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Alumina-Coated Hollow Glass Spheres / Alumina Composites

Shun J. Wu* and Lutgard C. DeJonghe*
Lawrence Berkeley Laboratory, Materials Science Division, and
Department of Materials Science and Mineral Engineering,
University of California, Berkeley, CA 94720

Abstract

Coating of alumina onto the surface of hollow glass spheres was accomplished by
controlled heterogeneous precipitation from aqueous solutions. The processing conditions
were optimized to yield thin and uniform precursor coatings. After calcination,
converting the precursor to alumina, the alumina-coated hollow glass spheres formed
free-flowing powders that were used to produced glass/alumina composites with up to 35
vol% of controlled and well dispersed closed porosity. The dielectric constants and the

flexural strengths of such porous composites were determined as a function of porosity.

Introduction

A variety of techniques _have been employed to deposit coatings from solutions onto
suspended core particles. Generally, these involve either a physical heterocoagulation or
a direct chemical precipitation. In colloidal heterocoagulation [1-3], electrostatically
stabilized suspensions of _large core particles and small coating particles are brought
together. This technique is necessarily limited to systems where the two types of particles

can maintain opposite surface charges at the same pH. Also, the surface deposition tends
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to be limited essentially to a monoparticle layer [2], restricting further the scope of this

method.

Several heterogeneous precipitation techniques have been investigated to produce thin
coating layers of ceramics or ceramic precursor on core particles [4-11]. Kapolnek [4]
first developed a coﬁtrolled aqueous heterogeneous precipitation method by which a thin
layer of an alumina precursor was deposited onto the surface of SiC whiskers. The
coating was then thermally converted into alumina. In the present study, the same
technique was used to form a thin layer of alumina onto the surface of glass hollow
spheres. With these, sintered composites were produced consisting of a dispersion of the
coated spheres in an alumina matrix. The experiments demonstrated the possibility of
manipulating the microstructure of porous composites to achieve high fractions of
isolated pores, while retaining hermeticity and acceptable strength. Such materials may
be useful for their dielectric properties, and dielectric constants were therefore also
determined as a function of porosity. Relative dielectric constants as low as 5 were

obtained for the porous composites.
Experimental Procedure

Coating Procedures

Commercial hollow glass spheres in the micron size range were used!. Table 1 lists
some of their importaht properties. These spheres are basically a borosilicate glass with
low alkali content. They were chosen as the porosity-adding material because of their
small size, spherical shape, low density, and good handling strength. Scanning electron
microscopy (SEM), Figure 1, showed the as-received spheres to be intact, with only a

small fraction of broken spheres and a few large spheres (40-60 um). The debris and the

' Eccospheres SDT60, Grace Syntactics, Inc.,Boca Raton, FL.



large particles were removed by passing the spheres through a 37 um mesh sieve before
they were added to distilled water. Because the density of intact hollow spheres (0.51
g/cm3) was lower than that of water, they floated on top, while the debris as well as solid
particles settled to the bottom. The floating portion was then carefully removed and
dried. About 90 wt% of the starting materiai was retained. SEM examination of the
classified powders showed only intact spheres ranging from 5 pm to 37 pm, with an
average diameter of 21 pum and a standard deviation of 10 pm. The size distribution of
the spheres was determined from SEMV micrographs by measuring 500 individual

particles, and showed a good fit to a normal Gaussian distribution.

Glass wall thickness was determined by crushing some spheres and examining the
broken pieces in the SEM. The wall thicknesses ranged between 0.8 pm ~ 1.2 pm. -
However, a small amount of spheres with very thin walls (< 0.5 pm) were also found.
Since glass the walls were fully dense, the average void fraction of the glass spheres
could be calculated to be about 0.74. |

Figure 2 shows the flow chart of the coating procedures. The experiments were
carried out in a flat-bottomed flask immersed in a controlled temperature oil bath.
Analytic reagent-grade chemicals and distilled water were used. 0.01M aluminum sulfate
hydrate, - AL,(SO,);-18H,0, 2 and 0.02M urea, CONH,), 3 were first dissolved
completely in distilled water. Urea provided a stable supply of the hydroxyl necessary
for the precipitation reaction [12]. The solution was passed through.a 0.22 pm filter to
remove any undissolved materials, and the classified hollow glass spheres were added

Because the composition of the deposited alumina precursor could not be determined

2 Fisher Scientific Co.Pittsburgh, PA
3J. T. Baker Co., Phillipsburg, NJ

(8]



precisely the optimal concentration of hollow spheres needed to be found by trail-and-

error until an acceptable coating layer was obtained.

