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SUMMARY

SINTERABLE CERAMIC POWDERS FROM LASER HEATED GASES

by

Dr. John S. Haggerty

Energy Laboratory
Materials Processing Center

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

The focus of this research program changed continuously as our

understandings permitted us to transition from simply demonstrating the

feasibility of the laser-heated, powder-synthesis process to the evaluation of
properties of parts made from powders synthesized under optimized, high mass

flow rate conditions. The program's scope included powder synthesis, post-
synthesis processing and property measurement tasks for Si, Si3N4 and SIC
powders made from laser heated gas-phase reactants; Si powders were used

for making reaction bonded silicon nitride (RBSN). More broadly, this research
program sought to demonstrate the validity of the processing-microstructure-
property paradigm first proposed by MIT; we believed it would only be through

the use of highly perfect powders and careful post-synthesis processing steps
that it would be possible to achieve the uniform, defect-free microstructures and

the resulting property improvements needed for many demanding applications.
The powder characteristics that were sought were small, uniform diameters,

spherical shapes, high purity and, most importantly, an absence of

agglomerates.
In the laser-heated powder synthesis process, reactant gassed are

heated to reaction temperatures by absorbing IR photons emitted from a CO2

laser. The absorbed energy is thermalized rapidly through intermolecular

collisions. This heating technique permits both the achievement of process

conditions needed to produce the desired powder characteristics and excellent
access for process diagnostics. In this process, heating rates are rapid and
uniform (105-108 °C/s), the maximum temperature is precisely controllable, and
cooling rates are rapid (105 °C/s). Design features for a hermetic, cold-wall
reaction cell are straightforward. Manufacturing cost analyses shows that Si,
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Si3N4 and SiC powders can be made by the laser-heated synthesis process
from exothermic reactions for $1.50-5.00/kg plus the cost of the reactants; the

process has commercial viability.

The powder synthesis process was modeled extensively on both the
macro- and micro-scales. Critical for these analyses was the novel

experimental apparatus we developed which permitted the particles' size,
number density and emissivity of the particulate plume in the reaction zone to

be measured with nominally 10-5 second temporal and <10-1 mm spatial
resolutions. These results provided direct measurements of particle formation

and growth rates as a function of time, temperature and composition; they also

defined the precise locations where phase transformation or compound
formation reactions occurred.

Heat transfer and fluid flow analyses showed that while the process

appeared stable and uniform, there were several phenomena that could
preclude the achievement of uniform time-temperature-composition histories

needed to produce uniform powders. Most of these adverse effects became

accentuated as the process was increased in scale. Radial mixing of the
reactant and annular gas streams can dilute and cool the outer region of the

reaction zones and locally produce smaller than average diameter particles.

The turbidity of large diameter, high number density particle plumes can prevent

needed rapid cooling rates of interior particles by precluding direct radiation to

cold surfaces. Cyclic instabilities can result from unusual flash-back dynamics
with IR absorbing gases that react exothermically to produce particulate
products which absorb varying levels of the IR laser energy. These issues were

examined analytically and experimentally. In each case, means were found to
operate the synthesis process safely without adversely affecting the powder
quality with the high particle number densities and gas velocities needed for
low cost production.

Silicon, SiC and Si3N4 powder formation and growth mechanisms under
high mass flow rate conditions needed for commercial production were

successfully modeled experimentally and analytically. Early in this program, we
attempted to describe the process by classical nucleation and growth models.
While the results agreed reasonably well with theory for small particle diameters
(<50nm) produced in dilute, low pressure conditions, we were unable to
achieve needed particle diameters (>100nm) with predicted reaction-cell
conditions. The newly developed models predict average size, size distribution
and morphologies for varied process conditions. Important variables include the
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choice of reactants, temperature distribution, gas velocity distribution and

mixing. Good Si powders are formed by collisions and coalescence of molten
particles rather than nucleation and growth. Growth continues until freezing or
the start of carburization or nitridation reactions. Quenching the Si particles
prevents agglomeration after growth terminates. Suitable diameter, dispersible
Si3N4 and SiC particles form by a 2-step mechanism involving reactions of the
Si particles only after they have grown to desired, final dimensions. Because it
is essential that the reaction steps be spatially separated, premixed reactants
are subject to many constraints. Good SiC powders were made with premixed

SiH4/CH4 and SiC12 H2/C2H4 streams; good Si3 N4 were made only by
injecting NH3 into a stream of molten Si particles because we did not find a
suitable N2 source to separate the reaction steps with premixed reactant
streams. Beyond the synthesis research tasks, the program concentrated on Si
and SiC as the lead materials.

Pure anhydrous solvent and solvent-dispersant systems were identified
that could be used to fully disperse Si and SiC powders. Stabilization resulted
from both coulombic and steric mechanisms. While stable at low volume
concentrations of solids, few provided adequate stability at high particle
concentrations. Stability was found to be highly sensitive to contamination of
the liquids by water and to exposures of the particles to air. Pure, laser-
synthesized SiC powder was shown to have a basic surface and was stabilized
by acidic solvents while either commercial or laser-synthesized SiC powder that
had been exposed to air had acidic surfaces and were dispersed by basic
solvents. Optimum systems will probably be based on block-copolymer
dispersants matched to the high-purity powder surfaces and compatible with
drying requirements. Initial results with these types of polymer dispersants
provided stability up to 47 volume percent solids.

Crack-free, dried green bodies having packing densities at least
equalling that of a random close packed structure (63%) were made with
unclassified Si and SiC powders by colloidal pressing; slightly lower density
levels were achieved by centrifugal sedimentation. Early, small diameter
powders of all three materials could not be packed to densities greater than
approximately 45% unless agglomerates were removed by centrifugal
classification. This pretreatment usually raised green densities to the 50-60%
range but the yield of good powder was unacceptably low. Density levels in
green parts generally increased with improved dispersion stability; however, the
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density level and uniformity were most strongly affected by the degree of

agglomeration in the powders.

Cracks were frequently observed in colloidally pressed parts unless they

were subjected to a CIP'ing step. The crack frequency in the parts was reduced

by improved die geometry and technique; the residual number appeared

attributable to the highly compliant stainless steel sponges used to apply the

load to the samples via the ported pistons. CIP'ing to 275 MPa eliminated

virtually all of the cracks; however, RBSN strengths revealed an optimum in

terms of the fraction of the solvent (25-35% of the total solvent) removed from

the as-pressed parts.
With good heat transfer to the sample, drying kinetics were rate

controlled either by the boundary-layer or pore-diffusion mass transport

processes depending on external gas velocity and sample dimensions. Without

heat-sinking to a thermal mass, heat transfer through the boundary layer

generally will be rate controlling for the liquid removal phase of the drying

processes. Adsorbed residuals were not removed until samples were exposed

to temperatures substantially in excess of the solvents' boiling points for

prolonged periods. It is absolutely essential that all volatile residuals be

removed from these samples before they are subjected to firing temperatures

because the unusually small channel diameters can cause explosive pressure

levels to develop.

Nitriding and densification kinetics proceeded rapidly at low

temperatures because of the achieved combination of small particle size, high

purity and good packing. These results were most dramatic with RBSN.

Normal nitriding schedules involve times up to a few hundred hours at

temperatures in excess of the Si melting point (14100C). With normal handling,

the laser synthesized Si nitrided to completion in 1 hour at 1400°C; with

exceptionally clean handling, it nitrides even faster, e.g. 1 hour at 1150°C or

<10 minutes at 1250°C. The rate controlling nitriding mechanisms that are

responsible for the unusual reverse reaction gradients (higher extent of reaction

in interior regions) in these samples makes fabrication of large parts feasible.

SiC also sintered to essentially full density at relatively low temperatures and

short times (1 hour at 2050°C) but the kinetics have not been studied as

extensively as for RBSN.
Properties of the parts made from the laser-synthesized Si and SiC

powders were unusually good. RBSN samples exhibited average strengths

that were 3-5 times higher than strengths previously observed by others at both
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density levels (63 and 75%) that were studied; these strengths are well into the
range normally associated with fully dense alpha Si3N4. The maximum

strength observed for RBSN was 690 MPa. The oxidation resistance of the
RBSN samples in air at 1000 and 1400°C was 10 times better than is typical of

RBSN and 5-10 better than hot pressed Si3 N4 (HPSN). Strengths of the RBSN
did not decrease after these oxidizing exposures. Hardness and fracture
toughness values were somewhat above average for RBSN. Sintered SiC
(SSC) samples exhibited an average strength of 690 MPa, a value that is 2
times normally observed values for this material. The maximum strength level
observed for SSC was 714 MPa. Hardness values observed for these samples
were normal. The unusually good property levels observed for the samples
made from the laser-synthesized powders result directly from the microstructural

quality made possible only with defect free powders. Though exceptional, the
strengths in these samples were controlled by defects that were much larger
than constituent powders (typically 10-15 pm), so further improvements are
possible.

This research program accomplished its important objectives. Broadly,
the overall goal was to demonstrate that superior microstructures and properties
could be achieved by using both powders having ideal characteristics and very

specific post-synthesis processing procedures. This was accomplished. In
achieving this objective, several narrower technical issues were resolved.
These included finding means to make the powders, disperse the powders,

shape the powders into high-density flaw-free parts, dry the parts and densify
the parts. While superior properties and both reduced densification times and
temperatures were demonstrated, these results do not represent fully optimized
process conditions or maximum property values. Further improvements can be

anticipated and much remains to be done to make these results feasible in

commercial scale processes.
Separate from the main thrust of this research program, we also used the

unique features of laser heating to characterize the surface tensions and
densities of molten alumina containing melts. Surface tension to density ratios
were measured for A12 03 plus Cr20 3, MgO, 1102 and ZrO2 in air, He and H2 +

He atmospheres with laser melted pendant-drops. Viscosity measurements
from vibrating drops were inconclusive because of problems associated with
exciting a single mode of vibration. Densities of the melts were calculated.

This report is made up of a series of technical publications selected to

summarize the program's principal results with a minimum of duplication. Two
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publications on properties of RBSN that were completed after this program's
termination have been included to illustrate the impact research initiated in this
program had on continued work. The report also lists the citations for 9 theses
and 29 technical publications that resulted in whole or in part from this research
program.
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LASER SYNTHESIZED CERAMIC POWDERS:
SYNTHESIS, CHARACTERISTICS, FABRICATION, AND PART PROPERTIES

John H. Flint and John S. Haggerty

Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, Massachusetts 02139

ABSTRACT

Si, Si3N4, SiC, TiB2, TiO2 and B powders have been made from
laser heated gaseous reactants. The unusual and precisely
controllable reaction conditions made possible with this
heating technique permit uniform, small, high-purity, non-
agglomerated powders to be made at high rates. The synthesis
process has been modeled empirically and analytically to give
direct measures of particle diameters, number densities and
temperatures as well as velocities, mixing and stability
limits. With careful post-synthesis processing, these powders
can be made into defect-free parts with rapid, low-temperature
consolidation schedules. Resulting reaction bonded silicon
nitride (RBSN) and sintered silicon carbide (SSC) parts exhibit
much improved properties.

INTRODUCTION

The properties of structural ceramics approach their theoretical
values only if pressure and/or sintering aids are employed during
consolidation. This results in increased cost, restricted maximum
size and complexity of finished parts, and degraded high-temperature
mechanical properties. This research program addressed these issues
based on a strategy of producing flaw-free green parts made directly
from high-purity, small diameter powders.

POWDER SYNTHESIS

The laser synthesis process was developed (1,2) to produce small,
high purity, non-agglomerated ceramic powders. The powders are
synthesized by rapidly heating a reactant gas stream with a CW C02
laser (Figure 1). The reactant gas flows into the laser beam where
it is heated until the gas reacts and the particles nucleate and
grow. A concentric flow of argon injected around the reactant stream
improves the reaction zone stability and carries the powder through
the chimney to a filter where the particles are trapped.

Silane (SiH4) is used to make Si powders (1), SiH4 mixed with
methane (CH4) or ethylene (C2H4) is used to make SiC (3), and SiH4
mixed with ammonia is used to make Si3N4 (1,4). Under most operating
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conditions, all of the SiH4 is converted to powder. TiB2 is made
from mixtures of TiC14 with B2H6, and boron powder is made from B2H6
or BC13 + H2 (5). TiO2 is made from titanium alkoxides (6).

The powder characteristics are controlled by the chemical-
reaction, particle-formation and particle-growth rates. The cell
pressure, the choice of reactants, their flow rates, the laser power
and intensity, and cell geometry determine the rates primarily
through their influence on the temperature distribution within the
reaction zone. These interactions have been investigated experiment-
ally using a light scattering technique (7), and by correlating
synthesis conditions with powder properties. Heating rates, velo-
cities, mixing, reaction zone instabilities and resulting particle
size distributions have also been modeled mathematically (8,9).

The resulting powders are small (< 500 nm), are equiaxed, have
very high purity (< 200 ppm oxygen), and for the compounds have
controlled compositions. Powders with few agglomerates are produced
under proper conditions. The combination of small size and freedom
from agglomeration allows the powders to be formed into dense,
virtually flaw-free green bodies with extremely small pores. Table 1
summarizes the characteristics of typical powders.

Table 1. Summary of Powder Characteristics

Powder Characteristic Si Si 3 N4 SiC TiB 2 B TiO2

Man Diametes (nm) 19-305 75-170 20-200 30-50 30-40 12-35

Sandard Deviation
of Diaretas ( of man) -50 -25 -25 -50 -25 -75

Impuwties 02 (wL%) 0.02-0.7 - 03 03-1.3
Tol Odes (ppm) 5200 S100 <100 NA NA NA
Major lms Ca. C. Fe AL Ca Al. Cu

Compositon - 60% 10% 0-60% - NA
excess Si ece Si or C exces B

Cryslliniqy mle- rhoys- ayaine- crysaine crysali- aystalline
amorphous ayeIne (Si and SiC) amrphous

morphous

Grain Size:Mern Diameo 15-1:3 -12 12-1:1 -1: --1:1

A fluid flow and heat transfer model (8) has provided many
insights into the laser synthesis process. Figure 2 shows that as
the reactant gases flow into the laser beam their velocity profile
becomes nearly uniform, and that pronounced temperature gradients can
be present. Radiation from the hot particles is the dominant cooling
mechanism at temperatures above 1200'C.
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High quality Si powders are formed by the collision and
coalescence of liquid Si droplets (9). The process begins when SiH4
gas heated by the laser decomposes into Si dimers and trimers (10).
The number density of particles decreases rapidly as collisions
result in particle growth by coalescence. Once the particles
solidify growth stops. A variation in exposure times to T >14100 C
produces a distribution of particle sizes. Flow streams that are
never heated to 1410°C produce agglomerates of small particles. If
the cooling rate from 1410°C is slow, aggregates of large particles
can be produced. Therefore, the particle size and morphology
distributions are directly attributable to the temperature and
velocity distributions in the reaction zone (11). Uniform powder is
produced only when all flow streams experience similar time-
temperature-concentration histories. Figure 3 compares the measured
mass distribution of Si powder F28S to distributions calculated from
collision/coalescence theory (12). The excellent agreement confirms
the accuracy of this model (9).

High quality SiC is formed from premixed streams of SiH4 and CH4
via a two step reaction mechanism (3). Two distinct bands appear in
the reaction zone. Si particles form and grow in the lower band and
carburization occurs in the upper band. The onset of the
carburization reaction terminates the particle growth process.

Only very small agglomerated particles are produced (-40 nm) when
premixed streams of SiH4 and C2H4 are used (1-3). This results
because C2H4 starts to carburize the Si particles at temperatures
below the melting point of Si, preventing their coalescence and
growth into larger spherical particles.

The detailed particle formation and growth mechanisms for TiO2,
TiB2 and B powders have not been modeled in the same detail as the Si
containing powders since this research focused on initiating
endothermic reactions with condensed phase. reactants. It is probable
that melting did not occur for the employed synthesis conditions.

POWDER PROCESSING

Test parts (13-15) were made to determine whether using laser
synthesized powders resulted in superior consolidation kinetics and
properties. Our objective was to form high purity, defect-free
unfired bodies having constituent particles arranged with random
close packed rather than ordered structures. Parts were made from
dispersions by colloidal (filter) pressing. Dispersing media were
selected based on maximizing dispersion stability and drying kinetics
while minimizing contaminating residuals and destructive effluents.

RBSN samples used for mechanical testing were made (13-15) from
dried Si pellets nitrided without exposure to air in a top loading,
cold-wall, tungsten furnace installed inside an Ar atmosphere glove
box. Complete nitridation was achieved by heating at 1'C/min up to
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1420°C, followed by a 1 hour hold. Studies of the nitriding kinetics
and rate controlling mechanisms show (16) that laser synthesized Si
parts can be completely nitrided at lower temperatures in shorter
times (1150°C, lh; 1250°C, 10 minutes).

SiC pellets (15) were made from a L30SC type powder to which
approximately 0.5% by weight B was introduced during synthesis using
B2H6. Dried samples were fired at temperatures ranging from 1800'C
to 2100C in a graphite tube furnace in an Ar atmosphere. The
heating cycle consisted of a 50C/h ramp to the firing temperature, a
1 h soak and a furnace quench (50-100° C/h).

PROPERTY MEASURENTS

A ball-on-ring biaxial strength test (17,18) was used to determine
the room temperature strengths of the nitrided and sintered samples.
Hardness and fracture toughness were measured using a Vickers
indenter. Oxidation resistance of the RBSN was measured with
elevated temperature air exposures.

Figure 4 summarizes the results of strength measurements with two
types of RBSN samples (15). An average of 544 80 MPa (Max - 676
MPa) was observed for a group of 75% dense RBSN samples made from
powder F55S and an average of 250 MPa (Max - 460 MPa) for 65% dense
samples made from an earlier powder (13). Figure 4 also includes
three different lines representing least-square fits of exponential
functions to RBSN, SSN and HPSN strength data reported in the
literature (13,19,20) for laboratory and commercial samples with
various surface finishes.

Laser-originating RBSN specimens exhibit average strengths that
are 2.5 to 5.0 times the average reported values at both
corresponding density levels. Both groups of RBSN samples exhibited
strengths normally associated with sintered or hot pressed a-Si3N4.
Fracture sources were usually either 5-15 m diameter voids or
preexisting lenticular cracks less than 50 m deep perpendicular to
the stress axis. Application of the Griffith equation (21) to the
observed strengths yields flaw sizes of 4 to 16 m.

The results of the strength measurements with the 2050°C SiC
samples are also unusual. Although the samples are far from optimal,
the observed average strength, 645 60 MPa, (Max - 761 MPa) is
approximately twice the strength levels normally observed for
sintered SiC (22) and is more typical of hot pressed or HIPed SiC.
The only other group that has reported SSC strength levels in this
range (23) also employed SiH4 based synthesis chemistries and similar
anhydrous, anaerobic post-synthesis handling procedures.

Vickers hardness values were determined on polished surfaces using
300 and 500 gram loads. Observed values for RBSN ranged from 3.5 to
11.0 GPa. The hardness of 77% dense RBSN (-10 GPa) is higher than
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that of 85% dense, highly optimized commercial RBSN (-8.3 GPa) (19).
Using the indentation technique (24), our dense specimens exhibited
an average KIC value of 2.8 MPa ml/2'. These are higher than is
characteristic of the optimized commercial RBSN (-2.0 MPa m1 /2) (19)
and approach those of sintered -Si3N4. We are continuing to
investigate the factors that are responsible for these superior
hardness and KIC values.

For SiC, the observed hardness values of 23.8 GPa are also more
typical of hot pressed than sintered SiC. The hardness and strength
values are presumably coupled. Fracture toughness values could not
be measured on the SiC using the indentation technique because stable
cracks did not form.

The oxidation resistance of laser-originating RBSN at 1250C in
flowing air is strongly dependent on the porosity level and pore
size. As predicted by Th~mmler's (25) results at the same
temperature, low density specimens undergo significant internal
oxidation before saturation is attained. For densities >85% and Hg
porosimetry pore radii < 60 nm, Thdmmler showed that internal
oxidation would be reduced to less than 1% due to pore closure by the
oxide product. For laser-originating RBSN (13-15), the extent of
oxidation at 1250°C in air was less than 1% for specimens having
densities as low as 74%. This superior performance at lower
densities very likely results from our samples having smaller pore
diameters and more uniform microstructures.

CONCLUSIONS

This research program achieved its principal technical objective;
superior consolidation kinetics and properties can result if powders
having very specific characteristics are employed in combination with
careful post-synthesis handling procedures. Powders must be small,
equiaxed, uniform in size, pure and free of agglomerates. Of these
criteria, freedom from agglomerates is the most important because
agglomerates lower the achievable green density to unacceptably low
levels and introduce large, localized defects.

Even without many iterations of the processing variable-
microstructure-property approach used in this research, we have
achieved property levels that were considered unreachable with RBSN
and unusual with sintered SiC. These improvements resulted directly
from our ability to make parts in which residual porosity was
distributed uniformly in minimum size pores and without large,
multiparticle diameter defects.
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MODELS FOR SYNTHESIS OF CERAMIC POWDERS BY VAPOR PHASE REACTIONS

John H. Flint and John S. Haggerty
Massachusetts Institute of Technology
Cambridge, MA

INTRODUCTION

Significant improvements in the quality of laser synthesized Si, SiC, and
Si3N4 powders have been realized based on developed process models that relate
particle formation and growth mechanisms to properties. These models are able
to accurately predict the particle size, size distribution, and morphology of
laser synthesized powders for a variety of process conditions. They also
explain many of the features noticed during the development of the laser
synthesis process.

LASER HEATED SYNTHESIS REACTIONS

The ceramic powders are synthesized by rapidly heating a reactant gas
stream with a CW C02 laser beam'-3 in a cold wall reactor shown schematically
in Figure 1. The reactant gas flows from the nozzle into the laser beam,
where it is heated at 106 K/second until the gas reacts and the particles
form and grow. A concentric flow of argon injected around the reactant stream
stabilizes the reaction zone and helps the powder flow smoothly through the
chimney into a filter where the particles are trapped. Because of rapid
heating, there is little mixing between the reactant gas and the argon so the
reactant concentration is uniform throughout most of the reaction zone.

Silane (SiH4) is used to make Si powders and SiH4 mixed with methane (CH4)
or ethylene (C2H4) is used to make SiC. Ammonia (NH3) mixed with SiH4 is used
to make Si3N4.

The synthesis process variables that control the powder characteristics are
the reaction cell pressure, the choice of reactants, their flow rates and flow
ratios, the laser power and intensity, and the nozzle and chimney
locations.1,2 These variables determine the chemical-reaction, particle-
formation, and particle-growth rates primarily through their influence on the
temperature distribution within the reaction zone. The effects these
variables have on the particle formation, growth and chemical composition have
been investigated experimentally using the light scattering-transmission
technique,4 and by correlating synthesis conditions with powder properties.
The heating rates, velocities, mixing, reaction zone instabilities and result-
ing particle size distributions have also been modeled mathematically.5 ,6

Table 1 summarizes the physical characteristics and green packing densities
of the Si and SiC powders used to make the superior reaction bonded silicon
nitride (RBSN) and sintered silicon carbide (SSC).
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'Table 1. Powder Properties

Powder Designation F28S F45S/F55S

Material
Max Temp. (C)
Pressure (atm)

D (mass), nm
ag (number)
ag (mass)
Packing Density (%)

Si

1455
1.3

262
2.6

1.5

59

Si
1605

1.3/1.6

305

1.8

1.5

63

sic
1830
1.3

90

1.7

1.4
63

B-doped SiC
1920
2.0

95

1.7

1.4
63

W..Si3N4
1600
1.3

142

2.2

1.8

52

The mean size (D) and size distributions (g) were determined from TEM

photomicrographs like Figures 2, 3 and 4. Geometric standard deviations (ag)
were calculated because the particle size distributions are asymmetric (almost
log-normal). A common feature of laser synthesized powders is that the mass
distributions are narrower than the number distributions (ag (mass) < g
(number)).

SILICON POWDER FORMATION MODEL

Figure 2 is a TEM photomicrograph of silicon powder F45S. Virtually all
(96% by mass) of the particles are isolated spheres, ranging from 100 to 500
nm in diameter.

High quality silicon powders are formed by the collision and coalescence

of liquid silicon droplets. A detailed description of this model is presented
elsewhere.6 The process begins when silane gas heated by the laser decomposes
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Figure 1. Schematic of C02 laser reactor.
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into silicon dimers and trimers.7 The temperature and time interval of
decomposition depend on the heating rate. At 106 K/sec, it takes 360 psec for
the silane to decompose (1% to 99%) at an average temperature of 1044°C. At a
typical stream velocity of 0.5 m/s, the pyrolysis reactions go to completion
in -0.2 mm. The number density of these "initial" particles decreases rapidly
as collisions result in particle growth; the particle growth rate depends on
the Si concentration,8'9 which is proportional to the system pressure since
there is little mixing with the argon. Interparticle collision rates will
start as high as 107/sec and decrease as particles grow by inelastic
collisions. Our previous results1 ,2 show that solid particles grow to a
diameter of 10-20 nm before non-dispersible aggregates are formed. Typical
number densities and collision rates are 10'2 -101S/cm3 and 3 x 104/sec at
these dimensions. Agglomerates form once sintering rates can o longer form
dense, spherical particles in the time interval between collisions. If
temperatures exceed the silicon melting point (1410C), the agglomerates can
once again coalesce into spherical silicon particles by a viscous flow
process9 and particle growth will continue.

Particle growth continues until the temperature decreases below 1410@C
along a specific flow stream. Once the particles solidify, coalescence
becomes impossible, and once they cool substantially below 1410C, colliding
particles no longer stick to one another. A variation in exposure times to T
>1410'C produces a distribution of particle sizes in the powder. Flow streams
that are never heated to 1410C produce agglomerates of small particles. If
the cooling rate from 1410C is not high enough to reduce the particle
temperature several hundred degrees in the period between interparticle
collisions, aggregates of large particles can be produced. Therefore, the
particle size and morphology distributions are directly attributable to the
temperature and velocity distributions in the reaction zone. Uniform powder
is produced only when all flow streams experience similar time-temperature-
concentration histories.

Using the aerosol growth law developed by Lee,8 we have calculated the
particle size and size distribution expected from the collision and

coalescence of molten particles in the temperature and velocity fields
produced by laser heated decomposition of silane. Silicon powder F28S was

modeled. Lee's solution assumes that along any flow stream the particle size

distribution remains log-normal as the particles grow. He found that g for

that flow stream would rapidly converge to 1.355, consistent with the forma-
tion of a self-preserving distribution. For analysis, the reaction zone was
divided into five concentric flow streams having approximately equal mass
fluxes. The Si concentration of the outer streams can be diluted to account
for SiH4 mixing with the annular Ar and for thermophoresis.

The elapsed time each flow stream spent hotter than 1410'C was determined
from a photograph of the F28S reaction zone that revealed the position of the
boundary of the liquid to solid phase transition. An average stream velocity
calculated from the reaction zone area measured from the photograph was used
to calculate the elapsed times for T > 14100C (5.8 ms to 23.2 ms), which are
significantly longer than the times required for SiH4 decomposition or for ag
to converge to 1.355. Calculated temperature distributions from a fluid-flow
models were not sufficiently accurate to be used in the particle size
calculation.

The individual mass distributions (dashed curves) calculated for each flow
stream are shown in Figure 5 together with their sum (solid curve) which
predicts the final particle size distribution. The outer region produced 110
nm particles, whereas those produced along the centerline averaged 350 nm.
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For this calculation, the Si concentration in only the outer region was
reduced by 70% to simulate intermixing with argon. The four interior regions,
contributing 92% of the mass flux, were not diluted with argon. Diluting the
outer region broadens the particle size distribution by contributing a large
number of small particles. Two predicted distributions are compared to the
measured particle size distribution of Si powder type F28S in Figure 6. The
distribution represented by the solid curve was calculated assuming no
intermixing of silane and argon. The dashed curve is the distribution shown
in Figure 5. The excellent agreement in the average size and the shape of the
distribution for the spherical particles confirms the accuracy of the silicon
particle formation model.

The silicon powder synthesis model illustrates why it is difficult to
achieve the time-temperature conditions that result in high-quality powder.
Efficient conductive and radiant cooling of the outer flow streams tends to
produce small particles and agglomerates. The prolonged, high temperatures
along the centerline combined with the slow cooling rates tend to yield large
particles that can be agglomerated. The least significant consequence of
differences in cooling rates and mixing is a broadening of the particle size
distribution. If all flow streams remained molten for the same length of
time, g would equal 1.355. Application of the model to run F28S conditions
demonstrates that the variation in growth times and mixing with argon in-
creases g(mass) to 1.48 in agreement with experimental observation (see Table
1). A distribution of agglomerated powder sizes is a more serious consequence
of incorrect t-T histories which precludes packing into dense green bodies.

