of reagent concentrations and the corresponding particle size lormed.

2. The ester.fication of the silica spheres with steary! alcohol is definitely possible as reported by

ller and Van Helden
3. Esterification does not destroy monodispersity or the shape of the silica particles.

4. The orgunophilic property of the coated silica allows it to to pack with improved cohesiveness, as

compared 1o the uncoated material.
5. The stearyl coating serves as both a stabilizer in dispersion, and a binder in consolidation.

6. Mechanical packing of dry powder samples of precipitated silica dioxide (coated and uncoated)

does not result in a homogeneovs, uniformly consolidated compact.
7. Esterification with stearyl alcohol reduces the porosity in sintered silica dioxide pellets.

8. The presence of stearyl chains causes the compact to fracture upon sintering, under present con-

ditions.
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8. RECOMMENDATIONS

In order 10 answer questions raised from this study and to further investigate the ceramic

structure processing from silica, much work can follow.

1. Different alcohols can be used to esterify the silica.

2. Different sizes of silica particles can be esterified.

3. Compact formation can be done by filtration techniques.

4. Compact formation can be tried with gravity sedimentation.

5. Compact formation techniques can be developed for ultracentrif ugation. Possibly. after centrif u-
gation, the supernatant could be drawn ofl and the fluid container and compact ~.'uld be heated in

an oven for a period of time. This might expand the container and slightly shrink the compact to

allow easy removal.

6. A distillation apparatus could be designed 1o handle the esterification procsss and recover vapor-

ized steary) alcohol.

7. Pictures of fracture surfaces could be taken with the electron microscope to study the particle

arrangements in the sintered and unsintered compacts. Also, coated and uncoated compacts could be

compared.
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