The suspension was slowly heated to 95 + 1°C, and was held at this temperature,
under reflux, for 12 hours. Vigorous stirring of the solution was needed for maintain the

dispersion of the hollow spheres and reactants.

Upon completion of the heating period, the flask was removed from the oil bath and
allowed to stand. After coating the spheres had a higher density than water, and therefore
would settle. The supernatant was separated and discarded. Any uncoated spheres would
float on the surface of the solution and were removed together with the supernatant. The
remaining coated spheres were collected on a filter, rinsed repeatedly with distilled water,
and air dried. The dried spheres were heated at constant rate of 1°C/min., in static air, in
an alumina crucible, and calcined at 1150°C, for 2 hours, converting the alumina
precursor into a-alumina. Coated spheres before and after calcination were characterized
by SEM and x-ray diffraction (XRD). Powder XRD patterns were obtained with a
diffractometer* using Cu Ka radiation over a range of 26 = 5 to 65 degrees. The |
chemical composition of the coating layer after calcination was determined by energy
dispersive spectroscopy (EDS) in the SEM. Wet chemical analysisS verified the results
obtained "from the EDS analysis. Rutherford Backscattering Spectrometry (RBS)
analyzed for trace amounts of sulfur which might remain after calcination. The true

density of coated spheres after calcination was measured with a helium gas pycnometer®.

4 model D500, Siemens A.G., Germany
5 Metallurgical Laboratories, Inc. in San Francisco, CA
6 Coming Laboratory Services, Corning, NY.



Composite Processing and Evaluation

Composite samples with AKP53 a-alumina 7 as the matrix phase and coated spheres
as the dispersed second phase were prepared according to the flow chart shown in Figure |
2. Careful control of slip casting was required to avoid any segregation during
consolidation of the slurry. Densification studies were performed on a high temperature?
dilatometer at a constant heating rate of 5°C/min. to 1400°C, in air. SEM, EDS, and
XRD were used to characterize the sintered samples. For SEM examination, sintered
samples were cross-sectioned parallel to the slip casting direction to examine for possible
segregation during the green body formation. The volume fraction of porosity was
determined from linear intercepts on five randomly chosen areas of each of the polished

surfaces.

Mechanical strengths were evaluated in a four-point flexure mode with an inner span
of 6 mm. Typical dimensions of the polished bar-shaped specimen were 30 mm long, 4
mm wide and 4 mm thick. The flexure tests were done in a universal Instron testing

machine at a crosshead speed of 0.5 mm/min.

The dielectric constants were measured on sintered disks of 6 mm dia. x 6 mm height at

1 Mhz?9.

Results and Discussion
Figure 3 shows a micrograph of coated hollow spheres after drying. Under optimal

coating conditions there were no uncoated or partially coated spheres, and the amount of

7 Sumitomo Chemical America, Inc. New York, New York.

8 Orton Co., Westerville, Ohio.

9 HP 4194A Impedance/Gain-Phase Analyzer and an HP 16034E electrode fixture, Hewlett-Packard,Palo
Alto, CA.



free alumina precursor grains (indicated in Fig.3 by an arrow) was negligible. All
spheres were coated with a uniform layer of small, cube-shaped alumina precursor grains
with edge lengths of 1 pm to 1.5 um. The coating thickness was determined by crushing
some spheres and examining the fragments by SEM, yielding an average value between
lpm and 1.5 pm. Large cracks were found in the coating layer. These cracks were most
likely caused by the volume shrinkage accompanying water loss during drying. After .
drying, the coating layer was found to adhere well, and the coated spheres behaved like a

free-flowing powder that could be handled subsequently without causing any coating -

detachment.