SILICON CARBIDE POWDER FORMATION MODEL

High quality silicon carbide is formed from premixed streams of SiH4 and
CH4 via a two step reaction mechanism.3 Figure 3 is a TEM photomicrograph of
a fully dispersible SiC powder (L6SC). The particles are polycrystalline,
with apparently rough surfaces and range in size from 50 to 200 nm in
diameter. They are not faceted and are basically equiaxed. These
characteristics result from the following reaction mechanism.

The reactant gas mixture is heated by conduction as it approaches the C02
laser beam. By around 1050°C, the SiH4 is fully decomposed and solid Si
particles start to grow by collisions and coalescence in a H2/CH4 atmosphere.
The temperature of the particle-CH4-H2 mixture continues to increase as the
laser beam is approached. If the maximum temperature does not exceed -1200°C,
the resulting powder is mostly (>82%) unreacted, small diameter (-50 nm),
agglomerated Si.3

Any combination of process conditions that increases the temperature
further results in a sudden change in reaction zone temperature, structure and
turbidity. Under these conditions, the maximum temperature jumps to at least
1600°C, and two bands appear in the reaction zone. Silicon particles form and
grow in the lower band.3 Typically the residence time in the lower band is -3
ms allowing the Si particles to grow to 60-100 nm. 3 ,8 The temperature at the

boundary between the lower and upper bands is apparently just over 1410C,
allowing the silicon particles to coalesce just before carburization becomes
rapid. The temperature increases rapidly to the maximum value in the upper
band; the sudden rise is caused by the combined effects of the exothermic
carburization reaction that becomes rapid only at temperatures above 1400°C
and by increased C02 laser absorption by the SiC particles. The rate control-
ling step for carburization is believed to be CH4 pyrolysis;3 grain boundary
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diffusion of Si through the SiC reaction layer is still rapid for these small,
polycrystalline particles. Carburization of liquid Si particles at many
nucleation sites apparently produces the rough surfaces visible in Figure 3.

Evidently the onset of the carburization reaction terminates the particle
growth process. SiC is a solid at these temperatures, so coalescence by solid
state diffusional processes is not possible on this time scale. The short
time available between the beginning of Si particle formation and the onset of
carburization is responsible for the maximum SiC particle size being -100 nm
instead of -300 nm as in the case of silicon (Table 1). The C content of the
powder depends on the reaction zone temperature and the SiH4:CH4 flow ratio.

Evidence for the two step reaction mechanism is the variation of the
reaction zone turbidity (- ln(transmittance)) with distance from the
nozzle.3 ,4 Figure 7 shows how the turbidity varied for SiC run L30SC. The
turbidity increases rapidly at the base of the reaction zone, reaches a
maximum around 2 mm from the nozzle and then decreases as the hottest region
of the reaction zone is reached. This variation is caused by the progressive
formation then the conversion of the Si particles, which strongly attenuate
the He-Ne laser probe beam, to SiC, which is relatively transparent.4 ,10
After this decrease, the turbidity then levels off, or sometimes increases
again, depending on the process conditions. A secondary increase in the
turbidity probably results from making the powder C-rich, which also increases
the imaginary component of the refractive index.

Only very small agglomerated particles are produced (-40 nm) when premixed
streams of SiH4 and C2H4 are used. 1 ,3 This results because C2H4 starts to
carburize the Si particles at temperatures below the melting point of Si,
preventing their coalescence and growth into larger spherical particles.

The laser synthesis of useful SiC powders depends on the correct combina-
tion of several temperature-dependent reaction rates. Carburization of liquid
Si must be rapid since only a few milliseconds are available, but it must be
delayed until the Si particles have had a chance to grow. Fortunately, the
premixed SiH4-CH4 system satisfies these requirements and high-quality powder
can be produced.

SILICON NITRIDE FORMATION MODEL

The synthesis of high-quality Si3N4
1, 2

,
1 1 powder has proven to be more

difficult than for Si or SiC powders. Premixed streams of laser heated SiH4
and NH3 can produce stoichiometric Si3N4 but the particles have been very
small (20-30 nm) and highly agglomerated so they cannot be formed into high
density green bodies. These characteristics result for reasons that are
similar to issues encountered when making SiC from premixed SiH4 -C2H4 streams.
NH3 begins to react12 with still solid Si particles at temperatures only
slightly higher than the silane decomposition temperature, preventing the
formation of large Si particles by coalescence of liquid particles.

SiH4-N2 mixtures were investigated" to determine whether the slow
reaction kinetics typical of N2 would allow a physical separation of the Si
particle formation and growth step from the nitridation step. Unfortunately,
the N2 proved so inhibited that negligible nitridation occurred in the few
millisecond exposure.

Larger Si3N4 powders have been synthesized successfully (Table 1) by
injecting ammonia into SiH4 reaction zones." The physical separation of the
nitrogen source from the SiH4 decomposition region permits the required Si
particle growth by collision-coalescence prior to the onset of nitridation.
Figure 4 is a TEM photomicrograph of powder N31SN which is approximately 98%

21



Si3N4 (-50% a and -50% ). It was produced by injecting 200 sccm of NH3 into
a SiH4 reaction zone 0.5 mm above the center of the CO02 laser beam. The
reaction zone temperature was -1600C. Figure 4 shows that many large
particles were produced. Their morphology is often faceted and elongated in

contrast to the SiC particles that are equiaxed indicating that the nitriding
mechanism probably differs fundamentally from the carburizing mechanism.

The Si3N4 particle size distribution is also broader ( (mass) 1.8)
than the other optimized powders. The distribution of particle sizes probably

results from radial concentration gradients since the NH3 is injected from
outside of the reaction zone. Powder on the outer edge of the powder plume
was nitrided first, while still small. The silicon particles in the center
continued to grow, reaching a larger size as the NH3 diffused inward. Growth
stops when nitridation begins.

CONCLUSIONS

Analyses of Si, SiC and Si3N4 powder synthesis conditions needed to pro-
duce 0.1-0.2 m, non-agglomerated particles have shown that the growth process
occurs by a collision and coalescence process. The solid-state coalescence
process proceeds as fast as the collision process only up to particle
dimensions on the order of 20nm. For larger particles under high mass flow
rate conditions, growth must proceed by collisions between molten particles.
With Si, this is accomplished simply by raising the reaction temperature above
the melting temperature for an appropriate interval. For the compounds, the
reactions must be made to occur in two steps; Si particles form and grow in
the first and compounds form in the second. The separation of the two steps
can be made to occur in both premixed and injected reactant streams. For both
elements and compounds, the particles must be quenched at high rates to avoid
formation of bonds between particles after desired diameters have been
reached. Using correct synthesis conditions, fully dispersible powders of all
three materials were made and formed into high density green parts.
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Powder Temperature, Size, and Number Density in
Laser-Driven Reactions

John H. Flint, Robert A. Marra,* and John S. Haggerty
Massachusetts Institute of Technology, 12-009 Cambridge, MA 02139

A technique to accurately measure the temperature of
powders in a laser-driven reaction has been developed.
Particles are formed by heating reactant gases with a
150-W CO2 laser. The brightness temperature of the
particulate cloud was measured with a micro-optical
pyrometer. The emissivity was determined from scatter-
ing and transmission measurements. A correction for
high turbidity was derived. The scattering and transmis-
sion measurements also allow the determination of the
size and number density of the particles. The tempera-

INTRODUCTION

A method of producing sinterable powders
through the heating of gases with a CO2
laser has been developed which has potential
application in the manufacture of silicon
nitride and silicon carbide as well as other
high-temperature ceramics (Cannon et al.,
1982a, b; Suyama et al., 1985). Although
variations in the product powder characteris-
tics have been studied extensively as a func-
tion of process parameters, the properties of
the reaction itself have been more difficult to
characterize. The most important of these
properties are the thermal range within which
the reaction takes place, and the evolution in
time (and space) of the particle size, particle
number density, and crystallinity.

This paper describes a technique that has
been developed and used to rapidly and ac-
curately measure these properties with a spa-
tial resolution of 1 mm. Results for the laser

* Present Address: Alcoa Technical Center Alcoa Center.
PA 15069.

ture and particle size as a function of height are reported
for five silicon powder reaction conditions, and for one
silicon carbide reaction. The measuements indicate that
particles are often nucleated before the reactant gas has
reached the CO 2 laser beam. The reaction zone tempera-
ture decreases once most of the reactant gas is con-
sumed, unless the produced powder absorbs 10.6 m
radiation as does SiC. The silicon particles nucleate as
amorphous silicon, and then crystallize as they move into
hotter regions of the reaction zone.

synthesis of silicon and silicon carbide
powders are also presented.

EXPERIMENTAL APPARATUS
AND METHODOLOGY

The powder synthesis process involves pass-
ing a jet of reactant gases through a CW CO,
laser beam inside a controlled atmosphere
reaction cell. Figure 1 is a schematic of the
reaction zone. The reactant gases and the
CO, laser beam intersect at the center of the
cell. The gas is heated rapidly, and reacts to
form small particles, which are swept out of
the cell and captured in a filter. Argon is
injected in a concentric annular flow at the
base of the nozzle to constrain the reactant
gases in a narrow stream and to carry the
products to the filter.

By this method, silane gas is converted
into silicon powder by the simple overall
reaction

SiH4(g) -- 2H2(g) + Si(s).

The resulting silicon powder is ideal for form-

AcLrol Science and Tcchnology 5:249-260 (1986)
l qX6 El.wvicr Science Publishing Co.. Inc.
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before the true temperature can be calcu-
lated. This can be readily seen from Wien's
approximation to the Planck radiation law
(Rutgers and Devos, 1954) written in terms
of the radiance N x, and the brightness tem-
perature, S, and the true temperature, T:

Clce( C:/AT) Cle(-C2 /S)

XI X5 (1)

If the emissivity is known, the true tempera-
ture Tcan be found by rearranging Eq. (1) to
yield

1 1 X Inc
T S C2 (2)

10

zone

LASER BEAM
Itensity

lated tensty

tip

FIGURE 1. Schematic of the reaction zone.

ing reaction-bonded silicon nitride because
of its small particle size (10-250 nm diame-
ter depending on process parameters), very
narrow size distribution, high purity, and
loose agglomeration. The same technique has
been used to produce silicon nitride (Cannon
et al., 1982a, b) and silicon carbide powders
(Suyama et al., 1985).

To measure the process parameters of in-
terest, an apparatus based on a He-Ne probe
laser was developed. The extinction and
scattering of the polarized He-Ne beam by
the cloud of particles provide the needed
data (D'Alessio et al., 1975), by the following
methodology.

Optical pyrometry determines the bright-
ness temperature, S, of a radiating body, at a
single wavelength. The absolute emissivity, .
of the area being viewed must be known

The accuracy of the true temperature calcu-
lation is essentially equal to the accuracy of
the brightness temperature measurement
(± 100C). This is because the emissivity
calculations are insensitive to the only quan-
tity that is not directly measured, the index
of refraction of the particles.

The emissivity of a body is given by its
absorptivity,

=a= 1-t-p, (3)

which is the fraction of incident light that is
neither reflected, p, nor transmitted. t. For a
diffuse cloud of particles such as exists in the
reactions of interest, light is scattered in many
directions rather than reflected as one wave.
Thus, the emissivity of a cloud is (Lowes and
Newall, 1974)

= (1 - )Ceabsi,\C e t I (4)

where C,, and Cab, are, respectively, the
extinction and absorption cross sections per
particle. The integrated scattering cross sec-
tion C is related to Cabs and C, by

Csca = Cex - Cabs. (5)

The cross sections are functions of the wave-
length, the particle size, and the complex
index of refraction, m = n - ik, of the par-
ticles, and can be calculated using the
Lorenz-Mie scattering equations (Kerker.
1969). C, is related to the transmissivity
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Laser-Driven Reactions: Powder Generation

through

I
I = exp(- INC,,,), (6)

where I o and I are the incident and trans-
mitted intensities, N is the particle number
density, and I is the thickness of the cloud.
Using these substitutions, Eq. (4) can be
rewritten as

I= 1 o Cet (7)

The first term is determined from a transmis-
sion measurement. The second term requires
that the scatter-extinction ratio be mea-
sured.

If the incident and scattered light are plane
polarized orthogonal to the scattering plane,
the scatter-extinction ratio is defined by

E l(@0 /) 4T2 C (x) (8)
Eo8Q In( Io/I ) 4 2C,,t '

where the quantities on the left-hand side are
measurable, and those on the right-hand side
are calculable. E (0) is the power scattered
at angle 0 into solid angle 8f2 for an incident
power of E0, and i (0) is the Mie scattering
function for light scattered at angle 0. Equa-
tion (8) is written for the case where the
transmission and scattering measurements
are made simultaneously, so that the path
length and number density dependencies
cancel. The Mie scattering function, i(9),
depends on the particle radius, the particle
index of refraction, and the wavelength of
incident light (Kerker, 1969).

Values for C,,, C, and i(O) were
calculated as a function of particle radius for
the values of 0 and X used in the experiment
with an appropriate index of refraction. The
results of this calculation are plotted as
Csca/Cext versus X2 i.(8)/4fr 2Cext. The value
of Csca/C,,t corresponding to an experimen-
tally measured scatter-extinction ratio is then
determined from this plot. The emissivity of
the portion of the cloud on which the trans-
mission and scattering measurements were
made can then be calculated from Eq. (7).

The particle size can be determined from a
plot of the scatter-extinction ratio versus
particle size. The cross sections C,, and C.
can be found using similar plots. Once Cext
and the width of the cloud have been de-
termined, the particle number density can be
calculated using Eq. (6).

The Lorenz-Mie scattering theory can be
applied to the scattering of light by a cloud
of spherical particles if the following three
conditions are met (Jones, 1979):

1. Each particle scatters separately; that is,
the particles are not agglomerated, and
are separated by at least three radii
(Kerker, 1969);

2. There is no optical interference among
different scattered waves:

3. There is no multiple scattering.

It will be shown in the fourth section that
condition 1 is true. Condition 2 is almost
always valid for random systems (Jones,
1979). But, condition 3 requires that the
turbidity be less than 0.1 (Kerker, 1969) and
is not generally met by regions of the clouds
of particles under study.

The most significant result of high turbid-
ity is a reduction of the scattered power
E. (0) because both the probe beam and the
scattered light from the interior of the cloud
are attenuated. For small-angle scattering,
this effect reduces the scattered power by a
factor of [1 - (I/I 0 )2 ]/2ln(I 0 /I). (See Ap-
pendix A for the derivation of this correc-
tion.) Therefore, using 2. (0) ln(I 0 /I)/
[1-(I/Io) 2 ] in place of E(0) in Eq. (8)
allows the use of the Mie scattering theory in
spite of the reduction in scattered light caused
by high turbidity.

The other result of high turbidity is that it
leads to multiple scattering, which increases
the scattered power E . (9). This effect is
more difficult to account for analytically.
Luckily, small silicon particles absorb rather
than scatter red light. For example, for m =
4.38 - 0.26i, the scattering cross section of a
24-nm radius particle is one third of its ab-
sorption cross section. Therefore, the correc-
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tion derived in Appendix A will be most
valid for smaller particles.

All of the calculations assume a monodis-
perse particle distribution. The laser process
produces fairly narrow distributions
(a/mean - 0.3) (Cannon et al., 1982b). Since
the scattering cross section increases rapidly
with particle size, calculated sizes will be
somewhat larger than the actual average par-
ticle size (Koon Gee Neoh, 1980).

The optical properties of silicon have been
studied extensively. In the visible region of
the spectrum, the complex index of refrac-
tion (m - n - ik) varies strongly with wave-
length, temperature, and degree of crystallin-
ity (Dash and Newman, 1955; Kuhl et al.,
1974; Janai and Karlson, 1979). Since the
powders being studied are changing tempera-
ture rapidly, and perhaps crystallizing as they
grow, a series of calculations were performed
using various possible values of m.

Figures 2 and 3 were generated from com-
puter calculations (Koon Gee Neoh, 1980) of
the Mie scattering functions and cross sec-
tions using three different values for the in-
dex of refraction. An index of m - 4.1 -
0.113i is appropriate for polycrystalline sili-
con at 500C, and m - 4.38- 0.99i is for
amorphous silicon at 500C (Janai and Karl-
son, 1979). An extrapolated value of m =
4.38 - 0.26i should be valid for polycrystal-
line silicon around 1100°C or for a poly-
crystalline-amorphous mix at some lower
temperature. Figure 2 shows the calculated
scatter-extinction ratios versus C1/Cet, for
0 = 20° . It is apparent that the relationship
between the scatter-extinction ratio and
C./Ce,, is independent of the index up to a
ratio of approximately 0.025. The C/Cet,
values remain close to one another for the
two polycrystalline indices for higher values
of the ratio. At a scatter-extinction ratio of
0.04, the maximum uncertainty in c results in
a true temperature difference of only 26°C
for a brightness temperature of 11000 C (-
2.5%). This indicates that even though the
index as a function of position in the reac-
tion zone is not precisely known, the emissiv-
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ity and the temperature can still be de-
termined to high accuracy.

Figure 3 is a plot of the scatter-extinction
ratio versus particle radius for the same three
indices. A much larger dependence on index
is noted. Although this introduces some un-
certainty to the absolute particle size and
number density calculations, this is not a
serious problem since the final particle size
can be measured by BET surface area analy-
sis and transmission electron microscopy.
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Laser-Driven Reactions: Powder Generation

Without question, the scatter-extinction
measurements can be used to monitor
changes in particle size and number density
throughout the reaction. It may also be pos-
sible to extract information on the variation
of the index of refraction of the particles
within the reaction zone from the scatter-
extinction measurements as a function of
position.

EXPERIMENTAL PROCEDURE

A He-Ne laser is used as the probe in an
apparatus that simultaneously measures the
extinction of the He-Ne laser beam and the
intensity of the scattered light at an angle of
200. Figure 4 is a schematic of the optical
layout.

The 5-mW vertically polarized He-Ne
laser is mounted on a cathetometer, enabling
measurements to be made as a function of
height by simply translating the laser. The
transmitted He-Ne laser light, I, is mea-
sured by a silicon photodiode mounted on an
x-y translator. The scattered He-Ne light,
E(20°), is detected by an RCA C53050
photomultiplier. An 8.13-mm-diam aperture
determines the solid angle viewed, which is
2.23 x 10- 4 sr. Focusing optics are not used
to minimize alignment problems as the probe
laser is moved. A 632.8-nm bandpass filter
passes the He-Ne laser light, but rejects
most of the thermal emission from the reac-
tion zone. A vertical polarizer analyzes the
polarization of the scattered light. The inci-
dent probe laser power, E0, was measured
by directing a calibrated fraction of the
He-Ne laser beam through the same collec-
tion filters to the photomultiplier using a
beam splitter temporarily mounted at the
center of the reaction cell.

A micro-optical pyrometer (made by
Pyrometer Instruments, Inc.) is mounted
alongside the photodiode so that it views the
reaction zone in the scattering plane. The
field of view of the pyrometer is such that a
1-mm2 area is monitored. The sensitivity peak
of the pyrometer (650 nm) is sufficiently

M4ede LIASI

FIGURE 4. Scatter-extinction optical layout.

close to 632.8 nm that no correction was
needed for variation of the optical properties
of the powder over this range.

At each height the following sequence of
adjustments and measurements is required:
the cathetometer is set to the desired height:
the photodiode is adjusted with its x-y
translator for peak signal; I and tE(200)
are measured with the lock-in mplifier; the
optical pyrometer is focused on the point
where the He-Ne beam intersects the reac-
tion zone, then the He-Ne laser is blocked
while a temperature reading is made. In this
way the scattering, extinction, and brightness
temperature measurements are all made on
the identical volume of the reaction zone.

RESULTS AND DISCUSSION

Measurements were made on laser-heated
silicon powder synthesis reactions under a
range of process conditions. Table 1 lists the
parameters of the reactions studied and the
equivalent particle sizes determined by BET
surface area analysis for similar runs
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TABLE . Powder Synthesis Reactions Studied

Reactant Gas Flow Rates Radi Height
Radius Height

Run Cell pressure Silane Argon C2 H4 by BET Maximum r - 0.25
No. (atm) (cm/min) (cdn/min) (cmd/min) (nm) turbidity (mm)

631S 0.2 38 0 0 30.5 2.08 3.0
6545 0.2 13 25 0 17.5 0.325 8.5
6345 0.2 6.5 31 0 14.8 0.095 -
6305 0.2 109 0 0 22.2 1.59 7
6505 0.6 66 0 0 73.5 5.83 2.75
910SiC 0.6 36 0 20 17.0 0.66 3.0

(Cannon et al., 1982a, b). The maximum
turbidity and the height above the nozzle
where the turbidity reaches 0.25 are also
listed.

Figure 5 is the measured scattered power,
E. (20), and transmitted intensity, I, in mil-
livolts RMS for run 631S as a function of
position above the reactant gas nozzle. The
scatter-extinction ratio is also plotted. Fig-
ure 6 shows the emissivity, , the brightness
temperature, S, and the true temperature, T,
as a function of position for the same reac-
tion. Figure 7 shows, e, , and T for run
654S. These plots are representative of the
data from the other runs. Figure 8 sum-
marizes the true temperature distributions
for all of the reactions studied. Figure 9
summarizes the calculated particle sizes.

The number density of particles as a func-
tion of position in the reaction zone is pre-

250

200

,

00
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sented in Figure 10 for run 654S. Two differ-
ent calculations are presented, since the
calculated number density is a strong func-
tion of the value of the index of refraction
used.

Figures 8 and 9 reveal that the heating of
the reactants is rapid, and the reaction is
often underway before the reactants intersect
the CO, laser beam. In the case of runs 650S
and 631S, the measured temperatures at the
edge of the laser beam are over 900C.

Possible heating mechanisms of the gas
below the CO 2 laser beam are thermal con-
duction from the hot zone, and resonant
emission from vibrationally excited SiH 4
molecules in the hot zone. The maximum
rate of infrared emission from the reaction
zone can be calculated from the Planck radi-
ation law. At X -4 &m, and 11000C, the
emission rate is about 3 W/cm 2/jim. If the
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631S.
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FIGURE 6. Temperature and emis-
sivity for run 631S.

FIGURE 7. Temperature and emis-
sivity for run 654S.
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FIGURE 8. Temperature versus dis-
tance from nozzle.
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FIGURE 10. Particle number density versus dis-
tance from nozzle.

width of the 4-um silane absorption band is
0.33 m. 1.0 W/cm 2 could be transferred by
radiation. Hot bands and the 10-Am band
will also contribute to some extent. Thermal
conductivity across a 3-mm gap of silane is
about 2 W/cm 2 for a 10000 C temperature
difference. From this simple analysis it ap-
pears that both thermal conductivity and
vibrational radiation from excited silane
molecules are significant in the preheating of
the reactants.

Figure 8 also indicates that for all reaction
conditions studied, the temperature of the
silicon powder begins decreasing while the

FIGURE 9. Particle size versus dis-
tance from nozzle.

.0 18.0

particles are still in the CO2 laser beam,
suggesting that the particles themselves are
not strongly heated by the laser. Once most
or all of the silane has reacted to form solid
silicon, the gas-powder mixture stops ab-
sorbing and starts to cool off. The half-life of
a silane molecule is only 10 sec at 1200°C
(Coltrin et al., 1984), which explains why
most of it is consumed at temperatures sig-
nificantly below the silicon melting point.

Since the particle size determinations are
sensitive to the index of refraction, the
quantitative conclusions based on these mea-
surements must be more tentative. It is clear
that the particles grow rapidly, and that the
growth process usually terminates within the
CO 2 laser beam volume. Significant growth
past the laser beam only occurs at the high
flow rates (as in run 630S). For the undiluted
0.2-atm runs, agreement between these mea-
surements and BET size measurements is
good, suggesting that the polycrystalline in-
dices extrapolated above 500C are the best
choice. For diluted reactions. which are not
as hot, better agreement is obtained when
the lower temperature indices are used. The
overall good agreement indicates that the
high turbidity correction is reasonably good
for turbidities up to about 2.

The run at 0.6 atm (650S) requires ad-
ditional interpretation. The measured par-
ticle size is much smaller than the BET re-
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suits. However, since the final turbidity of
this reaction is almost 6, it is quite possible
that the turbidity correction is not accurate
at very high turbidities. The other two condi-
tions for the validity of Mie scattering should
still hold. Large turbidity should produce
multiple scattering, resulting in a larger
scatter-extinction ratio, and a larger calcu-
lated particle size. Interestingly, just the op-
posite is observed. On the other hand, for
such a turbid cloud virtually all of the de-
tected scattering comes from the outer edge,
where the silane reactant is the most strongly
diluted with argon. Since diluted conditions
produced smaller particles, it is likely that
small particles are created at the edges of the
reaction zone. The effect of this would be to
reduce the scatter-extinction ratio, leading
to a small calculated particle size.

Finally, the leveling off of the scatter-
extinction ratio, hence the particle size, un-
der all conditions indicates that the large
loose agglomerates that are typical of the
powder after it has been collected in the filter
are produced by the collection process. This
justifies the assumption that condition 1 for
Mie scattering is valid. It also suggests that a
liquid collection process should produce a
monodisperse suspension of silicon particles.
This would allow the fabrication of uniform
high-density compacts, which would have
much improved sintering properties.

The particle number density calculations
are extremely sensitive to the value of the
refractive index used in the calculation. A
calculation based on a constant index in-
dicates that the number density decreases
from a maximum value at the inception of
the reaction to a constant value (Figure 10).
Several factors can contribute to the ap-
parent decrease in number density from levels
calculated at the base of the reaction zone.
Although expansion of the reactant gases
with heating is a factor, the number density
change is too great for this to be solely
responsible. Small particles could be ag-
glomerating as they move into the CO2 laser
beam. We feel this is unlikely because there

is no reason why the agglomeration process
would terminate abruptly, particularly be-
fore the reaction had neared completion.
Figure 9 shows that the major portion of the
reaction occurs via growth after the number
density has reached a constant value. The
final explanation is that the particles are
amorphous at the base of the reaction zone
and crystallize as they grow while traveling
into the hotter regions of the zone. Under
this assumption, the number density curve
would be a combination of the amorphous
curve and the polycrystalline curve, as shown
by the dashed line in Figure 10. The transi-
tion corresponds to the region within the
zone where the amorphous particles crystal-
lize. The temperature at the end of the
transition, 4.5 mm from the nozzle, was
11200C. At the beginning point, 3 mm from
the nozzle, the reaction zone was not
luminous, so the temperature there is un-
known. A linear extrapolation of the temper-
ature indicates 750C, which is probably an
upper limit. Because of the large growth rates,
and the short length of time at this low
temperature, 750 °C is consistent with the
formation of amorphous silicon. However,
1120°C is so far above the crystallization
temperature of silicon (- 650°C), that the
particles are certainly polycrystalline by that
point. The formation of amorphous powders
and their progressive crystallization is there-
fore probably responsible for the apparent
number density decrease with height when a
constant refractive index is assumed. The
dashed line in Figure 10 indicates a relatively
constant number density.

Preliminary scatter-extinction and tem-
perature measurements have been performed
on SiC powders made from SiH4 and C 2H4.
Figure 11 shows the brightness temperature,
true temperature, and emissivity for a typical
silicon carbide synthesis run. The run condi-
tions are listed in Table 1. As was observed
in the silane reaction, the heating of the
reactants is very rapid and the reaction is
initiated significantly before the reactants en-
ter the laser beam. The emissivity increased
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FIGURE 11. Temperature and emissivity for run
No. 910SiC.

rapidly until a nearly constant value was
achieved. The temperature distribution
within the laser-irradiated region was suffi-
ciently similar in shape to the Gaussian
intensity distribution of the laser beam to
suggest that the SiC particles are heated di-
rectly by the CO, laser beam.

The calculated particle radius is shown in
Figure 12. The high-temperature optical
properties of SiC (Nishino et al., 1975) are
not precisely known, and the imaginary part
varies strongly with small departures from
stoichiometry. Therefore a series of calcula-
tions using various values for the refractive
index was carried out; the set of calculations
that produces a final particle size that agrees
the closest with the BET value is plotted in
Figure 12. It is evident that the nucleation
and growth processes are nearly complete by
the time the particles reach the laser beam,
suggesting a very rapid growth rate. Better
data on the SiC optical properties should
enable more accurate comparisons between
the scatter-extinction results and the particle
size determined by other analytical tech-
niques.

