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form by a 2-step reaction sequence between molten silicon particles and a reactive
atmosphere only after the Si particles have grown to desired dimensions. The process
is extremely efficient; >95% of the SiH; is reacted in a single pass through the laser
beam and approximately 2 kwhr of energy are required per kilo of powder. Manufacturing
costs are projected to be $1.50~5.00/kg plus the cost of the reactants.

Resulting powders have been dispersed and shaped into flaw-free, maximum density
green parts; colloidal pressing and centrifugal sedimentation techniques have been used
successfully. Reaction bonded silicon nitride (RBSKR) forms from the Si powders in
unusually rapid, low temperature (e.g. 1150°C, 1 hr and 1250°C, 10 min) exposures.

The SiC powders sinter to virtually full demsity in 1 hr at 2050°C.

The properties of both RBSN and sintered SiC (SSC) parts made from the laser-
synthesized powders are excellent. RBSN strengths (up to 690 MPa) are 3-5 times
values normally observed at the same densities and are in the range normally associated
with fully dense alpha-SijN;. The strengths of the SSC parts are also much higher than
are normally observed (up to 714 MPa). The oxidation resistance of the RBSN is
approximately 10 times better than conventional RBSN and 5-10 times better than
commercial hot pressed SijN, (HPSN) for 1000 and 1400°C air exposures. The superior
properties and consolidation kinetics result directly from the high quality of the green
parts and the purity levels maintained in the powders through the firing stage.

As a separate topic, the surface tensions and densities of Al,0, melts with MgO,
Ti0; and ZrOy additions were measured in air, He and He-Hj atmospheres using the
pendant-drop technique. Melts on the bottom ends of sintered rods were formed by COp
laser heating. A curve fitting technique was developed that improved the experimental
accuracy of analyzing the short pendant drops that are characteristic of these materials.
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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 ot 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 lagser 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 wouid only be through
the use of highly perfect powders and careful post-synthesis processing steps
that it would be possibie 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 proces= 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,




SigN4 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-scaies. 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 <10-1mm 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 fiuid flow analyses showed that while the process
appeared stable and uniform, there were several phenomena that could
preciude 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 particies by preciuding 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 SizN4 powder formation and growth mechanisms under
high mass flow rate conditions needed for commercial production were
successifully modeled experimentally and analytically. Early in this program, we
attempted to describe the process by classical nucieation and growth models.
While the results agreed reasonably well with theory for small part sle diameters
(<50nm) produced in dilute, low pressure conditions, we were unable to
achieve needed particie 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
SizgN4 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/CHg4 and SiClaH2/CoHg4 streams; good SizN4 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 whiie 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 aggiomerates 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 CIPing 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 meiting point (1410°C). With normal handiing,
the laser synthesized Si nitrided to completion in 1 hour at 1400°C; with
exceptionally clean handling, it nitrides even faster, .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 SigNg4. 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 SigNg4 (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 um), 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 acc .mplished. In
achieving this objective, several narrower technical issues were resoived.
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 AloO3 pius Cra03, MgO, TiO2 and Z2rOg in air, He and Ha +
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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Session IV, High Temperature Materials
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1ASER SYNTHESIZED CERAMIC POUDERS:
SYNTHESIS, CHARACTERISTICS, FABRICATION, AND PART PROPERTIES

John H. Flint and John S. Haggerty

Massachusetts Institute of Technology
77 Massachusstts Avenue
Canbridge, Massachusetts 02139

§i, Si3N,, SiC, TiB2, TiO2 and B powders have been made from
laser heated gassous 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 ressarch 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 strean with a CW COj
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 (SiH;) is used to make Si powders (1), SiH, mixed with
methane (CH;) or ethylene (CoH,) is used to make SiC (3), and SiRH,
mixed with ammonia is used to make Sij3N; (1,4). Under most operating




conditions, all of the SiH,; is converted to powder. TiB; is made
from mixtures of TiCl, with BoHg, and boron powder is made from BoHg
or BCl3 + Hy (5). Ti02 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
sumnarizes the characteristics of typical powders.

Table 1. Summary of Powder Characteristics

Powder Characteristic §i SigNg 8iC TiB2 B Tie
Maean Diametsrs (nm) 19-3205 15-170 20.200 30-50 30-40 12.35
Swundsrd Devistion
of Dismeers (% of mean) ~50 25 =25 =50 ~25 ~75
Impurities 02 (wt.%) 0.02-0.7 ~03 03-13

Total Ovhers (ppm) <200 100 <100 NA NA NA

Major Elenentss Ca.Ca. Fe ALCa AL O
Composition -— 0-60% 0-10% 0-60% -— NA

axcomsSi excamSiorC excomB
Crysallinity aymiine- smorphows- aysalline- caymlline cymlline-  crysulline
amorphows  arymalliss  (Si and SiC) amorphous
amorphous

Gamin Size:Mean Diasoenr 1:5-13 ~12 12-1:1 ~1:3 ~1:1 1:3-1:1

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 temperaturs 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 $i powders are formed by the collision and
coalescence of liquid Si droplets (9). The process begins when SiH,
gas heated by the laser decomposes into Si dimers and trimers (10).
The mumber density of particles decreases rapidly as collisions
result in particle growth by coalescence. Once the particles
solidify growth stops. A variatiom in exposurs times to T >1410°C
produces & distribution of particle sizes. Flov streams that are
never heated to 1410°C produce agglomerates of small particles. 1I1f
the cooling rate from 1410°C is slow, aggregates of large particles
can be produced. Therafore, the particle size and morphology
distributions are directly attributable to the temperature and
velocity distributions in the reaction zone (l1). Uniform powder is
produced only when all flow streams experience similar time-
temperature-concentration histories. Figure 3 compares the measuresd
mass distribution of Si powder F28S to distributions calculated from
collision/coalescence theory (12). The excellent agreement confirms
the accuracy of this modal (9).

High quality SiC is formed from premixed streams of SiH, and CH,
via a two step reaction mechanism (3). 7Two distinct bands appear in
the reaction zons. Si particles form and grow in the lower band and
carburization occurs in the upper band. The onset of the
carburization resction terminates the particle growth process.

Only very small agglomerated particles are produced (-40 nm) when
prenixed streams of SiH, and CoH, are used (1-3). This results
because CoH, 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 Ti0j,
TiB2 and B powders have not been modeled in the same detail as the Si
containing powders since this research focused on initiating
endothernic reactions with condensed phase. reactants. It is probable
that melting did not occur for the employed synthesis conditions.

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

RBSN ssmples used for mechanical testing were made (13-15) from
dried S{ pellets nitrided without exposure to air in a top loading,
cold-wall, tungsten furnace installed insids an Ar atmosphere glove
box. Complets mitridation 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, 1lh; 1250°C, 10 minutes).

8iC pellets (15) wers made from a L30SC type powdsr to which
approximately 0.3% by weight B was introduced during synthesis using
Bolig. Dried samples were fired at temperatures ranging froa 1800°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 socak and a furnace quench (50-100°C/h).

A ball-on-ring biaxisl 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 Vicksrs
indenter. Oxidation resistance of the RBSN was measured with
slevated temperature air exposurss.

il TR EE M e A

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 658 dense
sauples 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.

Lager-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-SijN,.
Fracture sources wers usually either 5-15 um dismeter voids or
preexisting lenticular cracks less than SO um deep perpendicular to
the stress axis. Application of the Griffith equation (21) to the
observed strengths yields flaw sizes of 4 to 16 um.

The results of the strength measurements with the 2050°C SiC
samples are also unusual. Although the samples are far from optimal,
the observed sverage strength, 645 t 60 MPa, (Max = 761 MPa) {s
approximately twice the strength levels normally observed for
sintered $1C (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 SiH, based synthesis chemistries and similar
anhydrous, anserobic post-synthesis handling procedurss.

Vickers hardness valuss were determined on polished surfaces using

300 and 500 gram loeds. 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). g
Using the indentation technique (ihz. our dense specimens exhibited
an average Kic value of 2.8 MPa = /2. These are higher than is ¥
characteristic of the optimized commercial RBSN (2.0 MPa al/ )y (19)

and approach those of sintered a-Si3N,. Ve are continuing to

investigate the factors that are responsible for these superior

hardness and Kic values.

For SiC, the observed hardness valuss 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 1250°C in
flowing air is strongly dependent on the porosity level and pore
size. As predicted by Thtmmler’s (25) results at the same
temperature, low density specimens undsrgo significant internmal
oxidation before saturation is attained. For densities >85% and Hg
porosimetry pore radii < 60 nm, Thtmmler showed that internal
oxidation would be reduced to less than 18 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 18 for specimens having
densities as low as 748. 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 objectiva;
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 demsity to unacceptadbly 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 $iC. These improveaments resulted directly
from our ability to make parts in which residual porosity was
distributed uniforaly 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
Si3N, 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 dsvelopment of the laser
synthesis process.

LASER HEATED SYNTHESIS REACTIONS

The ceramic powders are synthesized by rapidly heating a reactant gas
stream with a CW CO laser beam!"? 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 =10® 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 whers 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 zons.

Silane (SiH;) is used to make Si powders and Si{H; aixed with methane (CH,)
or sthylene (CzH,;) is used to make SiC. Ammonia (NH3) mixed with SiH, is used
to make Si3N,.

The synthesis process variables that control the powder characteristics are
the reaction cell prassure, the choice of reactants, their flow rates and flow
ratios, the laser power and inteansity, and the nozzle and chimney
locations.!*? 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-transamission
technique,* and by correlating synthesis conditions with powder properties.
The heating rates, velocities, mixing, reaction zone instabilities and result-
ing particle size distributions have glso been modeled mathematically.®:¢

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 (S8SC).
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Table 1. Powdsr Properties
Powder Designation E28s E43S/F33S LESC L30sc-8 N21SN

Material St st SicC B-doped SiC SiiNg
Max Temp. (°C) 1455 1605 1830 1920 1600
Pressure (atm) 1.3 1.3/1.6. 1.3 2.0 1.3
D (mass), nm 262 305 90 95 142
og (number) 2.6 1.8 1.7 1.7 2.2
og (mass) 1.5 1.5 1.4 1.4 1.8
Packing Density (%) s9 63 63 63 52

The mean size (D) and size distributions (¢,) were determined from TEM
photomicrographs like Figures 2, 3 and 4. Geometric standard deviations (0g)
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 di{stributions (as (mass) < 9
(number)).

SILICON POWDER FOBMATION MODEL

Figurs 2 is a TEM photomicrograph of silicon powder F45S. Virtually all
(968 by mass) of the particles are isolated spheres, ranging from 100 to 500
ma 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
elsevhere.¢ The process begins when silane gas heated by the laser decomposes
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Figure 1. Schematic of CO2 laser reactor.
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Figure 2. TEM photomicrograph of silicon powder F45§.
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Figure 3. TEM photomicrograph of silicon carbide powder LO6SC.
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into silicon dimers and trimers.” The temperature and time interval of
decomposition depend on the heating rate. At 10® K/sec, it takes 360 usec for
the silane to decompose (1% to 99%) at an average temperature of 1044°C. At a
typical scream 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,®'? 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 results!:? 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 1022.1013/cm® and 3 x 104/sec at
these dimensions. Agglomerates form once sintering rates can no longer form
dense, spherical particles in the time interval between collisions. 1If
temperatures exceed the silicon melting point (1410°C), the agglomerates can
once again coalesce into spherical silicon particles by a viscous flow
process® 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 1410°C, 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 1410°C produce agglomerates of small particles. 1If
the cooling rate from 1410°C 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,® 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 o, 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 SiH, mixing with the annular Ar and for thermophoresis.

The alapsed 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 > 1410°C (5.8 ms to 23.2 ms), which are
significantly longer than the times required for SiH; decomposition or for og
to converge to 1.355. Calculated temperature distributions from a fluid-flow
model® 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 708 to simulate intermixing with argon. The four interior regioms,
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
umeasured 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 showm
in Figure 5. The excellent agrssment 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 consaequence of
differences in cooling rates and mixing {s a broadening of the particle size
distribution. If all flow streams remained molten for the same length of
time, oy 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 oy(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 qualicty silicon carbide is formed from premixed streams of SiH, and
CH, via a two step reaction mechanism.® 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 mm 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 CO;
laser beam. By around 1050°C, the SiH, is fully decomposed and solid Si
particles start to grow by collisions and coalescence in a Hy/CH, atmosphere.
The temperature of the particle-CH,-Hy mixture continues to increase as the
laser bean is approached. If the maximum temperature does not exceed -1200°C,
the resulting powder is mostly (>82%) unreacted, small diameter (-50 nm),
agglomerated S{.%

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.? Typically the residence time in the lower band is -3
ms allowing the Si particles to grow to 60-100 nm.3'® The temperature at the
boundary between the lower and upper bands is apparently just over 1410°C,
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 CO7 laser absorption by the SiC particles. The rate control-
ling step for carburization is believed to be CH, 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 ac many
nucleation sites apparently produces the rough surfaces visible in Figure 3.

Evidently cthe onset of the carburization reaction terminates the particle
growth process. SiC is s solid at these temperatures, so coslescence 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 S1C particle size being “100 nm
instead of -300 s as in the case of silicon (Table 1). The C content of the
powder depends on the reaction zone temperature and the SiH,:CH, flow racie.

Evidence for the two step reaction mechanism is the variation of the
reaction zons turbidity (- ln(transmittance)) with distance from the
nozzle.3'¢ Figure 7 shows how the turbidity varied for SiC run L30SC. The
turbidity increases rapidly at the base of the reaction zone, reaches a
maximus around 2 mm from the nozzle and then decreases as the hottest region
of the reaction zons 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 i{s relatively transparent.¢:19
After this decresase, 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 SiH, and C;H, are used.!'? This results because CyH, starts to
carburize the Si particles at temperatures below the melting point of S{,
preventing their coalescence and growth into larger spherical particles.

The laser synthesis of useful SiC powders dapends on the correct combina-
tion of several temperature-dapendent reaction rates. Carburization of 1liquid
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 SiH,-CH, system satisfies these requirements and high-quality powder
can be produced.

SILICON NITRIDE FORMATION MODEL

The synthesis of high-quality SijN,1:2:!! powder has proven to be more
difficult than for Si or SiC powders. Premixed streams of laser heated SiH,
and NH3 can produce stoichiometric Si3N, but the particles have been very
small (20-30 nm) and highly agglomerated so they cammot be formed into high
density green bodies. These characteristics result for reasons that are
similar to issues encountered when making SiC from premixed SiH,-CoH, streams.
NHj begins to react!? 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.

SiH,-N7 mixtures were investigated!! to determine whether the slow
reaction kinetics typical of Ny would allow a physical separation of the Si
particle formation and growth step from the nitridation step. Unfortunately,
the Ny proved so inhibited that negligible nitridation occurred in the few
millisecond exposure.

Larger SijN, powders have been synthesized successfully (Table 1) by
injecting ammonia into SiH, reaction zones.1! The physical separation of the
nitrogen source from the SiH, 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%
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Si3Ng (~50% a and ~508 ). It was produced by injecting 200 sccm of NH3 into
a SiH, reaction zons 0.5 mm above the center of the COy laser beam. The
reaction zone temperature was -1600°C. 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
mechanisa probably differs fundamentally from the carburizing mechanism.

The Si3N; particle size distribution is also broader (o mass) = 1.8)
than the other optimized powders. The distribution of partgc e sizes probably
results from radial concentration gradients since the NHj is injected from
outside of the reaction zone. Powder on the outer edge of the powder plume
vas 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 vhen nitridation begins.

CONCLUSIONS

Analyses of Si, SiC and Si{3N, powder synthesis conditions needed to pro-
duce 0.1-0.2 um, non-agglomerated particles have shown that the growth process
occurs by & collision and coalescence process. The solid-state coalescencs
process proceeds as fast as the collision procsss only up to particle
dinensions on the order of 20mm. For larger particles under high mass flow
rate conditions, growth must proceed by collisions between molten particles.
Wich Si, this is accomplished simply by raising the reaction temperaturs above
the melting temperature for an appropriate interval. For the compounds, the
reactions must be mads 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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Figure 7. The turbidity of silicon carbide reaction zone L30SC as a
function of the distance from the reactant gas nozzle.
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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

ture and particle size as s function of height are reporvred
for Ave silicon powder reaction conditions, and for one
silicon carbide reaction. The meanwements indicate that
particies are often nucieated before the reactant gas has
reached the CO; laser beam. The reaction zone tempers-
twre decreases once most of the reactamt gas is com-
sumed, wnioss the produced powder sbeorbs 106 pm
radistion a5 does SIiC. The silicon particles auciesss s
amorphous silicon, and then crystallize as they move into
hotter regions of the reaction zene.

A method of producing sinterable powders
through the heating of gases with a CO,
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 Aloos Center,
PA 15069.

Acromd Scwme and Technology S: 1«-mumn
199 Elsevier Science Publisihng Co..
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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 simpie overall
reaction
SiH,(g) = 2H,(g) + Si(s). .

The resulting silicon powder is ideal for form-
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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

J.H. Flintetal.