In similar coating processes used by Kapolnek et al. {4, 7] and by Mitchell e al. [ 11]
the precursor was shown to consist of a mixture of several aluminum sulfate hydrate
compounds, which included AlgO9SO3-xH,0O and 3Al,05-4S03-8H,0. In the current
experiments the aluminum precursor layer was also crystalline, as indicated by sharp X-
ray diffraction peaks. However, the spectra did not have a full match to any of the
patterns in the available literature. Complex crystal structures of hydrated alumina
sulfates with varying water content might cause such ill-defined diffraction peaks. Since
the alumina precursor was only an intermediate phase, the chemical compositions of the

sulfates was not analyzed further.

Optimization of Coating Parameters

The heterogeneous precipitation process involves close control of many pararheters.
Among them, the following factors were found to have the most significant effect:
concentration of nucleation sites, stirring speed, and temperature. A series of experiments
led to the optimization of the process conditions; in these, one of the parameters was

varied for each test until a satisfactory coating was obtained.



In optimizing the coating process, it was found that varying the available surface area
for nucleation, i. e., the concentration of glass spheres, was more effective than adjusting
the reactant concentrations (alumina sulfate hydrate and urea). Too high a glass sphere
concentration resulted in many uncoated or partially coated spheres, while too . low a
concentration led to bulk precipitation of the alumina precursor and this was very
difficult to remove from the suspension. Thus, control of the concentration of glass
spheres was critical to achieving a good coating. The optimum range of glass spheres
was relatively narrow, with the coating thickness increasing as the bulk precipitation limit

was approached.

At high propeller stirring speed, hydroxyl ions released from the urea could be evenly
distributed in the solution, which resulted in uniform nucleation; otherwise, local
variations of pH values caused non-uniform heterogeneous precipitation which created a
wide size distribution of precursor grains. Also, at locations with a high concentration of
hydroxyl ions, a supersaturation of reactants (alumina sulfate) might cause homogeneous
precipitation. Vigorous stirring must be maintained throughout the entire coating period
to ensure good dispersion of glass spheres in the aqueous solution. The requirements of a
uniform generation of hydroxyls and a good dispersion of spheres in the suspension

make the stirring speed an additional important factor in the coating experiment.

The decomposition rate of urea depended mainly on the solution temperature. Too low
a temperature did not release enough hydroxyl ions to initiate the precipitation reaction.
On the other hand, if the coating temperature was too high, then the increased hydroxyl
‘release rate quickly raised the pH value of the solution, again causing excessive bulk
precipitation. Control of the solution temperature to within 1°C was, therefore, one of the

most critical parameters for achieving optimal and reproducible coating results.



About 18 wt% of the concentration of the original aluminum ions were precipitated from
the solution to form the alumina precursor coating. This was because only those
aluminum ions which exceeded the solubility limit could be depleted from the solution to
form the coating. The rest of the material remained in solution and could not be

precipitated out.

Calcination

Calcination of the alumina precursor coating prior to sintering was necesséry SO ihat
the gaseous products (mainly SO, and H,0) could be removed before they were trapped
inside the densified alumina matrix. XRD analysis was used to characterize the phase
evolution during the firing. It was found that the alumina precursor first converted to y-
alumina at temperatures between 700°C to 900°C. The y-alumina subsequently
transformed completely to a-alumina at about 1150°C, as previously reported [13-18].
Below 1150°C, conversion to a-alumina remained incomplete. Complete conversion to
a-alumina was essential for the densification of the alumina matrix, as could be expected
from several other studies which have shown that densification is often impeded if

starting powders transform during heating [20-22].

Figure 4 shows an XRD pattern of coated spheres after calcination at 1150°C Tor 2
hours. All of the alumina precursor had been converted into a-alumina. While the
majority of the glass spheres was still amorphous, as indicated by large XRD intensities

below 20°, a small amount of a-cristobalite peaks was also detected.

The conversion of the alumina precursor was found to occur without any obvious
change in over-all coating morphology. Figure 5 is a comparison of the coating structure
before and after calcination, clearly showing that the o-alumina grains retained the

original over-all precursor shapes. However, a large weight loss (= 40 wt%) accompanied



the decomposition reaction due to dehydration and desulfurization, implying that the a-

alumina coating layer was quite porous.