Figure 12 also shows a plot of the particle
number density, N, as a function of position
in the reaction zone. The calculated number
density decreases from a maximum value at
the base of the reaction zone and continues

FIGURE 12. Particle size and number density for
run No. 910SiC.

to decrease slightly as the particles travel
further from the inlet nozzle. The decrease in
particle number density may indicate the
particles are agglomerating within the reac-
tion zone, or, as suggested in the silicon
synthesis, the particles may initially form as
amorphous SiC and crystallize in the hotter
regions of the reaction zone. A transition
from silicon rich to nearly stoichiometric SiC
would also explain this decrease. A more
detailed study is required to interpret these
results with respect to the particle formation
mechanisms.

CONCLUSION

The analytical techniques presented here are
applicable to the accurate determination of
the temperature distribution and average
particle size and number density of a cloud
of particulates, including silicon, silicon
carbide, or silicon nitride, produced in a CO2
laser-driven reaction. While the technique has
been primarily used to study the production
of Si powder from silane gas, an equivalent
study of the SiC and Si3N4 reactions re-
quires only some idea of their high-tempera-
ture optical properties. This technique is rel-
atively insensitive to the optical thickness of
the cloud, or to whether the individual par-
ticles primarily absorb or scatter light (al-
though a finite absorption cross section is
required).
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APPENDIX A: CORRECTION FOR HIGH
TURBIDITY IN SCATERING
MEASUREMENTS

The derivations from Lorenz-Mie scattering
theory are valid only when the three condi-
tions cited in the text for single scattering are
met. If the probe beam is attenuated signifi-
cantly by the cloud, the last volume element
will experience an incident power less than
E0, so it will scatter less light than does the
first volume element. In small-angle scatter-
ing, the light from the last volume element of
the cloud will have to travel back through
the cloud, being further attenuated. From
Lorenz-Mie theory, the light scattered at
position p, E(O, p) is

E(8, p) = NCs,,()E(p) 80 SOv, (A.1)

where N is the particle number density,
Ca(O) is the scattering cross section at angle
0, E(p) is the probe power at position p,
and 8 and p are the solid-angle and
volume depth, respectively. If the cloud is
optically thin, E(p)- E0, and the scattered
light is not attenuated as it leaves the cloud,
so the total scattered light from the entire
cloud of thickness D is

E(e) -fD (O, p) dp = Nc()E£o8 D.

(A.2)

FIGURE A.1. Scattering diagram with cylindrical
symmetry.

A.1 illustrates these relations for a circular
cloud with the probe beam passing along the
diameter, D. The total scattered power is

E() - oD(e, p) dp

0

X Eoe NC_, pe - NC., L dp. (A.4)

For 0 =- 20", L is equal to p within 5% so
Eq. (A.4) can be integrated:

t(e) - NC() 8 Eo De 2
NCep dp

= NC.() nEEoD( 1 2NC,,D 

(A.5)

From the Beer-Lambert relation:

I = e-NC,,, D
Io

(A.6)

or
ln(I 0,/I) = NCCxtD. (A.7)

If the cloud is not optically thin, then the
power at position p is

E( p) = Eoe-NC.,P (A.3)

and the scattered light is attenuated by
e NC,',L, where L is the distance out of the
cloud at an angle from position p. Figure

Equation (A.5) can therefore be rewritten as

t( o) - NC,( O) 8a EoD [ n( i/S )2

21)n( Io/IN
(A.8)

For the case where the incident and scattered
waves are orthogonal to the scattering plane,
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(X2/4nr2)i (8) is substituted for
leading to

2E,(9) n(Io/I) X2i ()ND
E0o8a[1 - (I/Io) ] 4,2

Again, the right-hand side is calcula
the Mie equations, the left is measi
viding by ln(o 0 /I) NCe, D lead
scatter-extinction ratio corrected
turbidity,

2E (0)(measured)

Eo 8 1 - (I/Io)
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The crystallinity and microstructure of fine silicon particles produced by the
decomposition of laser-heated silane gas were studied in as-synthesized and an-
nealed states. Amorphous, partially crystalline, and fully crystalline particles can
be produced. With annealing at 550°C, partially crystalline particles become fully
crystalline; amorphous particles remain amorphous. The results agree with pre-
vious interpretations of formation, growth, and crystallization processes in the
reaction zone based on light scattering and transmission diagnostics.

THE laser-initiated gas-phase synthesis
process is a very promising method for

producing powders with the ideal charac-
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teristics required for technical ceramic ap-
plications. The process description' and the
characteristics 2 of Si, SiC. and Si 3N. pow-
ders produced by this technique and the
superior properties of resulting parts3 have
been discussed in previous publications.
The present work examines the crystallinity
and microstructure of fine silicon powders
produced by pyrolysis of laser-heated si-
lane gas. Depending upon the reaction con-
ditions. the resulting particulate product
can be amorphous. partially crystalline, or
fully crystalline. Importantly, these results
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confirm critical aspects of previous, inde-
pendent interpretations of particle for-
mation and growth processes.

Detailed TEM characterization" of
the Si powders shows that the primary Si
particles agglomerate and ultimately fuse
into larger particles as reaction tem-
peratures approach and then exceed the
melting point of Si. These agglomerates
and fused particles form by processes that
are distinct from the formation of the pri-
mary particles. This research addresses
the latter and was initiated to corroborate
interpretations6 of formation and growth
processes deduced from light scattering and
transmission measurements.

EXPERIMENTAL PROCEDURE

Silicon powders were produced from
laser-heated silane gas using the conditions
summarized in Table I. The effects of the
synthesis conditions (laser intensity, pres-
sure, dilution with argon, and reactant flow
rates) on the particle nucleation and growth
kinetics and the resulting powder character-
istics have been studied in detail.' The re-
action zone temperatures were determined
by micro optical-pyrometry corrected for
nonunity emissivities. Emissivities of the
reaction zone and particulate plume were
measured"' using the scattered and trans-
mitted intensities of a HeNe laser beam.
This scatter-extinction technique also
yields the local particle number density and
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Table I. Summary of Synthesis Conditions as Measured Particle and Crystallite Diameters for As-Synthesized and Annealed Si Powders*
Measured diameter (nm)

Maximum As-synthesized Annealed
Laser reaction Parucle Crystallite Particle CrystalliteRun intensity temp

designation (W/cm) (IC) BET STEM X-ray' STEM BET STEM X-rav' STEM

658S; 135 930 32.1 30 4.0 0 31.6 22 8.2 15
640S 175 960 35.2 30 6.2 ' 10 34.4 30 11.4 10
638S 265 1020 38.0 NA 7.1 NA 38.7 NA 11.2 NA
648S 410 1120 68.9 NA 21.7 NA 65.1 NA 24.2 NA
646S 425 NA 75.5 NA 25.4 NA 80.9 NA 23.1 NA
635S 530 1190 93.2 -85 33.8 30 88.9 -80 30.3 ,40

·Assumes Gaussian peak shapes. STEM analysis showed as-synthesized powder 658S to be completely amorphous and annealed powder to be <1% crystalline.

diameter, permitting nucleation and growth
processes to be monitored within the reac-
tion zone.

Numerous techniques were employed
to determine the physical, chemical, and
crystalline characteristics of as-synthesized
and annealed powders. Particle densities
were measured by He pycnometry. The
surface area was measured by the BET
method. The particle and crystalline sizes
were measured using TEM. STEM. and
X-ray line broadening. The broadening of a
single X-ray diffraction peak was used to
determine the crystalline size presuming
both Gaussian and Cauchy shaped peaks;"
lattice distortions and stacking faults had
negligible effects 7 on the peaks.

Powders synthesized with varied laser
intensities were annealed to elucidate the
crystalline microstructures of the as-
synthesized powders. The powders were
annealed for 6 h at 550 °C in argon. At this
temperature. there should be no homoge-
neous nucleation of crystalline material
within the amorphous regions but existing
crvstallites should grow rapidly into amor-
phous regions. '°" Also. both normal and
secondary grain growth rates are negligible
at this temperature. 12-14

RESULTS

In general. the silicon powders were
all similar in character. The primary par-
ticles were fine (average particle sizes'
from 20 to 95 nm). were nearly mono-
dispersed. were pure (spectrographi-
cally <s200 ppm total impurities and

0. I1 wt% 02). and were spherically
shaped. The physical and crystalline char-
acteristics are summarized in Table . For
the Si powders used in these studies. the
BET equivalent spherical diameters and the
diameters measured from TEM micro-
graphs were always nearly equal. indicat-
ing that the particles had both no porosity
accessible to the surfaces and smooth
surfaces. Powder densities determined
from helium pycnometry indicated the par-
ticles had no appreciable closed porosity.
Most Si powders were at least partially
crystalline to both X-ray and electron dif-
fraction. In all cases. the crystallite sizes
were substantially smaller than both the
BET equivalent and the (S)TEM particle
diameters: each individual particle con-
tained numerous crystallites.

It was found that the ratio of the crys-
tallite size. determined from X-ray line
broadening, to the overall particle size, de-
termined by BET surface area measure-
ments, varied systematically with synthesis
conditions. Figure I shows the effect that
laser intensity, and the dependent maxi-
mum reaction zone temperature, had on the
ratio of the crystallite diameter. dxm.,, to
the particle diameter, dBET, in the as-
synthesized powders. The relative crys-
tallite size initially becomes larger with
increasing reaction zone temperature.
Above a specific reaction zone temperature
(- 1080°C), the dx.,,y/dsET ratio remains
constant. Similar results8 were observed
with temperature changes induced by var-
ied reactant gas flow rates and dilution of
the reactant gas stream with argon.

If the as-synthesized powders with the
relatively small crvstallite sizes were fully
crystalline, the low-temperature annealing
treatment should have little effect on either
the crystallite or particle sizes because both
growth rates are negligible until tem-
peratures approach the melting point. ' " ' 4

even in heavily doped powders. If the pow-
ders were partially crystalline. the an-
nealing cycle should cause the crystallite
size to increase while the overall particle
size should remain unchanged because the
transformation (growth) rate is appreciable
at 550°C.'" The annealing results are
summarized in Table I and presented
graphically in Fig. 1. As anticipated. this
low-temperature anneal caused no observ-

True oarticle temnoeroture '`C
900 lOO0 :100 1200 '300

0.4. ,

L .3* -

;3.1 · s -S zea

a 100 200 300 400 500 600 700
Loser Intensity (W/cm2Z?

Fig. 1. Effect of laser intensity and a 550°C.
6-h postsynthesis annealing treatment on the
crystallite-to-particle size ratio of laser-
synthesized Si powders. The correlation between
the maximum true reaction zone temperature ex-
perienced by the particles and the laser intensity
is shown.
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able effect on the size or shape of the par-
ticles. However, annealing did alter their
microstructures in some cases.

For the lowest intensity run. 658S
(T.,=930°C). the as-synthesized powder
appeared completely amorphous by STEM
analysis. X-ray diffraction peaks were ex-
tremely weak with breadths corresponding
to crystallite sizes of nominally 4.0 nm.
Since this dimension is much larger than
the STEM resolution limit (-1.5 nm),.'
we presume that a very few crystalline par-
ticles exist in this as-synthesized powder.
The annealed 658S powder remained al-
most completely amorphous, confirming
that a 550°C annealing temperature does
not permit appreciable nucleation. After
annealing. STEM analysis indicated that a
very small number (< 1 %) of particles con-
tained crystalline regions that were sur-
rounded by still amorphous material. It is
unlikely that these 8- to 15-nm crystallites
existed in the as-synthesized powder:
rather, they grew either from preexisting
microcrystallites that were too small to be
imaged by STEM or from a very small
number of nuclei formed and propagated
during this annealing process.

The individual as-synthesized par-
ticles from the intermediate intensity
run 640S (T,,,=960°C) contained both
amorphous and crystalline regions. No
amorphous areas remained in any of the
annealed particles. Dark-field images of
the as-synthesized and annealed pow-
ders showed that annealing caused both the
fraction of crystalline material and the
crystallite size to increase.

Powder 635S made at the highest in-
tensity (T-,,= 1190°C) was entirely crvstal-
line in both the as-synthesized and annealed
states. Their grain sizes were typically
a large fraction ( 3 to 2) of their parti-
cle sizes.

The STEM. X-rav line broadening.
and BET surface area results corroborate
one another. The 550°C anneal had no ap-
preciable effect on particle size. At suf-
ficiently low synthesis temperatures. the
as-synthesized powders were amorphous
annealing at 550 °C for 6 h did not cause
appreciable crystallization. With some-
what higher synthesis temperatures. the
as-synthesized particles contained both
amorphous and crystalline regions. With
annealing, the crystallites in these powders
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grew into the surrounding, initially amor-
phous regions producing fully crystalline
particles. With still higher synthesis tem-
peratures, the as-synthesized powder was
fully crystalline and the low-tempera-
ture anneal had negligible effect on the
microstructure.

The total number of nuclei that ulti-
mately form and propagate to the point of
impingement are approximately the same
(-33=27) in each particle for all powder
types. This same result has been observed
by Phillips' 6 for SiC powders made with
plasma-heated gaseous materials.

DIscUSSION

The formation of initially amorphous
solid nuclei directly from the vapor phase.
subsequent growth by accretion of vapor
molecules, and possible crystallization of
the amorphous particles in the hotter re-
gions of the reaction zone were postulated
independently on the basis of the light
scatter-extinction results.6 If reaction tem-
peratures remained below the spontaneous
crystallization temperature of amorphous
silicon, the particles remained amorphous.
In numerical agreement with measured
diameters and mass flow rates, the num-
ber density of particles calculated by
the scatter-extinction technique remained
essentially constant if the particles were as-
sumed to have refractive indices character-
istic of amorphous silicon at the base of the
reaction zone and refractive indices of
either polycrystalline or a mixture of
polycrystalline and amorphous silicon at
positions further into the reaction zone
where temperatures were higher. The ma-
jority of particle growth occurred under
conditions where a constant particle num-
ber density was observed. 6 ' The accuracy
of this description depends largely on
the presumed crystallization of initially
amorphous particles being correct.

These annealing studies showed that
the crystallization process is inhibited by
the absence of nuclei within particles that
have not been exposed to synthesis tem-
peratures in excess of nominally 930°C. a
temperature level which exceeds spontane-
ous crystallization temperatures normally
observed" for amorphous Si films. The dif-
ference between the temperature levels
probably results primarily from the ex-
tremely short exposure time ( 10 - 3 s) in
the laser synthesis process: however, other
factors may be important because nuciea-
tion and growth rates of crystalline Si are
extremely sensitive' to the composition
and microstructure of the amorphous ma-
trix. Once reaction temperature levels are
reached (>930°C) where nuclei form in the
initially amorphous particles. the crys-
tallites grow until they impinge and the par-
ticles become fully crystalline. Although
this temperature level is higher than both
normal spontaneous crystallization tem-
peratures and the annealing temperature
used in these experiments. growth of Si
crystallites into amorphous material with-
out simultaneous homogeneous nuclea-

tion has been observed 7""8 in amorphous
Si films.

The crystallite growth rates within
these Si powders can be deduced quali-
tatively. During particle growth, the crys-
tallites grew to a diameter of 6 to 10 nm
in <10- 3 s at Tz960°C corresponding to
a minimum radial growth rate of
3x 103 nm/s. During annealing at 550°C,
growth rates were at least 9x 10- 5 nm/s.
These compare with reported rates 1 '9 20 of
8x 10-' to 2 nm/s at 550 °C and estimated
rates of 8x 103 to 8x 10" nm/s at 960°C
based on extrapolations of rates measured
in films at temperatures up to 650°C. The
crystallite growth rates observed in these
powders appear reasonable based on the
ranges of reported rates.

The persistent constancy of the num-
ber of nuclei that form within otherwise
highly variable particles remains puzz-
ling; nucleation usually occurs either
heterogeneously at free-particle surfaces,
heterogeneously on contained impurity
inclusions, or homogeneously within the
volumes leading to -d2 or d 3 rate de-
pendencies that increase exponentially with
temperature. The observed result would
follow if nucleation occurred (probably het-
erogeneously) only over a narrow range of
particle diameters and temperatures during
growth for all synthesis conditions because
final particle diameters range over a factor
of -3. Although the occurrence of similar
time-temperature-diameter histories might
be argued for specific portions of all syn-
thesis experiments, nucleation would have
to cease abruptly in all cases even with a
continually rising temperature since these
synthesis experiments did not have the
same maximum temperatures. This postu-
lated behavior is inconsistent with this
study's findings; nucleation in the amor-
phous regions of the particles was shown to
be kinetically inhibited at lower tem-
peratures hence normally would be ex-
pected to increase exponentially in rate
with increasing temperature rather than
ceasing abruptly. Another possible expla-
nation for this studv's findings could be
rapid epitaxial growth of grains from a
fixed number of nuclei during deposition
causing an absence of amorphous material
in which homogeneous nuclei could form.
This postulate is also contradicted by the
study's results: the particles grow faster
(l105 nm/s) than the crystallites. thereby
producing partially crystalline particles.
To summarize. for unexplained reasons.
nuclei do not form homogeneously within
the primary particles under conditions
for which they are expected based on
other studies. 7-20

These results reflect on the particles'
formation and growth history from SiH,
gas. They are consistent with the sustained
growth of amorphous material onto initially
amorphous nuclei by the accretion of vapor
molecules during the initial stages of
growth of the primary Si particles. The
emergence of a fixed number of nuclei per
particle and the apparent cessation of
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nucleation with rising temperature are
the two important anomalies revealed by
these results.
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arly studies on the dispersibility of silicon were conducted near
the beginning of this century. Weiser' cites Kuzal as first pre-

paring hydrosols of thoroughly pulverized silicon by treating the
powder alternately with acid and alkali: while Wegelin also
prepared silicon hydrosols by mechanical grinding. Astalk and
Gutbier' investigated the chemical preparation of colloidal silicon
by reduction of silicon dioxide with magnesium. By processes
which involved grinding and washing silicon with hydrochloric
acid, they produced both unstable and concentrated sols.

Recent interest" in silicon dispersions has focused on aqueous
slips for casting parts to be subsequently nitrided to reaction-
bonded silicon nitride. This study is directed toward forming
reaction-bonded silicon nitride parts with a very fine, highly pure
silicon powder synthesized by a laser gas-phase process.' Initial
experiments showed that aqueous media introduce uncertainties
about oxidation which adversely affect the nitriding process. We
have, therefore, chosen to study dispersions of silicon in various
organic solvents, some of which sufficiently volatile that they are
eliminated easily during drying. The work reported here concen-
trates on organic dispersions in the absence of surfactants or
polymer deflocculants, since these additives are often difficult
to eliminate from a green part.

According to Williams and Goodman, 5 a single crystalline sili-
con wafer is oxidized immediately when exposed to air, producing
a layer of SiO 2 which in turn controls the wetting characteristics of
the wafer. Apparently, previous investigations'- 3 on silicon dis-
persions were conducted in aqueous media without controlling the
atmosphere (air), resulting in ambiguous results, especially in view
of Williams and Goodman's comments. Special care was taken
to control the processing atmosphere in our experiments to avoid
this problem.

This study uses a fine. monosized. highly pure silicon as the
starting powder. prepared according to Haggerty and Cannon' and
addresses (I) the basic wetting properties of this new silicon
powder using representative families of organic liquids and
(2) the dispersion properties of this powder, including states of
agglomeration.

Experimental

Matenals

The silicon powder used in this study was synthesized from the
laser-driven decomposition of SiH,(g) under the following condi-
tions: 760 W.cm- 2 CO2 laser intensity, 2x 10' Pa (0.2 atm) cell
pressure. 11 cm3 SiH. min-'. and 1000 cml Ar min-'. ' The sur-
face area from single-point BET measurements is 55.4 mg-'.
corresponding to an equivalent spherical diameter of 46.5 nm.
Neutron activation analysis indicated 0. 14 wt% oxygen and spec-
troscopic analysis indicated <30 ppm of other elements.

'Member. the Amencan Ceramic Societv.
*Model A-100. Rame-Hart. Inc.. Mountain Lakes. NJ.
'Model W255R. Heat Systems-Ultrasonic. Inc.. Plainview. NY.
:Coulter Electroni.s. Inc.. Nanosizer. Hialeah. FL.
'Bnce Phoenix. Inc.. Virtus Co.. Cardiner. NY.
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The dispersion characteristics of fine, pure
silicon powders in a number of liquids were
studied under controlled atmospheric condi-
tions. A simple screening test was used to
judge the dispersion characteristics qual-
itatively. Sessile drops were examined to
determine whether or not the contact angles
measured on single crystalline silicon cor-
related with the dispersion behavior. The
stability of powder suspensions depended
on the dielectric constant of the liquid. Ag-
glomerates within the suspensions were ex-
amined by several direct techniques. Also,
powder was centrifugally cast from one of
the suspensions permitting the degree of
uniformity in green parts to be used as a
qualitative measure of dispersion quality.

Commercially available grades of the organic liquids were used
in this study; selected physical properties '· are given in Table I.
These liquids represent commonly available organic families, in-
cluding aliphatic and aromatic hydrocarbon. alcohol. ketone.
ether, carboxylic acid. and aldehyde classes: water is also included.

The single-crystalline silicon wafer used for contact angle mea-
surements was boron-doped (10 7 cm-'3 ). The wafer was cleaned to
remove oxidic layers which may have been present in the
"as-received" material. This was accomplished by ultrasonic agita-
tion in trichloroethvlene, acetone, methanol. and pure water for
5 min in each. The silicon wafer was then treated with 2.9M HF
for an additional 5 min. With the aid of a nitrogen purge. the HF
solution was removed by successively diluting the cleaning liquor
with pure water. The silicon wafer was dried and placed into a
sealed plastic chamber equipped with an optical glass window and
a rubber cover under glove box conditions. This arrangement
permitted contact angles to be measured under N,(g) atmosphere.
containing less than 1 ppm oxygen and water.

Dispersion Test

A simple screening test was used to determine the wetting be-
havior and stability of suspensions consisting of the silicon powder
and the various liquids. Preparation of a system was conducted by
introducing a small amount of powder (100 mg) into a glass bottle
under nitrogen atmosphere in a glove box and then sealing it with
a thin rubber cover. After the selected liquid (15 cm;) was injected
through the rubber cover into the bottle via a syringe. the powder
was dispersed by first shaking the mixture lightly and. sub-
sequently. subjecting the systems to an ultrasonic probe for three
minutes to mix thoroughly. After standing for 5 days. the sus-
pensions were visually evaluated.

Contact Angle Measurement

The equilibrium contact angle (8,) established with sessile
drops (0.01 cm) of desired liquids on single crystalline silicon was
measured at 23°C with a contact angle goniometer.*

Detailed Agglomeration Evaluation for n-Propanol Systems

Dispersion Preparation: The state of agglomeration was eval-
uated in systems of silicon dispersed in n-propanol via three pre-
parative methods.

a.) Hand Mixing: A small amount of silicon powder (-I mg)
and n-propanol (10 cm 3) were mixed under a controlled N(g)

CERAMIC BULLETIN



Table . Physical Properties of Liquids*
Dielectnc Surtace tension; Dispersion test Angic

Liquid Grade constant' m-m -') resus derees,
Alpheac hydrmcaon

n-hexane Certified* 1.89 18.4 Poor 0
Cyclohexane Analytical 2.02 25.2 Poor
n-octane 1.95 21.6 Poor 0

Benene vup

Benzene Analytical 2.28 28.9 Poor 0
Toluene Reagent** 2.4 28.5 Poor 0
Xylene Certified' 2.3-2.5 28-30 Poor J 11

Alcohdls

Methanol Absolute" 32.6 22.5 Good 0
Ethanol Absolute" 24.3 22.4 Good i 1I
n-Propanol Analytical" 20.1 23.7 Good 0
Isopropanol Certified * 18.3 21.3 Good 
n -butanol Reagenrt 17.8 25.4 Good
n-heptanol TT Good II 
n :octanol Certified' 10.3 27.5 Good 0
Benzvl alcohol Analytical" 13.1 35.5 Good 14
Ethylene glycol Certified' 38.7 48.4 Good 45

Kewn
Acetone Analytical'" 20.7 25.1 Good 0
2-pentanone ** 15.4 23.6 Good 0
2-heptanone Technical" 9.8 26.7 Good 0

Emer

Isopentyl ether ** 2.82 22.9 Poor §§

Aliphuc acids
Propionic acid Certified' 3.30 26.7 Poor 0
Butyric acid 2.97 26.5 Poor

Aldehvde

Benzaldehyde Reagent** 17.8 38.5 Good 6

Inorac
Water Distilled 78.5 72.75 Flotation 78

'1-25'C. 'Ref. 6. :Ref. 7. 'Fisher Scientific Co.. Pittsburgh. PA. Mallinckrodt Inc.. St. Louis. MO. J. T. Baker Chemical Co.. Phillipsburg. NJ. ' U. S. industmes. Inc..
New York. NY. Eastman Kodak Co.. Rochester. NY. 'Aldrich Chemical Co.. Inc.. Milwaukee. WI. 'lNot Measured.

atmosphere. The mixture was shaken lightly by hand and diluted
to convenient concentrations for particle size measurements.

b.) Ultrasonic Agitation: By subjecting the powder suspension
to an ultrasonic probe. agglomerates were broken down, allowing
the powder to be fully wetted and dispersed in the liquid. Powder
was mixed with n-propanol in the manner just described. The
suspension (25 cm') was subsequently subjected to an ultrasonic
probe' equipped with a 1.27-cm diameter disruptor horn for
-3 min; input power was 150 watts. The suspension was cooled
with an n-propanol/dry ice mixture while being agitated.

c.) Centrifugation: After mixing silicon powder (0.5 g) and
n-propanol (15 cm'). the suspension was subjected to the ultra-
sonic probe for 3 min. Samples were centrifuged at 12 000 rpm for
10 min to remove large agglomerates. which comprised approxi-
mately one half the mass of the initial powder. After this treatment.
the equivalent spherical diameter of the largest agglomerates
remaining in suspension is 260 nm based on Stokes' settling
velocity. This supernatant was recentrifuged at 17 000 rpm for
2 h. The supernatant of the second centrifugation contained very
little powder. yet enough remained suspended to impart a tan
color to the supernatant.

Analysis Techniques
The state of agglomeration of silicon powder in n -propanol was

determined using three analytical techniques.
a.) TEM: Specimens were prepared by dipping carbon-

deposited TEM grids in suspensions of approximately I 10-'
mol Si/L. Excess suspension was removed by drawing liquid
off with the edge of an absorbent paper. Since agglomerates were
found to be separated on the grid by several hundred diameters.
agglomeration during drying is not deemed important.

b.) Laser-Doppler Particle Size Analysis:: This technique
yields the equivalent particle diameter owing to Brownian motion.
The width of the size distribution is indicated qualitatively by the
dispersion factor: ranging on a scale from I to 10 for narrow and
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wide distributions, respectively.
c.) Light Scattering: Dissymmetry measurements were taken

with a universal light-scattering photometers at a wavelength
A.0=546 nm to estimate the agglomerate size.]0 Accurate values
can be obtained only for dissymmetry values less than -2.0.
corresponding to an average size of -200 nm: thus. the technique
was useful only for the smallest agglomerates described in the next
section. The intensity of light scattered by suspensions containing
agglomerates whose sizes were approximately 0. I1A (i.e.,
-55 nm) exhibited a distinct angular dependence typical of
Rayleigh scattering.

Resulta and Discussion

Dispersion Test

Three types of dispersion behavior were observed and are sum-
marized in the fifth column of Table I and in Fig. I.

1) Good Dispersion: Most of the particles were well dispersed.
even after several days. This phenomenon was observed for liquids
such as aliphatic alcohols. ketones, benzyl alcohol, and
benzaldehyde. Each solvent in this group has a high dielectric
constant.

2) Poor Dispersion: Most of the particles settled out of the
suspension within one hour after preparation. This phenomenon
was observed for liquids such as n-hexane. cyclohexane. n -octane.
benzene. toluene. xylene. isopentyl ether. and propionic and
butyric acids, each of which has a low dielectric constant.

3) Particle Flotation: All silicon powder remained on the liquid
surface and particles could not be.incorporated into the liquid. even
after vigorous agitation. This phenomenon was observed only for
water. Interestingly, in a separate experiment in which the powder
was exposed to air for several hours prior to mixing with liquid, it
was easily wetted by water.