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,, and the brightness tem-
perature, S, and the true temperature, T:
C,eel~Ci/AT) o (~C1/25)
Ny=— \° - Y : (1)

If the emissivity is known, the true tempera-
ture T can be found by rearranging Eq. (1) to
yield
,}.-é+-?—>‘k:‘. (2)
The accuracy of the true temperature calcu-
lation is essentially equal to the accuracy of
the brightness temperature measurement
(£10°C). 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,
(mam=]l-(-p, (3)

which is the fraction of incident light that is
neither reflected. p, nor transmitted. 7. 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)

=-of =) (@)

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

Cics ™ Coxt = Con- (5)

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

s ME R W W AR o) B o
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through
:-{;-ap(-mc,,). 6)

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

I C,

={-%)(-2) @
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, (0) Ni, (0) )
EA0 (I - ariC,,

where the quantities on the left-hand side are
measurable, and those on the right-hand side
are caiculable. £ (8) is the power scattered
at angle @ into solid angle 389 for an incident
power of E,, and i  (0) is the Mie scattering
function for light scattered at angle §. 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 (),
depends on the particle radius, the particie
index of refraction, and the wavelength of
incident light (Kerker, 1969).

Values for C,., C,, and i (0) were
calculated as a function of particie radius for
the values of ¢ and A used in the experiment
with an appropriate index of refraction. The
resuits of this calculation are plotted as

Coa/ Con versus Ali, (0)/422C,,,. The value
of C,,/Ce 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).
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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 C,,,

and the width of the cioud 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 wrue. 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
£, (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 = (1/1y)?)/2I(1y/1). (See Ap-
pendix A for the derivation of this correc-
tion.) Therefore, using 2£ (0)In(lo/1)/
(1= (I/1y)?] in place of E‘(O) 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 £, (6). 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 - 0.26, the scattering cross section of a
24-nm radius particle is one third of its ab-
sorption cross section. Therefore, the correc-




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
(o/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 Karison, 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=41 ~
0.113i is appropriate for polycrystalline sili-
con at 500°C, and m= 438 - 0.99; is for
amorphous silicon at 500°C (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-
crystailine~amorphous mix at some lower
temperature. Figure 2 shows the calculated
scatter~extinction ratios versus C,, /C,,, for
8 = 20°. It is apparent that the relationship
between the scatter-extinction ratio and
Cica/ Ce i independent of the index up to a
ratio of approximately 0.025. The C_,/C,,
values remain close 10 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 ¢ results in
a true teraperature difference of only 26°C
for a brightness temperature of 1100°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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FIGURE 3. Scatter-extinction ratio versus par-
ticle radius.

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 Mmicroscopy.
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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
20°. 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, /, 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 % 10~* 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 inc-
dent probe laser power, E,, 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-mm? area is monitored. The sensitivity peak
of the pyrometer (650 nm) is sufficiently
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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; / and £,(20°)
are measured with the lock-in amplifier; 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

ARRDOORDAORI DRI
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TABLE 1. Powder Synthesis Reactions Studied
- 1 Gus Flow Radius Height
Run Cell pressure Silane Angon C;H, by BET Maximum r=025
No. (atm) (ca’/min)  (ca’/min)  (c?’/min) (nm) turbidity (mm)
6318 0.2 38 0 0 30.5 2.08 3.0
6548 0.2 13 25 0 175 0.325 8.5
6348 0.2 6.5 31 0 148 0.095 -
6308 0.2 109 0 0 22 159 7
6508 0.6 66 0 0 7.5 5.83 2.5
9108iC 06 36 0 20 170 0.66 30

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

Figure 5 is the measured scattered power,
£, (20°), and transmitted intensity, /, in mil-
livolts RMS for run 631S as a function of
position above the reactant gas nozzle. The
scatter—extinction ratio is aiso 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, ¢, S. 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-

sented in Figure 10 for run 654S. Two differ-
ent caiculations 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 CQ, laser beam. In the case of runs 650S
and 6318, the measured temperatures at the
edge of the laser beam are over 900°C.
Possible heating mechanisms of the gas
below the CO, laser beam are thermal con-
duction from the hot zome, and resonant
emission from vibrationally excited SiH,
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 A=4 gm, and 1100°C, the
emission rate is about 3 W/cm?/um. If the
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sivity for run 631S.
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width of the 4-um silane absorption band is
0.33 pm. 1.0 W /cm? could be transferred by
radiation. Hot bands and the 10-um band
will also coniribute to some extent. Thermai
conductivity across a8 3-mm gap of silane is
about 2 W/cm? for a 1000°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

particles are still in the CO, laser beam,
suggesting that the particies themseives 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 usec 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, laser beam volume. Significant growth
past the laser beam only occurs at the high
flow rates (as in run 630S). For the undiiuted
0.2-atm runs. agreement between these mea-
surements and BET size measurements is
good, suggesting that the polycrystailine in-
dices extrapolated above 500°C 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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sults. However, since the final turbidity of
this reaction is aimost 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 to0
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 caiculations
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 incepuion of
the reaction to a constant value (Figure 10).
Several factors can conmtribute to the ap-
parent decrease in number deasity 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 CO, laser
beam. We feel this is unlikely because there
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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
1120°C. 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 750°C, 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 2
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 SiH, and C,H,.
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 caicula-
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 coatinues
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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 zome, 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 CO,
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 Si;N, 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 SCATTERING
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
E,. 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(8, p) is

E(8.p)=NC,_(0)E(p)30380, (A.1)

where N is the particle number density,
C,»(@) is the scattering cross section at angle
8, E(p) is the probe power at position p,
and 3Q and 8p are the solid-angle and
volume depth, respectively. If the cloud is
optically thin, E(p) = E,, 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

£(0) -[o"t(o. p)dp=NC(0)E,88D.
(A2)

If the cloud is not optically thin, then the
power at position p is
E(p) = Ege~NCemr (A.3)

and the scattered light is attenuated by
e~ NCal where L is the distance out of the
cloud at an angle ¢ from position p. Figure
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FIGURE A.1. Scattering diagram with cylindrical
symmetry.

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

E@)=[ k(6. p)dp
-j;DNC,,(O)GQ

X Eqe~NCou2g=NCal dp (A.4)

For 8 =20°, L is equal to p within 5% so
Eq. (A.4) can be integrated:

E(0)=NC,(0) 80 aoj;”e-"'cmrdp
l_e-lNC.,D
= NC_(0) CQEOD(W).
(A.5)

From the Beer-Lambert relation:
{;_e-NC_.D (A.6)

or

In(1/1) = NC,,D. (A.7)

Equation (A.5) can therefore be rewritten as

1- (/1)

2in(lo/T)
(A.8)

For the case where the incident and scattered
waves are orthogonal to the scattering plane,

E(a)-NC,,(O)anEOD[



(A%/422)i (8) is substituted for C,(0),
leading to

2E,(0)In(1o/1) _Ni, (O)ND
EM[1- (/)] ¢
Again, the right-hand side is caiculable from
the Mie equations, the left is measured. Di-
viding by In(//I)=NC,D leads o the
scatter—-extinction ratio corrected for high
turbidity,

2E, (9)(measured) )\‘u(O)

(A9)

A.10)
5050[1 (I/L)]  47Ca, (
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Crystal Structure of Silicon Powders Produced
from Laser-Heated Silane

ROBERT A. MARRA™* AND JOHN S. HAGGERTY"
Department of Materials Science and Engineering, Massachusetts Institute of Technology, 12-009.

Cambridge. Massachusetts 02139

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 crysealline, and fully crysialline particles can

be produced. With annealing at 550°C, partially cryseailine particles become fully
crysalline: amorphous particles remain amorphous. The results agree with pre-
vious interpretations of formation, growth, and crysiallization processes in the
reaction zone based on light scastering and transmission diagnostics.

TNE 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 description' and the
characteristics’ of Si. SiC. and Si;N, pow-

ders produced by this technique and the
superior properties of resuiting parts’ 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 particuiate product
can be . partiaily crystalline, or

fully crystalline. Imponantly, these results
37
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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 spproach and then exceed the
melting point of Si. These aggiomermes
and fused particles form by processes that
are distinct from the formation of the pni-
mary particles. This research addresses
the latter and was initiated to corroborate
inserpretations® of formation and growth
processes deduced from ligivt scattering and
EXPERIMENTAL PROCEDURE

Silicon powders were produced from
laser-hemed silane gas using the conditions
summarized in Tabie I. The effects of the
syathesit conditions (laser intensity, pres-
sure, dilution with argon. and reactant flow
rates) on the particle nucieation and growth
kinetics and the resuiting powder character-
istics have been studied in detail.” The re-
action zone temperatures were determined
by micro optical-pyrometry cosrected for
nonunity emissivities. Emisgivities 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 . Summary of Synthesis Conditions as Measured Particle and Crystallite Diameters for As-Synthesized and Annealed Si Powders*
Measused diameter (nm)
Maximum As-symhesizod Annsaled
Ron Laser reacton Parucie Crystallise Parucle Crysaliie
designation (W/:) 'r’c'\’ BET STEM X-ray’ STEM BET STEM X-ray” STEM
658§* 135 930 32.1 30 4.0 0 316 2 8.2 =]5
6408 175 960 35.2 30 6.2 =10 4.4 30 1.4 10
638S 265 1020 38.0 NA 7.1 NA 8.7 NA 11.2 NA
648S 410 120 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
6358 530 1190 93.2 ~8s 338 =30 88.9 =80 30.3 =40
*Assumes Gaussian peak shapes. 'STEM analyss showed as-synthesized powder 6585 10 be compistely amorphous and annesled powder © be <1% crysailine.

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

Numerous techniques were empiloyed
to determine the physical. chemical, and
crystalline characteristics of as-synthesized
and annealed powders. Particle densities
were measured by He pycnomewy. 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 ptesuming
both Gaussian and Cauchy shaped peaks:’
lattice distortions and stacking faults had
negligible effects’ 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
crystallites should grow rapidly into amor-
phous regions.'>'' Also. both normal and

secondary grain gmwth rates are negligible
at this temperature.'

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 €200 ppm total impurities and
0.1 wt® O:). 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
crystailine to both X-ray and electron dif-
fraction. In al) cases. the crystallite sizes
were substantially smaller than both the
BET equivalent and the (SITEM 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 particie size, de-
termined by BET surface ares measure-
ments, varied systematically with synthesis
conditions. Figure | shows the effect that
laser intensity, and the dependent maxi-
mum reaction zone temperature, had on the
ratio of the crystallite diameter. dx.,,,. t0
the particle diameter, degr. in the as-
synthesized powders. The relative crys-
tallite size initially becomes larger with
increasing reaction zone temperature.
Above a specific reaction zone temperature
(-'IOSO'C). the dx.'.,/d.tr ratio remains
constant. Similar results® 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 crystallite sizes were fully
crysualiine. the low-temperature annealing
treatment shouid have little effect on either
the crystallite or particle sizes because both
growth rates are negligible until tem-
peratures approach the melting point.'*~"
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 particie
size should remain unchanged because the
transformation (growth) rate is appreciable
at 550°C.'°"' The annealing results are
summarized in Table | and presented
graphicaily in Fig. 1. As anticipated. this
low-temperature anneal caused no observ-
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Fig. {. Effect of laser intensity and a 550°C.
6-h posisynthesis annealing treatment on the
crystallite-to-particle size ratio of laser-
ynthesized Si . The correiation between
the maximum true reaction Zone temperature ex-
penienced by the parvicies and the laser intensity
15 shown.
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able effect on the size or shape of the par-
ticles. However, annealing did alter their
MICTostructures in some cases.

For the lowest intensity run. 658S
(Taac=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 am.
Since this dimension is much larger than
the STEM resolution limit (=1.5 am)."
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 matenal. It is
unlikely that these 8- to {5-am crystailites
existed in the as-synthesized powder:
rather. they grew either from preexisting
microcrystallites that were 0o 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 6408 (7. =960°C) contained both
amorphous and crystalline regions. No
amorphous areas remained in any of the
anneaied particles. Dark-field images of
the as-synthesized and annealed pow-
ders showed that annealing caused both the
fraction of crystailine material and the
crystallite size to increase.

Powder 6355 made at the highest in-
tensity (T .., =1190°C) was entirely crystal-
line in both the as-synthesized and annealed
states. Their grain sizes were tvpically
a large fraction (V5 to v:) of their parti-
cle sizes.

The STEM. X-ray line broadenmng.
and BET surface area results corroborate
one another. The 550°C anneal had no ap-
preciable effect on parucle size. At suf-
ficiently low synthesis temperatures. the
as-synthesized powders were amorphaus:
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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phous regions

particles. With still higher synthesis tem-
. the as-synthesized powder was

fully crysulline and the low-tempers-

" ture amoeal had negligible effect on the

microstructure.

The total number of nucle: thai ulti-
mately form and propagate to the point of
impingement are spproximately the same
(=3’=27) in each particie for all powder
types. This same resuit has been observed
by Phillips'® 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 posuble crymmnuon of
the amorphous particles in the hotter re-
gions of the reaction zone were
independently on the basis of the light
scatter-extinction results.® If reaction tem-
peratures remained below the spontaneous
crystailization 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
essentiaily constant if the particies were as-
sumed 0 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 particie num-
ber density was observed.®” The accuracy
of this description depends largely on
the presumed crystallization of initially
amorphous particies being correct.

These annealing studies showed that
the crystallization process is inhibited by
the zbsence 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’ 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-
ticies become fully crystailine. Although
this temperature leve! is higher than both
normal spontaneous crystallization tem-
peratures and the annealing temperature
used in these experiments. growth of Si
crystallites into amorphous matenal with-

out simuitaneous homogeneous nuclea-

tion has been observed'™" in amorphous
Si films.

The crystallite growth rates within
MSnpowdmmbeMmdqudi
tatively. During particle growth, the cry
ulhcsmwadnmdholo:m
in €107 s at T€960°C correspoading to
a2 minimum radial growth rate of
3% 10° nm/s. Dumgmmln;usso‘c
growth rates were af least 9% [0°* am/s.
These compare with reported rases''™* of
8x107* 10 2 nm/s at $50°C and estimated
rates of 8x10° 1o 8x 10’ nm/s & 960°C

highly variable particles remains puzz-
ling; nucleation usually occurs either
heterogeneously a free-particle surfaces.
heterogeneously on contained impurity
inclusions, or homogeneously within the
volumes leading to =d* or ~d’ 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
10 cease abrupdy in all cases even with 2
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 particies 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 study’s findings couid be
rapid epitaxial growth of grains from a
fixed number of nuclei during deposition
cwsmg an absence of amorphous material
in which homogeneous nuclei could form.
This postulate is aiso contradicted by the
study’s results: the particles grow faster
(=10° nm/s) than the crysiallites, 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. "~ ®

These results reflect on the particles’
formation and growth history from SiH,
gas. They are consistent with the sustained
growth of amorphous material onto initiaily
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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aucleation with rising temperature are
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aﬂymonthedismibilityofsiliconmcmmm
beginning of this century. Weiser' cites Kuzal as first pre-
paring hydrosols of thoroughly pulvenzed silicon by trestng the
powdet alternately with acid and alkali: while Wegelin® also
prepared silicon hydrosois by mechanical grinding. Aswalk and
Guibier’ investigated the chemical preparation of colloidal silicon
by reduction of silicon dioxide with magnesium. By processes
which invoived grinding and washing silicon with hydrochioric
acid, they produced both unstable and concentrated sois.
Recent interest’ in silicon dispersions has focused on aqueous
slips for casting parts to be subsequently nitrided to reacuon-
bonded silicon mitride. This study is directed toward forming
reaction-bonded silicon nitride parts with a very fine. lughlypun

sbout 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 1o Williams and Goodman.’ a singie crysulline sili-
con wafer is oxidized immediately when exposed to air. producing
a layer of SiO, which in turn controls the werting charscteristics of
the wafer. Apparently, previous investiganons'™ 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. Speciai care was taken
to control the processing atmosphere in our experiments to avoid
this probiem.

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.

Experimentsi

Materiais

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" CO, laser intensity, 2x 10° Pa (0.2 atm) cell
pressure. 11 cm® SiH, min~', and 1000 cm® Ar min "' -* The sur-
face area from single-point BET measurements is 55.4 m*g~
corresponding to an equivalent spherical diameter of 36.5 nm.
Neytron activation analysis indicated 0.14 wt% oxygen and spec-
roscopic analysis indicated <30 ppm of other elements.

"Member. the Amencan Ceramic Socrety.

*Modei A~i00. Rame-Hart. Inc.. Mountain Lakes. NJ.
"Muodel W2SSR. HuSvmm-Uhmomc Inc.. Hmmav NY.
Cowlter Electronns. Inc.. Nanosizer. Hisleah. FL

*Brice Phoenus. Inc.. Virus Co.. Carciner. ‘JY

Presemed at 1he $3ed Annsal Mesting of the American Ceramic Socrety. Washing-

wa. DC. May S. (981 (No. 73~B-81).
mlr;:uw) 1981: revised copy recerved March 4, 1982, approved March
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The dispersion characteristics of fine. pure
silicon powders in a number of liquids were
studied under controlied atmospheric condi-
tions. A simpie 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 siiicon cor-
reiated with the dispersion behavior. The
stability of powder suspensions depended
on the dielectric constant of the liquia. Ag-
glomerates within the suspensions were ex-
amined by several direct techniques. Also,
powder was centrifugaily 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 org:mc liquids were used
in this scudy; selected physical properties’™® are given in Table 1.
These liquids represent commonly available organic families. in-
cluding aliphatic and aromatic hydrocarbon. aicohol. 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 (107 cm ™). The wafer was cieaned to
remove oxidic layers which may have been present in the

as-received” material. This was accomplished by ultrasonic agita-
tion in trichloroethylene. acetone. methanol. and pure water for
S min in each. The silicon wafer was then treated with 2.9M HF
for an additional 5 run. With the aid of a nitrogen purge. the HF
solution was removed by successively diluting the cleaming liquor
with pure water. The silicon wafer was dried and placed into a
sealed plastic chamber equipped with an optical glass window and
2 rubber cover under glove box conditions. This arrangement
permitted contact angles to be measured under N:(g) atmosphere.
containing less than | ppm oxygen and water.