Figure 6(a) shows a micrograph of coated spheres after calcination. The alumina
coating layer had partially mixed with the glass. This was because the calcination
temperature was higher than the softening point of the glass (1150°C vs. 900°C), so that
the glass flowed under the effect of capillary forces induced by the fine porosity in the a-
alumina layer. The walls of the coated spheres after calcination could, therefore, be
considered as a mixture of a-alumina grains and silica glass. This mixing phenomenon
firmly bound the coating layer to the glass wall, which greatly facilitated subsequent

processing .

The glass spheres remained intact and spherical, with less than 1 % damage. The
wall thickness of the broken spheres was always less than 0.5 um, see Fig. 6(b). Judging
from their appearance, the burst-type fracture could result from an elevated internal gas
pressure during calcination, exceeding the mechanical strength of the thinnest glass
walls.

Both EDS and wet chemical analyses were performed on calcined samples for
composition determination. They all showed similar results. The weight ratio of Al,O; :
Si0, was found to be 50.6: 49.4 . Evidence of the potential presencé of trace amounts of
sulfur was sought by RBS, but as shown in Figure 7, no sulfurbcould be found by this
method above the 100 ppm detection threshold.

True particle density was determined to be 1.3 g/cm3 by helium gas pycnometry.
The theoretical density of the solid phase was calculated to be 2.87 g/cm? from the weight

fractions of the alumina and the silica in the spheres. From these data the average



porosity of the coated spheres after calcination was calculated to be 0.55. Compared with
the porosity of uncoated hollow spheres (0.74), the coating process and calcination

reduced the volume fraction of porosity significantly.

Microstructure Control

To the nature of porosity may be categorized into two types: inclusion pores and matrix
pores. Inclusion pores are defined to be exclusively caused by intact hollow spheres.
They were added to the system in a controlled manner, e.g., to reduce its dielectric
constant and, therefore, a high volume fraction of inclusion pores was desired. Any pores
in the matrix, including small inter- and intragranular pores as well as large pores
originating from particle agglomeration and packing imperfections, were classified as
matrix pores. Matrix voids cannot be controlled easily and may deteriorate the system's
mechanical and hermetic properties. Although their presence would contribute to the
reduction of the dielectric constant, such matrix void were considered undesirable When
examining a polished surface under the microscope, inclusion pores are spherical, easily
differentiated from the irregularly shaped matrix voids. Six groups of samples with an
expected final porosity of about 0.10, 0.15, 0.20, 0.23, 0.33 and 0.36 were analyzed. The
last two groups were chosen because they corresponded to samples containing 60 vol.%
and 66 vol.% of coated spheres, respectively, which i:s close to the maximum random

packing density of monosized spheres (about 64 vol.%).

Figure 8 shows micrographs of polished samples with increasing porosity after
sintering at 1400°C (no soaking) in air. In all three samples pores were found to be
uniformly distributed in the otherwise fully dense matrix. Neither phase segregation nor
pore clusters could be observed. Since the cross-section was parallel to the direction of
slip casting, this observation also proved that the slip casting process was an effective

method for producing composite samples with a homogeneous distribution of the second
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phase (i.e. the coated spheres) in the matrix. Figure 9 shows a typical high magnification
micrograph of a sintered sample, with some residual matrix porosity indicated at f'in this
image. In this picture, the alumina matrix was found to be fairly dense. All pores were
spherical in shape without deformation; however, different morphologies on the inside
surface of pores were found. In pore (a), typical of the majority of pores, many well
developed elongated crystallites were evident. In pore (b) elongated grains were less
obvious than in pore (a); whereas in pore (¢), no such elongated grains could be seen,.
The needle-like crystals in pores (a) and (b) were found to be mullite grains formed by the
chemical reaction between Al,0O3 and Si05. In the current system the low softening point
glass behaved like a viscous liquid at elevated temperature, which enhanced the chemical
intermixing rate of reactants and, therefore, would facilitate the grain growth of mullite in
preferred directions. The different morphologies of pores (a), (b) and (c) were probably
caused by the variation in thickness of the glass walls: spheres with thin walls had less .
glass to react with the a-alumina and, therefore, less glass would be left over after
sintering. Figure 10 illustrates an internal surface of a pore with significant quantities of
elongated mullite grams A small amount of unreacted glass was seen amid these grains.
On the other hand, if spheres had thick walls then the amount of unreacted glass
ostensibly increased. Large amount of residual glass would then cover the internal surface

of the pores, making the newly formed mullite grains less obvious.