Although the tests suggest that each of the liquids designated as
giving good dispersion in Table I and Fig. I should prove adequate
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Fig. 1. Relation between dispersibility of Si powder and surface
tension and dielectric constant of liquid. Solvents in group A gave
good dispersion. those in group B poor dispersion and settlinrig, and
that in group C flotation.

for casting silicon powder. some appear to be realistically less
desirable than others. Methanol and acetone are quite volatile,
whereas butanol, heptanol. octanol. benzyl alcohol. and ethylene
glycol may be difficult to remove from the powder due to their high
viscosities. Benzaldehyde. on the other hand, is chemically unsta-
ble.7 Thus. n-propanol was chosen for subsequent experiments
since it has generally acceptable physical properties and represents
the remaining candidate liquids which gave good dispersions.

Contact Angle Measurements
Measured contact angles are also given in Table I. Zero-degree

contact angles were found for liquids with surface tensions less
than 30 mN-m- ', while nonzero values were measured for higher
surface tension liquids such as benzyl alcohol. ethylene glycol.
benzaldehyde. and water.

The contact angle reported here for water on silicon (78) is less
than those measured by Williams and Goodman' (85-88) using
the bubble method for pure water and an HF solution. Although the
most likely cause for the discrepancy is a difference in purity, the
smaller contact angle in our study may result from the drop-size
effect discussed recently by Neumann and Good 9 which is due
ultimately to surface heterogeneity or roughness. Another expla-
nation for the discrepancy in 8. can be understood by considering
minute levels of oxidation. Using the contact angles and oxide
thicknesses reported by Williams and Goodman.-' our value of 78 °

suggests the existence of an oxide layer -0.25 nm thick. Although
the atmosphere in our experiments is controlled to less than I ppm
oxygen. such an oxidic monolayer is possible.

The correlation between measured contact angles and reported
surface tensions (yLv) follow from

cos8 (Y7sv-YsL)/YLv

for which YsL, 7ysv. and ')'v refer to the excess energies of the
solid-liquid. solid-vapor. and liquid-vapor interfacial regions.
Since the term (YSV-'YSL) is essentially the same for most of the
organic liquids studied" and in view of the nonpolar character of
silicon. a 0 ° contact angle for essentially nonpolar liquids such as
hydrocarbons. aliphatic alcohols. ketones. and propionic acid is
anticipated. whereas for water. a highly polar solvent. nonwetting
behavior toward Si-powder is not surprising.

Agglomeration Evaluation

Table II contains results of size analyses for Si-agglomerates
suspended in n-propanol. Of the three preparative techniques used.
only centrifugal separation was capable of producing suspensions
which were essentially free of agglomerates. The ultimate particle
size range. 50 to 55 nm. is confirumed by the three techniques and
agrees well with the equivalent spherical diameter determined
using BET gas adsorption.

The particles in n-propanol suspensions which were prepared by
hand mixing or with ultrasonic agitation retain the chain-like struc-
tures characteristic of the '"as-synthesized" powders.' Apparently,
these particulate structures comprise the agglomerates because data
in Table II from Laser-Doppler analysis agree approximately with
those from TEM analysis. The most important result is that inter-
particle bonds within chain-like structures can be broken using
n-propanol as a dispersing medium. The data indicate that
the agglomerates are reduced in size when suspensions are sub-
jected to the ultrasonic probe and that the first centrifugal
separation leaves a large fraction of the mass suspended as single
particles or small agglomerates containing fewer than four or five
primary particles.

Fracture surfaces of pellets cast from an n-propanol suspension
during the second centrifugal separation process described earlier
were examined as a qualitative measure of the dispersion (Fig. 2).
Uniform. defect-free castings were taken as an indication that the
powders were dispersed well and were largely free of agglomer-
ates. The almost cleavage-like fracture surfaces were flatter than
observed for dry-pressed pellets.' suggesting a greater uniformity
in the former. The cast pellet did not exhibit 'relic' structures
attributable to agglomerates. Void diameters were on the order of
a particle size. In contrast. the pressed pieces' exhibit 2- to 5-um
voids which probably result from agglomerates. This result indi-
cates further that agglomerates were removed centrifugally prior to
casting since corresponding voids are not observed in the cast
pellet. The green density was typically in the range 45-50% of the
theoretical value. Cast pellets did not exhibit long range micro-
structural features. for example. those which typically result from
stratification occurring during settling. The results of these pre-
liminary casting experiments also indicate that this silicon powder
can be dispersed well.

Conclusions and Summary

The results of the dispersion tests. summarized in Fig. I1. empha-
size the effects of surface tension and dielectric constant. Based on
the contact angles and this surface tension-vs-dielectric constant
profile. wetting and dispersion properties of silicon are as follows:

a.) Liquids having high surface tensions. >30 mNm ', exhibit
nonzero contact angles. Examples are benzaldehyde. ethylene gly-
col. and benzyl alcohol. Although powder was incorporated into
these three liquids which belong to Group A (Fig. 1). it seems that
the agglomerates are either partially wetted by these solvents and

Table II. Results of Size Analyses for n-Propanol Suspensions
Light scattering

analysis TEM Laser-Doopler analysis
Preparative Dissymmetry Diameter Min. Max. Diameter Dispersion
metnod' factor. Z i nm size inmi ize tinm) Inm) factor

Hand mxing 2.5 440 620 800 8
Ultrasonic agitation 2.7 200 420 200 4
Centrifugation I. 1 50 50 55 50 3

'See text tor details. Supernatant from second cenmintugation. 3 
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Fig. 2. Scanning electron micrograph of cast green Si compact
(bar=-1 gm).

that other factors such as van der Waals dispersion forces are
insufficient to induce agglomeration. The effects of the latter are
discussed in detail elsewhere"; nevertheless. these solvents seem
unfavorable as "best" dispersing media for silicon powder.

b.) Powders could not be dispersed well in liquids having a
dielectric constant less than -5. Examples are aliphatic hydro-
carbons. members of the benzene group. isopentyl ether. and acids.
This phenomenon appears to be independent of surface tension
and the behavior is in accord with the concept that the powder's
tendency to remain agglomerated is directly related to the silicon-
solvent interfacial free energy and is not strongly dependent on the
liquid's surface tension. Particulate cohesion. rather than complete
wetting and dispersion. occurs in these liquids. This can be under-
stood in terms of the low dielectric constant and the nonpolar
nature of these liquids. It is anticipated that silicon-solvent inter-
actions are weak for liquids with very low dielectric constants.
These interactions should increase with increased polarity or di-
electric constant. This trend was observed: see the next section
and Ref. II fof details.

c.) Liquids having high dielectric constants seem ideal dis-
persing media. However. the liquid surface tension should be low
enough to ensure that the powder agglomerates are immersed in the
liquid and that the liquid fully penetrates the agglomerates and
breaks them down.

In summary, by using a simple dispersion test and by controlling
the atmospheric composition. it was found that all classes of or-
ganic liquids which were tested incorporate this Si powder and that
water does not. Although the organic liquids incorporate the pow-
der. three of them (viz.. benzyl alcohol. ethylene glycol. and
benzaldehyde) exhibited a nonzero degree contact angle on a single
crystalline Si-wafer. Thus. it appears that. while a 0° contact angle
is not necessary to incorporate the powder into a given liquid. a low
9,-value is desirable. Since the stability of these suspensions relates
to the solvent's dielectric constant and polar nature. liquids which
have a high dielectnc constant formed the most stable suspensions.
It is noteworthy that for both good and poor dispersants (Table D.
the dispersibility of Si powder was not sensitive to the solvent's
chemical nature. e.g.. acids vs alcohols. except as generally reflec-
ted b the dielectric constant. Data in Table II demonstrate that
even suspensions prepared with a good dispersing medium contain
agglomerates that could be broken down by ultrasonic agitation or
removed by centrifugation.
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ABSTRACT

Thirty-two pure solvents were used to disperse laser-synthesized
SiC powder, oxidized laser-synthesized SiC powder, and commercially
available SiC powder. Five day sedimentation tests were used to
screen the solvents with relative turbidity of the supernatant as a
quantitative measure if the degree of dispersion. Coagulation
kinetics were measured by Photon Correlation Spectroscopy to determine
the coagulation rate. Stabilized powders were centrifugally cast into
ceramic green bodies and their green densities measured. Experimental
dispersion results were correlated with various solvent properties
including dielectric constant, hydrogen bond index, pH and Lewis
acid/base interaction energy. To determine the Lewis nteraction
energy parameters for the powder surfaces, microcalorimetry was used
to measure the heat of wetting of the powders in various acidic and
basic solvents.

Oxidized SC powder, either laser or commercial, was shown to have
an acidic surface and was stabilized by basic solvents. Pure laser-
synthesized SiC powder was shown to have a basic surface and was
stabilized by acidic solvents. Solvents with high hydrogen bond
indices also ave high packing densities. Other solvent properties
had a much smaller influence on powder dispersibility. Good
dispersibility gave ceramic green bodies with high green density.
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I. INTRODUCTION

A stable powder dispersion is necessary to produce uniform, dense

ceramic green bodies. Two types of dispersion systems may be used:

pure solvent systems and solvent-dispersant systems. Solvent-

dispersant systems are known to be more effective for dispersing fine

powders than pure solvent systems, however dispersants are more

difficult to remove from the green body during binder burn-out.

Because the dispersion characteristics of powders are strongly

dependent upon their surface characteristics, the extremely pure

laser-SiC powders are expected to behave differently from commercial

SiC powders with their oxidized surfaces. The dispersion

characteristics of pure silicon powders made from laser heated SiH4

were previously studied'. The dispersion stability of silicon powder

was found to depend upon the dielectric constant of solvents.

This paper examines the dispersibility of both pure SiC powders

made by laser synthesis and oxidized SiC powders in pure solvents

without dispersants. To develop a more fundamental understanding of

the solvent physical properties that are responsible for the

dispersion of a particular type of powder, powder dispersion was

correlated with the following solvent properties; dielectric constant,

hydrogen bond index, acid dissociation constant (pKa ) and Lewis

acid/base interaction energy.

II. EXPERIMENTAL

A. Materials

Three types of pure laser synthesized SiC powders made under
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different conditions, one commercial SiC powder (Ibiden Betarandom

Ultrafine), one commercial SiO2 powder (Cabot Corp. Hi Sil 233) and an

oxidized laser powder were used in this study. The powder synthesis

conditions are given in Table I and their physical properties are

summarized in Table II. The oxidized laser SiC powder was prepared by

heating laser-SiC powder L014 in air at 600 C for 24 hours after

breaking the soft agglomerates with a 30 minute exposure to a 40 watt

ultrasonic probe with the powders dispersed in isopropyl alcohol. The

oxidized powder had approximately the same surface area (single point

BET), morphology (TEM) and crystal phase (XRD) as the pure laser SiC

powder L014; the only difference was the presence of an oxidized layer

on the particle surfaces as measured by FTIR.

Commercially available grades of organic solvents were used in

this study (Table III). These solvents represent commonly available

organic families, including aliphatic and aromatic hydrocarbons,

chlorides, ethers, ketones, esters, alcohols, aldehydes, carboxylic

acids, amines, and water. The solvents were dried with a 3A molecular

sieve to - 30 ppm H20 as measured by Karl Fisher titration. Also

listed in Table III are various properties of these solvents,

including dielectric constant, Lewis acid/base interaction

parameters(also known as Drago' E and C values), hydrogen bond index,

and pKa values.

B. Microcalorimetry of Powder Surfaces

To characterize the various SiC powder surfaces, microcalorimetry

was used to measure the heat of wetting. Calorimetry was performed

using a Tronac -450 Isoperbol Calorimeter. All powder handling
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techniques were anaerobic ( <70ppm 02) and anhydrous ( <10ppm H20).

Commercial SiO2 powder and oxidized laser SiC powder were dried at

2300C for 24 hrs. under high purity nitrogen (i.e. 0lppm H20 and

<lOppm 02) and cooled before loading into 3 ml ampules. After drying

these powders were not exposed to air. After the ampules were loaded

with a net weight of powder, the ampules were capped and removed from

the glove box. Once outside the glove box the ampules were fused

closed using a butane torch.

The sealed ampules were loaded into the stirring dewar of the

calorimeter with 50 ml of solvent. The vessel was purged with Ultra-

high purity Argon (Matheson Co.) and allowed to equilibrate for 8 hrs

to stabilize the thermistor baseline drift. Then the ampule was

broken below the liquid level by a calibrated solenoid push rod

assembly. The reaction vessel temperature increase was monitored

using a Thermistor.

Experimental heats of wetting for the various solvents are given

in Table IV. Two solvents, triethylamine (TEA) and acetone, are

bases; two solvents, chloroform and antimony pentachloride, are acids

and one solvent, cyclohexane, is neutral. The E and C values and

other pertinent physical properties of these solvents are given in

Table V. Using Fowkes' method', the Lewis acid/base interaction

energies (oHab ) between solvents and powder surfaces were determined.

Lewis acid/base interaction energies are given in Table VI. The heats

of wetting (H) were corrected for the dispersional interaction energy

using the heat of wetting for cyclohexane which has only dispersional

interactions not acid/base interactions','.
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Based on these Lewis acid/base interaction energies, Drago E and C

values for the powder surfaces were determined using Fowkes' slope

intercept plotting method'. The E and C values for the different

powder surfaces are given in Table VII. They show the SiO2 and the

oxidized SiC powder to be acidic and the laser SiC powder to be basic.

The EA and CA values measured for SiO2 are similar to those reported

by Fowkes' (EA = 4.36(kcal/mole)1 /2 CA = 1.06 (kcal/mole)1/ 2)

These E and C values can be used to predict the Lewis acid/base

interaction energy for a powder surface and another solvent using

Drago's' four parameter theory

- ab =EAEB + CACB

where the E and C values of the powder surface is used for either the

acid (sub A) or the base (sub B) and the solvent for the other E and C

values. (Note: an acidic surface can only have an acid/base

interaction with a basic solvent and vice versa.)

C. Dispersion Tests

Sedimentation tests were used to determine the stability of the

SiC powders dispersed in the various solvents. Preparation of

suspensions for sedimentation tests was conducted under a nitrogen

atmosphere using a glove box. After a small amount of powder (10 mg)

was mixed with the selected solvent (10 cm 3), the powder was dispersed

by subjecting the suspension to a 40 watt ultrasonic probe for two
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minutes. After standing for days, the stabilities of the

suspensions were evaluated visually. Very good (VG) dispersion showed

most particles well-dispersed. Solvents that gave good (G)

dispersions, showed some particles well dispersed and poor (P)

dispersions showed most particles to have settled out after one day.

When particles floated on top of the solvent and could not be

incorporated into the liquid an (F) designation was used. Using these

designations, the sedimentation tests are shown in Table VIII. The

relative turbidity of the supernatant also shown in Table VIII was

measured after one month using a Bryce Pheonix Photometer. Higher

turbidity corresponds to better dispersion. Turbidity experimental

results are summarized in Figure 1.

D. Coagulation Rates

The coagulation rates of pure and oxidized laser-SiC L014 powders

in selected solvents were measured by photon correlation spectroscopy

(PCS). Three kinds of solvents with different functional groups,

propyl alcohol, propionic acid, and propylamine, were chosen for this

measurement. The suspensions prepared as above were diluted to

optimize the powder concentration for the PCS measurement. The powder

concentration used in this study was 7.0 x 109 particles/cm3. After

ultrasonic agitation, the mean particle sizes were measured

periodically with a Sub-Micron Particle Analyzer, Coulter Model N4.

This data is shown in Figures 2 and 3. The coagulation rate constants

given in Table IX were calculated from the size versus coagulation

time data using a technique described by Barringer, et. al.' The

viscosity of propyl alcohol and propionic acid used in the Photon
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Correlation measurements were obtained from Weast' and that for

propylamine was estimated using Soudre's method'.

E. Centrifugal Packing

Suspensions consisting of 290 mg of SiC powder and 9 cm3 of

solvent were centrifugally cast at 3000 g's for 2 hours. The sediment

volumes were determined by measuring their heights on the calibrated

centrifuge tubes. After drying the sediments in a nitrogen

atmosphere, sediment weights were measured to premit calculation of

packing densities which are given in Table VIII. The microstructures

of these sediments were observed with a scanning electron microscope

(SEM).

F. Colloidal Pressing

For the colloidally pressed samples, 290 mg of L014 powder was

3
dispersed in 9 cm of either he:ane or octyl alcohol solvents. The

suspensions were placed in a 2.54 cm diameter press with a permeable

membrane on the top die surface and pressed to 69 MPa (10,000 psi).

When the solvent was completely removed, the pressure was released.

The disk was dried, and its dimensions measured so that the green

packing density could be calcuated.

III. RESULTS AND DISCUSSION

A. Dispersion Tests

The results of sedimentation tests, relative turbidity of the

supernatant, and centrifugal casting summarized in Table VIII show

significant differences in dispersibility between pure laser SiC

powder and oxidized laser SiC powder but not between specific pure
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powder types. In the case of pure laser SiC powders, "very good"

dispersion was observed only for oleic acid. "Good" dispersion was

observed for the other carboxylic acids (such as propionic acid and n-

octanoic acid) and high molecular weight alcohols (such as n-octyl

alcohol, ethylene glycol, etc). Oxidized laser SiC powders dispersed

very well in many kinds of solvents such as all alcohols, propylamine,

ethyl formate, and octanoic acid.

The relative turbidity values obtained are shown in Table VIII.

For pure laser-SiC powder, the solvents with carboxylic acid groups

such as oleic acid, octanoic acid, and propionic acid gave high

relative turbidity corresponding to stable suspensions. For oxidized

laser SiC powder propylamine, acetone, ethyl formate, and all the

alcohols gave high relative turbidity values.

The relative turbidities for each solvent and for both oxidized

and pure laser SiC powders are plotted in Figure 1. The data points

are divided into the four areas encircled with dashed lines. Solvent

groups are concentrated in specific areas. Carbolylic acids such as

oleic acid, octanoic acid, and propionic acid are concentrated in the

upper left, showing that these solvents dispersed pure powder well but

not oxidized powder. Amine and alcohol solvents are concentrated in

the lower right, showing that they dispersed oxidized SiC powder well

but not pure SiC powder. While inert and amphoteric solvents were

generally at the origin or on the diagonal, indicating that the powder

surface did not influence turbidity.

Comparisons of the relative turbidity with the hydrogen bond index

and pka(acid) and pka(base) values showed a great deal of scatter
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without any discernible trends. The poor fit of turbidity with

respect to pka(acid) and pka(base) is contrary to that observed by

Bolger', where the arithmatic difference of either the isoelectric

point (IEP) and the pka(acid) or the IEP and the pka(base) gave a

parameter that correlated with powder dispersion.

Suspensions dispersion was also evaluated in terms of the

dielectric constants' () of the solvents to see whether high e

solvents favored stable suspensions and low solvents tended to give

rise to flocculation. No correlation was found for pure SiC powders,

e.g., propionic acid showed good dispersion characteristics in spite

of its low . The oxidized powder gave results generally similar to

those observed with silicon powder': dispersion stability generally

improved with the increasing dielectric constant of the solvent, as

shown in Figure 2.

The comparison between dispersibilities of pure laser SiC powders

and oxidized laser SiC powders is shown in Table IX for the families

of organic solvents studied. Some solvent families, such as

carboxylic acid, amine, etc., showed different dispersibilities

depending upon the specific powder type and member of the solvent

family. These phenomena may be related to the acidity and basicity of

the solvents and powder surfaces. Propylamine and low molecular

weight alcohols act as Lewis bases, dispersing oxidized laser SiC

powder well, but not pure laser SiC powder in spite of high hydrogen

bond indexes. In contrast, oleic acid and propionic acid act as Lewis

acids, dispersing pure laser SiC powder well but not oxidized laser

SiC powder.
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B. Coagulation Rates

The mean particle sizes for pure laser-SiC powder were plotted as

a function of coagulation time in Figure 3. The mean particle size

for propyl alcohol and propylamine increased with coagulation time,

but propionic acid showed almost constant size within the measuring

time of 180 minutes. In contrast the oxidized laser-SiC powder showed

a different trend, as shown in Figure 4. The particles dispersed in

propyl alcohol or propylamine were stable, and the particles dispersed

in propionic acid coagulated rapidly. The coagulation rate constant,

k, was calculated from the slope of the size versus time curves shown

in Figures 3 and 4. These values are given in Table X. Smaller

values of the coagulation rate constant indicate more stable

dispersions.

C. Centrifugal Packing

Packing densities of centrifugal sediments are given in Table VIII

for various solvents. Packing densities were directly related to the

liquid functional group and the powder type. For pure laser SiC

powders, octyl alcohol showed the highest packing densities. The

packing densities for oleic acid, the best solvent in the

sedimentation test, were not very high. A strong correlation between

centrifugal packing densities and the sedimentation results was

observed for the commercial powder, which had an oxidized surface

layer, while some exceptions were observed for pure laser SiC powders.

These exceptions may be attributed to the relatively low

dispersibilities of these particular pure laser SiC powders. The

average packing densities of the laser SiC powders increased in the
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following order: B038, B060, L014. The commercial powder had a

higher average packing density than the laser SiC powders.

Significant differences between the centrifugal sediment densities

were observed among the four kinds of powders, 038, B060, L014, and

the commercial powder. These differences should be attributable to

powder characteristics such as particle size, particle size

distribution, particle morphology, and aggregation. Packing density

should be independent of particle size, when the particles are large

enough to neglect electrostatic forces, surface films, and boundary

effects. An increased width of the particle size distribution

increases the packing density. High aspect ratio particles pack to

higher densities than spheres as a result of orientation. Spheres can

pack most uniformly. Agglomerates and aggregates generally (but not

always) have lower packing densities than individual particles.

The packing densities achieved with type L014 powder were

consistently higher than those achieved with type B038 and B060

powders. Although type L014 powder was approximately twice as large

as the other two, it is unlikely that this difference was responsible

for its improved packing density. All three exhibited nominally the

same dispersibilities. The B038 and B060 powders consist of

aggregated primary particles which can be dispersed but not packed

well. The high packing densities achieved with the commercial powder

is attributable to wide particle size distribution and morphology.

Packing densities of centrifugal sediments as a function of

hydrogen bond indexes of the solvents are shown in Figure 5. Hydrogen

bond indexes were obtained from the Paint Technoloqv Manual'.
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Reasonably good correlations were observed between packing densities

of all powders and hydrogen bond indices of the solvent. High

hydrogen bond indices provided high packing densities. Good

correlations between the hydrogen bond index and sedimentation results

were also observed for the oxidized powder. However, sedimentation

results for the pure powders and the differences in dispersibilities

between pure and oxidized SiC powders could not be interpreted solely

with hydrogen bond index.

Using equation 1, the Lewis acid/base interaction energy for each

type of SiC powder was calculated for each solvent with appropriate E

and C values listed in Table III. These Lewis acid/base interactions

were correlated with the turbidity data listed in Table III without

success. The correlation of packing density of centrifugal sediments

with Lewis Acid/base interaction energies are shown in Figures 6 and

7. For both oxidized SiC laser powder (Figure 6) and pure SiC laser

powder (Figure 7), the packing density is generally high when the

Lewis acid/base interaction energy is high. Some degree of scatter in

the data is observed. This correlation between packing density and

Lewis acid/base interaction energy suggests that acid-base

interactions are one but not the only factor in dispersion and packing

of non-oxide ceramic powders.

D. Characterization of Sediment and Colloidally Pressed Bodies

The micrographs of the top surfaces of centrifugal sediments from

suspensions of L014 with hexane and oxtyl alcohol are shown in Figure

8. These packing densities are 20.5% and 33.2%, respectively. The

particles dispersed in octyl alcohol are packed much better, as shown
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by the smaller number of large voids and loosely packed agglomerates.

Micrographs of a fracture surface and a side surface of a

colloidal pressed pellet using octyl alcohol are shown in Figure 9.

No voids larger than the particle size are present, and several areas

show ideal close packing of spheres. The packing density of this

pellet was about 62X.

IV. CONCLUSIONS

An evaluation of the effect of solvent properties on pure and

oxidized SiC powder dispersibility and packing density has been

performed. Dielectric constant, pHa, hydrogen bond index and Lewis

acid/base interaction energy did not correlate well with powder

dispersibility. Packing density was correlated with high hydrogen

bond index and high Lewis acid/base interaction energy, however, a

large amount of scatter was observed with with both correlations.

Heat of wetting studies showed that oxidized SiC powders, either

laser or commercial, have an acidic surface and were dispersed best by

basic solvents. Pure laser-synthesized SiC powder was shown to have a

basic surface and was dispersed best by acidic solvents. Oleic acid

showed the best dispersibility for pure laser SiC powder, however it

may not be desirable for ceramic processing because it has a high

viscosity and a high boiling point. Octyl alcohol is the most

suitable pure solvent studied for both pure and oxidized SiC powder.

Using colloidal pressing with pure SC powder and octyl alcohol,

uniform and high density (-62%) green bodies were obtained showing

that good dispersibility gave ceramic green bodies with high green
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density.
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Centrifugal Packing Density versus Hydrogen Bond Index of
Solvent.

Packing Density versus Lewis Acid/Base Interaction Energy
of the Oxidized SiC Powder With the Solvent.

Packing Density versus Lewis Acid/Base Interaction Energy
of the Pure SiC Powder With the Solvent.

SEM Micrographs of Centrifugally Packed Sediments A) L014
in Hexane, and B) L014 in Octyl Alcohol.

SEM Microgiaphs of Colloidally Pressed Compact of L014
Powder in Octyl Alcohol A) Fracture Surface, and B) Top
Surface.
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TABLE I

LASER-POWDER SYNTHESIS CONDITIONS

TABLE II

CHARACTERISTICS OF POWDERS

Laser8Powders Commercial Oxidized CommercialB038 B060 L014 02

TEM Particle
size (nm) 31 52 90 130 90

Specific
surface area 44.9 44.3 22.4 19.4 23.3 133
(m2/g)

Phase B B B B B

Size
Size ribunarrow wide narrow widedistribution
Morphology spherical irregular spherical spherical

Surface pure

...... I I I.

61

Run Number Carbon Laser Reaction
Reactant Power (W) Temp (C)

B038 Ethylene 150 1650

B060 Methane 150 1680

L014 Methane 500 1830
,1. . 11 i I I1 1111 . . . . . . . --



TABLE III

SOLVENTS USED AND RESULTS OF SCREENING TESTS

SOLVENT

HYDROCARBONS
1 hexane
2 toluene

CHLORIDES
3 methylene chloride
4 chloroform
5 carbon tetrachloride
6 1,2-dichloroethane
7 trichloroethylene
8 chlorobenzene

CYANIDE
9 acetonitrile

ETHERS
10 isopenthyl ether
11 tetrahydrofuran
12 dioxane

KETONES
13 acetone
14 2-butanone
15 2-heptanone

ESTERS
16 ethyl
17 ethyl

formate
acetate

ALDEHYDE
18 benzaldehyde

ALCOHOLS
19 methyl alcohol
20 ethyl alcohol
21 n-propyl alcohol
22 2-propyl alcohol
23 2-furfuryl alcohol
24 benzyl alcohol
25 n-octyl alcohol
26 ethylene glycol

AMINE
27 propylamine

CARBOXYLIC ACID
28 propionic acid
29 n-octanoic acid
30 oleic acid

INORGANIC
31 water

1.91 C

0.02 3.40
0.150 3.31

1.34

3.19
4.27
2.38

2.33
2.38

1.74

1.12 (
0.451 3.88

0.446 4.17

6.1

0.571

).087

0.886

1.11
0.978
1.09

0.987
1.09

0.975

0.975

1.4

1.64
62

2.2
3.0

2.7
2.2
2.2
2.7
2.5
2.7

4.5

(6.0)
5.3
5.7

5.7
5.0
(5.5)

5.5
5.2

5.2

8.9
8.9
8.9
8.9
(8.9)
8.9
8.9
9.6

9.0

9.5
9.5
9.5

37

25

20

26

14.9

16
16

15.1

4.87
4.89

-10 .1

- 2.2
- 2.9

- 7.2

- 6.5

- 7.1

- 2.2

- 3.2

10.7

i I I m - i 

I



Table IV.

Measured Heats of Wetting (-aH kcal/mole)

Powde r

TEA

Acetone

Cycl ohexane

Chol oroform

SbCl 5

SiO2
(Hi Sil-233)

22.0

12.09

7.97

11.0

110.8

63

SiC

SiC
(L-014)

22.8

OxSiC
(L-014)

13.59

10.9 10.66

9.29 8.43

14.7

31.2

9.24

30.2

_



Tabl e V.