Dispersion Test

A simple screening test was used to determine the wertting be-
havior and stability of suspensions consisting of the silicon powder
and the various liquids. Preparation of a system was conducted by
introducing a2 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 t0 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 angie goniometer.*

Detailed Aggilomeration Evaluston for n-Propanol Systams
Dispersion Preparation: The state of agglomeration was eval-
uated in systems of silicon dispersed in n-propanol via three pre-
parative methods.
1.) Hand Mixing: A smail amount of silicon powder (~1 mg)
and n-propanol (10 cm’) were mixed under a controlled Nag)
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Table |. Physical Properties of Liquids*®

|
Dslectne S Dusp test Angie
Liqued Geade Cconsant (mN-m") resuits® tdegrees)
n-hexane Cenified* 1.89 18.4 Poor 0 8
Cyclohexane Analytical’ 2.02 2852 Poor t
n-octane .. 1.95 216 Poor 0
Densene group -l
Tonane ophers by s Poor ; "
uene . 28.
Xylene Centified® 2.3-2.5 28-30 Poor i
Alcghots
Methanol Absolute:_ 12.6 2.5 Good 0 g
Ethanol Absolute™ %{ 2322; Good uoll
#-Propanol Analytical’ X . Good
Isopropancl Certified’ 18.3 21.3 Good i
n-b\mnoll g:amr 17.8 25.4 Good H g
n -Mm Good
n-octanol Centified® 10.3 21.5 Good 0
Benzyl alcohol Analytical’ 13.1 35.5 Good 14
Ethyiene glycol Cenrtified" 8.7 48.4 Good 45
Kespaos
Acetone Analytical' 20.7 25.1 Good 0 E
2- b 5.4 23.6 Good 0
2-m Technical® 9.8 26.7 Good 0
ber
Isopentyl ether .. .82 29 Poor § I
Aliphauc 3
Propionic acid Certified’ .30 26.7 Poor 0
Buryric acid 97 26. Poor " B
Aldghyde -
Benzaldehyde Reagent** 17.8 38.5 Good 6
Inargame
\Vm Distilled 78.5 T2.75 Flotation 8 E
“S1P-25°C. "Ref, 6. "Rel. 7. ‘Fisher Screnafic Co mw Mallincirode Inc. . St. MO. **1.T. cu-mc Phullipsou 3. NJ. {nduswnes.
NwYutuchY “Eastmen Kodak Co.. RM ’CAhmulCo lnl.uwh:m\\ﬂ‘m — o v us. foc..

atmosphere. The mixwre was shaken lightly by hand and diluted
10 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 wertted and dispersed in the liquid. Powder
was mixed with 2-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 hom for
~3 min: input power was 150 watts. The suspension was cooled
with an n-propanol/dry ice mixture while being agitated.

¢.) 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. Sampies were centrifuged at {2 000 rpm for
{0 min to remove large aggiomerates. which comprised approxi-
mately one half the mass of the initial powder. After this treatment.
the equivalent spherical diameter of the largest aggiomerates
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
litle powder. yet enough remained suspended to impart a tan
color to the supernatant.

. s T
The state of aggiomeration 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 1x%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
yieids the equivaient particle diameter owing to Brownian raotion.
The width of the size distribution is indicated qualitatively by the
dispersion factor: ranging on a scale from 1 to 10 for narrow and
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wide distributions, respectively.

¢.) Light Scattering: Dissymmetry measurements were taken
with a universal light-scattering photommr‘ at a wavelength
A.=546 um to estimate the agglomerate size.'® 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 0.1A, (i.e.,
~55 nm) exhibited a distinct angular dependence typical of
Rayleigh scattering.

Resuits and Discussion

Dispersion Test

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

1) Good Dispersion: Most of the particies were weil dispersed.
even after several days. This phenomenon was observed for liquids
such as aliphatic slcohols. ketones. benzyl alcohol. and
benzaidehyde. 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 preparauon. 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 {ow dielectric constant.

3) Particle Flotation: All silicon powder remained on the liquid
surface and particies 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 o 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 Tabie | and Fig. 1 should prove adeguate
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Fig. 1. Reistion between dispersibility of Si powder and surface
tension and disleciric constant of tiquid. Solvents n group A gave
good dispersion. those in group B poor dispersion and settling, and
that in group C flotation.

for casung silicon powder. some appear to be realistically less
desirable than others. Methanol and acetone are quite volatile,
whereas butanol, heptanol. octanol. benzyl aicohol. and ethylene
mmyuam:wmmmmnwmmw
viscosities. Benzaldehyde. on the ocher hand. is chemically unsia-
ble.” Thus. #-propancl was chosen for subsequent experiments
since it has generally acceptable physical properties and represents
the remaining candidate liquids which gave good dispersions.
Contact Angle Messurements

Measured contact angles are also given in Table [. 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 benzyi aicohol. ethyiene giycol.
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 bubbie 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 resuit from the drop-size
effect discussed recently by Neumann and Good® which is due
ultimately to surface heterogeneity or roughness. Another expla-
nation for the discrepancy in &, 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 laver ~0.25 nm thick. Although
the atmosphere in our experiments is controlled to less than | ppm
oxygen. such an oxidic monolayer is possible.

The correlation between measured contact angles and reported
surface tensions (w.v) follow from

c0s0, =(ysv=ys)/ Nv

Table Il. Resuits of Size Analyses for n-Propanol Suspensions

for which ys.. Ysv. and v refer 1o the excess energies of the
solid-liquid. solid-vapor. and liquid-vapor interfacial regions.
Since the term (ysv—yaL) is essentially the same for most of the
organic liquids studied'' and in view of the nonpoiar character of
silicon. a 0* contact angle for essennally nonpolar liquids such as
hydrocarbons. aliphanc alcohols. ketones. and propionic acid 1s
anucipated. whereas for water. a highly polar solvent. nonwetting
behavior toward Si-powder is not surpnsing.

Agglomerstion Evaiuseon

Tabie {I comtains resuits of size analyses for Si-agglomerates
suspended in 1 -propanol. Of the three preparative techniques used.
only centrifugal separation was capable of producing suspensions
wmchmmdlvﬁuofa“lm The ultimate particle
size range. 50 to 55 am. is confirmed by the three techniques and
agrees well with the equivalent sphenical diameter determined
using BET gas adsorption. . .

The particies in » -propanol suspensions which were prepared by
Mmmammmmmmechun-hkem
tures characteristic of the “as-synthesized™ powders.* Apparently,
Mmculummthaulmmdm
in Table II from Laser-Doppler analysis agree approximately with
those from TEM anaiysis. The most important resuit 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 uitrasonic probe and that the first centrifugal
monlumahnefncnonofmemlsssuspendedusmgle
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 aimost cleavage-like fracture surfaces were flatter than
observed for dry-pressed pellets.” suggesting a greater uniformity
in the former. The cast pellet did noc exhibic ‘retic’ structures
attributable to agglomerates. Void diameters were on the order of
a particle size. [n contrast. the pressed pieces’ exhibit 2- to S-um
voids which probably resuit from aggiomerates. This result indi-
cates further that aggiomerates 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 resuit from
stratification occurring during seuling. The resuits of these pre-
liminary casung experiments also indicate that this silicon powder
can be dispersed well.

Conciusions end Summaery

The results of the dispersion tests. summarized in Fig. 1. empha-
size the effects of surface tension and dielectnic 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 mN-m ™', exhibut
nonzero contact angles. Examples are benzaidehyde. ethyiene gly-
col. and benzy! alcohol. Although powder was incorporated into
these three liquids which belong to Group A (Fig. 1). it seems that
the agglomerates are erther partially wetted by these solvents and

Lagin scattenng

anaives TEM Laser-Doopler ansives
Preparative Dussymmertry Diameter Min, Max Dismever Drspersion
method® tfactor. 2 (nm size thm uze (nmy tam) facror
Hand mixing 2.5 440 620 800 8
Ultrasonic agitation 2.7 200 420 200 4
Centrifugation’ 1.1 50 50 S5 50 3

“Sew text (or detials. ‘Supernetant trom second cemnfugaion.
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Fig. 2. Scanning electron micrograph of cast green Si compact
(bar=1 um).

that other factors such as van der Waals dispersion forces are
insufficient to induce aggiomeration. The effects of the later are
discussed in detail cisewhere''; 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. Exampies are aliphatic hydro-
carbons. members of the benzene group. isopenty! 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 aggiomerated is directly related to the silicon-
solvent interfacisl 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
narture of these liquids.'' It is anticipated that silicon-solvent inter-
actions are weak for liquids with very low dielectric constants.
These interactions shouid incresse with increased polarity or di-
electric constant. This mend was observed: see the next section
and Ref. 11 for details.

¢c.) Liquids having high dielectric constants seem ideal dis-
persing media. However. the liquid surface tension shouid be low
enough 10 ensure that the powder are immersed in the
liquid and that the liquid fully penetrates the aggiomerates and
breaks them down.

In summary. by using a simple dispersion test and by controlling
the atmosphenc 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
crystailine Si-wafer. Thus. it appears that. while a 0° contact angle
IS ROt necessary (o incorporate the powder into a given liquid. a low
6,-value is desirable. Since the stability of these suspensions relates
to the solvent’s dielectric constant and polar nature. liquids which
have 3 high dielectnc constant formed the most stable suspensions.
It 1s noteworthy that for both good and poor dispersants (Table ).
the dispersibility of Si powder was not sensitive (0 the solvent’s
chemical nature. ¢.g.. acids vs alcohols. except as generally reflec-
ted by the dielectne constant. Data in Table Il demonstrate that
cven suspensions prepared with a good dispersing medium contain
agglomerates that couid be broken down by uitrasonic agitation or
removed dy cenenfugation.
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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 3nteraction
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 SiC 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 gave 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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’ Present address: Department of Chemical Engineering, University of
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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-ocut.

Because the dispersion characteri#tics 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 Sil'l4

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 sclvent 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 Betarandos

Oltrafine), one commercial 5102 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 LO0l4 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 LOl4; the only difference was the presence of an oxidized layer
¢ *he 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, includinglziiphatic 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 ppmn 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 TronacTM 4%0 Isoperbol Calorimeter. All powder handling
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techniques were anaerobic ( <70ppm 02) and anhydrous ( <10ppm nzo).
Commercial s.io2 powder and oxidized laser SiC powder were dried at
230*C for 24 hrs. under high purity nitrogen (i.e. <10ppm azo and
<1Oppm 02) and cooled before loading into 3 al 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 FPowkes' method’, the Lewis acid/base interaction

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

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

of wetting (oH) 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 deterained using Fowkes' slope 1

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

powder surfaces are given in Table VII. They show the 5102 and the
oxidized SiC powder to be acidic and the laser SiC powder to be basic. k

and Ca values measured for SiO2 are similar to those reported

The !A
1/2)

by Fowkes' (E, = 4.36(kcal/mole)'/?, ¢, = 1.06 (kcal/mole)
These £ 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

- oB®® = E,E, + C,C [1)

A™B

where the £ 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 2
values. (Note: an acidic surface can only have an acid/base T?
interaction with a basic solvent and vice versa.) %i
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 ‘L
atmosphere using a glove box. After a small amount of powder (10 mg) ;
was mixed with the selected solvent (10 cns), the powder was dispersed :
[ ]

T

by subjecting the suspension to a 40 watt ultrasonic probe for two
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minutes. After standing for 5 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 ligquid an (¥) 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 LO14 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/cma. After

ultrasonic agitation, the mean particle sizes were measured
periodically with a Sub-Micron Particle Analyzer, Coulter Model N¢.
This data is shown in PFPigures 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

50




Correlation neasurenentsAwere 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 cn3 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, 296 mg of LO14 powder was
dispersed in 9 cm3 of either hexane 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.

IXI. 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, octancic 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 pk‘(acid) and pk‘(base) values showed a great deal of scatter
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without any discernible trends. The poor fit of turbidity with
respect to pk.(acid) and pk‘(base) is contrary to that observed by

Bolger’, where the arithmatic difference of either the isoelectric

peint (IEP) and the pk.(acid) or the IEP and the pk'(baoe) gave a
parameter that correlated with powder dispersion.

Suspensions dispersion was also evaluated in teras of the
dielectric constants' (€) of the solvents to see whether high ¢
solvents favored atabie 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 ch#racteriltic. 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 sclvents and powder surfaces. Propylasine and low molecular
weight alcohaols act as Lewis bases, dispersing oxidized laser SiC
powder well, but not pure laser SiC powder in spite of high hydrogen
bond indexes. 1In contrast, oleic acid and propionic acid act as Lewis

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

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 PFigure 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 $iC powders. The

average packing densities of the laser SiC powders increased in the
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following order: B038, B060, L0l4. 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, B0O38, BO60, L0Ol4, 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 filas, 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 LOl4 powder were
consistently higher than those achieved with type B038 and B0O60
powders. Although type LOl4 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 Technology 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. PFor 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 L0Ol4 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, pﬂa. 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 desiratle 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 SiC 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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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Comparison of Relative Turbidity of Pure and Oxidized SiC
Powder.

Relative Turbidity versus Dielectric Constant of Solvent.

PCS Mean Size versus Coagulation Time For Pure LO14 SiC
Powder.

PCS Mean Size versus Coagulation Time Por Oxidized LO14
SiCPowder.

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) LO14
in Hexane, and B) LO14 in Octyl Alcohol.

SEM Micrographs of Colloidally Pressed Compact of LO14

Powder in Octyl Alcohal A) Fracture Surface, and B) Top
Surface.
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TABLE I
LASER-POWDER SYNTHESIS CONDITIONS

Laser Reaction
Run Number Carbon °
Reactant Power (W) Temp (°C)
B038 Ethylene 150 1650
B060 Methane 150 1680
L0l4 Methane 500 1830

TABLE II

CHARACTERISTICS OF POWDERS

Laser-Powders . o
B038 | BO60 | LO14 cOnSu;agrcul Oxz;hzed Commercial
TEM Particle ——2i02
size (nm) 31 52 90 130 90
Specific
sur face area 44.9 ) 44.3 ) 22.4 19.4 23.3 133
(m2/g) .
Phase 8 8 8 8 8
Size . .
distribution narrow wide narrow wide
Morphology spherical irreqgular |spherical| spherical
' Surface pure
|




TABLE IIIX B
SOLVENTS USED AND RESULTS OF SCREENING TESTS e
DRAGOZE&C VALUES_ 6 3 a
M C.  E, E. |Hydrogen| PKa> | pKa
SOLVENT A B A "B lgnnd (acid) | (base) r‘&
{kcal/mole)1/2 Index’ o
HYDROCARBONS .
1 hexane 2.2 '
2 toluene 1.7 0.087 3.0 37
CHLORIDES
3 methvlene chloride 0.02 3.40 2.7 -
4 chloroform 0.150 3.31 2.2
5 carbon tetrachloride 2.2
6 1,2-dichloroethane 2.7 l
7 trichloroethylene 2.5
8 chlorobenzene 2.7
CYANIDE .
9 acetonitrile 1.34 0.886 4.5 25 |=10.1
ETHERS !
10 isopenthyl ether 3.19 1.11 (6.0)
11 tetrahydrofuran 4.27 0.978 5.3 - 2.2
12 dioxane 2.38 1.09 5.7 ~ 2.9 '
KETONES
13 acetone 2.33 0.987 5.7 20 - 7.2 |
15 2~-heptanone (5.5)
ESTERS l'
16 ethyl formate 5.5
17 ethyl acetate 1.74 0.975 5.2 26 - 6.5
ALDEHYDE é
18 benzaldehyde 5.2 14.9 |- 7.1
ALCOHOLS | 5
19 methyl alcohol 1.12 0.975 8.9 16 - 2.2
20 ethyl alcohol 0.451 3.88 8.9 16
21 n-propyl alcohol 8.9 E
22 2-propyl alcohol 8.9
23 2-furfuryl alcohol (8.9) - 3.2
24 benzyl alcohol 0.446 4.17 8.9 E
25 n-octyl alcohol 8.9
26 ethylene glycol 9.6 15.1
AMINE a
27 propylamine 6.1 1.4 9.0 10.7
CARBOXYLIC ACID E
28 propionic acid 9.5 4.87
29 n-octanoic acid 9.5 4.89
30 oleic acid 9.5 B
INORGANIC
31 water 0.571 1.64 g




Table IV.

Measured Heats of Wetting (-aH kcal/mole)

Powder
TEA

Acetone
Cyclohexane
Choloroform

SbC1 g

(H1 511233 L034) _L?3§1§
22.0 22.8 13.59
12.09 10.9 10.66

7.97 9.29 8.43
11.0 14.7 9.26
110.8 1.2 30.2
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Tadle V.

Solvent Properties

Solvent
TEA
Acetone
Cyclohexare
Chloroform

SbC1 g

Molecular Molar Surface Surface

Density Weight Area Energy Eg Cs ) Ca
(g/cm3)  (g/mole) (m2/mole x 10%5) (ergs/cm?) (kcal/mole)l/2

0.727 101.2 2.267 2.7 0.991 11.09 - .-
0.79C 58.1 1.482 23.7 0.987 2.33 - -
0.779 84.2 1.927 25.5 .- -~ - -
10‘83 119 ‘ 1.575 27-1 hadad hadad 3.31 0.15
2.336 299.0 2.145% 35.8 .- -- 7,38 5.13
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Table VI.