In Figure 8 some pores can be seen to be very close, especiaily at a high volume
fraction of spheres. Detailed examination found that such inclusion pores were always
isolated from each other by a solid wall. The shortest pore-to-pore distance in the samples
was found to be about 3 um. Such a small distance implied that the coated glass spheres
touched each other after green compact formation. In this case, if there were no coating
layer between the glass spheres, connected porosity would form at the contacting area

during sintering. The effectiveness of the coating in maintaining isolated porosity was

11



further evidence by a comparison of the coated sphere composites with composites
prepared from AKPS53 alumina and glass spheres that were not coated. In the latter,

frequent pore connections could be found, as shown in Fig.11.

To obtain a final microstructure with a dense matrix, a sufficient amount of alumina
has to be supplied to fill all interstitial spaces between the coated spheres. As the volume
fraction of coated spheres increases, the relative amount of alumina (1-X), needed to fill
this space, will decrease correspondingly. When the volume fraction of coated spheres
reaches its maximum random packing density (Xa ~ 0.64), there will be just enough
alumina to fill all open spaces which are left over by the densely packed spheres. With
higher loading of coated spheres, i.e., when X > Xm, the amount of matrix alumina will
not be sufficient to fill ail the interstices between the coated spheres and, therefore, some
voids will form in the matrix. The volume ratio of coated spheres to alumina, X /(1-Xz)
~ 1.78, is, therefore, a theoretical loading limit when preparing green samples. Any
volume ratio higher than this critical value in the original mixture will result in matrix
voids, which were not desired. Figure 12(a) illustrates the polished surface of a sample
with sphere loading higher than the critical value (0.64 volume fraction). In this case, the
sintered sample contained 0.66 volume fraction of coated spheres. A detailed
examination of this sample reveals that, besides the inclusion-type spherical pores,
irregularly shaped matrix voids are present, as shown in detail in in F igure 12(b). Further
evidence of matrix voids caused by the lack of matrix alumina is iilustrated in Fig. 13,
which shows a polished sample with an even higher loading of spheres (80 vol.%). It is
obvious that due to the limited amount matrix a-alumina powder, continuous matrix
porosity resulted. In such case, although the volume fraction of porosity is very high, the

mechanical strength and hermeticity of the sintered samples will be compromised.

chemical composition

12



Quantitative analysis of the chemical composition of crystalline phases in the final
products was carried out by X-ray diffraction (XRD). To determine the relative amounts
of alumina and mullite in the sintered sample, a calibration curve was first made by the
following procedures: mixtures containing a-alumina and 5, 10, 20,-----,80 wt.% mullite
were mechanically mixed and analyzed by X-ray diffractometer. Peak ratios of the two
phases were then calculated using I, / (I, + I,,), where I, and I, were areas under the a-
alumina (113) peak and mullite (121, 211) peaks, respectively. They were chosen

because of their strong intensities as well as their lower overlap compared to other peaks.

The diffraction pattern of a polished sample after sintering is shown in Figure 14.
Alpha-alumina and mullite were the only phases which could be detected under current
testing conditions. However, as shown in Figure 9, some SiO, was left over in some
pores, but this small amount of residual glass coﬁld not be detected by ihe x-ray analysis.
The final compositions of sintered samples should, therefore contained «o-alumina,
mullite, and residual glass. The relative amount of these phases depends on the initial .
composition of green samples. The weight fraction of unre;acted glass in the sintered
sample, x, may be calculated using the relation x=(1- f)-(fut-£,)0.39, where f; is the
initial weight fraction of a-alumina before sintering which is set by the compositions of
the green compact, and is the remaining unreacted alumina in the sintered sample
determined from the XRD data, while the factor 0.39 is the ratio of the weight fraction of
silica over the weight fraction of alumina in mullite ( 3A1203.28i02). f, was determined

from XRD data as shown in Figure 14.