Solvent Properties

Molecular Molar Surface Surface

Density Weight Area Energy

(g/cm3 ) (g/mole) (m2 /mole x 10 5 ) (ergs/cm 2 )

0.727 101.2 2.267 22.7

0.790 58.1 1.482 23.7

0.779 84.2 1.927 25.5

1.483 119 4 1.575 27.1

2.336 299.0 2.145 35.8

EB CB EA CA

(kcal/mole) /2

0.991 11.09 -- 

0.987 2.33 -- --

-- -- 3.31 0.15

-- 7.38 5.13

64

Sol vent

TEA

Acetone

Cycl exanre

Chloroform

SbCl 5

-



Table VI.

Lewis Acid/Base Interactional Energies ( Hab kcal/mole)

TEA

Acetone

Cyclohexane

Chloroform

SbC1 5

S I

I ~ ~ ~~~~~~~~~~I C I

Sio
Hi Si? -233

12.1

6.12

-0.09

4.23

101.3

SiC
L-014

14.0

1.96

5.12

20.2

OxSIC
L-014

5.62

2.51

0.53

20.2

65
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Table VII

Drago E and C Values

(kcal/mole)1/2

Powder EA CA E8 CB

SiO2 (Hi-Sil-233) 4.65 0.66

Laser SiC -- -- 1.85 1.47

ox-SiC 1.45 0.43
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TABLE VIII

RESULTS OF SCREENING TESTS AND CENTRIFUGAL CASTING TESTS

SOLVENT

HYDROCARBONS
1 hexane
2 toluene

CHLORIDES
3 methylene chloride
4 chloroform
5 carbon tetrachloride
6 1,2-dichloroethane
7 trichloroethylene
8 chlorobenzene

CYANIDE
9 acetonitrile

ETHERS
10 isopenthyl ether
11 tetrahydrofuran
12 dioxane

KETONES
13 acetone
14 2-butanone
15 2-heptanone

ESTERS
16 ethyl formate
17 ethyl acetate

ALDEHYDE
18 benzaldehyde

ALCOHOLS
19 methyl alcohol
20 ethyl alcohol
21 n-propyl alcohol
22 2-propyl alcohol
23 2-furfuryl alcohol
24 benzyl alcohol
25 n-octyl alcohol
26 ethylene glycol

AMINE
27 propylamine

CARBOXYLIC ACID
28 propionic acid
29 n-octanoic acid
30 oleic acid

INORGANIC
31 water

P: poor dispersion
G: good dispersion

DISPERSI-
BILITY

Pure Oxid.

P P
P I P

G I G
G G
P P
G G
P I P

G 1 G

G G

IP I G
G G

P . P
P VG
G ! G

P I G

P

P
P
P
P
P
G
G

P

G
G

VG

VG
VG
VG
VG
VG
VG
VG
VG

VG

P
G
G

F G

VG:

F:

67

RELATIVE
TURBIDITY
Pure

0

0

1.9
3.6
0

3.6
0

0

3.0

0

3.6
0

3.6
0

0

0

3.6

0

0

0

0

0

0

0

3.3

0

3.4
2

3.8

Oxid.

0

0

1.3
0

0

0
0

0

3.5

0

1.3
0

3.7
3.4
2.7

3.5
3.5

2.2

2.3
3.2
2.9
3.3

3.3
1.6
3.5

4. 2

0
0

0

B038

11.9
12.8

11.8
14.0
11.3
14.0
12.8
13.9

11.1

13.6
16.1

14.7
15.5

12.2
15.0

16.2
16.1
16.2
16.3

12.7

11.0

PACKING DENS

B060

16.4
19.5

17.2
17.0
16.7
19.8
17.7
18.7

15.8

25.5
21.8
25.8

18.3
20.7
22.2

22.3
22.3

26 .5

24.3
25.2
25.1
25.6

25.1
26.4
15.4

21.8

21.0
22.7
22.3

16.5

L014

20.5
23.6

23.9
26.8
25.9
25.6
25.9
26.2

25.1

29.0

28.7

26.8
26.2
27.5

26 .4

29.5

25.0
27.7
27.0
30.2
28.9
31.2
32.4
22.8

28.3

27.4
29.7
25.7

20.3

very good dispersion
flotation

Comml.

!
28.4
31.0

26.8
29.0
26.9
29.4
27.7
30.9

34.8

34.4
34.1
36.7

38.0
34.9
36.9

33.0
34.6

39.1

37.6
37.8
37.4
38.6
38.8
41.5
38.4
39.0

40.2

35.9
39.9
32.4

36.8

ITY( ) 
- -

Ii



TABLE IX

COMPARISON OF DISPERSIBILITY

BETWEEN PURE LASER-POWDER AND OXIDIZED LASER-POWDER

68

DISPERSIBILITY FOR OXIDIZED POWDERS

Poor Good Very Good

Hydrocarbons Ketone Amine

o Chlorides Low-alcoholso
0

Ether Ester

3 Aldehyde

X= Ether Ketones High-alcohols

wa Carboxylic Ester
acid Ether

o Nitrile

o- u Chlorides

Carboxylic
m acid

0U; O

- 3O Carboxylie
acid

ii ,,, ,, , 



TABLE X

Coagulation Rate Constant, K (cm3/sec)

69

Solvent Pure Powder Oxidized Powder

2-propyl 1.23E-11 1.37E-12
alcohol

propionic 7.41E-14 1.37E-11
acid

2-propyl 3.38E-12 5.15E-14
amine
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Fig. 3 Particle Size versus Coagulation
Time for Pure SiC Powder
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a

b

Figure 8. SEM Micrographs of Centrifugally Packed Sediments A) L014 in
Hexane, and B) L014 in Octyl Alcohol.
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a

b

Figure 9. SEM Micrographs of Colloidally Pressed Compact of L014 Powder

in Octyl Alcohol A) Fracture Surface, and B) Top Surface.
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Drying of Silicon Powder Compacts
DANIEL CASTRO. TERRY A. RING.' * and JOHN S. HAGGERTY'
Massacnusetts Institute of Tecnnology, Camrnoriage. MA 02139

Laser-vnthesized silicon powder with an average size of
0.28 un was colloidally pressed into disks 1.27 cm in
diameter using various solvents. Thermogravimetric anaivsis.
(TGA) was performed during the solvent removal at various
temperatures. Two types of weight loss were observed: one
proportional to time, t, indicating that external mass transfer
is the rate-limiting step, and the other proportional to r",
indicating that pore diffusion is the rate-determining step.
After losing >99% of the solvent weight. samples were
examined by Fourier transform ir spectroscopy to determine
the amount of solvent that remained adsorbed on the surface
of the silicon powder as a function of time for various
temperatures. Temperatures much higher than the boiling
points of the solvents are required to completely dry the
silicon compacts.

ontrolling the drying process of powder compacts is important
in ceramics processing, soil science, and powder metallurgy.

Macy' discussed both the shrinking of clay green bodies during
drying and the internal mechanism of water migration during dry-
ina. Packards discussed moisture stress in clay green bodies during
arying. Coooer3 developed a quantitative theory of cracking during
the drying of clay green bodies using an analogy based on thermal
gradients in giass objects.

This studv examines the drying rate of silicon powder com-
pacts which were colloidally pressed at 68.9 MPa (10000 psi).
Thermogravimetrc analysis (TGA) was used to measure the sol-
vent weight loss of the silicon powder compacts. Fourier transform
infrared spectroscopy (FTIR) was used to follow the loss of the
solvent remaining on the powder surface after drying at 50°C for
48 h. The silicon owders used in this study were nitrided after
drying to form reaction-bonded Si:N. (RBSN). Maximum permis-
sible firing rates and nitriding kinetics were found to depend on
complete removal of solvent from the silicon powder compacts.
Nitriding results will not be discussed in this paper. In a general
sense. these drying results obtained apply to all ceramic green
bodies made from powder having a small diameter and high sur-
face area.

filters and moved to a glove box under argon atmosphere. Because
of the argon-hydrogen atmosphere in which the silicon powder was
made. it had an Si-H surface. as observed by FTIR'; the silicon
powder is shown in Fig. 1. Image analysis of several hundred
particles on several transmission electron microscopy (TEM) mi-
crographs like that in Fig. I gave a log-normal size distribution
with a geometric mass mean size of 280.0 nm and a geometric
standard deviation of 1.7. Some agglomeration of the particles is
observed in Fig. 1.

In a glove box. the silicon powder was mixed with solvent to
form a 1% solids suspension. Reagent-grade octanol. methanol.
and acetonitrile were used as solvents without further purification.
No dispersants were used to prepare suspensions. Various amounts
of this suspension were placed in a colloid press 1.27 cm in di-
ameter and pressed at 68.9 MPa (10 000 psi) for 5 min to remove
most of the solvent. Two thicknesses were produced: 4 and 2 mm.
The packing density. based on the weight of silicon powder used
and the dimensions of the sample. was 68% and did not change
significantly during drying. Mercury porosimetry could not be
used to measure the pore size distribution because of the friabiliry
of the dried compact. After the pellet samples were pressed. they
were placed in a desiccator in an atmosphere saturated with the
solvent. and TGA measurements were taken.'

The pellet samples were placed on the platform and the fur-
nace. already up to temperature. was quickly placed over the
sample with the N: flowing at predetermined rates. Three solvents.
two samole thicknesses. and three gas velocities were used to
separate the effects of boundary-layer thickness. vapor pressure.
and pore diffusion. These samples were placed directly on a pre-
heated oedestal with good thermal contact to avoid heat transfer
through the boundary layer as one possible heat transfer mech-
anism. The pedestal also prevented vapor losses from the bottom
surface of the pellets. simplifying the theoretical analvsis to a
one-dimensional model (assuming negligible vapor loss through
the sides).

Methanol- and acetonitrile-disoersed samples were dried at
50C for 48 h and examined using a Fourier transform infrared
spectrometer.: The pellet samples were placed in a heated ir reflec-
tance cell. which was maintained at a constant temperature up to
300C in N: and scanned periodically for up to h.

EXPERIMENTAL PROCEDURE

The silicon powder used in this study was synthesized as an
aerosol from silane using a CO 2 laser to initiate and sustain the
decomposition reaction. " The silicon aerosol was collected on
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Fig. 2. Log-log plot of weight loss vs time for
2-mm octanol sample dried at 200C with
0.1 cm/s N2 velocity.
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Fig. 3. Log-log plot of weight loss vs time for
4-mm methanol sample dried at 80C with
1.3 cm/s N2 velocity.
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Fig. 4. Log-log plot of weight loss vs time for
2-mm acetonitriie sample dried at 2rC with
-0 cm/s N2 velocity.

EXPERIMENTAL RESULTS

Figure 2 shows the weight loss plotted on a log-log scale of
a 2-mm-thick octanol sample dried at 2000C in N. flowing at a
velocity of 0.1 cm/s. For most of the weight loss (i.e. 0 to 90%),
a single line is followed which has a slope of one. Above 90%, an
asymptotic weight loss is observed. Figure 3 shows the weight loss
plotted on a log-log scale of a 4-mm-thick methanol sample dried
at 80°C in N2 flowing at a velocity of 1.3 cm/s. A linear weight
loss with a slope of 0.6 is observed with this sample from 0% to
99%. Figure 4 shows the weight loss plotted on a log-log scale of
a 2-mm-thick acetonitrile sample' dried at 27fC in nearly stagnant
N2. For most of the weight loss (i.e. 0 to 90%), a single line is
followed which has a slope of one. Above 90%. an asymptotic
weight loss is observed.

Figure 5 shows examples of the FTIR spectra for an acetoni-
trile sample as a function of heating time at 300C. The unheated
sample revealed peaks at 3850, 2925, -2100. and 1100 cm''
(not shown) wave numbers. The peak at 3850 cm 'corresponds to
O-H.' and the 1100-cm-' peak corresponds to either Si-O or
C-O'; both increase in intensity as time at temperature increases.
The 2100-cm' peak corresponds to Si-H'; it shifts to a higher
frequency by 150 cm-' wave numbers as the 1100 cm' peak
increases in intensity. Oxidation of the Si-H species will alter the
frequency at which that bond stretches. 9 As the Si-H peak shifts.
a new peak appears in the 3850 cm' region, which corresponds
to O-H.' The peak is as sharp as that of the Si-O-H peak on silica
gel and suggests hydrolysis of the silicon powder during heating.
The peak at 2925 cm-'. corresponding to C-H. decreases as time

at temperature increases. This peak height was used with the
Kubelka-Munk'° equation to determine the concentration of the
solvent (either the methanol or acetonitrile) as time at temperature
increased. Figure 6 shows this solvent concentration in a pellet
dried 48 h at 50C in N2 as a function of time at various tem-
peratures. In all cases. the concentration of the solvent in the
sample decreases with time at temperature.

DISCUSSION

For evaporation to take place from the top surface of a pressed
ceramic pellet, me evaporated liquid must diffuse through both the
porous network and the gas boundary layer to reach the bulk gas.
as shown in the schematic diagram in Fig. 7. The nomenclature to
be used in the analysis of this problem is incorporated into Fig. 7
and described in detail in the Appendix of this paper. The mass
transfer flux resulting from the partial pressure profile shown in
Fig. 7(B) is given by"

J = (1/K - x/ D,)-'(Pf/RT' - Pf/RT') (I)

where K, is the mass transfer coefficient for mass transfer in
the boundary laver and D, is the effective diffusion coefficient
for vapor molecules in the porous network of a void fraction. e.
given by

D, = (lID - 1/D)'e/ (2)

where D. is the Knudsen' 2 diffusion coefficient. D the molecular

diffusion coefficient for vapor molecules through a stagnant drying
gas. and the tortuosity of the porous network (typically,

2.0).

3600 3150 2700
Wavenurmer (crn-')

2250

Fig. 5. Founer transform ir spectrum of acetonitrile sam-
ple dried at 300'C for A. 0 min. B. I h. and C. 2 h.

1.U

E 0.6
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Fig. 6. Relative solvent concentration vs time at vari-
ous temperatures. (A - acetonitrile; M - methanol)
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density of the liouid. Shaw" has shown that the liquid vapor
interface in porous materials is fractally rough. Equation (7) as-
sumes a liquid vapor interface that is smooth and located at the
average location of the fractallv rough interface.

The weight loss rate will depend on which step in the mass-
transfer/heat-transfer sequence is the rate-determining step. For
example. when mass transfer in the boundary layer is the rate-
determining step. the time to dry the porous network to a liquid
lavyer of x thickness is

t = rlx/Xo) (8)

where xo is the thickness of the powder compact and the maxi-
mum time. given by

. xople/[MLK(P/RT - P/RT')] (9)

Assuming that the partial pressure of vapor of solvent in the bulk
gas is essentially zero, then

- = xop,e/[M.K,(P/R7T)]
T

(C)

Fig. 7. Schematic diagram of evaporation in
a porous network (A) geometry of pore and
boundary laver (B) liquid partial pressure pro-
file, and (C) temperature profile.

The partial pressure of the liquid at the surface. P., varies as
a function of temperature according to the Clausius-Clapeyron"
equation

Pi = Po exp[ R o ,1)] (3)

where AH,. is the enthalpy of vaporization and Po is the vapor

pressure at To. Usually To is the normal boiling point. and Po is one
atmosphere.

The mass transfer flux. J. (with units of moles per area per
unit time) must be equivalent to the flux of molecules evaporated.
The heat flux. q, required to evaporate this flux of molecules is

q = AH....J (4)

In general. the heat is transferred through the gas-boundary. laver
and through the porous network. as shown in the schematic dia-

ran of the temperature profile in Fig. 7(C). The heat flux for this
process is given by

q = (1/h - x/k,)-'(T a - T') (5)
where h is the heat transfer coefficient and k, the effective thermal
conductivity of the porous network. given by

k, = [((1 - e)/lk) - (/kg)]-' (6)

where k, is the thermal conductivity of the solid and k, the thermal
conductvity of the gas in the pores. However. in our experiments
thermal contact is made through the bottom of the pellet with the
platform allowing us to assume a constant temperature for the
pellet. Generally. this is not the case for drying ceramic green
bodies. In general. at steadv state both mass transfer flux and
heat transfer flux are balanced according to Eq. (4). giving rise to
a "wet bulb" temperature at the liquid interface inside the porous
structure.

To determine the weight loss. dm/dt. in the sample. the rate
liquid recedes in the pores. &r/dr. must be calculated from the
overall mass transfer flux. J. as shown

dmidt = -ep,A dr/dr = -JAM', (7)

where A is the exposed surface area of the sample and p, is the

(10)

where PI is calculated at the temperature Ta because heat transfer
is fast.

If pore diffusion is the rate-limiting step. then the time to dry
the porous network is given by

t (X/XO)

where the maximum time. . has a new definition:

r -xiop,E/[2MD,(P1/RTB)]

(11)

(12)

If heat transfer in the boundary laver was the rate-determining step.
then the ume to dry the porous network is

(13)r - r(x/xo)

where the maximum time. . is defined as

, epxoAH,./[Mh(T - T')]

If heat conduction in the pores was the rate-determining step. then
the time to dry the porous network is

t = (X/xo):

where the maximum time. r, is defined as

· = p,rxaH,,,./M' k,(T ° - T')]

(15)

(16)

Determining the maximum times for each of the possible
rate-determining steps gives all of the possibilities for the actual
rare-determining step. The longest maximum time is that of the ac-
tual rate-determining step for a given set of experimental conditions.
When two or more maximum times are large and about equal. then
both these steps are simultaneously rate-controlling (called mixed
control). Under some conditions the rate-controlling step can
change as drying proceeds. Mixed control during drying and
changing from one rate-controlling step to another during drving
will not be discussed further in this paver.

Once the rate-determining step has been determined. the
weight loss can be calculated. If either boundary laver heat transfer
or boundary laver mass transfer is the rate-determning step. then
the weight loss is given by:

m(t) - mo = -epAxotl / (17)

If either pore diffusion or pore heat conduction is the rate-
determining step. then the weight loss is given by

m(t) -mo = -ep,Axo Vt/(V'I (18)

In the last two equations, the appropriate expression for - is used
for the governing rae-determining step. These two weight loss
expressions show either constant slope. when boundary laver heat
or mass transfer is the rate-determing step. or v r slope when
pore diffusion or conduction is the rate-determining step.

To determine the rate-determining step. all of the - values are
calculated for the vanous drying steps. The largest - value is that

(14)
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of the slowest step. which is the rate-determining step.
Table I summanzes the calculated and observed r values for

the three investegated solvent systems. In all three cases. heat
conducuon through the pores has the lowest value and heat
conduction through tne boundary laver has the largest value. By
establishing good thermal contact between the samples and the
preheated pedestal. the rate-controlling process has been changed
from oundarv-laver heat transfer to one of the two mass transport
steps. For free-standing silicon Dowder compacts. we would pre-
dict that boundarv-laver heat transfer would be the rate-
determining steo.

For the octanol sample dried at 200°C with an N2 gas velocity
of 0. 1 cm/s. we find that the largest value in Table I is 365 s for
boundarv-laver mass transport neziecting boundary-layer heat
transfer discussed earlier). This result suggests that the weight loss
versus time curve should be linear and a log-log plot of the data
should be linear with a slope of one. This behavior is observed in
Fig. 2. The maximum drving time observed in Fig. 2 is -210 s.
which is slightlv smaller than the calculated - value of 365 s for
boundarv-laver mass transport.

With the methanol sample dried at 80°C and an N- gas veloc-
itv of 1.3 cm/s, we find that the maximum value in Table I is
!295 s for pore diffusion. The higher gas velocity decreased the
boundary-layer resistance and the thicker sample increased the pore-
diffusion resistance. This behavior suggests that the weight loss
versus time curve should have a V t dependence. and a log-log plot
of the data should be linear with a slope of 0.5. A linear log-log
piot with a slope of 0.6 was observed in Fig. 3. The maximum
drying time observed in Fig. 3 is 600 s. which is smaller than the
maximum value. The reason that the value for pore diffusion
is larger than the measured maximum drying time is probably due
to the value used for the Knudsen diffusion coefficient. The Dore
radius used to calculate the Knudsen diffusion coefficient was
estimated to be one tenth of the particle radius. To obtain agree-
ment with theory, a pore radius two times larger should be used.
A more accurate value of the Knudsen diffusion coefficient could
be obtained if the oore size distribution was measured. but mercury
porosimetry could not be used on these friable pellets.

For the acetonitrile sample dried at 27°C. we find that the
largest value in Table I is 3140 s for boundarv-laver mass trans-
port. The combination of a near-zero gas velocitv and a thin sample
made the boundary-laver resistance dominate. This result suggests
that the weight loss versus time curve should be linear and a log-log
plot should be linear with a slope of one. This behavior is observed
in Fig. 4. The maximum drying time observed in Fig. 4 is 7200 s.
wnich s larger than the calculated value for boundary-laver mass
transport. The reason that the maximum time is different than the

value for boundary-layer mass transport is probably aue to the
value used for the mass transfer coefficient. which was calculated
using the Colburn analogy :' for natural convecnve mass transport
from a sonere. To obtain agreement with experiment. the mass
transfer coefficient should be a factor of two smaller than the one
used. A more accurate mass transfer coefficient could not be calcu-
lated since the nitrogen gas velocity profile near the powder com-
pact was not known in detail.

The FTIR results summarized in Fig. 6 show that adsorbed
solvent concentrations decrease monotonically at rates that increase
with increasing temperature. Within the ume period investigated.
the concentrations or neither acetonitrile nor methanol decreased to
zero based on the 2925 cm-' peak. the residual levels decreased
with increasing temperature for both solvents. Analvyzing these
data to determine the desorption rate kinetics including the order of
the desoronon reaction ann the rate constant at different tem-
peratures was unsuccessful. The apparent orders of the desorppuon
reactions varied from 1.9 to 6.0 for acetonti-ie and 2.3 to 3.9 for
methanol. Without a constant order for the desorpuon reacuons for
methnanol and acetonitrile. an Arrnenius plot cannot be made to
deterrune the acuvation energy of the desorptlon reaction. These
results demonstrate clearly that long exposure times at tem-
Deratures substantially above the solvent boiling point (BP) are
recuired to completely dry high-punrity. high-surface-area powders
(BP acetontrie 80°C. octanoi 195°C and metnanol 65 °C,. Dunng

Table I. . Values for Various Rate-Determining Steps
Time

aevencence ' IS

Figure 2. 200°C octanol
Calculated

Pore diffusion Vt 240
Boundary-iaver mass transport t 365
Pore conducuon Vt 2.3
Boundarv-laver heat transport r 3050

Measured : 210

Figure 3. 80°C methanol
Calculated

Pore diffusion /t 1295
Boundarv-iayer mass transport r 790
Pore conducuon Vt 25
Boundary layer heat tansport t 45300

Measured t0. 6 600

Figure 4. 27°C acetonitrile
Calculated

Pore diffusion Vt 2680
Boundary layer mass transport r 3140
Pore conducuon Vt 10
Boundary layer heat transport t 3840

Measured t 7200

this desorpuve drying, very little gas (i.e. <1% of the liquid that
occupied the pores) evolves from the powder compact. For this
reason. cracking is not likely to be caused by gas evolution dunng
desorpnve drying of powder compacts.

CONCLUSIONS

Heat transfer in the pores was shown to be very fast compared
to mass transfer. Heat transfer in the boundary layer was shown
theoretically to be the slowest step. But because the powder com-
pacts were placed on a platform through which heat was trans-
ferred. boundarv-laver heat transfer was not important in tnese
experiments. The drying of a thin silicon powder compact on a heat
sink platform has been shown to be rate-limited by either
boundary-layer mass transfer or pore diffusion. With boundary-
laver mass transport. the weight loss versus time was linear. as
predicted theoretically. With pore diffusion. the weight loss versus
time was proportonal to t °' . A Vt proportionality s predicted
theoretically. The maximum times measured for the drvins of these
thin silicon powder compacts were of the same order of magnitude
as those calculated from tne value for the operative rate-
determimng step. More accurate values of can be obtained with
better vaiues of the mass-transfer coefficient and the Knudsen
diffusion coefficient.

The removal of the last monolaver of adsorbed solvent re-
quires temperatures well above the boiling point of the solvent.
Higher and higher temperatures are required to remove more and
more of the last monolaver. Some hydrolysis of the silicon powder
surface was observed dunng extended heating at 250 ° to 300°C in
nitrogen.

in drving other ceramic powder compacts that are not heat-
sinked to a platform. all of the rate-determining steps are possible
since the conductivity of the ceramic powder particles will be much
lower than that of the silicon powder used here. To force a powder
compact to dry at a faster rate. it is necessary to decrease the 
value for the rate-determining step. Equations listed in the text
provide information on how to manipulate drying conditions to
increase the drying rate for each rate-determining step. When the
r value for the operauve rate-determimng step has been decreased
to below that of the second largest value. a new rate-determining
step will be operable and require different changes in the drvtng
conditions to further decrease the drving time.

To obtain dryv ceramic bodies without cracks. it is necessarv
to dry the compacts gently. Exceeding the boiling point of the
solvent before the pores are free of liquid is likelv to cause cracks
resulting from internal pressure gradients that will induce stress n
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the compact. especially when mass transfer is the rate-determining
step. Cracking was not observed in these experiments when drying
for liquid removal was performed at temperatures slightly above
the boiling point of the solvent. Higher temperatures are known to
cause crackingl6 during liquid removal.
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APPENDIX

NOMENCLATURE
A Surface area of compact exposed to gas,
D Diffusion coefficient (, effective, Knudsen),
h Heat transfer coefficient.
AM, Enthalpy of vaporization,
J Flux of liquid molecules in gas.
K, Mass transfer coefficient.
k Thermal conductivity (, effective for pores., solid.

, gas).
m Mass of powder compact (o at t = 0),
M' Molecular weight of liquid.
P, Partial pressure of the liquid (a bulk, ' liquid surface),
q Heat flux,
R Gas constant,
T Temperature,
t Time.
x Thickness of pores that are liquid-free (o at t = ),
e Void fraction in powder compact (neglecting liquid),

f
Pt

step.

Torruosity of pores (typically -2).
Density of liquid. and
Maximum drying time for a particular rate-determining
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INTRODUCTION

The properties of Si3N4 and SiC achieve high values only if pressure and/or
sintering aids are employed during consolidation, usually at the expense of
increased cost, restricted maximum size and complexity of finished parts, and
degraded high-temperature mechanical properties. Also, remaining bulk flaws
have caused excessive variation in their properties. This processing research
program was initiated for these reasons. Our strategy was based on producing
flaw-free green parts made directly from high-purity, small diameter powders.

POWDER SYNTHESIS

A new synthesis process was developed l ,2 to produce small, high purity,
non-agglomerated powders of Si and SiC since they were not available. The
laser heated gas phase synthesis process was selected because very high
quality powder can be produced and commercial-scale manufacturing costs3 can
be as low as $1.50-$2.00/kg plus the reactant costs.

The ceramic powders are synthesized by rapidly heating a reactant gas
stream with a CW C 2 laser until particles form and grow.4 Silane (SiH4) is
used to make Si powders and SiH4 mixed with methane (CH4) or ethylene (C2H4)
is used to make SiC.'

The powder characteristics are controlled by the cell pressure, the
reactants, their flow rates and flow ratios, the laser power and intensity,
and cell geometry primarily through their influence on the temperature
distribution within the reaction zone. The effects of these have been
investigated experimentally and mathematically." 7 The details of these
modeling studies are presented elsewhere in this Proceedings.8

* Present Address, ABEX Corporation, Research Center, Mahwah, NJ
** Present Address, Toa Nenryo Kogyo, Tokyo, Japan
*** Present Address, NGK Spark Plug, Nagoya, Japan
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Table 1. Powder Properties

Powder Designation F28S F45S/F55S L6SC L30SC-B

Material Si Si SiC B-doped SiC

Max Temp. (C) 1455 1605 1830 1920

Pressure (106 Pa) 1.3 1.3/1.6 1.3 2.0

D (mass)(nm) 262 305 90 95

ag (number) 2.6 1.8 1.7 1.7
Og (mass) 1.5 1.5 1.4 1.4

Packing Density(%) 59 63 63 63

Resulting powders are small (< 500 nm) and equiaxed, contain few agglom-
erates, have very high purity (< 200 ppm oxygen), and for SiC have controlled

Si:C ratios. The combination of small size and freedom from agglomeration
allows the powders to be formed into dense, virtually flaw-free green bodies
with extremely small pores. Table 1 summarizes the physical characteristics
and green packing densities of the Si and SiC powders used to make the
superior reaction bonded silicon nitride (RBSN) and sintered SiC (SSC). The
mean size (D) and geometric standard size distributions (g) are determined
from TEM 7,8.