Lewis Acid/Base Intsractional Energies (-AM‘b kcal/mole)

W st .23 Lf_:)g_g m
TEA 12.1 14.0 5.62
Acetone 6.12 1.96 2.51
Cyclohexane -0.09 .- .-
Chloroform 4.23 5.12 0.53
SoCl g 101.3 20.2 20.2

g
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Table VII

Drago € and C Values

(kcal/mole)l/2
Powder EA cA EB CB
Si0,(Hi-511.233) 4.65 0.66 - -
Laser SiC - .- 1.8% 1.47
ox-SiC 1.45 0.43 - e
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E TABLE VIII
' RESULTS OF SCREENING TESTS AND CENTRIFUGAL CASTING TESTS
SOLVENT DISPERSI- | RELATIVE PACKING DENSITY(% )7
' e TR T B038 | B060| LOl4 | Comml. |
HYDROCARBONS !
. 1 hexane P P 0 0 11.9 |16.4] 20.5 | 28.4
2 toluene P P 0 Q 12.8 19.5] 23.6 | 31.0
CHLORIDES
' 3 methylene chloride G G | 1.9} 1.3 11.8 [17.2( 23.9 | 26.8
4 chloroform G G 3.6 0 14.0 17.01 26.8 { 29.0
5 carbon tetrachloride P P 0 0 11.3 16.71 25.9 | 26.9
6 1,2~dichlorcethane G . G 3.6/ 0 14.0 J19.8] 25.6 | 29.4
, 7 trichloroethylene P ! P 0 0 12.8 |17.7] 25.9 | 27.
8 chlorobenzene P | P 0 0 13.9 18.7 | 26.2 | 30.9
. CYANIDE '
9 acetonitrile G ' G 3.0{ 3.5 11.1 |1s.8] 25.1 | 34.8
ETHERS |
ﬁ 10 isopenthyl ether G ‘ P 0 0 - 25.51 29.0 | 34.4
: 11 tetrahydrofuran G G 3.6 1.3 13.6 21.8 34.1
12 dioxane P I P 0 0 16.1 [25.8 | 28.7 | 36.7
|
l KETONES !
13 acetone 6 | 6 3.6] 3.7 14.7 |18.3] 26.8 | 38.0
14 2-butanone G 1 G 0 ! 3.4 15.5 |20.7{ 26.2 | 34.9
l 15 2-heptanone P | G o | 2.7 - 22.2 | 27.5 | 36.9
|
ESTERS |
16 ethyl formate P | VG 0 3.5 12.2 22.3 - 33.0
l 17 ethyl acetate G ! G 3.6) 3.5 15.0 22.3] 26.4 | 34.6
ALDEHYDE ‘
l 18 benzaldehyde P !ve o] 2.2 - 26.51] 29.5|39.1
ALCOHOLS | '
19 methyl alcohol P VG o | 2.3 16.2 |24.3| 25.0 | 37.6
l 20 ethyl alcohol P VG 0| 3.2 16.1 |25.2} 27.7 ] 37.8
21 n-propyl alcohol P VG 0 | 2.9 16.2 |25.1]27.0|37.4
22 2-propyl alcohol P VG 0 | 3.3 16.3 |25.6 | 30.2 | 38.6
23 2-furfuryl aleohol P vG - - - 28.9 | 38.8
' 24 benzyl alcohol P VG 0 | 3.3 - 25.1| 31.2 | 41.
25 n-octyl alcohol G VG 0 | 1.6 - 26.4 ) 32.4 ) 38.4
26 ethylene glycol G VG 3.3] 3.5 - 15.4 ] 22.8 | 39.0
AMINE
27 propylamine P VG 0 | 4.2 12.7 |21.8]28.3{40.2
R P et s iy G P 3.4 O 21.0] 27.4 | 35.9
28 propionic acid . - . . .
29 n-octanoic acid G G 2.5 © - 22.7] 29.7 | 39.9
30 oleic acid VG G 3.81 0 - 22.3125.7 | 32.4 g
INORGANIC °
31 water F G 11.0 16.5 20.3 36.8
P: poor dispersion VG: very good dispersion

G: good dispersion F: flotation




TABLE IX

COMPARISON OF DISPERSIBILITY

BETWEEN PURE LASER-POWDER AND OXIDIZED LASER-POWDER

DISPERSIBILITY FOR OXIDIZED POWDERS

Poor Good Very Good
Hydrocazrbons Ketone Amine
§Chloridu Low-alcohols

g & |Ether Ester
§ Aldehyde
4 Ether Ketones High-alcohols
2 Carboxylic Ester
§ acid Ether
N '§ Nitrile
£ 1 ° Chlorides
- Carboxylic
a acid
@
W
51§
= Carboxylie
» | acid
1]
]
>
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TABLE X
Coagulation Rate Constant, K (cmzlsec)
Solvent Pure Powder Oxidized Powder
2-propyl - -
alcohol 1.23e-11 1.37e-12
propionic - -
acid 7.41E~14 1.37e-11
2-propyl - -
amine 3.38E-~-12 S.15E-14
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CENTRIFUGAL PACKING DEMSITY (%)

Hydrogen Bond Indexes of Solvents.
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AQVANCED CERAMIC MATERIALS. 3 (2] 182-68 (1908

MATERIALS

Laser-synthesized silicon powder with an average size of
0.28 um was colloidally pressed into disks 1.27 cm in
diameser using various soivents. Thermogravimetric anaivsis.
(TGA) was performed during the solvent removal at various
temperatures. Two types of weight loss were observed: one
proportional 10 time, ¢, mdzcaungtlmmmulw:mufcr
is the rate-limiting step, and the other propornional to t'°
indicating that pore diffusion is the rate-determimng step.

§ After losing >99% of the soivent weight, samples were
examined by Fourier transform ir specrroscopy to determine
the amount of soivent that remained adsorbed on the surface
of the silicon powder as a funcrion of time for various
temperatures. Temperatures much higher than the boiling
points of the solvents are required to compietely dry the
silicon compacts.

Conuollmg the drying process of powder compacts is important

in ceramucs processing, soil science, and powder meallurgy.
Macy' discussed both the shrinking of clay green bodies during
dryxn;a.nd the internal mechanism of water migration during dry-
ing. demmmmchymbodmdumg
drving. Cooper’ developed 2 quantitative theory of cracking during
the drying of clay green bodies using an analogy based on thermal
gradients in giass objects.

This study examines the drving rate of silicon powder com-
pacts which were colloidally pressed at 68.9 MPa (10000 psi).
Thermogravimetnc analysis (TGA) was used to measure the sol-
vent weight loss of the silicon powder compacts. Fourier ransform
inirared 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 powders used in this study were nitrided after
drving to form reaction-bonded Si,N. (RBSN). Maximum permis-
sible firing rates and nitriding kinetics were found to depend on
compiete 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
?odies made from powder having a small diameter and high sur-
ace area.

EXPERIMENTAL PROCEDURE

. “Member. the Amencan Ceramic Socisty.

Belinve. CH 1007 Lausanne. Switzeriand.
"Model STA 492. Netsch. Inc. Exton. PA.
"Mode) IR/8S. IBM Instruments inc.. Armonk. NY.

Mmcho 199731, Received Fedruary 19. 1987: spproved Septembar 25.

Drying of Silicon Powder Compacts
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The silicon powder used in this study was synthesized as an
aerosol from silane using a CO; laser 10 initiate and sustain the
decomposiuon reaction.*™* The silicon aerosol was collected on
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filters and moved 0 a glove box under argon aomosphere. Because
of the argon-hydrogen armosphere in which the silicon 1 powder was
made. it had an Si~H surface. as observed by FTIR’; the silicon
powder is shown in Fig. 1. Ixugeunlvsuofsevenlhundred
partcies on several wransmission electron microscopy (TEM) mu-
crographs like that in Fig. 1 gave a log-normal size distribution
with 3 geometric mass mean size of 280.0 nm and a geomemic
standard deviation of 1.7. Some aggiomeration of the parucies is
observed in Fig. 1.

in a glove box, the silicon powder was mixed with solvent 1o
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 em in di-
amerer and pressed at 68.9 MPa (10000 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 dryving. Mercury porosimetry could not be
used to measure the pore size distribution because of the friability
of the dried compact. After the pellet samples were pressed. they
mplacedmadesmwrmmmosphensamwdmmme
solvent. and TGA measurements were taken.

The pellet sampies were placed on the platform and the fur-
nace. aiready up 0 temperature. was quickly placed over the
sample with the N; flowng at predeterminea rates. Three soivents.
two sample thicknesses. and three gas veiociues were used 10
separate the effects of boundary-layer thickness. vapor pressure.
and pore diffusion. These samples were placed directiv on a pre-
heated pedestal with good thermal contact to avoid heat wransfer
through the boundary layer as one possible heat wansfer mech-
anism. The pedestal also prevented vapor losses from the botiom
surface of the pellets. simplifying the theoretical anaivsis 0 a
one-dimensional mode! (assuming negligibie vapor loss through
the sides).

Methanol- and acetonitrile-dispersed samples were dried at
S0°C for 48 h and examined using a Founer wransform infrared
specrometer.’ The pellet samples were placed in a heated ir reflec-
tance ceil. which was mamntained at a constant temperacure up (o
300°C in N, and scanned periodically for up 1o 5 h.

% ,. e
4 . "
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Fig. 1. Transmussion eiectron micrograph of
laser-synthesized silicon powger (bar = | wm).
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EXPERIMENTAL RESULTS

Figure 2 shows the weight loss piorted on 3 log-iog scale of
a 2-mme-thick octanci sampie dried & 200°C in N; flowing at a
velocity of 0.1 em/s. For most of the weight loss (i.e. 0 0 90%),
a single line is followed which has a slope of one. Above 90%. an
asympiotic 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 N, flowing at a velocity of 1.3 cm/s. A linear weight
loss with a slope of 0.6 is observed with this sampie from 0% to
99%. Figure 4 shows the weight loss plotted on a log-log scaie of
1 2-mm-thick acetonitrile sample dried at 27°C in nearly stagnant
Ny. For most of the weight loss (i.c. 0 1o 90%), a single line is
followed which has a siope of one. Above 90%, an asymptotic
weight loss is observed.

Figure 5 shows exampies of the FTIR spectra for an acetoni-
uilesamplenaﬁmcdonofmnngumcumc.numhwed
sampie revealed peaks at 3850, 2925, ~2100. and 1100 cm™'
(nouhown)wlvenumbers The peak at 3850 ¢m™'corresponds o
O-H.' and the 1100-cm™' peak corresponds to either Si-O or
C-0" both increase in intensity as time at increases.
The 2100-cm™' peak corresponds to Si-H®; it shifts w0 a higher
frequency by 150 cm™' wave numbers as the 1100 cm™' peak
increases in intensity. Oxidation of the Sn—Hspecxeswxll alter the
frequency at which that bond stretches.® As the Si-H peak shifts.
anewpcaknppearsmme33$0cm"repon which corresponds
10 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

0.5
g 0.3
g
0,2
)y N . 1 {
3600 3150 2700 22%0
Waovenurmber (em-!)

Fig. 5. Founer ransform ir spectrum of acstomitrile sam-
plednied % 300°C for A.Omun. B, 1 h. ana C. 2 h.
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Fig. 4. Log-log piot of weight loss vs time for
2-mm acswoniTile sampie dried & 27°C with

=0 cm/s N, velocity.

ar temperature increases. This peak height was used with the
Kubeika-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 peliet
dried 48 h at 50°C in N, as a function of time at various tem-
peratures. [n all cases. the concenwration of the soivent in the
sampie decreases with time at temperarure.

DISCUSSION

For evaporation to take place from the top surface of 2 pressed
ceramic peliet, the evaporated liquid must diffuse through both the
porous network and the gas boundary laver to resch the bulk gas.
as shown in the schematic disgram in Fig. 7. The nomenclature to
be used in the anaiysis of this problem is incorporated into Fig. 7
and described in detail in the Appendix of this psper. The mass
wansier flux resulting from the parual pressure profile shown in
Fig. 7(8) is given by"'

J = (1/K. = x/D.)"'(P{/RT* - P?/RT*) (n

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

D, = (1/D, ~ |/D)'e/E (2)

where D, is the Knudsen'? diffusion coefficient. D the molecular
diffusion coefficient for vapor molecules through a stagnant drving
gas. and £ the tortuosity of the porous network (typically,
§ = 2.0)

1.0
0.8
§
2
go.s
(=)
0:
$
Fo2l =~ VT~ -
MO e s e =~
o : l L . 1
o] % 100 1%0 200 2%0 300

Time (minutes )

Fig. 6. Relative soivent concentration vs time at van-
ous (emperatures. (A = acetonitrile; M = methanot)
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Fig. 7. Schemasic diagram of evaporation in
3 porous nerwork (A) geometry of pore and
boundary layer (8) liquid parual pressure pro~
file, and (C) temperature profile.

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

AL J l
i pog 2= (1 1)] o
o E

where AH.., is the enthalpy of vaporization and P, is the vapor
pressure at To. Usually T, is the normal boiling point. and P, is one
atmosphere.

The mass transfer flux. J. (with units of moles per area per
unit time) must be equivaient o0 the flux of molecules evaporated.
The heat flux. g, required o evaporate this flux of moiecuies is

q = AH.oJ 4

In general. the heat is transferred through the gas-boundary layer
and through the porous nerwork. as shown in the schematic dia-
gram of the temperature profiie in Fig. 7(C). The heat flux for this
process is given by )

q = (I/h = x/k,)"T* - T )]

where h is the heat transfar coefficient and &, the effective thermal
conducuvity of the porous network. given by

k, = [({(1 = &/kn ~ (e/k)]™' (6)

where k, is the thermal conductivity of the solid and &, the thermai
conductivity of the gas in the pores. However. in our experiments
thermal contact is made through the bottom of the peliet with the
piatform allowing us to assume & conswant temperature for the
pellet. Generally. this is not the case for drying ceramic green
bodies. In general. at steady swate both mass transfer flux and
heat transfer flux are balanced according to Eq. (4). giving rise to
a2 “wet bulb” temperature at the liquid interface inside the porous
structure.

To determine the weight loss. dm/dr. in the sample, the rate
liquid recedes in the pores. dx/d:. must be caicuiated from the
overall mass transter flux. J. as shown

dm/dt = -epA de/dr = =AM/, M
wiere A is the exposed surface area of the sampie and p: is the
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density of the liquid. Shaw' has shown that the liquid vapor
interface in porous matenals is fractally rough. Equaton (7) as-
sumes a liguid vapor interface that 15 smooth and located at the
average iocation of the fractally rough interface.

The weight loss rate will depend on which step 1n the mass-
wansierrheat-oansier sequence is the rate-determining step. For
exampie. when mass transfer in the boundary laver is the rate-
determiniag step. the ume to dry the porous network 0 a liquid
layer of x thickness is

= Tx/xe) (8)

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

T = zoe/[MLKPI/RT* ~ P! /RT®) )

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

* = xo0,¢/[M.LK.PI/RT®)] (10)
where P; is calculated at the temperature T* because heat ransfer
is fast.

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

r = ix/x,)? (1)
where the maximum time. +. has 3 new definition:

T = xioe/(2M.D(PI/RT")] (12)

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

t = r(x/x0) (13)
where the maximum time. 7. is defined as
* ™ D xodH /[MLAT® = T) 14

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

1 = r(x/x0)° {15)
where the maximum time. +. is defined as
T OriAH /ML (T* = T (16)

Determining the maximum times for each of the possible
rate-determinirig steps gives all of the possibilities for the actual
rate-determining step. The longest maximum time 15 that of the ac-
tual rate-determining step for a given set of experimental conditions.
When two or more maximum umes are iarge and about equal. then
both these steps are simuitaneousiy rate-controlling (called mixed
control). Under some conditions the rate-controlling step can
change as drving proceeds. Mixed control dunng drving and
changing from one ratecontrolling step to anocther dunng drving
will not be discussed further in this paper.

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

mit) = mo = ~€pAxol/* {an

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

min) = mo = —ep Az VI/(VT (18)

In the last two equations. the appropriate expression for = is used
for the governing rate-deterrmuming step. These two weight loss
expressions show either constant siope. when boundary iaver heat
or mass ansfer is the rate-determimung Step. or v: slope when
pore diffusion or conducuon is the rate-determining step.

To determine the rate-determsmng step. all of the = values are
calculated for the vanous drving steps. The largest + vaiue is that

ADVANCED CERAMIC MATERIALS. VOL. 3. NO. . 1988 (QACerS)

v .
.......




of the siowest step. which 13 the rats-determining step.

Tabie | summanzes the calculated and observed r vaiues for
the thres invesugmed soivent systems. In all three cases. heat
conducuon through the pores has the lowest = value and heat
conduction through the boundary laver has the largest = value. By
establishing good thermal! contact between the sampiles and the
preheatsd pedesial. the rate-controlling process has been changed
from boundary-layer heat transfer 10 one of the two mass ransport
steps. For free-standing silicon powder . we would pre-
dict that boundary-laver heat transfer would be the rate-

step.