Figure 15 shows the final vol.% of phases in sintered samples as a function of the
wt.% of coated spheres in the green samples. Specimens containing more than 33 wt.%
(60 vol.%) of coated spheres were not analyzed, because such samples contained matrix

voids. As shown in this figure, with increasing amounts of hollow spheres, both mullite

13



and porosity in the sintered samples increased, while alumina decreased. The final
microstructure of the sintered sample can, therefore, be envisaged as a composite
consisting a dense multiphase matrix with a continuous o-alumina phase and with
isolated, uniformly dispersed pores, where each pore is surrounded by a mullite/glass

mixture.

mechanical strength

Mechanical strength was evaluated in the four-point flexure mode and the results are
shown in Fig. 16. Each point in this figure is the average value for 5 samples. The
flexural strength of dense pure alumina is high (470 MPa). However, as expected, the
flexural strength decreases rapidly with increasing porosity, p. By fitting 6,, o and p into
the semi-empirical equation ¢ = o, exp(-bp) [23], b values were obtained to range from
4.0at low prosity to 4.4 at 35vol% porosity. It is interesting to note that the parameter b
found here is significantly less porosity-dependent than is generally observed [24]
Considering the larger pore sizes (+20um) and their large size standard deviation (about
10 pm), such relatively low b values are an indication that the current fabrication
technology can be effective in preventing a rapid decline of the mechanical strength of
the ceramic composites with increasing porosity. At 34vol% porosity the flexural
strength was still 105 MPa. This value could still meet current microelectronics

application requirements.[29-30]

Dielectric Constant

The results of the dielectric constant measurements are shown in Fig. 17. The
dielectric constant decreases almost linearly with increasing volume fraction of pores.
This lack of agreement with general mixing models such as the Maxwell model is likely
to be due to the changing phase composition with increasing porosity. With 33 wt.%

spheres (60 vol.% spheres and 0.34 final porosity) a relative dielectric constant of the

14



composites as low as 5.1 was obtained. Composites with properties as prepared here may

have application in microelectronics packaging [25-30].

Conclusions

Uniform coatings of glass hollow spheres have been realized using a controlled
heterogeneous precipitation method. A variety of processing conditions affect the
outcome of coating process, including the concentration of nucleation sites, the stirring
speed, and the solution temperature. By proper adjusting these parameters, reproducible
coating layers could be obtained. After calcination, converting the precursor into o-
alumina, the coated spheres constitute a free-flowing powder. Alumina/ coated sphere
composites were prepared and their chemical composition and microstructure was
evaluated. Isolated pores , well dispersed into a dense ceramic matrix, were obtained up
to about 33 vol% of porosity. The mechanical properties and dielectric constant of such

porous composites were determined. Dielectric constants as low as 5.1 were obtained.
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Figure Captions

Fig. 1:

Fig. 2.

Fig. 3.

Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7.

Fig. 8.

Fig. 9:

SEM nﬂcrdgraph of as-received hollow glass spheres illustrating the good
spherical shapes and the wide size distribution.

Flowchart of surface coating process via controlled heterogeneous nucleation in
aqueous solution and of compositepreparation with alumina as the

continuous phase and the coated hollow spheres as the dispersed phase.

SEM micrograph of coated glass hollow spheres after drying.Some free
alumina precursor is indicated by the arrow. Under optimum coating condiiotns
only a negligeable amount of pree precursor is formed.

X-ray diffraction patterns of coated spheres after calcination at 1150°C in air for
2 hours. a :oa-alumina, ¢ : o-cristobalite.

SEM micrographs of coated grains (a) before calcination and (b) after
calcination at 1150°C for 2 hours in air. Note that a-alumina grains retained the
original precursor over-all shapes after calcination.

SEM micrographs of (a) an intact sphere after calcination and (b) a broken
sphere (total amount < 1%). Note the lack of viscous flow of glass in (b),
indicating a burst-type failure,.
RBS results from coated spheres after calcination. No sulfur can be detetted by
this techﬁique, meaning that its concentration is less than 100 ppm.
SEM micrographs of polished samples after sintering in air at 1400°C (no
soaking) with various porosities: (a) 9.8%, (b) 22.4% and (c) 33.9%.
High magnification SEM micrograph of polished sample after sintering at
1400°C (no soaking) in air. (a), (b), (¢) and (d) : pores with different
morphologies, (€) : voids caused by broken spheres during calcination, and (f)

matrix voids.
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Fig. 10.