High quality Si powders are formed by the collision and coalescence of
liquid Si droplets.78,9 The number density of particles and collision
frequency decrease rapidly from initial values as inelastic collisions result
in particle growth. Once the particles solidify and cool substantially below
1410°C, collisions between the relatively large particles become elastic. The

particle size and morphology distributions are directly attributable to the

temperature and velocity distributions in the reaction zone.'o, 11 Uniform
powder is produced only when all flow streams experience similar time-
temperature-concentration histories.

High quality SiC is formed from premixed streams of SiH4 and CH4 via a two

step reaction mechanism. s The reactant gas mixture is heated until Si

particles start to grow by collisions and coalescence in a H2/CH4 atmosphere.

As the temperature of the particle-methane-hydrogen mixture continues to

increase, two bands appear in the reaction zone. Si particles form and grow

in the lower band and carburization occurs in the upper band. Evidently the

onset of the carburization reaction terminates the particle growth process.

POWDER PROCESSING

Test parts were made to determine whether using laser synthesized particles

resulted in superior consolidation kinetics and properties. Our objective was
to form high purity, defect-free unfired bodies having constituent particles
arranged with random close packed 12 rather than ordered close packed
structures.1 3 Parts were made from dispersions by colloidal (filter) pressing
and centrifugal casting. Dispersing media were selected based on maximizing
dispersion stability and drying kinetics while minimizing contaminating
residuals and destructive effluents.
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Powder Dispersion

Suitable dispersion systems were identified by empirical observation'4 ,15

and by matching solvent/dispersant systems to measured powder surface
characteristics based on theoretical selection criteria.

The theoretical approach to obtain steric stability was based on Fowkes's6

technique. This procedure requires the determination of the Lewis acid/base
characteristics of the powder surfaces and the calculation of the
interactional energies with candidate molecules using the E and C values
tabulated by Drago. 7 Anchor, solvent and stabilizing moiety are selected
based on these values and necessary energy balances.

Empirically, stability was evaluated by light-scattering, photon correla-
tion spectroscopy (PCS), sedimentation rate, sediment density, and micro-
electrophoretic mobility. Pure solvents that were empirically screened' 4 ,"5

included alcohols, amines, amides, aldehydes, aromatic and aliphatic hydro-
carbons, carboxylic acids, ethers and ketones. Dispersants examined included
alcohols, amines, amides, carboxylic acids, fluoronated alkyls, silazanes and
succinimides, each in hexane, toluene, alcohol and acetonitrile solvents.
Well dispersed systems had PCS diameters only slightly larger than TEM
diameters; they also had higher turbidities, higher centrifugally cast
densities, lower sedimentation rates and higher microelectrophoretic
mobilities than poorly dispersed systems.

Based on these results, alcohols performed best for both Si and SiC
powders. Methanol was selected from among the alcohols for Si due to its low
viscosity and high vapor pressure. Octyl alcohol was selected for the SiC
powder because it also provided a steric barrier. Optimized ultrasonic
exposures' s were used to avoid ultrasonic induced agglomeration.

Shaping

Test parts were formed by colloidal pressing. In this technique, the
sblvent is extracted from the slip through membrane filters supported by
porous frits that are loaded by ported pistons in a die. Unidirectional
pressing was adopted because laminate flaws formed along the midplanes of
bidirectionally pressed compacts. t

Colloidal pressing times and pressures were varied to determine their

effects on green density, flaws and yield. Time had little effect. The
reciprocal of the fractional green density was found to vary linearly with the
log of pressing pressure implying2 0 a single rearrangement mechanism. The
yield of good Si parts dropped sharply from 100% for pressures in excess of 69
MPa. This is not the case for SiC parts which exhibited a constant yield of
100% for all pressing pressures investigated up to 280 MPa. After colloidal
pressing, the high density Si compacts used in the mechanical testing study
were cold isostatically pressed at a pressure of 280 MPa. Inclusion of even a
low percentage of aggregates lowered the cake densities to less than 50% of
theoretical.19, 2 1' 2 2 The achieved densities of -63% correspond to that of a
random close packed structure. 12

Drying

After pressing, the pellets were dried to avoid damage during firing.
Drying and desorbtion rates were modeled23 using TGA and FTIR techniques. The
rate controlling transport step was vapor diffusion through either the
boundary layer or the pores; without heat-sinking, the rate controlling
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mechani.sm is heat transfer through the boundary layer. Adsorbed species are
not removed untl temperatures 'v200°C above the solvents' boiling -points are
reacled. Drying was accomplished with a 24 hour soak in a 200°C N2 atmosphere
after an 8 hour linear ramp.

Silicon Nitriding

Samples used for mechanical testing were madeg ,9' 2 from dried Si pell.ets
nitrided without exposure to air in a top loading, cold-wall, vertical axis,
tungsten furnace installed inside an Ar atmosphere glove box (<10 ppm 02 & H20
combined). Complete nitridation was achieved by heating at 1C/min up to
1420°C, followed by a 1 hour hold. Studies of the nitriding kinetics and rate
controlling mechanisms show24 that laser synthesized Si parts can be complete-
ly nitrided at lower temperatures in shorter times (1150°C, lh; 1250°C. lOmj).

X-ray analysis2 2 showed 80-90% a-Si 3N4 and the balance -Si3N4; no
unreacted Si was detected. X-ray line broadening showed nitride crystal sizes
of 28 nm for a (28 = 30.80) and 33 nm for , (28 - 33.7°). Hg porosimetry pore
neck radii were between 5 and 30 run. The nitride phase, shown in the SEM
fracture surface i.n Figure 1, is a continuous network with characteristic
solid phase dimensions between 0.2 and 0.7 m; this nominally agrees with both
the RBSN BET equivalent size (-0.24 m) and the initial Si. particle size.
Observed pore radii (50-125 nm) exceed the interpore neck dimensions measured
by Hg porosimetry. Micrographs of fracture surfaces frequently revealed
5-15 m diameter isolated voids. These microstructural features are very
different from those typically observed in RBSN.2 5

Silicon Carbide Sintering

SiC pellets were made from B doped SiC powder using the procedures
described in previous sections. The powder used was a L30SC type (Table 1.) to
which approximately 0.5% by weight B was introduced during synthesis using
B2H16 added to the reactant gas stream. The B2H6 had no effect on any powder
or pellet characteristic. Dried samples were fired at temperatures ranging

1 Micron

Figure 1. Fracture surface of RBSN made with laser-synthesized Si powder.
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Table 2 Characteristics of Sintered SiC

Sintering Temp. (C)

Density (%)

Pore Diameter (nm)

Grain Size (m)

Tensile Strength (MPa)

Vickers Hardness (GPa)

1800

65.8

1900

81.0
9

1950

89.1

3.7

0.3 0.25 and
0.5 x 2.0

2000

93.2

2050

97.5

2100

90.2
53 73.5

-- ].. 2 x 20 100

-- 645 + 60 

-- 23.8 ±+ 3.1 --

from L800°C to 2100°C in a graphite tube furnace in an Ar atmosphere. The
heating cycle consisted of a 50°C/h ramp to the firing temperature, a 1 h soak
and a furnace quench (50-100°C/h).

The densities of the sintered samples were determined by measuring and
weighing, by immersion in water and by microstructural analysis; Table 2 lists
the averages of these results. The densities increased with increasing
sintering temperature up to 2050°C. An Arrhenius plot of the linear shrinkage
reveals an apparent activation energy of -120 kcal/mole, consistent with
reported values for carbon diffusion through SiC grain boundaries.2 6 The
lower density of the 21000 C samples may result in part from measurement
inaccuracies; these pellets included atypical porous regions near their
surfaces, and also contained pull-outs that were counted as pores.

The sintered SiC remained 100% phase up to a sintering temperature of
2050°C. The 2100°C samples contained approximately equal fractions of a and P
phases. The grain size and morphology changed continuously with increasing
firing temperature. Although many 0.1-0.15 pm grains were present in the
1900°C sample, the average grain size had already increased to 0.3 pm from
0.095 pm, the average size of the starting powder. At 1950°C, considerable
coalescence of the particles into elongated grains occurred, with some
individual, small equiaxial grains remaining. The sample sintered at 2050C
was made up completely of high aspect-ratio cylindrical grains approximately

met

1 0 Microns

ae

Figure 2. Optical photomicrograph of B doped sample sintered at 20500C.
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1.2 Em in diameter and 20 Am long (Figure 2). Pores were confined to grain
boundaries. At 21000C, equiaxed grains had grown to 100 ns, and pores were
uniformly distributed throughout the grains.

PROPERTY MEASUREMENT

A ball-on-ring biaxial strength test2 7, 28 was used to determine the room
temperature strengths of the nitrided and sintered samples to eliminate
spurious edge effects. This test and the 4-point IL-STD-1942(MR) test gave
average strengths within 1 standard deviation for samples taken from a hot
pressed Si3N4 billet donated by the Norton Co.29 Hardness and fracture
toughness were measured using a Vickers indenter. Oxidation resistance of the
RBSN was measured with elevated temperature air exposures.

Figure 3 summarizes the results of strength measurements with two types of
RBSN samples. An average of 544 80 MPa (Max - 676 Pa) was observed for a
group of 75% dense RBSN samples made using optimized procedures from an un-
classified Si powder (F55S) and an average of 250 MPa (Max - 460 MPa) for 65%
dense samples made from an earlier classified powder". Figure 3 also includes
three different lines representing least-square fits of exponential functions
to RBSN, SSN and HPSN strength data reported in the literature l ,"2 5,3 0 for
laboratory and commercial samples with various surface finishes.

Laser-originating RBSN specimens exhibit average strengths that are 2.5 to
5.0 times the average reported values at both corresponding density levels.
After eliminating initially observed processing flaws, both groups of RBSN
samples exhibited strengths normally associated with sintered or hot pressed
a-Si3N4. Fracture sources were usually either 5-15 pm diameter voids or
preexisting lenticular cracks less than 50 ~p deep perpendicular to the stress
axis. Application of the Griffith equational to the observed strengths yields
flaw sizes of 4 to 16 m.

The results of the strength measurements with the 2050'C SiC samples are
included in Table 2. Although the samples are far from optimal, the observed
average strength, 645 60 MPa (max - 761 MPa), is approximately twice the
strength levels normally observed for sintered SiCs 2 and is more typical of
hot pressed or HIPed SiC. The only other group that has reported SSC strength
levels in this range3 3 also employed SiH4 based synthesis chemistries and
similar anhydrous, anaerobic post-synthesis handling procedures.

Vickers hardness values were determined on polished surfaces using 300 and
500 gram loads. Observed values for RBSN (Figure 4) ranged from 3.5 to 11.0
GPa. The hardness of 77% dense RBSN (-10 GPa) is higher than that of 85%
dense, highly optimized commercial RBSN (-8.3 GPa).21 Using the indentation
techni ue,34 our dense specimens exhibited an average KIC value of 2.8
MPa ml/2 (Figure 4). These are higher than is characteristic of the optimized
commercial RBSN (-2.0 MPa ml/2 )21 and approach those of sintered a-Si3N4.

For SiC, the observed hardness values of 23.8 GPa are also more typical of
hot pressed than sintered SiC. The hardness and strength values are
presumably coupled, although there is no formal theory to relate the two
properties in a brittle material as exists for ductile materials. Fracture
toughness values could not be measured on the SiC using the indentation
technique because stable cracks did not form.

The oxidation resistance of laser-originating RBSN at 1250°C in flowing air
is strongly dependent on the porosity level and pore size. As predicted by
Th-mmler's 36 results at the same temperature, low density specimens undergo
significant internal oxidation before saturation is attained. For densities
>85% and Hg porosimetry pore radii < 60 nm, ThOmmler showed that internal
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oxidation would be reduced to less than 1% due to pore closure by the oxide
product. For laser-originating RBSN, the extent of oxidation was less than 1%
for specimens having densities as low as 74%. This superior performance at
lower densities very likely results from our samples having smaller pore
diameters and more uniform microstructures. The superior properties result
from uniformly distributed, small diameter pores made possible from the
combination of ideal powders and careful post-synthesis processing techniques.

CONCLUSIONS

This research program achieved its principal technical objective; superior
consolidation kinetics and properties can result if powders having very
specific characteristics are employed in combination with careful post-
synthesis handling procedures. Failure to meet specific requirements in
either area will cause adverse effects.

Generally, the required powder characteristics are the same as were
postulated. Powders must be small, equiaxed, uniform in size, pure, and free
of agglomerates. Of these criteria, freedom from agglomerates is the most
important because agglomerates lower the achievable green density to
unacceptably low levels and introduce large, localized defects.

The post-synthesis handling and processing procedures are also subject to
many constraints. Cleanliness is critical if high strengths are to be
realized. Exposure to 02 or H20 can degrade high temperature mechanical
properties and consolidation/nitriding kinetics through introduction of
internal oxides. Equally important, these exposures cause the surface
chemistries to change so that dispersion systems no longer satisfy the
requirements needed to form defect-free, high density green parts.

Obtaining nearly complete nitridation in less than 10 minutes at only
1250'C is remarkable compared to the multi-day nitriding schedules and higher
temperatures that are typically used to produce RBSN; the solvent exposed
samples react slower, but comparatively these rates are still very fast. The
enhanced reactivity is attributable to the high purity and small particle
sizes of the powders used. Equally rapid nitriding should be possible for
colloidally pressed samples once the effects of the solvent on the nitriding
mechanism are fully explained.

Even without many iterations of the processing variable-microstructure-
property approach used in this research, we have achieved property levels that
were considered unreachable with RBSN and unusual with sintered SiC. The
properties of both are typical of hot pressed materials. These improvements
resulted directly from our ability to make parts in which residual porosity
was distributed uniformly in minimum size pores.
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ABSTRACT

Laser synthesized silicon powders have been used to make reaction
bonded silicon nitride samples. Maximum hardness (11.3 GNm-2), fracture
toughness (3.6 MNm-3/2), pore size (Hg porosimetry 50-300A radius) and
strength (460 MNm 2) values reflect the superior microstructures that are
observed. With anaerobic anhydrous processing, these powders nitride to
completion in less than 7 hours at 1400°C.

I. INTRODUCTION

Reaction bonded silicon nitride (RBSN) is one of the candidate ceramic
materials for applications where thermal shock, high temperature strength
and moderate oxidation resistance at temperatures up to 1370°C are
desired. Most RBSN properties are approximately equal to those of hot
pressed and sintered silicon nitride (HPSN and SSN respectively). Room
temperature strengths of RBSN are lower than those of HPSN and SSN [1]

because of residual porosity levels; however, high temperature strengths
can exceed those of HPSN and SSN since sintering aids generally are not
employed in RBSN. One very important characteristic results from the
nitride forming within the pore structure of the Si powder; parts are made
with minimal changes from their as-formed dimensions.

Our interest in RBSN stemmed from the combination of these factors and
recent evidence that the achievement of superior microstructures would
simultaneously permit both improved oxidation resistance 2] and strengths.
The required small pore dimensions and high, uniform densities appeared
feasible with the Si powders produced by the laser synthesis process.

II. RBSN PROCESSING STEPS

Reaction bonded silicon nitride is made by nitriding previously
shaped, low density-parts made of Si powders. The processing steps
generally employed are shown in Figure 1. Each processing step, from
Si powder synthesis to final nitriding, can detrimentally affect properties
of the parts if not properly controlled. The processing conditions used in
this research were done in a manner that minimized contamination and
insured complete reaction of the Si powders. Although the reported
nitriding kinetics are already much faster than normal, they should not be
viewed as optimized.

The silicon powders were processed entirely without direct exposure to
air or water. Anaerobic, anhydrous processing avoided spurious nitriding
kinetics resulting from the presence of oxygen, forced the development of
new dispersion techniques and should yield improved high temperature
mechanical properties. Each of the employed processing steps is discussed
with the exception of the post-synthesis Si powder handling and the drying
of pressed parts. Currently, both are the subjects of detailed studies.
Empirically, we established that storage and handling in an Ar (<10 ppm 02
and <3 ppm H20) atmosphere yielded Si parts which nitrided reproducibly in
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RBSN PROCESSING

Fig. I. Processing steps used to

make RBSN

a."

Fig. 2. Reaction cell used to

synthesize Si powder from laser
heated SH,

N., and that drying for one week at 27'C in Ar followed by heating to 1800

over a period of 24 hours produced parts for which no further weight losses
were evident. These procedures were used throughout this research.

A. Powder Sthesis

The Si powders were synthesized by the pyrolysis of CO 2 laser heated
SiH gas. The equipment, the process modelling and most powder
characteristics have been reported previously [3,4,5]. This process was
developed to produce powders having small diameters, spherical shapes,
uniform diameter distributions, freedom of aggregates and high purity.
Using powders with these characteristics, we anticipated that it should be
possible to produce unfired parts with the highly perfect microstructures
needed to achieve improved oxidation resistance and strengths.

Achievement of these powder characteristics resulted from inducing
unusual and uniform time-temperature excursions for both the premixed
reactants and the reaction products. Using the reaction cell shown in
Figure 2 in conjunction with a 325 watt CW-C0 2 laser, reactant gas heating
rates between 106 to 108 C/sec, reaction times of -10-3sec and product
cooling rates of 105'C are achieved. Compositional control is achieved
with mass flow meters and by the relative velocities of the reactant and
annular gas streams. Maximum temperature levels can be controlled to
+ 20'C. These process conditions permit nucleation, growth and coalescense
processes to be controlled in a manner that yields powders having the
desired characteristics in high particle number density gas streams. High
purities are achieved during synthesis in the hermetic, cold wall reaction
vessel and are maintained by transporting the powders to a glove box under
a positive Ar pressure.
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B. Powder Disnersion

Our objective was to disperse and
compact silicon particles n a manner
that would permit detect free, high
coordination number green bodies to be
formed; at least random close patked
structures 71 were sought. This must
be effected without incorporating
contaminates that will hamper
nitridation, densification, or degrade
high temperature strength. The
criteria for selecting a dispersing
medium for silicon were based on
dispersion stability, oxidation, drying
kinetics, residues and the absence of

destructive effluent generation. The
pure solvents and dispersant-solvent
systems examined are summarized in
Table !I. Stability was evaluated by
light-scattering, photon correlation
spectroscopy (PCS), sedimentation rate,
sediment density, and microelectro-
phoretic mobility.

. * 9,

I 0

· !l

1 MICRON

® I MICRON

Fig. 3 T photomicrograph or
dispersed Si powder type F-055.

TABLE III. INVESTIGATED DISPERSANT SSTEMS

Pure Solvents Dispersants

Alcohols
Aldehydes
Aliphatic Hydrocarbons
Amides
Amines
Aromatic Hydrocarbons
Carboxylic Acids
Ethers
Ketones
Ni trides

Alcohols
Alkylated Chlorosilanes
Aikylated Silazanes
Amides
Amines
Carboxvlic Acids
Fluoronated Alkvls
Silazanes
Succinamides

Well dispersed systems had agglomerate diameters only slightly larger
than the PCS mass mean particle diameter, relatively high zeta potential
values (0 MV), and higher turbidity than the non-dispersed systems.
Centrifugal casting produced higher density compacts for well dispersed
systems. Optimum systems were selected on the basis of these observations.

Pure alcohols provided moderate stability by a coulombic mechanism
while a succinimide of molecular weight 1200 daltons in aliphatic
hydrocarbons provided good stability by a more complex mechanism (perhaps
steric-coulombic combined). All other dispersing systems were eliminated
due to their low stability. The purity criterion was easily satisfied by
alcohols dried to 30 ppm water by molecular sieve; the alcohol dispersed Si
powders exhibited oxygen contents of 0.2 wt% by neutron activation analysis
after drying to 600°C in ultra high purity Ar. However, the succinimide-
hexane dispersed silicon contained 2.3 wt% oxygen after similar treatment.
Both systems permit drying without destructive effluent generation. Pure
alcohol was chosen as the medium for this study on the basis of the

oxidation results. Methanol was selected from the group of alcohols for
its low viscosity and high vapor pressure which facilitate colloidal
pressing and drying.
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The process conditions used for powder synthesis and the resulting

powder characteristics are summarized in Tables I and II respectively.

Increasing the laser power and the resulting maximum particle temperatures

caused major changes in the types of particles, the types of aggregates,

the mean particle sizes and the particle size distribution. The powders

generally contain <100 ppm total impurities by emission spectroscopy and

<0.1 wt% oxygen by neutron activation.
The powder designated B-004 represents our best early attempt to

increase the mean particle size when the RBSN research was initiated; it

contained three particle types. The first are the primary spherical
particles (10-30 nm diameter) that form directly from the gas phase; their

nucleation and growth kinetics have been modelled 6]. These uniform

diameter primary particles have a log normal particle size distribution
width parameter of 1.25. The second particle type consisted of chainy
aggregates (2 to 20 particles) of the primary particles sintered together.

The third particle type was large (80 to 500 n) single or bicrystal

particles that apparently form by melting and coalesence of the other two
particle types. The overall median diameter, size distribution and percent

of aggregates reflect the presence of the three particle types.
The high percentage of aggregates precluded fabricating high density

Si parts from the as-synthesized B-004 powders. Consequently, the fines
and aggregates were centifugally separated to produce a powder with a more

uniform particle size distribution (B-004 SED). These sedimented powders
were used for most of the subsequent processing research while synthesis

reserach continued. Compact densities improved with the elimination of the

fines and aggregates.
The two other powder types (F-028 and F-055) had larger particle sizes

and particle size distributions but fewer aggregates than the sedimented

powder. A TEM of the dispersed F-055 powder is shown in Figure 3. Initial

experiments with these improved powders gave higher compact densities than

the sedimented powder.

TABLE I. SYNTHESIS CONDITIONS FOR SILICON POWDERS

Powder Cell Silane Laser Laser Max
Sample Pressure Mass Plow Power Intensity Brightness
Number Rate Temp.

(MN/ 2 ) (sccm) (watts) (watts/cm 2 ) (*C)

B-004 0.071 30 180 5.7x10 3 1280

F-028 0.131 60 325 3.2x10 3 1455

F-055 0.131 110 325 3.2x10 3 1605

TABLE II. POWDER CIARACTERISTICS

Powder BET TIn Median Diameter Mass Compact
Sample Equiv. Diameter Distribu- Fraction Density*
Number Diameter By Mass tion Width Aggregates

(nm) (nm) Parameter (Z) (Z)

B-004 115 175 1.79 17.2 45

B-004 SED 134 205 1.41 7.8 55

F-028 227 263 1.68 2.5 64

F-055 217 305 1.76 3.8 69

Pressed with standard (69 MNmr2 pressure, 15 minute) pressing conditions.
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C. Shaping

Parts were formed by colloidal
pressing. Facilitated by a lubricating
fluid acting under hydrostatic
pressure, this process is capable of

density compacts. The die apparatus is
shown schematically in Figure 4. The E SS-frit
solvent is extracted from the slip O 22m tefIn filter
through membrane icters wnicn cover
porous stainless steel frits that are
loaded by ported stainless steel T
pistons. The die is brass. Two porous
frits are used in bidirectional

pressing; one is used for
unidirectional pressing.

Brass die

The silicon slip was prepared by
sonicating a 5 vol% silicon methanol
mixture in a glass vial for three
minutes at a power level of 65 watts.
The slip was then pipeted into the die
and pressed.

Consolidation takes place in two

stages, filtration and cake compaction. -i J/-'
The slip is filtered through the porous
membrane as load is applied, building
up a porous cake [8]. A fluid Fig. 4. Components making up
extrusion rate of 1 cm3 fluid/cm2 of colloidal pressing apparatus.
filter/minute was used in this study.

Rearrangement of particles in the cake

to form a high density compact occurs in the second stage of consolidation
[9]. The final density is dependent on the die pressure.

Laminate flaws were found in the middle of the compacts formed with
bidirectional pressing. These flaws formed when the opposing filter cakes
met. For this reason unidirectional flow was utilized for this study.

Colloidal pressing times and pressures were varied to determine their
effects on green density, flaws, yields of good parts, and nitrided
strength. Time was varied between 0.5 and 60 minutes and pressure was
varied between 17.3 and 276 MNm- 2. The results are reported in Table IV.
Each box contains the yield of good green pellets (), the green density
(Z) with standard deviation, the yield of good' green pellets that survive
firing, grinding and lapping () and the nitrided strength (MNm- 2) with

standard deviation. With the exception of the 0.5 minute pressing time,
none of these parameters change with pressing time. There is a small

monotonic increase in the green density with increased pressure. The
yields of both good green and fired parts drop off sharply for pressing
pressures greater than 69 Nm 2.

The densities achieved with the F-028 and F-055 powders (Table II)
illustrate the importance of controlling aggregation and particle size
distribution. Using the most reliable pressing conditions (69 Nm'2,
15 minutes), these powders produced cake densities of 63 and 69%
respectively.

A density of 63-64% corresponds to that of a random close packed
structure [7] which is the maximum achievable without introducing ordering
in uniform diameter spheres. Counting 'nearly touching" neighbors, the
structure achieves a coordination number in excess of 11. The volumetric
expansion during nitriding should bring the near" particles into direct
contact thereby producing a structure whose perfection (pore size distri-
bution and coordination number) approaches that of close packed arrays.

99



COLLOIDAL PRESSING CONDITIONS AND ESULTS

USING POWDER TYPE B-004 SED

* Surface finish 600 grit, strengths not comparable to others.

D. Nitriding

Nitriding of the dried Si pellets was done in a nitrogen atmosphere
(<10 ppm 02, H20 and C02 combined) without exposure to air. The kinetics
were characterized by TGA/DTA prior to msaking samples for mechanical
property measurements. With heating rates of 10°C/min up to 1200°C and
0.5*C/min up to 1400°C, nitriding commenced at approximately 1200°C and was
completed below 1400°C. The mechanical test samples were nitrided by
heating at 1C/min up to 1200°C and 0.5°C/min up to 1400°C followed by a
1 hour soak at 1400°C. The slower initial heating rate was employed to
avoid damaging the parts if not fully dried and the 1 hour soak insured
complete nitridation. Nitriding was done in a top loading, cold-wall,
vertical axis, tungsten heated furnace installed inside an Ar atmoshpere
glove box.

100

Pressing Pressing Time (minutes)

Pressure 0.5 1 3 15 60

100-
17.3 MNm - 2 52.7 - 1.5

2,500 psi 50

389

100

35 MNm 2 53.3 1.5
5,000 psi 34.3

270 ± 61

0 100 100 92.5 100

69 MNm - 2 24.2 2.5 55.7 ± 0.9 55.1 0.7 55.1 2.6 55.0 0.8

10,000 psi NA 60 40 58.2 80
NA 330 ± 104 327 5 311 38 199 - 18*

58

138 MNm - 2 55.6 1.6

20,000 psi 0
NA

LEGEND 33
207 MNm- 2 56.6 0.3

30,000 psi % yield green parts 0
% green density NA

± std.dev.
2 yield nitriding 0

276 HNm -2 + grinding 57.4 ± 0.9
40,000 psi strength (MNm- 2) NA

- std. dev. NA

TABLE IV.



The resulting pellets were characterized by weight gain, X-ray
diffraction, optical miScrosCopy, S, 3BET and Hg porosimetrv. The average

weight gain corresponds to 96.3% of the stoichiometric value based on the

weight of the dry Si pellets. The discrepancy probably results from a

cambination of ncomplete drying of the pellets and volatil-zation of the

unreacted Si: condensates formed on he cold furnace walls. X-ray and

m/crostructural analvsis showed no evidence of unreacted Si. The /$ ratio

was >9.0,. Hg porosimetry showed all pores to have diamerters between 10 and

60 n for final dens.ies ranging from 65 to 53%. The fractional denst ies

after nitriding were close to the values antciated. from densities of the
unreacted Si pellets. The small dscrepancies probablyv result from the

technique used to measure the dimensions of the fragile, unreacted Si

pellets.