For the octanol sample dried at 200°C with an N gas velocity
of 0.1 em/s. we find that the largest ~ value in Table 1 is 365 s for
boundary-layer mass tansport (negiecung boundary-layer heat
sansfer discussed earlier). This result suggests that the weight loss
versus time curve should be linear and a log-log piot of the data
should be iinear with a siope of one. This behavior is observed in
Fig. 2. The maximum drying time observed in Fig. 2 is =210 s,
which is slightly smailer than the calculated r vaiue of 365 s for
boundary-lsyer mass transport.

With the methanol sample dried at 80°C and an N- gas veloc-
ity of 1.3 cm/s. we find that the maximum - value in Table | is
1295 s for pore diffusion. The higher gas velocity decreased the
boundary-iayer resistance and the thicker sampie increased the pore-
diffusion resistance. This behavior suggests that the weight loss
versus time curve should havea Vr . and a2 log-log plot
of the data should be linear with a siope of 0.5. A linear log-log
piot with a slope of 0.6 was observed in Fig. 3. The maximum
drving time observed in Fig. 3 is 600 s. which is smaller than the
maximum * value. The reason that the r value for pore diffusion
is larger than the measured maximum drying time is probably due
to0 the value used for the Knudsen diffusion coefficient. The pore
radius used to caiculate the Knudsen diffusion coefficient was
estimated to be one tenth of the particle radius. To obtsin agree-
ment with theory, 2 pore radius two times larger should be used.
A more accurate value of the Knudsen diffusion coefficient couid
be obtained if the pore size distribution was measured. but mercury
porosimertry could not be used on these friable pellets.

For the acetonurile sampie dried at 27°C. we find that the
largest  value in Table [ is 3140 s for boundary-laver mass wans-
port. The combination of a near-zero gas velocity and a thin sampie
made the boundary-laver resistance dominate. This result suggests
that the weight loss versus ume curve shoulid be linear and a log-log
plot should be linear with a siope of one. This behavior is observed
in Fig. 4. The maximum drving time observed in Fig. 4 is 7200 s.
wiiich is larger than the caiculated = vaiue for boundary-iaver mass
transport. The reason that the maximum time is different than the
+ value for boundary-layer mass transport is probably due to the
value used for the mass wansier coefficient. which was calculated
using the Colburn analogy** for natural convective mass transport
from a sphere. To obtain agreement with experiment. the mass
wansier coefficient should be a factor of two smaller than the one
used. A more accurate mass gansfer coefficient could not be calcu-
lated since the mitrogen gas velocity profile near the powder com-
pact was not known in detail.

The FTIR results summarized in Fig. 6 show thar adsorbed
solvent concentrations decrease monotonically at rates that increase
with increasing temperature. Within the time period invesugated.
the concentrauons of neither acetonitriie nor methanol decreased to
zero based on the 2925 cm™' peak: the residual levels decreased
with increasing temperature for both solvents. Analyzing these
data to deterrune the desorption rate kinetics including the order of
the desorpeion reacuon and the rate conswant ar different tem-
peratures was unsuccessful. The apparent orders of the desorption
reactions varied from 1.9 10 6.0 for acetonitrile and 2.3 10 3.9 for
methanol. Without a constant order for the desorpuon resctions for
methnano! and acetomitrile. an Arrhenius plot cannot be made 10
determune the activation energy of the desorpuion reaction. These
results demonswate clearly that long exposure times at tem-
peratures substantiaily above the soivent boiling point (BP) are
requured to compieteiy drv high-punty. high-surface-area powders
(BP acetonurile 80°C. octanol 195°C and methanol 65°C). Dunng
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Table I. 7 Values for Various Rate-Determining Steps
Time
desenssnce b 1!
Figure 2. 200°C octanol
Caiculated -
Pore diffusion Vi 240
Boundary-laver mass transport t _ 365
T Y
v-layer transport t
Measured ! 210
Figure 3. 30°C methanol
Caicuiated -
Boundey-layer mass cassport . 799
y-layer mass ‘.
T e -
yer t 4
Measured ransport i 600
Figure 4. 27°C acetoniaile
Pore diffusion Vi 2680
Boundary layer mass tansport rv .- 31?8
t
Boundary iayer hear ranspont t gggg
h t I

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

CONCLUSIONS

Heat ransfer in the pores was shown (o be very fast compared
0 mass transfer. Heat transfer in che boundary layer was shown
theorencally to be the siowest step. But because the powder com-
pacts were placed on a platform through wiiuch heat was trans-
ferred. boundary-layer heat transfer was not important i1n these
expenments. The drying of a thin silicon powder compact on 2 heat
sink platform has been shown to be rate-limited by either
boundary-layer mass transfer or pore diffusion. With boundary-
layer mass transport. the weight loss versus time was linear. as
predicted theoretically. With pore diffusion. the weight loss versus
time was proporuonal to 1**. A V' proporuonality is predicted
theoretically. The maximum times measured for the drving of these
thin silicon powder compacts were of the same order of magnitude
as those calculated from the r value for the operauve rate-
determining step. More accurate values of ~ can be obtained with
benter 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 iast monolaver. Some hvdrolysis of the silicon powder
surface was observed dunng extended heating at 250° to0 300°C in
nitrogen.

In drying other ceramic powder compacts that are not heat-
sinked to a platform. all of the rate-determining steps are possibie
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 0 drv at a faster rate. it is necessary to decrease the
value for the rate-determining step. Equauons listed in the text
provide information on how 10 manipuiate drving conditions to
increase the dryving rate for each rate-determining step. When the
+ value for the operative rate-determining step has been decreased
10 below that of the second largest value. a new rate-determining
step will be operable and require different changes in the drving
conditions to further decrease the drving ume.

To obtain drv ceramic bodies without cracks. it is necessary
to dry the compacts gently. Exceeding the boiling point of the
sotvent before the pores are free of liquid is likely to cause cracks
resulting trom internal pressure gradients that will induce stress in
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the compact. especially when mass transfer is the rate-determining
siep. Cracking was not observed in these expeniments when drving
for liquid removal was performed at temperatures sligntly above
the boiling point of the solvent. Higher iemperamres are known 10
cause cracking'® during liquid removal.
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APPENDIX

NOMENCLATURE

A Surface ares of compact exposed t0 gas.

D Diffusion coefficient (, effectve, . Knudsen),

h Heaz transfer coefficient,

AH ., Enthaipy of vaporization,

J Flux of liquid molecules in gas.

K.  Mass transfer coefficient.

k Thermal conductivity (, effective for pores, , solid.
s §88).

m Mass of powder compact (o a1 ¢ = 0),

M.  Molecular weight of liquid.
Partial pressure of the liquid (¢ bulk,  liquid surface),
Heat flux,

akl - yuay
&

‘Ihxcknuofporumamhquxd-ﬁu(.at = ®),
Void fraction in powder compact (neglecting liquid).
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Tortuosity of pores (typically =2),
Deasity of liquid. and
Maximum drying time for a parucular rate-determining
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PROCESSING AND PROPERTIES OF REACTION BOWDED SILICON NITRIDE AND
SINTERED SILICON CARBIDE MADE FROM LASER SYNTHESIZED POWDERS

J.S.Haggerty, G.J.Carvey”, J.H.Flint, B.V.Sheldon, M.Aoki™, and M.Okuyama*™*

Massachusetts Institute of Technology
Canbridge, Massachusetts 02139 N

J.E.Ritter and S.V.Nair
University of lhnachuutts
Amherst, MA 01003

INTRODUCTION

The properties of Si3iN, and SiC achieve high values only if pressure and/or
sintering aids are employed during consolidation, usually at the expense of
increased cost, restricted maximua 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 vas initiated for these reasons. Our strategy vas based on producing
flaw-free green parts made directly from high-purity, small diameter powders.

A nev synthesis process was developed!:? to produce small, high purity,
non-agglomerated powders of Si and SiC since they were not available. The
laser heated gas phasse synthesis process was selected because very high
quality powder can be produced and commercial-scale manufacturing costs? 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 CO2 laser until particles form and grow.* Silane (SiH,) is
used to make Si povdcrs and SiH, mixed with methane (CH;) or ethylene (czua)
is used to make S1C.%

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 zona. The effects of these have been
investigated experimentally and mathematically.®'” The details of these
modaling studies are presented elsevhere in this Proceedings.®

* Present Address, ABEX Corporation, Research Center, Mahwah, KJ

** Present Address, Toa Nenryo Kogyo, Tokyo, Japan
Present Address, NGK Spark Plug, Nagoya, Japan
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Table 1. Powder Properties
Powder Designation E288 F43S/F338 16sSC L30SC-B

Material S Si sic B-doped SiC
Max Temp. (°C) 1455 1605 1830 1920
Pressure (10% Pa) 1.3 1.3/1.6 1.3 2.0
D (mass)(nm) 262 305 90 9s
og (number) 2.6 1.8 1.7 1.7
o, (mass) 1.5 1.5 l.4 l.4
Packing Density(s) 59 63 63 63

Resulting powders are small (< 500 mm) and equiaxed, contain few agglom-
erates, have very high purity (< 200 ppm oxygen), and for SiC have controlled
8$i: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 (’8) are dstermined
from TEM 7+8,

High quality Si powders are formed by the collision and coalescence of
liquid Si droplets.”:%:% The number density of particles and collision
frequency decrsase rapidly from {nitial values as inelastic collisions result
in particle growth. Once the particles solidify and cool substanctially 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.'9:11 Uniform
powder is produced only vhen all flow strsams experience similar time-
temperature-concentration histories.

High quality SiC is formed from premixed streams of SiH; and CH, via a two
step reaction mechanism.® The reactant gas mixture is heated until Si
particles start to grow by collisions and coalescence in a Hy/CH, 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 rsaction terminates the particle growth process.

W N e N =R g

POUDER PROCESSING

Test parts wers 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!? rather than ordered close packed
structures.l? Parts were mads from dispersions by colloidal (filter) pressing
and centrifugal casting. Dispersing media were selected based on maximizing
dispersion stability and drying kinetics vwhile minimizing contaminating
residuals and destructive effluents.

86

M__

HJ@L!@&%_.}'UI_IQ




S P8 G5 e =y 0 OB oD U5 O . on (B

2
s
|
G

Powder Dispersion

Suitable dispersion systems were identified by empirical observation!¢:13
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’!®
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.!” Anchor, solvent and stabilizing moiety are selected
based on these valuss 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!¢:15
included alcohols, amines, amides, aldshydes, 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, tolusne, alcohol and acetonitrile solvents.
Well dispersed systems had PCS diameters only slightly larger than TEM
diameters; they also had higher turbidities, higher centrifugally casc
densities, lower sedimentation rates and higher microelectrophoretic
mobilities than poorly dispersed systems.

Based on these results, alcohols performed best for both Si and S§iC
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'!?® were used to avoid ultrasonic induced agglomeration.

Shaping

Test parts were formed by colloidal pressing. In this technique, the
solvent 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.!®

Colloidal pressing times and pressures were varied to determine their
sffects on green density, flaws and yield. Time had lictle effect. The
reciprocal of the fractional green density was found to vary linearly with the
log of pressing pressure implying?® a single rearrangement mechanism. The
yield of good Si parts dropped sharply from 1008 for pressures in excess of 69
MPa. This is not the case for SiC parts which exhibited a constant yield of
1008 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.19:21,22 The achieved densities of -63% correspond to that of a
random close packed structurs.}!?

Drying

After pressing, the pellets were dried to avoid damage during firing.
Drying and desorbtion rates were modeled?? using TGA and FTIR techniques. The
rate controlling t1 nsport step was vapor diffusion through either the
boundary layer or the pores; without heat-sinking, the rate controlling
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mechanism is heat transfer through the boundary layer. Adsorbed species are
not removed until temperatures ~200°C above the solvents' boiling points are
reached. Drying was accomplished with a 24 hour soak in a 200°C Ny atmosphere
after an 8 hour linear ramp.

Silicon Nitriding

Samples used for mechanical testing were made!®:22 from dried Si pellets
nitrided without exposure te air in a top loading, cold-wall, vertical axis,
tungsten furnace installed inside an Ar atmosphere glove box (<10 ppm 07 & Hy0
combined). Complete nitridation was achieved by heating at 1°C/min up to
1420°C, followed by a 1 hour hold. Studies of the nitriding kinetics and rate
controlling mechanisms show?*¢ that laser synthesized Si parts can be complete-
ly nitrided at lower temperatures in shorter times (1150°C, 1lh; 1250°C, 10m).

X-ray analysis?? showed 80-90% a-Si3N, and the balance B-Si3N4; no
unreacted Si was detected. X-ray line broadening showed nitride crystal sizes
of 28 nm for o (20 = 30.8°) and 33 nm for S (20 = 33.7°). Hg porosimetry pore
neck radii were between 5 and 30 nm. The nitride phase, shown in the SEM
fracture surface in Figure 1, is a continuous network with characteristic
solid phase dimensions between 0.2 and 0.7 um; this nominally agrees with both
the RBSN BET equivalent size (-0.24 um) 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 um diameter isolated voids. These microstructural features are very
different from those typically observed in RBSN.?28

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
BoHg added to the reactant gas stream. The BjHg 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.

-
P

-
-

L2 R B B



el

) B R 2R O OB & T 65 @k ' 0 S a0 SR o . ==

Table 2. Characteristics of Sintered SiC

Sintering Temp. (°C) 1800 1900 1950 2000 2050 2100

Density (%) 65.8 81.0 89.1 93.2 97.5 90.2

Pore Diameter (nm) -- 9 3.7 - 53 73.5

Grain Size (um) -~ 0.3 0.25 and -- 1.2 x 20 100
0.5 x 2.0

Tensile Strength (MPa) .- -- -- .- 645 * 60 --

Vickers Hardness (GPa) -- -- -- -- 23.8 + 3.1 .-

from 1800°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 ncasuring 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, comsistent with
reported values for carbon diffusion through S$iC grain boundaries.?® The
lower density of the 2100°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% B phase up to a sintering temperature of
2050°C. The 2100°C samples contained approximately equal fractions of a and 3
phases. The grain size and moxrphology changed continuously with increasing
firing temperature. Although many 0.1-0.15 um grains were present in the
1900°C sample, the average grain size had already increased to 0.3 um from
0.095 um, 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 2050°C
was made up completely of high aspect-ratio cylindrical B grains approximately

10 Microns

Figure 2. Optical photomicrograph of B doped sample sintered at '~
89
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1.2 um in diameter and 20 um long (Figure 2). Pores were confined to grain
boundaries. At 2100°C, equiaxed grains had grown to 100 um, and pores were
uniformly distributed throughout the grains.

A ball-on-ring biaxial strength test??:2% was used to determine the room
temperature strengths of the nitriced and sintered samples to eliminate
spurious edge effects. This test and the 4-point MIL-STD-1942(MR) test gave
average strengths within 1 standard deviation for samples taken from a hot
pressed Si3N; billet donated by the Norton Co.?® Hardness and fracture
toughness wers 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 MPa) was observed for a
group of 758 dense RBSN samples made using optimized procedures from an un-
classified Si powder (F558) and an aversge of 250 MPs (Max = 460 MPa) for 65%
dense sanples 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 literaturel?®:33:39 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 valuss at both corresponding density levels.
After sliminating initially observed processing flaws, both groups of RBSN
samples exhibited strengths normally associated with sintered or hot pressed
a-SijN,. Fracture sources wers usually either 5-15 um diameter voids or
preexisting lenticular cracks less than 30 ym deep perpendicular to the stress
axis. Application of the Griffich equation®! to the observed strengths yields
flav 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 SiC*2? and is more typical of
hot pressed or HIPed SiC. The only other group that has reported SSC strength
levals in this range®? also employed SiH, based synthesis chemistries and
similar anhydrous, anasrobic post-synthesis handling procedures.

Vickers hardness valuss 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 RESN (-10 GPa) is higher than that of 85%
dense, highly optimized cosmercial RBS¥ (-8.3 GPa).2! Using the indentation
tochni,uo.“ our dense specimens exhibited an average Krc value of 2.8
MPa ml/2 (Figure 4). These_are higher than is characteristic of the optimized
commercial RBSN (-2.0 MPa ml/¢)21 gnd spproach those of sintered a-Si3N,.

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
presumsbly 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
Thommler’s3® results at the same temperature, low density specimens undergo
significant internal oxidation befors saturation is attained. For densities
>85% and Hg porosimetry pore radili < 60 mm, Thimmler showed that internal
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Figure 3. Room temperature strength of silicon nitride vs. density.
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oxidation would be reduced to less than 1% dus 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
diaseters and more uniform microstructures. The superior properties result
from uniformly distributed, small dismeter pores mads possible from the
combination of i{deal powders and careful post-synthesis processing techniques.

CONCLUSIONS

This research program achieved its principal tschnical 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, purs, and free
of agglomerates. Of these criteria, freedom from agglomerates is the most
important because agglomerates lower the achievable green density to
unacceptably lov 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 H0 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.

Cbtaining nearly complete nitridation in less than 10 minutes at only
1250°C is remarkable cowpared 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
sechanism are fully explained.

Even without sany 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
resultsd directly from our ability to make parts in which residusl porosity
was distributed uniformly in minimum size pores.