Fig. 12.

Fig. 13.

Fig. 14:

Fig. 15.

Fig. 16.
Fig. 17.

SEM micrograph of a pore surface after sintering at 1400°C (no soaking) in air,
showing residual glass amid elongated mullite grains. l
Fig. 11.SEM micrograph of polished surface of sample containing 80 vol.%
alumina and 20 vol.% as-received glass hollow spheres. Sintering was
conducted at 1400°C in air (no soaking). Interconnection between neighboring
pores are evident.
SEM micrographs of a polished sample (66 vol% spheres) after sintering
at1400°C (no soaking) in air. (a) low magnification, (b) a matrix void as
indicated by the arrow in (a).

SEM microgréph of a polished sample after sintering containing large amounts
of connected porosity due to too high loading (80 vol.%) of coated glass hollow
spheres.

X-ray diffraction pattern of sample (80 wt.% alumina / 20 wt.% coated
spheres) after sintering in air at 1400°C (no soaking). a: a-alumina, m: mullite.
Vol. fraction of phases in sintered samples as a function of wt.% coated spheres
in green samples.

Flexural strength of sintered samples as a function of vol.% porosity.

Measured dielectric constant of sintered samples as a function of vol.%

porosity.
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Table 1

Typical Properties of the Hollow Glass Spheres

(* indicates data obtained in this study)

PHYSICAL :
Density (g/cc) 0.5
Softening Point (°C) 900
Wall Thickness (um)* 0.8-1.2
Average Diameter (um)* 21
Standard Deviation (um)* 10
Strength - % Collapse
@ 500 psi 1%
@ 1000 psi 2%
@ 2000 psi 4%
@ 4000 psi 7%
CHEMICAL : (wt%)
SiO, 933(;A>
B,0O °
Na O 2%
Bad 1%
ELECTRICAL :
Dielectric Constant (1-8.6 GHz) 1.430
0.003

Dissipation Factor (1-8.6 GHz)

21



1

gure 1

22



hollow glass spheres

aluminum sulfate +urea

sieve

dissolve in distilled water

flotation separation

AKP53 alumina

ultrasonic dispersion in water

sedimentation separation
|

I I

stir and heat to 95° C

fine fraction coarse fraction

filter

I—- discard

calcine in air at 1150 °C

I

co-suspend in water

slip casting

densification

Figure 2

23




igure 3

24



Intensity

M o " WWM ;

WNWNWJ W WMJ el g W‘“"‘“ﬁ

1 17 23 29 35 41 47 53 59 65

2 Theta (degrees)

Figure 4

25



Figure 5

26






Counts/Channel

1500 1 I 1 LI | T l L L] I I I i i | I 1 1 1 i I 1 1 1

1000

500

llllllllJIlllllllllllllllIllI

150 200 250 300 350
Channel #

Figure 7

28



29

Figure 8

o

AP

0.

£

2




",
s

% »,fv‘

Figure 9

30



Figure 10

31



igure 11

32



Figure 12

33



Figure 13

34



Intensity

- . ,‘“)
afm a
Q
124]
ks
[ My, m
"{JN-"‘I"'"'%‘J.J#, vﬂ.,._,p m "h‘
TN Sy A, Paonatelion st b oo . " v s
5 11 17 23 29 . 35 41 47 53 59

2 Theta (degrees)

Figure 14

35




100

80

60

Volume %

40

20 —

vol % alumina

vol% porosity

vol% mullite

vol % glass

0 5 10

25 30
Weight % Coated Spheres




Modulus of Rupture (MPa)

200

100 —

80
60

0

|
5

T 1 T T 1
10 15 20 25 30 35 40

vol % porosity

Figure 16

37



Relative Dielectric Constant

11

10

©
|

T
10

I | | I T
15 20 25 30 35

Vol % Porosity

Figure 17

38

40



¢ - - P * . -
pe i, lv_,u,ao; . : EE - o ot} .
v -

LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720