The features shown in the SEM fracture surface (Figure 5) corroborate
the other characterizations. The nitride phase exists as a continuous
network exhibiting characteristic dimensions between 0.2 and 0.7 urn,

nominally agreeing with the BET equivalent size (-0.2n4 rm). Interparticle
pore diameters range from 0.1 to 0.25 m diameter. Because Hg porosimetry

measures interparticle neck sizes rather than pore diameters, these pore

dimensions are in reasonable agreement. The larger topographical features
(t.0 ~m) mayt reflect larger nternal flaws or may simply be artifacts of

the crack ath. The absence of typically observed needles and whiskers

[10J is a direct consequence of nitriding without oxygen exposures or

adid4;ons. Lower magnification micrographs of fracture surfaces revealed
occasional 5-15 m damecer pores.

The tme-temperature cycle used
tOr ntridlng In tgIs research is

contrasted with normal practice in
Table V. The nitrlding time

corresponds to the cumulative time in

the nitriding temperature range. Even
using a N 2 atmosphere, rather than N2 -

H 2 or NH3 atmospheres which give faster
kinetics, these dispersed Si powders

reacted to completion much more rapidly
and at lower temperatures than have

been reported. The enhanced reactivity

results directly from the absence of
oxygen and the small particle sizes.

Exposure to oxygen nhibits the
ni trdation of these powders. The same
rapid nitriding kinetics were observed
for final densities up to 83%

illustrating that the achieved

structures leave open channels for the

reactant gas.
The observed change in the BET

surace area wiun n ra ng lnalcawes
that a smooth, crack free nitride layer Fig. 5. Fracture surface of

forms directly on the Si particles. fully nitrided sample made from

Thus, the scale, homogeneity and Si powder type B-004 SED RBSN.
perfection of the final microstructure

evolve directly from those of the as-

formed Si particles. We typically observed that the surface area decreased
from -15.0 m2/g for the unreacted B-004 SED powder to a value of -8.2 m2/g

after nitriding. This corresponds to the 55% decrease predicted on the
basis of a 22% increase in the volur of solids and the change in density

that result from nitriding a BCC arrangement of Si particles. These

results indicate that these high purity Si particles nitride by mechanisms
that differ from other reported mechanisms 101.
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TABLE V. COMPARISON OF RBSN PROCESSING HISTORIES

III. MECHANICAL PROPERTY MEASUREMENTS

Room temperature strengths, fracture toughness (KiC) and hardness
measurements were made on nitrided samples. Strengths were measured under
biaxial tension using the ball on ring technique 19]. KIC values were
determined by the indentation technique [201 using a Vckers Hardness
instrument.

The ball on ring technique was employed rather than the conventional 3
or 4 point bending tests because it does not induce stresses at the free
edges of samples. Sample fabrication costs are low because only one :
surface needs to be f4nished to high tolerance. Also, we felt that this
test provided the most severe test of intrinsic strengths.

Samples were produced with three
surface finishes. These were grinding
with 320 grit to final dimensions, 600
grit grinding on the tensile surface to DAity (g/m3)

final dimensions after 320 grit _ 5 . o W 2.7 3
rough.ng, and lapping with 2.0 ,m 70
diamond on the tensile surface after
320 and 600 grit rough4ng.

The results of the lapped strength j |o/ '
measurements are gven in Table IV and - A Q
results for the 320 grit , 600 grit and i
lapped samples are shown as regions D, a30 
E and F respectively in Figure 6, as a .i
functions of density. Figure 6 alsol -
summarizes 377 strength results taken '10
from 40 references [10,21-24 typical] o l 
in region B. These samples include 40 ity(%) K 90

laboratory and commercial materials
with all surface finishes. To put all

this data on a similar basis, four- Fig. 6. RBSN modulus of rupture
point bend strengths were transformed data as a function of sample
to probable 3-point values [24]. Curve density. See text for explana-
C represents a least square fit of an tion of curves and regions.
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Reference Heating Time Nitr!ding Time Nitriding Temperature
(hrs) (hrs) Range (C)

Ford Motor Co.
Ref. 11 - 60 1250-1460
Ref. 12 -10 150 1000-1400

AMRC
Ref. 13 4 68 1300-1400

Ref. 14 4 75 1350-1460

Ref. 15 4 54 1250-1460

Ref. 16 4 110 1150-1390

Brown University [17] 20 84 1100-1400

MIT
Dry-Pressed [18] 1.3 120 1100-1410
Dispersed 20 7 1200-1400

,l , I ' ! I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



exponential function to the data in region B. Curve A is Moulson's [10]
exponential representation that was force fitted to include HPSN strengths
at 100% density.

Surface finish has an obvious effect on the strengths of our samples.
The orientations of the flaws which propagated matched the directions of
the grinding tracks in unlapped samples. Both results show that the
strengths in regions D and E are controlled by grinding induced surface
flaws rather than internal flaws that are characteristic of our RBSN.
The lapped samples appear to have broken from flaws that are characteristic
of the material since cracks showed no preferred orientation and fracture
surfaces frequently contained 5-15 um diameter pores. Application of the
simple Griffith equation [25] to the observed strengths yields flaw sizes
of 5 to 27 m.

The strengths exhibited by the laser originating RBSN samples are
clearly superior to reported values. The strengths of all of our lapped
samples exceed the strengths of all other cited strengths for corresponding
densities. Also, others have shown [261 that the ratio between strengths
of ground samples oriented parallel and perpendicular to the grinding
direction is 1.5-2.0. Thus, our biaxial tests were always oriented in the
least favorable orientation. Our highest strengths are 1.6 times higher
than the highest strength reported for much higher density RBSN. Further
strength improvements are anticipated for the high density compacts made
possible with the F-028 and F-055 powders.

Vickers hardness values were determined on polished surfaces using 300
and 500 gram loads. Observed values ranged from 7.4 to 11.3 GNm 2 . Even
for lower density samples, these values are comparable to or higher than
those of 83-85% dense, highly optimized RBSN (-8.3 GNm'2) [18]. All of the
unidirectional flow pressed samples exhibited KIC values between 2.3 and
3.6 MNm-3/ 2. These are markedly higher than is characteristic of the
optimized type RBSN (2.0 MNm- 3/ 2) [18]. Bidirectional flow pressed
samples had lower KIC values (-1.2-1.5 MNm-3/ 2) but did not show relatively
low strengths. We are continuing to investigate the factors that gave the
observed superior H and KIC values. A good theoretical basis does not
exist for interpreting these properties in relatively porous ceramics in
terms of fracture mechanics models.

IV. CONCLUSIONS

The achievement of superior RBSN mechanical properties through
improved microstructures has been demonstrated. Refined process control
from the initial synthesis of the Si powders to their final nitriding is
the basis for these improvements. Eliminating aggregates in reasonably
uniform diameter Si powders, avoiding oxygen contamination and using
nonaqueous dispersing systems are the major issues, although superior
properties are realized only if care is exercised for all processing steps,

Even with relatively low density RBSN, demonstrated strengths were
higher than all previously reported values. Further strength improvements
are anticipated with the higher green density compacts made possible with
recent powders. These 85% dense RBSN samples satisfy Thumler's pore size
and density criterion for oxidation resistant RBSN.
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File # P86-01

HIGH STRENGTH, OXIDATION RESISTANT RACTION-BONDED SILICON
NITRIDE FROM LASER-SYNTHESIZED SILICON POWDER

J.S.Haggerty,J.H.Flint,G.J.Garvey,J-M.Lihrmann,J.E.Ritter*

ABSTRACT
Reaction bonded silicon nitride made from laser syn-

thesized silicon powders has superior mechanical proper-
ties, oxidation resistance and nitriding kinetics (time ( 7
hours at 1420°C). Average values of hardness (9.2 GNm-2),
fracture toughness (2.8 Nm- 31 2), and strength (300 MNm 2)
are reported. Saturation oxidation weight gains in air at
1250°C are less than 1%.

S. INTRODUCTION
Reaction bonded silicon nitride (RBSN) is a candidate

ceramic for applications requiring high strength, thermal
shock, and oxidation resistance up to 1370-C. Room tem-
perature strengths of RBSN are lower than those of hot
pressed (HPSN) and sintered silicon nitride (SSN) [1] be-
cause of residual porosity; however, high temperature
strengths can exceed those of HPSN and SSN since sintering
aids generally are not employed in RBSN. For RBSN, nitride
formation within the pore structure of the Si compact re-
sults in neglible changes in part dimensions. Recent evi-
dence indicates that parts with superior microstructures
have both improved oxidation resistance [21 and strength.
It appeared feasible to produce RBSN with the required
small pore dimensions and high, uniform densities using the
Si powders produced by the laser synthesis process.

I. RBSN PROCESSING STEPS
Reaction bonded silicon nitride was made by nitriding

previously shaped, porous parts made of Si powders. The
silicon powders were processed with minimal exposure to
oxygen. Anaerobic, anhydrous processing included storage,
handling, forming and drying in Ar (<10ppm 021 <3ppm H20).

A. Powder Synthesis
The Si powders were synthesized by the C02 laser in-

duced pyrolysis of SiR4 gas (31. This process was develop-
ed to produce powders having small diameters, spherical
shapes, uniform size distributions, freedom of aggregates
and high purity. Powders with these characteristics were
expected to produce unfired parts with the highly perfect
microstructures needed to achieve improved oxidation resis-
tance and strengths.

These powder characteristics result from the unusual
time-temperature excursions experienced by the reactants
and the reaction products. Using the reaction cell shown
in Figure 1 and a C-CO2 laser, reactant gas heating rates
-106 6C/sec, reaction times of 10-3 sec and cooling rates of
-105°C/sec are achieved. These process conditions permit
nucleation, growth and coalescense processes to be control-
led in a manner that yields powders having the desired

Massachusetts Institute of Technology, Cambridge, MA 02139
*University of Massachusetts, Amherst, MA 01003

Proceedings 2nd International Symposium,
Ceramic Materials and Components for
Engineers, Lbeck-Travenmdnde, Federal
Republic of Germany, April 1986.
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characteristics in high particle number density gas
streams.

The process conditions used for powder synthesis and
the resulting powder characteristics are summarized in
Table I. The powders generally contained <100 ppm total
impurities by emission spectroscopy and <O.t wt% oxygen by
neutron activation. The powder designated B-004 represent-
ed our best powder when the RBSN research was initiated it
contained three particle types. The first consisted of the
primary spherical particles (10-30 nm diameter) that form
directly from the gas phase; their nucleation and growth
kinetics have been modelled
[4]. These particles have a
log normal particle size dis-
tribution width parameter (aLN)
of 1.25. The second type con-
wjmtaA ^# -hm4 nv, aer ba rnQ 1
to 20 particles) of the primary
particles sintered together.
The third type were large (80
to 500 nm) single or bicrystal
particles that form by melting a
and coalescence of the other
two particle types.

The high percentage of
aggregates precluded fabricat-
ing high density Si parts from
the as-synthesized B-004
powders. Consequently, the
fines and aggregates were cen-
trifugally separated to produce
a powder with a more uniform
particle size distribution

Leot

tee

(B-004-SED). These sedimented :
powders were used for the
subsequent processing research
while synthesis research
continued. Compact densities Fig. 1. Schematic of the
improved with the elimination reaction cell.
of the fines and aggregates.

TABLE I. SYNTHESIS CONDITIONS AND POWDER CHARACTERISTICS

F-028 0.131 60 325 1455 263 3 59 72
F-028 0.131 1 0 325 1605 305 4 6259 75
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The two other powder types
(F-028 and F-055) resulted from
continued synthesis research.
They have larger particle sizes
and width parameters and fewer
aggregates than the B-004-SED
powder. A TEM of as-synthe-
sized F-055 powder is shown in
Figure 2. Both of these pow-
ders gave higher compact den-
sities than the sedimented
B-004 powder. Processing re-
search has continued using
these powders without centri-
fugal separation.

B. Powder Dispersion
Our objective was to form

defect free, high coordination
number green bodies from dis-
persions; random close packed
structures (SI were sought.
The criteria for selecting a
dispersing medium for silicon
were based on dispersion sta-
bility, oxygen contamination,

.

I
a

. ...

* A>- . .

. 0 ..0. 

I.Irt
It _*1"S. 0

r .I t . I

drying kinetics, residues and Fig. 2. TEM photomicrograph
the absence of destructive of as-synthesized Si powder
effluents. Pure solvents (F-055).
screened included alcohols,
amines, amides, aldehydes,
aromatic and aliphatic hydrocarbons, carboxylic acids,
ethers and ketones. Dispersants examined included alco-
hols, amines, amides, carboxylic acids, fluoronated alkyls,
silazanes and succinimides, each in hexane, toluene, alco-
hol and acetonitrile solvents. Stability was evaluated by
light-scattering, photon correlation spectroscopy (PCS),
sedimentation rate, sediment density, and microelectropho-
retic mobility.

Well dispersed systems had PCS diameters only slightly
larger than TEM diameters, and higher turbidity than the
poorly dispersed systems. Centrifugal casting produced
higher density compacts for well dispersed systems.

Pure alcohols provided moderate stability by a DLVO
mechanism while a succinimide of molecular weight 1200 dal-
tons in hexane provided qood stability by a more complex
mechanism (perhaps steric-DLVO combined)* Both systems
permit drying without destructive effluent generation. All
other dispersing systems were eliminated due to their lower
stability. After drying at 600tC in ultra high purity Ar,
alcohol dispersed powders contained less oxygen than
succinimide-hexane dispersed powders (0.2 wt% vs. 2.3 wt%);
methanol was selected for its low viscosity and high vapor
pressure.

C. Shaping
Parts were formed using a colloidal press [6]. The

solvent is extracted from the slip through membrane filters
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which cover porous stainless steel frits that are loaded by
ported stainless steel pistons. The die is brass. Two
porous frits are used in bidirectional pressing; oe is
used for unidirectional pressing. Unidirectional flow was
utilized because laminate flaws formed at the middles of
the bidirectionally pressed compacts.

The silicon slip was prepared by sonicating a 5 vol%
silicon-methanol mixture for three minutes at a power level
of 65 watts. The slip was then pipeted into the die and
pressed. Consolidation takes place in two stages: filtra-
tion and cake compaction. A porous cake [7] builds up as
the slip is filtered through the porous membrane with an
applied load. A fluid extrusion rate of 1 cm3 fluid/cm 2 of
filter/minute was used. Rearrangement of particles in the
cake to form a high density compact occurs in the
compaction stage [8]. The final density is dependent on
the die pressure.

Colloidal pressing times and pressures were varied to
determine their effects on green density, flaws, yield of
good parts, and nitrided strength. There was no change in
green density for times greater than 1/2 minute. The
variable pressure results are described by a straight line
(Fig. 3) when the reciprocal of fractional green density is
plotted against the log of pressing pressure. This result
implies [9] that a single rearrangement mechanism is oper-
ative. Also presented in this
figure is the relationship
between processing yield and
pressing pressure. The yield
drops off dramatically for
pressing pressures above 69 Pressing sre(psi x 103)
MN m-2 due to the incorporation
of laminate flaws. Evaluated
samples were pressed at or
below 69 MN m- 2 (most at
69 MN m 2 ). _

The densities achieved
with the F-028 and F-055 pow-
ders (Table I) illustrate the
importance of controlling
aggregation and particle size
distribution. These powders
produced cake densities of 59
and 63% respectively.

A density of 63% corres-
Ponds to that of a random close

100

80 

60 

40 
CU
U

20 2
a.

O0
packed structure (5]. Counting Presing pressure(MNxm-2)
"nearly touching" neighbors, it
achieves a coordination number
(CN) over 11. The volumetric
expansion during nitriding Fig. 3. Density and yield
should bring the "near" parti- of colloidally pressed
cles into direct contact there- pellets as functions of
by producing a structure whose pressure.
perfection (pore size distri-
bution and CN) approaches that
of close packed arrays (CN-12).
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Do i Ntridin
Nitriding of the dried Si

pellets was done without ex-
posure to air in a top loading,
cold-wall, vertical axis,
tungsten furnace installed
within an Ar atmosphere glove
box (<l0ppm 02 & H20 combined).
The test samples were com-
pletely nitrided by heating at
1"C/min up to 12000C and
0.5°C/min up to either 1410"C
(B-004-SED) or 1420"C (F-055),
followed by a 1 hour hold. The
slow initial heating rate was
employed to avoid damaging the
parts if not fully dried.

X-ray analysis showed no
evidence of unreacted Si in the
nitrided pellets of density
<76%, an /8 ratio of approx-
imately 90/10 and a nitride
grain size of 28 nm for a and
33 nm for . Hg porosimetry
pore neck radii were between 5
and 30 nm for all densities.
The nitride phase, shown in the
SEM fracture surface in Figure
4, is a continuous network with
characteristic dimensions
between 0.2 and 0.7 m, nomi-
nally agreeing with both the
RSBN BET equivalent size
(-0.24 um) and the Si parti-
cles. Pore radii (50-125 nm)
exceed the interpore neck
dimensions measured by Hg poro-
simetry. The absence of typi-
cally observed needles and
whiskers [10] is a direct con-
sequence of processing without
oxygen exposures or additions.
Micrographs of fracture
surfaces frequently revealed 5-
15 m diameter isolated voids.

Compared to conventional
time-temperature cycles repor-
ted in the literature [11 ,
these Si powders reacted to
completion much more rapidly
and at lower temperatures.
The enhanced reactivity results
from high purity and the small
particle sizes. The same rapid
nitriding kinetics were obser-
ved for final nitrided densi-
ties up to 76%.

Fig. 4. Fracture surface
of RBSN made with laser-
synthesized Si powder
(B-004-SED )
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Fig. 5. Room temperature
strength of silicon
nitride vs. density.
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The surface area decreased from -15.0 m2 g for the un-
reacted B-004-SED powder to a value of "8.2 m /g after
nitriding. This change corresponds to the 45% decrease in
surface area predicted on the basis of a 22% increase in
the volume of solids and the change in density that result
from nitriding a BCC arrangement of Si particles with fixed
interparticle spacing. Changes in the BET surface area
with nitriding, microstructures and x-ray grain sizes indi-
cate that the nitride forms as a dense, polycrystalline
layer directly on the Si particles indicating a reaction
mechanism that differs from those reported by others 101,

III. MECHANICAL PROPERTY MEASUREMENTS
A ball-on-ring biaxial strength test was used to

determine the room temperature strengths of the nitrided
samples hardness and fracture toughness were measured
using a Vickers indenter.

The ball-on-ring test was used to eliminate spurious
edge effects. An apparatus based on the design by Wachtman
et al. [121 was used in conjunction with an Instron Corp.
universal testing machine. The ball diameter was 6.35 mm.
The samples were tested using a fast crosshead speed
(0.05cm/min). Fracture strength, f, was calculated [131
from:

Of 3P(1+v) [1+21n + ( (1 - )(;
4 t' ab (1+v) 2a2 R

where P fracture load,v -
0.25), t-sample thickness -
mm, a - load support ring
radius - 6.27 mm and b -
ball contact radius (taken
to be 0.333 mm - t/3).

Observed strengths
were independent of the
pressing times and
pressures used to form the
green Si parts. Figure 5
shows the average f(300

MNm-2 ) of the 20 samples
made from B-004-SED with
error bars corresponding to
the standard deviations in
density and strength ( 55
MNm-2). For comparison it
also gives three different
lines representing least-
square fits of exponential
functions to RBSN, SSN and
HPSN strength data reported
in the literature 6,10,141
for laboratory and
commercial samples with all
surface finishes.

Laser-originating
specimens that were diamond

Poisson's ratio (taken to be
1am, R - sample radius - 6.35

10.5

' 8.5
.0

6.5

1

2.5

0.65 0.70 0.75
Froctiaona density of RBSN

I fr

2
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P
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Fig. 6. Hardness and
fracture toughness of
laser-originating RBSN
vs. density. Error bars
are typical.
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lapped to 4 um exhibit an average strength that is 2.8 to
4.4 times the average reported values at a corresponding
density. The highest strengths measured (450 MNm'2) were
60% higher than the highest average strength reported for
an optimized 85% dense RBSN (290 MNm 2) 15] and 15% higher
than the highest reported strength [16) for RBSN

low (389 Nm' 2 ). These lapped specimens broke from processing
flaws of two types. Fracture sources were usually either
5-15 um diameter voids or preexisting lenticular cracks
less than 50 um deep perpendicular to the stress axis.
Application of the Griffith equation [17) to the observed
strengths yields flaw sizes of 4 to 16 m.

Vickers hardness values were determined on polished
surfaces using 300 and 500 gram loads. Observed values
(Figure 6) ranged from 3.5 to 11.0 GNm - 2. The hardness of
our 77% dense RBSN (10 GNm- 2) is higher than that of 85%
dense, highly optimized commercial RBSN (-8.3 GNm-2) [15].
Using the indentation technique 18), our dense specimens
exhibited an average KIC value of 2.8 MN/m -3 /2 (Figure 6).
These are higher than is characteristic of the optimized
commercial RBSN (-2.0 MNm 3 / 2) 15. e are continuing to
investigate the factors that are responsible for these
superior hardness and KIC values.

IV. OXIDATION RESISTANCE
Figure 7 shows that the oxidation resistance of laser-

originating RBSN at 12500C in flowing air is strongly de-
pendent on the porosity level and pore size. As predicted
by Thummler's [2] results at the same temperature, our low
density specimens undergo significant internal oxidation
before saturation is attained. For densities 85% and Hg
porosimetry pore radii 60 nm,
h a Uh* , ha - *--r a I
oxidation would be reduced to
less than 1% due to pore 0
closure by the oxide product. !
The extent of our oxidation at
12500C in air was less than 1% 2
for specimens having densities i
as low as 74%. This superior
performance at lower densities ¢
probably results from our E
samples having smaller pore
diameters and more uniform
microstructures.

V. CONCLUSIONS
The achievement of superi-

or RBSN mechanical properties
through improved microstruc-
tures has been demonstrated.

EC

0

0,.I

Refined process control from Froctlonl density of RBSN
the initial synthesis of the Si
powders to their final nitri- Fig. 7. Oxidation weight
ding is the basis for these gain and pore size of
improvements; critical steps laser-originating RBSN
include eliminating aggregates vs. density.
in reasonably uniform Si pow-
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ders, avoiding oxygen contamination and using nonaqueous
dispersing systems. Even with relatively low density RBSN,
demonstrated strengths were higher than all previously
reported values. Also, these 74-77% dense RBSN samples
achieved oxidation resistance that Thummler had shown was
feasible for highly perfect RBSN. Further strength im-
provements are anticipated with the higher green density
compacts made possible with recent powders.
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ABSTRACT

High purity, small diameter silicon powders made from laser heated SiH4

have been used to fabricate 76% dense reaction bonded silicon nitride

samples with a fine, uniform microstructure. Room temperature strengths

were 75% greater than conventionally processed RBSN (83% dense) with

toughness and hardness values being about 10% greater. These high strengths

result from uniformly distributed, small diameter pores (<15 m) made

possible from the combination of ideal powders and careful post-synthesis

processing.

* Present address: ABEX Co., Mahwah, N.J.
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INTRODUCTION

Reaction bonded silicon nitride (RBSN) is usually made from

"commercial" silicon powder of about 5-15 m diameter. Historically, room

temperature strength of RBSN is lower than hot pressed silicon nitride

(HPSN) since the strength is limited by the size of the largest pore

present.1 On the other hand, high temperature strengths of RBSN can exceed

those of HPSN since sintering aids are not employed in the reaction bonding

1,2
process.

This communication reports the fabrication of high strength RBSN made

from nitriding extremely fine (approximately 0.3 m diameter), high purity

Si powder synthesized from laser heated SH 4. It was believed that this

starting powder would yield a RBSN of high microstructural quality with a

very fine, flaw-free microstructure, resulting in an RBSN with superior

properties.3

EXPERIMENTAL PROCEDURE

The detailed techniques used to produce RBSN samples are described

elsewhere. Briefly, high purity Si powder (approximately 0.3 m

diameter) is synthesized by the pyrolysis of CO2 laser heated SiH4 gas. The

Si powder is dispersed in a methanol solution and disc shaped specimens are

formed by colloidal pressing. In this technique the solvent is extracted

through membrane filters supported by porous frit loaded by ported pistons

in a die. Unidirectional pressing is used since laminate cracks formed
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along the midplanes of bidirectionally pressed compacts. After removal of

an optimum amount of methanol, the samples are cold isostatically pressed

(275 MPa) and then dried for 24 h in a N2 atmosphere using an 8 h linear

heating ramp to 200 C. Samples are nitrided in a tungsten furnace installed

inside an Ar atmosphere glove box so that the samples are never exposed to

air. Complete nitridation is achieved by heating at 1°C/min to 1200°C and

then 0.5°C/min to 1420°C, followed by a 1 h hold. Samples are then ground

and diamond polished to 4 m on the tensile surface. The final dimensions

of the samples are 12.7 mm in diameter and 1 mm thick.

The samples have a porosity of 24% and X-ray analysis showed 90% a-

Si3N4 and the balance B - Si3N4. X-ray line broadening showed nitride

crystal sizes of 0.028 m for a and 0.033 m for B. By SEM observation the

nitride phase is a continuous network with characteristic solid phase

dimensions between 0.2 and 0.7 m, which is consistent with the starting Si

particle size. Hg porosimetry pore neck diameters are between 0.010 and

0.060 im. Observed pore diameters (0.10-0.25 im) exceed the interpore neck

dimensions measured by Hg porosimetry. Micrographs reveal occasional 5-15

um isolated pores.

Mechanical testing was done to evaluate hardness, fracture toughness,

and fracture strength. Hardness was measured using a Vickers indenter at

loads from 20 to 50 N. Fracture toughness was measured using the Vickers

indentation technique where toughness (Kc) is given by:
7

+ Tukon, Measurement Systems Division, ACCO Industries, Inc., Bridgeport,
CT.
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K = 0.C!6 (E/H) PC- 3 / (1)

where E is elastic modulus, H is hardness, P is indentation load, and C is

the average measured radial crack length. The E/H ratio was determined by

measuring the diagonals of a Knoop indentation at an indent load of 12 N

where:

H/E - 0.3125 - 5 (b/a) (2)

b is the length of the short diagonal and a is the length of the long

diagonal. All strength tests were done at room temperature at a crosshead

speed of 0.5 cm/min, corresponding to a stressing rate of about 60 MPa/S. A

ball-on-ring test apparatus with a support ring 10.46 mm was used in

conjunction with a universal testing machine. The appropriate equation to

calculate fracture strength is given in ref. 9.

To compare the ball-on-ring test with the more standard four-point bend

test, HPSN samples (NC132@ ) polished to 4 m finish were tested using the

above ball-on-ring fixture and the strengths compared to those measured by

10
the manufacturer using the MIL-STD-1942(MR) four-point bend test. The

ball-on-ring test gave an average strength of 945 MPa (+60) and the four-

point bend test 868 MPa ( 109). The 9% higher strength of the ball-on-ring

test compares quite well with the 11% increase as predicted from Weibull

statistics where the effective stressed areas of the two tests were

# Instron Crp., Canton, ..
e Norton Co., Worcester, MA.
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calculated to be 19.6 mm2 (ball-on-ring) and 48.8 mm (four-point bend),

respectively.

It is important to note that the strengths for this SiH4-derived RBSN

were systemmatically improved by identifying the fracture origins and then

eliminating (or minimizing) them by processing modification.6 ',12 The major

large processing flaws were inclusions from die contamination, large pores

introduced during sonication of the slip, and lenticular cracks introduced

in colloidal pressing. The average strengths of the samples processed under

optimum conditions correspond to a semi-circular flaw size of about 10 m,13

which is quite consistent with the observed, isolated pores of 5-15 m

diameter that exist in the structure. During the optimizing of the

processing procedures, hardness and toughness did not vary, indicating that

these properties depend on the microstructure of the RBSN and not on

isolated defects.

RESULTS AND DISCUSSION

Table 1 summarizes the mechanical test results for the SiH4-derived

RBSN. These results are based on an average from eight samples. Commercial

RBSN (NC350) and two HPSN materials are included in the table for

comparative purposes. Note that the properties of NC132 are those measured

by the current authors and that the four-point bending strengths f NC350

(ref. 14) and HPSN (ref. 15) were converted to the "equivalent" ball-on-ring

strengths by increasing measured strengths by 11%. It is evident from these

results that the mechanical properties of the SiH4-derived RBSN are equal to
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or exceed those of commercial RBSN (NC350) made from traditional Si powders.

Most dramatic is the fact that the average strength of the SiH4-derived RBSN

is over 75% greater. These differences in mechanical properties are even

more significant when it is considered that the density of the SH 4-derived

RBSN is about 10% less than the commercial RBSN. The fine-scale

microstructure of this SiH4-derived RBSN suggests that flaw sizes can be

potentially reduced to values of the order of 0.1 to 0.25 m; thereby,

increasing the strength even further.