Fumerous staff and students have contributed to this work. Hopefully, all
are properly referenced. This research was principally sponsored by DOD
(DARPA, ONR, and ARO) and an industrial consortium including Abex Corp., Aisin
Seiki Co., Alcoa, NGK Spark Plug Co., Nippon Steel, Sumitomo Electric
Industries, Ltd., The Japan Steel Works, Ltd., and Toa Nenryo Kogyo K.K..
Specific topics were supported by NASA-Lewis, DOE and a second industrial
consortium made up of Caterpillar Tractor, Cummins Engine Co., Deere, Inc.,
General Motors Corp., TRW Valve Division and Rhone Poulenc. All contributions
are gratefully acknowledged.
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PROCESSING AND PROPERTIES OF REACTION BONDED SILICON WITRIDE
MADE FROM LASER SYNTHESIZED SILICON POWDERS

*J.S. RAGGERTY, ®C. GARVEY, *J-M., LIHRMANN AND J.E. RITTER** ‘
*Massachusetts Institute of Technology, Cambridge, MA 02139 ) |
#*niversity of Massachusetts, Asherst, MA 01003 :

Laser synthesized silicon powders have been used to make reaction D |
bonded silicon nitridc samples. Maximum hardness (11.3 GNa~2), fracture ‘
toughness (3.6 lﬂh" ), pore sizs (Hg porosimetry 50-300A radius) and

strength (~460 MNa™ 2) values reflect the superior microstructures that are

observed. With anaserobic anhydrous processing, these powders nitride to

completion in less than 7 hours at 1400°C.

1. INTRODUCTION

Reaction bonded silicon nitride (RBSN) is one of the candidate ceramic
saterials for applications where thermal shock, high temperature strength
and moderate oxidation resistance at temperaturss up to ~1370°C are »
desired. Most RBSN properties are approximately equal to those of hot
pressed and sintered silicon nitride (RPSN and SSN respectively). Room
teaperature 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 ars not
eaployed {n RBSN. Omne very important characteristic results from the »
nitride forming within the pore structure of the Si powder; parts are msde
wich ainimal changes from their as~formed disensions,
Our intersest in RBSN stemmed from the combination of these factors and
recent evidence that the achievement of superior microstructures would
simultaneocusly permit both improved oxidation resistance (2] and strengths.
The required small pore dimensions and high, uniforau densities appeared ) |
feasible with the Si powders produced by the laser synthesis process. :

II. RBSN PROCESSING STEPS

Resction bonded silicon nitride is made by nitriding previously ) |
shaped, low density parts made of Si powders. The processing steps
generally employed are shown in Pigure 1. Each processing step, froa
S1 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 minimiszed contamination and
insured complete resction of the Si powders. Although the reported b |
nitriding kinetics are already much faster than normal, they should not be g
viewed as optimized.

The silicon powders ware processed entirsly without direct exposure to
air or water. Anserodic, anhydrous processing avoided spurious nitriding
kinetics resulting from the presence of oxygen, forced the development of
nev 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 storsge and handling in an Ar (<10 ppm 0,
and <3 ppa H0) atmosphere yielded S{ parts which nitrided reproducidly 1n 2
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RBSN PROCESSING

POWDER SYNTHESIS

1
POWDER STORAGE

T
DISPERSION ]

CENTRIFUGAL
SEPARATION

PRESSING

|
DRYING

|
NITRIDING

Fig. 2. Reaction cell used to
Fig. 1. Processing steps used to synthesize Si powder from laser
make RBSN heated SiH,

N,, and that drying for one week at 27°C in Ar followed by heating to 180°
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 Synthesis

The 5i powders were synthesized by the pyrolysis of CO, laser heated
SiH, gas. The equipmenc, the process modelling and s0st powder
characteristics have been reported previously [3,46,5]. This process was
developed to produce powders having small dia-cteto, sphericsal shapes,
uniform diameter distributions, freedom of sggregates 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 schieve 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 resction cell showm in
Pigure 2 in conjunction with & 325 watt CW-CO, laser, reactaut gas heating
rates between 108 to 10"CIscc, resction times of ~10-}sec and product
cooling rates of ~105°C are achieved. Compositional control is achieved
with mass flow seters and by the relative velocities of the reactant and
ammular gas streams. Maximum temperature levels can be controlled to

+ 20°C. These process conditions permit nucleation, growth and coalescense
proceases to be controlled in a manner that yields powders having the
desired characteristics in high particle number density gas stresms. 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 Dispersion [ ]

Qur objective was to disperse and
compact silicon particles in a manner ¢ o« ®
that would permit defect free, high ®

coordination number green bodies to be o °
formed; at least random close packed 2 ®
structures [7] were sought. This must .
be effected without incorporating . 1} ‘.
contaminates that will haamper ° [Py
nitridation, dens{fication, or degrade ‘e ‘, .
high temperature strength. The o'®
criteria for selecting a dispersing ® ® ®
sedium for silicon were based on .
dispersion stability, oxidacion, drying ® e
kinetics, residues and the absence of L
destructive effluent generation. The -
pure solvents and dispersant-solvent ®
systems examined are summarized in
Table III. Stabilicty was evaluated by
light-scattering, photon correlation o 1 M'CRON
spectroscopy (PCS), sedimentation rate,
sediment density, and microelectro- Fig. 3. TEM photomicrograph ot
phoretic mobilicy. dispersed Si powder type F-055.
TABLE III. INVESTIGATED DISPERSANT SYSTEMS
Pure Solvents Dispersants
Alcohols Alcohols
Aldehydes Alkylated Chlorosilanes
Aliphatic Hydrocarbons Alkylated Silazanes
Amides Amides
Amines Amines
Aromatic Hydrocarbons Carboxylic Acids
Carboxylic Acids Fluoronated Alkyls
Ethars Silazanes
Retones ) Succinamides
Nitrides

Well dispersed systems had agglomerate diameters only slightly larger
than the PCS mass mean particle dismeter, relatively high zeta potential
values (=60 MV), and higher turbidity than the non-dispersed systems.
Centrifugal casting produced higher density compacts for well dispersed
systems. Optioum systems were selected on the basis of these observations.

Pure alcohols provided moderate stability by a coulombic mechanism
wvhile 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 wel 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 1 and II respectively.
Increasing the laser power and the resulting meximum particle temperatures
caused major changes in the types of particles, the types of aggregaces,
the mean particle sizes and the particle size distridbution. The powders
generally contain <100 ppm total impurities by emission spectroscopy and
<0.1 wtX oxygen by neutron activation.

The powder designated B-004 represents our best early attempt to
increase the mean particle size vhen the RBSN research was initiated; it
contained three particle types. The first are the primary spherical
particles (10-30 um diameter) that form directly from the gas phase; their
nucleation and growth kinetics have been modelled [6]. These uniform
disseter primary particles have a log normal particle size distribution
vidth 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 nm) single or bicrystal
particles that spparently form by msliting and coalesence of the other two
particle types. The overall medisn 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 3-004 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 sudsequent processing resesarch 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. SYNTEESIS COMDITIONS POR SILICON POWDERS

Powder Cell Silane Laser Laser Max
Sample Pressure Mass Flow Power Intensity Brightness
Bumber Rate Temp.
(M /n2) (scem) (vatts) (watts/ca?) (°c)
3-004 0.071 30 180 5.7x103 1280
F-028 0.131 60 325 3.2x103 1455
F-05S 0.131 110 325 3.2x103 1605

TABLE 1I. POWDER CHARACTERISTICS

Powder IET TEM Median Diameter Mass Compact
Sample Equiv, Dissater Distribu~- Fraction Density*
Fumber Diameter By Mass tion Width Aggregates

(om) (om) Parasster ¢3) (2)
B3=-004 115 175 1.79 17.2 45
B-004 SED 134 205 1.4} 7.8 55
r-028 227 263 1.68 2.5 64
F-055 217 305 1.76 3.8 69

*Pressed with standard (69 MNer? pressure, 15 minute) pressing conditions.
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C. Shaping

Parts wvere formed by colloidal
pressing. Facilitated by a lubricating
fluid acting under hydrostatic’ SS-piston
pressure, this process 1is capabdle of
producing relatively defect free, high
density compacts. The die apparatus is 2 na. 012 Orings
shown schematically in Pigure 4. The SS-frit
solvent is extracted from the slip — um teflon filter
through membrane filters which cover —~ T
porous stainless steel frits that are -T-‘\ N RN
loaded by ported stainless steel S AN AR .
pistons. The die is brass. Two porous ) n\\\‘ NN Brass die
frits are used in bidirectional _L NNy R >N\
pressing; one is used for T
unidir::tionnl pressing. po—3"—

The silicon slip was prepared by et e
sonicating a S5 volX silicon methanol ¥
mixture in a glass vial for three
ainutes at a power level of 65 watts.
The slip was then pipeted into the die 2%
and pressed.

Consolidation takes place in two

stages, filtration and cake compaction. - j-12°

The slip is filtered through the porous

membrane as load is applied, building

up & porous cake [8]. A fluid FPig. 4. Components msking up
extrusion rate of 1 cm? fluid/ca? of colloidal pressing apparatus.
filter/minute was used in this study.

Rearrangesent of particles in the cake Sk
to foru 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 cowpacts forwmed with A
bidirectional pressing. These flaws formed when the opposing filter cakes phy
met. For this reason unidirectional flow was utilized for this study. '

Colloidal pressing times and pressures were varied to determine their e
effects on green density, flaws, yields of good parts, and nitrided
strength. Time was varied between 0.3 and 60 minutes and pressure vas
varied between 17.3 and 276 MNmn~2. The results ars reported in Table IV. .
Each box contains the yield of good green pellets (X), the green density fw
(2) with standard deviation, the yield of "good” green peilets that survive i
firing, grinding and lapping (%) and the nitrided strength (MNa~2) with o
standard deviation. With the exception of the 0.5 minute pressing time, ®
none of these parameters change with pressing time. There is a small v
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 MNw~2, v

The densities achieved with the F-028 and P-055 powders (Tabdle 1I) ’
1{llustrate the importance of controlling aggregation and particle size
discribution. Using the sost reliable pressing conditiomns (69 MNa~2, e
15 minutes), these powders produced cake densities of 63 and 69% kX
respectively, o

A density of 63-64X corresponds to that of a randos close packed N
structure [7] which is the maximum achievable without iatroducing ordering t
in uniform dismeter spheres. Counting “nearly touching” neighbors, the ®
structure achieves a coordination number in excess of 1l. The volumetric Ly
expansion during nitriding should bring the "near” particles into direct e
contact thereby producing a structure whose perfection (pore size distri- .
bution gnd coordination number) approaches that of close packed arrays. )
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TABLE IV. COLLOIDAL PRESSING CONDITIONS AND RESULTS
DSING POWDER TYPE 3-004 SED

Pressing Pressing Time (minutes)
Pressure 0.5 1 3 15 60
100
17.3 MNa~2 $2.7 ¢ 1.5
2,500 psi S0
389
100
35 MNa~2 53.3 £ 1.5
5,000 psi 3.3
270 = 61
0 100 100 92.5 100
69 MNm~2 |26.2 % 2.5[{55.7 ¢ 0.9]/55.1 % 0.7]|S55.1 ¢ 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 MNa—? - 56.6 £ 0.3
30,000 psi % yield green parts 0
2 green density NA
: std.dev.
2 yield nitriding 0
276 MNa~? + grinding $7.4 0.9
40,000 psi strcngth (MNn—2) NA
2 otd. dev. NA

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

D. MNitriding

Nitriding of the dried Si pellets was done in a nitrogen atmosphere
(<10 ppm 0,, fo and CO, combined) without exposure to air. The kinetics
were characterized by 'ch/nn prior to making sawples for mschanical
property seasurements. 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 1°C/ain 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
svoid damaging the parts if not fully dried and the ] hour soak insured
complete nitridstion. Nitriding was done in a top loading, cold-wall,
vertical axis, tungsten heated furnace installed inside an Ar atsoshpere

glove box.
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The resulting pellets were characterized by weight gain, X-~ray
diffraction, optical microscopy, SEM, BET and Hg porosimetry. The average
veight gain corresponds to 96.3% of the stoichiometric value based on the
weight of the dry S! pellets. The discrepancy probably results from a
combination of incomplete drying of the pellets and volatilization of the
unreacted Si; condensates formed on the cold furnace walls., X-ray and
microstructural analysis showed no evidence of unreacted S{. The a/8 ratis
was >9.0. Hg porosimetry showed all pores to have diameters between 10 and
80 nm for final densitles ranging from 65 to 83%. The fractional densities
after nitriding were close to the values anticipated. from densities of the ¢
unreacted S! pellets. The small discrepancies probably 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 continuocus
network exhibiting characteristic dimensions between 0.2 and 0.7 um,
nominally agreeing with the BET equivalent size (~0.24 um). Interparticle
pore diameters range from 0.l to 0.25 um diameter. Because Hg porosimetry
measures interparticle neck sizes rather than pore diamerers, these pore
dimensions are in reasonable agreement. The larger topographical features
(~1.0 im) may reflect larger internal flaws or may simply be artifacts of K
the crack pazh. The absence of typically observed needles and whiskers «
[10] 1is a direct consequence of nitriding without oxygen exposures or 3
additions. Lower magnification microgiaphs of fracture surfaces revealed X
occasional S-15 um diameter pores.

The time-temperature cycle used
for nitriding in this research is
o contrasted with normal practice in
o5 Table V. The nitriding time
corresponds to the cumulative time in
the nitriding temperature range. Even
using a N, atmosphere, rather than N,-
H, or NH; 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 inhibits the
nitridation of these powders. The same
rapid nitriding kinetics were observed
for final densities up to 832
1llustrating that the achieved
structures leave open channels for the
reactant gas.

.

T e -

T e

L

The observed change in the BET ) . ‘ —— 4 :
R surface area with nitriding indicates %
! that a smooth, crack free nitride layer Fig. S. Fracture surface of N
forms di{rectly on the Si particles. fully nitrided sample made from
" Thus, the scale, homogeneity and S{ powder type B-004 SED RBSN.

perfection of the final microstructure :
evolve directly from those of the as- F
formed Si particles. We typically observed that the surface area decreased X
from ~15.0 m2/g for the unreacted 8-004 SED powder to a value of ~8.2 mi/g 3
after nitriding. This corresponds to the 551 decrease predicted on the

basis of a 227 increase in the volume 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 [10].

I e E
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COMPARISON OF RBSN PROCESSING HISTORIES

Reference Heating Time|Nitriding 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 56 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

II1. MECHANICAL PROPERTY MEASUREMENTS

Room temperature strengths, fracture toughness (KIC) and hardness
seasuresents wers sade on nitrided samples. Strengths were measured under
biaxial tension using the ball on ring technique (19]. Kic values were
determined by the indentation technique [20] using a Vickers Hardness
instrusent.

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 finished to high tolerance. Also, we felt that this
test provided the most severe test of intrinsic strengths.

Sanples were produced with three
surface finishes. These were grinding
with 320 grit to final dimensions, 600
grit grinding on the tensile surface to
final dimensions after 320 grit
roughing, and lapping with 2.0 um
diamond on the tensile surface after
320 and 600 grit roughing.

The results of the lapped strength
seasurements are given in Table IV and
results for the 320 grit , 600 grit and
lapped samples are shown as regions D,
E and F respectively in Figure 6, as
functions of density. Figure 6 also
suamarizes 377 scrength results taken
from 40 references [10,21-24 typical)
in region B. These semples include
laboratory and commercisl msterials
with all surface finighes. 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 (26]. Curve density. See text for explana-
C represents a least square fit of an tion of curves and regions.

MOR{MN/m?)
MOR (=1000psi )
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axponential 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
flavs rather thin 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 praferred 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 um.

The strengths exhidbited 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 stremgths for corresponding
densities. Also, others have shown {26] 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 wers 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. Purther
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 CNm~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 exhidited ‘Ic values between 2.3 and
3.6 MNu~3/2, These are markedly higher than is characteristic of the
optimized type RBSN (~2.0 MNm=3/2) [18). Bidirectionsl flow pressed
sasples had lower K;. values (~1.2-1.5 MNa~3/2) but did not show relatively
low strengths. We are continuing to investigate the factors that gave the
observed superior H and ‘xc values. A good theoretical basis does not
exist for interpreting thess properties in relatively porous ceramics in
teras of fracture mechanics models.

IV. CONCLUSIONS ) |

The achievement of superior RBSN sschanical properties through
iaproved 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. Lliminating aggregates in reasonably
uniform diaseter Si{ powders, avoiding oxygen contsmination and using
nonaqueous dispersing systems are the msjor issues, although superior
properties are realiszsed only 1if care is exercised for all processing steps.
Even with relatively low density RBSN, dewonstrated strengths were
higher than all previocusly reported values. Further strength improvesents ‘
are snticipated with the higher green density compacts made possible with
recent powders. These 85X dense RBSN samples satisfy Thumler's pore size »
and density criterion for oxidation resistant RBSN.
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HEIGR STARENGTH, OXIDATION RESISTART REACTION-BOWDED SILICON
NITRIDE PRON LASBR-STYNTEESIZIED SILICON POWDER

J.8.8aggerty,J.B.Plint,G.J.Garvey,J-M.Lihrmann,J.E.Ritter*

ABSTRACT
Reaction bonded silicon nitride made from laser syn-

thesised silicon powders has superior mechanical proper-
ties, oxidation resistance and nitriding kinetics (time < 7
hours at 1420°C). Average values of hardness (9.2 Gum~2),
fracture toughness (2.8 N¥m=3/2), and strengqth (300 NNm-2)
are reported. Saturation oxidation weight gains in air at
1250°C are less than 1%,

I. 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 team-
perature strengths of RARSN are lower than those of hot
pressed (RPSN) and sintered silicon nitride (ssw) (1] be-
cause of residual porosity; however, high temperature
strengths can exceed those of NPEN and SSW since sintering
ailds generally are not employed in RBEN. Por RBSN, nitride
formation within the pore structure of the 8i compact re-
sults in neglible changes in part dimensions. Recent evi-
dence indicates that parts with superior microstructures
have both improved oxidation resistance [2) and strength.
It appeared feasible to produce RBSN with the required
small pore dimensions and high, uniform densities using the
8$i powders produced by the laser synthesis process.