Since fracture toughness and strength of HPSN vary directly with the -

Si3N4 content, 1 5 the values for the SiH4-derived RBSN are compared in Table

1 with those of a fully dense HPSN where the major phase is a-Si3N4. It can

be seen that relative to density, the toughness and strength of the SiH4-

derived RBSN essentially equal those of the HPSN; on a specific density

basis, they are superior. These results emphasize that by careful

processing of high purity, small diameter powders, strength-controlling

flaws do not have to scale with porosity. The properties of NC132 are

greater then those of the SiH4-derived RBSN even on a relative to density

basis; however, direct comparison is not possible since NC132 contains B-

Si3N4 as the major phase, not a-Si3N4 as is the case for RBSN.

To further substantiate the fracture toughness value for the SiH4-

derived RBSN, the fracture strength (f) of all the samples (both those with
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and without optimum processing) was correlated with the size and shape of

the strength-controlling processing flaw by:16

K

f YZ c (3)
f Y ~ --/ ia

where Y is a geometric constant (1.07 for the bending test fixture used in

this study), Z is a constant related to the ellipticity of the flaw, and "a"

is the depth of the flaw. Therefore, a plot of f vs. Z/(Y/ra) gives a

curve whose slope is K c. Since the term Z/(Y/wa) contains both the crack

depth and flaw shape, it is a measure of the severity of the strength-

controlling defect. Figure 1 summarizes these results. Not all the

fracture origins of the samples could be identified, especially those with

strengths greater than 500 MPa. A regression line through the data gives a

1/2
toughness value of 2.7 (+ 0.6) MPa m which is in good agreement with that

determined from the Vickers indentation technique.

In addition to the mechanical properties, the oxidation resistance of

this SiH 4-derived RBSN was determined at 1250 C in flowing air.5'6 Porz and

Thummler 7 showed that at the same temperature, low density silicon nitride

samples undergo significant internal oxidation before saturation is

attained; however, internal oxidation could be reduced to less than 1% due

to pore closure by the oxide for densities >85% and Hg porosimetry pore

diameters <0.12 m. For SiH4-derived RBSN the extent of oxidation at 1250 C

was less than 1% for specimens having densities of 76.5%. This superior
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oxidation resistance at lower densities very likely results from the high

purity combined with the extremely small channel size (0.01 to 0.06 m) that

allows for pore sealing at densities much lower than for conventional RBSN.

SUMMARY

The fabrication of 76% dense RBSN samples from nitriding laser-

synthesized silicon powder have resulted in average strengths that are over

75% greater than samples made from traditional Si powder with toughness and

hardness being about 10% greater. The specific strength and toughness of

this SiH4-derived RBSN are superior to that of a-HPSN. Oxidation resistance

of this SiH4-derived RBSN is also significantly better than conventional

RBSN. These superior properties result from achieving a fine microstructure

coupled with decreasing the largest pore size to below 15 m. Most

importantly, these results reveal largely unexplored opportunities for other

processes and materials that are capable of achieving highly perfect

microstructures in bodies that need not be fully dense. Other possibilities

include different reaction-bonded, polymer derived, and vapor infiltrated

ceramic materials.
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Table 1. Summary of Mechanical Properties

Material

SiH4-originating NC350

RBSN

HPSN

(Ref.14) (Ref. 15)

Phase Composition (a/B) 90/10 90/10 90/10

Nitrided Density

(% Si3N 4 Theo.)

Hardness (GPa)

Toughness (MPa m )

Strength (MPa)

76 (1.2)t

8.9 (0.5)

2.3 (0.3)

531 (64)

tNumber in parentheses represents + one standard deviation.

#Obtained from extrapolating the toughness data where a/S compositions

ranged from 85/15 to 0/100.

*
Strength for an a/B ratio of 60/40 which was the lowest fraction srength

tested.

125

Property NC1 32

83

8.3

2.3

302

100

2.72#

523

100

18.5

4.o (0.2)

945 (60)
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ABSTRACT

Unique processing permits fabrication of RBSN samples containing

exceptionally small defects. These samples nitride to completion in less

than 1 h at 1400 C and exhibit average room temperature strengths of 531 MPa

for 76% dense RBSN as well as excellent toughness and hardness

characteristics. Room temperature strengths of as-processed samples are

related to flaw size and shape by a fracture mechanics model. To determine

oxidation resistance, samples were heat-treated in air for 1 and 50 h at

1000 and 1400°C and their weight gain and room-temperature strengths were

measured. These weight-gain and strength results for RBSN are compared to

those of HPSN.
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INTRODUCTION

Nitriding extremely fine (about 0.3 m diameter) silicon powder

synthesized from laser heated SiH4 results in an RBSN of high purity and

fine microstructure. 3 The objective of the present research was to show

that this high quality microstructure results in superior mechanical

properties and oxidation resistance.

EXPERIMENTAL PROCEDURE

The detailed techniques used to produce the RBSN samples are described

elsewhere. 3 Briefly, the SiH4-originating Si powder is dispersed in

methanol solution and disc shaped specimens are formed by colloidal

pressing. The samples are cold isostatically pressed and then nitrided at

1420 C for 1 h. The tensile surface of the sample (12.7 mm diameter by 1 mm

thick) is diamond polished to a 1 m finish. Hardness and fracture

4
toughness was measured with a Vickers indenter. Fracture strength was

determined by a ball-on-ring test.5 In addition, samples were oxidized in

air at 1000 and 14000C for 1 and 50 h. After oxidation, strength and weight

gain were measured.
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RESULTS AND DISCUSSION

The samples have a porosity of 23.5% and X-ray analysis showed 90% a-

Si3N4 and balance B-Si3N4. Nitride crystal sizes are 0.028 m for and

0.033 m for . The nitride phase is a continuous network with solid phase

dimensions 0.2 to 0.7 m. Hg porosimetry pore neck diameters are between

0.010 to 0.060 m. Micrographs reveal occasional 5-15 m isolated pores.

Table 1 summarizes the mechanical testing results for the SiH4-

originating RBSN. These results are based on an average from 8 samples.

RBSN (NC350) and HPSN (NC132) are included in the table for comparison.

Note that the properties of NC132 are those measured by the current authors.

It is evident from these results that the mechanical properties of the SiH4 -

originating RBSN are equal to or exceed those of NC350. Most dramatic is

the fact that the average strength of the SiH4-originating RBSN is over 75%

greater. It is important to note that these high strengths for SiH 4 -

originating RBSN correspond to an average semi-circular flaw size of about

10 m,7 which is consistent with the observed, isolated pores of 5-15 um

diameter that exist in the structure. Although the properties of NC132 are

not directly comparable since NC132 contains B-Si3N4 as the major phase, the

strength of NC132 relative to its toughness is less than that of the SiH 4 -

originating RBSN.

To further substantiate the fracture toughness value for the SiH4-

originating RBSN, the fracture strength (af) of samples with and without
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optimum processing was correlated with the size and shape of the strength-

controlling flaw by:7

Z KC
-- Y Vjf (1)

where Y is a geometric constant (1.07 for the bending fixture used in this

study), Z is a constant related to the ellipticity of the flaw, and a is the

depth of the flaw. Figure 1 summarizes the strength results. A regression

line through the data gives a toughness value of 2.7 (+ 0.6) MPa m1 / 2 which

is in good agreement with that determined from the Vickers indentation

technique.

The weight gain results of the oxidation experiments are given in Fig.

2 along with the results reported by others for RBSN8 and HPSN.9 The SiH4 -

originating RBSN exhibits approximately two orders of magnitude lower weight

gain than results for two more dense RBSN materials8 and up to an order of

magnitude better behavior than HPSN.9 Although the results have not been

analyzed mechanistically, it would appear that the same superior

microstructural features that give high strengths in the SiH4-originating

RBSN also give it improved oxidation resistance relative to the more dense

8
RBSN. Average oxidation rates of the SiH4-originating RBSN decrease with

exposure time at both 1000 and 14000C, indicating the formation of

protective barriers to internal oxidation. The barriers form rapidly when

large diameter channels into the interior of the samples are eliminated

through careful processing with highly perfect powders.
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The strength results of the oxidation experiments are given in Fig. 3

for both RBSN and HPSN. Short-term oxidation at 1000°C increases the

strength of as-machined HPSN samples due to the formation of a glassy phase

on the surface that tends to smooth out the pre-existing machining flaws.1 0

More extensive, long-term oxidation at 14000 C causes surface pits to form,

resulting in a sharp strength decrease. 0 On the other hand, oxidation of

the SiH4-originating RBSN at either 1000 or 14000C causes no significant

strer:gth changes within experimental scatter. These results are consistent

with the superior oxidation resistance of this material. These results

also indicate that the glassy phase that forms during the initial stages of

oxidation has little effect on the severity of the strength-controlling pores

in RBSN. This is quite contrary to the smoothing out of the machining flaws

on HPSN.
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Table 1. Summary of Mechanical Properties

Material

SiH4-originating

RBSN

NC350

(Ref. 6)

Phase Composition (a/B)

Nitrided Density

(% Si3N4 Theo.)

Hardness (GPa)

Toughness (MPa m 1 )

Strength (MPa)

8.9 (0.5)

2.3 (0.3)

531 (64)

+ 8.3

2.3

302

Number in parentheses represents + one standard deviation.
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Property

HP SN

NC1 32

90/1 0

76

90/10

83

20/80

100

18.5

4.0 (0.2)

945 (60)



Figures

Fracture strength of SiH4-originating RBSN (76% dense) as a

function of the severity of the strength-controlling defect.

Weight gain after high temperature exposures in air. (Refs. 8 and 9)

Relative strength change after high temperature exposures in air.
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Figure 1.

Figure 2.

Figure 3.
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Surface Tensions of Alumina-Containing Liquids

J. M. LIHRMANN* and J. S. HAGGERTY*

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The surface tensions of CO2-laser-melted alumina-containing
liquids have been measured by a static, pendant-drop tech-
nique in air, helium, and a 90% helium-10% hydrogen mix-
ture. The influences of up to 10 wt% Cr2 O, , MgO, and TiO 2

have been studied. Surface tension data are also reported
throughout the whole concentration range between liquid alu-
mina and zirconia in air. A new analytical technique based on
comparing calculated and observed melt contours is reported.
Using this technique, more precise surface tension to density
ratios can be determined from low length to diameter ratio
pendant drops than by previously reported procedures.

I. Introduction and Background

XCEFr for those dealing with salts and glasses, relatively little
data' 5 exist for the physical and chemical properties of liquid

ceramics. This paper reports static surface tensions of alumina-
containing melts measured by the pendant-drop technique. The
systems A120 3 -Cr2 03, A120 3 -MgO, A120 3 -TiO2 , and A1 20 3 -ZrO 2
were selected because they represent commercially important and
technically interesting alumina-based ceramics.

Broken and distorted bonds between atoms at the liquid-vapor
interface cause an excess energy defined as the surface energy. For
incompressible liquids, the surface energy is equal to the surface
tension because surface stresses are relieved by viscous flow. The
surface tension causes a pressure difference, AP, across a curved
interface, -7 defined by

AP = y(l/R,(z) + l/R2(z))

Historically, Bashforth and Adams s were the first to obtain nu-
merical solutions of Eq. (3). They tabulated a large number of rib
and z/b solutions that are accurate to five significant figures for
values of /3 ranging from -0.1 to 100. However, their tables, and
similar ones, 9 " have not been used extensively because they re-
quire an accurate experimental determination of b.

This last point encouraged others" '3 to develop an analytical
procedure that avoids an actual determination of b. In these, size
is gauged by the equatorial radius, r,, and shape, S, by the ratio of
the drop radii at two different horizontal planes, r,l/r, S; con-
ventionally, r, is measured at an altitude 2r, from the bottom of
the drop (Fig. 1). These solutions for the pendant-drop shape re-
arrange Eq. (4) as

= b2 - r, 4rf
pg A 3p (r,/b)2 H

(5)

to define a new term H = -4/3(r,/b) 2 . Values of H have been
calculated"-" 3 and tabulated as a function of S. By this procedure,
y/p is determined simply by measuring r, and r, and deriving the
corresponding H value from published tables.

Although this procedure is potentially more accurate since it
eliminates the necessity of measuring b, the y/p values are still
subject to considerable error since the calculation depends on the
precise determination of r, measured at an altitude 2r,. Stauffer 1

(1)

where y is the surface energy or tension of the liquid-vapor inter-
face and R and R2 are the principal radii of curvature of the
interface at an altitude z. The internal pressure within a fluid body
having a density p varies with altitude as pgz; the changing pressure
causes the local shape to vary accordingly.

The drop shape is used to define the surface tension in the
pendant-drop technique. Figure I shows the pendant-drop geome-
try and Eq. (2) defines the analytical relationship between the
liquid properties and pendant-drop shape

2y/b - y(l/R,(z) + /R2(z)) = pgz (2)

where b is the drop radius at z = 0. Pendant-drop shapes can be
analyzed using the differential form of Eq. (2)

(pg b)
- d2z/dr2 dz/dr ]
(l + (dzldr)2) 3 r(l + (dz/dr)2)"2

(3)

This second-order, nonintegratable differential equation contains
two parameters, b and

/3 -pgb /y (4)

whose values define the size and the shape of the pendant drop
represented by Eq. (3). /3 is also used to characterize sessile drops;
but it is positive for this case.

Presented at the 85th Annual Meeting and Exposition. The American Ceramic
Society. Chicago. IL. April 26. 1983 (Basic Science Division. Paper No. 109-B-83).
Received April 16. 1984: revised copy received October 1. 1984; approved Octo-
ber 10. 1984

Supported by ONR and ARO under Contract No. N00 14-82-K0350 and the French
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'Member. the American Ceramic Society.

r _

Fig. 1. Pendant-drop shapes computed for a constant
r, value are shown. Curves D through H. in that order,
correspond to 3 values (Eq. (3)) of -0.25, -0.31,
-0.37, -0.475, and -0.55. Curves A, B. and C. al-
though defined by very close values of S = r,/r,, are
almost indistinguishable at z = 2r,; however, they
correspond to y/p values as different as 21.4, 20.1,
and 18.7 yJ-cm/g, respectively.
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Table I. Impurities in Constituent Powders Detected
by Semiquantitative Plasms Emission Technique

Elementul Constituent powder

(pprn by wt) AlO,3 Cr203 MgO TiO2 Y20 Z02

Al Maj 200 50 300 200 200
Ba ND 20 ND ND ND 30
Ca 50 80 300 70 50 300
Cr 10 'Maj 30 ND 10 ND
Fe 50 100 200 100 50 80
Mg ND 10 Maj 300 30 100
Ni ND ND 10 ND 50 ND
Si 100 100 200 400 100 200
Ti ND ND ND Maj ND ND
Y ND ND ND ND Maj ND
Zr ND ND ND ND ND Maj
Hf ND ND ND ND ND 12000

NOrE: ND w not detected.

Fig. 2. Nonlinear aspects of Eq. (3) are illus-
trated. Parallel curves like A, B. and C corre-
spond to very different y/p values (.J - cm/g) of
19.04, 25.37, and 35.25, respectively, whereas
nonparallel contours D, E. and F define similar
values of yp, i.e., 24.95, 25.37, and 25.82.

analyzed the errors expected using this analytical procedure. As-
suming a 1% measurement error, he showed that the uncertainty of
y/p is 20% for S = 0.4, while it decreases to 2.6% for S = 0.85.
The extreme sensitivity of the technique to measurement errors
is evident from the small differences in the positions of curves
A, B, and C in Fig. I at an altitude z = 2r,. Also, it should be
noted that H values tabulated by different authors"" ' differ by
several percent.

The use of higher length to diameter ratios improves the pre-
cision because the pendant-drop contours separate from one an-
other as shown in Fig. 1. The accuracy also improves because the
actual pendant-drop shape is less subject to distortions caused by
noncircular cross sections of the solid rods, nonplanar solid-liquid
interfaces and non-freely-hinging solid-liquid interfaces. Many
authors'12 "' recommend using pendant-drop lengths that exceed
3.0 to 4.0r,.

We found this procedure gave unacceptable accuracy with the
oxide melts investigated because pendant-drop lengths in excess of
2.2 to 2.6r, could not be achieved with the y/p values character-
istic of this work. Rayleigh instability caused the pendant drops to
form necks that collapsed when drop length to r, ratios exceeded
a critical value (-2.5), apparently related to the zone-height
instabilities' 6 found for floating-zone crystal growth between un-
equal rod diameters. Longer drop lengths require lower y/p val-
ues. Also, we were not able to reliably measure r, and r, values
with 1.0% precision because of the combined effects of an absence
of a sharp image boundary caused by optical flare and uncertain
boundary positions caused by vibrations that were characteristic of
these high-temperature melts.

II. Analytical Procedure

Because established procedures did not permit y/p's to be deter-
mined with adequate precision for the low length to diameter ratios
characteristic of these oxide pendant drops, we considered other
means of analyzing the shapes of the liquids. We found that it was
possible to distinguish between observed melt shapes and melt
shapes computed from Eq. (3) with small incremental changes in
assumed ylp values. When the comparisons were made over the

140

entire pendant-drop contours, measurement errors appeared ac-
ceptable even with the low length to diameter ratios.

The procedures used to calculate the pendant-drop shapes fol-
lowed those given in Refs. 17 to 19. The entire contour is defined
by the assumed r, and B values; 3 is defined by r,/b. For an
assumed r, value. a family of contours was generated as a function
of b. Typical contours, A to H, are shown in Fig. I for a particular
value of r.. Iteration over a range of r, values provided a complete
set of curves, each of which correspond to a specific b 2 /3; Eq. (4)
is used to calculate y/p for the best fitting curve. For this study,
300 theoretical contours were computed for 15 values of r, ranging
from 2.17 to 4.07 mm and 20 values of P3 ranging from -0.25
to -0.55. The average incremental y/p between curves was
approximately 1%.

It is important that the observed and calculated contours be the
same over their entire lengths. Figure I illustrates the expected
shapes for constant r, values with different y/p values. Curves A
to C of Fig. 2 illustrate the error in y/p resulting from selecting
a contour that parallels the observed pendant-drop shape. Curves
D to F of Fig. 2 illustrate that the pendant-drop shapes are in fact
quite a strong function of r, for similar y/p values. With a little
practice, it is possible to distinguish between matching and incor-
rect contours.

III. Experimental Procedure

Experimentally, melts were created on the bottom ends of
polycrystalline feed rods in a controlled-atmosphere chamber.
The incandescent melts were projected with a single lense (20x
magnification) onto a surface where they were compared with
calculated contours.

Heating was accomplished with four 10.6-jsm wavelength
beams of light that orthogonally impinged onto the melts in a radial
direction. The light source was a 1350-W CO2 laser custom de-
signed to emit two beams. Each of the emitted beams was divided
into two beams with roof prisms. The beam dimensions on the melt
surfaces were controlled by the relative positions of the focusing
lenses and the melt. Typical spot diameters equaled the feed-rod
diameters.

Laser heating is particularly applicable to high-temperature
materials. The laser has no characteristic temperatures to set
maximum temperature limits. Also, ambient atmospheres can be
selected without serious restrictions.

Feed rods were isostatically pressed from powders batched to the
desired overall compositions with mixtures of A120 3,* Cr2 03,'
MgO,* TiO2,' and ZrO2 powders. The purities of these are sum-

'Lot No. 1115/17. Meller Co.. Providence. RI.
'Batch No. S87633B. Johnson Mathey Chemicals Ltd.. Royston. Hartfordshire.

England.
tLot No. 703653. Fisher Scientific Co.. Pittsburgh. PA.
'Lot No. 725845. Fisher Scientific Co.
'Lot No. P 82. Zircar Products Inc.. Florida. NY.
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marized in Table 1. Nominally 3-mm-diameter rods were sintered
for 12 h at 1200°C, typically producing a 65% dense, 10-Am grain
size rod. Further densification occurred over a distance of nomi-
nally one rod diameter when they were melted. No material was
withdrawn from the melts onto the feed rods dunring the experi-
ment, so the melt compositions were not changed from the batch
compositions by segregation effects. With the exception of the
high ZrO2 compositions, vaporization losses were negligible and
thus did not cause compositional changes.

The relative beam positions on the melts and beam powers were
adjusted to make the solid-liquid interfaces as flat as possible.
When properly adjusted, the altitude of the solid-liquid interface
was uniform within -0.05 mm. Shaft rotation flattened the inter-
face further but could not be used effectively in surface tension
measurements because vibrations made the drop shape uncertain
and severely limited the maximum drop length that could be
achieved before it fell from the feed rod.

Temperatures of the molten pendant drops were measured py-
rometrically. Absolute temperature measurements are imprecise
because the melts are transoarent. However, they do provide a
reasonable measure of temperature gradients within the pendant
drops. Some superheating 22 'z3 occurred where the laser beams in-
tersected the melts. By expanding the beam diameters to equal the
feed diameters, the radiant flux onto the melt surfaces was made
as uniform as possible. This adjustment combined with the action
of a spherical radiation shield positioned to refocus reflected
and emitted radiation on the center of the melts minimized the
superheat 2 ' to =30°C. Free convection in the melt acted to reduce
temperature gradients and ensure compositional uniformity. Direct
observation by telescope and experience with floating zone crystal
growth from similar melts indicated that the pendant drops were
completely molten.

The chamber was operated open for an air atmosphere. For the
other atmospheres. the chamber was evacuated to a pressure of
2.7 Pa and backfilled with the desired gases twice before con-
ducting the experiments. All experiments were conducted at
98 kPa pressure with static gas conditions. The initial air atmo-
sphere was 21°C and 70% humidity. The 90% He-10% H2 gas**
contained 6 ppm 02 and 12 ppm H20(g); equilibrium oxygen
and water vapor pressure concentrations at 2000°C are 5.4 x lo0 2

and 24.9 ppm, respectively. The He gas" contained 1.5 ppm 02
as measured by a ZrO 2 electrolyte.

The maximum length to diameter ratio that could be achieved
was determined by progressively increasing melt volumes until the
melts dropped. Measurements were made with nearly maximum
volume drops. The final S values were 0.85. Generally, each
reported data point represents an average of five measurements.

IV. Results

Conversion of yI/p measurements into y values requires knowl-
edge of the melt densities. For pure liquid alumina, reported
densities '

.20.21.24.25.27 at the melting point range from 2.51 to
3.05 g/cm3 . We adopted the more recent and accepted value' 27 of
3.01 g/cm 3 . Except s for Cr 2 0 3, the densities of the other liquid
oxides have not been characterized experimentally. We estimated
the densities using average values of the solid thermal expansion
coefficients between room temperature and the melting points,
and an assumed 20.4% volume expansion upon melting.3 The
liquid densities of the binary mixtures were approximated as-
suming a linear variation of the liquid density with the molar
concentration of each species. The density values used to deter-
mine the surface tensions are shown in Fig. 3. They are also given
in Table II together with the estimated temperatures of the corre-
sponding melts.

The measured surface tension results for the systems A120 3 -
Cr 2 03, MgO. A 20 3-TiO 2, and A 203-ZrO 2 in each of the three
atmospheres investigated are shown in Figs. 4 and 5. The y axes
were truncated to expand the scales. The A1203-ZrO 2 results were

**Lot No. AF-314475. Northeast Cryogenics. Waltham. MA.
"Grade 6 Helium. Lot No. N-347874. Airco Industrial Gases. Murray Hill. NJ.
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Fig. 3. Density of melts calculated with approximations detailed
in Section I.

Table II. Composition, Liquid Density, and
Liquid Temperature of Binary Mixtures

Composition of binary Calculated Estimaed melt
mixture liquid density temperature

(wt% additive) (g/cm3) (IC)

Al.203-Cr20
0.50 2.888 2075
1.25 2.893 2080
2.00 2.898 2082
3.50 2.908 2087
5.00 2.918 2090

10.00 2.953 2 100

AI,O,.TiO,
0.50 2.887 2075
2.00 2.894 2070
5.00 2.908 2050

A12 0,-MgO
0.25 2.880 2065
0.50 2.880 2050
1.25 2.865 2015
2.00 2.867 1965
5.00 2.843 2010

A1203-ZrO 2
11.84 3.027 2067
25.00 3.193 2010
44.62 3.455 1935
54.72 3.597 1990
73.82 3.883 2 145
82.66 4.025 2 305
91.58 4.167 2480

100.00 4.310 2740

plotted separately from the others taken in an air atmosphere
because the range of investigated compositions was wider.

V. Discussion

The results demonstrate the superior precision of this technique
for analyzing pendant drops. The extremes between y/p values for
five independent measurements were typically 1% when deter-
mined by comparing contours. This reproducibility is comparable
to the incremental differences between the calculated contours
used to analyze the experimental contours. In contrast, y/p values
we determined using conventional methods of analyzing pendant
drops from measured r, and r, values varied as much as ± 10%. As
can be seen from Table III, our precision is better than reported by
others using a variety of surface tension measurement techniques.

The potential accuracy provided by this technique exceeds
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present knowledge of the melt densities. Because they have not
generally been characterized experimentally, we calculated them
using the stated assumptions. It is evident that the y accuracy is
limited by the p accuracy at this time. We would speculate that
our absolute y errors are in the range of 2 to 3% (13 to 20 ml/m 2 ).
The difference between our measured value for the surface ten-
sion of A1203 in He and that cited in Ref. 5 (570 J/mm) exceeds
the combined estimates of both errors. This difference may reflect
systematic differences between the pendant-drop and bubble pres-
sure measurement techniques.

In general, surface energies increased with increasing available
oxygen. For pure Al203 , y was 665, 625. and 610 mJlm 2 for air,
He, and He-H 2 atmospheres. respectively.

The effect on surface energies of additions up to 10 wt% was
generally either a small monotonic increase or decrease. TiO2, the
exception. caused a rapid decrease in y for levels <0.5 wt%
followed by essentially constant y values for higher concen-
trations. Samples for each atmosphere and dopant group were
characterized by electron microprobe; surface and bulk composi-
tions exhibited no evidence of segregation.

The y results have been treated with the Gibbs adsorption iso-
therm analysis to give the surface excesses of solute in the binary
solutions, r, (mol/cm2); , is defined29 by

dy = -RTr,d(ln a,) (6)

where a, is the activity of the solute. The , values shown in
Table IV were calculated with the approximation that a, is equal to
the molar fraction of the solute. r, values are positive and negative
and they are at least 100 times smaller than values corresponding
to a monolayer of pure solute (nominally 2 x 10-9 mol/cm2 ),
indicating that none of the solutes exhibits a strong surface activity
in liquid alumina.

For an air atmosphere, additives generally caused the y values
to increase or decrease in the same direction that they cause the
liquidus temperatures to change. For small concentrations, Cr20O

Fig. 4. Experimental surface tension of liquids in (A) air.
(B) helium, and (C) 90% helium-10% hydrogen.

is the only additive that raises, the melting point and it is the
only additive that raises the y value. The minimum y value for
the system A1203-ZrO2 corresponds to the eutectic composition,
approximately 42 wt% ZrO2. For ZrO2 contents 70 wt%. y
decreases with increasing ZrO2, violating this generality. This
departure may result from a thermal reduction of the high ZrO2
content melts as evidenced by the darkening of the quenched
pendant drops, following the trend of reduced y's with reduced
oxygen partial pressures. Alternatively, the calculated liquid densi-
ties may not be valid over this extreme range.

The effects of specific additives on y's in He and He-H2 atmo-
spheres are more complex; their magnitudes do not follow trends
expected on the basis of available oxygen. No data was found
for the effect of oxygen partial pressure on melting points, so this
correlation could not be examined. It is apparent that y's for these
systems are sensitive to atmosphere and composition even though
the causes are not understood.

VI. Summary and Conclusions

An improved technique for analyzing the surface energies of
liquids in a pendant-drop configuration has been developed. The
procedure, based on comparing observed and calculated contours,
is particularly applicable to melts that cannot be extended to high
length to diameter ratios and to high temperature melts for which
precise dimensional characterization is difficult. The results dem-
onstrated the technique with several alumina-containing melts. The
precision of the y/p measurements appears to be approximately
1%. The accuracy of the y values is limited by the lack of mea-
sured p values. .

Both composition and atmosphere have significant effects on y
values. In an air atmosphere. the effect of additives on y's parallels
their effect on melting points. In He and He-H2 atmospheres the
effects are more complex. None of the solutes exhibited a strong
surface activity when analyzed in terms of Gibbs surface excesses.
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Fig. 5. Experimental surface tension of A120 3-ZrO2 liquids in air.
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