IXI. RBSN PROCRSSING STEPS

Reaction bonded silicon nitride was made by nitriding
previocously shaped, porous parts made of Si powders. The
silicon powders were processed vwith minimal exposure to
oxygen. Anaerobic, anhydrous processing included storage,
handling, foraing and drying in Ar (<10ppm Oy <3ppm H,0).

A+ Powder Synthesis
The S1 povaot- were synthesized by the CO, laser in-

duced pyrolysis of sin. gas [(3). 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 wvere
expected to produce unfired parts with the highly perfect
microstructures needed to achieve iaproved 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 Pigure ' and a CW-CO, laser, reactant gas heating rates
~10%¢C/sec, reaction times of ~10-%gec and cooling rates of
~105‘C/-.e are achieved. These process conditions peramit
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, Libeck-Travenmiinds, Federal
Republic of Germany, April 1986.

107

] UGB ™A W5 EE BN 55 T .




characteristics in high particle number density gas
streams.

The process conditions used for powder synthesis and
the resulting powder characteristics are summarised in
Table I. The powders generally contained <100 ppm total
impurities by emission spectroscopy and <0.t vty oxygen by
neutron activation. The powder designated B8-004 represent-
ed our best powder when the RBSN research was initiated; it
contained three particle types. The first consisted of the
prisary spherical particles (10-30 nm diameter) that fora
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 (0p,) 3
of 1.25. The second type con- ]
sisted of chainy aggregates (2 2
to 20 particles) of the priamary A o
particles sintered together. .
The third type wvere large (80 éf ' ~
to 500 nm) single or bicrystal ;// ;
particles that form by melting o, < ' o toes
and coalescence of the other Laser Seen : 1ol ee
two particle types. -1 ' =

The high percentage of ' !
aggregates precluded fabricat- !
ing high density 8i parts from - - !
the as-synthesized B-004 Amuier Ac tnies
powders. Consequently, the . e
fines and aggregates wvere cen-
trifugally separated to produce ,//
a powder with a more uniforsm "
particle size distribution ; :

3
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(B=-004-8ED). These sedimented

powders were used for the

subsequent processing research

while synthesis research

continued., Compact densities Pig. 1. Schematic of the
improved with the elimination reaction cell.

of the fines and aggregates.

TABLE XI. SYNTERSIS CONDITIONS AND POWDER CRARACTERISTICS

~, & ;

R AR ORI EIT
[} [ ] Lol
g8 (B83|9%2) B | 57 351 %8| 9§
A a a
B-004 0.071 30 180 1280 178 17 48 ss
*«8RD - - - - 208 8 $3 6s
r-028 0.131 60 328 1488 263 3 $9 72
P-08S 0.1 110 328 1608 308 4 62 78
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The two other powder types
(P=-028 and 7-035S3) resulted from
continued synthesis ressarch,
They have larger particle sizes
and width parametars and fewer pos
aggregates than the B-004~-SED
povder. A TEM of as-synthe- L2 ®
sized P-05% powder is shown in - ’
Pigure 2. Both of these pov- * & S
ders gave higher compact den- #’
sities than the sedimented L4 ¢
3-004 powder. Processing re- ®
search has continued using ‘
these powders without centri-
fugal separation.

'
[N
hYe

B. Powder Dispersion *

Our objective was to form ®
defect free, high coordination g @
number green bodies from dis- »
persions; random close packed @ ®
structures [(S] were sought,

The criteria for selecting a * . '
dispersing medium for silicon . %M

wvere based on dispersion sta-~ ‘ o

bility, oxygen contamination,

drying kinetics, residues and Pig. 2. TEM photomicrograph
the abdsence of destructive of as~-synthesized Si powder
effluents. Pure solvents (P-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 systeas.

Pure alcohols provided moderate stability by a DLVO
mechanism while a succinimide of molecular weight 1200 dal-
tone in hexane provided good stability by a more complex
mechanisa (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 600°C in ultra high purity Aar,
alcohol dispersed powders contained less oxygen than
succinimide-hexane dispersed powders (0.2 wts va. 2.3 wty),y
methanol was selected for its low viscosity and high vapor

pressure.
c. shaping

Parts wvere formed using a colloidal press [8]. The
solvent is extracted from the slip through mesbrane 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; ome is
used for unidirectional pressing. Unidirectional flow was
utilized because laminate flavs formed at the middles of
the bidirectionally pressed compacts.

The silicon slip was prepared by sonicating a 5 vols
silicon-methanol mixture for three minutes at a power level
of 65 watts. The slip wvas 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? 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 1line
(vrig. 3) when the reciprocal of fractional qgreen density {is
plotted against the log of pressing pressure. This result
implies (9] that a single resarrangement mechanisa 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 pressure ( psi=103)
MN =2 due to the incorporation 2 30 200

of laminate flaws. Evaluated
samples were pressed at or
below 69 MN m~2 (most at

69 MN --z)o

The densities achieved
with the P-028 and P-055 pow-
ders (Table 1) illustrate the
importance of controlling
aggregation and particle size
distribution. These powders
produced cake densities of 59 192
and 63% respectively.

A density of 838 corres- 194/ n 1 1
ponds to that of a random close 0 20 S5 0O 200 508
packed structure [S]. Counting Pressing pressure (MN =m-2)
“"nearly touching®” neighbors, it
achieves a coordination number
({CN) over 11, The volumetric
expansion during nitriding Pig. 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=s12),

2 2 B

( Fractional density)™!
2
8 8§ 8 8 3

Processing yield (%)
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D. MNMitriding

Ritriding of the dried S8i
pellets was done without ex-
posure to air in a top loading,
cold-wall, vertical axis,
tungsten furnace installed
within an Ar atamosphere glove
box (<10ppm O, & H,0 combined).
The test lllpi.l vere CcOm-~
Pletely nitrided by heating at
1°C/min up to 1200°C and
0.85°C/min up to elther 1410°C
(B-004-SED) or 1420°C (P-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
<768, an a/8 ratio of approx-
imately 90/10 and a nitride
grain sige of 28 nm for & and
33 nm for B. Hg porosimetry
pore neck radii were between 5
and 30 nm for all densities. Pig. 4. Practure surface
The nitride phase, shown in the of RBSN made with laser-
SEM fracture surface in Pigure synthesized 8i powder
4, is a continuous network with (B-004-SED).
characteristic dimensions
between 0.2 and 0.7 um, nomi-~-
nally agreeing with both the
RSBN BET equivalent size
(~0.24 um) and the Si parti- Froctional demsity of SigNe

cles. Pore radii (50-125 nm) 09 08 07 06 OS
exceed the interpore neck L ! T T 150
dimensions measured by Hg poro- 4100

simetry. The ahsence of typi-
cally observed needles and
whiskers (10])] is a direct con- &
sequence of processing without £
oxygen exposures or additions. é

/
A

J -~
-
- - o - - o

o)
B S S 7 4 4 .;_11%5
~§-
Iy
]

E NN S NE E EE

Micrographs of fracture

surfaces frequently revealed 5~

1S um diameter isolated voids.
Compared to conventional

time-temperature cycles repor-

ted in the literature {11],

these Si powders reacted to 10—t L 1 1 1

completion much more rapidly 0 Ot 02 03 04 05

and at lower temperatures. Fractional porosity of SiaNe

The enhanced reactivity results

from high purity and the small

particle sizes. The same rapid Frig. 5. Room temperature

nitriding kinetics were obser- strength of silicon

ved for final nitrided densi- nitride vs. density. ‘

ties up to 76, : .

N
TIF ]
MOR (=103psi)

T

n

T TrTreeTy
HPSN &
r--—--‘---‘--i--n--
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The surface area decreased froam ~15.0 -2{9 for the un-

reacted 3-004-8SED powder to a value of ~8.2 =
This change corresponds to the 458 decrease in

nitriding.

/9 atter

surface area predicted on the basis of a 228 increase in
the volume of solids and the change in density that result
from nitriding a BCC arrangement of Si particles with fixed

iaterparticle spacing.

Changes in the BET surface aresa

with nitriding, microstructures and x-ray grain sizes indi-
cate that the nitride forms as a dense, polycrystalline
layer directly on the 8i particles indicating a reaction
mechanisa that differs froa those reported by others (10].

IXXe MNECEANICAL PROPERTY NEASUREMENTS

A ball-on~ring biaxial strength test was used to
determine the room temperature strengths of the nitrided
samples; hardness and fracture toughness were ameasured

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. (12] was used in conjunction with an Instron Corp.
The ball diameter was 6.135 am.

The samples were tested using a fast crosshead speed

universal testing machine.

(0.0%5¢cm/min).
from:

P14y
gy = ézé:,_l [1+421n 2

2.,

Practure strength, Og, was calculated (13}

H=2l (1 - B)(ap)],

{(1+v)

where P = fracture load,v = Poisson's ratio (taken to be
0.25), tssample thickness = am,

Am, & = load support ring
radius = €6.27 mm and b =
ball contact radius (taken
to be 0.333 mm = t/a’o
Observed strengths
were independent of the
pressing times and
pressures used to fors the
green Si parts. PFigure S
shows the average 0,(300
MNa~2) of the 20 samples
made from B-004-SED with

the standard deviations in
density and strength (: SS
MNm~2). Por comparison it
also gives three different
lines representing least-

square fits of exponential
functions to RBSN, SSN and

8
5
£
[ 4
error bars correspoanding to

APSN strength data reported
in the literature (6,10,14])

for laboratory and

commercial samples with all

surface finishes,
Laser-originating

specimens that were diamond
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R = gsaaple radius = 6.35
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w
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i
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Fracture toughness Ky (MN=m-Y2)
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1
N
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A
o

1

L A
065 0T 078
Fractional density of RBSN

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) wvere
608 higher than the highest average strength reported for
an optimised 858 dense RBSN (290 MNm~2) [15) and 158 higher
than the highest reported strength (16] for RBSN

(389 MMm~2). These lapped specimens broke from processing
flaws of two types. Practure sources wvere usually either
5=1% um diameter voids or preexisting lenticular cracks
less than S0 um deep perpendicular to the stress axis.
Application of the Griffith equation [17]) to the observed
strengths yields flaw sizes of 4 to 16 um.

Vickers hardness values weare determined on polished
surfaces using 300 and 500 gram locads. Observed values
(Pigure 6) ranged from 3.5 to 11.0 6Nm~2. The hardness of
our 77% dense RBSN (~10 GNm~2) is higher than that of 85a
dense, highly optimiszsed commercial RBSN (~8.3 GNm~2) [15].
Using the indentation technique (18], our dense specimens
exhibited an average Kyc value of 2.8 HN/-”’z (rFigure 6).
These are higher than is characteristic of the optimiged
commercial RBSN (~2.0 MNm=3/2) ([15]. We are continuing to
investigate the factors that are responsible for these
superior hardness and Kgc Values.

IVe OXIDATION RESISTANCE
Figure 7 shows that the oxidation resistance of laser-
originating RBSH at 1250°C in flowing air is strongly de-
pendent on the porosity level and pore size. As predicted
by Thummler's {2] results at the same teaperature, our low
density specimens undergo significant internal oxidation
before saturation is attained. Por densities >85% and Hg
porosimetry pore radii <60 nm,
he showed that internal
oxidation would be reduced to
less than 1% due to pore
closure by the oxide product.
The extent of our oxidation at
1250°C in air wvas less than 1%
for specimens having densities
as low as 748, This superior
performance at lowver densities
probably results from our
sasples having smaller pore
diameters and more uniform
microstructures.

— Y

T:1250°C n Ax 730

(o]
——
1

»
|

v. CONCLUSIONS

The achievement of superi-
or RBSN mechanical properties
through improved microstruc-

N
L]

Relohve weight gain, Am/imo, of soturation (%)
[+)])
v |}

I | U | .
tures has been demonstrated. 8.60 0.65 0.70 O.Tg
Refined process control from Froctional density of RBSN
the initial synthesis of the Si
povders to their final nitri- Pig. 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 nonagueous
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, Purther 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 SiHu

RS

have been used to fabricate 76% dense reaction bonded silicon nitride
samples with a fine, uniform microstructure. Room temperature strengths o
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 um) made 3
possible from the combination of ideal powders and careful post-synthesis

processing.
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INTRODUCTION

Reaction bonded silicon nitride (RBSN) is usually made from

Fa—

"commercial®™ silicon powder of about 5-15 um diamet:er.1 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

process.

This communication reports the fabrication of high strength RBSN made
from nitriding extremely fine (approximately 0.3 um diameter), high purity

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

IiE B b2 = e SN

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.u-6 Briefly, high purity Si powder (approximately 0.3 um

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

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

2 &8 &=

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

2 L2
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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 N, atmosphere using an 8 h linear

heating ramp to zoo°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'IOCInin to 1200°c and

then 0.5°C/min to 1u20°c. followed by a 1 h hold. Samples are then ground
and diamond polished to 4 ym 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% g-

513N” and the balance 8 - 513Nu. X-ray line broadening showed nitride

crystal sizes of 0.028 um for a and 0.033 um for 8. By SEM observation the
nitride phase is a continuous network with characteristic solid phase
dimensions between 0.2 and 0.7 um, which is consistent with the starting Si
particle size. Hg porosimetry pore neck diameters are between 0.010 and
0.060 ym. Observed pore diameters (0.10-0.25 um) 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 lndenter’ at

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

indentation technique where touganess (Kc) is given by:

» Tukon, Measurement Systems D:vision, ACCO Industries, Inc., Bridgepor:,
CT.




K = 0.C16 (eruy'/2 pc3/2 (1)

where E is eiastic 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:e

1
H/E = 0.3125 - 3.3

(bra) (2)

(%))

b is the leng:h 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 -est apparatus with a support ring 10.46 mm was used in

conjunction with a universal testing nachine.' The appropriate equation to
calculate fracture strength i{s given in ref. 9.

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

test, HPSN saaples (NC1329) polished to U4 um finish were tested using the

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

the manufacturer using the MIL-STD-1942(MR) four-point bend test.’o 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

statistics11 “here the effective stressed areas of the two tests were

# Instron Ccrp., Canton, MA.
€ Norton Cc., Worcester, MA.

118

gl XX MW




.

I .

respectively.
It is important to note that the strengths for this SlHn-derived RBSN

were systemmatically improved by identifying the fracture origins and then

eliminating (or minimizing) them by processing moditication.s"z 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

1
optimum conditions correspond to a semi-circular flaw size of about 10 um, 3

which is quite consistent with the observed, isolated pores of 5-15 um
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 Siﬂu-derived

RBSN. These results are based on an average from eight samples. Commercial X
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 of 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 SiHn-der:ved RBSN are 2qual 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 SiH“-derived RBSN

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

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

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

microstructure of this SLHu-derived RBSN suggests that flaw sizes can bde

potentially reduced to values of the order of 0.1 to 0.25 um; thereby,

increasing the strength even further.

Since fracture toughness and strength of HPSN vary directly with the g-

SIBNR content.15 the values for the SiHu-derivcd RBSN are compared in Table

1 with those of a fully dense HPSN where the major phase is “'513Nu' It can
be seen that relative to density, the toughness and strength of the SiHu-

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 SlH“-derived RBSN even on a relative to density

basis; however, direct comparison is not possible since NC132 contains 8-~

Si3Nu as the major phase, not a-813Nu as is the case for RBSN.
To further substantiate the fracture toughness value for the SiHy-

derived RBSN, the fracture strength (or) 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:‘6

K
2 (3)
v/ va

where Y 1s a geometric constant (1.07 for the bending test fixture used in

L[]

e
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 g, vs. 2/(Y/xa) gives a

curve whose slope is Kc' Since the term Z/(Y/¥a) contains both the crack

depth and flaw shape, it is a measure of the severity of the strength-

controlling defect. Figure ! 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

172

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

5.6

this SLHu-derived RBSN was determined at 1250°C in flowing air. Porz and

Thummler17 showed that at the same temperature, low density silicon nitride
samples undergo significant internal oxidation bdefore 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
0
diameters <0.12 ym. For SiHu-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 um) 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 SLHu-dcrived RBSN are superior to that of a~HPSN. Oxidation resistance
of this SIHn-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 um. 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

SiH,-originating NC350 HPSN

Property RBSN (Ref.14) (Ref. 15) NC132
Phase Composition (a/8) 90/10 90/10 90/10 20789

S il UG N A W e

Nitrided Density

(3 St N, Theo.) 76 (1.2)7 83 100 100
Hardness (GPa) 8.9 (0.5) 8.3 - 18.3
172 '
Toughness (MPa m ) 2.3 (0.3) 2.3 2.72 4.9 (0.2)
Strength (MPa) 531 (64) 302 523 945 (60)

"Number 1in parentheses represents + one standard deviation.

#
Obtained from extrapolating the toughness data where a/8 compositions

ranged from 85/15 to 0/100.

]
Strength for an a/8 ratio of 60/40 which was the lowest B8 fraction s:reng:h

tested.
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PROPERTIES OF REACTION BONDED SILICON NITRIDE MADE FROM i‘.
l HIGH PURITY SILICON POWDER
J. S. Haggerty and A. Lightfoot
. Massachusetts Institute of Technology
Cambridge, MA
J. E. Ritter, S. V. Nair and P. Gennari
I University of Massachusetts y
Amherst, MA )
F ABSTRACT g
! Unigue processing permits fabrication of RBSN samples containing
t
¥
exceptionally small defects. These samples nitride to completion in less j.“
than 1 h at 1noo°c and exhibit average room temperature strengths of 531 MPa s
g for 76% dense RBSN as well as excellent toughness and hardness Z;L‘
k;i‘
characteristics. Room temperature strengths of as-processed samples are o
l related to flaw size and shape by a fracture mechanics model. To determine ke
. ':k'
i oxidation resistance, samples were heat-treated in air for ! and 50 h at E;:
o,
1000 and 1uoo°c and their weight gain and room-temperature strengths wvere :‘f
g measured. These weight-gain and strength results for RBSN are compared to ‘
those of HPSN. o
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INTRODUCT ION

Nitriding extremely fine (about 0.3 um diameter) silicon powder

synthesized from laser heated Sth results in an RBSN of high purity and

fine microstructure.1'3 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 SiHu-originating Si powder 1s 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 uym finish., Hardness and fracture

toughness was measured with a Vickers 1ndenter.u Fracture strength was

determined by a ball-on-ring test.s In addition, samples were oxidized in

air at 1000 and 1&00°C £~ 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-

813Nu and balance B-Sl3nu. Nitride crystal sizes are 0.028 um for a and

0.033 um for B. The nitride phase is a continuous network with solid phase
dimensfons 0.2 to 0.7 um. Hg porosimetry pore neck diameters are between
0.010 to 0.060 um. Micrographs reveal occasional 5-15 um isolated pores.

Table 1 summarizes the mechanical testing results for the smu-

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 {s evident from these results that the mechanical properties of the SiHu~

originating RBSN are equal to or exceed those of NC350. Most dramatic {s

the fact that the average strength of the SiHu-originatlng RBSN is over 75%
greater. It {s important to note that these high strengths for Siﬂu-
originating RBSN correspond to an average semi-circular flaw size of about

10 um.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 8-813Nu as the major phase, the
strength of NC132 relative to its toughness is less than that of the SiHu-

originating RBSN.

To further substantiate the fracture toughness value for the SlHu-

originating RBSN, the fracture strength (or) of samples with and without




optimum processing was correlated with the size and shape of the satrength-

controlling flaw by:7
K
of.YZ —C— (1)
v/va

where Y i{s a geometric constant (1.07 for the bending fixture used in this
study), Z i{s a constant related to the ellipticity of the flaw, and a is the

depth of the flaw. Figure ! 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.

8 9

2 along with the results reported by others for RBSN and HPSN. The SIHu-

originating RBSN exhibits approximately two orders of magnitude lower weight

gain than results for two more dense RBSN materialsa 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 81H”-or131nating
RBSN also give it improved oxidation resistance relative to the more dense
RBSN.8 Average oxidation rates of the SIH"-origlnatlng RBSN decrease with
exposure time at both 1000 and 1NOO°C. 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 i{ncreases the
strength of as-machined HPSN samples due tc the formation of a glassy phase

on the surface that tends to smooth out the pre-existing machining rlaws.w

More extensive, long-term oxidation at 1noo°c causes surface pits to form,

resulting in a sharp strength decrnse.m On the other hand, oxidation of

the smu-originating RBSN at either 1000 or 1hoo°c causes no significant

strerigth changes within experimental scatter. These results are consistent
with the superior oxidation resistance of this material. These results
alsc i{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
SIHu-originating NC350 HP SN
Property RBSN (Rer. 6) NC132
Phase Composition (a/8) 90/10 90/10 20/80
Nitrided Density
(% 813N” Theo.) 76 83 100

Hardness (GPa) 8.9 (0.5)° 8.3 18.5 :

1/2 t
Toughness (MPa m ) 2.3 (0.3) 2.3 4.0 (0.2)
Strength (MPa) 531 (64) 302 945 (60)

*Number in parentheses represents + one standard deviation.

133

BROEORA N OO URE ML IOSOTOLDUNUDOUOGI AWV L TDUTIDERAC A AR RARA R AN



Figures

Figure 1.  Fracture strength of SiH,-originating RBSN (76% dense) as a
function of the severity of the strength-controlling defect.

Figure 2. Weight gain after high temperature exposures in air. (Refs. 8 and 9)

Figure 3. Relative strength change after high temperature exposures in air.
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Surface Tensions of Alumina-Containing Liquids

J.M. LIHRMANN® and J.S. HAGGERTY"
Massachuses Instituee of Technology, Cambridge. Massachusetts 02139

systems Al,0,-Cr:0;, Al;0y-MgO, Al;0,-TiO,, and Al,0,-210,
were seiected because they represent commercially important and
anicaly i . . ics.

AP = y(1/R\@) + 1/Rx(2))

where v is the surface energy or tension of the liquid-vapor inter-
face and R, and R, are the principal ndii of curvature of the
interface at an altitude z. The internal pressure within a fluid body

technique. Figure 1 shows the pendant-drop geome-
. (2) defines the analytical relationship between the

2v/b = y(1/R\(2) + 1/Ry(2)) = pgz

d*2/dr?
b) =2- "[(x T @@

r(1 + (dz/dr)})*?
3)

Historicaily, Bashforth and Adams® were the first to obtain au-
merical solutions of Eq. (3). They tabulated a large number of /b
and 2/b solutions that are accurate to five significant figures for
values of £ ranging from —0.1 to 100. However, their tables, and
similar ones,”" have not been used extensively because they re-
quire an sccurate experimental determination of b.

This last point encouraged others''~"’ 1o develop an analytical
procedure that avoids an actual determination of 4. In these, size
is gauged by the equatorial radius, 7., and shape, S, by the ratio of
the drop radii at two different horizontal planes, ,/r, = §; con-
ventionaily, 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

A S
B(r./b} H

s B

to define a new term H = —48(r,/b)’. Values of H have been
calcuiated''~" and tabulsted a: a function of S. By this procedure,
v/p is determined simply by messuring 7, and r, and deriving the
cotresponding 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 on the
precise determination of r, measured st an altitude 2r,. Stauffer'

(5)
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Table I. Impurities in Constituent Powders Detected
by Semiquantitative Plasma Emission Technique
Elemental .
/{ = -~
(ppmbywt) ALO, Cr,0, MgO TiO, VY0, 0,
8 Al Maj 200 SO 300 200 200
0 Ba ND 20 ND ND ND 30
£ Ca 50 80 300 70 S0 300
Cr 10 'Mog 30 ND 10 ND
Fe 50 1 200 100 50 80
Mg ND 10 Mad 300 3 100
Ni ND ND 1 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
ND ND ND ND ND 12

r—

Fig. 2. Nonlincar aspects of Eq. (3) are illus-
trated. Parallel curves like A. B, and C corre-
ver;d:ﬂm ¥/p values (u)-cm/g) of

and 35.25, respectively,

nonparallel contours D, E, and F define similar
values of y/p, 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/pis 20% for § = 0.4, while it decreases t0 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, 8, and C in Fig. | 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-fnely-hmgmg solid-liquid interfaces. Many
authors'*""* recommend using pendant-drop lengths that exceed
3.0t0 4.0r,.

We found this procedure gave unacceptable accuracy with the
oxide melts investigated because pendant-drop lengths in excess of
2.2 10 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 7, ratios exceeded
a critical value (~2.5), apparently reiated to the zone-height
instabilities' found for floating-zone crysial growth berween un-
equal rod diameters. Longer drop lengths require lower y/p val-
ues. Also, we were not abie to reliably measure 7, 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.

1. Analyticsl Procedure

Because established procedures did not permit v/p s to be deter-
mined with adequate precision for the Jow length to diameter ratios
characwristic of these oxide pendant drops, we considered other
means of asalyziag the shapes of the liquids. We found that it was
possible 10 distinguish between observed melt shapes and melt
shopes computed from Eg. (3) with small incremental changes in
ssowmed y/p values. When the comparisons were made over the

140

eatire 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 7, and B values; 8 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 # , age shown in Fig. { for a particular
value of 7,. Iteration over a range of 7, values provided a complete
set of curves, each of which correspond to a specific »%/8: 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 7, ranging
from 2.17 to 4.07 mm and 20 values of 8 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 [ illustrates the expected
shapes for constant r, values with different y/p values. Curves A
to C of Fig. 2 illustrate the error in ¥/p resuiting from selecting
a contour that parallels the observed pendant-drop shape. Curves
D 10 F of Fig. 2 illustrate that the pendant-drop shapes are in fact
quite a strong function of 7, for similar y/p values. With a lintle
practice. it is possibie to distinguish between matching and incor-
rect contours.

M. Experimental Procedure

Experimentally, meits 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-um wavelength
beams of light that orthogonaily impinged onto the melits in a radial
direction. The light source was a 1350-W CO, laser custom de-
signed 1o emit two beams. Each of the emitted beamns 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
maximum tempersture limits. Also, ambient atmospheres can be
selected without serious restrictions.

Fudmdsmmcmaﬂypmndmmmwm
daued overall compositions with mixtres of Al,0,,* Cr,0,,’
MgO.’ TiO:.! and ZrO,* powders. The purities of these are sum-

*Lox No. 1115/17. Meiter Co.. Provadence. RI.
"Baxch No. S876338. Johmson Mathey Chermacals Lad.. Roymon. Harvfordehare.

'mﬂo 703633. Pisher Sciennfic Co.. Pirtsburgh. PA.
‘Lox No. 113“5 Fisher Scremtific Co
No. P §1. Zircar Products nc.. Flonds. NY.
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marized in Table |. Nominally 3-mm-diameter rods were sintered
for 12 h at 1200°C. typically producing a 65% dense. 10-um 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 during the experi-
ment, so the melt compositions were not changed from the batch
compositions by segregation effects. With the exception of the
high ZrO, compositions, vaporization losses were negligible and
thus did not cause compositional changes.

The relative beam positions on the melts and beam powers were
adjusted t0 make the solid-liquid interfaces as flat as possible.
When properly adjusted, the aititude 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 = 4.

Temperatures of the moiten pendant drops were measured py-
rometrically. Absolute temperature measurements are imprecise
because the melts are transparent. However, they do provide a
reasonable measure of (emperature gradients within the pendant
drops. Some superheating®* > 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 emicted radiation on the center of the melts minimized the
superheat” 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
compietely 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-

was 21°C and 70% humidity. The 90% He-10% H, gas**
céntained 6 ppm O: and 12 ppm H,0(g). equilibrium oxygen
and water vapor pressure concentrations at 2000°C are 5.4 x 1077
and 24.9 ppm. respectively. The He gas™ contained 1.5 ppm O,
as measured by a ZrO, electrolyte.

The maximum length to diameter ratio that could be achieved
was determined by progressively increasing melt volumes until the
meits 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 y/p measurements into y values requires know!-
edge of the melt densities. For pure liquid alumina, reported
densities’*°3'3*337 g the meiting point range from 2.51 to
3.05 g/cm’. We adopted the more recent and accepted value'" of
3.01 g/cm’. Except’ for Cr,O,. the densities of the other liquid
oxides have not been characterized experimentaily. 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.’ 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 11 together with the estimated temperatures of the corre-
sponding melts.

The mesasured surface tension results for the systems Al,O,-
Cr,0;. MgO. Al;0+-TiO;:. and Al,0,-ZrO; in each of the three
atmospheres investigated are shown in Figs. 4 and 5. The y axes
were truncated to expand the scales. The Al,0,-2rO; results were

*eLot No. AF-31447S. Northean C . Walthem. MA

*Grade 6 Hetum. Lot No. N-347874. Awco indusenal Geses. Murray Hill. NJ.
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Table II. Composition, Liquid Density, and
Liquid Temperature of Binary Mixtures

¢ mﬂ: ' liquid et
mxi
g
Al;0,-Cr;0,
0.50 2.888 2078
1.25 2.893 2080
2.00 2.898 2082
3.50 2.908 2087
5.00 2.918 2090
10.00 2.953 2100
ALO,-TiO,
0.50 2.887 2075
2.00 2.894 2070
5.00 2.908 2050
ALO;-MgO
0.25 2.880 2065
0.50 2.880 2050
1.25 2.865 2018
2.00 2.867 1965
5.00 2.843 2010
ALLO,-Z:O,
11.84 3.027 2067
25.00 3.193 2010
4.62 3.455 1935
54.72 3.597 1990
73.82 3.883 2145
82.66 4.025 2305
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 comparabie
to the incremental differences between the calculmed comtours
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 111, our precision is better than reported by
others using a vaniety of surface tension measurement techniques.

The potential accuracy provided by this technique exceeds
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present knowledge of the meit densities. Because they have not
generally been characterized experimentally, we caiculated 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 10 20 mJ/m").
The difference between our measured value for the surface ten-
sion of Al,O, in He and that cited in Ref. § (570 mJ/m®) 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 Al,O,, y was 665, 625. and 610 mJ/m? for air,
He. and He-H atmospheres, respectively.

The effect on surface energies of additions up to =10 wt% was
generally either a small monotonic increase or decrease. TiO,, 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 cach atmosphere and dopant group were
characterized by electron microprobe; surface and buik composi-
tions exhibited no evidence of segregation.

The vy resuits have been treated with the Gibbs adsorption iso-
therm analysis to give the surface excesses of solute in the binary
solutions, I, (mol/cm?); T, is defined®™ by

dy = -RTT.d(In a,) (6

where a, is the activity of the solute. The I, values shown in
Table 1V were calculated with the approximation that a, is equal to
the molar fraction of the solute. I, 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™° mol/cm?),
indicating that none of the solutes exhibits a strong surface activity
in liquid alumina.

For an air atmosphere, additives generally caused the y values
10 increase or decrease in the same direction that they cause the
liquidus temperatures to change. For small concentrations, Cr,O,
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surface tension of liquids in (A) air,

. 4. Experimental
Pure AloOy .of ogditive n wt % (8) 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 vaiue. The minimum y value for
the system Al;0,-ZrO, corresponds to the eutectic composition.
approximately 42 wt% ZrO;. For ZrO, contents 70 wvt%. y
decreases with increasing ZrO,. violating this generality. This
departure may result from a thermal reduction of the high ZrO;
content meits as evidenced by the darkening of the quenched
pendant drops, following the trend of reduced y's with reduced
oxygen partial pressures. Alternatively, the caiculated liquid densi-
ties may not be valid over this extreme range.

The effects of specific additives on ¥'s in He and He-H; atmo-
spheres are more compiex; 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
coryelation 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.

V1. 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 meits that cannot be extended to high
length to diameter ratios and to high temperature melts for which
precise dimensional characterization is difficuit. The results dem-
onstrated the technique with several alumina-containing melts. The
precision of the y/p measurements appears to be approximately
19%. 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-H, atmospheres the
effects are more compiex. None of the solutes exhibited a strong
surface activity when analyzed in terms of Gibbs surface excesses.
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Table I11. Cited Surface Tension Values
for Liquid Alumina

Surface wason
(m}/m®) Atmosphere Method used Ref.

665 = 15 Air Pendant drop Present work
625 = 14 He {p = 3.01)
610 213 He + 10% H;

700 Theoretical value 26
based on electro-
static forces
between ions in
coordinated or
nearly ordered
melt

Drop weight
(p = 2.5)
Drop weight
{p =32

NrELii

Sessile drop. from 25
contact angle value

Pendant drop
(p=3.0D

Maximum bubble
pressure (p = 3.03)

Gibbs Surface Excesses of Solute
in Binary Mixtures

Coefficrent of
correistion
(~1€R€1)

Surface excess

Atmosphere (10~"" mol/em?)
ALO,-TiO,

Air 0.69 0.6617

He -1.91 -0.7128

He + 10% H. 2.36 0.9638

M:O,*CQO)
Air -0.08 ~0.0469
He 1.77 0.6920
He + 10% H; -3.96 ~0.9338

ALLO,-MgO
Air 7.88 0.9170
He 2.98 0.7183
He + 10% H, 0.94 0.5124
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" J. Am. Ceram. Soc.. um 398401 (1971).
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8. Suyama, Y., R.A. Marra, J.S. Haggerty, and H.K. Bowen, Synthesis of Ultrafine
SiC Powders by Laser Driven Gas Phase Reactions, AM. CER. SOC. BULL. 64
{10}, 1358-59 (1965). [J85-02]

»
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8. Marra, R.A., J.H. Filnt, and J.S. Hagperty, Homogeneous Nucieation and Growth
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10. Sawano, K., J.S. Haggerty and H.K. Bowen, Formation of SiC Powder from Laser
Meated Vapor Phase Reactions, Yogyo-Kyokai-Shi (J. CERAMIC SOC. OF JAPAN)
98 [1), 64-00 (1987). [J87-10)

11.  Castro, D., T.A. Ring, and J.S. Haggerty, Drying of Silicon Powder Compacts, '
accepted for publication in J. AM. CER. SOC. [J87-13]

12.  Okuyama, M., G. Garvey, T.A. Ring and J.S. Haggerty, Dispersion of SiC Powders
in Non-aqueous Solvents, submitted for publication 10 J. AM. CER. SOC. [J87-15]

13.  Fiint J.H. and J.S. Haggerty, Processing and Properties of Reaction Bonded

Silicon Nitride and Silicon Carbide Made From Laser Synthesized Powders,
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